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Resumen

La sutura Varisca es el testimonio de la dinamica colisional entre Gondwana y Laurrusia durante
el Carbonifero. La colision involucré no sélo a los dos supercontinentes, sino también a
fragmentos litosféricos continentales y ocednicos, conocidos como los terrenos aléctonos. El
apilamiento de unidades aldctonas de origenes diferentes en una cufia de acrecion, y el
posterior cabalgamiento sobre el margen continental de Gondwana formaron el Aléctono
Central Varisco, que estd preservado parcialmente en varios complejos desde el Macizo de
Bohemia hasta la Peninsula Ibérica. La historia pre-Varisca y Varisca de esos terrenos estd
localmente preservada en sus rocas y estructuras, ofreciendo una valiosa informacién sobre los

mecanismos de la deformacién y la configuracién de las placas durante el Paleozoico.

Durante las ultimas décadas, el conocimiento general acerca de las unidades aléctonas y sus
relaciones con el Parautdctono y Autéctono ha mejorado notablemente, pero es incompleto, y
los procesos de acrecién y colisién alin no se entienden completamente. La correlaciéon entre las
unidades aléctonas y su significado paleogeografico es esencial, asi como una comprensién de la

estructura de los complejos aléctonos.

La zona de Galicia-Tras-os-Montes del Macizo Ibérico ofrece una de las mejores areas para
investigar los complejos aldctonos. La Tesis Doctoral estd enfocada en los aléctonos Medio e
Inferior del Complejo de Morais en Tras-os-Montes, Portugal, y aspira a mejorar la comprension

de esas unidades y su relacién con el autdctono relativo.

La primera parte de la memoria analiza una zona intensamente deformada descubierta en la
base del Complejo de Morais, la Zona de Cizalla de Contins, que se interpreta como un contacto
tecténico principal, un cabalgamiento ductil con un sentido de cizallamiento de techo hacia el
SE, deducido del estudio de sus milonitas. Las condiciones de deformacion estimadas son 338-
455° C / 5 kbar, un esfuerzo diferencial de o= 46—60 MPa, y una velocidad de deformacion € =10
1% to 101% s, basada en paleopiezometros y la ley de flujo del cuarzo. La orientacién
cristalografica preferente en todas las fases de las muestras estudiadas es consistente con la

historia exhumativa del bloque superior. En efecto, este cabalgamiento principal emplazé el

Complejo Volcano-Siliceo (Aléctono Inferior), que preserva rocas de alta presién, encima de la
Formacidn Filitica-Cuarcitica (Parautdctono Superior), de bajo grado metamorfico. La Zona de
Cizalla de Contins representa un cabalgamiento de primer orden en la Zona de Galicia-Tras-os-
Montes que puede ser correlacionado con el Cabalgamiento de Lalin-Forcarei en el Complejo de

Ordenes en Galicia, noroeste de Espafia.



El descubrimiento de este cabalgamiento ductil en Tras-os-Montes cambid la percepcién de la
estructura del Complejo de Morais, y un estudio esta dedicado a la estructura del mismo. Un
mapa modificado del Complejo de Morais, nuevos cortes geoldgicos basados en el mapa, vy el
tratamiento estadistico de la orientacidn de las fabricas deformativas resalta la existencia de dos
generaciones de cabalgamientos, proporciona una orientacion NO-SE a ONO-ESE para la
lineacion de estiramiento, que se asume indica la direccion de cabalgamiento, y calcula la
orientacién media del eje y la superficie axial del sinforme tardi-Varisco en el cual se ha

preservado el complejo.

La ultima parte de la memoria describe la investigacidon geocronolégica y geoquimica llevada a

cabo en los aléctonos Medio e Inferior, los dos conjuntos que mejor definen la sutura.

En el Aloctono Inferior, rocas volcanicas félsicas se han datado como Cambro-Ordovicicas, entre
481 + 9 Ma y 491 + 4 Ma. Se analizaron rocas volcdnicas maficas y félsicas para caracterizar la
serie volcdnica bimodal, confirmando el evento de separacién en el margen norte de Gondwana

y el caracter (hiper)extendido de la parte externa de ese margen.

El Aléctono Medio es un conjunto de unidades ocednicas derivadas de uno o mds océanos peri-
Gondwadnicos, y se considera la sutura Varisca en sentido estricto. En el Complejo de Morais, el
conjunto incluye de abajo arriba las unidades oceanicas supracrustales de Junqueira, Pombais e
Izeda, y las ofiolitas de Remondes y Morais-Talhinhas. Las unidades de Junqueira y Pombais no
han suministrado datos de edad, pero se correlacionan con una unidad Cambro-Ordovicica del
Complejo de Ordenes e, Galicia, lo que sugiere una edad de unos 500 Ma. La Unidad de Izeda ha
proporcionado una edad de 484 + 3 Ma (Ordovicico basal). La Unidad de Remondes proporcioné
edades desde el Silurico (444 + 4 Ma and 433 + 3 Ma) hasta el Devdnico Inferior (420-390 Ma),
abriendo la posibilidad de tener una pieza de litosfera ocednica silurica preservada. Un estudio
anterior aporté una edad Devénico Inferior (406—395 Ma) para la Unidad de Morais-Talhinhas.
La geoquimica de las cinco unidades define una signatura MORB con una componente derivada

de subduccién que oscila entre débil y nula.

Los resultados presentados en la Tesis Doctoral mejoran el conocimiento y la comprension de la
zona de sutura en el Complejo de Morais, aportando nuevas claves sobre la estructura de la
Zona de Galicia-Tras-os-Montes, una mejor correlacidon de sus unidades en el NO de Iberia y un
mapa geoldgico actualizado. El estudio mejora la interpretaciéon del Complejo de Morais y aclara

la historia pre-Varisca del Aléctono Central Varisco.
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Introduction: Scope, methods and development

The Variscan belt in Europe represents the basement formed from the Devonian to the Permian,
resulting from the collision between two supercontinents, Gondwana and Laurussia. The belt
takes in from the Black Sea to North Africa, passing through Central and Western Europe, and
represents one of the largest suture zones related to the formation of the last supercontinent,
Pangea. The Variscan orogeny has been profusely investigated, but even when thousands of
publications have been dedicated to it, new questions arise as new data are incorporated, which

in turn demands for renewed data acquisition and study.

Several oceanic domains were opened and closed progressively between late Cambrian and
Carboniferous, and rifting and drifting of small and large continental blocks occurred. The collision
not only involved two large continents, but also continental and oceanic lithospheric fragments,
the so-called allochthonous units or terranes, conditioning the flows of matter and the mechanical
behaviour of the rocks in the suture zone. Attempts of correlations among the allochthonous
terranes across Europe exist since the end of the 19" Century and large-scale kinematic models of
movements and involvements of large and smaller plates have been conceptualized to untangle

the pre-Variscan and Variscan orogeny history.

The Iberian Massif is the region where the Variscan basement crops out. It occupies the western
half of the Peninsula and represents the largest outcrop of that basement in the whole Variscan
belt. The massif offers challenges in terms of interpretation, but also opportunities for the
application and development of investigations. Indeed, its size, outcrop quality and variety of
terranes and lithologies make it one of the best areas for understanding not only the Variscan

orogeny but the geodynamic evolution of the planet Earth during the Paleozoic.

The overall geological knowledge of NW lIberia includes the mapping of the different units,
terranes and structures, their lithological characterization, tectonothermal evolution and

hypothesis about their geodynamic origins.

The ensemble known as Galicia-Tras-os-Montes is one of the zones defined in the Iberian Massif.
It crops out only in the NW part of the massif and is fully allochthonous, being surrounded and
underlain by the autochthonous Central Iberian Zone. The Galicia-Tras-os-Montes Zone is formed
by groups of allochthonous units sharing a common origin and/or relative structural position. They
were progressively piled up during the building of a thick accretionary wedge following a piggy-
back mode of propagation, and subsequently incorporated by thrusting onto the continental shelf

of northern Gondwana. This nappe stack is now called the Mid-Variscan Allochthon, includes the



suture of a Mid-Variscan Ocean, and involved also passive continental margins and island arcs.
The study of that large allochthonous ensemble holds the key for a deeper understanding of
orogenic processes involving Gondwanan and peri-Gondwanan terranes, because the
paleogeography, age, tectonic role and significance of several of the units involved in the Mid-

Variscan Allochthon remain controversial.

This Ph. D. thesis has been developed in the frame of three research projects: CGL2016-78560-P
(Ministerio de Economia y Competitividad, Direccidn General de Investigacion y Gestion del Plan
Nacional de I+D+i), PID2020-117332GB-C21 (Agencia Estatal de Investigacién), and TED2021-
130440B-100 (Ministerio de Ciencia e Innovacién, Proyectos de Transicién Ecoldgica y Transicién
Digital 2021). The Scientific-Technical Memoir of the first project defines, in accordance to the
state of knowledge, three objectives that fit perfectly the aims of the study. The first is to establish
correlations between units of the different allochthonous complexes in NW Iberia, particularly the
units of the Mid-Variscan Allochthon and its correlation with its relative Autochthon. The second
is the investigation of the deformation mechanisms in the allochthonous ensembles, especially
the lower ones, including the initial accretionary processes before the collision and the
subsequent nappe stacking. This implies the study of the kinematics of deformational structures
based on quantitative analysis of the fabrics. The third is to produce a regional model in terms of
Paleozoic dynamics, using new observations and data, and including the position of continents,

oceans, lithospheric fragments and plate boundaries, as well as their temporal evolution.

According to the objectives of the project, this Ph. D. thesis was designed to bring new insights
into these problems. It combine field geology, petrology, structural geology, geochronology,
geochemistry and deformation mechanisms studies, and aimed to study the suture zone of the
Variscan Belt in NW Iberia. This investigation focuses on the Lower and Middle allochthons of the

Morais Complex and their Parautochthon in Tras-os-Montes, northern Portugal.

During the investigation in the Morais Complex, field work was carried out to examine lithological
sequences as well as minor and large structures, and also to sample for chemical and radiometric

analyses and prepare thin sections for petrography and microstructural study.

The manuscript is organized starting with a summary of the state of the art of the Variscan belt in
Europe, especially in the Galicia-Trds-os-Montes Zone of NW Iberia. One of the main objectives of
the research, namely to better constrain the interpretation of the Lower and Middle allochthons,
brought to identify a shear zone at the basal contact of the Lower Allochthon with the underlying
Parautochthon. Quantitative texture analysis using neutron diffraction techniques were applied

to constrain the nature of the shear zone. Other improvements in the knowledge of the overall
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tectonics of the Morais Complex, are included in a chapter devoted to structural geology.
Deformation fabrics are described and treated statistically, the temporal sequence of the
deformation events is explained, the macrostructure of the complex is dealt with using a couple
of cross sections and the kinematic evolution during the Paleozoic is discussed. The last parts of
the study deal with whole-rock geochemistry of the Lower Allochthon and the overlying Middle

Allochthon, together with the geochronological dating of both using LA-ICP-MS U-Pb in zircons.

The study includes the revision and enhancement of the geological cartography of the Morais
Complex, with associated cross sections (Plates 1 and 2). They depict the structural units and
associated rocks, as well as their relationships with each other, pretending to bring together all

the previous and new data about the Complex.

Part of the investigation needed research stays in different centres and countries. Mapping, field
study and sampling resulted on several weeks of field work in Portugal. Preparation of the samples
for whole rock geochemistry and LA-ICP-MS U-Pb in zircons required the sampling of more than
900 Kg of rocks from the field. These rocks were crushed and prepared at the Universidad de
Salamanca but also at the Universidad Complutense de Madrid where numerous stays were
needed along the investigation. Geochemistry analyses were conducted in two independent
laboratories while geochronology using LA-ICP-MS U-Pb was done in the Czech Geological Survey
in Prague. Two research stays of three and one month in 2021 and 2022 respectively were
accomplished there in order to interpret and prepare two scientific articles dealing with

geochronology and geochemistry.

This work was supported by the projects CGL2016-78560-P (Ministerio de Economia y
Competitividad), MCIN/ AEI /10.13039/501100011033 under the grant PID2020-117332GB-C21;
the MCIN/AEI/10.13039/501100011033 and European Union Next GenerationEU/PRTR under the
grant TED2021-130440B-100; the ILL 1-02-232, 5-21-1147 and CRG 2865 funded proposals.
Jeremie Malecki has been supported by BES-2017-082386 MCIN fellowship (Programa de

Fomacién de Personal Investigador) which is kindly acknowledged.
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3.1 The Variscan Orogeny and the place of NW lIberia in the Variscan belt

The end of the Neoproterozoic and the very beginning of the Paleozoic Era in the actual Western
and Central Europe is marked by the Cadomian orogeny, between approximatively 650 and 530
Ma, during the Ediacaran-Cambrian transition. It represents a major tectonic event within the
concept of orogenic cycle of Wilson (1969), and is generally associated with the assembly of the
former continent of Gondwana. The Cadomian orogeny is evidenced by the presence of remaining
accreted terranes to the northern margin of Gondawa, which experienced complex processes of
oceanic subduction, arc magmatism, rifting, subsequent continental collision and late post-
orogenic granitoid intrusions. The Cadomian basement in Iberia and in Europe in general forms an
essential part of the pre-Variscan history, notably leading to the northern Gondwana margin, later
involved in the Variscan orogeny during the entire Paleozoic Era (Andonaegui et al. 2016; Simancas

2019; Quesada and Oliveira 2019).

The stratigraphic records and the geochemistry of the Ediacaran and the Cambrian deposits
supports that the Ediacaran-Cambrian transition in Central lberia registered the progressive
transformation of the northern Gondwana margin from active to more stable, associated with the
onset of a passive margin (Fuenlabrada et al. 2016). Cambrian and Ordovician times are those of
new signs of instability with the formation of terrigenous sediments in association with tholeiitic,
alkaline and peralkaline volcanic activity, marking the beginning of the rifting of the continental
margin of Gondwana (Ribeiro and Floor 1987; Lifian and Quesada 1990; Mata and Munh3a 1990;
Pin et al. 1992; Giese and Biihn 1993; Crowley et al. 2000; Sdnchez-Garcia et al. 2003; Galindo and
Casquet 2004; Montero and Floor 2004; Gonzalez-Clavijo et al. 2017; Montero et al. 2017;
Quesada and Oliveira 2019).

The subsequent geodynamic stage of the evolution of the northern Gondwana margin is complex
but the study of the Oceanic terranes reflects extension of the margin during the Cambro-
Ordovician transition. This extension is usually linked with the opening of a back-arc basin behind
the subduction zone of the lapetus Ocean (Winchester et al. 2002; Arenas et al. 2007a, b, 2009).
The position and interpretation of the oceanic and transitional ocean-continent terranes of the
allochthonous complexes of the different Variscides in Europe, and their role is still debated. The
Devonian ophiolites are interpreted to have formed during the contemporary plate convergence

and closure of the Rheic oceanic realm (Pin et al. 2006; Sdnchez Martinez et al. 2011).

The collisional stage, leading to the formation of Pangea, developed during the Devonian to the
Carboniferous-Permian time span. It started with the closure of the Rheic Ocean, and opening of

the Rhenohercynian Ocean during the Early Devonian. A thick orogenic wedge was progressively
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created before and at the beginning of the collision, resulting in the nappe stacking of different
units that are preserved in the Variscan massifs of Europe (Matte 1991; Araujo and Ribeiro 1997,
Dallmeyer et al. 1997; Picarra et al. 1998; Pereira et al. 1999; Expdsito et al. 2002; Araujo et al.
2005; Gémez Barreiro et al. 2006; Martinez Catalan et al. 2009, 2021; Ponce et al. 2012; Lépez-
Carmona et al. 2014). Synorogenic flysch deposits from Mississippian to Cisuralian marked the late
stage of the collisional deformation (Oliveira 1990; Ferndndez et al. 2004; Dias da Silva et al. 2015;

Gonzalez Clavijo et al. 2021).

The end of the Variscan cycle was marked by shortening related with along-strike transcurrence
and formations of oroclinal arcs, supported by paleomagnetic data (Wagner et al. 1983; Wallis
1983; Arche and Lépez-Gémez 1996; Fernandez et al. 2004; Sierra and Moreno 2004; Dinis et al.
2012; Weil et al. 2013; Gutiérrez Alonso et al. 2004; Fernandez-Lozano et al. 2016; Pastor-Galan
etal. 2017), and by late Carboniferous-early Permian collapse of the Variscan orogen. At this stage,
extension due to gravitational collapse of the thickened orogenic crust competed with crustal
thickening induced by plate kinematics, and eventually, crustal delamination related with oroclinal
folding, was responsible for a pulse of post-kinematic granitoids (Matte 2002; Bea et al. 2003;
2004; Azevedo and Valle Aguado 2006; Gutiérrez-Alonso et al. 2011a, b; Simancas et al. 2013;
Stampfli et al. 2013; Alcock et al. 2015).

During the collision between Gondwana and Laurussia, the area presently outcropping in the
Iberian Massif offers a wealth of data to understand the collisional process. The NW part of that
massif represents the innermost part of the hinterland, preserving the remnants of an important

suture zone, the Middle Allochthon of the so-called Galicia-Tras-os-Montes Zone (GTMZ).

In the Variscan massifs of Central Europe, other allochthonous terranes preserve the testimony of
a similar pre-Variscan and Variscan history. From SW to NE, these are the Armorican Massif,
French Massif Central, Vosges, Maures and Corsica in France, the Black Forest in Germany, the
Bohemian Massif in Germany, Czech Republic, Poland and Austria, and Sardinia in Italy. The
allochthonous units in these massifs share similar lithological associations, age and characteristics
of magmatic and metamorphic events, as well as the relative structural positions, so that they are
considered to form part of the so-called Mid-Variscan Allochthon (Ballévre et al. 2014; Lardeaux
et al. 2014; Martinez Catalan et al. 2020, 2021). Parts of this allochthon are also preserved in in

the Alps and probably in other alpine massifs of the Balkans, Carpathians and Caucasus.

The westernmost outcrops of the Mid-Variscan Allochthon occur in NW Iberia and the

southernmost of them is the Morais Complex. Although the Variscan belt continue to the South
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in northern Africa (Algeria and Morocco), no traces of the suture represented by the Middle
Allochthon of the GTMZ occurs there. Figure 3.1 presents a general map of the Variscan Belt in

Europe.
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Figure 3.1: Sketch of the Variscan belt in Europe, modified from Martinez Catalan et al. (2021). Zones (2):
CZ, Cantabrian; CIZ, Central Iberian (OVD, Obejo Valsequillo Domain); GTMZ, Galicia-Tras-os-Montes; MSZ,
Moravo-Silesian; MZ, Moldanubian; OMZ, Ossa-Morena; RHZ, Rhenohercynian; SPZ, South Portuguese; STZ,
Saxo-Thuringian; TBZ, Tepla-Barrandian; WALZ, West Asturian-Leonese. Armorican Domains (AD): CAD,
Central; NAD, North; SAD, South. Shear zones (SZ), faults (F) and fault zones (FZ): BBSZ, Baden-Baden; BCSZ,
Badajoz-Cérdoba; BrF: Bray; EFZ, Elbe; JPSZ, Juzbado-Penalva; LLSZ, Lalaye Lubine; MT, Moldanubian Thrust;
NASZ, North Armorican; NEF, Nort-sur-Erdre; NPF, North Pyrenean; PASZ, Posada-Asinara; PTSZ, Porto
Tomar; SASZ, South Armorican (N and S, northern and southern branches); SHF, Sillon Houiller; SISZ,
Southern Iberian; TTZ, Teisseyre-Tornquist Zone; VF, Variscan Front. Other: BAU, Beja-Acebuches Unit; BM,
Basque Massifs; Co, Corsica; FMC, French Massif Central; LC, Lizard Complex; MTM, Maures-Tanneron
Massif; MGC, Mid-German Crystalline; MN, Montagne Noire; Sa, Sardinia; SWM, Schwarzwald Massif; VM,
Vosges Massif. Red box indicates the location of the Fig. 3.2: NW Iberian massifs.
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3.2 The allochthonous complexes of the Galicia-Tras-os-Montes Zone

The Variscan belt in Europe is separated from the Eastern European Craton in the NE by the
Teisseyre-Tornquist fault zone and by the southern part of the Iberian Peninsula in the SW. This
belt represents the basement formed during the Devonian to the Permian in Central and Western
Europe. The Iberian Massif is the largest outcrop of this Variscan basement, and its zonation, as
well as the smaller outcrops, are shown in Fig. 3.2. Of the six extant zones, five are continuous
across the Iberian Massif: South Portuguese, Ossa-Morena, Central Iberian West Asturian-Leonese
and Cantabrian Zones. The Galicia-Trds-os-Montes Zone occurs only in the NW and is surrounded
by the Central Iberian Zone. This is due to its allochthonous character, as it represents a large
klippe that due to folding subsequent to its emplacement and to erosion, presently consists of
klippen which preserve parts of the Mid-Variscan Allochthon and which are called the

allochthonous complexes.

The Galicia-Tras-os-Montes Zone (GTMZ) of the NW lberian Massif is formed by the ensemble of
the five allochthonous complexes: Cabo Ortegal, Ordenes and Malpica-Tui in Galicia (NW Spain),

and Braganca and Morais in Tras-os-Montes (N Portugal).

The complexes consist of a stack of different units which are grouped according to their
provenance and tectonic meaning in four mayor assemblages. These are the Upper, Middle and
Lower Allochthon and the Parautochthon. Each allochthonous complex consists of units belonging

to at least two or of these assemblages (Ballevre et al. 2014).

The tectonic study of Ribeiro et al. (1964) exposed for the first time the hypothesis of thrust-
bounded units in the so called "Domaine Transmontain" above Ordovician and Silurian rocks of
the "Domaine du Douro inférieur". The thrusting hypothesis was later confirmed by Ries and
Shackleton (1971), Ribeiro (1974), Martinez Catalan et al. (1984), Arenas et al. (1986), Martinez
Catalan (1990), Ribeiro et al. (1990), Gil Ibarguchi and Arenas (1990) and many other authors and

contributions.

The tectonic evolution of NW lberia does not differ from that of other parts of the European
Variscan Belt, and has been discussed a lot already in Martinez Catalan et al. (2009, 2019, 2020,

2021) and Ballevre et al. (2014), where detailed references are included.

18



S PUEBLA DE
-\, SANABRIA

—o
34
S
—

—o
S
=
3

(=]

|:| TERTIARY AND QUATERNARY

STEPHANIAN
L] PARAU;gggLFé%L‘MMN TR oo SPANISH-PORTUGUESE BORDER
VARISCAN GRANITOIDS [ 2 =evoes o Lir
- POSTKINEMATIC FIORAE
SYNOROGENIC DEPOSITS
SYNKINEMATIC, INCLUDING DEVONIAN TO EARLY
MIGMATITIC COMPLEXES - CARBONIFEROUS
ALLOCHTHON AUTOCHTHON MRESRMAL OR WRENCH FAULT
|:l UPPER ALLOCHTHON: :] MIDDLE ORDOVICIAN
CAMBRO-ORDOVICIAN IP UNITS TO DEVONIAN —A A A THRUST FAULT
|:| CAMBRO-ORDOVICIAN - ARMORICAN QUARTZITE:
ORTHOGNEISSES LOWER ORDOVICIAN
- CAMBRO-ORDOVICIAN :] CAMBRIAN TO
METAGABBRO LOWER ORDOVICIAN
- UPPER ALLOCHTHON: LOWER ORDOVICIAN
CAMBRO-ORDOVICIAN HP-HT UNITS ORTHOGNEISSES
|:| MIDDLE ALLOCHTHON: CAMBRO-ORDOVICIAN I:‘ OLLO DE SAPO FM.:
TO DEVONIAN OPHIOLITIC UNITS CAMBRO-ORDOVICIAN
LOWER ALLOCHTHON:
|:| CAMBRO-ORDOVICIAN - UERER PROTEROZOIC (EDIACARAN)

Figure 3.2: Geological map of NW lberia showing the allochthonous complexes of the Galicia-Tras-os-
Montes Zone (GTMZ). Modified from Martinez Catalan et al. (2019). See Fig. 3.1 for location in the Variscan
Belt in Europe. The rectangle indicates the study area: The Morais Allochthonous Complex.
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According to the proposed model, the units of the Mid-Variscan Allochthon were progressively
stacked during Devonian convergence between a previously detached terrane from northern
Gondwana and Gondwana mainland. This caused the progressive building of an accretionary
wedge, with their units being piled up by subduction or underthrusting between 400 and 365 Ma.
The wedge was later thrust above the continental shelf of NW Gondwana, incorporating parts of
its sedimentary successions and interbedded igneous rocks in the Parautochthon (Martinez
Catalan et al. 2009, 2019; Dias da Silva et al. 2015). Building of the accretionary wedge started
with shortening and partial subduction of the previously pulled apart peri-Gondwanan terrane
(Upper Allochthon), followed by imbrication and subduction of oceanic units (Ophiolitic and
Oceanic Units of the Middle Allocthon) and ended with the subduction of the northern
Gondwanan continental edge (Lower Allochthon). Subsequent thrusting occurred during
emplacement of the wedge above the Gondwana continental shelf. Part of its sedimentary cover
was incorporated in the Parautochthon, and the ensemble was emplaced onto the Iberian
Autochthon, while a new generation of out-of-sequence thrusting repeated parts of the previous
imbricate, affecting mostly its lower parts. Extensional collapse of the thickened crust was active
during the accretionary stage and also during and after emplacement of the GTMZ (Martinez
Catalan et al. 1996, 2002, 2009; Ballévre et al. 2014; Arenas et al. 2016). The thickened Variscan
continental crust underwent then crustal relaxation which was followed by a long period of
extensional collapse that characterizes the late Variscan evolution, although partially coeval with
an episode of upright folding related to transpression induced by regional plate dynamics
(Martinez Catalan et al. 2024). The development of gneiss domes during extension and of upright
folds by transpression produced interference patterns that created the synforms and structural
basins where the GTMZ has been preserved as klippen (Barrera Morate et al. 1989; Lépez-Plaza
and Gonzalo 1993; Escuder Viruete et al. 1994, 1997; Lépez-Moro and Lépez-Plaza 2004; Lopez-
Moro et al. 2017; Rubio Pascual et al. 2024).

3.2.1 Autochthon and Parautochthon: Continental shelf of northern Gondwana

The Autochthon under the klippen of the GTMZ is the Central Iberian Zone (CIZ), which is directly
in contact with the Parautochthon by a fault that in Tras-os-Montes has been called the Basal
Lower Parautochthon Detachment (Dias da Silva et al. 2015). This fault carried the Allochthon and
Paraurochthon along a nearly horizontal detachment above Silurian carbonaceous slates of the

Autochthon. The carbonaceous slates (ampelites) were the weak layer that accommodated the
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detachment and were strongly phyllonitized (Farias et al. 1987; Farias Arquer 1990; Gonzalez

Clavijo and Martinez Catalan 2002; Marcos and Llana Funez 2002).

The CIZ is made of Neoproterozoic to Devonian preorogenic sedimentary pile with magmatic
occurrences and a Carboniferous synorogenic succession. The first ensemble records the
stratigraphic evolution of the passive northern Gondwana margin from the early Cambrian to the
Middle Devonian, while the latter includes flyschoid deposits derived from the erosion of reliefs
of the Variscan mountains, and also limestones and a bimodal volcanic suite. Apart from the Basal
Lower Parautochthon Detachment separating the Parautochthon and the Autochthon, thrust

faults are rare in the CIZ.

The Parautochthon also represents an assemblage of preorogenic Paleozoic sediments and
synorogenic sediments and volcanics, but in this case, it is strongly imbricated. In general, the
Parautochthon underlies the Lower Allochthon, which is the case of Tras-os-Montes. It consists of
two main slices called Upper and Lower Parautochthon (Rodrigues et al. 2006). They correspond
to the preorogenic and synorogenic sequences respectively, and their tectonic contact is the Main

Trds-os-Montes Thrust (Dias da Silva et al. 2015).

The Upper Parautochthon, also called the Schistose Domain (Farias et al. 1987; Farias 1990; Farias
and Marcos 2004; Valverde-Vaquero et al. 2005, 2007), is formed by pre-orogenic sequences, and
was thrust above the autochthonous CIZ, with which its sequence can be correlated (Dias da Silva
et al. 2014). The sequence encompasses volcanic and intrusive rocks, most of them felsic. The
youngest population of detrital zircons in Galicia is c. 560 Ma, indicating the maximum
depositional age of preorogrenic metasediments (Diez Fernandez et al. 2012), while in Portugal
the younger volcanic metabasites and metafelsites are dated at 475 Ma and 440 Ma (Ferragne
1972; Gallastegui et al. 1988; Ancochea et al. 1988; Valverde-Vaquero et al. 2005, 2007; Meireles
2013). Other volcanic rocks have been dated, yielding ages from late Cambrian to Silurian (494,

485 and 455 Ma; Dias da Silva et al. 2014a, 2014b, 2016).

The Lower Parautochthon is an imbricate of essentially synorogenic deposits of flysch-type and
early Carboniferous age that includes large olistholiths of pre-orogenic igneous and
metasedimentary rocks (Ribeiro and Ribeiro 1974; Gonzalez Clavijo and Martinez Catalan 2002;
Martinez Catalan et al. 2004, 2008, 2016; Dias da Silva et al. 2015; Gonzalez Clavijo et al. 2016,
2021).

Metamorphism throughout the Parautochthon in of greenschist facies, with lower temperature

recorded in the synorogenic metasediments.
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3.2.2 Lower Allochthon: (Hyper)extended margin of northern Gondwana

The Lower Allochthon in Galicia is represented in the Ordenes Complex by the units of Lalin,
Forcarei, Santiago and Agualada. In Cabo Ortegal, the small Espasante Unit is the only witness of
the Lower Allochthon, while in Malpica-Tui, it occupies most of the complex. In the Portuguese
complexes of Braganca and Morais, the Lower Allochthon is known as Centro-Transmontain
Subdomain (Ribeiro 1964, 1974), and in the more recent geological maps, are included in the
Lower Allochthon Complex, which consists of four different units known from bottom to top as
Phyllitic-Quartzitic Formation, Volcano-Siliceous Complex, Macedo de Cavaleiros Formation and
Pombais Unit in Morais (Pereira et al. 1998, 20083, b; Ribeiro et al. 2006). These units have been
interpreted differently in this work, and the revised descriptions and interpretations will be

discussed throughout the manuscript.

The Lower Allochthon evolved from the outermost parts of the northern Gondwana margin, and
consists of a thick sequence of metasediments, mostly metapelites, metagrauwackes and some
metaquartzites, as well as scarce limestones and cherts, alternating with a bimodal suite of
igneous rocks. This lithostratigraphic ensemble is repeated, notably in the Portuguese complexes,
in several large imbrications (Ribeiro 1974; Ribeiro et al. 2006). The metasediments are profusely
intruded by, or intercalated with early Paleozoic igneous plutonic and volcanic rocks of felsic to
intermediate and basic composition. They are well deformed and sometimes strongly sheared.
Metabasites are usually greenschists and amphibolites, with some occurences of garnet. It is
common to find albite porphyroclasts. Felsic metavolcanics are mostly orthogneiss of rhyolitic
composition. Both mafic and felsic rocks are generally sub-alkaline to calc-alkaline, but alkali
basalts and rhyolites can be found. Peralkaline metafelsites are also described (Floor 1966;
Rodriguez Aller 2005; Montero et al. 2009; Abati et al. 2010; Diez Fernandez et al. 2012; Pereira
et al. 2000, 20083, b). These rocks indicate that the northern margin of Gondwana experienced
rifting during the Cambro-Ordovician transition (Ribeiro and Floor 1987; Pin et al. 1992), which
may have reached a hyperextended stage. Geochemical data of the calc-alkaline igneous rocks
indicate a back-arc supra-subduction environment. Isotopic Rb-Sr and U-Pb analyses in zircons
suggest a protolith age between 460 Ma to 493 Ma. These ages of the bimodal magmatism are
globally the same as in the Cambro-Ordovician suite of the Upper Allochthon (Priem et al. 1966;
Van Calsteren et al. 1979; Garcia Garzdn et al. 1981; Santos Zalduegui 1994; Abati et al. 2010;
Fuenlabrada et al. 2012), which points to a common process related to the opening of the oceanic
track whose rocks are partly preserved in the Middle Allochthon. The peralkaline rhyolites are

consistently younger, a characteristic underscored by the absence of mafic inclusions interpreted
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as dykes that are commonly found in other orthogneiss of the Lower Allochthons (Floor 1966; Gil

Ibarguchi and Ortega Gironés 1985).

Characteristic of the Lower Allochthon is the existence of blueschists and eclogites that depict the
occurrence of high-P and low to medium-T metamorphism, indicating partial subduction of the
northern Gondwana margin around 370-365 Ma (Van Calsteren et al. 1979; Munha et al. 1984
Schermerhorn and Kotsch 1984; Gil Ibarguchi and Dallmeyer 1991; Ribeiro 1991; Arenas et al.
1995; Santos Zalduegui et al. 1995; Rodriguez et al. 2003; Abati et al. 2010). In the Lower
Allochthon of the Ordenes Complex, Martinez Catalan et al. (1996) described an increment of the
pressure and temperature from East to West, interpreting the gradient in terms of polarity of the
subduction, towards West during the Late Devonian. After subduction, the Lower Allochthon was
exhumed by crustal scale recumbent folding and thrusting above the Gondwanan continental
shelf during the collision of the Variscan orogeny (Martinez Catalan et al. 1996, 1999, 2009). In
Galicia, medium to low-pressure metamorphism reached medium and locally high grade, and

garnet-bearing-paragneisses and migmatites (Llana-Funez 1999) are representative of this stage.

3.2.3 Middle Allochthon: Ophiolitic and Oceanic units

The Middle Allochthon comprises rocks of oceanic and supra-oceanic affinity that occupy an
intermediate position in the nappe pile, between the Lower and Upper allochthons. This group
represents the Variscan suture of a peri-Gondwanan ocean forming part of the Rheic oceanic
realm, and includes Cambro-Ordovician units (Diaz Garcia et al. 1999; Pin et al. 2002, 2006; Arenas
et al. 200743, b; Sanchez Martinez et al. 2007a) as well as Lower Devonian units, the latter always
occupying an upper structural position (Sanchez Martinez et al. 2007b; Sanchez Martinez 2009).
This group includes true ophiolitic units and others of transitional nature, between the extended

continental margin of Gondwana and the lithosphere of the Mid-Variscan Ocean.

Eight ophiolitic and oceanic units can be distinguished in Galicia. Five of them are located in the
Ordenes Complex: Caredn, Bazar, Vila de Cruces, Lamas de Abade, and Cercio. In Cabo Ortegal,
the Middle Allochthon includes the Purrido and Moeche units, while in Malpica-Tui, only the small
Cean Unit represents of the Middle Allochthon. Moreover, a complex and extremely fragmented
ophiolitic and sedimentary association, the Somozas mélange, is imbricated between the Middle

and Lower allochthons of the Cabo Ortegal Complex.

In Tras-os-Montes, the Soeira-Nogueira and Morais-Talhinhas units represent the upper group of

ophiolites in the Bragranca and Morais complexes respectively (Pereira et al. 1998; Ribeiro et al.

23



2006; Pereira et al. 2008b), while a structurally lower ophiolite, the Izeda-Remondes Unit, yielded

an emplacement age of 447 + 24 Ma (Sm-Nd whole rock isochron; Pin et al. 2006).

The Cambro-Ordovician group includes units with clear oceanic affinity, and consists of gabbros,
amphibolitic metagabbros, ultramafics and minor felsic plagiogranite. The geochemistry of these
units suggest mostly a N-MORB affinity, island-arc tholeiites and within-plate basalts. Other types
of Cambro-Ordovician ophiolites consist of a strongly deformed alternation of metabasites,
metapelites and phyllites, metagabbros and metaperidotites. Layers of different size of granitic
orthogneiss also occur occasionally. The chemistry of this type suggests supra-subduction and
destructive plate-margin basalts affinity. The main body of orthogneiss occurs in the Vila de Cruces
Unit, and yielded an age of 497 + 4 Ma, while its geochemistry suggests volcanic arc affinity.
Greenschist facies overprinting a previous high-P metamorphism is dated at c. 365 Ma (Dallmeyer
et al. 1997; Arenas and Sanchez Martinez 2015). Continental-oceanic transitional Units
correspond to the shallow part of a transitional crust between the Gondwana margin and the
oceanic domain. They mostly consist of phyllites and schists, mafic N-MORB and alkaline
metabasites. Detrital zircons suggest a maximum depositional age of the metasediments of 512
Ma. High-P metamorphism also affected this unit roughly at c. 360 Ma, followed by amphibolite
to greenschist facies overprinting during exhumation (Pereira et al. 2003; Rodriguez Aller 2005;

Diez Fernandez et al. 2010; Lopez-Carmona et al. 2010, 2014).

The Lower Devonian group includes fine-grained amphibolites (well deformed and even
mylonitic), metagabbroic amphibolites, deformed metagabbros, preserved gabbros and
metaperidotites. The geochemistry is transitional between N-MORB and island arc tholeiites, with
the suggestion of origin in a supra-subduction zone. U-Pb zircon dating yielded Devonian ages of
395-405 Ma. Prograde metamorphism of the amphibolites was dated at 390-380 Ma, and
subsequent greenschist overprinting at 364 Ma (Ribeiro 1974; Peucat et al. 1990; Dallmeyer et al.
1991, 1997; Marques et al. 1991, 1992; Diaz Garcia et al. 1999; Pin et al. 2002, 2006; Sanchez
Martinez et al. 2007, 2011; Arenas et al. 2014).

Based on the protolith age of each unit, the Galician ophiolites are divided in two subgroups: The
Lower Devonian ophiolites include the Purrido and Moeche units in Cabo Ortegal and Caredn in
Ordenes, and the Cambro-Ordovician ophiolites are Vila de Cruces, Bazar, Lamas de Abade and
Cercio in Ordenes, and Ceén in Malpica Tui (Arenas et al. 2007a, b, 2014; Sadnchez Martinez et al.
2007a, b, 2011, 2012; Arenas and Sanchez Martinez 2015). The same classification can be made

for the Portuguese units, including Morais-Talhinhas and Soeira-Nogueira in the Devonian group.
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One of the objectives of this Ph. D. Thesis is to determine if this classification and these ages are

correct in the Morais Complex.

3.2.4 Upper Allochthon: Continental arc pulled apart from northern Gondwana

The Upper Allochthon consists of Cambro-Ordovician units of Gondwanan affinity. They derive
from a continental terrane separated from NW Gondwana around the Cambro-Ordovician
boundary that drifted away from the continent due to slab roll-back of the subduction zone of an
older oceanic realm, probably lapetus, giving rise to a magmatic arc and the creation of a back-arc
that opened a new oceanic domain, the so-called Mid-Variscan Ocean, which can be considered

part of the Rheic oceanic realm.

The Upper Allochthon consists of a stack of polymetamorphic units which can be divided into two
groups separated by large extensional detachments (Martinez Catalan and Arenas 1992; Diaz
Garcia et al. 1999; Martinez Catalan et al. 2002; Castifieiras 2003; Alvarez Valero et al. 2014). The
lithological association is comparable in both groups, consisting in a thick terrigenous succession
intruded by a voluminous magmatic suite, dated at 520-490 Ma (Dallmeyer and Tucker 1993; Abati
et al. 1999; Orddiiez Casado et al. 2001; Fernandez-Suarez et al. 2007), but differ in the character

of magmatism and the tectonometamorphic evolution.

In the structurally upper group, detrital zircon age population in metasediments (530-500 Ma),
and a diabase dike (510 Ma) indicate a middle Cambrian maximum depositional age (Fernandez-
Sudrez et al. 2003; Diaz Garcia et al. 2010; Castifieiras et al. 2010; Fuenlabrada et al. 2010). Large
granitic and gabbro plutons have an arc signature and preserve evidence of a Cambro-Ordovician,
intermediate-P metamorphic event, related to crustal thickening by magmatic underplating (Abati
et al. 1999, 2003, 2007; Andonaegui et al. 2002). This group represents the magmatic arc and
corresponds to the part of the drifted terrane that faced the subduction zone and the lapetus

Ocean.

In the structurally lower group, metasediments are high-grade paragneisses whose zircons yielded
a maximum depositional age of c. 510 Ma (Albert et al. 2015). Magmatism is essentially basic, and
reflects crustal extension. Ultramafic rocks are common in contact with large bodies of
metabasites of tholeiitic affinity (Gil lbarguchi et al. 1990; Galan and Marcos 1997). This group
underwent a high-P and high-T metamorphic event reaching granulite and eclogite facies during
the Lower to Middle Devonian (400 Ma) and subsequent exhumation until 370 Ma (Dallmeyer et

al. 1991; Schafer et al. 1993; Santos Zalduegui et al. 1996; Valverde-Vaquero and Fernandez 1996;
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Santos et al. 1997, 2002; Orddiiez Casado et al. 2001; Fernandez-Sudrez et al. 2002, 2007; Gémez
Barreiro et al. 2006).

The magmatism of the lower group is interpreted as developed in the side of the terrane that
became the Upper Allochthon facing the back-arc. The high-P and high-T Devonian metamorphic
event indicates subduction, which was under the upper group because later, extensional

detachments brought both groups together.

The subduction of the lower group under the upper group of units of the Lower Allochthon
initiated the building of the accretionary wedge which finally involved the three large assemblages

that together with the Parautochthon form the Mid-Variscan Allochthon.
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The data and results of this Chapter are under review in the journal
Tectonics (AGU Journal) under the title: Structure and Deformation
Conditions of Major Ductile Thrusts during Late Paleozoic Variscan
Collision: The Contins Shear Zone (NW Iberian Massif, Portugal).



4.1 Introduction

The NW Iberian Massif represents one of the best exposures of the Variscan Belt, where five
allochthonous complexes crop out. These complexes comprise allochthonous units overthrusting
parautochthonous and autochthonous ensembles through major shear zones. A suture zone of
the Variscan orogeny in NW Iberia occurs in the allochthonous complexes, which preserve the
testimony of the collisional dynamics between mainland Gondwana and a Gondwana-derived
terrane during the Upper Devonian and Carboniferous. The stacking of allochthonous units into
an accretionary wedge, and their subsequent incorporation by thrusting onto the continental
margin of Gondwana resulted in a polyphasic tectonothermal evolution. The different units record
valuable information about the deformation mechanisms, rheological behaviour and the
configuration of plates during the Paleozoic. The kinematic and deformational evolution of major
tectonic boundaries of the Variscan allochthonous units, as well as their mutual relationships in
Iberia is essential in order to constrain their regional meaning and correlation with similar units

along the European Variscan Belt.

On the other hand, investigation of deformation conditions and rheological behaviour of deep
structural levels provide a valuable information for modeling orogenic systems and the
understanding of active geodynamics (Blirgmann and Dresen 2008; Lusk and Platt 2020). In
particular, major tectonic contacts are expected to evolve from localized high-strain zones into
wider and distributed shear zones at depth (Sibson 1977, 1983; Scholz 1988, Cooper et al. 2017).
However, some authors suggest that deviations from this model could exist depending on
deformation conditions and dominant mineralogy (Platt and Behr 2011; Cawood and Platt 2021).
As only indirect and very limited data exist about active systems (Blrgmann and Dresen 2008;
Tommasi et al 2008; Platt and Behr 2011), the analysis of exposed deep shear zones remains
critical to constraint microstructural and mechanical behaviour of the lithosphere (Ord and
Christie 1984; Gomez Barreiro et al. 2010; Papeschi et al. 2018; Stenvall et al. 2019; Van Bui et al.
2023).

In this work we have conducted a detailed investigation of several transects of the Morais complex
(NW lberian Massif) where a significant strain gradient has been identified for the first time
between two units of the Galicia-Tras-os-Montes Zone (GTMZ): the so-called Phyllitic-Quartzitic
Formation and the Volcano-Siliceous Complex (Ribeiro et al. 1990, 2006). We have combined
geological mapping and structural analysis at large scale to complete the geometry of the tectonic

boundary, its nature and regional extension. Neutron based quantitative texture and
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Figure 4.4: Hand samples of the Volcano-Siliceous Complex; A. Lie-de-vin schist; B. Lie-de-vin schist
showing an extensional foliation crenulating a previous foliation; C. Extensional foliation in a lie-de-vin
schist; D. Main foliation in a quartz-feldspar schist; E. Quartz-feldspar mylonite derived from a peralkaline
orthogneiss from the Contins shear zone; F. Main foliation in greenschist; G. Glaucophane-bearing
metabasite from the Mascarenhas synform, in the Valbom dos Figos area; H. Main foliation affecting a
metafelsite.
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The Pombais Unit, which does not crop out in the area described in this chapter, is considered
similar to the oceanic supracrustals of the Middle Allochthon (Oliveira et al. 2003; Pereira et al.

2003).

4.2 The Volcano-Siliceous Complex: Lithology and structure

The Volcano-Siliceous Complex represents the Lower Allochthon in Trds-os-Montes. It occurs all
around the Morais Complex, always overlying structurally the Phyllitic-Quartzitic Formation of the
Parautochthon. The ensemble of the two units is repeated by a few large-scale imbrications. The
Volcano-Siliceous Complex consists of early Paleozoic metasediments with lithologies of variable
nature, including the reddish, so-called “lie-de-vin” purple schists, greenish chloritic schists,
quartz-feldspathic schists and albite-bearing schists as the most representative (Fig. 4.4A-D). The
common minerals observed in the schists are quartz, chlorite, muscovite, sericite, and oxydes.
Secondary minerals are usually albitic plagioclase and biotite. Some garnet and chloritoid has been

described (Munha et al. 1984; Pereira et al. 2000, 2003; Ribeiro et al. 2006) (Fig. 4.5A, B).

A rift-related, bimodal igneous suite including effusive and intrusive bodies dated at c. 455 Ma
(Dias da Silva et al. 2016) is profusely distributed along the entire unit. It consists of lens- or
irregular-shaped bodies of basic metaigneous rocks with some metadiabases, intermediate
metavolcanics, and a few, metarhyolites and peralkaline metarhyolites and their intrusive
equivalents (Fig. 4.4F-H). In the metafelsites the mineral assemblage usually comprises quartz,
plagioclase, potassium feldspar and muscovite. Secondary minerals are biotite, opaque minerals,
titanite, rutile and chlorite. Calcite and epidote have been reported also (Ribeiro et al. 2006) (Fig.
4.5D). The peralkaline metarhyolites display quartz, plagioclase, riebeckite, potassium feldspar,
epidote, zoisite, biotite and Fe-rich biotite (annite). The common mineral association of the
metabasites are epidote, zoisite, clinozoisite, chlorite, tremolite-actinolite amphiboles, calcite,
albite plagioclase and quartz. Secondary phases like opaque minerals, titanite or micas can occur

(Fig. 4.5E, F).

The first record of high-pressure metamorphism in the Lower Allochthon is that of lawsonite in
dacitic tuffs in the eastern part of the Morais Complex, West of the town of Santulhdo
(Schermerhorn and Kotsch 1984). Later, blueschists were described in metabasites of the western
part of the complex. The blue schist assemblages are blue amphibole + epidote + zoisite + calcite
+ plagioclase + chlorite + oxyde * quartz (Fig. 4.4G and 4.6A, B). Biotite and sodic clinopyroxene is

also described (Balcazar Navarro et al. 2005).
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Figure 4.13: Microphotographs of detailed microstructures of quartz-feldspar mylonites (a-f) and mica-rich
quartz mylonites (g-h) under optical microscopy; a. Brittle behaviour of porphyroclasts, with microcracking,
frictional sliding and rigid-body rotation.
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Figure 4.15: Representative microstructural mechanical arrangement of mineral phases for quartz-feldspar
mylonites (top) and mica-rich quartz mylonites (bottom). The first correspond to an interconnected network
of relatively weak aggregates (quartz, viscous behaviour, v) and stronger polyphasic mixture bands (viscous
behaviour). They surround large feldspar porphyroclasts representing the strongest phase in the aggregate
(frictional behaviour), however the low % and dispersion of porphyroclasts suggest a passive role in terms
of bulk rock rheology. The second structure reflects an IWL in which both layers behave as a viscous material
but micas represent the weak mechanical phase and quartz the strong one. The apparition of C’-shear bands
suggests a progressive strain localization in the IWL structure during late strain steps.

This configuration is consistent with that of Interconnected Weak Layers (IWL Handy et al. 1999).
Typically grain size in polyphasic mixture bands is lower than in pure quartz ribbons. In mica rich
quartz mylonites we have represented an example with very high mica content (Fig. 4.15). A
similar IWL structure is present, but rheology in this case is dominated by micas. Quartz here is
the mechanically stronger phase, but with a clear viscous behaviour (dislocation creep) (IWL,

Handy et al. 1999).

4.5.3 Texture analysis

The Figure 4.16 shows an example of the experimental (dotted pattern) and calculated (solid lines)
diffraction spectra with some important peaks indexed. The complete 360 set of experimental

spectra (bottom) collected at different (¢, ) angles and calculated spectra (top) are shown in a
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5.1 The Variscan orogeny in NW Iberia and related deformation phases

5.1.1 Introduction to the Variscan orogeny

In the Iberian Massif, the Variscan deformation is directly related to the large-scale plate tectonics
during the Paleozoic, that led to the formation of the Pangea supercontinent, resulting from the
collision between Laurussia and Gondwana. The entire structure of NW Iberia consists of an
orogenic wedge with a general East vergence (in present-day coordinates). Concerning the
complex collisional event, the nature and the number of the allochthonous terranes involved is
still discussed. And in relation with the evolution of the belt, it is important to acknowledge that
a significant part of Variscan deformation is diachronous, and the age of most deformation phases
is progressively younger towards the foreland (Dallmeyer et al. 1997; Martinez Catalan et al.
2014). Deformation commenced during the Lower Devonian in the Upper Allochthon, was active
during the Devonian in the whole allochthon and continued during the Carboniferous in the

Autochthon, reaching the foreland thrust belt at the late Carboniferous.

In the NW Iberian Massif, the allochthonous complexes and their underlying terranes preserved
the testimony of pre-collisional and collisional episodes. Pre-collisional tectonic events are mainly
deduced from sedimentary facies, detrital zircon ages and provenance, and characteristics of
magmatism. They attest for early Paleozoic continental divergence, generation of oceanic
lithosphere, activity of magmatic arcs, and progressive stacking of an accretionary wedge by
subduction and underthrusting of continental and oceanic-derived lithospheric terranes (Azor et

al. 2019 and references therein).

The collision started after the consumption of the Mid-Variscan Ocean between the different
continental blocks and the complete building of the accretionary wedge. First evidences of the
closure of the ocean have been dated as Devonian (405-376 Ma) (Dallmeyer et al. 1997; Diaz
Garcia et al. 1999; GOmez Barreiro et al. 2007, 2010; Sanchez Martinez et al. 2007; Martinez
Catalan et al. 2009), and the subduction of the outermost parts of the northern margin of
Gondwana occurred during Late Devonian (375-365 Ma). These tectonic events are generally
described as early Variscan (or Eo-Variscan), and the later of them mark the transition to the
Variscan collisional stage (Van Calsteren et al. 1979; Santos Zalduegui et al. 1995; Rodriguez et al.
2003; Abati et al. 2010; Lépez-Carmona et al. 2014). Variscan deformation commenced after the
development of greenschist facies foliation in the Middle Allochthon and continental subduction
of the Lower Allochthon, and coincides with the emplacement of the allochthonous pile above the

the future Parautochthon: the distal parts of the Gondwana's continental shelf.
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Figure 5.6: Sketch maps showing the evolution of late Variscan deformation, based on Martinez Catalan et
al. (2024). The steps show the effects of transpression, mostly dextral, and the development of the arcs.
Early and late Variscan fold traces are included in steps 330 and 315 Ma. Thick dashed lines represent strike-
slip faults to develop during the next time interval. Large arrows show the dynamics of dextral megashear
and the CIA and IAA indenters. Zones (Z): CZ, Cantabrian; CIZ, Central Iberian; GTMZ, Galicia-Tras-os-
Montes; MVA, Mid-Variscan Allochthon; MSZ, Moravo-Silesian; MZ, Moldanubian; OMZ, Ossa-Morena; RHZ,
Rhenohercynian; SPZ, South Portuguese; STZ, Saxothuringian; WALZ, West Asturian-Leonese. Domains (D)
and other units: AA, Anti-Atlas; EM, Eastern Meseta; NAD, North Armorican; WM, Western Meseta. Shear
zones (SZ), faults (F) and fault zones (FZ): BCSZ, Badajoz-Cordoba; PTSZ, Porto-Tomar; SISZ, Southern
Iberian; SMF, South Meseta. Arcs (A): BA, Bohemian; CIA, Central Iberian; EMA, Eastern Meseta; IAA, lbero-
Armorican; MCA, Massif Central; SIA, Southern Iberian.
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CHAPTER 6:

The Lower Allochthon: The northern
(hyper)extended margin of Gondwana in the
Morais Complex. Insights from geochronology
and geochemistry of bimodal magmatism
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6.1 Introduction

The geodynamic stage that affected the northern Gondwana margin during the Paleozoic is known
as the Variscan orogeny. It was mostly dominated by the collisional stage leading to the formation
of Pangea during the Devonian to the Carboniferous-early Permian, starting with the closure of
the Rheic oceanic realm. A thick orogenic wedge was progressively built resulting from the
stacking of different terranes (Matte 1991; Araujo and Ribeiro 1997; Dallmeyer et al. 1997; Picarra
et al. 1998; Pereira et al. 1999; Expdsito et al. 2002; Araujo et al. 2005; Gémez Barreiro et al. 2006;
Martinez Catalan et al. 2009, 2021; Ponce et al. 2012; Lopez-Carmona et al. 2014). The European
Variscan massifs preserve the testimony of these different units and the Variscan orogeny history,

but also part of the pre-Variscan history.

The Allochthonous Complexes of the NW lberian Massif represent the westernmost Variscides
preserving the pre-Variscan history in the so-called Mid-Variscan Allochthon (Martinez Catalan et
al. 2021), which encompasses a series of tectonic events including rifting (Ribeiro and Floor 1987;
Lifidn and Quesada 1990; Mata and Munha 1990; Pin et al. 1992; Giese and Biihn 1993; Crowley
et al. 2000; Sdnchez-Garcia et al. 2003; Galindo and Casquet 2004; Montero and Floor 2004;
Gonzalez-Clavijo et al. 2017; Montero et al. 2017), generation of oceanic domains (Pin et al. 2006;

Sanchez Martinez et al. 2011) and subsequent subduction and collision.

One of the most significant episodes of the pre-Variscan geodynamic evolution is the rifting of the
northern passive margin of Gondwana that occurred during the Cambro-Ordovician transition.
This phase is characterized by significant lithospheric stretching, crustal thinning and extensive
magmatism of both felsic and mafic compositions due to extension linked with the opening of a
back-arc basin behind the subduction zone of the lapetus Ocean (Winchester et al. 2002; Arenas
et al. 2007a, b, 2009). In the Galicia-Tras-os-Montes Zone (GTMZ), the Lower Allochthon
represents what is preserved from the (hyper)extended northern margin of Gondwana and consist
mostly of a sequence of metasediments alternating with a bimodal suite of igneous rocks,
indicating that this terrane experienced the Cambro-Ordovician rifting (Ribeiro and Floor 1987;

Pin et al. 1992).

Understanding this kind of units is essential for reconstructing the paleotectonic pre-Variscan
history and the mechanisms driving these geodynamic processes, together with the improvement
of the correlations along the European Variscan belt (Ballévre et al. 2014; Lardeaux et al. 2014;

Martinez Catalan et al. 2020, 2021).
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6.4 Whole-rock geochemistry

6.4.1 Materials and methods

48 samples (10 to 15 Kg per samples) from the Lower Allochthon of the Morais Complex were
selected for geochemical analyses (whole rock geochemistry results are compiled in Table S8): 29
metabasites (21 basalts and 8 alkaline basalts) and 19 metafelsites (14 rhyolites and 5 alkaline

rhyolites) were analysed. The location of each sample is shown in Figure 6.2.

Sample preparation was performed at the Universidad de Salamanca. Rocks were crushed using a
jaw crusher followed by quartering and pulverizing sessions with a tungsten carbide vessels
vibratory disc mill. Part of the powdered samples was sent to ALS geochemistry. Definitive
preparations and analyses were performed following the ME-MS81dTM process of whole rock
analysis to obtain a combination of major oxides, rare Earth and trace elements (pulverizing up to
250 g 85% < 75). Major oxides were analyzed using ICP-AES method and loss on ignition (LOI) was
calculated at 1000 °C. The trace elements were analyzed by Lithium Borate Fusion ICP-MS.
Detection limits were between 0.002 and 0.01 wt. % for the major-element oxides, and between
0.01 and 5 ppm for the trace elements. The other part of the powdered samples was sent to
Actlabs. Definitive preparations and analyses were performed following the 4 Litho-Research
process of whole rock analysis to obtain a combination of major oxides, rare Earth and trace
elements. Fusion technique employs a lithium metaborate/ tetraborate fusion and analysis is by
ICP-OES and ICP-MS. loss on ignition (LOI) was calculated at 1000 °C. Detection limits were
between 0.001 and 0.01 wt. % for the major-element oxides, and between 0.002 and 30 ppm for
the trace elements. The management and plotting of the geochemical data were performed using

GCDkit (Janousek et al. 2006).

6.4.2 Results

6.4.2.1 Sample description and classification

The set of samples exclusively comprises metabasites and metafelsites, systematically collected
throughout the entire Volcano-Siliceous Complex to ensure a complete and fair representation of
the unit (Fig. 6.2). The common mineral assemblage of the metabasite samples from the Volcano-
Siliceous Complex is epidote + plagioclase + zoisite + clinozoisite + chlorite + clinoamphiboles +
quartz + calcite + opaque minerals * titanite. Some samples lack low-grade amphiboles and are

dominated by epidotes and calcites (Fig. 6.7). In the metarhyolites, the common assemblage is

123



Arenas, R., Martinez Catalan, J.R., Sdnchez Martinez, S., Diaz Garcia, F., Abati, J., Fernandez-Suarez, J.,
Andonaegui, P. and Gémez-Barreiro, J., 2007a. Paleozoic ophiolites in the Variscan suture of Galicia
(Northwest Spain): distribution, characteristics and meaning. In: Hatcher Jr., R.D., Carlson, M.P.,
McBride, J.H., Martinez Catalan, J.R. (Eds.), 4-D Framework of Continental Crust, Geological Society
of America, Memaoir, 200, pp. 425-444. https://doi.org/10.1130/2007.1200 (22).

Arenas, R., Martinez Cataldn, J.R., Sdnchez Martinez, S., Fernandez-Sudrez, J., Andonaegui, P., Pearce, J.A.
and Corfu, F., 2007b. The Vila de Cruces Ophiolite: a remnant of the early Rheic Ocean in the
Variscan suture of Galicia (NW Iberian Massif). J. Geol. 115 (2), 129-148.

Arenas, R., Sanchez Martinez, S., Castifieiras, P., Jeffries, T.E., Diez Fernandez, R. and Andonaegui, P., 2009.
The basal tectonic mélange of the Cabo Ortegal Complex (NW lberian Massif): a key unit in the
suture of Pangea. J. Iber. Geol. 35, 85-125.

Balcazar Navarro, N., Maresch, W., Schertl, H.P., Baumann, A. and Krebs, M. 2005. Petrology of the high-
pressure "Basal Unit" Morais Complex, Northeast Portugal. Indian Journal of Geology, 75(1-4), 9-
37.

Ballevre, M., Martinez Catalan, J.R., Lopez-Carmona, A., Pitra, P., Abati, J., Diez Fernandez, R., Ducassou, C.,
Arenas, R., Bosse, V., Castifieiras, P., Fernandez-Suarez, J., Gdmez Barreiro, J., Paquette, J.L., Peucat,
J.J., Poujol, M., Ruffet, G. and Sanchez Martinez, S. 2014. Correlation of the nappe stack in the
Ibero-Armorican arc across the Bay of Biscay: a joint French-Spanish project. In: Schulmann, K.,
Martinez Catalan, J.R., Lardeaux, J.M., Janousek, V. and Oggiano, G. (Eds.), The Variscan Orogeny:
Extent, Timescale and the Formation of the European Crust. Geological Society, London, Special
Publications, 405, 77-113. https://dx.doi.org/10.1144/SP405.13.

Boynton, W.V. 1984. Geochemistry of Rare Earth Elements: Meteorite Studies. In: Henderson, P. (Ed.), Rare
Earth Element Geochemistry. Elsevier, New York, 63-114.

Crowley, Q.G., Floyd, P.A., Winchester, J.A., Franke, W. and Holland, J.G. 2000. Early Palaeozoic rift-related
magmatism in Variscan Europe: fragmentation of the Armorican Terrane Assemblage. Terra Nova
12, 171-180.

Dallmeyer, R.D., Martinez Catalan, J.R., Arenas, R., Gil Ibarguchi, J.I., Gutiérrez Alonso, G., Farias, P., Aller, J.
and Bastida, F. 1997. Diachronous Variscan tectonothermal activity in the NW Iberian Massif:
Evidence from 40Ar/39Ar dating of regional fabrics. Tectonophysics, 277, 307-337.

Dias da Silva, I., Valverde-Vaquero, P., Gonzalez-Clavijo, E., Diez-Montes, A. and Martinez Catalan, J.R. 2014.
Structural and stratigraphical significance of U-Pb ages from the Mora and Saldanha volcanic
complexes (NE Portugal, Iberian Variscides). In: Schulmann, K., Martinez Catalan, J.R., Lardeaux,
J.M., Janousek, V. and Oggiano, G. (Eds.), The Variscan Orogeny: Extent, Timescale and the
Formation of the European Crust. Geological Society, London, Special Publications, 405, 115-135.
https://dx.doi.org/10.1144/SP405.3.

Dias da Silva, I., Linnemann, U., Hofmann, M., Gonzalez Clavijo, E., Diez-Montes, A. and Martinez Catalan,
J.R. 2015. Detrital zircon and tectonostratigraphy of the Parautochthon under the Morais Complex
(NE Portugal): implications for the Variscan accretionary history of the Iberian Massif. Journal of
the Geological Society, London, 172, 45-61. https://doi.org/10.1144/jgs2014-005.

Dias da Silva, i., Diez Fernandez, R., Diez-Montes, A., Gonzalez Clavijo, E. and Foster, D.A. 2016. Magmatic
evolution in the N-Gondwana margin related to the opening of the Rheic Ocean— evidence from
the Upper Parautochthon of the Galicia-Tras-os-Montes Zone and from the Central Iberian Zone
(NW lberian Massif). International Journal of Earth Sciences, 105, 1127-1151.
https://dx.doi.org/10.1007/s00531-015-1232-9.

Diez Fernandez, R., Martinez Catalan, J.R., Gerdes, A., Abati, J., Arenas, R. and Fernandez-Sudérez, J. 2010. U-
Pb ages of detrital zircons from the Basal allochthonous units of NW Iberia: Provenance and
paleoposition on the northern margin of Gondwana during the Neoproterozoic and Paleozoic.
Gondwana Research, 18 (2-3), 385-399. https://doi.org/10.1016/j.gr.2009.12.006.

Diez Fernandez, R., Castifieiras, P. and Gomez Barreiro, J. 2012. Age constraints on Lower Paleozoic
convection system: Magmatic events in the NW Iberian Gondwana margin. Gondwana Research,
21 (4), 1066-1079. https://doi.org/10.1016/j.gr.2011.07.028.

Diez Montes, A., Martinez Catalan, J.R. and Bellido Mulas, F. 2010. Role of the Ollo de Sapo massive felsic
volcanism of NW Iberia in the Early Ordovician dynamics of northern Gondwana. Gondwana
Research, 17 (2-3), 363-376. https://doi.org/10.1016/j.gr.2009.09.001.

Diez-Montes, A., Gonzélez Clavijo, E., Dias da Silva, i., Gdmez Barreiro, J., Martinez Catalan, J. R. and
Castifieiras, P. 2015. Geochemical Evolution of Volcanism during the Upper Cambrian-Ordovician

141


https://doi.org/10.1130/2007.1200
about:blank
https://dx.doi.org/10.1144/SP405.3
https://doi.org/10.1144/jgs2014-005
https://dx.doi.org/10.1007/s00531-015-1232-9
https://doi.org/10.1016/j.gr.2009.12.006
https://doi.org/10.1016/j.gr.2011.07.028
https://doi.org/10.1016/j.gr.2009.09.001

Extension of the North Gondwana Margin. In X Congresso Ibérico de Geoquimica/XVIll Semana de
Geoquimica, 17-19.

Expdsito, I., Simancas, J.F., Gonzdlez Lodeiro, F., Azor, A. and Martinez Poyatos, D.J. 2002. Estructura de la
mitad septentrional de la Zona de Ossa-Morena: deformacidon en el bloque inferior de un
cabalgamiento cortical de evolucién compleja. Revista de la Sociedad Geoldgica de Espaiia, 15 (1-
2), 3-14.

Floor, P. 1966. Petrology of an aegirine-riebeckite gneiss-bearing part of the Hesperian Massif: the Galifieiro
and sourrounding areas, Vigo, Spain. Leidse Geologische Mededelingen, 36, 1-204.

Galindo, C. and Casquet, C. 2004. El magmatismo prevarisco de la Zona de Ossa-Morena. In: Vera, J.A. (Ed.),
Geologia de Espafia. SGE-IGME, Madrid, 190-194.

Giese, U. and Blhn, B. 1993. Early Paleozoic rifting and bimodal volcanism in the Ossa-Morena Zone of
south-west Spain. Geologische Rundschau, 83, 143-160.

Gil Ibarguchi, J.I. and Dallmeyer, R.D. 1991. Hercynian blueschist metamorphism in North Portugal:
tectonothermal implications. Journal of Metamorphic Geology, 9, 539-549.

Gil Ibarguchi, J. I., Garcia de Madinabeitia, S., Puelles Olarte, P. and Ribeiro M. L. 2024. New evidence of
high-pressure metamorphism in the Lower Allochthon of Tras-os-Montes (N Portugal). In Xl
Congreso Geologico de Espafia.

Gomez Barreiro, J., Wijbrans, J.R., Castifieiras, P., Martinez Catalan, J.R., Arenas, R., Diaz Garcia, F. and Abati,
J. 2006. 40Ar/39Ar laserprobe dating of mylonitic fabrics in a polyorogenic terrane of NW lberia.
Journal of the Geological Society, London, 163 (1), 61-73.

Gonzalez-Clavijo, E., Diez-Montes, A., Dias da Silva, {.F. and Sanchez-Garcia, T. 2017. An overview on the
Ordovician volcanic rocks and unconformities in the Central Iberian and Galicia-Tras-os-Montes of
the Iberian Variscan Massif. In: Ordovician Geodynamics: The Sardic Phase in the Pyrenees,
Mouthoumet and Montagne Noire massifs. Alvaro, J.J., Casas, J.M. and Clausen, S. (Eds.). Géol. Fr.
1(4), 22-24.

Gutiérrez-Marco, J.C., S3, A.A., Garcia-Bellido, D.C. and Rabano, I. 2017: The Bohemo-Iberian regional
chronostratigraphical scale for the Ordovician System and palaeontological correlations within
South Gondwana. Lethaia 50(2), 258-295. https://doi.org/10.1111/let.12197.

Irber, W. 1999. The lanthanide tetrad effect and its correlation with K/Rb, Eu/Eux, Sr/Eu, Y/Ho, and Zr/Hf of
evolving peraluminous granite suites. Geochimica et Cosmochimica Acta, 63(3-4), 489-508.

Irvine, T.N. and Baragar, W.R.A., 1971. A guide to the chemical classification of the common volcanic rocks.
Canadian Journal of Earth Sciences 8, 523-548.

Jackson, S.E., Pearson, N.J., Griffin, W.L. and Belousova, E.A. 2004. The application of laser ablation-
inductively coupled plasma-mass spectrometry to in situ U-Pb zircon geochronology. Chemical
Geology, 211 (1-2), 47-69.

Janousek, V., Gerdes, A., Vrana, S., Finger, F., Erban, V., Friedl, G. and Braithwaite, C.J.R. 2006. Low-pressure
granulites of the Lisov Massif, Southern Bohemia: Visean metamorphism of Late Devonian plutonic
arc rocks. Journal of Petrology, 47 (4), 705-744.

Konopasek, J., Anczkiewicz, R., Jefabek, P., Corfu, F. and Zackova, E. 2019. Chronology of the Saxothuringian
subduction in the West Sudetes (Bohemian Massif, Czech Republic and Poland). Journal of the
Geological Society, London, 176 (1), 492-504. https://doi.org/10.1144/jgs.2018-173.

Lardeaux, J.M., Schulmann, K., Faure, M., Janousek, V., Lexa, O., Skrzypek, E., Edel, J.B. and Stipska. P. 2014.
The Moldanubian Zone in French Massif Central, Vosges/Schwarzwald and Bohemian Massif
revisited: Differences and similarities. In: Schulmann, K., Martinez Catalan, J.R., Lardeaux, J.M.,,
Janousek, V. and Oggiano, G. (Eds.), The Variscan Orogeny: Extent, Timescale and the Formation of
the European Crust. Geological Society, London, Special Publications, 405, 7-44.
http://dx.doi.org/10.1144/SP405.14.

Ledru, P., Autran, A. and Santallier, D. 1994. Lithostratigraphy of Variscan Terranes in the French Massif
Central: A basis for paleogeographical reconstruction, The Massif Central. In: Keppie, J.D. (Ed.), Pre-
Mesozoic Geology in France and related areas: Berlin, Germany, SpringerVerlag, 276-288.

Lifan, E. and Quesada, C. 1990. Ossa-Morena Zone. Stratigraphy. Rift Phase (Cambrian). In: R.D. Dallmeyer
and E. Martinez Garcia (Eds.), Pre-Mesozoic Geology of Iberia. Springer-Verlag, Berlin, 259-266.

Lépez-Carmona, A., Abati, J., Pitra, P. and Lee, J.K.W. 2014. Retrogressed lawsonite blueschists from the NW
Iberian Massif: P-T-t constraints from thermodynamic modelling and 40Ar/39Ar geochronology.
Contributions to Mineralogy and Petrology, 167, 1-20. https://doi.org/10.1007/s00410-014-0987-
5.

142


https://doi.org/10.1144/jgs.2018-173
http://dx.doi.org/10.1144/SP405.14
https://doi.org/10.1007/s00410-014-0987-5
https://doi.org/10.1007/s00410-014-0987-5

Majka, J., Mazur, S., Kosminska, K., Dudek, K. and Klonowska, |. 2016. Pressure-temperature estimates of
the blueschists from the Kopina Mt., northern Bohemian Massif, Poland - constraints on subduction
of the Saxothuringian continental margin. European Journal of Mineralogy, 28, 1047-1057.

Malecki, J., Collett. S., Martinez Cataldn, J. R., Castifieiras, P., Schulmann, K., Novotna, N., Mikova, J. and
Gbémez Barreiro, J. 2024. The Mid-Variscan suture in the Morais Complex of Trds-os-Montes
(Portugal): Insights from geochemistry and geochronology of oceanic rocks (submitted and under
review).

Martinez Catalan, J.R., Arenas, R., Abati, J., Sdnchez Martinez, S., Diaz Garcia, F., FernandezSuarez, J.,
Gonzalez Cuadra, P., Castifieiras, P., Gdmez Barreiro, J., Diez Montes, A., Gonzalez Clavijo, E., Rubio
Pascual, F.J., Andonaegui, P., Jeffries, T.E., Alcock, J.E., Diez Fernandez, R. and Lépez Carmona, A.
2009. A rootless suture and the loss of the roots of a mountain chain: the Variscan belt of NW
Iberia. Comptes Rendus Geoscience, 341 (2-3), 114-126.
https://doi.org/10.1016/j.crte.2008.11.004.

Martinez Catalan, J.R., Diez Balda, M.A., Escuder Viruetre, J., Villar Alonso, P., Ayarza, P., Gonzalez Clavijo,
E. y Diez Montes, A. 2019. Cizallamientos ductiles de escala regional en la provincia de Salamanca.
Rutas Geoldgicas por la Peninsula Ibérica, Canarias, Sicilia y Marruecos. In: Diaz Azpiroz, M.,
Expdsito Ramos, 1., Llana Funez, S. y Bauluz Lazaro, B. (Eds.), XXX Aniversario de la Comision de
Tectdnica de la SGE. Geo-Guias, 11, 109-118.

Martinez Catalan, J.R., Collett, S., Schulmann, K., Aleksandrowski, P. and Mazur, S. 2020. Correlation of
allochthonous terranes and major tectonostratigraphic domains between NW Iberia and the
Bohemian Massif, European Variscan belt. International Journal of Earth Sciences, 109, 1105-1131.
https://doi.org/10.1007/s00531-019-01800-z.

Martinez Catalan, J.R., Schulmann, K. and Ghienne, J.F. 2021. The Mid-Variscan Allochthon: Keys from
correlation, partial retrodeformation and plate-tectonic reconstruction to unlock the geometry of
a non-cylindrical belt. Earth-Science Reviews, 220, 103700, 1-65.
https://doi.org/10.1016/j.earscirev.2021.103700.

Masuda, A., Kawakami, O., Dohmoto, Y. and Takenaka, T. 1987. Lanthanide tetrad effects in nature: two
mutually opposite types, W and M. Geochemical Journal, 21(3), 119-124.

Mata, J. and Munha J. 1990. Magmatogénese de metavulcanitos cambricos do Nordeste Alentejano nos
estadios iniciais de “rifting” continental. Com Ser Geol Portugal 76, 61-89.

Matte, P. 1991. Accretionary history and crustal evolution of the Variscan belt in Western Europe.
Tectonophysics, 196 (3-4), 309-337. https://doi.org/10.1016/0040-1951(91)90328-P.

Meschede, M. 1986. A method of discriminating between different types of mid-ocean ridge basalts and
continental tholeiites with the Nb—Zr-Y diagram. Chem Geol 56, 207-218.

Montero, P. and Floor, P. 2004. Los complejos alcalinos prevariscos (magmatismo del Paleozoico inferior en
las unidades basales). In: Vera, J.A. (ed.), Geologia de Espafia. SGE-IGME, Madrid, 149-150.

Montero, P., Talavera, C., Bea, F., Lodeiro, F.G. and Whitehouse, M.J. 2009. Zircon geochronology of the
Ollo de Sapo Formation and the age of the Cambro-Ordovician rifting in Iberia. Journal of Geology,
117, 174-191. https://doi.org/10.1086/595017.

Montero, P., Talavera, C. and Bea, F. 2017. Geochemical, isotopic, and zircon (U-Pb, O, Hf isotopes) evidence
for the magmatic sources of the volcano-plutonic Ollo de Sapo Formation, Central Iberia. Geoldgica
Acta 15, 245-260. https://doi.org/10.1344/geologicaacta2017.15.4.1.

Munh3, J., Ribeiro, A. and Ribeiro, M.L. 1984. Blueschists in the Iberian Variscan Chain (Tras-osMontes: NE
Portugal). Comunicagdes dos Servicos Geoldgicos de Portugal, 70, 31-53.

Paton, C., Woodhead, J.D., Hellstrom, J.C., Hergt, J.M., Greig, A. and Maas, R. 2010. Improved laser ablation
U-Pb zircon geochronology through robust downhole fractionation correction. Geochemistry,
Geophysics, Geosystems, 11, 1-36. https://doi.org/10.1029/2009GC002618.

Pearce, J.A., 1982, Trace element characteristics of lavas from destructive plate boundaries. In: Thorpe, R.S.,
(Ed.), Andesites, John Wiley & Sons, 525-548.

Pearce, J.A. 1996. Sources and setting of granitic rocks. Episodes,19 (4), 120-125.

Pearce, J.A. 2008. Geochemical fingerprinting of oceanic basalts with applications to ophiolite classification
and the search for Archean oceanic crust. Lithos, 100, 14-48.

Pearce, J.A. 2014. Geochemical fingerprinting of the Earth’s oldest rocks. Geology, 42 (2), 175-176.
https://doi.org/10.1130/focus 0220149.1.

Pearce, J.A., Harris, N.G., and Tindle, A.G. 1984. Trace element discrimination diagrams for the tectonic
interpretation of granitic rocks. Journal of Petrology, 25 (4), 956-983.

143


https://doi.org/10.1016/j.crte.2008.11.004
https://doi.org/10.1007/s00531-019-01800-z
https://doi.org/10.1016/j.earscirev.2021.103700
https://doi.org/10.1016/0040-1951(91)90328-P
https://doi.org/10.1086/595017
https://doi.org/10.1344/geologicaacta2017.15.4.1
https://doi.org/10.1029/2009GC002618

Pearce, J. A. and Parkinson, I. J. 1993. Trace element models for mantle melting: application to volcanic arc
petrogenesis. Geological Society, London, Special Publications, 76(1), 373-403.

Pereira, E., Ribeiro, A. And Silva, N. 1998. Carta Geoldgica de Portugal, Folha 7-D Macedo de Cavaleiros. Scale

1:50 000. Instituto Geoldgico e Mineiro, Portugal.

Pereira, E., Ribeiro, A. and Castro, P. 2000. Carta Geoldgica de Portugal a escala 1:50 000. Noticia Explicativa
da Folha 7-D (Macedo de Cavaleiros). Inst. Geol. Mineiro de Portugal.

Pereira, E., Ribeiro, A., Rebelo, J.A. and Castro, P. 2008a. Noticia Explicativa da Folha 11-B (Mogadouro) da
Carta Geoldgica de Portugal a Escala 1:50 000. (1 ed.). Laboratério Nacional de Energia e Geologia,
Lisboa.

Pereira, E., Ribeiro, A., Rebelo, J.A. and Silva, N. 2008b. Folha 11-B Mogadouro. Carta Geoldgica de Portugal
a Escala 1:50 000. Laboratdério Nacional de Energia e Geologia, Lisboa.

Pereira, Z., Meireles, C. and Pereira, E. 1999. Upper Devonian palynomorphs of NE sector of Trasos-Montes
(Central Iberian Zone). In: Vintaned, G., Eguiluz, L. and Palacios, T. (Eds.), XV Reunién de Geologia
del Oeste Peninsular - International Meeting on Cadomian Basement. Badajoz, Spain, Extended
Abstracts, Diputacion de Badajoz, 201-206.

Picarra, J.M., Pereira, Z. and Oliveira, J.T. 1998. Novos dados sobre a idade da sucessad SiluricoDevédnica do
Sinclinal de Terena, na regido de Barrancos. Implicagdes geodinamicas. Actas do V Congresso
Nacional de Geologia. Instituto Geoldgico e Mineiro, 84, A-15-A-17.

Pin, C., Ortega Cuesta, L.A. and Gil Ibarguchi, J.I. 1992. Mantle-derived, early Paleozoic A-type
metagranitoids from the NW Iberian Massif: Nd isotope and trace-element constraints. Bulletin de
la Société Géologique de France, 163, 483-494.

Pin, C., Paquette, J.L., Abalos, B., Santos, F.J. and Gil Ibarguchi, J.I. 2006. Composite origin of an early Variscan
transported suture: Ophiolitic units of the Morais Nappe Complex (north Portugal). Tectonics, 25,
1-19, TC5001. https://doi.org/10.1029/2006TC001971.

Ponce, C., Simancas, J.F., Azor, A., Martinez Poyatos, D.J., Booth-Rea, G. and Expdsito, I. 2012.
Metamorphism and kinematics of the early deformation in the Variscan suture of SW Iberia. Journal
of Metamorphic Geology, 30 (7), 625-638.

Ribeiro, A. 1974. Contribution a I'étude tectonique de Tras-os-Montes Oriental. Memodria dos Servigos
Geologicos de Portugal, 24 (Nova Série), 179 pp., 8 fold maps.

Ribeiro, A., Pereira, E., Ribeiro, M. L. and Castro, P. 2006. Unidades Aldoctones da regido de Morais (Trds-os-
Montes oriental). Geologia de Portugal no Contexto da Ibéria. Universidade de Evora, Evora, 85,
105.

Ribeiro, M.L. 1986. Geologia e petrologia da regido a SW de Macedo de Cavaleiros. PhD Thesis, Universidade
de Lisboa.

Ribeiro, M. L. 1987. Petrogenesis of early paleozoic peralkaline rhyolites from the Macedo de Cavaleiros
region (NE Portugal). Geologische Rundschau, 76, 147-168.

Ribeiro, M.L. 1991. Contribugdo para o conhecimento estratigrafico e petrolégico da regido a SW de Macedo
de Cavaleiros (Tras-os-Montes Oriental). Memarias dos Servicos Geoldgicos de Portugal, 30, 106
pp.

Ribeiro, M.L. and Ribeiro, A. 1972. Rochas hiper-alcalinas da regiao de Macedo de Cavaleiros (Trds-os-
Montes Oriental). Revista da Facultade de Ciéncias, Universidade de Lisboa, 22 série, C, 17, 301-
321.

Ribeiro, M.L. and Floor, P. 1987. Magmatismo peralcalino no Maci¢o Hespérico: sua distribugdo e significado
geodinamico. In: Bea, F., Carnicero, A., Gonzalo, J.C., Lopez-Plaza, M. y Rodriguez Alonso, M.D.
(Eds.), Geologia de los granitoides y rocas asociadas del Macizo Hespérico, Rueda, Madrid, 211-
221.

Rodrigues, J.F., Ribeiro, A., Pereira, E., Ribeiro, M.L., Ferreira, N. and Meireles, C. 2010. Carta Geoldgica de

Portugal, Folha 7-C Mirandela. Scale 1:50 000. Laboratorio Nacional de Energia e Geologia (LNEG).

Rodriguez Aller, J. 2005. Recristalizacion y deformacién de litologias supracorticales sometidas a
metamorfismo de alta presién (Complejo de Malpica-Tuy, NO del Macizo Ibérico). Laboratorio
Xeoldxico de Laxe, Instituto Universitario de Xeoloxia, A Corufia, Spain, Serie Nova Terra, 29, 572.

Rodriguez, J., Cosca, M.A,, Gil Ibarguchi, J.I. and Dallmeyer, R.D. 2003. Strain partitioning and preservation
of 40Ar/39Ar ages during Variscan exhumation of a subducted crust (Malpica-Tui complex, NW
Spain). Lithos, 70, 111-139.

Saccani, E. 2015. A new method of discriminating different types of post-Archean ophiolitic basalts and their
tectonic significance using Th-Nb and Ce-Dy-Yb systematics. Geoscience Frontiers, 6, 481-501.
http://dx.doi.org/10.1016/j.gsf.2014.03.006.

144


about:blank
http://dx.doi.org/10.1016/j.gsf.2014.03.006

Sdnchez Martinez, S., Arenas, R., Gerdes, A., Castifieiras, P., Potrel, A. and Fernandez-Suarez, J. 2011. Isotope
geochemistry and revised geochronology of the Purrido Ophiolite (Cabo Ortegal Complex, NW
Iberian Massif): Devonian magmatism with mixed sources and involved Mesoproterozoic
basement. Journal of the Geological Society, London, 168 (3), 733-750.

Sadnchez-Garcia, T., Bellido, F. and Quesada, C., 2003. Geodynamic setting and geochemical signatures of
Cambrian—Ordovician rift-related igneous rocks (ossa-morena zone, SW lberia). Tectonophysics
365, 233-255. https://doi.org/10.1016/S0040-1951(03)00024-6.

Santos Zalduegui, J.F., Scharer, U. and Gil lbarguchi, J.I. 1995. Isotope constraints on the age and origin of
magmatism and metamorphism in the Malpica-Tuy allochthon, Galicia, NW-Spain. Chemical
Geology, 121, 91-103.

Schermerhorn, L.J.G. and Kotsch, S. 1984. First occurrence of lawsonite in Portugal and tectonic implications.
Comunicagdes dos Servigos Geologicos de Portugal, 70, 23-29.

Shervais, J.W. 2022. The petrogenesis of modern and ophiolitic lavas reconsidered: Ti-V and NbTh.
Geoscience Frontiers, 13, 20 pp. https://doi.org/10.1016/j.gsf.2021.101319.

Slama, J., Kosler, J., Condon, D.J., Crowley, J.L., Gerdes, A., Hanchar, J.M., Horstwood, M.S.A., Morris, G.A.,
Nasdala, L., Norberg, N., Schaltegger, U., Schoene, B., Tubrett, M.N. and Whitehouse, M.J. 2008.
Plesovice zircon - A new natural reference material for U-Pb and Hf isotopic microanalysis.
Chemical Geology, 249 (1-2), 1-35.

Sola, A.R., Pereira, M.F., Williams, I.S., Ribeiro, M.L., Neiva, A.M.R., Montero, P., Bea, F. and Zinger, T. 2008.
New insights from U-Pb zircon dating of Early Ordovician magmatism on the northern Gondwana
margin: The Urra Formation (SW Iberian Massif, Portugal). Tectonophysics, 461, 114-129.

Sun, S.S. and McDonough, W.F. 1989. Chemical and isotopic systematics of ocean basalts: Implications for
mantle composition and processes. In: Saunders, A.D. and Norry, M.J. (Eds.), Magmatism in the
ocean basins. Geological Society, London, Special Publications, 42, 313-345.
https://doi.org/10.1144/gsl.sp.1989.042.01.19.

Talavera, C., Montero, P., Bea, F., Gonzdlez Lodeiro, F. and Whitehouse, M. 2013. U-Pb Zircon geochronology
of the Cambro-Ordovician metagranites and metavolcanic rocks of central and NW lberia.
International Journal of Earth Sciences, 102, 1-23. https://doi.org/10.1007/s00531-012-0788-x.

Van Calsteren, P.W.C., Boelrijk, N.A.l.M., Hebeda, E.H., Priem, H.N.A., Tex, E. Den, Verdurmen, E.A.T.H. and
Verschure, R.H. 1979. Isotopic dating of older elements (including the Cabo Ortegal mafic-
ultramafic complex) in the Hercynian Orogen of NW Spain: manifestations of a presumed Early
Paleozoic Mantle-plume. Chemical Geology, 24, 35-56.

Vermeesch, P. 2018. IsoplotR: A free and open toolbox for geochronology. Geoscience Frontiers, 9, 1479-
1493, https://doi.org/10.1016/j.gsf.2018.04.001.

Vermeesch, P. 2021. IsoplotR: A free and open toolbox for geochronology, 9, 1479, 2018). GEOSCIENCE
FRONTIERS, 12(5).

Walter, M. J. 1998. Melting of garnet peridotite and the origin of komatiite and depleted lithosphere. Journal
of petrology, 39(1), 29-60.

Wiedenbeck, M., Alle, P., Corfu, F., Griffin, W.L., Meier, M., Oberli, F., Von Quart, A., Roddick, J.C. and
Spiegel, W. 1995. Three natural zircon standards for U-Th-Ph, Lu-Th, trace element and REE
analyses. Geostandards Newsletter 19 (1), 1-23.

Winchester, J.A. and Floyd, P.A. 1977. Geochemical discrimination of different magma series and their
differentiation products using immobile elements. Chemical Geology, 20, 325-343.
https://doi.org/10.1016/0009-2541(77)90057-2.

Winchester, J.A., Pharaoh, T.C. and Verniers, J. 2002. Palaeozoic amalgamation of Central Europe: an
introduction and synthesis of new results from recent geological and geophysical investigations. In:
Winchester, J.A., Pharaoh, T.C. and Verniers, J. (Eds.), Palaeozoic Amalgamation of Central Europe.
Geological Society, London, Special Publications, 201, 1- 18.

145


https://doi.org/10.1016/S0040-1951(03)00024-6
https://doi.org/10.1016/j.gsf.2021.101319
https://doi.org/10.1144/gsl.sp.1989.042.01.19
https://doi.org/10.1007/s00531-012-0788-x
https://doi.org/10.1016/j.gsf.2018.04.001
https://doi.org/10.1016/0009-2541(77)90057-2




CMAPTER 7:

The Middle Allochthon: The Mid-Variscan Suture
in the Morais Complex. Insights from
geochronology and geochemistry of oceanic
rocks

CAPITVILO 7:

El Albctono Medio: La Sutura Varisca en el
Complejo de Morais. Perspectivas de la
geocronologia y geoquimica de rocas oceanicas

?%?‘ﬁ[ VNiVERSiDAD
S D SALAMANCA



The data and results of this Chapter are under review in the journal
International Geology Review (Taylor and Francis Journal) under the title:
The Mid-Variscan suture in the Morais Complex of Trds-os-Montes

(Portugal): Insights from geochemistry and geochronology of oceanic
rocks



7.1 Introduction

Suture zones in orogens normally consist of ophiolitic assemblages witnessing ancient oceanic
realms; their study holds the key to a deeper understanding of orogenic processes, and unraveling
tectonic and metamorphic events that shed light into plate tectonics evolution. Variscan terranes
provide compelling evidence of Paleozoic collisions involving Gondwanan and peri-Gondwanan
realms; nonetheless, behind this collisional story lie the remnants of earlier rifting events which
gave rise to the formation of oceanic domains (Martinez Catalan et al. 2020, 2021 and references
therein). Their subsequent closure triggered terrane accretion that characterizes the early stages
of the Variscan orogeny. However, the study of ancient suture zones, as in the Variscan Belt, can
be complicated by limited preservation of complete ophiolitic sequences, as often, only

fragmentary and/or highly tectonized units remain.

In NW Iberia, such a suture occurs in the allochthonous complexes of the Galicia-Tras-os-Montes
Zone (GTMZ), which is considered to be the Iberian part of the larger Mid-Variscan Allochthon
cropping out from Iberia in the West to the Bohemian Massif in the East (Martinez Catalan et al.
2021). The different units forming that allochthon include records of the tectonometamorphic
evolution and plate configuration throughout the Paleozoic. Untangling the origin and
development of these terranes, alongside their interrelationships with other complexes, is crucial
in elucidating their regional significance, and facilitating correlations along the entire European
Variscan Belt (Ballévre et al. 2014; Lardeaux et al. 2014; Martinez Catalan et al. 2020, 2021).
Although some of those papers have proposed links between the Spanish and Portuguese
allochthonous complexes, a precise correlation has never been fully realized. Here, we aim at
partially fill this gap with a zircon geochronology and whole-rock geochemistry study of the units
representing the Mid-Variscan suture in the Morais Complex in the southern part of the Galicia-

Trds-os-Montes Zone and comparing them with their more northerly Galician counterparts.

Previous to this contribution, a geochronological and geochemical study was carried out in the
Morais Complex by Pin et al. (2006). It revealed the composite character of the ophiolitic units
that form the Middle Allochthon in this complex, consisting of a lower slice, called the Izeda-
Remondes Unit and dated at 447 + 24 Ma (based on whole-rock Sm-Nd isochron of nine samples),
and an upper slice, the Morais-Talhinhas Unit, dated between 405 and 396 Ma (based on U-Pb
zircon data from four samples). Geochemical data suggested that the older, Ordovician or Silurian
unit displayed NMORB affinities while the younger Early Devonian unit included a subduction-

derived component. Building upon these valuable insights, the primary objective of the present
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Figure 7.12: Microphotographs of the metabasites from the Morais-Talhinhas Unit; A. Amphibolite; B-D.
Flaser gabbros; E. Garnet-rich amphibolite; F. Melanocratic gabbro from the sample of the Fig. 7.11D.
Picture E show the green colour of the typical hornblende of the metabasites of this Unit, while amphiboles
from picture F present dark green to brownish colour suggesting higher metamorphic conditions, coherent
with abundant garnets; (Abbreviations: Chlorite: Chl; Plagioclase: PI; Zoisite: Zoi; Amphibole: Amph; Quartz:
Qtz; Epidote: Ep; Garnet: Grt).

of light and dark colors. Melanocratic gabbros crop out in a few areas of the unit, always in
association with the ultramafics and flaser gabbros. They exhibit centimetre-sized crystals and
may preserve their igneous texture. The metamorphism is always of amphibolite facies and often
includes garnet. Ultrabasic rocks are abundant and occur at the base of the unit. They were mostly
dunites and harzburgites, presently serpentinized and often foliated. Olivine and pyroxene relics,
as well as low-grade amphiboles, are occasionally preserved. Accompanying the basic and

ultrabasic rocks, felsic rocks sporadically occur. The metabasites and the flaser gabbros commonly
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Overall, the results of the study improve the understanding of the suture zone in the Morais
Complex bringing new understanding of the structure of Mid-Variscan Allochthon in Tras-os-
Montes and providing a correlation of the units along the Middle Allochthon in the Iberian
Massif. It also improves the geological map of the Complex and clarifies the interpretation of the
different allochthonous units, giving new insights into the Variscan and pre-Variscan history

along the European Mid-Variscan Allochthon.

Conclusiones

Los resultados y contribuciones de la investigacidn realizada en la presente Tesis Doctoral estan
expuestos y discutidos a lo largo de la memoria. El estudio fue disefiado para investigar la zona
de sutura del cinturéon Varisco en el NO de la Peninsula Ibérica, estableciendo correlaciones
fiables entre las unidades de los complejos aléctonos de Galicia y los de Tras-os-Montes en
Portugal. Para mejorar la comprensidn de estos terrenos e intentar reconstrucciones
paleogeograficas, se planificd un estudio de los mecanismos de deformacidn, asi como de las
relaciones mutuas entre unidades dentro del apilamiento de mantos y su relacién con el

autéctono relativo.

En relacién con esos objetivos se eligié el Complejo de Morais, en el norte de Portugal, como
objetivo de la investigacidn, dado que ofrece una buena representacién de los tres conjuntos
que forman el Aléctono Central Varisco, incluyendo la sutura. El estudio se enfocé en a) el
Aléctono Medio, que representa las unidades de origen oceanico, b) el Aléoctono Inferior,
interpretado como el margen hiper- o fuertemente extendido de Gondwana, c) la relacién entre
este Ultimo y el Parautdctono, y d) La estructura general del complejo. Los objetivos se cubrieron
trabajando en distintas ramas de las ciencias geoldgicas, incluyendo petrologia, geologia

estructural, geocronologia y geoquimica.

Los resultados se exponen de manera que faciliten la comprensién de la geologia del Complejo
de Morais. Por eso, la Zona de Cizalla de Contins se describe en el Capitulo 4, a continuaciéon de
los capitulos introductorios. La Zona de Cizalla de Contins es un cabalgamiento ductil que no
habia sido identificado hasta ahora, pero que resulta esencial para entender la estructura, pues
separa los conjuntos aléctonos del Parautdctono. El estudio se ha realizado en el bloque superior
de la falla, donde se desarrollaron milonitas en los esquistos y ortogneises del Complejo

Volcano-Siliceo que constituye el Aléctono Inferior.
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Se analizaron la microestructura y las condiciones de deformacion, incluyendo un andlisis
cuantitativo de la textura y la evolucién microestructural de muestras de las milonitas. El andlisis
de texturas confirma los criterios microestructurales y de campo que indican una cinematica de
la parte superior hacia el SE. Las condiciones de la deformacién se han estimado en un rango de
temperaturas entre 338 °C y 455 °C para una presién de 5 kbar, un esfuerzo diferencial o= 46-60
MPa, y una velocidad de deformacién € =101 to 10?? s, datos basados en paleopiezometros y
la ley de flujo del cuarzo. La Zona de Cizalla de Contins se interpreta a escala regional como un
cabalgamiento equivalente al de Lalin-Forcarei en el Complejo de Ordenes, en Galicia. El hecho
de que el Complejo Volcano-Siliceo experimentara un metamorfismo de alta presién que no se
observa en la Formacidn Filitica-Cuarcitica subyacente muestra que la Zona de Cizalla de Contins,
como el Cabalgamiento de Lalin-Forcarei, representan el contacto tecténico mas importante en
Tras-os-Montes y Galicia respectivamente, el que produjo el emplazamiento de los complejos

aléctonos sobre la plataforma continental de Gondwana durante la colisidon Varisca.

A partir de esos resultados cambid la percepcién de la estructura del Complejo de Morais,
incluyendo el Parautdctono. Esa es la razdn por la cual el Capitulo 5 se dedica a la estructura del
complejo. Incluye los resultados del trabajo de campo, con la orientaciéon de la foliacion principal
y la lineacién de estiramiento asociada proyectados en mapas del complejo, y el tratamiento
estadistico de la orientacidn de esas fabricas. Esto ultimo permitié calcular la orientacién media
del eje y del plano axial del pliegue Varisco tardio en el que se ha preservado el complejo, que
varia entre NO-SE y ONO-ESE y es aproximadamente paralelo a la lineacién de estiramiento
media. El capitulo incluye una explicacién de ese paralelismo y una descripcién innovadora de la
macroestructura, que va acompafada por un par de cortes geoldgicos. La conclusién principal es
la existencia de dos generaciones de cabalgamientos, siendo el mas antiguo el de la Zona de
Cizalla de Contins, y los mas jovenes los que lo repiten en una serie de cabalgamientos fuera de

secuencia.

Los dos capitulos siguientes estan dedicados a la geocronologia y geoquimica. El Capitulo 6 trata
sobre el Aléctono Inferior. Se han datado cuatro rocas volcdnicas félsicas del Complejo Volcano-
Siliceo, y se recogieron cuarenta y ocho muestras de rocas maficas y félsicas para la
caracterizacién geoquimica del conjunto volcanico bimodal intercalado con metasedimentos. Las
edades son 491 + 4 Ma (toba volcanica), 485 + 4 Ma (riolita peralcalina), 489 + 2 Ma (riolita), y
481 + 9 Ma (toba volcénica). Los resultados confirman el caracter (hiper)extendido de la unidad y
el evento de separacion que se produjo en el margen norte de Gondwana. El adelgazamiento de
la litosfera continental comenzd durante el Cdmbrico tardio y siguid al menos durante el

Tremadociense. EI magmatismo bimodal estd relacionado con la descompresiéon del manto
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subyacente, y afectd a la parte mas externa del margen, pero también a partes mas internas,
pues las rocas volcanicas de Mora y Saldanha, del Parautdctono Superior, estan datadas en
493.5 + 2 y 484.8 + 2.5 Ma (Dias da Silva et al. 2014). Considerando la edad Cambro-Ordovicica
para el conjunto bimodal del Aléctono Inferior, las nuevas edades son mads antiguas que el
Floiense (478-470 Ma), que es la edad asumida para la Cuarcita Armoricana (Gutiérrez-Marco et
al. 2011 y referencias incluidas). La posicién estructural del Complejo Volcano-Siliceo por encima
de las capas cuarciticas del Parautéctono Superior, interpretadas como la Cuarcita Armoricana,
aporta un argumento adicional para la generalizacién de |la Zona de Cizalla de Contins a escala de

todo el Complejo de Morais.

El Capitulo 7 esta dedicado al Aléctono Medio, formado por unidades que representan la sutura
central Varisca. Los resultados del estudio conducen a una definicion de sus unidades de forma
diferente a la de los mapas geoldgicos portugueses. De abajo arriba, las unidades son Junqueira,
Pombais, lzeda, Remondes y Morais-Talhinhas. En esas unidades se recogieron cuarenta
muestras para geoquimica de roca total, y se dataron dos intrusiones félsicas de la Unidad de
Remondes y una toba basica de la Unidad de lzeda. Los resultados sugieren una nueva
interpretacion del Aléctono Medio y aportan claves sobre la evolucion pre-Varisca del dominio
oceanico de la Zona de Galicia-Tras-os-Montes. El estudio confirma que el Aléctono Medio en
Morais estd compuesto por dos grupos de unidades, pero varias de ellas han sido redefinidas y
reinterpretadas. El grupo inferior incluye tres unidades oceanicas supracorticales, las unidades
de Junqueira y Pombais, compuestas por esquistos verdes y metasedimentos, y la Unidad de
Izeda, con anfibolitas y esquistos verdes. Se argumenta que las dos primeras tienen mads o
menos la misma edad que la Unidad de Vila de Cruces en Galicia (500 Ma), o quiza algo mas
joven, mientras la tercera se ha datado en 484 + 3 Ma. De acuerdo con los resultados de la
geoquimica, las unidades ocednicas supracorticales representan la primera corteza ocednica
formada tras la separacion de un terreno peri-Gondwanico en el margen norte de Gondwana.
Las unidades de Junqueira y Pombais parecen tipicas de la parte distal de una cuenca trasera de
arco, donde el magma se generd lejos de la zona de influencia de la zona de subduccion,
mientras que la geoquimica de los basaltos de la Unidad de Izeda apunta también la una parte
distal de una cuenca trasera de arco pero acercandose a la composicidon de una dorsal ocednica

normal.

El grupo superior comprende dos conjuntos ofioliticos, las unidades de Remondes y Morais-
Talhinhas, ambas compuestas por anfibolitas, metagabros y rocas ultramaficas. El resultado de la
datacién de dos plagiogranitos de la Unidad de Remondes no es facil de interpretar. Uno

proporciona un rango de edades continuo entre 470 y 390 Ma, aunque distribuidas en tres

208



grupos cuyas edades medias son 444 + 4, 420 £+ 4 y 400 £ 4 Ma. El otro incluye dos poblaciones
cuyas edades concordia son 433 £ 3 y 386 + 4 Ma. Edades devdnicas entre 405 y 395 Ma se han
encontrado en Galicia y en la Unidad de Morais Talhinhas de Tras-os-Montes, asi que esa podria
ser la edad de la Unidad de Remondes, correspondiendo las edades mds viejas a circones
heredados. Pero también las edades devdnicas podrian datar el metamorfismo, y las mas viejas
representar la edad mas o menos modificada de los protolitos. En tal caso, el Complejo de
Morais podria haber preservado alguna unidad ofiolitica de edad silurica, lo que no seria extrafio

en el contexto de un océano que existié entre 500 y 395 Ma.

La geoquimica de la Unidad de Remondes es la de basaltos de cuencas traseras de arco, pero
también sugiere una transicién desde magmas tipo MORB a otros mas del tipo de supra-
subduccién formados en una cuenca trasera de arco. La ofiolita culminante es la Unidad de
Morais-Talhinhas, datada como Devodnico Inferior (Pin et al. 2006). Esta unidad tiene una
signatura de supra-subduccién generada en una cuenca trasera de arco. La edad y la geoquimica
de las dos unidades ofioliticas permite su correlacion con las ofiolitas devdnicas de los complejos

aléctonos de Galicia.

Los resultados el estudio mejoran la comprensién de la zona de sutura en el Complejo de
Morais, aportando una nueva comprension de la estructura del Aléctono Varisco en Tras-os-
Montes y una correlacién de las unidades del Aléctono Medio en el Macizo Ibérico. También se
mejora la cartografia geoldgica del complejo y se aclaran aspectos de la interpretacién de las
diferentes unidades aldctonas, incorporando nuevas ideas sobre la historia Varisca y pre-Varisca

a lo largo del Aléctono Central Varisco europeo.
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