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Abstract
The Variscan belt was formed when several continents interacted to finally form the supercontinent of Pangea. In this general context of continent interaction and orogen development this PhD was
projected and is presented in this document. The main objective of this thesis is to explore the origin,
the sources and the development of a high-grade metamorphic terrane involved in this orogenesis.
This PhD focuses on the Eclogitic Gneisses (Banded Gneisses), which are included in the high-pressure and high-temperature (HP–HT) member of the Upper Allochthon of the Cabo Ortegal Complex
(NW Iberia), and also deals with the Eclogite band and the Cariño Gneisses, so that the general tectonothermal evolution is better accounted for.
To address the objectives of this thesis, several methods have been applied. The first group of methods had the aim of recognising and describing the subject of study, from a macroscopic point of view
(cartography and detailed representation of geological sections) to a microscopic level (thin section
observation and description). When this recognition was carried out and the scientific literature was
handled, detailed isotopic experiments were performed. U–Pb, Lu–Hf and Sm–Nd radiogenic methods were applied to make provenance approaches of the detrital materials, to constrain the age of rock
formation, the primary sources of magmatic generation and the age and features of the high-grade
metamorphic development of the igneous rocks of the studied units.
This PhD document has been organised in an article format, where the majority of the results
are presented as articles, from which the PhD candidate is the corresponding author or co-author.
This thesis starts with a general introduction and with an exposure of the main objectives posed and
methods applied. Afterwards, a general review of the origin and evolution of the NW Iberian terranes, and a detailed study from a macroscopic to a microscopic point of view of the main formation
studied, together with a discussion of its tectonothermal evolution and an exhumation modelling is
presented. Then, a provenance approach together with a paleogeographic reconstruction proposal,
studying the detrital materials of the intermediate-pressure top member of the Upper Allochthon is
shown. These provenance studies were also applied to the HP–HT Banded Gneiss formation, mainly
to find out which continental fragment subducted in the Devonian. After this work, isotope geochemistry techniques were applied to several igneous rocks that registered the evolution of a long-lived
magmatic arc and the deformations attained by the HP–HT subduction-related metamorphic event.
Afterwards, a discussion integrating this subduction event in the general framework of the assembly
of Pangea is presented. Finally, this PhD finishes exposing an integrated discussion and the general
conclusions achieved.
The main conclusions derived from this PhD thesis are that the Upper Allochthon is a single terrane and not a composite one, from which its metasedimentary rocks are derived from the Gondwana mainland, specifically from the West African Craton (WAC). The detritus that constitute the
metasedimentary rocks were deposited in a back-arc type basin between c. 521–506 Ma. These sediments register the crustal growth events of the WAC and the formation of a volcanic arc system that
is considered to be the Cadomian arc. The initial activity of this arc is constrained between c. 780 Ma
and c. 590 Ma, defining the “proto-arc stage”, where mainly crustal recycling of the margin of Gondwana where it was built, took place. The “arc-stage” was developed between c. 590 and 490 Ma where
broad mixing processes took place between the intruding depleted mantle (DM) derived magmas and
the old pre-existing crust. The igneous rocks registered part of the magmatic arc activity (D0 event).
The first record of acidic magma intrusion has an age of c. 512 Ma and has diverse source signatures. It
seems that around c. 498 Ma an arc-related high-temperature input gave as a result fractional crystallisation of acidic rocks from DM-derived partial melts. The basic magmas started to intrude at c. 505
Ma and had different sources, from magmas almost directly derived from the partial melting of the
depleted mantle, to isotopically enriched magmas, which could derive from the partial fusion of an
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enriched mantle component (probably the subcontinental mantle of Gondwana) and as an important
contamination of DM-derived melts with continental crust material, respectively. The metasedimentary rocks were partially melted at around 485–495 Ma. After the magmatic activity finished, the
Upper Allochthon did not drift away opening the Rheic Ocean, as it has been proposed by other authors for the Avalonian terranes, but formed part of the extended passive margin of Gondwana until
the Devonian. The high-grade metamorphism attained by the Upper Allochthon was driven by the
subduction of the margin of Gondwana under the colliding retro-continent. Taking into account the
paleogeographic reconstructions proposed by other authors for the Devonian, this retro-continent
should be Laurrusia, but it is likely to be another continental fragment of Gondwana. In the context
of this high-grade metamorphic event (D1 event) zircon recrystallised at c. 395 Ma in the acidic rocks.
The basic rocks were transformed into eclogites, which was recorded by a zircon recrystallisation climax at c. 393 Ma, most probably near the metamorphic P–T path temperature peak. The high-grade
metamorphic event re-melted the leucosomes at high-T conditions between 379 and 403 Ma, with a
climax at c. 388 Ma. During this subduction event the Upper Allochthon was exhumed as an ultra-HP
buoyant plume (D2 event). The progression of the deformational history of the upper units entails the
development of large recumbent folds and an important basal thrust (D3 structures). The mentioned
subduction event was the first one attained by the margin of Gondwana in the complex history of the
early stages of supercontinent assembly.
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Resumen
El cinturón Varisco se formó cuando varios continentes interactuaron para acabar formando el supercontinente de Pangea. La tesis que aquí se presenta se enmarca en este contexto general de interacción continental y desarrollo orogénico. El principal objetivo es explorar la formación, las fuentes y el
desarrollo de un terreno metamórfico de alto grado involucrado en la orogénesis Varisca. En esta tesis
se hace especial hincapié en los Gneises Eclogíticos (Gneises Bandeados), los cuales están incluidos
en el miembro de alta presión y alta temperatura (HP–HT) del Alóctono Superior del Complejo de
Cabo Ortegal (NO de Iberia). También se aborda el estudio de otros miembros del Alóctono Superior,
como la banda principal de eclogitas y los Gneises de Cariño, con el fin de tener más herramientas
para abordar la evolución tectonotermal general.
Para cumplir con los objetivos de esta tesis se han aplicado varios métodos. El primer grupo de
métodos tenían por objetivo reconocer y describir el objeto de estudio, desde un punto de vista macroscópico (cartografía y representación detallada de secciones geológicas) hasta un punto de vista microscópico (observación y descripción de láminas delgadas). Una vez terminado el reconocimiento
de las diferentes litologías y de la revisión bibliográfica pertinente, se llevaron a cabo determinaciones
isotópicas detalladas. Se aplicaron métodos isotópicos U–Pb, Lu–Hf y Sm–Nd en las formaciones
estudiadas para conocer las áreas fuente de los materiales detríticos, las edades de cristalización, las
fuentes ígneas primigenias y la edad y las condiciones del metamorfismo de alto grado desarrollado
en las rocas ígneas estudiadas.
Esta tesis doctoral ha sido organizada en formato de artículos, en los cuales se han presentado la
mayoría de los resultados obtenidos y en los que el doctorando es autor o coautor. Este documento
comienza con una introducción general y con la exposición de los principales objetivos y métodos
aplicados. A continuación se presenta una revisión general sobre el origen y evolución de los terrenos
del NO de Iberia y un estudio detallado desde un punto de vista macro- y microscópico de los Gneises
Eclogíticos, junto con una discusión de su evolución tectonotermal y su mecanismo de exhumación.
Después se muestra un estudio de procedencia y una propuesta de reconstrucción paleogeográfica de
los materiales detríticos del miembro culminante de presión intermedia (IP) del Alóctono Superior.
Estos estudios también se han realizado en la formación de los Gneises Eclogíticos, para conocer,
principalmente, la identidad del fragmento continental que subdujo en el Devónico. Posteriormente
se aplicaron técnicas de geoquímica isotópica en varias rocas ígneas que registraron la evolución de
un arco magmático longevo y de las deformaciones inducidas por el evento metamórfico subductivo
de HP–HT. Seguidamente se expone una discusión que integra este evento subductivo en el contexto
general del ensamblaje de Pangea. Finalmente, esta tesis doctoral concluye con una discusión integradora y con una síntesis de las conclusiones generales obtenidas.
Las principales conclusiones derivadas de esta tesis doctoral son que el Alóctono Superior no es
un terreno compuesto sino uno simple, cuyas rocas detríticas provienen del continente Gondwana,
concretamente del Cratón de África Occidental (WAC). Los detritos de las rocas metasedimentarias
se depositaron en una cuenca de retro arco en torno a c. 521–506 Ma. Estos sedimentos registran los
eventos de crecimiento cortical del WAC, y la formación de un sistema de arcos volcánicos, el cual
se considera ser el arco Cadomiense. La actividad inicial de este arco, llamada “fase de proto-arco”,
tuvo lugar entre c. 780 y c. 590 Ma, donde principalmente tuvo lugar un reciclado cortical del margen continental de Gondwana. La “fase de arco” se extendió entre c. 590 y c. 490 Ma, y en ella se
produjeron intensos procesos de mezcla entre magmas derivados del manto empobrecido (DM) y la
corteza continental antigua. Las rocas ígneas registraron parte de la actividad del arco (evento D0).
El primer registro de la intrusión de rocas ácidas, que muestra una diversidad de fuentes, es de c. 512
Ma. Los datos apuntan a que en torno a c. 498 Ma un alto aporte térmico relacionado con la actividad del arco dio lugar a la cristalización fraccionada de rocas ácidas a partir de fundidos parciales
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derivados del manto empobrecido. Los magmas básicos, que empezaron a intruir hacia c. 505 Ma,
tienen diferentes fuentes, desde magmas derivados principalmente de la fusión parcial del manto empobrecido, hasta magmas isotópicamente enriquecidos, probablemente derivados de la fusión parcial
de un componente mantélico enriquecido (seguramente el manto subcontinental de Gondwana) y de
la contaminación de fundidos derivados del DM con materiales de la corteza continental. Las rocas
metasedimentarias fundieron parcialmente en torno a c. 485–495 Ma. A diferencia de lo esperado,
cuando la actividad magmática del arco cesó, la migración del Alóctono Superior no dejó tras de sí
un extenso océano, como parece que sí lo hicieron (según otros autores) los terrenos avalonianos, que
en su deriva continental dejaron paso a la apertura del Océano Rhéico. El Alóctono Superior formó
parte del margen pasivo y extendido de Gondwana hasta el Devónico. El metamorfismo de alto grado
que registra este terreno se produjo por la subducción del margen de Gondwana bajo un retro continente. Teniendo en cuenta las reconstrucciones paleogeográficas de otros autores para el Devónico,
este retro continente debió de ser Laurrusia, pero es probable que sea otro fragmento continental
de Gondwana. En el contexto de este evento metamórfico de alto grado (evento D1) el circón de las
rocas ácidas recristalizó a c. 395 Ma. Las rocas básicas fueron transformadas en eclogitas mostrando
un clímax de recristalización de circón en torno a c. 393 Ma, probablemente cerca del pico térmico
de la trayectoria metamórfica P–T. El metamorfismo de alto grado volvió a fundir los leucosomas en
condiciones de alta temperatura entre 379 y 403 Ma, con un clímax a c. 388 Ma. Durante esta subducción el Alóctono Superior fue exhumado como una pluma de ultra alta presión (evento D2). La
progresión de la historia deformativa de las unidades superiores condujo al desarrollo de enormes
pliegues recumbentes y de un gran cabalgamiento basal (estructuras D3). Este evento de subducción
fue el primero que sufrió el margen de Gondwana en la compleja historia de los estadios iniciales del
ensamblado supercontinental.
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I
Introduction
1.1. Introduction to the PhD thesis
1.2. Article summary

1.1. Introduction to the PhD Thesis
This PhD thesis explores the generation, the
sources and the development of a high-grade
metamorphic terrain involved in the Variscan
orogen, the mountain belt formed when
the last supercontinent, Pangea, assembled.
When continents are pieced together to form
supercontinents, the oceanic crusts that separate
them are consumed by subduction, a process
capable of forming extensive volcanic arc systems.
When the continents finally collide, their margins
are subducted to great depths and mountain
belts are developed, favouring a scenario where
extreme deformations and high or even ultrahigh grade metamorphism can take place. The

studied terrain attained very high deformation
when the margins of the continents started to
interact at the initial stages of their assembly, as
well as during the intense decompression attained
when the terrain exhumed after pronounced
continental subduction.
High-grade terrains contain very valuable
information about the history of the orogen in
which they were formed, because they register
several processes around the cores of the belt
itself. But on the other hand, this information
is cryptic and difficult to decipher because
each process blurs the information recorded
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1. INTRODUCTION

by the previous one, and the high intensity of
deformation tangles up structures, compositions
and any other primary features.
The high-grade studied terrain is a member
of the Cabo Ortegal Complex, which is one of
many complexes scattered along the European
continent. These complexes include the remnants
of the deepest sectors of the mountain chain that
sutured Pangea. They are huge nappe piles formed
and stacked during the orogen development,
disposed as big synformal structures. They can be
followed through the NW and SW Iberian Massif,
the Armorican, Central, Vosges and Maures
Massifs and Corsica in France, the Bohemian
Massif in Germany, Poland, Czech Republic and
Austria, and the Alps and Sardinia in Italy.
Many theses and investigations have been
performed in the last decades, giving a high
degree of knowledge of the different units and
members of the Cabo Ortegal Complex. From
the basis of all this information, new studies
with modern techniques are required to clarify
and better understand the ages of protolith rock
formation, the igneous sources and the detrital
provenance of the different units involved in the
complex history of these old Variscan remnants.
For these reasons the present PhD was planned.
The Cabo Ortegal Complex is one of the
five complexes of NW Iberia. Two high-grade
terrains are found in this complex, the Basal
allochthonous units and the Upper Allochthon,
which are separated by an ophiolite belt. The
Upper Allochthon terrane is formed by an
intermediate-pressure (IP) top member and
a high-pressure and high-temperature (HP–
HT) bottom member, some of the formations
of which are the ones studied in this PhD. The
main formation studied is the Banded Gneisses,
which is a highly deformed metasedimentary
rock terrain with many lithologies included, and
from which no previous theses have been done.
To better understand the complex evolution of
this formation and to englobe it in its general
context, its two outlining formations have also
been investigated. They are the Cariño Gneisses
to the East and the Eclogite band to the West, and
both have been studied in previous PhD theses.
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In this thesis, different methods have been
applied in order to constrain the origin and
evolution of the studied terrains. At first, a review
article is presented synthesising the geology of the
allochthonous terranes of Galicia (NW Iberia).
This work is the first article presented, which
has been recently submitted (chapter 3), and
represents a good introduction to the framework
of the issues addressed in the following chapters.
The first methods to be used had the objective
of recognising the objects to be studied, using
cartographic and petrographic techniques. The
results derived from applying these methods
are presented mainly in chapter 4. Afterwards,
and with the objective of knowing which are
the source areas of the detrital components of
the IP top member of the Upper Allochthon
(represented by the Cariño Gneisses), several
U–Pb, Lu–Hf and Sm–Nd isotopic experiments
were carried out. The results and interpretations
derived from this work are presented in chapter
5. These experiments were also carried out on
the HP–HT member of the Upper Allochthon,
to decipher which continental margin subducted
and therefore to make paleogeographic
reconstructions of the initial stages of continent
interaction of the Variscan orogenesis. These
experiments are described and discussed in
chapter 6. After having constrained the detrital
nature of these rocks, isotopic experiments were
carried out on the igneous rocks within two key
formations of the HP–HT Upper Allochthon, the
Eclogite Band and Banded Gneiss formations. The
igneous rocks studied are; several leucosomes,
to study the features concerning partial melting
and regional foliation development of the highgrade metasedimentary rocks; eclogites, to study
the nature of the mafic magmatic evolution and
the eclogite facies metamorphism attained; and
orthogneisses, to constrain the felsic activity of
an important magmatic arc system developed in
the initial stages of the Variscan orogen. All this
information is shown in chapter 7. To discuss
the complex collision between the two main
continents involved in the assembly of Pangea,
chapter 8 was drawn up, and an integrated
discussion of the PhD thesis is presented in
chapter 9.

1. INTRODUCTION

1.2. Article summary
Articles included in this PhD thesis:
Article 1:
Arenas, R., Sánchez Martínez, S., Díez Fernández, R., Gerdes, A., Abati, J., Fernández-Suárez,
J., Andonaegui, P., González Cuadra, P., López Carmona, A., Albert, R., Fuenlabrada, J. M.,
Rubio Pascual, F. J. (2015). Allochthonous terranes involved in the Variscan suture of Galicia
(NW Iberia): A review of their origin and tectonothermal evolution.
Article status: Submitted.
This article is presented in chapter 3.
Article 2:
Albert, R., Arenas, R., Sánchez Martínez, S., Gerdes, A. (2012). The eclogite facies gneisses of
the Cabo Ortegal Complex (NW Iberian Massif): Tectonothermal evolution and exhumation
model. Journal of Iberian Geology 38(2), 389-406.
Article status: Published.
This article is presented in chapter 4.
Article 3:
Albert, R., Arenas, R., Gerdes, A., Sánchez Martínez, S., Fernández-Suárez, J., Fuenlabrada, J.
M. (2014). Provenance of the Variscan Upper Allochthon (Cabo Ortegal Complex, NW Iberian
Massif). Gondwana Research 28(4), 1434-1448.
Article status: Published.
This article is presented in chapter 5.
Article 4:
Albert, R., Arenas, R., Gerdes, A., Sánchez Martínez, S., Marko, L. (2015). Provenance of the
HP–HT subducted margin in the Variscan belt (Cabo Ortegal Complex, NW Iberian Massif).
Journal of Metamorphic Geology 33(9), 959-979.
Article status: Published.
This article is presented in chapter 6.
Article 5:
Arenas, R., Díez Fernández, R., Sánchez Martínez, S., Gerdes, A., Fernández-Suárez, J.,
Albert, R. (2014). Two-stage collision: Exploring the birth of Pangea in the Variscan terranes.
Gondwana Research 25(2), 756-763.
Article status: Published.
This article is presented in chapter 8.
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II
Objectives
and
methodology

The first step was to know the characteristics of
the subject to be studied. To do so a description
of the field aspects of the Banded Gneiss
formation was carried out, revising the details of
its cartography, the characteristics of the different
types of lithologies that form part of it, and its
distinctive internal structural features. This
preliminary approach to the studied object was
also applied to the formations that outline the
Banded Gneisses, which are the Eclogite Band
formation to the West and the Cariño Gneiss
formation to the East. This initial approach is
fundamental to deal with further investigations.

The next step was to have a better idea of the
studied objects, through the microscopic features
of the lithologies involved in the Banded Gneisses
(and also the Eclogite Band and the Cariño
Gneisses). To do so petrographic features were
described studying thin-sections of the selected
rock specimens. The first set of thin-sections was
prepared by the author to focus on the formative
aspect of the thesis. These observations allowed
to clarify the different deformative fabrics and the
temporal evolution of the mineral assemblages.
Some microprobe analyses were performed
to accurately identify some elusive-classifying
minerals.
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The knowledge gathered from these studies
led to the preparation and the publication of the
second article included in this PhD thesis. This
paper had a very important role in allowing the
author to achieve the necessary abilities to publish
scientific results to the scientific community.
These results are presented in chapter 4.
After having a good idea of the subject of study
through the above-mentioned techniques, the
best samples were taken to perform radiogenic
isotope geochronology on zircon crystals. At first,
it was necessary to separate the zircon grains with
several mineral separation techniques. These
separations were run by the PhD candidate with
the initial supervision and guidance of his PhD
supervisors and laboratory technicians. These
separation techniques were applied with great care
to minimize possible laboratory contamination.
Samples were cleaned and dried before being
crushed in a jaw crusher and afterwards in
a tungsten disc mill. The light fraction was
removed by floatability using a Wilfley table, and
a Franz model magnetic separator was used, to
remove those minerals susceptible to a magnetic
field induced by an electric current up to 1.7 A.
Minerals with a density below 3325 kg·m−3 were
removed using CH2I2 (diiodomethane) heavy
liquid, using pertinent lab equipment due to the
toxicity and the difficulty of working with this
liquid. These separations were performed at the
Complutense University of Madrid. The following
techniques were performed at the J.W. Goethe
Universität of Frankfurt am Main. Zircon hand
picking of all types of zircons was carried out
under a binocular microscope before mounting
them, depending on their size, in epoxy resin.
These mounts were polished to approximately
half of the zircon crystal thicknesses. Then
the mounts were introduced into a JSM 6490
scanning electron microscope (SEM) to perform
cathodoluminiscence (CL) and back-scattered
electron (BSE) images to study the internal zoning
of the zircon grains in order to choose the best
areas for isotope analysis. Isotopic measurements
were taken for U–Pb and Lu–Hf isotopes. Both
types of measurements were performed with the
laser ablation technique. The laser used in both
cases was a RESOlution M–50, with 193 nm
wavelength ArF excimer (COMpexPro) laser,
which provided a maximum space resolution
of 23 μm laser spot diameters. The zircon was
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ablated within a low volume cell in a He stream,
which was mixed directly after the ablation cell
with N2 and Ar, before being introduced into an
Ar plasma attached to the mass spectrometers.
This plasma device ionized the ablated zircon
so that the spectrometers could measure the
different masses. In the case of U–Pb isotope
measurements the mass spectrometer (MS) used
was ThermoFinnigan Element 2 sector field MS
and for Lu–Hf isotopes the spectrometer used
was a ThermoFinnigan Neptune multicollector
MS. During the entire PhD project the total
amount of U–Pb analyses was around 2600 and
the amount of Lu–Hf analyses was around 1400
(in both cases excluding standard analyses). The
analytical sequences where sites of ablation and
other variables were defined, were programed
and performed by the PhD candidate with the
supervisors guidance.
Other isotopic experiments applied to
the studied rocks were the Nd whole-rock
determinations. Sm–Nd geochemistry allowed a
theoretical approach to provenance, model ages
and a “track of the juvenility” of the different
lithologies investigated at a hand-specimen
scale. These determinations were performed
at the geochronology laboratory (CAI) of the
Complutense University of Madrid, and involved
several laboratory skill developments. The
technique used required clean lab conditions
for sample dissolution with ultra-pure acids and
conventional ion-exchange chromatography
procedures. Rare earth element concentrates
were loaded on rhenium filaments onto the
sample load system of the thermal ionization
mass spectrometer (TIMS-Phoenix HCT040®). A
number of 36 Sm–Nd whole-rock determinations
were taken during the PhD thesis.
Data processing of the isotopic determinations
constituted an important part of the PhD project
and careful attention was taken on the calculations
involved, such as data reduction, interference
corrections, decay equation application, standard
deviation corrections, error determinations and
so on.
All this work, involving isotope geochemistry,
led to the publication of two articles which are
presented in chapters 5 and 6. These chapters
deal with the main lithology of the Banded Gneiss
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formation, the metasedimentary rocks.
The above-mentioned techniques were also
applied to several igneous lithologies which
are presented in chapter 7. Several leucosomes,
eclogites and orthogneisses were studied,
building a solid base to monetarise the igneous
activity of a magmatic arc. The intention is, to
publish these results after the actual PhD thesis is
defended. The author has also collaborated in the
preparation of two articles, which are presented
in this thesis to show the geological context of the
studied units (chapter 3) and the implication of
these units in the assembly of Pangea (chapter 8).
Another objective was to learn and to be able
to communicate ideas and results to the scientific
community. To achieve this objective the author
performed several congress communications,
with posters, and also with oral communications.
Some of the meetings were the DEFMET
congress (Interrelationship between deformation
and metamorphism, held in Granada in 2011),
the GEOPilsen conference (held in the Czech
Republic in 2013), Gondwana15 meeting (held
in Madrid in 2014), GeoFrackfurt2014 (held in
Germany in 2014) and a meeting of the Spanish
Geological Society (SGE, held in Morocco in
2015).
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III
Allochthonous terranes involved
in the Variscan suture of Galicia:
A review of their origin and
tectonothermal evolution
3.1. Introduction
3.2. Partial conclusions
3.3. Article

3.1. Introduction
The article presented in this chapter represents
the geological framework in which the rest of
the thesis is englobed. It is an up to date review
of the already published knowledge about the
origin and the evolution of the terranes from the
allochthonous complexes of Galicia. One of these
terranes is the Upper Allochthon (Upper Units),
in which the formations studied in this thesis are
included.
3.2. Partial conclusions
As this chapter is a review and intends to be
the geological framework for this PhD thesis

there are no s.s. conclusions to mention. Even so
a synthesis of the major aspects of the geology
concerning the Upper Units of the Cabo Ortegal
Complex is presented here on.
The Upper Units (also called Upper Allochthon)
represent the thickest terrane of the allochthonous
complexes and they are constituted by a variety of
units that can be grouped in two main ensembles
according to their tectonothermal evolution: an
upper ensemble characterised by intermediate
pressure metamorphism (IP Upper Units),
and a lower ensemble affected by high pressure
and high temperature metamorphism (HP-HT
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Upper Units). The Upper Units are considered
as a single and coherent terrane because of their
systematic position above the Ophiolitic Units.
In the first descriptions of the allochthonous
complexes these units were assigned to a common
tectonic setting and interpreted as sections of a
back-arc, a fore-arc, or the magmatic arc itself
(Arenas et al., 1986). This interpretation has not
changed to this day, as many subsequent works
have interpreted the origin of the Upper Units
in the context of a peri-Gondwanan magmatic
arc. The polymetamorphic nature of this terrane
has also been demonstrated, first it was affected
by a tectonothermal event related to the activity
of the magmatic arc, and then by a collisional
tectonothermal event present in the Upper Units,
but with different characteristics depending on
the intensity of deformation and metamorphism.
Intermediate Pressure Upper Units:
In the Cabo Ortegal Complex, the IP Upper
Units are represented by the Cariño Gneiss
Unit. It is formed by schists and paragneisses,
with compositions ranging from pelitic to
greywackic, intruded by small massifs of
gabbros and granitoids (Castiñeiras, 2005). The
metasedimentary rocks still preserve primary
sedimentary features, which indicate deposition
in a turbiditic system (Vogel, 1967). A maximum
depositional age of c. 510 Ma has been obtained
for the Cariño paragneisses using U-Pb dating
of detrital zircons, with a clear North African
provenance (Albert et al., 2015).
High Pressure and High Temperature Upper
Units:
The lower part of the Upper Units consists
of a HP-HT metamorphic belt. The protoliths
are similar to those described in the IP Upper
Units, but the intensity of deformation and
metamorphism hinders the preservation of
primary sedimentary or igneous features, which
in only a few cases can be recognised. The main
deformation and metamorphic events are also
comparable, regardless of their intensity, as
well as the isotopic geochronology obtained for
them. The second metamorphic event is the one
showing HP-HT characteristics. The tectonic
fabrics and mineral assemblages of the first
Cambrian, arc-related, metamorphic event were
in this case affected by strong reworking, and
they have been almost completely obliterated.
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However, the initial existence of this first event
can still be detected, mainly due to the presence
of relict monazites in high-grade gneisses whose
age has been determined by U-Pb.
Equivalent HP-HT units are known to
be present in the Variscan belt outlining the
Variscan suture, both in the Armorican Massif,
French Massif Central and the Bohemian Massif
(Ballèvre et al., 2014). In some sectors the presence
of mineral assemblages including coesite suggests
that ultra-high-P conditions were reached at least
locally (Lardeaux et al., 2001). Peak pressures
calculated so far for the NW Iberian Massif are
close to ultra-high-P values, although evidence
of coesite is still missing.
The diversity and tectonothermal evolution
of the HP-HT rocks of the Cabo Ortegal
Complex were described in great detail in the
pioneering work of Vogel (1967), and later by
Engels (1972) and Gil Ibarguchi et al. (1990).
In this complex, the HP-HT Upper Units
include two main juxtaposed counterparts, the
Cedeira and Capelada units. Both units have a
similar lithological composition but different
record of high-P metamorphism. The Capelada
Unit occupies the upper structural level, and
developed eclogite facies metamorphism,
whereas the Cedeira Unit reached only granulite
facies conditions.
The eclogitic gneisses of the Capelada
Unit (Banded Gneisses) are mainly derived
from semipelitic and greywackic sediments,
interspersed with granitic and tonalitic
orthogneisses (Albert et al., 2012). These gneisses
are usually migmatised and show a mylonitic
foliation. Mafic rocks occur as numerous eclogite
pods or bands within the gneisses and also form
a thick layer of eclogite, separating this ensemble
from the mafic and ultramafic rocks underneath.
In some sectors of this layer, pre-metamorphic
mingling processes are still recognizable, as well
as some lenses of augengneiss similar to those
observed in the IP Upper Units. The U-Pb dating
of detrital zircons from the paragneisses reported
similar age populations to those obtained in the
Cariño Unit (IP Upper Units). Therefore, it is
considered that the source area for this sequence
was also located in North Africa (Albert et al.,
2015).
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Extended abstract
NW Iberia includes a rather complete section
of a Variscan suture, where different terranes
with continental or oceanic affinities appear with
clear structural relationships. Three groups of terranes, namely Upper, Ophiolitic and Basal units
and a frontal tectonic mélange appear in Galicia,
in Cabo Ortegal, Órdenes and Malpica-Tui complexes. They constitute a huge allochthonous pile
thrust over the Iberian parautochthonous and
autochthonous domains, which represent the
section of the Gondwanan margin that escaped
continental subduction during the Variscan cycle (Schistose Domain of Galicia-Trás-os-Montes
and Central Iberian Zone).
In the Upper Units, c. 12000 m of terrigenous
sediments (Órdenes Series) intruded by large
massifs of Cambrian (c. 500 Ma) I-type calc-alkaline granitoids (Corredoiras Orthogneiss)
and tholeiitic gabbros (Monte Castelo Gabbro),
are considered to represent a section of a magmatic arc built up in the periphery of Gondwana during Neoproterozoic-Cambrian times. Nd
model ages from the Cambrian topmost turbiditic series (Ares-Sada greywackes) are relatively
young (720-1215 Ma) and suggest proximity to
some Avalonian terranes. The uppermost part of
this terrane was affected by metamorphism ranging between the greenschist facies and the intermediate pressure granulite facies conditions (IP
Upper Units), dated at 496-484 Ma. The IP Upper
Units can be considered a relic section preserving
the Cambrian tectonothermal activity associated
with peri-Gondwanan arc activity. That activity
was caused by magmatic underplating and followed by accretion of arc slices, which developed
counter-clockwise P-T path evolution. However,
the lower part of this terrane shows a completely
different tectonothermal record, as it was affected by intense high-P and high-T metamorphism
(HP-HT Upper Units; Cedeira and Capelada
units in the Cabo Ortegal Complex, Sobrado
Unit in the Órdenes Complex). This event developed extensive recrystallization under eclogite
and granulite facies conditions, the peak pressures being in the range of ultra-high-P metamorphism (proved minimum pressure at 22 Kb,
with some indicators of higher values). The high/
ultra-high-P metamorphism (c. 400 Ma) was fol-
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lowed by drastic and fast exhumation coeval with
partial melting (c. 390 Ma). The development of
extensional detachments (c. 375 Ma), recumbent
folds and thrusts drove the exhumation of this
high-P complex later on.
True MORB ophiolites derived from typical
oceanic lithosphere are unknown in the Variscan
suture of Galicia. On the contrary, the mafic-ultramafic sequences preserved in NW Iberia were
generated in supra-subduction settings, their
mafic rocks showing island-arc tholeiitic composition. There exist two critical oceanic to transitional crust-forming events: a Middle-Late Cambrian phase (c. 500 Ma, Lower Ophiolitic Units,
Vila de Cruces and Bazar unit), and a Middle Devonian phase (c. 395 Ma, Upper Ophiolitic Unit,
Careón, Purrido and Moeche units). Both types
of mafic units were accreted beneath the Upper
Units during Variscan convergence, the Upper
Ophiolites first (c. 391-377 Ma), and then the
Lower Ophiolites (c. 367 Ma). Due to their buoyant nature, many Devonian ophiolites escaped
from early-Variscan subduction, so they are the
most common ophiolites preserved in the Variscan suture across Europe. The mafic-ultramafic
sequence of the Bazar Unit has been interpreted
as peri-Gondwanan oceanic lithosphere accreted
beneath the magmatic arc system at 480 Ma. This
unit is the only one in NW Iberia showing low-P
granulite facies conditions, which has been linked
to mid-ocean ridge subduction under Gondwana
and the opening of an asthenospheric window.
The Basal Units consist of a thick sequence
of Ediacaran-Early Ordovician terrigenous
metasedimentary rocks intruded by Cambrian
to Ordovician granitoids (calc-alkaline to peralkaline) and minor mafic igneous rocks. These
units are considered to outline the most external part of the Gondwanan paleomargin during
the Late Devonian. However, detrital zircon age
populations along with (very old) Nd model ages
obtained from well-preserved turbiditic series
(ranging between 1782 and 2223 Ma) indicate a
paleoposition further to the East than the arc-related section preserved in the Upper Units. The
Basal Units also represent a continental paleosubduction zone affecting a wide and continuous
section of the margin at the onset of the Variscan collision (c. 370 Ma). Subduction polarity was to the W (present-day coordinates) and
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included right-lateral components. Continental
layers were imbricated below previously accreted ophiolites, while a variety of C-type eclogites,
blueschists and lawsonite bearing metabasites
developed. The Basal Units can be subdivided in
two main groups according to their tectonothermal evolution: an upper group with high-P and
medium-high-T metamorphism (Agualada and
Espasante units); and a lower group with high-P
and low-medium-T metamorphism (Ceán, Malpica-Tui, Lamas de Abade, Santiago, Cercio, Lalín
and Forcarei units). The upper group is considered the closest section to the overlying mantle
wedge during Variscan subduction, whereas the
lower group accounts for the cooler sections of
the subduction wedge. The arrival of thicker,
more buoyant continental crust blocked the subduction, leading to several thrusting events that
transported the subduction complex onto the adjacent, inner sections of the margin, represented
by the parautochthonous sequences of the Schistose Domain.
The Somozas Mélange is a piece of the Variscan continental subduction channel developed
between the section of the Gondwanan margin
represented by the Basal Units and their respective overlying mantle wedge. The subducted
continental margin was exhumed later on and
emplaced over the mélange zone. The mélange
appears as a unique element at the easternmost
contact between the allochthonous terranes and
their relative autochthon. The mélange unit consists of c. 500 m of serpentinite showing blockin-matrix texture. The blocks are variable in size
and include metasedimentary rocks, volcanics,
gabbros, granitoids and high-P rocks. As a major
plate boundary, and given the nature and sensitive structural position of this unit, multiple tectonic events have left strong imprint on it.
Continental convergence did not decline after
Variscan subduction and early Variscan nappe
tectonics. The allochthonous pile and the suture
zone were transferred onto the Gondwana mainland, thus triggering the thermal and gravitational collapse of the collisional wedge. The convergence continued during the Pennsylvanian, when
the entire allochthonous pile was subjected to
heterogeneous reworking in strike-slip systems.
Considering the allochthonous character of

the nappe pile and the strong deformation associated to the Variscan collision, there are problems to identify the original tectonic setting of
some terranes and thence, it is almost impossible to reconstruct the paleogeographic setting
during the Variscan and pre-Variscan times in
detail. Key features to perform any evolving
model for the Variscan convergence should consider the existence of two different high-P metamorphic events, both of them affecting continental or transitional crustal sections that belonged
to the margin of Gondwana. On the other hand,
the Ophiolitic Units provide evidence for two
stages of generation of oceanic or transitional
crust precisely within the paleogeographic domain that separated the two sections recording
the high-P events. Previous models developed in
NW Iberia suggested that the Upper Units represent a peri-Gondwanan terrane drifted away
from the main continent during the opening of
the Rheic Ocean. The Lower and Upper Ophiolitic units would be generated respectively during
the opening (rifting) and the beginning of the
closure (by intraoceanic subduction) of this Paleozoic ocean. In those models, the two high-P
metamorphic events would be related first to the
accretion of the drifted terrane to the southern
margin of Laurussia (Upper Units), and then to
the subduction of the thinned Gondwanan margin after complete closure of the Rheic Ocean
(Basal Units).
The previous models have important problems
to explain the high/ultra-high-P metamorphic
event and the exhumation of deeply subducted
transitional-type sections. On the other hand,
the recently discovered participation of an older continental crust in the generation of some
protoliths belonging to both types of ophiolitic units (Purrido, Moeche and Vila de Cruces
units), along with their highly depleted Sm-Nd
isotopic signature, make difficult their relationship to open wide oceanic domains. A two-stage
collisional model affecting a wide Gondwanan
platform may explain most of the evidences in
NW Iberia. This platform would contain Cambrian back-arc sections with transitional crust (c.
500 Ma) filled by siliciclastic material, and also
the remnants of a previous Ediacaran-Cambrian
magmatic arc. Collision of this platform with the
southern margin of Laurussia, in a dextral convergence setting, would have caused imbrication
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and subduction of transitional crustal sections to
high/ultra-high-P depths (c. 400 Ma), followed
by exhumation and subsequent generation of
ephemeral supra-subduction or pull-apart oceanic basins (c. 395 Ma), finally closed during
the second event of collision and restarted subduction of the Gondwana margin to the North
(c. 370 Ma). According to this model the Upper
Units of NW Iberia would represent the lower
plate to the Rheic Ocean suture.

Introduction
Most of the pre-Alpine basement in central
and western Europe is formed by the Variscan
Orogen. This belt can be followed from Iberia,
across Brittany and the French Massif Central,
to the Bohemian Massif, also extending towards
the basement of the Alps, Corsica and Sardinia
(Fig. 1). The orogen was linear in origin, but it
was affected by several late to post-orogenic

oroclinal bends that hinder correlations across
the belt and the understanding of some critical
questions about its origin and evolution through
time (Matte, 2001: Martínez Catalán, 2011; Weil
et al., 2012). It is flanked by two different lowgrade thrust belts, a foreland thrust belt to the
South represented by the Cantabrian Zone of the
Iberian Massif, and an external thrust belt to the
North and West forming the Rhenohercynian
and South Portuguese zones (Fig. 1). The external
limits of these thrust belts, both to the South and
North, define a doubly vergent Variscan orogenic
front.
The Variscan Orogen has continuity in eastern
North America in the Appalachian-Alleghanian
Belt. This long orogen was developed during
the main stages of the Pangea assembly which
occurred by the collision of two large continents,
Gondwana to the South and Laurussia to the
North. It is considered that the final assembly
of Pangea occurred in Carboniferous and

Fig. 1. Terranes and oroclines of the Variscan belt (Martínez Catalán, 2011). Arcs: BA, Bohemian; CIA, Central Iberian;
IAA, Ibero-Armorican; MCA, Massif Central. Zones of the Iberian Massif: CIZ, Central Iberian; CZ, Cantabrian; GTMZ,
Galicia-Trás-os-Montes; OMZ, Ossa-Morena; SPZ, South Portuguese; WALZ, West Asturian-Leonese. Shear zones and
faults: BCSZ, Badajoz-Córdoba; JPSZ, Juzbado-Penalva; LPSZ, Los Pedroches; NPF, North Pyrenean; PTSZ, Porto-Tomar;
SISZ, Southern Iberian. Location of the geological map and section presented in Fig. 2 is shown.
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Early Permian times, and that the continental
collision took place following the closure of the
main Paleozoic ocean, the Rheic Ocean. This
ocean was generated after Late Cambrian-Early
Ordovician times, following the rifting and

progressive North drift of Avalonia and other
minor peri-Gondwanan terranes (Nance et al.,
2010; Stampfli and Borel, 2002; Murphy and
Nance, 2008; Murphy et al., 2006).

Fig. 2. a Geological map of the allochthonous complexes of the NW Iberian Massif (Galicia region). b Composite cross
section. The location and name of the most representative units are indicated.
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The oldest orogenic events associated with
the assembly of Pangea and the distribution of
the oceanic domains closed during the collision,
can only be deduced from the study of some
terranes involved in the Variscan-AppalachianAlleghanian Orogen. However, the first orogenic
stages usually appear strongly overprinted by
subsequent events. It is therefore fundamental
to identify the terranes and domains where these
oldest events can still be recognized. One of the
main characteristics of the Variscan Orogen is the
presence of a long suture zone outlined by several
allochthonous terranes including ophiolites and
high-P units (Fig. 1). They preserve the most
significant information in relation to the oldest
orogenic events and the evolution of the oceanic
domains that preceded the collision. Therefore
a clear understanding of these terranes is a
key issue to increase the knowledge about the
characteristics of the initial interaction between
Gondwana and Laurussia. On the other hand, the
allochthonous terranes also provide information
about the Proterozoic and Paleozoic evolution of
the continental margins before orogenesis that is
valuable for paleogeographic reconstructions.
Different orogenic models have been proposed
in the last years for the Variscan Belt, based on
the study of the origin and tectonothermal
evolution of terranes involved in the orogen
(Matte, 1991, 2001; Stampfli et al., 2002;
Winchester et al., 2002; Gómez Barreiro et
al., 2007; Ballèvre et al., 2009, 2014; Martínez
Catalán et al., 2009; Kroner and Romer, 2013;
Arenas et al., 2014a). However, an integrated
description of the terranes that define the suture
zone has not been presented so far. Considering
that these terranes are mainly continuous along
the whole orogen (Fig. 1), their description for a
specific region can be considered as a reference
framework that would greatly aid correlations
along the Variscan belt. This paper presents an
updated and detailed revision of the origin and
tectonothermal evolution of the terranes making
up the allochthonous complexes of Galicia (NW
of the Iberian Massif; Fig. 2). These complexes
have been the subject of extensive research in
recent decades, with publication of many detailed
papers, granting a comprehensive review. The
main conclusions reached in this paper can be
considered a solid foundation for future progress
in the understanding of the Variscan Orogen
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and, consequently, the assembly of Pangea.

Allochthonous complexes and terranes from
Galicia (NW Iberian Massif)
Three allochthonous complexes exist in Galicia in the most internal part of the Variscan
Orogen, from East to West the Cabo Ortegal,
Órdenes and Malpica-Tui complexes (Fig. 2).
These large structures were considered lithological complexes because they contain a stacking
of allochthonous units with different origin and
contrasted tectonothermal evolution. The Malpica-Tui Complex is included among the allochthonous complexes both for historical reasons, as
it was denominated Ancient Complex in the first
geological maps of Galicia (Parga Pondal, 1963),
and simplicity. However, this complex is different
to the others because it is apparently constituted
by a single terrane. The three allochthonous complexes show a general synformal structure which
has favored their preservation. It is a wide, open,
upright synform in the Órdenes Complex, and
two narrow upright synforms in the Cabo Ortegal and Malpica-Tui complexes (Fig. 2).
The allochthonous complexes are constituted by a thick stacking of terranes which include
ophiolitic units and high-P metamorphic rocks.
They are equivalent to other terrane assemblages
described in the Variscan Orogen (Fig. 1). These
complexes contain the remnants of a Variscan suture, but since this suture is rootless and thrust
above an autochthonous-parautochthonous substratum, it is unclear whether it accounts for a
primary suture separating large continental landmasses. The complexes were first described as allochthonous structures by Ries and Shackleton
(1971), who interpreted them as remnants of a
Variscan thrust plate. Some later works proposed
an alternative interpretation, according to which
the complexes would represent rooted structures
related to the activity of a mantle plume developed in an extensional setting (Van Calsteren et
al., 1979). However, new research after 1980 has
fully confirmed the allochthonous nature of these
complexes and their equivalence with residual
klippen of a giant nappe pile.
The Parautochthon (also referred to as Schistose Domain) and the allochthonous complexes
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Fig. 3. a Geological map and b composite cross section of the Cabo Ortegal Complex. Based in Vogel (1967), Marcos et al.
(1984), Arenas (1988) and Arenas et al. (2014b).
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define the Galicia-Trás-os-Montes Zone (Farias
et al., 1987), which is emplaced by means of a
low-angle thrust over the Central Iberian Zone.
This zone and its prolongation towards the foreland across the West Asturian-Leonese Zone
and the Cantabrian Zone, represent an autochthonous section of the margin of Gondwana
characterized by the presence of thick pre-orogenic sedimentary series ranging in age from the
Ediacaran to Devonian, with some magmatic
events more abundant around the Cambrian-Ordovician boundary (Pérez–Estaún et al., 1990;
Martínez Catalán et al., 1992; Díez Montes, 2007;
Rubio Pascual, 2013) (Fig. 1). The Parautochthon
consists of pre-orogenic Cambrian to Devonian
metasedimentary rock sequences with minor
metavolcanic rocks, and younger Late Devonian
and Early Carboniferous synorogenic deposits
(Farias, 1990; Díez Fernández et al., 2012a and
references therein). Stratigraphic, magmatic
and faunal similarities between the Parautochthon and the Iberian autochthonous sequences,
together with the absence of ophiolites within
or at their contact and the lack of evidence for
high-P metamorphism, suggest that the two domains were located adjacent to each other, forming part of the same section of the Gondwanan
margin. The Iberian autochthonous section and
the Parautochthon were variably deformed and
metamorphosed during Variscan times, with activity advancing from West to East in present day
coordiates. In the Central Iberian Zone, the first
deformation and metamorphism was dated at c.
359 Ma in the Alcañices Synform using 40Ar/39Ar
geochronology. Progressively younger ages were
obtained in eastern sections of the Central Iberian Zone and in the West Asturian Leonese
Zone, with deformation reaching the limit with
the Cantabrian Zone at c. 321 Ma (Dallmeyer et
al., 1997). Both domains were intruded by large
massif of synkinematic and postkinematic granitoids.
Terrane typology and correlation
The first studies about the terranes forming
part of the allochthonous complexes had a local
character, and were focused on the description
of the lithological and structural diversity. For a
long time the research focused on the description of specific areas of the complexes, without
regard to differentiation of the large individual
terranes. However, investigating the origin and

18

tectonothermal evolution of the terranes was
finally the main objective of later works works.
Arenas et al. (1986) performed the first correlation and interpretation of the terranes forming
part of the allochthonous complexes in Galicia.
Such correlation is currently accepted with some
simplification and updating, and is based on the
distinction of terranes with continental or oceanic nature, the latter represented by several units
interpreted as ophiolites. From bottom to top,
the terranes included in the Galician allochthonous complexes are named: Basal Units, Ophiolitic Units and Upper Units (Fig. 2). There exists
another terrane only present in the leading edge
of the large allochthonous pile, and resting below
the Basal Units. It is a thick serpentinite mélange,
the Somozas Mélange, only described in the eastern part of the Cabo Ortegal Complex (Fig. 2).
Both the Basal Units and the Upper Units have a
significant proportion of metasedimentary rocks,
and they are considered te represent two different
terranes with continental affinity. Interpretations
regarding the Ophiolitic Units are more complex
as recent works have shown they are constituted
by oceanic sections with different ages generated
in diverse paleogeographic settings.
Further subdivision of the allochthonous terranes is possible considering their age, origin
and tectonothermal evolution. The Basal Units
include two different lithological successions, a
Lower Sequence and an Upper Sequence and two
distinct metamorphic groups, a Lower Metamorphic Group (LMG) and an Upper Metamorphic
Group (UMG). The Ophiolitic Units are formed
by two different groups, the Lower Ophiolitic
Units and the Upper Ophiolitic Units. The Upper Units are constituted by a lower set of units
affected by high pressure and high temperature
metamorphism (HP-HT Upper Units), and an
uppermost set characterized by an intermediate
pressure tectonothermal evolution (IP Upper
Units) (Fig. 2). Moreover, it is also convenient to
use the local name of the units in order to perform an accurate description of the terranes. Location of all units described in the allochthonous
complexes of Galicia is presented in the synthetic
map shown in Fig. 2, and also in the more detailed maps of the Cabo Ortegal (Fig. 3), Órdenes
(Fig. 4) and Malpica-Tui (Fig. 5) complexes.
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Fig. 4. a Geological map and b cross section of the Órdenes Complex. Based on Díaz García (1990), Díaz García et al.
(2000), Martínez Catalán et al. (2002) and Díaz García et al. (2010).
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The Órdenes Complex
A general map and cross section of the Órdenes
Complex, the largest among the allochthonous
complexes of the NW Iberian Massif, is shown
in Fig. 4. The central part of the complex is occupied by extensive exposures of the Upper Units,
which reach a thickness of c. 12000 m. The Ponte Carreira Detachment, a shear zone interpreted as an extensional detachment, represents the
contact between the Betanzos and O Pino units.
The Ponte Carreira Detachment has been dated
at c. 371 Ma (40Ar/39Ar on muscovite; Gómez
Barreiro et al., 2006). Below, the Monte Castelo
and Corredoiras units are characterized by higher metamorphic grade. Further down, the HPHT Upper Units are represented by the Fornás,
Belmil, Melide and Sobrado units (Figs. 2 and 4),
which are also separated from overlying units by
two extensional detachments with intense shearing, the Fornás and Corredoiras detachments
(Fig. 4). The Corredoiras Detachment was dated
at c. 375 Ma (40Ar/39Ar on hornblende; Dallmeyer
et al., 1997), while the Fornás Detachment seems
older and active until c. 382 Ma (40Ar/39Ar on
hornblende; Gómez Barreiro et al., 2006).
Under the HP-HT Upper Units, the Upper
Ophiolitic Units are represented by the Careón
Ophiolite, while the Lower Ophiolitic Units are
constituted by the Bazar and Vila de Cruces
ophiolites. The relative position of the two groups
of ophiolites can be observed SE of the Órdenes
Complex, where the Careón and Vila de Cruces
ophiolites are in contact. Below the ophiolites,
the Basal Units appear as a thick rather continuous set of two juxtaposed sequences with intricate internal structure. They are separated from
the rest of the allochthonous units by two extensional detachments, the Bembibre-Ceán and
Pico Sacro detachments (Figs. 2 and 4), which
probably were active between c. 340-317 Ma
(Díez Fernández et al., 2012b). The Upper Sequence of the Basal Units is represented by the
Lamas de Abade and Cercio units, and the Lower
Sequence includes the Santiago, Lalín and Forcarei units (Fig. 4). The Agualada Unit is the structurally counterpart of the Basal Units and is considered part of its Lower Sequence thrust above
the Lamas de Abade Unit. The Campo Marzo
Unit, formed by c. 500 m of ultramafic rocks, is
sandwiched between the Basal Units below and
the Pico Sacro detachment above (Fig. 4). The
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lithological constitution and structural position
of this unit are key elements for the interpretation of the tectonothermal evolution of the Basal
Units, as discussed below.
The contact zone between the Basal Units and
the Parautochthon is well exposed at the base of
the Lalín and Forcarei units. It is a rather narrow
zone characterized by strong ductile shearing interpreted as an important thrust, the Lalín-Forcarei Thrust. This thrust would have transported
to the E-SE the thick ensemble formed by the
allochthonous complexes over the Parautochthon, and then the whole Galicia-Trás-os-Montes was transferred on top of the Central Iberian Zone following a newly-formed thrust at its
base (Martínez Catalán et al., 1996; Dallmeyer et
al., 1997). The mylonitic fabric associated to the
basal thrust of the Parautocthon has been dated
at c. 343 Ma (40Ar/39Ar; Dallmeyer et al., 1997).
The activity of the Lalín-Forcarei thrust has been
constrained indirectly by regional data and considered older (c. 340 Ma).
The Cabo Ortegal Complex
The Cabo Ortegal Complex is the easternmost
among the allochthonous complexes of Galicia
and therefore located at the leading edge of such
tectonic pile (Figs. 2 and 3). Despite its smaller
size, this complex includes a rather complete collection of the allochthonous terranes described
in NW Iberia, with excellent outcrops on the
Cantabrian coast. The largest exposures are represented by the HP-HT Upper Units, which according to structural and tectonothermal criteria
feature two main different units, the Capelada
Unit above and the Cedeira Unit in the lower
position. It is unclear if a third small unit, the
Peña Escrita Unit, located further below, is part
of these units or a different one (Figs. 2 and 3).
The IP Upper Units are barely represented in this
complex, the Cariño Unit being the sole example.
The contact between both types of Upper Units
is a detachment similar to those described in the
Órdenes Complex, but it has not been studied in
detail in the Cabo Ortegal Complex.
The ophiolites are only represented by the Upper Ophiolitic Units, which in this case include
two units with different lithological composition,
the Purrido and Moeche ophiolites. The Basal Units are represented by the Espasante Unit,
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Fig. 5. Geological map and representative cross sections of the Malpica–Tui Complex. Based on Díez Fernández (2011).

which according to its similar lithologies and
tectonothermal evolution can be correlated with
the Agualada Unit of the Órdenes Complex. The
lowest structural level of the Cabo Ortegal Com-

plex is occupied by a thick serpentinite mélange
restricted to the advancing front of the allochthonous complexes, the Somozas Mélange. This is an
exotic unit for which no equivalent units have
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been described so far in the NW Iberian Massif. The contact zone of the Cabo Ortegal Complex with the Parautochthon is broad and shows
strong shearing, as evidenced by extensive development of phyllonites in the southern part of the
complex. The basal contact of the Parautochthon
is strongly deformed too, and well exposed in the
coastal section near Loiba village. It is a thrust
that emplaced a thick series of metasedimentary and metavolcanic rocks, some of which are
Ordovician in age, on top of Silurian fossiliferous ampelites typical of the Central Iberian Zone
(Arenas, 1988; Rodríguez et al., 2004; Valverde
Vaquero et al., 2005).
The Malpica-Tui Complex
The Malpica-Tui Complex occupies the core
of a narrow synform which extends c. 150 km in
N-S direction (Figs. 2 and 5). This complex only
includes lithologies of the Basal Units, which
show here largest variety in terms of composition
and tectonic fabrics. The Upper Sequence crops
out in the northern sector, in the core of the synform, forming the Ceán Unit (Fig. 2). The rest of
the complex is constituted by lithologies of the
Lower Sequence, also referred to as the Malpica-Tui Unit (Fig. 2).
The current basal contact of the Malpica-Tui
Unit is an extensional fault, the westward continuation of the Pico Sacro Detachment (Fig. 2).
This tectonic contact is reworked in strike-slip
shear zones that run parallel to the boundaries
of the complex and are responsible for its elongated shape. The contact between the Upper and
Lower sequences is also an extensional fault that
reaches the Órdenes Comples to the East, the
Bembibre-Cean Detachment (Fig. 2). The Bembibre-Cean Detachment is cut by the Pico Sacro
Detachment (Gómez Barreiro et al., 2010a), and
has been dated at c. 337 Ma (40Ar/39Ar on muscovite; López Carmona et al., 2014).

Basal Units
They represent a coherent continental terrane
that extends from the Malpica-Tui Complex to
the eastern part of the Órdenes Complex. It can
be also followed discontinuously up to the eastern sector of the Cabo Ortegal Complex (Fig. 2).
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Lithologies and chemical composition
The Basal Units are constituted by metasedimentary rocks, orthogneisses and less abundant
mafic rocks, all of them grouped in two juxtaposed lithological sequences, a Lower Sequence
and an Upper Sequence. The largest lithological
variety is found in the Malpica-Tui Complex,
where in addition deformation is heterogeneous,
thus enabling observation of primary protolith
features and reconstruction of the original lithostratigraphy (Díez Fernández et al., 2010; Fig. 6).
In the Malpica-Tui Complex, the Lower Sequence was originally formed by geywackes arranged as siliciclastic turbiditic series together
with ampelitic shales, semipelites, and scarcer
limestones and cherts. Variscan deformation and
metamorphism transformed this rock ensemble to a sequence of albite-bearing schists and
paragneisses, graphitic schists, calc-silicate rocks
and metacherts. The metasedimentary rocks are
intruded by a large variety of granitoids, later
transformed into orthogneisses, with compositions ranging between granites, high-K granites,
quartz-syenites, granodiorites and tonalites. The
sequence also contains less abundant mafic rocks,
which now occur as amphibolites, blueschists
and variably retrogressed eclogites (Fig. 6a). The
granitic rocks define two compositional suites
(Floor, 1966; Rodríguez Aller, 2005; Montero et
al., 2009), a dominant suite with calc-alkaline
composition and intruded by the mafic rocks (c.
493 Ma; Abati et al., 2010), and another younger
suite with alkaline-peralkaline affinity (c. 475470 Ma; Díez Fernández et al., 2012c). The alkaline-peralkaline granitoids are not intruded by
the mafic rocks, which thence can be interpreted
as a dyke swarm emplaced in between the two
granitic series.
The Lower Sequence described in the Malpica-Tui Complex can be followed in the Santiago
and Lalín units of the Órdenes Complex (Arenas
et al., 1995). Both units are located in the normal limb of a large recumbent anticlinorium, the
Carrio Anticline (Fig. 2). This sequence continues into the Forcarei Unit to depict the reverse
limb of that fold (Martínez Catalán et al., 1996).
Minor differences between these three units exist, for instance the mafic rocks are more abundant in the Lalín Unit and the alkaline-peralkaline orthogneisses are very rare or absent in the
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Fig. 6. Idealized stratigraphic columns summarizing the main sedimentological features observed in the (a) Lower and (b)
Upper sequences of the Malpica-Tui Complex. (c) Trace element tectonic setting diagrams (Bathia and Crook, 1986) for
the metagreywackes and albite-bearing schists and paragneisses from the Lower Sequence of the Malpica-Tui Unit (Fuenlabrada et al., 2012). Tectonic settings: A) oceanic island arcs, B) continental island arcs, C) active continental margins, D)
passive margins. (d) TDM model ages (DePaolo, 1981) of the metasedimentary rocks of the Basal Units (Fuenlabrada et
al., 2012). Triangles and circles show HNd values at 560 and 500 Ma, which are the reference ages for the deposition of the
Lower and Upper sequences, respectively. Data for comparative model ages from different regions taken from Linnemann
and Romer (2002).
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three of them, while in the Forcarei Unit some
metaquartzites appear, orthogneisses are very
scarce, and the metabasites are restricted to a
thin level at the base of the unit (Figs. 2 and 4).
The metamorphic evolution is complex and will
be described below. Retrogressed eclogites exist
in the Santiago Units, but they are completely absent in Lalín and Forcarei units (Rubio Pascual et
al., 2002).
In the Ceán Unit, the Upper Sequence is constituted by albite-bearing schists, alternating
with graphite-bearing schists and minor metagreywackes, metaquartzites, calc-silicate rocks
and metacherts. Alternations of mafic rocks
transformed into amphibolites and variably retrogressed blueschists are abundant, notably a
thick mafic layer located at the base of the sequence, the Cambre Amphibolites (Fig. 6b). The

Upper Sequence is best exposed in the Lamas de
Abade and Cercio units (Fig. 2). In the Lamas de
Abade Unit lithologies are very similar to those
described in the Ceán Unit, but the deformation
has a mylonitic character (Gómez Barreiro et al.,
2010a). The Cercio Unit contains a fragment of
the Upper Sequence similar to the middle and
upper part of this sequence as described in the
Malpica-Tui Complex, but in this case it is affected by lower metamorphic grade (Díez Fernández
et al., 2013).
In the uppermost part of the Basal Units, the
Agualada and Espasante units are constituted by
variably retrogressed calc-alkaline orthogneisses, schists and paragneisses, amphibolites and
eclogites (Martínez Catalán et al., 1996; Arenas
et al., 1997). Thin layers of ultramafic rocks occur along lithological contacts limiting the unit.

Fig. 7. Cartoon showing the tectonic setting for the (a) Lower (Late Neoproterozoic) and (b) Upper (Middle-Late Cambrian) sequences of the Basal Units of the allochthonous complexes.
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Altogether, the lithologies observed in these two
units seem to match those of the Lower Sequence.
These units reached the higher metamorphic
conditions in the Basal Units. They are currently
interpreted as a part of the Lower Sequence subducted to the greatest depths and subsequently
thrusted on top of this terrane.
The precise age of the sedimentary protoliths involved in the two lithological sequences
is unknown, even though in the Malpica-Tui
Complex they still preserve some palinological
record (Fombella Blanco, 1984). Using U-Pb
geochronology of detrital zircons, maximum
depositional ages of Late Neoproterozoic (c. 560
Ma) and Late Cambrian to Ordovician (c. 500480 Ma) were obtained for the Lower and Upper
sequences respectively (Díez Fernández et al.,
2010, 2013). Given that it is intruded by Cambrian granitoids (c. 493 Ma), the depositional age of
the Lower Sequence can be further constrained
to 493-560 Ma.
According to geochemical discriminant diagrams for tectonic setting (Bathia and Crook,
1986), using immobile trace elements (Th-CoZr-Sc-La), the metagreywackes of the Lower Sequence have chemical compositions which indicate deposition in an active magmatic arc (Fig.
6c). This arc was formed in the periphery of a
continent, probably above thinned continental
crust. The calc-alkaline magmatism recorded in
the Basal Units would be also connected to the
activity of this arc system. However, the compositions of the younger pelitic-semipelitic schists
of the Upper Sequence are more typical of sedimentary rocks deposited in a passive margin
setting. In relation to PAAS (post-Archean Australian Shale), the metasedimentary rocks of the
Basal Units show c. 1 values in some significant
LILE elements (Rb, Th, Ce, K2O) and negative
anomalies in U, Sr, Hf and TiO2 (Fuenlabrada et
al., 2012). On the other hand, Nd model ages of
the metasedimentary rocks in both sequences are
very old in the context of the Iberian Massif, as
they range between 1743 and 2223 Ma (Fig. 6d).
These ages suggest that the original sedimentary basin was located near a cratonic area with
dominant Paleoproterozoic and Archean isotopic sources. Considering the age populations
obtained in detrital zircons from these metasedimentary rocks (Díez Fernández et al., 2010), the

whole dataset is compatible with a paleolocation
in the periphery of the West African Craton.
An idealized scheme for the Late Neoproterozoic-Middle-Late Cambrian evolution of the
peri-Gondwanan magmatic arcs, including the
most probable location of the sedimentary series
of the Basal Units, is shown in Fig. 7. Cessation
of activity in this arc system occurred in a context
of extension affecting the margin of Gondwana,
coevally with the rifting and drifting of Avalonia
and possibly other smaller terranes of the Variscan Belt. The intrusion of dyke swarms represented by the mafic rocks of the Basal Units, as
well as the later intrusion of alkaline to peralkaline granitoids, would be probably related to this
event.
High pressure metamorphism
The Basal Units represent a long high-P belt
involved in the Variscan Orogen, in turn a typical
collisional belt. Considering the crustal affinity
and provenance of this terrane, the most probable setting for the origin of the high-P event entails deep subduction of the Gondwanan margin
during the Variscan cycle.
Two different metamorphic groups can be distinguished in the Basal Units according to the
characteristics of the high-P metamorphism. A
Lower Metamorphic Group (LMG) constituted
by the Malpica-Tui, Santiago, Lalín, Forcarei,
Ceán, Lamas de Abade and Cercio units shows
hig-P and low to intermediate-T metamorphism
with variable intensity. However, an Upper Metamorphic Group (UMG) formed by the Agualada
and Espasante units was affected by high-P and
intermediate to high-T metamorphism (Martínez
Catalán et al., 1996). The LMG contains abundant high-P metapelites (garnet-phengite-chlorite-chloritoid-quartz-albite-clinozoisite-rutile±glaucophane), blueschists, lawsonite-bearing blueschists, common eclogites, eclogites with
phengite and glaucophane and jadeite-bearing
orthogneisses (Van der Wegen, 1978; Gil Ibarguchi y Ortega Gironés, 1985; Arenas et al., 1995; Gil
Ibarguchi, 1995, Rubio Pascual et al., 2002; Rodríguez Aller, 2005; López Carmona et al., 2010,
2013, 2014) (Fig. 8). The UMG features a variety
of eclogites, including types with well developed
honeycomb pattern textures (Fig. 8), along with
high-P orthogneisses and paragneisses, frequent-
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ly migmatitic (Arenas, 1988; Arenas et al., 1997).
Some 40Ar/39Ar ages obtained in the high-P assemblages have provided minimum age estimations for the high-P metamorphism (c. 370-365
Ma; Rodríguez et al., 2003; López Carmona et al.,
2014). However, U-Pb data obtained from metamorphic zircon rims from orthogneisses of the
Agualada Unit pointed to an age of c. 372 Ma,
which is somewhat older but probably closer to
the real age of the high-P metamorphic event
(Abati et al., 2010). In the same unit, the migmatization following the high-P event has been dated at c. 351-346 Ma using monazites extracted
from paragneisses (Abati and Dunning, 2002).
The thermal structure of the Basal Units seems
to reflect the original layout of a continental
subduction zone. In the LMG, peak pressures
reached during the high-P event increase to the
West, from the less pressurized Forcarei Unit to
the relatively deeper Lalín and Santiago units
up to the deepest Malpica-Tui Unit. Such layout
suggests westward subduction polarity (present
coordinates; Martínez Catalán et al., 1996). The
Malpica-Tui and Santiago units reached eclogite
facies conditions, while the Lalín and Forcarei
units did not exceed the blueschist metamorphic facies. Blueschist facies conditions were also
reached in the Ceán and Lamas de Abade units,
located upwards in the original stacking, but the
metamorphic conditions recorded in the Cercio
Unit during the high-P event are still not clear.
According to the higher metamorphic conditions
reached by the UMG, these units are interpreted
as a piece of the Lower Sequence subducted to
greater depths and subsequently thrust onto the
Upper Sequence, most probably during still active continental subduction (Arenas et al., 1997).
The original subduction zone has been calculated to dip c. 18° using thermal modeling (Alcock
et al., 2005). The continental subduction complex
was later affected by thermal inversion, which
caused extensive migmatization in the Lalín,
Agualada and Espasante units. Such inversion
was fuelled by conductive heat transfer from the
overlying mantle wedge, in part during exhumation of the subduction complex. Remnants of this
mantle wedge are still preserved in the ultramafic
section preserved in the Campo Marzo Unit (Fig.
2). The reaction history deduced for the high-P
pelitic schist from the Ceán Unit, according to
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thermal modeling in the MnNCKFMASHTO
system, is shown in Fig. 9 (López Carmona et al.,
2013). Pressure peak conditions in these schists
are calculated in c. 22 Kbar, but higher pressure
values were attained in sectors of the Malpica-Tui
(Rodríguez et al., 2003), and probably in the
Agualada and Espasante units. The schists of the
Ceán Unit also show the regional thermal inversion characteristic of the Basal Units, as can be
observed in Figs. 9a, 9b and 9c.

Structural evolution
The regional structure of the Basal Units was
first described in the Órdenes Complex (Martínez
Catalán et al., 1996). More recent works have expanded the study to the Malpica-Tui Complex
(Díez Fernández, 2011; Díez Fernández et al.,
2011, 2012d, 2012e) or have provided detailed
microstructural descriptions (Llana-Fúnez, 2002;
Gómez Barreiro et al., 2010a).
The record of the first deformation that affected
the Basal Units (D1) appears strongly overprinted
by subsequent events and with relict character.
Remnants in the metasedimentary rocks occur
as an internal schistosity within albite porphyroblasts (Si) grown during decompression. Si
consists of an aligned mineral assemblage of
garnet-phengite-chlorite-rutile-clinozoisite (S1).
This high-P foliation and its associated stretching lineation have been also preserved as variably
sized resisters in the Malpica-Tui Unit, such as
eclogite boudins and pods of eclogitic gneisses.
The stretching lineation associated to S1 trends
NE-SW, whereas shear sense indicators suggest
a consistent top-to-the-NE kinematics in present coordinates. Such kinematics were developed
during westward subduction of the Gondwanan
margin, thus supporting that the continental
convergence had a dextral component at this
stage (Díez Fernández et al., 2012d, 2012e).
In advanced stages of D1, sections of the
continental margin located inboard reached the
subduction zone. Progressive accretion of thicker
and more buoyant sections of the margin locked
the subduction complex. Thrusting of the UMG
(Agualada and Espasante units) above the LMG
probably occurred during this stage (Martínez
Catalán et al., 1996). P-T-t paths obtained in the
Agualada, Santiago and Lamas de Abade units
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Fig. 8. Thin-section images of the high-pressure lithologies from (a-f) the Malpica-Tui and (g) Órdenes complexes. Blueschist-facies rocks from the Ceán Unit: (a) low-Ca metapelite from the upper structural levels displaying highly pleochroic
chloritoid porphyroblasts; (b) Glaucophane-chloritoid-bearing garnet micaschist interbedded with the metabasic rocks; (c)
Retrogressed blueschist with pseudomorphs after lawsonite located at the base of the unit. Eclogites from the Malpica-Tui
Unit: (d-e) Honeycomb textures in eclogites including garnet, omphacite, rutile, clinozoisite, and white mica; (f) A later generation of poikiloblastic glaucophane is occasionally observed. Eclogites from the Agualada Unit: (g) retrogressed eclogite
displaying primary honeycomb texture formed by omphacite (later transformed to a symplectitic aggregate) surrounding
garnet. The eclogitic assemblage is formed by garnet, omphacite, rutile, and quartz. Post-eclogitic parageneses in the amphibolite-facies conditions include hornblende, plagioclase and epidote.
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