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Abstract

The tectonothermal evolution of the eclogite facies gneisses of the Cabo Ortegal Complex has been investigated using new field
and petrologic studies. This gneissic unit is included in the high-pressure and high-temperature (HP-HT) upper units of the alloch-
thonous complexes of NW Iberia, a Cambrian arc-derived peri-Gondwanan terrane emplaced above ophiolitic units considered to
represent the Rheic Ocean suture. Two detailed cross-sections performed in excellent exposures on the Cantabrian coast allows a
clear understanding of the lithological constitution and deformations affecting the unit. The eclogitic gneiss unit is constituted by
metasedimentary gneisses with abundant mafic inclusions, felsic rocks and rare ultramafic inclusions. The felsic rocks range from
centimetric leucosomes to metric bodies and most of them were generated during extensive partial melting affecting the unit. The
first tectonic fabric detected in the unit is a rarely preserved S1 foliation developed during subduction (ca. 400-390 Ma; 22 kbar). A
drastic and fast exhumation (ca. 390 Ma; 12-10 kbar) generated a regional mylonitic foliation which represents the most prominent
structural feature in the HP-HT upper units. The consecutive generation of extensional detachments, recumbent folds and a basal
thrust occurred during the change from continental-type subduction to the underthrusting of ophiolitic units. These consecutive
structures are probably related and the consequence of a long and pronounced exhumation of the subducted complex. The tectono-
thermal evolution of the eclogite facies gneisses of the Cabo Ortegal Complex represents an illustrative example of the intricate
history of these deeply subducted units, which are relatively frequent in the suture zone of the Variscan Belt. It is important to remark
that the structural, metamorphic and geochronological patterns in the evolution of this gneissic unit follows almost perfectly the
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predictions based in numerical experiments about the exhumation of ultra-high-P complexes. Consequently it represents a direct
confirmation of these models.
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Resumen

La evolucion tectonotermal de los gneises eclogiticos del Complejo de Cabo Ortegal ha sido investigada con nuevos estudios de
campo y petrologicos. Los gneises estan incluidos en las unidades superiores de alta presion y alta temperatura (HP-HT) de los com-
plejos aloctonos del NW de Iberia, consideradas parte de un terreno peri-Gondwanico de edad Cambrica originado en un contexto
de arco magmatico. Este terreno se encuentra emplazado sobre diferentes unidades ofioliticas que representan la sutura del Océano
Rheico. Se han realizado dos secciones geologicas detalladas de afloramientos costeros que muestran las litologias constituyentes y
las deformaciones que afectan a la formacion gnéisica, que aparece constituida por paragneises con abundantes inclusiones maficas,
rocas félsicas y escasas inclusiones de rocas ultramaficas. Las rocas félsicas varian desde leucosomas centimétricos hasta cuerpos
métricos y la mayoria de ellas fueron generadas durante un proceso de fusion parcial generalizada. La primera fabrica tectonica
detectada es una foliacion relicta S1, muy raramente preservada, que se considera desarrollada durante un proceso de subduccion
(ca. 400-390 Ma; 22 kbar). La foliacion regional milonitica, la estructura principal en las unidades de HP-HT, fue generada durante
una drastica y rapida exhumacion (ca. 390 Ma; 12-10 kbar). La generacion consecutiva de despegues extensionales, pliegues re-
cumbentes y de un gran cabalgamiento basal, tuvo lugar durante la transicion desde la subduccion de un margen continental hasta
la imbricacion de las unidades ofioliticas. Estas estructuras sucesivas estan probablemente relacionadas y son consecuencia de la
pronunciada exhumaciéon del complejo subducido. La evolucion tectonotermal de los gneises en facies de las eclogitas del Com-
plejo de Cabo Ortegal representa un ejemplo ilustrativo de la intrincada historia de estas unidades subducidas a gran profundidad,
relativamente frecuentes en la zona de sutura de la Cadena Varisca. Es importante resaltar que las pautas estructurales, petrologicas
y geocronologicas de la evolucion de esta unidad gnéisica se ajustan con detalle a los modelos establecidos mediante experimentos
numéricos para la exhumacion de complejos de ultra-HP. Consecuentemente, la evolucion descrita puede considerarse una confir-
macion directa de la verosimilitud de estos modelos.

Palabras clave: Gneises eclogiticos, evolucion tectonotermal, modelo de exhumacion, Cadena Varisca, Complejo de Cabo Ortegal

1. Introduction

The presence of terranes affected by high/ultra-high-
P metamorphism has been described in different colli-
sional belts, where they represent the orogenic sections
subducted to the highest depths and those affected by the
oldest deformative and metamorphic events. Formation
and exhumation of UHP rocks may occur during oceanic
or thinned continental margin subduction either via con-
tinuous circulation in lithospheric scale wedges (Platt,
1986, 1993; Allemand and Lardeaux, 1997) or via return
flow in low-viscosity overpressured subduction channels
(Gerya et al., 2002; Gerya and Stockhert, 2006; Yamato
et al, 2008). However, some recent papers have stated
that the development of ultra-high-P complexes is almost
exclusively related to the subduction of thinned continen-
tal margins during early stages of continental collision,
which necessarily implies the existence of a prograde con-
tinental margin facing a retro-continent (Chopin, 2003;
Warren et al., 2008; Beaumont et al., 2009). Numerical
modelling of exhumation of UHP units at the transition
from oceanic subduction to continental collision indi-
cates that the first order structural style of the orogenic
domain is controlled by the penetration of an UHP buoy-
ant plume (slice of subducting pro-continental margin)
in the overlying lower pressure nappe pile. Therefore, to

unravel the tectonothermal evolution of high/ultra-high-P
complexes, an important tool is to investigate the tecton-
ic and metamorphic processes generated during the first
stages of the collision, those associated to deep subduc-
tion of crustal layers and the generation of thick orogenic
wedges that frequently involve sections of lithospheric
mantle.

Some high pressure and high temperature gneissic units
including mafic rocks, with local ultra-high-pressure
mineral assemblages, appear through the Variscan Belt
outlining the main suture zone (Fig. 1; Gil Ibarguchi et
al., 1990; Obrien and Vrana, 1995; Lardeaux et al., 2001;
Massone, 2001; Arenas and Martinez Catalan, 2002).
This type of units contains important information about
the tectonothermal evolution of the Variscan or eo-Varis-
can accretionary complex, mainly because of the extreme
metamorphic conditions attained and the superposition
of deformational events that they register. The P-T evo-
lution of these gneissic complexes is well described in
some cases, but a detailed description of their internal
structure and petrological constitution is generally lack-
ing. Considering this and with the aim of a better under-
standing of the structure and evolution of the Variscan
suture, we present a case study of a very good exposure
of one of these units, the eclogite facies gneisses of the
Cabo Ortegal Complex (Figs. 1 and 2), also previously
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Fig. 1.- Sketch showing the distribution of the Paleozoic orogens in a reconstruction of the Baltica-Laurentia-Gondwana junction developed during
the assembly of Pangaea. The distribution of the most important domains described in the Variscan Belt is also shown, together with the inferred
position of the microcontinent Avalonia and the studied region in NW Iberia. Modified from Martinez Catalan ef al. (2002). LBM: London-
Brabant Massif. STA: Silesian Terrane Assemblage. High-P and ultra-high-P units involved in the Variscan suture (red stars): 1) High-P and
high-T unit of the Sobrado Antiform, Ordenes Complex (Arenas and Martinez Catalan, 2002); 2) Eclogite facies gneisses and related high-P and
high-T rocks of the Cabo Ortegal Complex; 3) Coesite-bearing eclogite in the Monts du Lyonnais Unit, French Massif Central (Lardeaux ef al.,
2001); 4) High-P and high-T rocks in the Marianské Lazn¢ Complex, Bohemian Massif (Timmermann et al., 2004); 5) Eclogite facies gneisses
bearing Cs + Dia in the Gneiss-Eclogite Unit, Saxonian Erzgebirge, Bohemian Massif (Massone, 2001; Massone, 2003; Massone et al., 2007);
6) High-P and high-T rocks in the Gory Sowie Block, Central Sudetes, Bohemian Massif (Kryza and Pin, 2002).

Fig. 1.- Esquema de la distribucion de los orogenos Paleozoicos en una reconstruccion de la union entre Baltica-Laurentia-Gondwana desarrollada
durante el ensamblado de Pangea. También se muestra la distribucion de los dominios mas importantes descritos en la Cadena Varisca, junto con
la posicion inferida para el microcontinente Avalonia y la region estudiada en el NW de Iberia. Modificado de Martinez Catalan et al. (2002).
LBM: Macizo de Londres-Brabant. STA: Asociacion de terrenos de Silesia. Unidades de alta y ultra-alta-P involucradas en la sutura Varisca
(estrellas rojas): 1) Unidad de alta-P y alta-T del Antiforme de Sobrado, Complejo de Ordenes (Arenas y Martinez Catalén, 2002); 2) Gneises
en facies de eclogitas y rocas relacionadas de alta-P y alta-T del Complejo de Cabo Ortegal; 3) Eclogita con coesita de la Unidad Monts du
Lyonnais, Macizo Central Francés (Lardeaux et al., 2001); 4) Rocas de alta-P y alta-T del Complejo de Marianské Lazné, Macizo de Bohemia
(Timmermann et al., 2004); 5) Gneises en facies de eclogitas con Cs + Dia de Erzgebirge, Sajonia, Macizo de Bohemia (Massone, 2001; Mas-
sone, 2003; Massone et al., 2007); 6) Rocas de alta-P y alta-T del Gory Sowie, Sudetes Centrales, Macizo de Bohemia (Kryza and Pin, 2002).
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described as the Banded Gneiss Formation (Vogel, 1967).
This gneissic formation appears as a highly sheared com-
plex ensemble of metasedimentary rocks, eclogites and
felsic rocks, together with their retrogressed products and
abundant melts. The field relations of all of these rocks
will be described using two detailed sections obtained in
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exceptionally good exposures on the Cantabrian coastal
section of NW Spain. This information will be discussed
and used to present a comprehensive model for the devel-
opment of mineral assemblages and tectonic fabrics, in
relation to the subduction - exhumation of the eclogitic
gneisses.
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2. Geological context

Five allochthonous complexes preserved at the NW of
the Iberian Massif containing ophiolites and high pressure
terranes are considered to be remnants of the Variscan su-
ture (Figs. 1 and 2). This suture is rootless and problems
exist for a clear correlation with the other suture zones
described in the belt, although it is generally accepted
that all of them correspond to a unique, more or less com-
plex, oceanic domain, the Rheic Ocean (Simancas et al.,
2005; Martinez Catalan et al., 2009). The allochthonous
complexes show a late Variscan synformal structure and
they are considered to be large klippens composed of sev-
eral terranes, stacked in a huge and structurally intricated
nappe pile (Fig. 2). These terranes recorded distinctive
tectonothermal evolutions and are interpreted as dismem-
bered fragments of a polycyclic Variscan and eo-Variscan
accretionary complex. Each of the allochthonous terranes
are subdivided in units which receive local names, but
they can be correlated along the NW Iberian complexes
(Cabo Ortegal, Ordenes, Braganga and Morais complex-
es, and the Malpica-Tui Unit), following similar basis to
those used by Arenas ef al. (1986). In a downwards struc-
tural order these terranes are constituted by: upper units,
ophiolitic units and basal units, with a frontal serpenti-
nitic mélange located at the base of the pile, the Somozas
Me¢lange (Arenas et al., 2009). Below the allochthonous
complexes, the Schistose Domain of Galicia-Tras-os-
Montes (or Parautochthon) shows a similar lithological
constitution and tectonothermal evolution to those char-
acteristic of the Iberian Autochthon (Central Iberian Zone
of the Iberian Massif).

The upper units of the Cabo Ortegal Complex are sub-
divided in an uppermost member with intermediate pres-
sure metamorphism (IP upper units) and a lower member
affected by high pressure and high temperature metamor-
phism (HP-HT upper units). This terrane is considered a
remnant of a Cambrian peri-Gondwanan magmatic arc
(Fuenlabrada et al., 2010), rifted from the main continent
(Gomez Barreiro et al., 2007) and affected by a polymet-
amorphic evolution developed during the magmatic arc
stage and later during eo-Variscan times (Abati et al.,
1999; Fernandez Suarez et al., 2002). The ophiolitic units
are generally subdivided in lower ophiolites and upper
ophiolites, with Cambrian (ca. 500 Ma) and Devonian
(ca. 395 Ma) ages respectively, and they are considered
to represent the opening and closure of the Rheic Ocean
(Diaz Garcia et al., 1999; Arenas et al., 2007; Sanchez
Martinez et al., 2007, 2011). The basal units represent
a section of the most external Gondwanan margin, sub-
ducted at ca. 370 Ma during a collisional event consid-

ered the first true Variscan deformation recorded in the
belt (Arenas et al., 1995; Martinez Catalan et al., 1996;
Abati et al., 2010; Diez Fernandez et al., 2011).

The HP-HT units are constituted by paragneisses, ma-
fic and ultramafic rocks, with some minor felsic bodies
(Vogel, 1967; Girardeau et al., 1989; Gil Ibarguchi et al.,
1990). The mafic rocks appear as different types of ec-
logites and Cpx-Grt granulites (pyrigarnites) and as their
retrogressive products which include migmatitic amphi-
bolitic gneisses, amphibolites and scarce greenschists.
Gabbros occur in several stages of transformation, from
rocks without any evidences of metamorphism to coro-
nitic metagabbros, high-P granulites and amphibolites
(Arenas and Martinez Catalan, 2002). In the upper units
of the Cabo Ortegal Complex, both IP upper units and
HP-HT units are represented. The IP upper units are only
represented by amphibolite facies gneisses, the Cari-
fio Gneisses. The HP-HT units include granulite facies
gneisses (Chimparra Gneisses) and the deepest eclogite
facies gneisses described in this paper (Banded Gneisses,
Fig. 3). U-Pb zircon dating of the well preserved gab-
bros, eclogites and Cpx-Grt granulites indicates an age
for the mafic protoliths in the range of 520-490 Ma, with
a HP-HT metamorphic event ranging between 400-390
Ma (Santos Zalduegui et al., 1996; Ordonez Casado et
al.,2001; Fernandez Sudrez et al., 2007). The subsequent
decompression of the HP-HT units was very fast, accord-
ing to other U-Pb ages obtained in leucosomes developed
during migmatization of the mafic granulites which are
almost indistinguishable from the high-P event and range
between 397-390 Ma (Fernandez Suarez et al., 2007).
During their exhumation, the HP-HT units were affected
by intense shearing that generated a pervasive mylonitic
fabric with regional distribution, followed by the devel-
opment of large recumbent folds and thrusts (Marcos et
al., 1984; Abalos et al., 2003, 2011; Puelles et al., 2009).

P-T conditions of the eclogite facies metamorphism de-
veloped in the HP-HT units were estimated at 780-800 °C
and 22 kbar, using classical thermobarometric techniques
on the mineral assemblages from the main layer of ec-
logites (Fig. 3) in the Cabo Ortegal Complex (Mendia,
2000). This is a ca. 300 m thick band of massive eclogites
located at the base of the eclogitic gneisses and it shows
similar characteristics to other minor eclogites included
in the eclogitic gneisses. The Carifio Gneisses, above the
eclogitic gneisses, show metamorphic peak conditions
calculated at 700 = 50 °C and 12 £ 1,5 kbar (Castifieiras,
2005). Consequently it is clear that the Carifio Gneiss-
es were not involved in the HP-HT event and that the
contact with the eclogitic gneisses is an important exten-
sional detachment. The metamorphic jump between both
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Fig. 3.- Geological map and cross-section of the Cabo Ortegal Complex. The location of the geological map presented in figure 4 is also
shown. Modified from Vogel (1967), Marcos et al. (1984), Arenas et al. (1986, 2009).

Fig. 3.- Mapa geoldgico y seccion transversal del Complejo de Cabo Ortegal. También se indica la localizacion del mapa geoldgico de la figura
4. Modificado de Vogel (1967), Marcos et al. (1984), Arenas et al. (1986, 2009).
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gneiss formations can thence be calculated in the range
of 10 kbar.

3. The eclogite facies gneisses

The eclogite gneisses is a ca. 20 km long and 500-700
m thick unit (Figs. 3 and 4) mainly composed of meta-
sedimentary rocks, eclogites, felsic rocks, abundant melts
and their retrogressed products (Fig. 5). Some scarce in-
clusions of ultramafic rocks also appear in a unique lo-
cality. According to the coexistence of Omp + Grt (ab-
breviations after Kretz, 1983) in the mafic inclusions,
this gneiss formation is the only one in the upper units
of the Cabo Ortegal Complex that reached eclogite facies
conditions. As the mafic inclusions are eclogites and ret-
roeclogites we assume that the metasedimentary rocks
were also eclogized, but they do not show any clear pet-
rological evidence of an eclogite facies metamorphism
as their mineral assemblages are not diagnostic from a
petrographic point of view. This is probably due to the
retrogradation processes that took place or because the
mineral assemblage is only susceptible to reveal the HP
conditions by thermodynamic modeling, which has not
been performed. The metasedimentary rocks can be di-
vided into metapelitic and metagreywackic types, and
they always appear intensively migmatized and sheared
displaying abundant quartzo-feldspathic leucosomes.
The original sedimentary sequence was intruded by two
main types of magmatic rocks. The first type, much more
abundant than the second, was formed by diabasic dikes
and gabbros now displayed as eclogites, retrogressed ec-
logites and rare coronitic metagabbros, while the second
type is represented by thin inclusions of orthogneisses
probably derived from granitic to tonalitic protoliths.

A unique exposure located in the Masanteo peninsula
(Fig. 4) shows a thick mafic body of eclogites scarcely af-
fected by post-peak shearing. The eclogites are intruded
by abundant mesocratic melts with tonalitic compositions
(Fig. 61), showing outstanding features similar to those
seen in a mingling of basic and felsic rocks. The mafic
body does not show in its internal zone the common tight
foliation that is generally observed along the formation.
Instead this sector exhibits brecciated forms and rounded
shapes in contact with the melt. Its mafic parts are well
preserved eclogites, but the metamorphic conditions of
the melts are not so clear because no distinctive mineral
assemblages have been identified yet. However, we be-
lieve that the felsic rocks were probably derived from
extensive partial melting affecting the metasedimentary
gneisses during the first stages of decompression. These
melts intruded and brecciated parts of the formation in-
creasing heterogeneity, but their real participation in the

gneiss formation can only be appreciated in the rare do-
mains with moderate shearing. According to this data and
interpretations, the participation in this formation of fel-
sic material generated by decompressive partial melting
can be very important, making difficult the distinction of
the pre-metamorphic lithologies and compositions.

3.1. Lithologies and mineral assemblages

The most representative lithology in this formation is a
gneiss bearing Qtz+Grt+P1+Bt+Ky as primary minerals,
which is considered a metasedimentary rock (Fig. 5b).
According to their different compositions two distinctive
gneissic types can be distinguished: one has relatively
high alumina content and it is considered metapelitic;
the other lacks Ky and the other alumina-rich minerals
are scarce and therefore it is thought to be metagreywac-
kic. In the field these gneisses define a banded formation
variably migmatized but generally rich in centimetre to
decimetre thick leucosomes which always appear sheared
by the regional pervasive foliation. Within these gneisses
there are two types of basic rocks: variably retrogressed
eclogites with  Grt+Cpx+Hbl+Pl+Czo+Rt+Ilm+Spn
(Fig. 5f and 5g); and what it is thought to be a prograde
pre-eclogitic type, coronitic metagabbros composed of
Ol+Grt+PI+Czo+Rt+Ilm+Spn (Fig. Sh and 51). The eclog-
itic inclusions are common in most sections of the gneiss
formation, but the coronitic metagabbros are very rare.
The eclogites and retrogressed eclogites are displayed as
variably sized boudins, from decametres to centimetres,
and in the case of the thicker inclusions they can contain
an internal foliation different to the regional foliation that
surrounds the boudins. In the best preserved eclogites it is
possible to observe that this internal foliation was devel-
oped in eclogite facies conditions, because it is defined
by the dimensional orientation of omphacite. Two types
of orthogneisses can be distinguished, a granitic one with
Qtz+Grt+Pl+Mc+Bt (Fig. 5d) and a tonalitic one with
Qtz+Grt+Pl+Hbl+Czo (Fig. 5¢). These orthogneisses do
not define lenticular boudins as in the case of the mafic
inclusions, by the contrary they appear as centimetre to
metre thick leucocratic bands within the metasedimen-
tary rocks, intensively sheared by the regional foliation.

3.2. General structure

Detailed geological cross sections

Five consecutive events were developed during the tec-
tonothermal evolution of the eclogite facies gneisses. All
of them generated representative structures that can be
discussed using the good exposures of the coastal section.
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Fig. 5.- Photomicrographs of representative samples. a) Granolepidoblastic paragneiss (Qtz+Grt+Bt+Pl+Rt-+IIm+Spn); this sample lacks quartzo-
feldespathic leucosomes and was little affected by D, retrogression, it corresponds to the paragneisses within the boudins shown in figures 6¢ and
6d.b) Banded paragneiss with abundant quartzo-feldespathic leucosomes and biotite rich domains (Qtz+Grt+Ky+Bt+Ms+PIl+Or+Ilm). ¢) Tonalitic
melt intruding eclogites in the North coast of the Masanteo Peninsula (Qtz+Grt+Bt+Ms+PIl+Hbl+Czo+Rt+Ilm+Spn); it corresponds to the felsic
rocks in figure 6f. d) Granitic orthogneiss (Qtz+Grt+Bt+Ms+PI+Kfs+Ilm). ¢) Amphibole bearing gneiss (Qtz+Grt+Bt+Pl+Kfs+Hbl+Czo+IIm+
Spn). f) Eclogite with Omp, Grt and secondary Hbl; inclusions in Grt are mainly Rt. g) Low retrogressed eclogite (Qtz+Grt+Omp+Hbl+Bt+Rt).
h) Coronitic metagabbro with preserved ophitic texture; garnet coronas developed by reaction between Ol (preserved in the section) and Pl
(replaced by Ab and Ep). i) A detail in the previous coronitic metagabbro showing the garnet coronas between olivine and plagioclase.

Fig. 5.- Microfotografias de muestras representativas. a) Paragneis granolepidoblastico (Qtz+Grt+Bt+Pl+Rt+Ilm+Spn); esta muestra carece de leu-
cosomas cuarzofeldespéticos y fue poco retrogradada durante D,, corresponde a los paragneises del interior de los boudins mostrados en las figuras
6¢ y 6d. b) Paragneis bandeado con abundantes leucosomas cuarzofeldespaticos y dominios ricos en biotita (Qtz+Grt+Ky+Bt+Ms+Pl+Or+Ilm).
c¢) Fundidos tonaliticos intrusivos en eclogitas en la costa Norte de la Peninsula de Masanteo (Qtz+Grt+Bt+Ms+Pl+Hbl+Czo+Rt-+IIm+Spn);
corresponden a las rocas félsicas de la figura 6f. d) Ortogneises graniticos (Qtz+Grt+Bt+Ms+PIl+Kfs+Ilm). e) Gneis anfibolico (Qtz+Grt+Bt
+PI+Kfs+Hbl+Czo+Ilm+Spn). f) Eclogita con Omp, Grt y Hbl secundaria; las inclusiones en Grt son mayoritariamente Rt. g) Eclogita poco
retrogradada (Qtz+Grt+Omp+Hbl+Bt+Rt). h) Metagabro coronitico con textura ofitica preservada; las coronas de granate se desarrollaron por
reaccion entre Ol (preservado) y Pl (reemplazada por Ab y Ep). i) Detalle del metagabro coronitico de la figura 6h mostrando las coronas de
granate entre el olivino y la plagioclasa.

Two of these exposures have been studied in detail and to the East with an average angle of 50 to 80° trending

two geological cross sections have been performed. The
geological section of Figueiroa beach (Fig. 7) is located
in the South coast of the Masanteo Peninsula (Fig. 4). It
is a 210 metre long outcrop representation, which is very
close to the eastern boundary of the eclogitic gneisses.
This section shows a quasi-homoclinal sequence that dips

N to N20°E. It includes almost all types of lithologies,
where orthogneisses are scarce and eclogites are abun-
dant. The most obvious structural feature is a generalized
S, mylonitic foliation developed during a D, deformative
event with regional distribution. This S, foliation sur-
rounds the larger mafic boudins and appears folded by
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Fig. 6.- Photographs of some representative outcrops of the eclogite facies gneisses in the Masanteo Peninsula (Fig. 4). a) Eclogite (mafic left layer)
and orthogneiss (felsic right layer) within paragneisses. b) Eclogite boudin with preserved internal fabric surrounded by the metasedimentary
gneisses. c) Slightly sheared gneissic boudin surrounded by the regional S, foliation; the boudin preserves an internal fabric interpreted as the
relict S, foliation, and lacks quartzo-feldespathic leucosomes. d) Enlarged aspect of the previous low deformed gneissic lens; it is surrounded by
other highly sheared migmatitic gneisses, the common gneiss type in the eclogite facies gneisses. e) Slightly sheared gneissic lens showing a rel-
ict S, foliation tightly folded during the regional D, event, which produces the S, foliation outlining the outcrop; recumbent D, folds, without as-
sociated axial planar foliation, developed later. f) Large eclogitic outcrop intruded by tonalitic melts and later affected by tight recumbent folds.

Fig. 6.- Fotografias de algunos afloramientos representativos de los gneises eclogiticos en la Peninsula de Masanteo (Fig. 4). a) Eclogita (capa
mafica de la izquierda) y ortogneis (capa félsica) entre paragneises. b) Boudin de eclogita con fabrica interna preservada envuelto por los gneises
metasedimentarios. ¢) Boudin gnéisico poco cizallado envuelto por la foliacion regional S,; el boudin preserva una fébrica interna interpretada
como la foliacion S, relicta, y carece de leucosomas cuarzofeldespaticos. d) Aspecto ampliado del boudin gnéisico anterior con escasa defor-
macion; esta envuelto por otros gneises migmatiticos intensamente cizallados, que representan el tipo de gneises mas comun. ¢) Boudin gnéisico
poco cizallado que contiene una foliacion relicta S| fuertemente plegada durante el evento regional D,, al que también se asocia la foliacion
regional S, que envuelve al afloramiento; los pliegues recumbentes D, sin desarrollo de foliacion de plano axial, se generaron posteriormente.
f) Gran afloramiento de eclogitas intruidas por liquidos de composicion tonalitica y con desarrollo posterior de pliegues recumbentes apretados.

upright folds developed during a D, deformation (previ-
ous large D, recumbent folds are not obvious in these sec-
tions. They can be observed in a larger scale in figures
3 and 4). The geological section of Area da Vaca beach
is 490 metres long (Fig. 8) and it is situated at the north
coast of the Masanteo Peninsula (Fig. 4). In this section
the eclogites are not abundant whereas the orthogneisses
are very numerous, especially in the central part where
the eclogites are missing. At the beginning and at the end
of this section two large bodies of eclogites appear. The
original contacts with the gneisses were important shear
zones, but now they appear overprinted by brittle faults.
The whole section defines a wide and open D, major an-
tiform, and also shows a folded S, foliation that actually
surrounds the large mafic bodies. Some of the felsic rocks
show syntectonic relations with S, suggesting that they
were generated during partial melting coeval with this de-
formative event. Some of the felsic rocks in this section
also define D, folds, and in few cases an S, axial plane

foliation can be observed. Other observations supporting
this syn-tectonic D, nature of some felsic rocks are there
post-eclogitic and intrusive nature (Fig. 6f) observed in
few outcrops at the north coast of the Masanteo Penin-
sula (Fig. 4) and that it seems that there development
took place synchronously with S, due to the observation
of elongated mineral aggregates with a highly ductile as-
pect, which is compatible with a syn-kinematic crystal-
lization of a melt. In the Area da Vaca section and in few
cases in the Figueiroa section, the larger eclogitic boud-
ins include an internal foliation previous to the regional
one. Considering that in the best preserved boudins this
foliation is defined by the minerals forming the eclogitic
mineral assemblage, this foliation is considered an S, fab-
ric developed during the eclogitic subductive event (D).

Structure of the eclogite facies gneisses

Taking into account the lithological and structural data
obtained in these two sections, and also the additional in-
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formation about the largest structures in the region that
can be deduced from the geological maps and the general
cross sections (Figs. 3 and 4), the deformative events af-
fecting the eclogitic gneisses can be summarized as fol-
lows.

Evidence for an eclogite facies metamorphism and as-
sociated fabric (D, —S) can be obtained from some mafic
inclusions but only in few cases in the metasedimentary
gneisses. During the eclogitic metamorphism a foliation
(S,)and a linpation (L,) that show a top-to-north sense of
movement (Abalos et al., 2003, 2011) were developed in
the mafic rocks, being generally difficult to observe. The
observation of D, features is even more elusive in the
metasedimentary rocks, because the next deformational
event (D,) almost totally erased the previous structures
and mineral assemblages by intense shearing and retro-
gradation processes. Only in few outcrops of gneisses in
the Masanteo Peninsula, some metric boudins of meta-
sedimentary rocks surrounded by the S, foliation but
showing little shearing associated to D, and preserving D,
features have been observed (Fig 6d and 6¢). In this case
the distance between S| foliation planes is wider (1-2 cm)
than S, planes (0.1-1 cm), and the quartzo-feldespathic
domains are less differentiated (i.e. quartzo-feldespathic
domains due to metamorphic differentiation are less fel-
sic than those from metasedimentary rocks were only D,
is recognised). It is not possible to observe any minera-
logical differences between these gneisses and the same
gneisses affected by D, shearing, but microscopic tex-
tural differences do exist. In the gneisses preserving D,
features there is no secondary mineral growth, no mig-
matization is found (i.e. leucosomes due to anatexis are
not found), and the lepidoblastic minerals such as Bt are
not highly concentrated in the foliation planes. The ex-
istence of previous Cambrian deformations in the upper
units has been demonstrated by different authors using
U-Pb geochronological data (Fernandez Suarez et al.,
2002; Abati et al., 2007; Diaz Garcia et al., 2010). These
deformations were developed during the generation of
the protoliths in a Cambrian peri-Gondwanan magmatic
arc. However, there is no evidence of any pre-D, (D)
fabric or mineral assemblage in the gneiss formation, in
accordance with the extreme metamorphic conditions de-
veloped during the eclogite facies metamorphism, except
of some igneous minerals preserved in scarce coronitic
metagabbros (Fig. Sh and 51).

The characteristic banding in this formation is a result
of the extreme deformation developed during D, event.
All along this stage the formation experienced mylonitic
decompressive shearing and migmatization, developing
an S, foliation that presently shows a regional distribu-
tion. S, has an approximately N20°E strike, and dips

to the West or to the East (Fig. 4). Associated to S, fo-
liation there is an L, lineation with top-to-north sense of
movement. This lineation trends N10°E - N30°E and has
a plunge ranging 5° - 30°, generally due NE. S is a per-
vasive mylonitic fabric that wraps around the larger ec-
logite bodies and also generates zones of tectonic mix by
extreme shearing and mixing of retrograded mafic rocks,
gneisses and melts (m.175, Fig 7). Other than small tight
folding, almost isoclinal, there is local formation of sheath
folds, both most probably formed by D,. The generalized
migmatization concentrates the quartzo-feldespathic ag-
gregates in large lenses (various centimetres) and in very
small pods (up to 1-2 cm), which gives an augen aspect to
some parts of these gneisses.

The regional distribution of the gneiss formation is con-
trolled by large recumbent folds with an East vergence
(D,), always folding S,. The largest of these folds is a
kilometric scale recumbent synform which is the most
prominent feature in the general structure of the upper
units in the Cabo Ortegal Complex (Fig. 3 and sections
I-I" and II-I1" of Fig. 4). This synform was early mapped
by Vogel (1967), but its real significance and detailed ge-
ometry was presented by Marcos et al. (1984). Its axial
plane is sub-horizontal and strikes in a N-S direction at
regional scale (Fig. 3), although in the eastern part of
the complex it dips to the West (Fig. 4). This large re-
cumbent fold rarely developed an axial planar foliation
(S,) that has been observed close to the hinge zone only
in the Carifio Gneisses. Another related recumbent fold
can be observed in the eastern limit of the upper units,
where the Carifio Gneisses appear below the eclogitic
gneisses dipping to the West and directly in contact with
the Moeche Ophiolite (Fig. 3). These relations necessar-
ily imply that a tight recumbent antiform exists under the
large synform. Many evidences of recumbent folding can
be seen in the hinge zone of this antiform, near the contact
with the Moeche Ophiolite, especially in the Leixa area
(Fig. 4). The age of the recumbent folds is not accurately
known, but it is certainly younger than the emplacement
of the IP upper units over the HP-HT units, because the
limit between them is also folded by the large synform
(Figs. 3 and 4).

The upper units of the Cabo Ortegal Complex are
thrust over the ophiolites represented by the Purrido and
Moeche units (Fig. 3). The recumbent antiform of the
eastern limit rests directly over the thrust. Evidence of
important shearing can be seen in the contact zone. The
deformation occurred in greenschist facies conditions and
anew mylonitic fabric appears in the Carifio Gneisses and
especially in the greenschists of the Moeche Ophiolite.
The geometry of the recumbent folds and the thrust seem
to indicate that the generation of both types of structures



Albert et al. / Journal of Iberian Geology 38 (2) 2012: 389-406

400

‘(4 "814 uo uQrorZI[EI0] ASeIA) eoIaNnS1 ap eAeld B op ©015301003 UQIOI9G -/ "SI
‘(4 "S1 ur uONELOO[ 935) Yorq BOIIANSTI] JO UOIAS [8IIT0[03D) -'/, "SI

P RN VWA TR
sessiouBeIed oyBooe UowWo) ] ' I
puaBoy s s o s e

\ g6 06 o8 X
. . __

R L VA S

", o A\ N = =\
X . QAR N N
= = / AW NS N
£ ] = N\ \ \
ol | J _— MRLTNRR
; I \ . =
. <o \
= \ N, So -
7 \ ) N s S s
\ N "~ F “N N
z o Ve & 203 \
D @ : @ Xy

HOV3g VOdIaNOI4 40 NOILO3S TvIID0T103D

EAY



401

Albert et al. / Journal of Iberian Geology 38 (2) 2012: 389-406

‘(4 "S1, U9 UQIOBZI[BIO] ASEIA) BOBA BP LIy p eAe[d €] 9p ©0130]003 UQI000g -'§ "T1,]
‘(4 "S1, U1 UOTIBOO] 93S) OLOq BOBA BP BITY JO UOIIIS [BIIS0[0dD) -] "S1,]

sasslauboypo onluelD I seybojosoual pue seybojog I sesslaubeied sybojos uowwo) % :pusbe

sojowOey S8y 08y Sy O S9F  09p mmw.‘.. 05t msv.... ovy  GEV 0S8y  Szv  O2v Gy Ol SOy 00y  G6E  OBE  S8E 08  GJE 0/  S9E Sse 0% Gve ..ﬁ.:m/.,
T T E-—-———. NLEN s W T R
uoues // ////// NN //,// w//////A/ L//%/// /////////M///h NOANTTRRS 3 BN /ﬂff”///////, ,//% \ \i W//f
wen N NSRS WS SN ;
%//, /../../ ./» ~. N ///// M N // N ////AM /%/ .. ;ﬁm
. @ @ . NN ~. /v//,ﬂ,/// NN N\

~. ~. ~. NSNS AN

MNA “as ~ - N i

: / ! 3 P! !
| / : / s

: g S / ol
oke Gee oze m—..w ole S0e 00€ g6c 06z G8c 08¢ ..mnw (X4 S9¢ 09z Gase 0se 14 ore gez /07 see ;02T 174 ole S0z 00z S6l 06l .Wm_. I _ o8y GLL 0LL S9L
/

///_%\WW\%W///,//%\\E IR A RSN N
S A S
II @ @ g e .

S9L 09} GSL 0S5k bl GelL 0l Sl (43 ‘... SLL 0Ll S0L 00} 56 06 S8

R
V///W.Mﬁ///:./ ,//,Efﬁj//// M 7// > W &@Q %\&\\\\\\M \\\\\\\N\\\\\\\\\ i
\ . . / \\\ L \\\\\\\\\\ —
N W SN
) b B L B /
I s VQ\ o T v@\ s

HOVdgd VOVA VA V3dY 40 NOILO3S T1VOI901039



402 Albert et al. / Journal of Iberian Geology 38 (2) 2012: 389-406

could be related, at least in the eastern part of the Cabo
Ortegal Complex, the area that represents the front of the
allochthonous complexes, the leading edge of the huge
allochthonous pile moving to the East from the more
internal zones of the orogen. The age of the thrust and
the recumbent folds is not completely clear. The recum-
bent folds are younger than 390 Ma, which is a refer-
ence age for the migmatization and the development of
the S, foliation in the Cabo Ortegal Complex (Peucat et
al., 1990; Fernandez Suarez et al., 2007). On the other
hand, these folds are also younger than the extensional
contact between the Carifio Gneisses and the eclogitic
gneisses, as this contact is folded by the large recumbent
synform (Figs. 3 and 4). An extensional contact similar
to this one and also affecting similar units in the Ordenes
Complex was dated at 375 Ma (Corredoiras detachments;
Dallmeyer et al., 1997). The basal thrust of the upper
units cuts the amphibolite facies foliation of the Purrido
Unit (upper ophiolites), dated in the range of 391-377 Ma
(Peucat et al., 1990; Dallmeyer et al., 1997). Moreover,
the greenschist facies foliation of the Moeche Unit was
dated at 364 Ma (Dallmeyer et al., 1997). Therefore, the
thrust and the associated recumbent folds are probably
younger than 375 Ma, but older than 364 Ma.

The S, mylonitic foliation, the D, recumbent folds
and the basal thrust are additionally affected by upright
folds (D,), the largest of which is the huge open synform
(klippen) of the Cabo Ortegal Complex (Fig. 3). Another
important D, fold is the smooth antiform centred in the
Masanteo Peninsula (Fig. 4). Minor D, folds are also
abundant across the two sections represented in figures
7 and 8. There is no axial planar foliation associated to
D, folds.

4. Discussion: the exhumation of the HP-HT units

The eclogite facies gneisses of the Cabo Ortegal Com-
plex were subducted at a great depth. This is a gneiss for-
mation similar to others described in the Variscan suture
zone affected by ultra-high-P metamorphism. The P-T
conditions obtained so far in this formation are less ex-
treme than those considered characteristic for the UHP
metamorphism, but relatively close (ca. 780-800 °C and
22 kbar). The eclogitic gneiss unit belongs to the up-
per units of the allochthonous complexes, a large crus-
tal ensemble interpreted as a Cambrian peri-Gondwanan
terrane with magmatic arc affinities. The high-P condi-
tions that affected parts of this terrane indicate that they
once constituted a subduction complex, developed on a
continental or a transitional thinned continental margin
containing thick sedimentary series. The deep subduc-

tion (D, event, see section 3.2) of this margin necessarily
implies the existence of a prograde continent colliding
with a retro-continent. Taking into account that the NW
Iberian Variscan suture is rootless, which is also the situ-
ation of similar allochthonous terranes along the Variscan
Belt (Fig. 1), and also considering that the upper alloch-
thonous units are presently emplaced above ophiolites, it
is not possible to obtain direct evidence about the identity
of the involved continents. However, in the context of
the gneissic unit and in present coordinates, subduction
occurred with 10-30° N direction and top-to-the-North
kinematics (Abalos et al., 2011).

The subducted complex experienced a drastic and fast
exhumation (D, event, see section 3.2) during generation
of the decompressive mylonitic foliation (S,) that con-
stitutes the most prominent structural feature in the HP-
HT units. The magnitude of the exhumation registered
during D, can be calculated in ca. 10 kbar and it was
developed in ca. 10 Ma (subduction at ca. 400-390 Ma
vs. exhumation at ca. 390 Ma). Such a pronounced exhu-
mation very likely occurred during continuous subduc-
tion of continental or transitional slices, i.e. new layers
of the same terrane represented by the upper units that
in a prograde accretionary sequence should be presently
located below the HP-HT units (Platt, 1986). These units
are not preserved, at least in NW Iberia, because the HP-
HT units rest above ophiolitic units, which avoid direct
interpretation of the colliding margins. The progression
of exhumation favors the generation of an important ex-
tensional detachment, which is represented by the contact
between the Carifio Gneisses, in the amphibolite facies
and located in the hanging wall, and the eclogite facies
gneisses. Similar detachments have been also described
in the Ordenes Complex, both inside the intermediate
pressure units and also in the contact with the HP-HT
units (Martinez Catalan et al., 2002). In that contact, the
Corredoiras detachment shows almost identical charac-
teristics to the detachment described above of the Banded
Gneisses, with an age calculated at ca. 375 Ma (*Ar/*’Ar
geochronology; Dallmeyer et al., 1997). The sketch
shown in figure 9 presents a model for the exhumation of
the eclogite facies gneisses and in general for the HP-HT
units of the Cabo Ortegal Complex (paleogeographic re-
constructions at these times have been published in many
works, i.e. Gomez Barreiro et al., 2007).

The tectonothermal and exhumation history of the HP-
HT units, illustrated by the eclogite facies gneisses, fits
quite well to the conclusions obtained by Beaumont et
al. (2009) in relation to the exhumation of ultra-high-P
complexes. Specifically the exhumation rates and the
time range obtained for this process in the basis of ge-
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E5S
= Z

FOLD AND THRUST STAGE (ca. 375-364) Ma

plex.

evolution of the eclogite facies gneisses of the
Cabo Ortegal Complex. Sections A-C repre-
sent progressive stages in exhumation during
the development of the S, regional mylonitic
foliation (A), syn-convergence extensional de-
tachments (B) and recumbent folds and thrusts
(C). Sketch D shows an idealized section of the
frontal eastern part of the Cabo Ortegal Com-

@ Fig. 9.- Sketches showing the tectonothermal

Fig. 9.- Esquemas ilustrativos de la evolucion
tectonotermal de los gneises eclogiticos del
Complejo de Cabo Ortegal. Las secciones A-C
representan etapas progresivas de exhumacion
durante el desarrollo de la foliacion regional
milonitica S, (A), despegues extensionales sin-

© cronicos con la convergencia (B) y pliegues re-

cumbentes y cabalgamientos (C). El esquema
D muestra una seccion idealizada de la parte

Cabo Ortegal Complex section
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i

frontal oriental del Complejo de Cabo Ortegal.

CABO ORTEGAL COMPLEX @

Carifio Gneisses

Moeche Unit

ochronological isotopic data, follows with significant
detail the predictions based on numerical experiments.
Moreover, as it has been discussed in previous sections,
the progression of the deformational history in the upper
units entails the development of large recumbent folds
and a basal thrust (D, structures, see section 3.2 and fig-
ures 3 and 4). The geometry of both structures seems to
indicate that their development could be related and that
they represent the final events in the exhumation of the
subducted complex. This is also in good agreement with
the structural pattern predicted by the theoretical mod-
els (Warren et al., 2008; Beaumont et al., 2009), but in
this case the time range, although uncertain, seems to be
larger. Comparison of the structures predicted in these
models and those explained in this paper are represented
in figure 9, such as a UHP buoyant plume (HP-HT units)
or large regional structures (D, recumbent folds and ba-
sal thrust). The progression of the exhumation entails an
important change in the nature of the colliding plates, be-
cause during this evolution the prograde continental mar-
gin was replaced by the underthrusting of ophiolites (Fig.

MIDDLE CRUSTAL SEQUENCES

LOWER CRUSTAL SEQUENCES

_ HP - HT SUBDUCTION COMPLEX

PROGRADE CONTINENTAL PLATE

ACCRETED OCEANIC UNIT

9). These ophiolitic slices were initially accreted in am-
phibolite facies conditions (Purrido Unit), but they were
finally replaced, after additional exhumation of the oro-
genic wedge, by the underthrusting of greenschist facies
ophiolites (Moeche Unit). The paleogeographic meaning
for this change in the type of subduction, from a conti-
nental subduction to the accretion of ophiolitic units, is
presently uncertain, although it has been traditionally re-
lated to the closure of the Rheic Ocean (Gomez Barreiro
et al., 2007; Sanchez Martinez et al., 2007).

The tectonothermal evolution of the eclogite facies
gneisses of the Cabo Ortegal Complex represents an il-
lustrative example of the complex history of these deeply
subducted complexes, which are relatively frequent in the
suture zone of the Variscan Belt. It is important to remark
that the structural, metamorphic and geochronological
patterns in the evolution of this gneissic unit follows al-
most perfectly the predictions based in numerical experi-
ments about the exhumation of ultra-high-P complexes.
Consequently, it represents a direct confirmation of the
reality of these models.
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