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ABSTRACT

The upper allochthon of northwest Iberia represents the most exotic terrane of
this part of the European Variscan belt. Recent advances in the metamorphic petrol-
ogy, structural geology, and geochronology of the upper allochthon in the Ordenes
complex are integrated into a synthesis of its tectonic evolution, constraining the main
tectonothermal events. Important aspects of this synthesis are (1) the interpretation
of Cambro-Ordovician magmatism and earliest metamorphic event, as the result
of drifting of a peri-Gondwanan terrane; (2) the subsequent shortening and crustal
thickening of the terrane related to its subduction and accretion to Laurussia; (3) a
younger cycle of shortening and extension resulting from convergence between Lau-
russia and Gondwana; and (4) the emplacement of this exotic terrane as the upper
allochthon, together with underlying ophiolitic and basal allochthons, during the
Laurussia-Gondwana collision.

Implications derived from the well-established tectonothermal sequence are dis-
cussed in the context of Paleozoic paleogeography and geodynamics. The evolution

of this part of the belt is related first to the closure of the Tornquist Ocean, and later
to that of the eastern branch of the Rheic Ocean. Furthermore, the relative paleopo-

sitions of the upper allochthon and the Iberian autochthon in northern Gondwana
are discussed.
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INTRODUCTION

The reconstruction of Paleozoic continents, interven-
ing oceans and peri-cratonic terranes relies to a great extent on
detailed structural and petrologic analyses of exotic terranes
occurring around suture zones, as well as on precise age determi-
nations. The Variscan belt of central and western Europe offers
the opportunity to study such types of terranes in a strip run-
ning from northwest Iberia to the Bohemian Massif through the
French Armorican and Central massifs (Fig. 1).

Ophiolitic units mark the closure of a Paleozoic ocean in
several of these massifs. In northwest Iberia, allochthonous ophi-
olitic units highlight a rootless suture above which an exotic ter-
rane, including high-P/high-T eclogites and granulites, occurs.
This upper allochthon has been widely studied. It consists of
metasediments and igneous felsic, mafic, and ultramafic rocks,
with gabbroic and granitic protoliths dated at ca. 500 Ma (Peucat
et al., 1990; Dallmeyer and Tucker, 1993; Schifer et al., 1993;
Abati et al., 1999) and also characterized by early Variscan (425-
390 Ma) metamorphism (Schifer et al., 1993; Santos Zalduegui
et al., 1996; Dallmeyer et al., 1997; Ordénez Casado et al., 2001;
Roger and Matte, 2005; Gomez Barreiro et al., 2006; Ferndndez-
Sudrez et al., 2007).

Units with similar lithologies and ages that have experienced
high-P early Variscan metamorphism also exist in the French
Central Massif (Ledru et al., 1994; Ploquin and Santallier, 1994;
Santallier et al., 1994), the Vosges and the Black Forest (Franke,
2000), the Bohemian Massif (Franke, 2000; Franke and Zelaznie-
wicz, 2000; Crowley et al., 2002), and also in the Alpine basement
(Neubauer et al., 1999). Many of these units can be related to the
upper Iberian allochthon, and all together might have formed a
coherent terrane whose history we are trying to unravel.

In this contribution, detailed tectonometamorphic studies in
three units of the upper allochthon of northwest Spain (Abati,
2002; Castifieiras, 2003; Gomez Barreiro, 2004), combined with
U-Pb age determinations (Abati et al., 1999), “°Ar/*Ar dating of
regional fabrics (Gémez Barreiro et al., 2006), and structural,
thermobarometric and age data from the rest of the Spanish upper
allochthon, are integrated in an evolutionary model for this exotic
terrane widely represented in the European Variscides.

GEOLOGICAL SETTING

The allochthonous complexes of northwest Iberia (Fig. 2)
form a stack of exotic terranes preserved as megaklippen in struc-
tural basins interspersed among migmatite and granite domes

that developed during gravitational collapse and extension in
advanced stages of the Variscan orogeny (Martinez Cataladn et
al., 2007). In a way similar to what has been described for the
Caledonian belt of Scandinavia (Gee and Sturt, 1985; Roberts
and Gee, 1985; Stephens and Gee, 1989; Rey et al., 1997), upper,
middle, and basal allochthons were thrust onto the Iberian autoch-
thon (the Central Iberian zone) with an intervening parautochtho-
nous thrust sheet between them (Farias et al., 1987; Ribeiro et al.,
1990). Other exotic units of similar meaning have been described
in the Ossa-Morena zone, in southwest Iberia (Fig. 1), by Leal
et al. (1996), Aradjo and Ribeiro (1997), Fonseca (1997), and
Fonseca et al. (1999).

There has been some debate concerning the permanence of
the autochthon in Gondwana or its individualization as part of the
Armorica plate. The Armorica hypothesis (Van der Voo, 1982,
1988) is based on paleomagnetism and has been questioned on
the same grounds by Kent et al. (1984), Scotese (1984), and Har-
graves et al. (1987). Paris and Robardet (1990) and Robardet et
al. (1990) argued against a significant separation of Armorica
from Gondwana, based on sedimentary and faunal evidence.
Robardet (2002, 2003) concluded that only models involving a
single Rheic Ocean between Gondwana and Laurentia are real-
istic on the basis of paleogeographic analysis. Moreover, U-Pb
dating of detrital zircons in low-grade metasedimentary rocks of
the Iberian autochthon ranging in age from the Neoproterozoic to
the Early Devonian have yielded the same age populations, sug-
gesting a common source area during the whole Paleozoic and
militating against microplate separation (Fernandez-Sudrez et al.,
2000, 2002a,b; Martinez Catalan et al., 2004).

Turning back to the exotic terranes of northwest Iberia, the
middle allochthon consists entirely of ophiolites. Two different
origins and ages have been proven for the several existing ophi-
olitic units (Diaz Garcia et al., 1999a; Pin et al., 2002; Arenas et
al., 2004, 2007; Sanchez Martinez et al., 2007), representing dif-
ferent oceanic lithospheres formed at different stages inside the
Rheic oceanic realm.

Both the parautochthon and the basal allochthon are con-
sidered Gondwanan pieces that never abandoned the northern
margin of the continent. Conversely, the upper allochthon clearly
represents an exotic terrane, as demonstrated by the structurally
underlying ophiolites. However, it is considered to have a Gond-
wanan origin because the oldest ages obtained from upper inter-
cepts and inherited zircons from orthogneisses, paragneisses, and
metabasites (between 2.7 and 1.8 Ga; Kuijper, 1980; Peucat et
al., 1990; Dallmeyer and Tucker, 1993; Schifer et al., 1993) are
similar to those found in the orthogneisses of the basal allochthon



——v—— Alpine Front

Variscan and
Alleghanian Fronts

— ~ — Caledonian and
Appalachian Fronts

[ ] VARISCAN - ALLEGHANIAN BELT

—

[ | CALEDONIAN BELT «

I TACONIC BELT 4

250

500

= ST
. =X p
BERIAN Front
7

MASSIF
CENTRAL

Figure 1. Sketch showing the position of Iberia
in relation with the Appalachian, Caledonian,
and Variscan belts at the end of the Paleozoic
convergence. The continents involved in the
successive collisions and the main massifs of the
European Variscides are also indicated. LBM—
London-Brabant Massif; STA—Silesian terrane
assemblage; stippled area—Avalonia. Modified
from Martinez Catalan et al. (2002) and based
on Neuman and Max (1989).

Alpine

750 1000 Km

REGUIBAT
SHIELD

VARISCAN BELT

EXOTIC TERRANES
PARAUTOCHTHON
AUTOCHTHON
FORELAND

THRUST BELT

EXTERNAL THRUST BELT
AND FOREDEEP BASIN

(1.8 Ga; Santos Zalduegui et al., 1995) and of the autochthon
(Lancelot et al., 1985; Gebauer, 1993). And they are also similar
to those of northern Africa, including the west African craton and
the Saharan basement remobilized during the pan-African orog-
eny (Caby, 1989; Rocci et al., 1991; Avigad et al., 2003).

These similarities point to a common Gondwanan basement
for the upper and basal allochthons and for the Iberian autoch-
thon. Moreover, graywackes from low-grade metasediments of
the uppermost unit in the Ordenes complex have been investi-
gated for detrital zircon ages, yielding three age populations of

2.5-2.4 Ga, 2.1-1.9 Ga, and 610480 Ma (Fernandez-Suarez et
al., 2003), which record the major events in the west African cra-
ton of northern Gondwana and the surrounding pan-African belts
(Caby, 1989; Rocci et al., 1991).

Notably, the Neoproterozoic to Early Devonian sediments
of the autochthon underlying the complexes have yielded detrital
zircons with similar age populations and, in addition, a Mesopro-
terozoic (1.2-0.9 Ga) age cluster (Ferndndez-Sudrez et al., 1999,
2000, 2002a,b; Martinez Cataldn et al., 2004). These age data
suggest that even if the upper allochthon is a terrane drifted away
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Figure 2. The Iberian Massif showing the subdivision in zones, based on Julivert et al. (1972) and Farias et al. (1987). Allochthonous complexes
of northwest Iberia: B—Braganga; CO—Cabo Ortegal; M—Morais; MT—Malpica-Tui; O—Ordenes. Transcurrent shear zones: BCSZ—Bada-
joz-Cordoba shear zone; JPSZ—Juzbado-Penalva shear zone; MVSZ—Malpica-Vigo shear zone; PTSZ—Porto-Tomar shear zone.

from Gondwana and later emplaced on it, the site of derivation
differs from that of emplacement.

Late Cambrian to Early Ordovician magmatismis widespread
in the upper and basal allochthons and also in the autochthon,
being a little older in the upper allochthon (ca. 500 Ma; Dallmeyer
and Tucker, 1993; Abati et al., 1999) than in the basal allochthon
and the autochthon (490-470 Ma; Van Calsteren et al., 1979;
Garcia Garzon et al., 1981; Vialette et al., 1987; Gebauer, 1993;
Santos Zalduegui et al., 1995; Valverde Vaquero and Dunning,
2000). That magmatism has calcalkaline and arc affinities in the
autochthon (Ortega et al., 1996), in some upper allochthonous
units and in many granitoids of the basal allochthon, but some
granites and mafic rocks of the latter are alkaline to per-alkaline
(Floor, 1966; Pin et al., 1992).

The problem is to reconcile the tectonic stability registered
by the Early Ordovician sediments of the autochthon, typical of a
passive margin, the alkaline, rift-related magmatism of the basal
allochthon, the widely accepted Early Paleozoic terrane disper-
sion in the peri-Gondwanan realm, and the calcalkaline and arc

affinities in the upper allochthon and the autochthon. Valverde
Vaquero and Dunning (2000) have suggested that rifting was
located in a back-arc setting behind a subduction zone. This
hypothesis is supported by Stampfli and Borel (2002), Stamp-
fli et al. (2002), Winchester et al. (2002), and von Raumer et al.
(2003) in their reconstructions of the peri-Gondwanan terranes
and implies that rolling back of the subducting slab of a wide
ocean may have pulled the future upper allochthonous terrane
apart from Gondwana, as the subduction of the southern Iapetus
margin did with Avalonia.

THE UPPER ALLOCHTHON IN THE ORDENES
COMPLEX

Different tectonic units can be distinguished in the upper
allochthon, being separated from each other by faults, often exten-
sional detachments (Martinez Cataladn et al., 2002). These units
can be grouped, according to their metamorphic imprint, into two
different sets: (1) high-P/high-T" units, and (2) intermediate-P



units. Both sets exist in the Spanish allochthonous complexes of
Cabo Ortegal and Ordenes (Fig. 2). The first set is better exposed
in Cabo Ortegal, where very good samples of high-P/high-T fab-
rics have been preserved (Abalos et al. 1996; Abalos, 1997; Aba-
los and Aranguren, 1998). The second set shows its best outcrops
in Ordenes (Martinez Catalén et al., 2002).

The high-P/high-T units occupy a lower structural position
below the intermediate-P units (Fig. 3), the contact being system-
atically of extensional character (Diaz Garcia et al., 1999b; Cas-
tifieiras, 2003; Gémez Barreiro, 2004; Gonzalez Cuadra, 2005).
Any indication of a possible suture between both sets is lacking,
so that they are considered as parts of the same tectonostrati-
graphic terrane in spite of their different metamorphic evolutions.
Actually, their metamorphic evolutions show a complementary
history for both sets, thermobarically converging when approach-
ing the transition zone, that is, the detachment separating them.
These zones of contact may show a subsequent record of over-
printing events and reworking (Gémez Barreiro, 2004).

Our study focuses on the Ordenes complex, the largest (135
by 75 km) of the klippen containing exotic terranes in northwest
Iberia. Detailed descriptions and interpretations of many of its
units corresponding to the upper allochthon have been published
elsewhere (Van Zuuren, 1969; Hubregtse, 1973; Diaz Gar-
cia, 1990; Abati et al., 1999, 2003; Diaz Garcia et al., 1999b;
Andonaegui et al., 2002; Arenas and Martinez Cataldn, 2002).
Figure 3 shows a simplified geological map of the complex and
a schematic cross-section. For a more detailed map and struc-
tural description, the reader is referred to Martinez Cataldn et al.
(2002). Figure 4 depicts a cross-section representing lithologies
of the upper allochthonous units together with protolith and met-
amorphic ages, whereas Figure 5 shows the same section with
the maximum metamorphic grade reached by the different units
and the P-T paths established for several of them.

As can be seen in Figure 5, metamorphism increases from
top to bottom, from greenschist to high-7 eclogite facies, although
the transition, far from being gradual, is accomplished via dis-
crete extensional detachments. Furthermore, because of the len-
ticular rather than tabular character of many units, rocks with a
great difference in their peak P-T conditions occur adjacent to
one another. The fact that units with differences of more than
1.2 GPa in their pressure peak occur presently in a sheet ~10 km
thick indicates that the original pile has been largely attenuated.

The units of Betanzos, O Pino, Corredoiras, and Monte
Castelo are of the intermediate-P type, whereas those of Forn4s,
Arinteiro, Belmil, Melide, and Sobrado correspond to the high-
P/high-T type. A brief description of each unit follows, given in
descending order of what supposedly was their original structural
position within the orogenic wedge. Protolith ages and deposi-
tional age constraints are given, when available, whereas meta-
morphic ages are presented and discussed later, together with the
tectonometamorphic evolution.

The Betanzos unit consists of a monotonous succession of
slates and metagraywackes with turbiditic characteristics and
also contains minor quartzites, conglomerates, and diabase dikes.

Graywackes are feldspathic with a framewok of quartz and fresh
plagioclase. Rock fragments with vitric and microgranular tex-
tures are common in the polymictic conglomerates and coarse-
grained graywackes, together with slates, cherts, and clasts of
bipyramidal quartz. The abundance of volcanic components sug-
gests a volcanic environment. The metagraywackes have been
investigated for detrital zircon ages, yielding three age popula-
tions of 2.5-2.4 Ga, 2.1-1.9 Ga, and 610480 Ma (Fernandez-
Sudrez et al., 2003), which establishes a maximum depositional
age at the Early-Middle Ordovician transition. The sediments
were affected by greenschist-facies metamorphism and by early
recumbent and late upright folds (Matte and Capdevila, 1978).

O Pino unit is a thick pile of mesozonal monotonous schists
and paragneisses intruded by relatively small bodies of gabbro
and granitoids. It overlies the huge meta-igneous massifs that
form the two underlying units. This is a Barrovian-like pile,
with metamorphic zones ranging from almandine to sillimanite
(Abati, 2002; Castifieiras, 2003). Monazites from semipelitic
paragneisses of the sillimanite zone have yielded ages of 493
+ 1.3 and 496 + 3 Ma (Abati et al., 1999).

The Corredoiras unit is a coarse-grained, massive meta-
granodiorite and subordinate tonalite, whose crystallization is
dated at 500 = 2 Ma (U-Pb dating on zircons; Abati et al., 1999).
The massif is variably gneissified and kilometer-scale xenoliths
of metasediments occur inside the orthogneisses. The xenoliths
appear frequently migmatized, but also locally granulitized, with
a paragenesis indicative of the intermediate-P granulite facies
(Gonzdlez Cuadra, 2005). This high-grade, intermediate-P meta-
morphism affected the whole unit.

The Monte Castelo unit is a two-pyroxene gabbro of tho-
leiitic character, similar in composition to modern island arc
basalts (Andonaegui et al., 2002). The presence of olivine
and the common ophitic textures point to a relatively shallow
emplacement. U-Pb analyses on zircons yielded an age of 499
+ 2 Ma for crystallization of the protolith (Abati et al., 1999).
Scarce metapelitic intercalations and a kilometer-scale shear
zone inside the mostly undeformed gabbro developed interme-
diate-P granulite-facies parageneses. This unit is considered the
lowermost intermediate-P unit and, although it reached granu-
lite facies, its metamorphic gradient was never of the high-P
type (Abati, 2002; Abati et al., 2003).

The Fornds and Arinteiro units are similar, the latter being
a horse of the former sandwiched between thrust faults. They
consist of heterogeneous and well-foliated amphibolites. Van
Zuuren (1969) described preserved igneous textures, indicat-
ing a gabbroic origin, and also granulite-facies relics, which
have been confirmed by Gémez Barreiro (2004). The dominant
amphibolite-facies foliation developed subsequently, during the
exhumation, in an extensional shear zone that drove the unit into
contact with the overlying mesozonal schists and paragneisses
of the O Pino unit. This shear zone, known as the Fornas detach-
ment, was subsequently affected by recumbent folds, repeated by
thrusts, and back-folded during the motion of the younger Bem-
bibre—Pico Sacro extensional detachment (Figs. 3 and 4). Forn4s
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is the uppermost high-P/high-T unit and the one in which the
high-pressure parageneses (Van Zuuren, 1969; Gémez Barreiro,
2004) have been less preserved by the subsequent amphibolite-
facies evolution.

The Belmil, Melide, and Sobrado units are very similar,
and also equivalent to high-P/high-T units in the Cabo Ortegal
complex, where they have been widely studied. They consist of
paragneisses and mafic and ultramafic meta-igneous rocks. Mafic
rocks derive from gabbros of tholeiitic composition whose geo-
chemical signature has been compared to mid-ocean ridge basalt
(MORB; Gil-Ibarguchi et al., 1990) and related with continental
rifting (Galdn and Marcos, 1997). Conversely, geochemical stud-
ies in the ultramafic rocks of Cabo Ortegal point to a suprasub-
duction origin for these pyroxenite-rich peridotites at ca. 500 Ma
(Santos et al., 2002). The mafic igneous protoliths have been
dated at 520-480 Ma (Peucat et al., 1990; Ordénez Casado et
al., 2001; Ferndndez-Sudrez et al., 2007). Field and map rela-
tionships show that they intruded the sedimentary precursor of
the paragneisses. These have yielded U-Pb sensitive high-reso-
lution ion microprobe (SHRIMP) core ages clustering around
2.0-2.2 Ga and 540 Ma, with the youngest detrital zircon dated
at 507 Ma (Schiifer et al., 1993), thus establishing a Late Cam-
brian maximum depositional age.

The metabasites include garnet-clinopyroxene granulites
and eclogites, retrograded to the amphibolite facies (Vogel,
1967; Hubregtse, 1973). In Sobrado, gabbros occur in several
stages of transformation, from practically undeformed and
scarcely affected by the metamorphism to coronitic metagab-
bros and high-P granulites. In the less-deformed gabbros, sub-
ophitic and diabase textures have been preserved, indicating
an emplacement at relatively shallow crustal levels (Arenas
and Martinez Cataldn, 2002). The tectonothermal evolution
includes an old high-P granulite to eclogite facies metamor-
phism, followed by decompression and partial melting and then,
successively, by a penetrative mylonitization in the amphibo-
lite facies, recumbent folding, and thrusting in the greenschist
facies (Vogel, 1967; Gil-Ibarguchi et al., 1990; Arenas, 1991;
Girardeau and Gil-Ibarguchi, 1991; Mendia Aranguren, 2000;
Marcos et al., 2002).

TECTONOMETAMORPHIC EVOLUTION

The following evolution has been deduced from detailed
studies of the O Pino, Monte Castelo, and Fornas units, and
this description focuses on the extensional detachments sepa-
rating them. The combined investigation of large structures and
thin sections with thermobarometric and age determinations
have revealed complex P-T paths characterized by two loops,
the first of which is counterclockwise for the intermediate-P
units (Fig. 5). This fact provides the guideline for the following
description, which splits the metamorphic and deformational
history into six correlative tectonothermal stages contempora-
neous with plate convergence, and a previous one related to ter-
rane individualization.

D0-MO: A Thermal Event Related to Magmatism

The oldest structural and metamorphic relicts in the O Pino
unit are mesoscopic veins with andalusite and quartz that show
prekinematic relationships with the first identified tectonic folia-
tion and are preserved in some pelitic gneisses. These veins have
been related to low-P heating and linked to the intrusion of huge
plutonic massifs, such as those partially preserved in the Monte
Castelo and Corredoiras units. Consequently, the oldest loop of
the metamorphic P-T path is drawn starting with isobaric heating
related to intrusion of massive gabbro and granodiorite bodies
(Abati et al., 2003; Castifieiras, 2003). Pressure and maximum
temperature reached in this stage in the Monte Castelo unit have
been estimated by Abati et al. (2003) to be 46 kbar and 800 °C.

Monazite included in biotite in large enclaves of pelitic
composition yielded ages of 498 =2 Ma in the Monte Castelo
gabbro and 493 + 2 and 484 =2 Ma in the Corredoiras orthog-
neiss (Abati et al., 1999), close to the age of the host plutonic
rocks (499 + 2 and 500 + 2 Ma, respectively). The arc affinities
of the Monte Castelo gabbro (Andonaegui et al., 2002) together
with the immature character of the graywackes of the Betanzos
unit and their high content in volcanogenic fragments suggest a
relationship of isobaric heating with magmatic underplating and
massive gabbro and granodiorite-tonalite intrusion in relatively
shallow crustal levels of a magmatic arc. Contemporaneous par-
tial melting of metasediments is documented by a granitoid rich
in pelitic enclaves occurring at the roof of the Monte Castelo gab-
bro and dated at 500 + 2 Ma (Abati et al., 1999).

The previous data pertain to the intermediate-P units.
Although in the high-P/high-T units the mafic protoliths have the
same Cambro-Ordovician ages, their geochemistry points rather
to continental rifting (Galdn and Marcos, 1997). This rifting is
not in conflict with the arc affinities of the overlying units, as both
can be integrated in the picture of a terrane drifting away from
Gondwana and pulled by slab roll-back of a subduction zone that
provides the arc-related magmatism (Fig. 6).

D1-M1: First Burial by Crustal Thickening and Subduction

The first thermal event DO-MO was followed by pressuriza-
tion related to the accretion of the upper allochthon to an active
orogenic wedge (Martinez Catalén et al., 1997, 1999). Both sets
of the upper allochthon reached metamorphic peak conditions
during this event.

In the intermediate-P units, the regional foliation (S1) devel-
oped, varying from slaty cleavage at the uppermost levels to
gneissic layering at depth as metamorphic grade increased (Diaz
Garcia, 1990; Abati, 2002; Castifeiras, 2003; Gémez Barreiro,
2004). Petrographic evidence suggests that rocks were pressur-
ized following an isothermal path according to Abati et al. (2003)
and Castifieiras (2003), reaching peak conditions of 550-800 °C
and 8-11 kbar.

In the high-P/high-T units, granulite and eclogite assem-
blages developed, with peak conditions ranging between 12 and
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22 kbar and 750-800 °C (Mendia Aranguren, 2000; Arenas and
Martinez Catalan, 2002). High-P/high-T fabrics were well pre-
served in the lowermost units (Sobrado and Belmil units, and
also in the Cabo Ortegal complex), whereas in the Fornds and
Arinteiro units, D2-M2 retrogression became nearly complete,
with D1-M1 association and fabric preserved only in rare, deci-
meter-scale lenses (Goémez Barreiro, 2004). Differences in the
metamorphic gradients experienced by the upper allochthonous
units (high-P versus intermediate-P) probably reflect the individ-
ualization of two or more tectonic units that underwent different
degrees of underthrusting and subduction (Fig. 6).

This stage has eluded attempts to establish its age. In the
high-P/high-T set, it has been dated in the same units and even
with the same samples, at 500—480 Ma (conventional U-Pb
isotope dilution and thermal ionization mass spectrometry [ID-
TIMS]; Peucat et al., 1990; Fernandez-Suarez et al., 2002c) and

395-390 Ma (U-Pb SHRIMP; Schifer et al., 1993; Ordéiiez
Casado et al., 2001), whereas in the intermediate-P units, mona-
zite ages of 500-490 Ma were interpreted to reflect its age (Abati
et al., 1999). If the older ages are those of DI1-M1 event, they
would imply burial of the upper allochthon closely following
or even contemporaneous with widespread gabbro-granodiorite
magmatism. Conversely, if the younger ages are correct, they
would place D1-M1 temporally far from that Cambro-Ordovi-
cian magmatic cycle and in an early Variscan context.

Additional information is given by “’Ar/*°Ar analyses in
hornblendes of D2-M2 amphibolites retrogressive after high-P
granulites, yielding ages of ca. 425-410 Ma (Dallmeyer et al.,
1997; Gémez Barreiro et al., 2006). If correct, these data would
discard the Early Devonian age (395-390 Ma) for the high-P/
high-T event but would not necessarily imply that the Cambro-
Ordovician age is correct.



A recent secondary ion mass spectrometry (SIMS) U-Pb
study of zircons from gabbros, mafic granulites, and migmatitic
leucosomes was carried out by Fernandez-Sudrez et al. (2007),
finding that new zircon was growing since at least 410 Ma, in
close relation to partial melting. As it is widely accepted that
all high-P/high-T units underwent partial melting after having
reached their pressure peak (Arenas, 1991; Arenas and Martinez
Cataldn, 2002), this observation again militates against the Early
Devonian age for the D1-M1 stage. The new SIMS data are in
accordance with the “*Ar/*Ar analyses and, together, indicate that
the peak pressure was reached before 410, and possibly, 425 Ma.

D2-M2: Early Exhumation

The thickened pile led to gravitational instabilities, resulting
in several major extensional detachments in the upper allochthon
(Gbémez Barreiro, 2004). The best example is the Fornds detach-
ment, marking the contact between the high-P/high-T units and
the intermediate-P units in the southwest of the Ordenes complex
(Figs. 3-5).

A strong regional fabric (S2) developed in the footwall to
the detachment (Fornds and Arinteiro units) under amphibolite-
facies conditions. The P-T evolution shows isothermal decom-
pression at over 700 °C, which led to partial melting (Gémez
Barreiro, 2004) and, subsequently, the roof of the units recorded
nearly isobaric cooling at low pressures (<4 kbar). Tectonites
developed during decompression are banded mylonites, show-
ing strong shape and crystallographically preferred orientation
of amphibole, pyroxene, plagioclase, and quartz, which defines
the foliation and a persistent NNW-SSE mineral lineation. Kine-
matic analysis of the Fornds detachment has revealed a top-to-
the-NNW sense of shear (Gémez Barreiro, 2004). Taking into
account microstructural features and petrofabric analyses, defor-
mation progressed under conditions bracketed between 750 and
300 °C (G6émez Barreiro, 2004).

At the hangingwall to the D2 detachment (O Pino unit), the
thermal effects were restricted to the first few meters above the
contact, where heat transfer was operative. The rocks experi-
enced heating under low-P and high-7 conditions (Fig. 5). Syn-
kinematic leucosomes and mylonites developed at the bottom
of the hangingwall, showing a NNW-SSE mineral lineation and
kinematic criteria indicating a top-to-the-NNW sense of shear
(G6mez Barreiro, 2004).

M2 retrogression in the hangingwall to the Fornds detach-
ment completes the counterclockwise loop of the P-T path in the
intermediate-P units. In the high-P/high-T units, the geometry of
the M1 part of the loop is constrained by P-T conditions deduced
from thermobarometry carried out in granulites and eclogites and
from corona reactions in granulitic metagabbros of the Sobrado
unit (Arenas and Martinez Cataldn, 1993, 2002). The M2 part is
taken from Diaz Garcia et al. (1999b). In this case, the burial and
decompressive trajectories run nearly parallel to each other, not
drawing a counterclockwise loop. The first trajectory compares
well with the P-T paths modeled for subduction zones by Peacock

(1990, 1991), which are similar, although of opposite sense, to
exhumative paths characterized by tectonic denudation followed
by erosion, such as M2 in the O Pino unit. Laserprobe “Ar/*Ar
dating of a mylonitic amphibolite from the Fornds detachment
constrains its motion around 423 + 12 Ma (Gémez Barreiro et
al., 2006), in accordance with data collected from other units and
described in the previous section.

D3-M3: A New Cycle of Crustal Shortening and Exhumation

The regional fabrics S1 and S2 were overprinted by pro-
grade contractional shear zones and recumbent folds (Figs. 4 and
5), with a vergence and sense of shear to the northeast and east
(Martinez Catalan et al., 2002; Gémez Barreiro, 2004; Gonzalez
Cuadra, 2005). In the southwest of the Ordenes complex, typical
shear zones led to amphibolite-facies reequilibration with assem-
blages containing garnet, plagioclase, hornblende, and zoisite.
P-T conditions in the highest-grade shear zones were 6-8 kbar
and 500-600 °C (Castifieiras, 2003; Gomez Barreiro, 2004). The
previous fabrics were transposed by a new schistosity (S3), axial
planar to recumbent folds and show a heterogeneous distribution
(G6émez Barreiro, 2004). This event represents a new cycle of
thickening in the upper allochthon, but new extensional struc-
tures also developed. These are the Corredoiras and Ponte Car-
reira detachments (Figs. 3 and 5), viewed as the result of gravita-
tional readjustments of the orogenic wedge (Martinez Cataldn et
al., 1996, 2002; Diaz Garcia et al., 1999b). Together the contrac-
tional and subsequent extensional structures define a new, clock-
wise loop in the P-T paths (Gémez Barreiro, 2004).

The timing of the D3-M3 event is constrained by “Ar/*Ar
dating. The amphibolite-facies foliation associated with contrac-
tional shear zones has yielded 400-380 Ma (Peucat et al., 1990;
Dallmeyer et al., 1991; Gémez Barreiro et al., 2006), whereas
the foliation in the extensional detachments of Corredoiras and
Ponte Carreira were dated at 375 Ma (Dallmeyer et al., 1997) and
371 Ma (Gémez Barreiro et al., 2006), respectively.

These Middle-Late Devonian ages (according to the geolog-
ical time table of Gradstein et al., 2004) are coeval with regional
amphibolite-facies foliation in the underlying ophiolitic units,
where it is also related to thrusting and imbrication (Diaz Garcia
et al., 1999a). These contractional structures led to the closure
of the oceanic domain between the upper and basal allochthons.
Subduction of the latter, thought to represent the outermost edge
of the Gondwanan continental margin, has been dated at 385—
375 Ma using “’Ar/*Ar geochronology (Rodriguez et al., 2003).
Probably, underthrusting of this continental basement triggered
extension of the overlying orogenic wedge, giving rise to the
Corredoiras and Ponte Carreira detachments.

D4-M4: Emplacement of the Exotic Terranes
The exotic terranes were emplaced following pervasive

deformation in the autochthon, which gave rise to recumbent
folds with axial planar cleavage dated at 359 Ma in the inner parts



of the belt, close to the allochthonous complexes, and 336 Ma
in more external areas (Dallmeyer et al., 1997). The emplace-
ment occurred in more than one step, with the basal allochthon
emplaced first along the Lalin-Forcarei thrust above the parau-
tochthon (Fig. 3) at 340 Ma, probably carrying the ophiolites and
upper allochthon piggy-back. This movement was followed by
renewed thrusting of the two latter at ca. 330-320 Ma (Dallmeyer
et al., 1997, Martinez Catalan et al., 2002).

The younger thrusts cut across older contractional faults
related to the stacking of the different exotic terranes and repre-
sent an out-of-sequence thrust system. These thrusts show a top-
to-the-southeast sense of motion and affected mainly the base
of the upper allochthon and the ophiolites. No thermal effects
were detected in the upper units, and only retrograde metamor-
phism occurred in the thrust surface, at very low-T conditions. In
the uppermost units, a low-grade crenulation cleavage dated at
330 Ma (Dallmeyer et al., 1997; Gémez Barreiro et al., 20006) is
probably related to the activity of the out-of-sequence thrusts.

D5-MS5: Late Orogenic Collapse

Following the D4 contractional event and pervasive shorthen-
ing and thickening in the underlying autochthon, gravitational dis-
equilibrium led to renewed gravitational adjustments, giving rise
to the Bembibre—Pico Sacro detachment, a complex extensional
system that partially reactivated previous out-of-sequence thrusts.
Detailed kinematic analysis reveals a shear zone with a general
top-to-the-northwest sense of shear. The activity of the Bembi-
bre—Pico Sacro detachment was contemporaneous with extensive
melting in the footwall and the establishment of a high-7" and low-
P gradient (Gomez Barreiro et al., 2002; Gémez Barreiro, 2003),
which suggests that the detachment was related to the late gravita-
tional collapse of the orogen (Vanderhaeghe and Teyssier, 2001).
The extensive synkinematic magmatism has been dated at 323
+ 11 Ma around the Ordenes complex (Bellido et al., 1992).

D6-M6: Late Orogenic Compression

Upright folds were formed in conjunction with north-south
dextral and sinistral strike-slip shear zones (Fig. 2), and high-
angle faults overprinted the late extensional detachments and the
high-7 and low-P isograds. Folds with north-south axial surfaces
developed in the Ordenes complex in close relation with a sinis-
tral shear zone developed to the east (Fig. 3). These structures
suggest a change in the tectonic regime in which transpression
represented an important component of shortening (Iglesias
Ponce de Leén and Choukroune, 1980; Llana-Finez and Marcos,
2001). Upright folding has been dated in the autochthon at ca.
314 Ma (Capdevila and Vialette, 1970; Ries, 1979).

GEODYNAMIC IMPLICATIONS

Sedimentary and faunal evidence, detrital zircon analyses,
and the failure to find a suture between the hypothetical Armorica

plate and Gondwana indicate that the Iberian authochthon formed
part of Gondwana during the whole Paleozoic. The basal alloch-
thon represents the outermost edge of the continent, formed after
an episode of continental rifting during the Early Ordovician.
That was the time of separation of Avalonia and creation of the
Rheic Ocean (Cocks and Fortey, 1988; Scotese and McKerrow,
1990; Winchester et al., 2002) and, for that reason, we suggest
that the ocean in front of the Iberian autochthon at that time was
also the Rheic or its continuation to the east.

The exotic character of the upper allochthon is well estab-
lished, and its peri-Gondwanan derivation has been discussed
above in the geological setting. Drifting occurred at the Cambro-
Ordovician boundary, so that this terrane could be the piece whose
separation created the passive margin nowadays preserved in the
basal allochthon. However, differences in the zircon populations of
the upper allochthon and the autochthon suggest that this supposi-
tion might not be true. In any case, both the upper and basal alloch-
thons probably formed part of what has been termed the “Armorica
terrane assemblage” (Franke, 2000; Winchester et al., 2002) even
when, according to our interpretation, not all the terranes forming
the assemblage did actually separate from Gondwana.

Orogenic Cycles

The tectonometamorphic evolution of the upper allochthon
can be readily integrated with what is known from the rest of
exotic terranes and the autochthon in a geodynamic model con-
sisting of three orogenic cycles (Fig. 6). Our history starts with
the subduction of old oceanic lithosphere existing in front of
Gondwana, either that of the Iapetus or Tornquist Ocean, and
with pulling apart of the future upper allochthon caused by slab
roll-back. Arc magmatism induced the first tectonothermal event
identified (D0O-MO), dated at the Cambro-Ordovician boundary.

Pre-Variscan Cycle

The oldest orogenic cycle, which involved subduction,
crustal thickening, and exhumation (D1-M1 and D2-M2),
resulted presumably from accretion of this peri-Gondwanan ter-
rane to a large continental mass. Its age is poorly constrained
between 490 and 410 Ma (Gémez Barreiro et al., 2006; Fernan-
dez-Sudrez et al., 2007). However, taking into account that in
high-P terranes, exhumation closely follows burial, and that the
425-410-Ma U-Pb and “Ar/*Ar ages reflect exhumation of the
high-P/high-T units, a Silurian—Early Devonian age is reasonable
for this cycle. In the Early Silurian, Avalonia accreted to Lauren-
tia-Baltica to form Laurussia (Lefort, 1989; Murphy et al., 2004),
and this probably was the large continental mass to which the
Iberian upper allochthon accreted. This first cycle is considered
pre-Variscan because it is related to the closure of either the lape-
tus or Tornquist Ocean, and not of the Rheic Ocean.

Early Variscan Cycle
The next cycle induced shortening and thickening followed
by extension in the upper allochthon (D3-M3), where it started



after 410 Ma, probably in the Early Devonian. During this cycle,
which lasted until the Late Devonian, the oceanic lithosphere of
the Rheic Ocean was imbricated and consumed, and the basal
allochthon was subducted beneath the orogenic wedge previously
formed at the southern margin of Laurussia. This cycle is consid-
ered early Variscan because it is related to Laurussia-Gondwana
plate convergence and the closure of the Rheic Ocean, but its age
(400-370 Ma in the upper allochthon, up to 360 Ma in the ophio-
lites and basal allochthon; Dallmeyer et al., 1997; Rodriguez et
al., 2003) is older than what is normally considered Variscan in a
strict sense, that is, essentially Carboniferous.

Variscan Cycle

The continuation of Laurussia-Gondwana plate convergence
once the Rheic Ocean had been closed led to the emplacement
of the exotic terranes above the Iberian autochthon (D4-M4).
Thrusting, dated between 340 and 320 Ma, took place over the
sequences of the passive margin of Gondwana, which had been
previously folded and were also shortened by thrust faults. This
third cycle started in the Late Devonian, once continental sub-
duction of the basal allochthon was blocked, and lasted during
the whole Carboniferous with a fully intracontinental character.
It is the only event responsible for the deformation and meta-
morphism in the parautochthon and autochthon, where it evolved
sequentially and diachronously, prograding toward the external
zones with time (Dallmeyer et al., 1997). Temperature increases
resulting from crustal thickening gave rise to rheological changes
in the orogenic wedge and provoked its gravitational collapse
(D5-MS5). Residual compressional stresses related to oblique
plate convergence induced upright folding and transcurrent
shearing (D6-M6).

Paleogeographic Considerations

The model presented in Figure 6 accounts for the orthogonal
component of convergence between Laurussia and Gondwana.
However, dextral transcurrence between these continental masses
during the Devonian and Carboniferous has been widely reported
(Gates et al., 1986; Rolet et al., 1994; Van Staal and De Roo,
1995; Franke and Zelazniewicz, 2002; Hatcher, 2002) and has
even been considered responsible for the distribution of the dif-
ferent peri-Gondwanan terranes along the European Variscides
(Shelley and Bossiere, 2000, 2002; Stampfli et al., 2002; Mar-
tinez Catalan et al., 2007).

A reconstruction of the continental masses at the end of the
Variscan cycle is shown in Figure 1, where crosscutting relation-
ships between the Variscan and previous Paleozoic orogenic belts
can be appreciated. Northwest Iberia lay adjacent to the Grand
Banks of Newfoundland and close to the junction of three Paleo-
zoic collisional belts (the Appalachians, the Scandinavian-Brit-
ish Caledonides, and the German-Polish Caledonides) and of the
continental masses involved (Laurentia, Baltica, and Avalonia).

As can be seen in Figure 1, the European Variscides lay
mostly to the south of Baltica (in present coordinates), and this

reconstruction postdates the strike-slip motion between Laurus-
sia and Gondwana. To remove the effects of dextral transcur-
rence, most of the Variscan belt should be moved to the upper
right corner of Figure 1, thus placing it entirely to the south of
Baltica, even using small strike-slip components.

This placement implies that the European part of the Variscan
belt formed by collision between northern Gondwana, Baltica,
and, possibly, eastern Avalonian components of Laurussia. It also
suggests that the ophiolitic allochthon of northwest Iberia and
equivalent units in central Europe are relicts of the eastern branch
of the Rheic Ocean, that the upper allochthon was accreted to
southeastern Laurussia during the pre-Variscan orogenic cycle,
and that the ocean whose closure allowed the collision was Torn-
quist. In a general sense, the upper allochthon represents a lateral
equivalent of Avalonia and its associated Gander arc, from the
point of view of the time of separation from Gondwana and accre-
tion to Laurussia. In both cases, separation took place around the
Cambro-Ordovician boundary (Scotese and McKerrow, 1990;
Winchester et al., 2002; Martinez Catalan et al., 2007), and accre-
tion to Laurussia occurred in the Early Silurian (Salinian event in
Newfoundland and New England; Dunning et al., 1990; Cawood
et al., 1995; Hepburn et al., 1995).

Figure 7 shows a reconstruction of continents and oceans
during the Paleozoic, based on Winchester et al. (2002). The pos-
sible location of the European Variscides is outlined, together
with that of the exotic terrane presently preserved as the upper
allochthon. To constrain these paleopositions, the presence of
1.15-Ga crust in the Eastern Desert of Egypt (Loizenbauer et
al., 2001) has been taken into account, as well as the existence
of a Mesoproterozoic zircon component in Cambrian sandstone
of Israel (Avigad et al., 2003), in Cadomian metagranitoids of
the southeast Bohemian Massif (Friedl et al., 2000, 2004), in
Early Cambrian sediments of the Matopolska Massif (Belka et
al., 2002), and in the Brunovistulian terrane (Hegner and Kroner,
2000). The three latter surround the eastern edge of the Bohe-
mian Massif and are integrated in the Silesian terrane assemblage
by Franke and Zelazniewicz (2002), who interpret the involved
terranes as derived from Gondwana and accreted to the Baltic
margin between the Cambrian and the Silurian.

The presence of a Mesoproterozoic zircon population in
metasediments of the Iberian autochthon (Fernandez-Sudrez et
al., 2000, 2002a,b; Martinez Cataldn et al., 2004) may indicate
a paleoposition close to the present northeastern Africa, whereas
its absence (Ferndndez-Sudrez et al., 2003) in the upper alloch-
thon would indicate a more western derivation for this exotic ter-
rane. The dextral component of transcurrence between Laurussia
and Gondwana might have helped to superimpose the two realms
that once were in lateral continuity.

CONCLUSIONS
The upper allochthon of northwest Iberia represents a peri-

Gondwanan terrane drifted away from north Africa around the
Cambro-Ordovician boundary and accreted to the Baltic part of
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Figure 7. Schematic reconstruction of distribution of continental masses at four stages during the Paleozoic, showing the suggested paleopositions
of the European Variscides (dark gray) and the exotic terrane preserved in the upper allochthon (black). Based on Winchester et al. (2002).

Laurussia probably during the Silurian. It registered three oro-
genic cycles: a pre-Variscan cycle related to its accretion to Lau-
russia and closure of the intervening Tornquist Ocean, an early
Variscan cycle related to Laurussia-Gondwana convergence and
closure of the eastern branch of the Rheic Ocean, and a Variscan
intracontinental cycle reflecting the Laurussia-Gondwana colli-
sion. The pre-Variscan cycle has been identified only in the upper
allochthon, whereas the early Variscan cycle was also registered
in the ophiolitic and basal allochthons, and the Variscan cycle

affected the whole allochthonous set and is the only cycle devel-
oped in the parautochthon and autochthon.

Pulling apart from Gondwana of the terrane represented by
the upper allochthon was probably induced by slab roll-back of
subducting Tornquist oceanic lithosphere, as the terrane registered
voluminous arc plutonism, which is at the origin of an early iso-
baric thermal event. Subsequent burial and exhumation gave rise
to a counterclockwise loop in the P-T path in several units of the
upper allochthon, which is related to the first, pre-Variscan oro-



genic cycle. A second, clockwise loop is linked to the early Variscan
cycle in these units, demonstrating their polyorogenic character.
Although the upper allochthon is an exotic terrane drifted
away from Gondwana and later emplaced on it, the site of deriva-
tion probably differs from that of emplacement. Paleogeographic
considerations using available U-Pb zircon ages are compatible
with a paleoposition of the northwest Iberian autochthon close to
the present northeast Africa and a more western derivation for the
upper allochthon. These positions are in agreement with Variscan
convergence involving a component of dextral transcurrence.
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