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Abstract: Detrital zircons from pre-orogenic Upper Ordovician to Devonian low-grade metasedimentary rocks

have been dated by laser ablation–inductively coupled plasma mass spectrometry (LA–ICP-MS) to: (1)

constrain the variations of zircon age populations within the autochthonous sequences of NW Iberia; (2)

compare U–Pb detrital zircon ages with previous data; (3) test the hypothesis of the Armorica microplate as a

peri-Gondwanan terrane separated from Gondwana. The similarity in the ages of detrital zircons found in the

Palaeozoic samples studied here to those published for the Upper Proterozoic, Lower Cambrian and Lower

Ordovician sediments of NW Iberia argues against the separation of Armorica, and points to a common source

area for all of the Palaeozoic detrital formations of NW Iberia, the West African craton and the surrounding

Pan-African belts. LA–ICP-MS U–Pb dating of zircons from a synorogenic flysch preserved in klippen in the

core of a syncline establishes a maximum depositional age for this deposit as Early Namurian. This age is

also a maximum age limit for thrusting and refolding in this part of the Iberian Massif. Correlation of the

zircon age populations with published ages confirms the link between the emplacement of the allochthonous

complexes of NW Iberia and synorogenic sedimentation.
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Palaeomagnetic investigations on the position of the Variscan

belt of central and western Europe during the Palaeozoic led to

the formulation of the Armorica microplate hypothesis in the

early 1980s. The existence of Armorica as a separate microplate

was proposed by Van der Voo (1982, 1988) to account for the

similar apparent polar wander paths for the Armorican Massif

and Gondwana until the Cambrian, but a difference in latitude of

30–408 during the Devonian (Van der Voo 1979, 1982, 1988;

Perroud et al. 1984). Armorica (Fig. 1) would have been

composed of the Armorican and Iberian Massifs with (according

to Van der Voo 1988, 1993) or without (according to Perroud et

al. 1984; Cocks, 2000) the Bohemian Massif and, according to

these workers, it would have drifted away from Gondwana during

the Ordovician, colliding with Laurentia in the Mid-Devonian,

before the large continental masses did so to form Pangaea.

The palaeomagnetic data on which this hypothesis relies were

questioned by Kent et al. (1984), Scotese (1984) and Hargraves

et al. (1987), who reported a much higher latitude for Gondwana

during the Devonian. Although new data were used to support

the existence of an Armorica microplate (Tait et al. 1997; Tait

1999), these data constrain the relative position of the Bohemian

and Armorican Massifs relative to Baltica, not to Gondwana.

Recent reconstructions by Scotese & McKerrow (1990) and

Scotese (2002) place Gondwana close to Laurentia and Baltica

by the Early Devonian (Fig. 1a).

Bonhommet & Perroud (1986), Paris & Robardet (1990) and

Robardet et al. (1990) presented arguments against a significant

separation of Armorica from Gondwana, based on sedimentary

and faunal evidence indicating that the palaeogeographical

affinities between southern Europe and northern Africa persisted

during the Silurian and Devonian. Furthermore, the suture be-

tween the hypothetical Armorica plate and Gondwana has not

been found, putting in doubt the existence of a Proto-Tethys

Ocean (Fig. 1b). Robardet (2002, 2003) reviewed the existing

models for the Variscan belt in SW Europe and concluded that

only those involving a single Rheic Ocean between Gondwana

and Laurentia are realistic on the basis of palaeogeographical

analysis (Fig. 1a). The closure of this ocean and the subsequent

collision between both continental masses has been registered in

the structures, metamorphism and synorogenic sedimentation of

the Variscan belt.

In addition to palaeomagnetism, stratigraphic correlation and

faunal studies, U–Pb dating of detrital zircons in unmetamor-

phosed or low-grade metasedimentary rocks offers tight con-

straints on source areas of detrital deposits, and is now firmly

established as a powerful tectonic tracer in palaeogeographical

reconstructions. This approach has been applied by Fernández-

Suárez and coworkers in the Ibero-Armorican arc, to constrain

the palaeoposition of Iberia and Brittany in the Neoproterozoic;

those workers found that different zones within those Variscan

realms occupied different positions at that time (Fernández-

Suárez et al. 2000b, 2002c; Gutiérrez-Alonso et al. 2003). Early

Palaeozoic sediments and volcanic rocks have also been

investigated in NW Iberia; namely, the Lower Cambrian and

Lower Ordovician quartzites, and the volcaniclastic part of the

Ollo de Sapo Formation (Fernández-Suárez et al. 1999, 2000b,

2002b). These data have helped to constrain the time of

amalgamation of the Neoproterozoic terranes to Gondwana, and

the source areas of the lower part of the Palaeozoic sedimentary

pile, and have confirmed the Early Ordovician age of the Ollo



de Sapo Formation (Gebauer 1993; Valverde Vaquero &

Dunning, 2000).

This study focuses on the use of U–Pb ages of detrital zircons

to test and constrain the existing palaeotectonic models for the

Variscan belt. Fernández-Suárez et al. (1999, 2000b, 2002b) have

shown that the zircon age populations of Lower Cambrian and

Lower Ordovician sedimentary rocks in Iberia are similar to

those of Neoproterozoic sedimentary rocks, which suggest the

same source area, the West African craton and the surrounding

Pan-African belts (Fernández-Suárez et al. 2002c). This is

consistent with the assertion of Noblet & Lefort (1990) that,

although accepting the Armorica microplate hypothesis, pointed

out that the time of the alleged drift of Armorica was uncon-

strained by palaeomagnetism. They suggested that this drift did

not take place until after the Arenig, the time of deposition of

the Armorican Quartzite. Their assertion was based on the large

volume of clastic material transported and the consistent current

directions, indicating that the sediment source was to the south

of the present-day Sahara.

If the drift of Armorica took place either later in the

Ordovician or during the Silurian, the source area could no

longer have been the West African craton and surrounding areas,

and different age clustering should be expected for detrital zircon

ages. Extending the investigation of zircon age populations to

Upper Ordovician, Silurian and Devonian (pre-orogenic) metase-

dimentary rocks may shed new light on whether or not of

Armorica existed as a microplate at any time in the early to mid-

Palaeozoic.

Continental collision of Laurentia and Baltica with Gondwana

started in NW Iberia probably during the Late Devonian

(Dallmeyer et al. 1997; Martı́nez Catalán et al. 1997). Carboni-

ferous sedimentation was essentially synorogenic and the source

areas changed drastically from the emerged areas of the foreland

to the relief created in the hinterland by the continuing orogenic

shortening (Marcos & Pulgar 1982; Pérez-Estaún et al. 1988;

Rodrı́guez Fernández 1993). U–Pb dating of detrital zircons in

the synorogenic deposits may help to constrain the time of

deformation by establishing maximum age limits for these

deposits, which are poorly constrained in the internal zones of

the Iberian Massif. Furthermore, the age populations can be

compared with those of the pre-orogenic sequence to establish

which units supplied the detritus, thus providing valuable

information on the orogenic evolution.

Geological setting

The Variscan belt of NW Iberia is characterized by four main

groups of rocks: the autochthonous sequences, the allochthonous

complexes, the Variscan granites and the synorogenic sediments

preserved in the internal zones of the belt (Fig. 2). Brief

descriptions and key references for the four groups are given

below. together with relevant geochronological information for

comparison with the U–Pb ages of detrital zircons reported in

this paper.

Autochthonous sequences

They are essentially metasedimentary, and consist of thick and

monotonous Upper Proterozoic siliciclastic rocks (cut by a few

intrusions), and of Palaeozoic clastic rocks, carbonates, and

volcanic and intrusive rocks. It is generally agreed that the

autochthonous sedimentary sequences were deposited in the

northern margin of Gondwana.

During the Late Proterozoic, this area was an active continen-

tal margin (Murphy & Nance 1991; Ochsner 1993) involved in

the Cadomian–Avalonian–Pan-African orogeny. Cadomian arc

Fig. 1. (a) Reconstruction of the continental masses (light grey) at the limit between Early and Mid-Devonian, after Scotese (2002), showing the possible

position of Iberia and the Armorican and Bohemian Massifs (AM and BM) in northern Gondwana, the Rheic Ocean separating them from Laurentia–

Baltica, and the outcropping basement of the West African craton (area with crosses), supposed to have been, together with the surrounding Pan-African

belts, the main supply area of detritus for the pre-orogenic autochthonous sequences. (b) Same as (a), but with Gondwana in the position preferred by Tait

(1999) and based on the apparent polar wander path of Bachtadse & Briden (1991). It should be noted that this reconstruction implies the existence of a

Proto-Tethys ocean between Armorica and Gondwana. Only this and similar reconstructions, with Gondwana at a high southern latitude during the

Devonian, support the Armorica microplate hypothesis.



construction activity was followed by continental rifting in

Cambro-Ordovician times, which resulted in the drift of the

Avalon microcontinent and other peri-Gondwanan terranes and

the opening of the Rheic oceanic domain (Fortey & Cocks 1988;

Soper 1988). Some palaeomagnetic data suggest that Iberia,

together with the French Armorican Massif, also drifted away

from Gondwana during the Ordovician and collided with Laur-

entia in the Early or Mid-Devonian, prior to the Laurentia–

Gondwana collision. Nevertheless, stratigraphic and palaeogeo-

graphical data suggest a continuity between Iberia and Gondwa-

na throughout the Palaeozoic and deposition of the

autochthonous sequences on the Gondwanan continental margin

(Paris & Robardet 1990; Ribeiro et al. 1990; Martı́nez Catalán et

al. 1997). This margin seems to have been passive from the

Cambrian to the Early Devonian, as suggested by the shallow-

water platform character of most stratigraphic units, and also by

the continuity in the sedimentation.

As regards geochronological constraints, the oldest ages

obtained from upper intercepts and inherited zircons from Iberian

orthogneisses of the autochthon range between 2.7 and 1.8 Ga

(Lancelot et al. 1985; Gebauer 1993) and are similar to those of

the West African craton (Bessoles 1977; Caby 1989), suggesting

a link between the two areas. The crystallization ages of these

orthogneisses range from 620 to 470 Ma (Lancelot et al. 1985;

Allegret & Iglesias Ponce de León 1987; Vialette et al. 1987;

Gebauer 1993; Ochsner 1993; Fernández-Suárez et al. 1998;

Valverde Vaquero & Dunning, 2000), and record the Cadomian

orogeny and the Cambro-Ordovician continental rifting. U–Pb

dating of detrital zircons from Upper Proterozoic sedimentary

rocks in NW Iberia (Fernández-Suárez et al. 2000b) yielded four

main age clusters: Archaean (2.8–2.5 Ga), Palaeoproterozoic (2–

1.8 Ga), Mesoproterozoic (1.2–0.9 Ga) and Neoproterozoic

(800–640 Ma). U–Pb dating of detrital zircons from Lower

Palaeozoic sequences gave roughly the same populations, plus a

Fig. 2. Geological sketch map and composite cross-section of the NW Iberian Massif showing the main groups of rocks and the overall structure.

Location of Figure 3 is outlined.



younger Neoproterozoic (620–550 Ma) population (Fernández-

Suárez et al. 1999, 2000b, 2002b).

As regards the Variscan deformation, several 40Ar/39Ar whole-

rock and muscovite ages were obtained by Dallmeyer et al.

(1997) in low-grade regional cleavages and thrust-related phyllo-

nites of NW Spain. The first cleavage, associated with recumbent

folding (D1), was dated between 360 and 335 Ma, whereas

several ages for the subsequent thrusting (D2) range between 345

and 315 Ma.

Allochthonous complexes

Five complexes crop out in synforms as megaklippen (Fig. 2).

They consist of a stack of allochthonous units comprising

fragments of a peri-Gondwanan terrane on top (upper units),

several ophiolitic units in the middle, and pieces of the subducted

and exhumed outermost margin of Gondwana at the base (basal

units). The units were stacked in Early and Mid-Devonian time,

during the first stages of the Variscan orogeny, and subsequently

thrust over the autochthonous sequences during the Late Devo-

nian–Carboniferous (Martı́nez Catalán et al. 1996; Dallmeyer et

al. 1997), with an intervening thrust system, the parautochthon,

which involves metasediments and volcanic rocks of Gondwanan

affinity (Farias et al. 1987).

In the upper units, early Palaeozoic (500–480 Ma) U–Pb

zircon ages obtained in metabasic rocks, orthogneisses and

migmatites are interpreted as dating the igneous protoliths and

related partial melting (Kuijper 1980; Peucat et al. 1990;

Dallmeyer & Tucker 1993; Abati et al. 1999). Greywackes from

low-grade metasediments of the uppermost unit in the Ordenes

Complex have been investigated for detrital zircon ages, yielding

three age populations of 2.5–2.4 Ga, 2.1–1.9 Ga and 610–

480 Ma (Fernández-Suárez et al. 2003). They record the major

events in the African section of northern Gondwana, where no

Mesoproterozoic events have been identified, and provide a

maximum depositional age for this uppermost sedimentary unit

at c. 480 Ma. The age of metamorphism is constrained in the

upper units by U–Pb ages between 405 and 390 Ma, obtained on

zircons, monazites, titanites and rutile of high-pressure and high-

temperature units (Schäfer et al. 1993; Santos Zalduegui et al.

1996; Ordóñez Casado et al. 2001; Fernández-Suárez et al.

2002a). This Early Devonian metamorphic event was followed

by a subsequent retrograde amphibolite-facies metamorphism at

390–380 Ma (Dallmeyer et al. 1991, 1997; Valverde Vaquero &

Fernández 1996).

One of the ophiolitic units, dated by U–Pb on zircons, yielded

an age of 395 Ma (Dı́az Garcı́a et al. 1999; Pin et al. 2002),

whereas amphibolite-facies metamorphism affected the ophiolites

at 390–380 Ma (Dallmeyer et al. 1991, 1997; 40Ar/39Ar on

hornblende concentrates), closely following oceanic crust genera-

tion. This age is that of the foliation related to ophiolite

imbrication, and represents the closure of the Rheic Ocean or a

marginal oceanic basin (Dı́az Garcı́a et al. 1999; Pin et al.

2002).

In the basal units, granitic and peralkaline orthogneisses have

yielded Rb–Sr whole-rock (Van Calsteren et al. 1979; Garcı́a

Garzón et al. 1981) and U–Pb zircon (Santos Zalduegui et al.

1995) ages of 480–460 Ma, the latter with an inherited compo-

nent of 1.8 Ga. This magmatism reflects the Ordovician rifting

(Ribeiro & Floor 1987; Pin et al. 1992), and is coeval with that

found in the autochthon, suggesting that the basal units formed

part of the northern Gondwana platform. These units represent

the external edge of the continental margin that underwent

subduction followed by thrusting and exhumation during the

Variscan collision (Gil Ibarguchi & Ortega Gironés 1985; Arenas

et al. 1995; Martı́nez Catalán et al. 1996, 1997; Rubio Pascual et

al. 2002). The age of subduction is constrained between the

390–380 Ma age of oceanic closure and the 374–365 Ma Rb–Sr

ages of posteclogitic white micas (Van Calsteren et al. 1979;

Santos Zalduegui et al. 1995). Subsequent high-temperature

metamorphism, previous to thrusting, has been dated at c.

346 Ma by Abati & Dunning (2002; U–Pb in monazite and

rutile).

The parautochthon (Ribeiro et al. 1990) or schistose domain

(Farias et al. 1987) represents a relatively distal part of the

Gondwanan continental margin, and consists of Ordovician to

Devonian sedimentary sequences similar to those of the auto-

chthon, and younger synorogenic flysch deposits (Pereira et al.

1999; González Clavijo & Martı́nez Catalán, 2002). Its has an

imbricate structure, 3–7 km thick, formed during the D2 defor-

mational event and the basal thrust truncates earlier recumbent

D1 folds in the autochthon (González Clavijo 1997). Subse-

quently, open D3 antiforms and synforms affected the allochtho-

nous complexes and the parautochthon, whereas tight folds

developed in the autochthon together with a pervasive tectonic

fabric (Alonso & Rodrı́guez Fernández 1981). Dallmeyer et al.

(1997) obtained an 40Ar/39Ar age of 340 Ma for the regional

cleavage related to thrusting (Marquı́nez Garcı́a 1984) in the

parautochthon, and 316 and 313 Ma in greenschist-facies mylo-

nites associated with the lower imbricates east of the Cabo

Ortegal Complex and in the Verı́n syncline, respectively (Fig. 2).

Variscan granitoids

Granitoids are abundant in the Iberian Massif (Fig. 2), and result

from melting of the continental crust thickened during the

Variscan orogeny. Capdevila (1969), Capdevila & Floor (1970)

and Capdevila et al. (1973) established the main types, which

include a syntectonic biotite- (and hornblende-) rich metalumi-

nous type, formed by melting of the lower crust with variable

mantle participation, a two-mica, peraluminous type, also syntec-

tonic and derived from melting of mid-crustal metasediments

rich in hydrous phases, and a wide group of post-tectonic

granitoids with compositions similar to those of the syntectonic

groups. Scarce U–Pb ages of the syntectonic granitoids range

between 350 and 310 Ma (Gallastegui 1993; Fernández-Suárez et

al. 2000a), with the metaluminous massifs (tonalites, granodior-

ites and monzogranites) being generally older than the peralumi-

nous granites. The post-tectonic intrusions range between 295

and 285 Ma (Fernández-Suárez et al. 2000a).

Synorogenic sediments in the internal zones

Synorogenic sedimentation is well preserved in the two external

zones of the Iberian Variscan belt, the South Portuguese and

Cantabrian Zones, with ages ranging from Late Viséan to Early

Westphalian in the former (Oliveira 1990), and Namurian to

Westphalian in the latter (Marcos & Pulgar 1982; Pérez-Estaún

et al. 1988).

In the internal zones, synorogenic flysch deposits are much

less abundant and have been preserved in the Terena and Los

Pedroches basins, in southern Iberia, and close to the Portuguese

allochthonous complex of Bragança, and in the core of the Sil

syncline in the north. In all these occurrences, the deposits show

a flyschoid and turbiditic character and include metamorphic

pebbles of soft rocks, such as slates and schists, as well as plant

debris. In Terena, their age is Early Carboniferous (Schermerhorn

1971) and includes Tournaisian–Viséan fauna (Giese et al.



1994), although Early Devonian fauna and flora have been

reported in Portugal (Pereira et al. 1998; Piçarra et al. 1998). In

Los Pedroches, their age ranges from Late Tournaisian to Early

Namurian (Martı́nez Poyatos 2002).

To the east of the Bragança complex (Fig. 2), the synorogenic

flysch deposits are called the San Vitero Formation in the

Alcañices synform, in Spain (Martı́nez Garcı́a 1972, 1973) and

Gimonde Formation in Portugal (Meireles 2000a, b), and have

been dated as Late Devonian by plant debris (Teixeira & Pais

1973) and palynomorphs (Pereira et al. 1999). They disconform-

ably overlie the Silurian succession and are involved in the D2

imbricated thrust system separating the allochthonous complexes

from the autochthon (Ribeiro & Ribeiro 1974; Antona &

Martı́nez Catalán 1990; González Clavijo 1997; Meireles 2000a,

b; González Clavijo & Martı́nez Catalán, 2002). The last group

of synorogenic outcrops, in the Sil syncline, forms part of the

study area, and their characteristics are described in the next

section.

Geology of the Courel, Truchas and Sil synclines

The sampling area was chosen based on the presence of a

continuous stratigraphic sequence from the Lower Ordovician to

the Lower Devonian, the low-grade Variscan metamorphic over-

print, the existence of synorogenic deposits and the relative

proximity to the allochthonous complexes. The Courel, Truchas

and Sil synclines (Fig. 3) are Variscan structures close to each

other, but of different tectonic significance. The first is a D1

isoclinal recumbent fold delineated by the Armorican Quartzite,

whose core is occupied by Silurian carbonaceous slates and

Lower Devonian detrital sedimentary rocks and limestones (Drot

& Matte 1967; Matte 1968). The Truchas syncline, to the SE, is

a broad (.20 km) D1 synclinorium formed by many individual

recumbent folds. It is also outlined by the Armorican Quartzite,

and cored by Middle–Upper Ordovician and Silurian pre-oro-

genic deposits. The Courel and Truchas synclines are separated

from each other by a D1 anticline, which is recumbent in the

west (Piornal anticline) and becomes steep to the east (Teleno

anticline). The Sil syncline occurs in the NW continuation of the

Truchas syncline, but this is a narrower (6 km) D3 structure at

whose core a synorogenic Carboniferous flysch, the San Clodio

Formation, occurs. Figure 4 illustrates key stratigraphic columns,

showing correlations among the synclines.

Lower Ordovician–Lower Devonian stratigraphy

The succession starts with the Ollo de Sapo Formation, a Lower

Ordovician thick volcanic and volcaniclastic sequence (Parga

Pondal et al. 1964), and is followed by an alternation of pelites,

sandstones and quartzites known as the Montes Slates (Riemer

1963), culminating in the Armorican Quartzite. This sequence,

of Tremadoc–Arenig age (Matte 1968; Pérez-Estaún 1978) is

conformably overlain by dark grey to black metapelites of

Llanvirn age (Gutiérrez Marco et al. 1988), known as the Luarca

Slates and, in the Truchas syncline, by the Casaio, Rozadáis and

Losadilla Formations (Barros Lorenzo 1989), of Late Ordovician

age (Caradoc–Ashgill; Pérez-Estaún et al. 1990; Sarmiento et al.

1999) and consisting of slates, sandstones and quartzites. To the

north, facies changes result in the three formations being

replaced by the Aquiana Limestone, of Ashgill age (Sarmiento et

al. 1999).

The Silurian succession begins locally with a quartzite, and

mostly consists of grey and black carbonaceous slates and

carbonaceous cherts (lydites). It rest comformably on the Ordovi-

cian sequence in the eastern part of the Truchas syncline and

slightly unconformably elsewhere (Gutiérrez Marco et al. 1988).

The unconformity has been related to block faulting, related

palaeorelief, and a south-to-north transgression (Martı́nez Cata-

lán et al. 1992; Rábano et al. 1993; Sarmiento et al. 1999). In

the Courel and Peñalba synclines, the Silurian sequence is

conformably overlain by a Lower Devonian succession, the

Seceda Formation, beginning with a thin quartzite layer followed

by arenaceous slates containing brachiopods, grey crinoidal lime-

stones and grey slates (Drot & Matte 1967).

The synorogenic San Clodio Formation

Synorogenic turbidites consisting of pelites and greywackes, the

San Clodio Formation, crop out along a NW–SE synformal

structure in the Sil syncline (Fig. 3), a D3 structure refolding

earlier folds (Matte 1968). Riemer (1966) decribed carbonaceous

cherts at the base of the formation, reported thin coal veins,

poorly preserved plant debris, and pebbles of quartzite, slate,

gneiss and granite, and suggested a pre-Stephanian Carbonifer-

ous age, based on the fact that they were folded, but remarking

that deformation is weaker here than in the underlying Ordovi-

cian slates. Matte (1968) discussed the deformation, and found

no appreciable differences in metamorphism and cleavage

development between the San Clodio Formation and older strata.

He did not conclude whether or not the turbidites post-dated the

first Variscan recumbent folds and cleavage. Pérez-Estaún (1974)

described typical turbiditic sedimentary structures such as groove

and flute casts and prod marks, as well as trace fossils in the

pelites. According to him, the greywackes are not older than Late

Devonian on the basis of the plant debris found.

The San Clodio Formation rests usually on Middle to Upper

Ordovician slates but often a few metres of Silurian carbonac-

eous slates and cherts occur between the turbidites and the

underlying Ordovician units, and these rocks are commonly

sheared and phyllonitized, indicating that they mark a detach-

ment, which may be either a thrust fault or a gravity-driven

structure (Barrera Morate et al. 1989). An underlying allochtho-

nous sheet including the reverse limb of a recumbent anticline

supports the presence of D2 thrusts in the Sil syncline (Fig. 3b,

Section I). Furthermore, the lithologies of the San Clodio

Formation are very similar to that of the San Vitero Formation in

the Alcañices synform, described in the previous section and

which crops out on top of Silurian carbonaceous slates and cherts

in thrust sheets subsequently folded and preserved in the core of

a D3 syncline (González Clavijo & Martı́nez Catalán, 2002). It is

worth noting that the presence of synorogenic sedimentary rocks

in thrust sheets derived from more internal parts of the orogen

seems to be a common feature in other parts of the Variscan Belt

(Franke & Engel 1986).

Sample description

Three pre-orogenic quartzites (PO-1, 2, 3) and two synorogenic samples

(SO-1, 2), a greywacke and a conglomerate, were collected from the

Upper Ordovician–Lower Devonian succession and in the San Clodio

Formation, respectively. The sampling locations and stratigraphic and

structural positions are shown in Figures 3 and 4.

PO-1 was sampled in a quartzite horizon at top of the Casaio

Formation, in the Truchas syncline. It is a reddish brown sandstone

formed by detrital quartz, plagioclase, feldspar and muscovite, with

subordinate apatite, zircon and opaque minerals. The rock is equigranular

and fine grained, rich in Fe-oxides, and has a weak tectonic foliation

showing evidence of white mica recrystallization. According to its



stratigraphic position, its age is Late Ordovician, most probably Ashgill

(Sarmiento et al. 1999).

PO-2 is a quartzite at the base of the Silurian succession, also in the

Truchas syncline. It is a medium-grained quartzite consisting of quartz,

plagioclase, carbonate and subordinate tourmaline, zircon and opaque

minerals. A weak foliation is marked by the preferred orientation of

quartz grains.

PO-3 is a quartzite at the base of the Devonian succession sampled to

the north of Folgoso, in the Courel syncline. It is the most mature of the

three pre-orogenic quartzites sampled, and consists of quartz and very

Fig. 3. (a) Geological map of the Courel, Truchas and Sil synclines and surrounding areas, showing the sampling localities. (b) Geological sections. Fine

dashed lines represent axial surfaces of D1 recumbent folds and associated cleavage. It should be noted that D1 folds are cut by thrusts (D2) and both are

overprinted by later upright folds (D3). Sampling localities have been projected into the closest section to show their structural position.



little muscovite, with minor tourmaline and zircon. Chloritoid is also

present as a metamorphic phase. It is the most strongly foliated of the

three quartzites, with the quartz grains showing preferred shape fabric

and internal deformation.

SO-1 is a coarse-grained greywacke from Pobra de Brollón. It consists

of clasts of angular to rounded quartz, plagioclase, tourmaline and rock

fragments, up to 3 mm in diameter. The rock fragments are the most

abundant and include very low-grade to greenschist-facies metapelites,

polycrystalline quartz or quartzites, and gneisses. All the fragments

derive from strongly deformed rocks. The metapelite clasts show at least

one cleavage and commonly a second crenulation cleavage previous to

the greywacke cleavage. The individual quartz grains, the quartz

aggregates and the gneisses show intense ductile deformation under low-

temperature conditions. A rough cleavage, mainly formed by pressure

solution, affects the whole rock. In the outcrop, this is a low-dipping

cleavage folded by open steep folds. Chlorite and white mica are

recrystallized in the matrix.

SO-2 is a conglomerate from Rubián, similar in composition to the

previous sample and with a comparable rough cleavage. The pebbles are

usually 1–3 cm in diameter with occasional larger clasts. A large pebble

(10 cm) with a gneissose appearance is a retrograded orthogneiss,

consisting of quartz, plagioclase, feldspar and muscovite, with relics of

biotite, mostly chloritized, and a weakly folded tectonic foliation. The

feldspar in this large pebble occurs in large phenocrysts, similar to some

large individual feldspars found in the matrix.

Analytical methods: U–Pb zircon dating

Mineral separation was carried out at the Universidad Complutense

(Madrid) following conventional techniques. Zircons were hand-picked in

alcohol under a binocular microscope and chosen to represent all types

found in the samples in terms of size, length to breadth ratio, roundness,

colour and other salient morphological features.

The zircon grains were mounted in epoxy discs and polished. Back-

scattered electron images were obtained for all grains selected for laser

ablation–inductively coupled plasma mass spectrometry (LA–ICP-MS)

analysis to ensure ablation of homogeneous zircon domains. Grain

mounts containing the samples and zircon standards were cleaned in 2N

nitric acid for c. 1 h before analysis. Analyses were performed using a

custom-built UV laser ablation microprobe (LAM; Norman et al. 1996)

coupled to an Agilent 4500, Series 300 ICP-MS system at the GEMOC

Key Centre, Macquarie University. ICP-MS operating conditions and data

acquisition parameters are listed in Table 1.

Samples and standard were ablated in a custom-built sample chamber

using He to carry ablated material out of the sample cell and into the

ICP-MS system. Identical laser operating conditions (laser energy and

degree of defocusing) were rigorously maintained throughout each run of

20 analyses to ensure constant U–Pb fractionation. It should be noted

that the effect of any uncorrected U–Pb fractionation is to move data

points along a chord corresponding to zero-age Pb loss or gain in the

concordia plot, without affecting the 207Pb/206Pb ratios. Ablation pit

diameter was generally 40–50 �m.

Samples were analysed in separate ‘runs’ of 20 analyses comprising 12

analyses of unknowns bracketed, before and after, by four analyses of the

GEMOC GJ-1 zircon standard. This zircon contains c. 230 ppm U and

Fig. 4. Stratigraphic columns of the study area showing the sampled units. The left parts of the columns depict the stratigraphic subdivisions mapped in

Figure 3.

Table 1. Operating conditions and data acquisition parameters for LA–
ICP-MS U–Pb analyses

ICP-MS
Model HP 4500 (Series 300)
Forward power 1350 kW
Gas flows
Plasma Ar 13 l min�1

Auxiliary Ar 0.8 l min�1

Carrier He c. 1 l min�1, Ar c. 0.9 l min�1

LAM
Wavelength 266 nm
Repetition rate 10 Hz
Pulse duration (FWHM) 6 ns
Focusing objective 103, UV laser achromat, f.l. ¼ 20 mm
Degree of defocusing 200 �m (above sample)
Measured pulse energy 0.2–0.4 mJ
Data acquisition parameters
Data acquisition protocol Time-resolved analysis
Scanning mode Peak hopping, 1 point per peak
Dwell times

206Pb, 238U 15 ms
207Pb 30 ms
208Pb, 232Th 10 ms



multiple thermal ionization mass spectrometry (TIMS) analyses show it

to be 608.5 � 0.4 Ma old (207Pb/206Pb age) and very slightly discordant

(F. Corfu, pers. comm.).

Each analysis took c. 180 s, with gas background measurements being

taken over the first c. 60 s, prior to initiation of ablation. Data were

acquired on five isotopes using the instrument’s time-resolved analysis

data acquisition software with short dwell times to provide quasi-

simultaneous measurement of the five masses and optimum precision.
204Pb was not determined because of low count rates and the isobaric

interference from Hg, which is a significant contaminant in the Ar supply

gas. The time-resolved analysis software determines signal intensity data

for each mass sweep performed by the mass spectrometer. Time-resolved

signals (i.e. signals as a function of time, which is a proxy for ablation

depth) generally allow isotopic heterogeneity within the ablation volume

to be clearly identified (e.g. zones of Pb loss or common Pb related to

fractures or areas of radiation damage; also inclusions, inherited cores,

etc.).

Raw data were processed using glitter, an in-house on-line data

reduction program. 208Pb/232Th, 207Pb/206Pb, 206Pb/238U and 207Pb/235U

(235U ¼ 238U=137:88) ratios were calculated for each mass sweep and the

time-resolved ratios for each analysis were then carefully examined.

Optimal signal intervals for the background and ablation data were

selected for each sample and automatically matched with identical time

intervals for the standard zircon analyses, thus correcting for the effects

of ablation- or transport-related U/Pb fractionation and mass bias of the

mass spectrometer. Net background-corrected count rates for each isotope

were used for calculation of sample ages. The data in the tables show

internal precision (1�) based on counting statistics on standards and

sample. Concordia and intercept ages were calculated using isoplot 2.49

(Ludwig 2001).

To monitor the quality of the data, analyses of well-characterized

zircons such as the Mud Tank zircon (732 � 5 Ma; Black & Gulson

1978) and 91500 (1064 Ma; Wiedenbeck et al. 1995), have been

performed within each separate run of 20 analyses. The U–Pb age data

obtained for Mud Tank and 91500 zircons during analytical sessions are

given in comparison with isotope dilution (ID)-TIMS data for those

zircons in Table 2.

Common-lead correction. In ID-TIMS U–Pb analyses, common lead is

measured by analysis of 204Pb, and the isotopic composition of lead is

corrected accordingly. However, LA–ICP-MS U–Pb analyses do not

report 204Pb, because of the low peak/background ratio of the 204Pb peak

owing to the presence of Hg in the argon nebulizer gas. An alternative

approach to common-lead correction of U–Pb data proposed by

Andersen (2002) has been applied to the U–Th–Pb isotope data collected

in this study, except when the data were initially concordant or in cases

where the detected common lead is below error and therefore not

significant for the age reported.

Results

General

A total of 240 analyses were performed on single grains from the

five samples. Of these, 68 were rejected based on the criteria

reported below. The results are shown as concordia diagrams

(Fig. 5) and histograms (Fig. 6). A table of LA–ICP-MS U–Th–

Pb results is available as a Supplementary Publication, which can

be obtained from the Society Library or the British Library

Document Supply Centre, Boston Spa, Wetherby, West Yorkshire

LS23 7BQ, UK as Supplementary Publication No. SUP18197 (6

pages). It is also available online at http://www.geolsoc.org.uk/

SUP18197, or from the corresponding author on request.

Although the analytical methods and BSE imaging (see above)

ensure ablation of homogeneous zircon domains, analyses with

.20% discordancy (calculated from [206Pb/238U]/[207Pb/206Pb]

age) after common-lead correction were rejected. Using the

analytical approach described above, it can be assumed con-

fidently that discordance in the selected analyses did not

originate by mixing of differently aged zircon domains but by

lead loss and/or U–Pb elemental fractionation.

As a routine further precaution, those discordant analyses

whose 207Pb/206Pb ages have no concordant counterparts are not

used to derive geological conclusions. In other words, we

consider only the conclusions that would not be affected if solely
207Pb/206Pb or 206Pb/238U ages were used. Another useful

criterion in evaluating detrital zircon U–Pb data is the reproduci-

bility of age patterns in samples that are considered equivalent

on the basis of independent geological criteria (e.g. Fernández-

Suárez et al. 2002c) as is the case of some of the samples

studied here.

The ages reported in the histograms of Figure 6 are obtained

as follows: (1) for concordant analyses (ages whose correspond-

ing isotope ratios have a 2� error ellipse that overlaps the

concordia curve) we use concordia ages and errors as defined by

Ludwig (1998); (2) for normally discordant analyses we report

the upper intercept age and 2� error of a discordia forced

through 0 � 5 Ma, which gives a more realistic estimation of

errors, particularly in zircons with low 207Pb; (3) for reversely

discordant zircons younger than c. 1000 Ma and whose 207Pb/
206Pb ages have large errors owing to small amounts of 207Pb we

use the more precise 206Pb/238U age.

If we assume that discordant analyses are caused mainly by Pb

loss and, as the effect of possible episodic Pb loss at intermediate

ages cannot be confidently evaluated, then individual 207Pb/206Pb

dates represent minimum ages of growth for a given zircon.

However, in this type of study, the clustering of grain ages is the

key indicator of zircon-forming events. As the effect of Pb loss

is to disperse zircon ages (i.e. broadening the spectra), the

presence of well-defined clusters must be considered geologically

significant (e.g. Ireland et al. 1998; Fernández-Suárez et al.

2002c).

Age populations in pre-orogenic samples

The three pre-orogenic quartzites have yielded the same five age

populations: Archaean (2.7–2.5 Ga), Palaeoproterozoic (2.2–

1.8 Ga), Mesoproterozoic (1.1–1 Ga), Neoproterozoic (990–

555 Ma), and three zircons with Palaeozoic ages of 537, 516 and

499 Ma (Fig. 6).

The Precambrian age clusters are roughly the same as those

found in the Upper Proterozoic, Lower Cambrian and Lower

Ordovician sedimentary rocks of NW Iberia (Fernández-Suárez

Table 2. U–Pb data for the Mud Tank and 91500 zircons compared with ID-TIMS data

TIMS 207Pb/206Pb 206Pb/238U MSWD 207Pb/235U MSWD 207Pb/206Pb MSWD

91500 1065.4 (Wiedenbeck et al. 1995; n ¼ 11)
(n ¼ 53) 1051 � 5 4.5 1055 � 3 1.6 1064 � 6 0.15
Mud Tank 734 � 32 (Black & Gulson 1978; n ¼ 5)
(n ¼ 51) 736 � 3 2.3 735 � 3 0.12 737 � 7 0.98



et al. 2000b, 2002c). The transition from the Cadomian orogeny,

recorded by the Neoproterozoic population, to the Cambro-

Ordovician rifting, is mainly marked by the scarce 535–500 Ma

population, which had not been previously detected in the Lower

Cambrian arkoses, the Ollo de Sapo Formation (Fernández-

Suárez et al. 2000b) or the Armorican Quartzite (Fernández-

Suárez et al. 2002b) of NW Iberia.

Age populations in synorogenic samples

The greywacke and the conglomerate from the San Clodio

Formation have both yielded four zircon age populations:

Archaean (2.9–2.5 Ga), Palaeoproterozoic (2.3–1.8 Ga), Neopro-

terozoic–Ordovician (660–470 Ma), and latest Silurian–Carbo-

niferous (417–324 Ma). The main differences from the pre-

orogenic samples are: (1) the absence of a Mesoproterozoic

population; (2) the absence of an older Neoproterozoic popu-

lation; (3) the continuity between the Neoproterozoic and Early

Palaeozoic ages; (4) the younger Early Palaeozoic ages; (5) the

presence of a Late Palaeozoic population recording Variscan

events.

In the conglomerate, which has a larger Late Palaeozoic

population, the youngest zircon dated is concordant with a

324 � 7 Ma age. This datum establishes a maximum Late

Viséan–Early Namurian depositional age for the San Clodio

Formation according to the geological timetables of Cowie &

Bassett (1989) and Haq & Van Eysinga (1998). Moreover, the

apparent absence of younger zircons in an area of active

tectonism and abundant syntectonic magmatism, ranging between

350 and 310 Ma (Gallastegui 1993; Fernández-Suárez et al.

2000a), suggests that the Early Namurian is probably the actual

age of sedimentation.

Three zircons extracted from the large pebble of orthogneiss

yield a concordia age of 511 � 7 Ma (Fig. 5e) in agreement with

similar ages for the matrix zircons. An older core yielded a

discordant Palaeoproterozoic 207Pb/206Pb age of 1769 Ma.
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Discussion and geological significance

The Armorica hypothesis

The Armorica plate, as it is usually conceived, was composed of

the Iberian, Armorican and Bohemian Massifs (Van der Voo

1993; Tait et al. 1997; Tait 1999). All massifs were covered by a

fairly continuous Palaeozoic detrital succession, ranging in age

from the Cambrian or Early Ordovician to the Devonian, whereas

large outcrops of basement older than the Neoproterozoic, which

could have acted as supply areas, are absent.

A salient feature of the data set is that the Precambrian age

clusters of our samples are identical to those reported for the

Neoproterozoic sedimentary rocks underlying these Palaeozoic

sequences. This implies either the same source area, or a

recycling of previous deposits. Some recycling was probably

related to normal faulting and erosion of the elevated blocks, as

has been proposed for the Upper Ordovician sequence in the

study area (Marcos 1973; Pérez-Estaún & Marcos 1981; Pérez-

Estaún et al. 1990; Martı́nez Catalán et al. 1992). However, this

erosion and recycling must have been of limited extent, as only

small portions of the sequence are omitted, and cannot account

for the voluminous pre-orogenic detrital deposits.

The marked scarcity of recycled Cambro-Ordovician zircons

(representing granitoids and coeval volcanic rocks) and, in

particular, the absence of 490–460 Ma ages that could represent

the erosion of the Ollo de Sapo volcanic rocks argues against the

reworking of older deposits. The fact that these rocks were not

supplying detritus to the sedimentary basin is consistent with

the geological observation that they always appear covered by

the younger deposits, with little or no discontinuity until the

Devonian.

Our data suggest a common source area for the Neoproter-

ozoic and the pre-orogenic Palaeozoic sediments, deposited

before the start of the Variscan orogeny. This area would have

included the West African craton and the surrounding Pan-

African belts, with the addition of a terrane with Mesoproter-

ozoic rocks or its erosion products, possibly an Amazonian or

Oaxacan terrane, as suggested by Fernández-Suárez et al.

(2002c). These data are consistent with the permanence of Iberia

in the northern margin of Gondwana (Fig. 1a) throughout the

Palaeozoic, as is also suggested by faunal studies (Cocks &

Fortey 1988; Paris & Robardet 1990; Robardet et al. 1990;

Robardet 2002, 2003), and do not support the existence of an

independent Armorica microplate (Fig. 1b).

Provenance and tectonic significance of the San Clodio
Formation

The absence of a Mesoproterozoic population in the synorogenic

samples indicates that the underlying Palaeozoic and Upper

Proterozoic sediments did not supply significant detritus to the

San Clodio Formation. Furthermore, although the Ordovician

population matches that found in the Ollo de Sapo Formation

(490–460 Ma; Fernández-Suárez et al. 2000b), the lack of 1.1–

0.9 Ga zircons also indicates that this formation did not feed the

synorogenic deposits.

The only known potential source whose age spectrum fits the

zircon ages of the San Clodio Formation is the allochthonous

complexes, where the uppermost low-grade metasedimentary

succession of the Ordenes Complex includes 2.5–2.4, 2.1–

1.9 Ga and 610–480 Ma age clusters and lacks the Mesoproter-

ozoic and the Early Neoproterozoic populations (Fernández-

Suárez et al. 2003). The low-grade pelitic clasts found in the

greywackes and conglomerates could be derived from the upper-

most unit of the allochthonous complexes, although such rock

types are also common in the basal units, and can be found in

two of the ophiolitic units.

The age of the orthogneiss pebble, 511 � 7 Ma, fits that of the

same type of rocks in the upper units (Dallmeyer & Tucker

1993; Abati et al. 1999), whereas younger Ordovician ages fit

those of granitic and peralkaline orthogneisses of the basal units

(Van Calsteren et al. 1979; Garcı́a Garzón et al. 1981; Santos

Zalduegui et al. 1995).

Late Silurian and Devonian ages between 417 and 360 Ma

may reflect the exhumation of medium- to high-grade rocks of

many of the allochthonous units (Van Calsteren et al. 1979;

Dallmeyer et al. 1991, 1997; Schäfer et al. 1993; Santos

Zalduegui et al. 1996; Ordóñez Casado et al. 2001; Fernández-

Suárez et al. 2002a) and, to a limited extent, the local generation

of oceanic crust (Dı́az Garcı́a et al. 1999; Pin et al. 2002).

Finally, Early to Mid-Carboniferous zircons (355–324 Ma)

may be derived from rocks with high-temperature metamorphism

and migmatization of comparable age found in some basal units
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(346 Ma; Abati & Dunning, 2002) and possibly also from

Variscan granites intruded in the complexes.

The relationship between synorogenic sedimentation and

thrusting of the allochthonous complexes was described by

González Clavijo & Martı́nez Catalán (2002), and is sketched in

Figure 7. The complexes were stacked during the Devonian in an

accretionary wedge to the west or NW of the Rheic oceanic basin

(Martı́nez Catalán et al. 1997). After oceanic closure, continental

collision of Laurentia and Baltica with Gondwana gave rise to a

first deformational event characterized by partial underthrusting

of the Gondwanan crust and the development of recumbent folds.

Synorogenic flysch deposits were laid down in front of the

advancing allochthonous complexes, and were overridden by

them. If the Gimonde Formation has a Late Devonian age

(Pereira et al. 1999), the Late Viséan–Early Namurian age of the

San Clodio Formation would confirm the progradation of the

deformation to the east, with the youngest deposits cropping out

far from the allochthonous complexes and forming part of the

lowermost imbricates.

Conclusions

Five zircon age populations have been found in Upper Or-

dovician to Lower Devonian quartzites of the autochthonous

pre-orogenic sequences of NW Iberian Massif: Archaean

(2.8–2.5 Ga), Palaeoproterozoic (2.3–1.8 Ga), Mesoproterozoic

(1.1–1 Ga), Neoproterozoic (990–555 Ma) and Palaeozoic

(535–500 Ma). All but the last age cluster had been previously

reported in Neoproterozoic, Lower Cambrian and Lower Ordovi-

cian sedimentary rocks in the same area of NW Spain

(Fernández-Suárez et al. 2000b, 2002b), and the similarity of

detrital zircon ages throughout the pre-orogenic sequences sug-

gests a common source area from Neoproterozoic to Early

Devonian time. Our data do not favour the existence of Armorica

as a separate microplate. Instead, they indicate that the Iberian

Massif remained attached to the northern margin of Gondwana

until the Early Devonian and support the palaeomagnetic data

yielding a relatively low palaeolatitude for Gondwana in the

Devonian (Fig. 1a).

Synorogenic greywackes and conglomerates have yielded four

zircon age populations: Archaean (2.9–2.5 Ga), Palaeoprotero-

zoic (2.3–1.8 Ga), Neoproterozoic–Ordovician (660–470 Ma)

and latest Silurian–Carboniferous (417–324 Ma). The youngest

concordant zircon (324 Ma) establishes a maximum limit for the

depositional age of the San Clodio Formation but, taking into

account its synorogenic character, this age probably reflects very

closely the time of sedimentation. Correlation with published

detrital zircon ages points to the allochthonous complexes of

NW Iberia as the source area, confirming the close link between

their emplacement and synorogenic sedimentation (González

Clavijo & Martı́nez Catalán, 2002).

These results are a further proof of the value of detrital zircon

studies in palaeotectonic reconstructions, and such studies, when

used in conjunction with structural work, can help to refine

structural models and better constrain collisional processes.

This work forms part of the research carried out in project 1FD1997-

0959-C03-03 of the Dirección General de Enseñanza Superior e Investi-

gación Cientı́fica, of the Spanish Ministerio de Educación y Cultura. M.

Lombardero is acknowledged for help with the sampling of two

quartzites and their precise location in the stratigraphic columns. T.

Andersen and B. Murphy are thanked for their critical reviews and
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Tánago, J. & Dunning, G. 1999. Tectonic evolution of the Careón ophiolite

(Northwest Spain): a remnant of oceanic lithosphere in the Variscan belt.

Journal of Geology, 107, 587–605.

Drot, J. & Matte, Ph. 1967. Sobre la presencia de capas del Devoniano en el

lı́mite de Galicia y León (NW de España). Notas y Comunicaciones del

Instituto Geológico y Minero de España, 93, 87–92.
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Europe. Bulletin de la Societé Géologique de France, 8(2), 25–33.

Gallastegui, G. 1993. Petrologı́a del macizo granodiorı́tico de Bayo-Vigo

(Provincia de Pontevedra, España). PhD thesis, University of Oviedo.
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Martı́nez Garcı́a, E. 1972. El Silúrico de San Vitero (Zamora). Comparación con

las series vecinas e importancia orogénica. Acta Geológica Hispánica, 7,

104–108.

Martı́nez Garcı́a, E. 1973. Deformación y metamorfismo en la zona de Sanabria.

Studia Geologica Salmanticensia, 5, 7–106.

Martı́nez Poyatos, D.J. 2002. Estructura del borde meridional de la Zona
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