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New geochronological data from the Canigo massif (Eastern Pyrenees) using U-Ph SIMS on zircon provide 

evidence of the existence of a Late Ordovician (456-446 Ma) plutonic event that emplaced granitic and 

dioritic bodies into a Late Neoproterozoic-Early Paleozoic metasedimentary series. These are the first 

geochronological data documenting this magmatic episode in the Pyrenees, which is coeval with 

synsedimentary vo1canism and normal fault development in rocks of the Upper Ordovician. This Late 

Ordovician magmatic event postdates a ?Middle Ordovician compressional episode recorded in the pre

Upper Ordovician sequence, and is distinct from an Early Ordovician magmatic event that gave rise to the 

protoliths of large gneissic bodies cropping out in the Pyrenees. This evolution argues against a continuous 

extensional regime related to the opening of the Rheic or the Rheic and Paleotethys oceans in this segment of 

the Northern Gondwana margin during the Ordovician and Silurian. 
Canig6 massif 
Eastern Pyrenees 

1. Introduction 

Orthogneiss bodies are widespread in the pre-Upper Ordovician 
sequences of the Eastern Pyrenees. Recent geochronological data show 
that the protoliths of some of these gneisses emplaced into the 
lowermost part of the metasedimentary series (the Port gneiss in the 
Cap de Creus massif and the Mas Blanc gneiss in the Roc de Frausa 
massif, Fig. 1), are related to an episode of Late Neoproterozoic-Early 
Cambrian magmatism (553 ±4 Ma and 560± 7 Ma respectively, Casti
fieiras et al., 2008a). Younger, Early-mid-Ordovician magmatism (477-
460 Ma, Cocherie et al., 2005; Castifieiras et al., 2008a; Liesa et al., in 
press) emplaced the protoliths of large laccolithic gneiss bodies into the 
middle part of the pre-Upper Ordoviciansuccession. These gneisses crop 
out at the core of a series of antiformal massifs (Canigo, Roc de Frausa 
and Albera gneisses, Fig. 1). This Early Ordovician magmatism, which is 
related to the break-up of the northern Gondwanan margin, is 
widespread in other areas of the European Variscides (Vialette et al., 
1987; Pin and Marini, 1993; Valverde-Vaquero and Dunning, 2000; 
Helbing and Tiepolo, 2005; Talavera et al., 2008; Oggiano et al., 2010-
this issue. Yet other gneissic and metabasite bodies have not been dated 
or have yielded incondusive ages. This is the case for the Casemi and 
Cadi gneisses that crop out in the central part of the Canigo massif and 

* Corresponding author. Tel.: +34 934021388. 
E-mail address: casas@ub.edu (J.M. casas). 

constitute the deepest metaplutonic rocks of the Eastern Pyrenees 
(Figs. 2-4). In this paper, we present new geochronological data using 
U-Pb SIMS (SHRIMP) on zircon obtained from four samples of the 
Casemi and Cadi gneisses in the Canigo massif (Fig. 4). The data 
document a well-defined Late Ordovician magmatic event that gave rise 
to the intrusion of granitic and dioritic bodies into the lower part of the 
pre-Upper Ordovician sequence. We discuss the significance of this 
event in relation to Upper Ordovician volcanism and Ordovician 
deformational events in the Pyrenees. 

2. Geological setting 

The Canigo massif is an E-W oriented antiformal structure that 
reflects the superposition of two Late Variscan fold systems and/or 
the development of a fold linked to the underlying Alpine thrust 
(Figs. 2 and 3). As in the rest of the Eastern Pyrenees, the Variscan 
rocks were uplifted in response to Oligocene-Miocene extensional 
tectonics. A set of NE-SW and NW-SE normal faults (Fontbote and 
Guitard, 1958) (Figs. 2 and 3) were active during Oligocene-Neogene 
times and some of them were reactivated during the Pliocene (Maurel 
et al., 2002). The normal motion on these faults exerted a strong 
influence on topography, favouring the outcrop of the lowermost 
materials. For instance, the Marialles and Mentet-Fillols faults cut 
across the central part of the massif and account for the outcrop of the 
series underlying the Canigo gneiss in this part of the massif (Figs. 2 
and 3). As a result, one of the most complete pre-Upper Ordovician 
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Fig. 1. Geological sketch map of the Variscan basement and cover sequences in the Eastern Pyrenees. 

sequences of the Pyrenees is preserved in the Canigo massif (Fig. 1). 
This sequence is divided into two parts by the Canigo gneiss, which is 
a thick (3000 m) granitic orthogneiss body (Figs. 2-4). 

The sequence overlying the gneiss is mainly composed of metapelites 
(up to 3000 m thick) interbedded with numerous layers of metabasites, 
rhyodacitic tuffs, marbles, quartzites and cale-silicate rocks. The age of 

this sequence is a matter of debate because of its unfossiliferous 
character, although trace fossils have recently been found. A mid- to Late 
Cambrian (Abad, 1987; Laumonier, 1988) or Late Cambrian to Early 
Ordovician age (Guitard et al., 1998) has been proposed for its upper 
part Recent radiometric dating (U-Pb SIMS on zircon) of an interlayered 
metatuff has yielded Late Neoproterozoic-cambrian ages (581 and 
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Fig. 2. Geological map of the canig6 massif showing sample locations, the location of the Marialles and Cortalets refuges, and the cross-section line illustrated in Fig, 3, Modified 
after Guitard (1970), Santanach (1972), Casas (1984), and Ayora and Casas (1986), 
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540 Ma) for the middle part of the succession (Cocherie et al., 2005 and 
Castifieiras et al., 2008a respectively). U-Pb age data have also shown 
that the Canigo gneiss is derived from an Early Ordovician granite 
intruded into the pre-Upper Ordovician metasedimentary sequence 
(Cocherie et al., 2005). These data preclude a Cadomian granitic 

basement protolith for the Canigo gneiss, thereby invalidating the 
basement-cover model previously proposed by Guitard (1970) (see 
discussion in Laumonier et al., 2004). 

The series underlying the gneiss (Balaig series, Guitard, 1953) is 
up to 1500 m thick and comprises a succession of mica schists with 
marble, quartzite and metabasite intercalations. This series is lithol
ogically and chemically very similar to the lower part of the Late 
Neoproterozoic-pre-Upper Ordovician metasedimentary sequence, 
favouring Guitard's (1970) interpretation of the Balaig series as the 
equivalent of the lowermost part of this sequence repeated under the 
Canigo gneisses by means of a large recumbent fold. Geochronological 
and regional data, however, refute this model (see discussion in 
Laumonier et al., 2004 and Castifieiras et al., 2008a) and establish the 
Balaig mica schists and underlying Cadi gneiss as the deepest rocks in 
the Canigo massif. The age of the Balaig series remains unresolved, 
although an age slightly older than the plutonic rocks in the lower part 
in equivalent series in the Cap de Creus and Roc de Frausa massifs 
seems likely (older than 7600 Ma, Castifieiras et al., 2008a). 

The Casemi gneiss (Guitard, 1970) constitutes the most remarkable 
metaigneous intercalation in the Balaig series (Fig. 4). It is a laccolithic 
body mainly made up of fine-grained biotitic and amphibolic granitic 
gneisses up to 1000 m thick that form the highest peaks of the massif. 
According to Guitard (1970), these gneisses were derived from an acidic 
volcanic body interlayered within the mica schists. Delaperriere and 
Soliva (1992) obtained an age of425 ± 18 Ma (Wenlock) for the Casemi 
gneiss based on single-crystal Pb evaporation method on zircon, which 
favours an intrusive origin for the protolith of this gneiss. However, this 
Silurian age seems to be unrelated to any other magmatic occurrence in 
the pre-Variscan rocks of the Pyrenees. 

The deepest rocks in the Canigo massif are the Cadi gneisses 
(Guitard, 1970), which crop out in the footwall of the Mentet-Fillols 
fault underlying the Balaig series (Figs. 2-4). They are granitic augen 
gneisses with lithological characteristics similar to those of the Canigo 
gneisses. No geochronological data are presently available and the 
interpretation of Guitard (1970) that the Cadi gneisses are a tectonic 
repetition of the Canigo gneisses under the Balaig series is mainly 
based on their similar lithological characteristics. 

The whole succession was affected by polyphase Variscan deforma
tion (late Visean to Serpukhovian) accompanied by high temperature
low pressure metamorphism (Guitard, 1970; Zwart, 1979). Syn- to late
orogenic (Moscovian-Kasimovian) granitoids intruded mainly into the 
upper levels of the succession, producing local contact metamorphism 
(Autran et aI., 1970). 

3. SHRIMP U-Pb zircon geochronology 

Five samples were collected for U-Pb zircon analysis from the 
lower sequences in the central part of the Canigo massif (Figs. 2 and 4) . 
Sample CG-07-1 was collected from the Cadi gneiss in the footwall of 
the Mentet-Fillols fault (lITM: x448973,y4706647,zl140 m). The sam
pie has a gneissic-mylonitic texture with feldspar porphyroclasts. 
K feldspar is more abundant than plagioclase, which is altered to sericite. 
Matrix minerals are recrystallized quartz, biotite, chlorite and epidote 
from biotite, rutile and opaque ore. 

The Casemi gneiss was sampled near the Marialles refuge (CG-07-3, 
UTM: x451605,y4705755, z1724 m) and at the base of the Canigo peak 
(CG-07-5, UTM: x455550, y4707616, z2445 m). Sample CG-07-03 is a 
homeoblastic foliated gneiss, rich in quartz and amoeboid feldspar. Mica 
is scarce, and muscovite is more abundant than biotite. Epidote and 
opaque ore are also present. Sample CG-07-05 is also a homeoblastic 
gneiss, with feldspar porphyroclasts and matrix made up of quartz, 
biotite, hornblende, pyramidal zircon, allanite and opaque ore. 

Additionally, two samples of metabasite interlayered in the Balaig 
mica schists were collected. Sample CG-07-2 (UTM: x451675, 
y4704840, z1800 m) was collected near the Marialles refuge and is 
an amphibolite (metadiorite) comprising amphibole, hornblende, 



plagioclase and quartz. Biotite is scarce and accessory minerals are 
titanite and opaque ore. The fabric is foliated and lineated and grain 
size is homogeneous. Sample CG-07-4 was collected near the Cortalets 
refuge (UTM: x457039, y4709327, z1926 m) and is a well-foliated 
amphibolite made up of green amphibole, zoisite, titanite and scarce 
chlorite and plagioclase. 

3.1. Zircon description 

Zircon from the collected samples was isolated at the Universidad 
Complutense (Madrid) using a combination of gravimetric (Wilfleytable 
and methylene iodide) and magnetic (Frantz isodynamic separator) 
techniques. 

Zircon crystals from the Cadi gneiss (sample CG-07-1) are colourless 
to pale yellow prisms with breadth-to-length ratios between 1:2 and 
1 :3, well-developed composite pyramidal faces, and are virtually free of 
inclusions. Under cathodoluminescence (a), they exhibit clear core
rim structures with abundant inherited cores rimmed by magmatic 
oscillatory zones (Fig. Sa). 

Zircon grains from one of the Casemi gneiss samples (CG-07-3) are 
broken colourless prisms with simple pyramids, irregular faces and 
common inclusions. Under CL, they are luminescent, with some grains 
displaying broad homogeneous or sector zoned central areas sur
rounded by finely zoned oscillatory bands; in other cases, the whole 
grain has an oscillatory zoning (Fig. 5b). In the other Casemi gneiss 
sample (CG-07-5), zircons are small, stubby colourless to deep brown 
grains with pitted faces and some inclusions. They are moderately 
luminescent with oscillatory zoning (Fig. 5c). 

The metabasite interlayered in the Balaig series (sample CG-07-2) 
corresponds to a microdiorite. Zircon grains in this sample are large, 
broken, colourless to brownish prisms with tetragonal pyramids and 
irregular or pitted faces. There are abundant inclusions of major 
minerals. They are poorly luminescent and display homogeneous central 
areas surrounded by hazy oscillatory zones (Fig. 5d). The other 
metabasite sample collected in the Balaig series (sample CG-07-4) 
yielded no zircon crystals. 

3.2. Analytical methods 

About 35 representative zircon grains per sample were hand picked 
under a binocular microscope and mounted in parallel rows on a double
sided adhesive together with some chips of zircon standard R33 (Black 

(a) CG-07-1: Cadi gneiss 
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et al., 2004). After being set in epoxy resin, the zircons were ground 
down to expose their central portions by using 1500 grit wet sandpaper, 
and polished with 6 J.Ull and 1 J.IIl1 diamond abrasive on a lap wheel. Prior 
to isotopic analysis, the internal structure. inclusions, fractures and 
physical defects were identified with transmitted and reflected light on a 
petrographic microscope, and with cathodoluminescence on a]EOL]SM 
5600 electron microscope housed at SUMAC (Stanford-US Geological 
Survey micro analytical centre). After the analysis, secondary electron 
images were taken to locate the exact position of the spots. 

U-Th-Pb analyses of zircon were made on the Bay SHRIMP-RG 
(sensitive high resolution ion microprobe-reverse geometry) jointly 
operated by the US Geological Survey and Stanford University in the 
SUMAC facility at Stanford University during a single analytical 
session on Memorial Day in 2008. 

Analytical procedure for zircon dating followed methods described 
in Williams (1997). Before loading the mount into the source chamber, 
the sample was thoroughly cleaned by washing it with soap and then 
soaking the mount in an acid, either EDTA or 1 N HCl, to remove 
common lead contamination that may have taken place during sample 
preparation. This cleansing procedure, together with the rastering of the 
primary beam for 90-120s over the area for analysis before data 
collection, ensures that any COlll1ts found at mass 204Pb are actually Pb 
from the zircon and not surface contamination. Accordingly, SQUID 
estimates the Pb composition used for initial Pb corrections of the 
unknowns using the age of the unknown (instead of the modem Pb 
composition) and the Stacey and Kramers (1975) model. 

The primary oxygen ion beam operated at 6-7 nA and produced a 
spot with a diameter of -25 J.IIl1 and a depth ofl-2J.1Il1 for an analysis time 
of around 11 min. Data for each spot were collected utilizing five-cycle 
runs through the mass stations. The concentration of U was calibrated 
using zircon standard CZ3 (550 ppm U, Pidgeon et al., 1995), and iso
topic compositions were calibrated against R33 CZ06Pb'" /238U = 0.06716, 
equivalent to an age of 419 Ma, Black et al., 2004), which was measured 
every four analyses. 

SQUID and lsoplot software (Ludwig, 2002, 2003) were used for 
data reduction, following the methods described by Williams (1997) 
and Ireland and Williams (2003). 

Ages are based on 206PbP38U ratios corrected for common Pb using 
the 207Pb method on the assumption that common Pb proceeds from 
the sample and not from surface contamination. Analytical results are 
presented in Supplementary Table 1 (available from journal website) 
and uncorrected ratios are plotted in Fig. 6. 

(c) CG-07-S: Casemi gneiss 
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Fig. 5. cathodoluminescence images of selected zircons: (a) Cadi gneiss (sample CG-07-1); (b) and (c) Casemi gneiss (sample CG-07-3 and CG-07-5). and (d) Balaig microdiorite 
(sample CG-07-2). 
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33. U-Pb results 

Concordia ages, sensu Ludwig (1998), were calculated for all of the 
samples, rejecting the outlier young analyses because of the 
possibility of lead loss. Fourteen zircon grains from the Cadi gneiss 
(sample CG-07-1) were analyzed, using cathodoluminescence images 
to target oscillatory zones considered to be magmatic. Ten analyses 
yielded a concordia age of 456.1 ±4.8 Ma with a mean square of 
weighted deviation for concordance and equivalence (MSWD) equal 
to 1.9 (Fig. 6a). This result is interpreted to be the crystallization age of 
the igneous protolith. 

In sample CG-07-3 from the Casemi gneiss, fourteen zircons 
were analyzed in magmatic areas with homogeneous, sector or os
cillatory zoning. All of the analyses but one yielded a concordia age of 
445.9±4.8 Ma (Fig. 6b) with an MSWD of 1.3. In the other Casemi 
gneiss sample (CG-07-5), ten analyses that targeted oscillatory zones 
yielded a concordia age of 451.6±4.8 Ma (Fig. 6c) with an MSWD of 
1.11. The ages obtained in both Casemi gneiss samples are equivalent 
within error and they are interpreted to record the crystallization age 
of the igneous protolith. 

In the Balaig microdiorite, sixteen analyses were obtained from 
magmatic areas in 15 zircon grains. A concordia age of 453 ± 4.4 Ma 
(MSWD= 1.3) was calculated by pooling together twelve analyses 
(Fig. 6d), which is interpreted to record the crystallization age of the 
igneous protolith. 

4. Discussion 

The new age data show that the Cadi gneiss, Casemi gneiss and 
microdiorite bodies were intruded into the Balaig series during a Late 
Ordovician magmatic event (456 to 446 Ma). This age corresponds to 
the sixth global stage (Katian) of the Ordovician, which is roughly 
equivalent to upper Caradoc-middle Ashgill in the regional British series 
division (see Finney, 2005). The data are also the first to doclUllent a Late 
Ordovician magmatic episode in the pre-Upper Ordovician rocks of 
the Pyrenees. Accordingly, the Cadi and Canigo gneisses, despite being 
very similar litho logically, were derived from two different plutonic 

bodies emplaced into the lower part of the pre-Upper Ordovician 
metasedimentary sequence. It therefore follows that the Canigo massif 
is the only massif in the Pyrenees in which two Ordovician magmatic 
events have been recorded: an Early Ordovician event (Canigo gneiss, 
467 ± 7 t0477 ±4 Ma, Cocherieetal., 2005) and a Late Ordovician event 
(Cadi and Casemi gneisses, 456.1 ±4.8 and 445.6±4.8 Ma). 

Elsewhere in the Pyrenees, an Early Ordovician magmatic event 
ranging in age from 477 and 467 Ma has been described in the 
Roc de Frausa (476±5 Ma, Castifieiras et al., 2008a), the Albera 
massifs (470±3 Ma, Liesa et al., in press), and the Aston and 
Hospitalet massifs (470±6 Ma and 472±2 Ma respectively, Denele 
et al., 2009). Late CambrianjEarly Ordovician ages are also common in 
the Iberian Massif (Guadarrama orthogneisses: 470 to 480 Ma, 
Vialette et al., 1987; Cardoso gneiss: 480±2 Ma and La Morcuera 
gneiss: 477 ±4 Ma, Valverde-Vaquero and Dunning, 2000; Miranda 
do Douro gneiss: 483 ± 3 Ma, Bea et al., 2006 and 496 ± 3 Ma, Zeck 
et al., 2007; Sotosalbos anatectic gneiss: 465 to 480 Ma, Castifieiras 
et al., 2008b; Ollo de Sapo Fm., 488 ± 6 and 472 ± 12 Ma, Dlez 
Montes et al., 2010-this issue, among others) and in Sardinia (Lula 
porhyroid: 474± 13 Ma, Helbing and Tiepolo, 2005; metarhyolite and 
metadacite: 491.7 ± 3.5 Ma to 479.9 ± 2.1 Ma, Oggiano et al., 2010-
this issue). 

The Cadi and Casemi gneisses, together with the microdiorite bodies, 
can be regarded as the plutonic equivalent of coeval Late Ordovician 
volcanic rocks interlayered in the Upper Ordovician sequence of the 
Pyrenees (Ravier et al., 1975; Robert and Thiebaut 1976; Mart( et al., 
1986; Calvet et al., 1988), the southern French Massif Central (Marini, 
1988), and the Catalan Coastal Ranges (Navidad and Barnolas, 1991; 
Barnolas and Garda-Sansegundo, 1992). A detailed description of new 
geochronological and geochemical data on this Upper Ordovician 
magmatism in the Pyrenees and the Catalan Coastal Ranges is provided 
by Navidad et al. (2010-this issue). Late Ordovician ages have also been 
obtained for magmatic bodies in the southern part of the French Massif 
Central (Pont de Lam orthogneiss: 456 ± 3 Ma and Gorges d'Heric 
orthogneiss: 450 ± 6 Ma, Roger et al, 2004), and in Sardinia (Tanaunella 
orthogneiss: 458 ± 7 Ma and Lode orthogneiss: 456± 14 Ma, Helbing 
and Tiepolo, 2005). In Sardina, however, the Capo Spartivento gneiss 



yields different ages depending on the analytical procedure used: Late 
Ordovician (449 Ma, Ludwig and Turi, 1989, SIMS data) and Early 
Ordovician (478±6 Ma, Delapeniere and Lancelot, 1989, U-Pb in 
zircons). Late Ordovician ages have also been obtained in the Peloritan 
Range of Sicily for felsic porphyroids (456-452 Ma, Trombetta et al., 
2004) and in the Alps, where a 450-460 Ma magmatic event has been 
reported in the Penninic (Guillot et al., 2002) and Central Swiss Alps 
(Schaltegger et aI., 2003). 

In the Pyrenees, this Late Ordovician magmatic episode is coeval 
with normal fault development affecting the lower part of the Upper 
Ordovician series, the basal unconfonnity, and the underlying pre
Upper Ordovician sediments (Casas and Fernandez, 2007; Casas and 
Fernandez, 2008; Casas, in press). Between the Early and the Late 
Ordovician magmatic events, and prior to this episode of normal 
faulting, a mid-Ordovician folding phase gave rise to NW-SE to N-S 
metre- to hectometre-scale folds. These folds are not associated with 
coeval cleavage development or metamorphism, but account for the 
deformation of the pre-Upper Ordovician sequence and the formation 
of the Upper Ordovician unconformity (Casas, in press). In the Alps, a 
mid-Ordovician compressional event has been reported by Zurbrig
gen et al. (1997) and Handy et al. (1999) in the Sesia Zone, where it is 
associated with amphibolite facies metamorphism. HP metamor
phism in the Aar Massif (468 Ma, Schaltegger et al., 2003) and in the 
Southern Alps (457 ± 5 Ma, Franz and Romer, 2007) also provides 
evidence of an Ordovician orogenic cycle subsequently overprinted 
by Variscan deformation. 

By contrast, Late Ordovician magmatic activity is relatively scarce 
in the rest of the Iberian Massif (see Murphy et al., 2008) and evidence 
of Ordovician deformations is limited. A mid-Ordovician deform a
tional episode has not been reported and the pre-Variscan compres
sional episodes that have been described are older than those in 
Sardinia, the Pyrenees, or the Alps, since they are constrained to the 
post-mid-Cambrian and pre-Early Arenig (see discussion in Casas, in 
press). This suggests that the western part of the Northern Gondwana 
margin (Iberian Massif) evolved differently from the eastern part of 
the margin (Pyrenees, French Massif Central, Sardinia, Sicily and the 
Alps) following the Early Ordovician. 

The occurrence of a mid-Ordovician tectono-metamorphic event 
and a Late Ordovician magmatic episode appears to be characteristic of 
the eastern part of the Northern Gondwanan margin. This supports the 
evolution described by Stampfli et al. (2002) and von Raumer et al. 
(2002) who propose that the extensional regime developed during the 
Late Ordovician resulted from the collapse of a short-lived cordillera that 
formed during the mid-Ordovician. This cordillera resulted from the 
amalgamation of volcanic arcs and continental ribbons in a transient 
mid-Ordovician orogenic pulse (Stampfli et al., 2002; von Raumer et al., 
2002), and started to collapse during the Late Ordovician in a setting 
dominated by Gondwana-directed subduction of a former peri
Gondwanan ocean. 

5. Conclusions 

Dating of metaigneous rocks of the Canigo massif using U-Pb 
SHRIMP in zircon documents Late Ordovician ages for the Cadi gneiss 
(456.6± 4.8 Ma), the (asemi gneiss (445.9 ±4.8 and 451.6±4.8 Ma), 
and a microdiorite body (453 ± 4.4 Ma) emplaced into the lower part 
of the pre-Upper Ordovician sequence. 

These results refute the previously proposed Silurian age for the 
Casemi gneiss and link the emplacement of all three bodies to the 
magmatic event responsible for the Upper Ordovician volcanism 
recorded in the Pyrenees and the Catalan Coastal Ranges. 

This Late Ordovician (456-446 Ma) magmatic event is distinct from 
the Early Ordovician event that gave rise to the large gneissic bodies 
(Canigo, Roc de Frausa and Albera gneisses) that fonn the core of the 
Eastern Pyrenean massifs. Hence, three different magmatic episodes, 

Late Neoproterozoic-Early Cambrian, Early Ordovician and Late Ordo
vician, can be identified in the pre-Silurian rocks of the Eastern Pyrenees. 

The evolution documented in the Pyrenees, with two magmatic 
events separated by a compressional episode, argues against a con
tinuous extensional regime related to the opening of the Rheic or the 
Rheic and Paleotethys oceans during the Ordovician and Silurian. 
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