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Abstract For the first time, an albite orthogneiss has been

recognised and dated within the HP–LT blueschist facies

metabasites and metapelites of the Ile de Groix. It is charac-

terised by a peraluminous composition, high LILE, Th and U

contents, MORB-like HREE abundances and moderate Nb

and Y values. A U–Pb age of 480.8 ± 4.8 Ma was obtained

by LA-ICP-MS dating of zircon and titanite. It is interpreted

as the age of the magmatic emplacement during the Early

Ordovician. Morphologically different zircon grains yield

late Neoproterozoic ages of 546.6–647.4 Ma. Zircon and

titanite U–Pb ages indicate that the felsic magmatism from

the Ile de Groix is contemporaneous with the acid, pre-oro-

genic magmatism widely recognised in the internal zones of

the Variscan belt, related to the Cambro-Ordovician conti-

nental rifting. The magmatic protolith probably inherited a

specific chemical composition from a combination of oro-

genic, back-arc and anorogenic signatures because of partial

melting of the Cadomian basement during magma emplace-

ment. Besides, the late Devonian U–Pb age of 366 ± 33 Ma

obtained for titanite from a blueschist facies metapelite cor-

responds to the age of the HP–LT peak metamorphism.

Keywords Cambro-Ordovician rifting � Ile de Groix �
Incompatible trace elements � In situ U–Pb geochronology �
LA-ICP-MS � Albite orthogneiss � Titanite � Variscan

orogeny � Zircon

Introduction

The Variscan belt, of late Palaeozoic age, results from the

collision between two major continental domains, namely

Laurussia and Gondwana. These continents were separated

by a huge oceanic domain, the Rheic Ocean (e.g. Matte 2001;

Nance et al. 2010). Oceanic sutures within the Variscan belt

can be identified using ophiolitic complexes and/or high-

pressure terranes, the latter deriving either from subducted

oceanic crust or from subducted continental crust.

Remnants of ophiolitic complexes are scattered

throughout the Variscan belt, from Poland to Spain and

Portugal. Ages obtained for these complexes cluster in three

groups. The first one consists of Late Cambrian—Early

Ordovician complexes, such as the Chamrousse (Pin and

Carme 1987; Ménot et al. 1988) and the Vila de Cruces

Ophiolites (Arenas et al. 2007). A second group comprises

ophiolite complexes with Early Devonian ages, i.e., about

400 Ma old, such as Central Sudetic ophiolites (Kryza and

Pin 2010), the Lizard Complex in SW England (Clark et al.

1998) and the Careón Ophiolite in NW Spain (Dı́az Garcia

et al. 1999; Pin et al. 2002; Sánchez Martinez et al. 2007).
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The third group, Early Carboniferous in age, is best repre-

sented by the Beja-Acebuches Complex (Azor et al. 2008).

In western France, an intimate association of blueschist

facies metabasites with metapelites has been recognised on

the Ile de Groix and at the Bois de Céné klippe. A probable

equivalent in the Variscan belt of NW Spain may be the

‘‘upper, oceanic unit’’ of the Malpica-Tuy Complex, because

the Ceán schists and associated mafic rocks show similar

lithologies and P–T evolution (Rodrı́guez Aller 2005; López-

Carmona et al. 2010). Although both complexes are recog-

nised as oceanic in character, their interpretation remains

debatable. Because of the lack of ultramafics and meta-

gabbros, and the overall dominance of metapelites, they

cannot be interpreted as typical ophiolite complexes. More

realistic models could be the formation of narrow, intracon-

tinental rifts with a strongly attenuated continental crust or

accretionary prisms associated with ophiolite subduction of a

narrow oceanic basin. Another source of uncertainty in the

interpretation of the above complexes is the lack of age

constraints on the protoliths. This is because felsic metaig-

neous bodies, containing magmatic minerals like zircon that

potentially preserve protolith ages despite the HP metamor-

phic overprint, have not been found up to now.

For the first time, an albite orthogneiss has been recognised

on the Ile de Groix. This paper focuses on its detailed geo-

chemistry and U–Pb zircon and titanite geochronology by

LA-ICP-MS. In the latest 10 years, LA-ICP-MS became a

widespread tool for U–Pb dating of zircons. The LA-ICP-MS

technique has recently been applied for titanite geochronol-

ogy as well (e.g. Simonetti et al. 2006; Storey et al. 2006).

Titanite is a frequent mineral in many magmatic and meta-

morphic rocks; its lattice can incorporate significant amounts

of U and Th. In situ dating of titanite is a promising technique

for metamorphic rocks, since titanite can be assigned to the

different stages of the metamorphic P–T cycle based on

textural criteria (Frost et al. 2000).

The geochemical and geochronological data are used to

characterise the geotectonic setting of the magmatic protolith

in order to understand its association with oceanic metabasalts

and continental-derived metapelites. For the first time, the age

of a protolith has been accurately determined on the Ile de

Groix. Additionally, the peak metamorphic titanite has been

dated in a blueschist facies metapelite. The results have critical

significance for the geodynamic history of the Early Palaeo-

zoic oceanic domains involved in the Variscan orogeny.

Geological context

The Ile de Groix klippe

The Armorican Massif represents an important witness of

the Variscan orogen in Western Europe. Three tectonic

domains were described based on the degree of deforma-

tion and metamorphism during the Variscan orogeny. The

boundaries between the domains are defined by the North

Armorican and the South Armorican shear zones. The

North Armorican Domain consists of undeformed or

weakly deformed sediments of folded Cambrian to Car-

boniferous age (Robardet 1981), overlying a Precambrian

basement, strongly deformed during the Cadomian orogeny

(620–530 Ma) (Chantraine et al. 2001; Ballèvre et al. 2001;

Brun et al. 2001). The Central Armorican Domain is

characterised by a basement dominated by a thick sequence

of alternating siltstones and sandstones with less frequent

conglomerates and mudstones of late Precambrian—Early

Cambrian age (Le Corre 1977). Clastic sediments of

Ordovician to Carboniferous age (Guillocheau and Rolet

1982) are deposited upon the basement. In the South

Armorican Domain, the Precambrian basement and its

Palaeozoic cover have been strongly affected by defor-

mation and metamorphism. The South Armorican Domain

is characterised by the presence of a large amount of pre-

Variscan orthogneisses (e.g. Jégouzo et al. 1986; Gapais

et al. 1993; Chantraine et al. 1996; Le Hébel et al. 2002a, b),

mainly consisting of Early Ordovician metagranitic rocks

and acid volcanic and volcanoclastic rocks. The Ordovician

metavolcanic rocks, known as the ‘‘Porphyroid Nappe’’ (Le

Hébel et al. 2002a, b), constitute a complex tectonic unit,

which was affected by HP–LT metamorphism during the

early stages of the Variscan orogen. Different protoliths

were suggested to explain the origin of Ordovician meta-

granites, from calc-alkaline subduction-related granites to

anorogenic alkaline granitoids and collisional S-type gran-

ites (e.g. Jégouzo et al. 1986; Guerrot et al. 1997; Ballèvre

et al. 2002).

Similarities of sedimentary sequences between the

Central Armorican Domain and the Central Iberian Zone, as

well as between the South Armorican Domain and the

Galicia-Trás os Montes Zone (Spain), allowed defining the

Ibero-Armorican arc (e.g. Cogné 1971; Bard 1971; Ballèvre

et al. 1992), an important area of the Variscan orogen.

Ordovician magmatism has been described on both sides of

the Ibero-Armorican arc (Bea et al. 2007; Ballèvre et al.

2009), as well as along the main Variscan sutures, from the

Sudetes to Iberia (e.g. Guerrot et al. 1997; Crowley et al.

2000; Valverde-Vaquero and Dunning 2000; Ballèvre et al.

2002; Mazur et al. 2004; Bea et al. 2007).

The Ile de Groix belongs to the South Armorican

Domain (Fig. 1) and corresponds to a well-known HP–LT

blueschist klippe (Audren et al. 1993) of about 60–70 km

long and 10–15 km wide (Audren and Lefort 1977), loca-

ted off the southern coast of Brittany. It is interpreted as the

remnant of a Palaeozoic accretionary complex (Ballèvre

et al. 1998), formed during subduction and exhumation of

an oceanic crust and its sedimentary cover (Bernard-
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Griffiths et al. 1986; Bosse et al. 2002; El Korh et al. 2009).

The HP–LT event is considered to have occurred in the

early stages of the Variscan orogen, i.e., during the late

Devonian–Early Carboniferous period (Bosse et al. 2005).

Metamorphic and deformation history

HP–LT rocks of the Ile de Groix mainly consist of 80%

metapelites and 20% metabasites, intercalated at all scales

(Fig. 2). Basic bodies, sometimes with isoclinal folds or

boudinage, outcrop as centimetric to metric lenses to layers

of several tens of metres (Audren et al. 1993; Bosse et al.

2002; Ballèvre et al. 2003). Different studies have classi-

fied the metamorphic rocks of the Ile de Groix into dif-

ferent groups according to the nature of their protolith

(Triboulet 1974; Bernard-Griffiths et al. 1986; Audren

et al. 1993; Bosse et al. 2002; El Korh 2010; El Korh et al.

2009, 2011): massive metabasites, banded volcano-sedi-

mentary rocks and metapelites.

Two metamorphic events were described based on pet-

rological observations in the metapelites (Djro et al. 1989,

Bosse et al. 2002) as well as in the basic rocks (e.g.

Triboulet 1974; Carpenter 1976; Barrientos 1992; Schulz

et al. 2001; Ballèvre et al. 2003): a blueschist–eclogite

facies metamorphism (M1) related to subduction, and a

greenschist facies overprint during the exhumation (M2).

Eclogite and blueschist facies rocks are dominant in the

eastern part of the island, while the western part is mainly

composed of greenschist facies rocks (with blueschist

facies relics).

Previous studies have proposed that the metamorphic

zonation results from a metamorphic gradient with P–T

conditions varying continuously from West to East and

where the metamorphic domains are separated by ‘‘isogr-

ads’’ (Triboulet 1974; Carpenter 1976; Quinquis 1980;

Djro et al. 1989; Schulz et al. 2001). The existence of a

‘‘garnet isograd’’ (Carpenter 1976; Quinquis 1980) is

refuted by the presence of garnet in both metapelites

(Bosse et al. 2002) and metabasites (El Korh 2006; El Korh

et al. 2009) from the two parts of the island. In the western

part of the island, garnet in metabasic rocks is strongly

pseudomorphosed and not easily recognised. Other authors

have defined two metamorphic units separated by a ductile

thrust dividing the island into the Upper Unit or high-

pressure zone (1.6–1.8 GPa, 450–500�C in micaschists and

1.8–2.0 GPa, 450�C in metabasites) in the eastern part of

the island and the Lower Unit or lower pressure zone

(1.4–1.6 GPa, 400–450�C in micaschists) in the West

Fig. 1 Geological map of the South Armorican Domain. The three stars represent the felsic metavolcanics with Cambro-Ordovician ages (Ile de

Groix, this study; Belle-Ile, Ballèvre et al. 2011; Pouldu Schists, Béchennec et al. 1997)
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(Bosse et al. 2002; Ballèvre et al. 2003). Using THERIAK-

DOMINO, the HP peak metamorphic conditions were

estimated to be 1.6–2.5 GPa and 550–650�C in eclogite

and 1.7–2.3 GPa and 450–525�C in blueschists from the

eastern part of the island (El Korh et al. 2009). These P–T

conditions correspond to the transition from blueschist to

eclogite facies in an intermediate thermal regime of sub-

duction zone metamorphism. High-pressure parageneses

are overprinted essentially by chlorite, albite and magnetite

in micaschists (Bosse et al. 2002), and by barroisite,

actinolite, albite, chlorite and magnetite in basic rocks

(Ballèvre et al. 2003; El Korh et al. 2009).

Two main structural domains were recognised on the

island (Cogné et al. 1966; Boudier and Nicolas 1976;

Carpenter 1976; Quinquis 1980; Quinquis and Choukroune

1981) and correspond to the metamorphic units. The

eastern part is characterised by flat-lying or gently dipping

foliations and a NNW–SSE-trending stretching lineation,

whereas a kilometre-scale N130–140-trending antiformal

fold is present in the western part. Two main phases of

deformation were described with regard to the metamor-

phic history (Quinquis and Choukroune 1981). The pro-

gressive deformation D1 responsible for the blueschist

facies foliation S1 took place during the prograde path and

the peak HP–LT event (M1). Detailed structural mapping

(Philippon et al. 2009) relates the deformation D1 to a top-

to-the-South sense of shear during subduction, best pre-

served in the mafic blueschists from the eastern part of the

island. The second phase of deformation (D2) coincides

with the retrograde greenschist facies metamorphism and

corresponds to the deformation of S1, and the formation of

the crenulation cleavage S2 and the large-scale antiform.

According to Philippon et al. (2009), the deformation D2 is

characterised by a top-to-the-North sense of shear, best

shown by the metapelites, and associated with the exhu-

mation of the blueschist facies rocks during the extensional

reactivation of the subducted-related thrust zone.

Previous geochronological data

Previous studies targeted at dating the HP–LT metamor-

phic event related to the subduction process and the timing

and duration of cooling related to the exhumation. Previous

geochronological data using K–Ar (glaucophane, phengite,

barroisite) and 40Ar/39Ar (glaucophane) methods have

given ages between 317 ± 11 Ma and 339 ± 10 Ma

(Carpenter and Civetta 1976), and 320 ± 6 Ma (Maluski

1976), respectively. Later, the Rb–Sr method allowed to

obtain a micaschist whole-rock isochron age of

421 ± 17 Ma (Peucat and Cogné 1977; Peucat 1986),

while Rb–Sr (Peucat 1986) and K–Ar ages (Hunziker,

unpublished data; in Peucat 1986) of 342 ± 11 Ma to

396 ± 18 Ma and of 273 ± 14 Ma to 358 ± 15 Ma,

respectively, were obtained from whole-rock-phengite

pairs. Detrital zircons from an albitic micaschist were also

dated using the U–Pb method and yielded an age of

399 ± 62 Ma, interpreted as the maximum age for the HP–

LT event (Peucat 1986). Recently, the HP–LT event

(blueschist facies) was dated at 358–365 Ma with the
40Ar/39Ar (phengite) and Rb–Sr (whole rock, phengite and

Fig. 2 Geological map of the

Ile de Groix (after Audren et al.

1993; Bosse et al. 2002; El Korh

et al. 2009). *The convex beach

‘‘Plage des Grands Sables’’

moved because of the currents.

1993 corresponds to its position

on the geological map by

Audren et al. (1993), while 2004

refers to its position based on

our field observations
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epidote) methods, while a younger age of 345–353 Ma was

determined for the greenschist facies event related to the

exhumation using the same methods (Bosse et al. 2005).

These Rb–Sr and Ar–Ar data suggest a fast cooling rate.

Analytical techniques

Whole-rock geochemistry

Whole rock major element compositions of the samples

were determined on fused lithium tetraborate (Li2B4O7)

glass discs using a Philips PW2400 X-ray fluorescence

spectrometer (XRF) at the Centre of Mineral Analysis at

the University of Lausanne, Switzerland. Loss-on-ignition

values were calculated based on the mass difference of a

2.5–3-g powdered rock aliquot before and after heating to

1,050�C.

Trace element abundances were analysed on fragments

from the same fused lithium tetraborate glass discs by laser

ablation inductively coupled plasma mass-spectrometry

(LA-ICP-MS) at the Institute of Mineralogy and Geo-

chemistry, University of Lausanne. The LA-ICP-MS

instrument consists of an ELAN 6100 DRC quadrupole

ICPMS (Perkin Elmer, Canada) interfaced to a GeoLas

200 M 193 nm ArF excimer laser ablation system (Lambda

Physik, Germany). The laser was operating at an on-sample

energy density of about 10 J/cm2, a 10-Hz repetition rate

and a 120-lm pit size. Helium was used as a cell gas. The

acquisition times for the background and the ablation

interval corresponded to c. 70 and 30–35 s, respectively.

Dwell times per isotope ranged from 10 to 20 ms, and peak

hopping mode was employed. The ThO?/Th? and

Ba2?/Ba? ratios were optimised to c. 0.6 and 2.0–2.7%,

respectively. The National Institute of Standards and

Technology standard reference material 612 was employed

for external standardisation, using the average element

abundances after Pearce et al. (1997). 42Ca served as an

internal standard. Intensity versus time data were reduced

using LAMTRACE, a Lotus 1-2-3 spreadsheet written by

Simon Jackson (Macquarie University, Australia). The

detection limit is based on the 99% confidence level over

the Gaussian counting statistics and is below 0.1 ppm for

most elements. The LA-ICP-MS data are generally accurate

to within 0.5–10% on the basis of 3–4 replicate analyses.

The quality of the lithium tetraborate is often tested in the

LA-ICP-MS laboratory. Blank lithium tetraborate glasses

yield low Pb, REE and HFSE contents (\0.014 ppm).

Typical background signals for the REE are significantly

lower than 2 cps, the highest of the ablation peak signals

amounting to 15.6 cps for Pb (0.014 ppm) and 56.4 cps for

Ce (0.011 ppm). For comparison, the ablation peak signal

during whole rock analyses amounts to 9,250 cps for Pb and

33,500 cps for Ce, corresponding to 23.9 and 38.9 ppm,

respectively. Thus, the lithium tetraborate used for the

preparation of lithium tetraborate glasses cannot affect the

Pb, REE and HFSE concentrations of the measured

samples.

Zircon dating

Zircons were extracted from *1-kg samples following the

conventional procedures based on separation in diiodo-

methane (q[ 3.32 g/cm2) and processing of the heavy

concentrate on a Frantz magnetic separator (I [ 1.33 A).

Non-magnetic, euhedral and inclusion-free zircon grains

between 30 and 100 lm in length were handpicked and

mounted in 0.5-cm-thick epoxy blocks. The grains were cut

and polished to reveal core parts and internal surfaces.

Prior to isotopic analyses, zircon mounts were imaged

using a Jeol JSM-7001F scanning electron microscope

(SEM) at the University of Geneva in the back-scattered

electron (BSE) and cathodoluminescence (CL) mode under

the operating conditions of 15 kV of accelerating voltage

and 15 nA beam current.

U–Pb dating of zircons was carried out on an Element

XR sector field ICPMS (ThermoFisher Scientific, Germany

and USA) interfaced to an UP193-FX ArF 193 nm excimer

ablation system (New Wave Research, USA) at the Insti-

tute of Mineralogy and Geochemistry, University of Lau-

sanne. Operating conditions of the laser included a 5-Hz

repetition rate, 25–35-lm pit sizes and an on-sample

energy density of c. 2.1 J/cm2. Helium was used as a cell

gas. The ThO?/Th? and Ba2?/Ba? ratios were optimised to

0.14 and 2.0–2.2%, respectively. The U?/Th? intensity

ratio for the SRM 612 standard was in the range of

110–115%. The acquisition times for the background and

the ablation interval amounted to c. 30 s each. A GJ-1

zircon standard was used for external standardisation

(608.5 ± 0.4 Ma; Jackson et al. 2004). Typical acquisi-

tions series consisted of four individual measurements of

the GJ-1 standard, followed by nine measurements of the

sample zircons, three measurements of the Harvard 91500

standard and four measurements of the GJ-1 standard. The

average 206Pb/238U age obtained for the Harvard 91500

standard is 1,068 ± 12 Ma, which is similar to the TIMS

value (1,065 Ma; Wiedenbeck et al. 1995). Intensity versus

time data were reduced in LAMTRACE. The data were

manually checked for the presence of intensity ‘spikes’ and

corrected when necessary. No common lead correction was

applied, a careful inspection of the cathodoluminescence

images to avoid common lead rich domains, as well as a

qualitative control of intensities acquired on masses 201

and 204 were used instead. Besides, Tera–Wasserburg

diagrams (Tera and Wasserburg 1972) for all measure-

ments were generated using Isoplot v. 3.41 (Ludwig 2003).
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Titanite dating

U–Pb dating of titanite was performed in situ on 100-lm-

thick thin sections analysed using a Thermo-Finnigan

Element XR sector field ICPMS (ThermoFisher Scientific,

Germany and USA) coupled to a GeoLas Q ? CompEx-

102 193 nm ArF excimer laser ablation system (Lambda

Physik, Germany) at the University of Montpellier. The

laser was operated at a repetition rate of 4 Hz and beam

diameter of 51 lm with an energy density of c. 12 J/cm2.

Each analysis was preceded by a pre-ablation of the surface

using a beam diameter of 77 lm. Helium was used as a cell

gas. The ThO?/Th? was optimised to be \1.0%. Titanite

from the Khan pegmatite (Namibia) served as standard,

kindly provided by Larry Heaman (University of Alberta).

Typical acquisitions series consisted of an alternation of

two analyses of the Khan titanite standard (522.2 ±

2.2 Ma; Heaman 2009) followed by five analyses of the

sample titanites. Several analyses of a secondary standard

from the Fish Canyon Tuff (28.395 ± 0.049 Ma; average
207Pb/206Pb & 0.04698 ± 0.0012; Schmitz and Bowring

2001), provided by the NERC Isotope Geosciences (British

Geological Survey), were included in each series and

yielded a 207Pb/206Pb ratio of 0.04661 ± 0.0069. The

acquisition times for the background and the ablation

interval amounted to about 15 and 45 s, respectively. Data

were reduced using an Excel spreadsheet. Intervals of

30 s were selected in the signal and checked before the

integration of time-resolved signals to avoid possible

contamination by mineral inclusions. Common lead

uncorrected 206Pb/238U and 207Pb/206Pb ratios obtained for

the Khan titanite standard during the course of this study

are 0.0995 ± 0005 and 0.0615 ± 0.0002 (n = 36),

respectively. Both ratios are slightly higher than the TIMS

values obtained by Heaman (2009) (c. 0.0827 ± 0.0003

and 0.0579 ± 0.0009), but their homogeneity and low

standard deviation attest for the good precision of the

results. As titanite is generally enriched in common Pb,

Tera–Wasserburg diagrams (Tera and Wasserburg 1972)

were employed and generated by Isoplot version 3.41

(Ludwig 2003). Regression lines were anchored at a
207Pb/206Pb value given by the model of Stacey and Kramers

(1975) or by radiogenic lead-free coeval minerals.

Sample description

Albite gneiss GROA 115

A layer of albite gneiss (GROA 115) has been recognised

in the eastern part of the Ile de Groix, along the Plage des

Sables Rouges (Figs. 2, 3). From the North to the South,

this outcrop mainly consists of garnet-bearing micaschists

with Mn nodules, micaschists with lenses of lawsonite-

bearing blueschists, garnet-bearing banded blueschists and

garnet-bearing massive blueschists (Fig. 3b). Albite gneiss

GROA 115 occurs as a 20–30-cm-thick layer within the

micaschists (Figs. 3b, 4a). It displays one phase of defor-

mation (D1) corresponding to the formation of the main

foliation S1. The rock foliation strike is oriented NE in the

same direction as in the surrounding micaschists (Fig. 2),

which gently dip to the SE (050N/15SE). The albite gneiss

is a medium-grained well-foliated rock (Fig. 4b) composed

of albite, quartz, K-feldspar (microcline), phengite, epidote

rimming metamict allanite, garnet, biotite, titanite, zircon,

ilmenite and occasional iron hydroxides (Fig. 4c–f). In the

thin section, the gneissic texture is well developed, with the

main foliation S1 defined by the alignment of phengite and

epidote. The magmatic origin is evidenced by the presence

of pre-metamorphic porphyroclastic albite and microcline

(up to 2 mm in size), and by the occurrence of metamict

allanite inherited from the protolith in the core of meta-

morphic epidote, interpreted as magmatic allanite rimmed

by epidote overgrowths during metamorphism. Titanite is

also supposed to be of magmatic origin. Garnet is supposed

to have grown during the HP–LT metamorphic event.

Garnet grains are small (\1 mm) and display rare inclu-

sions of epidote, quartz and iron oxides. Albite and

microcline have recrystallised during metamorphism. Ret-

rograde overprint manifests mainly in the almost complete

replacement of biotite by chlorite. Finely dispersed iron

hydroxides are common in the central part of the rock

(GROA 115a) and are responsible for its reddish colour

(Fig. 4b) and are rare in the white outer parts (GROA

115b).

Most zircon grains are colourless and transparent and

display length-to-width ratios between 1:2 and 1:3.5, with

size ranging from 20 to 100 lm. They are generally free of

inclusions. Zircon crystals often reveal well developed to

indistinct oscillatory growth zoning in back-scattered

electron images (Fig. 7c, d). Most zircon grains belong to

the P1–P5 type of Pupin (1980), which are generally

described in alkaline magmas. Other grains correspond to

the S2 and S10–15 types, generally found in calc-alkaline

magmas.

Two hypotheses can be advanced to explain emplace-

ment of the protolith: a microgranitic dyke or a volcanic

tuff. A microgranitic dyke emplaced at subsurface is

unlikely because of the low volume of orthogneiss and

because the albite gneiss does not crosscut the lithological

boundaries between the diverse rock types, which are

present in the studied outcrop or at the scale of the island.

The rock texture, as well as the field relationships with the

micaschists, rather suggests that albite gneiss GROA 115

derives from a fine-grained volcanic tuff, interlayered with

pelitic sediments.
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Garnet-chloritoid-bearing micaschist GROA 102

Well-foliated micaschist GROA 102 is a medium-grained

rock cropping out in the western part of the island (Pen

Men; Fig. 2). The two phases of deformation (D1 and D2)

usually described in the metamorphic rocks of the Ile de

Groix are frequently observed in this sample. The blue-

schist facies assemblage, related to D1, includes garnet,

chloritoid, phengite, paragonite, titanite, quartz and apatite.

Accessory rutile and tourmaline are sometimes present.

Garnet porphyroblasts usually contain small inclusions of

titanite, epidote and ilmenite. Titanite crystals are large (up

to 500 microns), well shaped and oriented along the foli-

ation. Its growth is supposed to have occurred close to

peak-metamorphic P–T conditions and lasted up to the

beginning of retrogression. Retrograde greenschist facies

overprint, related to D2, corresponds to the growth of

chlorite, ilmenite and hematite. A second generation of

phengite, post-kinematic to D1, is sometimes present.

Whole-rock geochemistry

Albite gneiss GROA 115

Samples GROA 115a and b are characterised by very

high contents of SiO2 and high contents of Al2O3

(75.2–75.5 and 13.9 wt%, respectively; see Table 1).

MgO, Fe2O3, TiO2 as well as LOI values are low

(Table 1). K2O (2.3–2.4 wt%) and Na2O (2.2 wt%)

contents are higher than CaO content (1.6–1.9 wt%). The

samples display A/CNK and A/NK ratios of 1.47–1.53

and 2.27–2.29, respectively. The Fe–no [FeOt/(FeOt ?

MgO)] is high and corresponds to 0.78–0.81. Because of

high SiO2 and Al2O3 contents, the protolith of albite

gneiss GROA 115 corresponds to a peraluminous leu-

cogranite (Frost et al. 2001), provided that its composi-

tion has not been modified during metamorphism. The

major element composition of albite gneiss GROA 115 is

generally close to that of A-type anorogenic granites

(Finnish rapakivi granite [wiborgite] and Spirit Mountain

pluton [Newberry Mountains]; Haapala et al. 2005) and

S-type granites (Lachlan granodiorite, Maas et al. 1997;

Velay leucogranite, Williamson et al. 1997) (Table 2),

which display high SiO2 and Al2O3 contents and low

Fe2O3, CaO and MgO contents. It is also similar to the

composition of the high-silica Ikaria I-type granite

(Altherr and Siebel 2002), emplaced in a back-arc setting

(Table 2). However, albite gneiss GROA 115 shows

lower K2O and Na2O contents compared with the vari-

ous granites. The major element composition of albite

gneiss GROA 115 is also enriched in Fe2O3, CaO and

MgO compared to the Saint-Malo anatectic granite

(Milord et al. 2001) (Table 2).

Fig. 3 Sketch map (a) and cross-section (b) of the eastern coast of the Ile de Groix and representing the structural relationships between the

main lithologies and the locality of albite gneiss GROA 115 (Plage des Sables Rouges)
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In the CI Chondrite–normalised multi-element and REE

diagrams (Fig. 5a, b), albite gneiss GROA 115 (a, b) is

characterised by negative Nb, Ti Sr and Eu anomalies and

positive Th, Zr and Hf anomalies. A weak positive Ce

anomaly is also present. LREE are moderately enriched

over HREE [(Ce/Yb)N * 2.0–2.4]. LREEN do not exceed

64. MREE are slightly depleted compared to LREE and

HREE. MREE and HREE abundances are close to MORB.

Albite gneiss GROA 115 generally plots between the

A-type anorogenic and the S-type granite patterns. The

LILE and LREE contents in albite gneiss GROA 115

are similar to those of the S-type Velay leucogranite

(Williamson et al. 1997). The LREE, Nb, Zr and Hf

contents in albite gneiss GROA 115 are generally lower

those in A-type granites and Lachlan S-type granodiorite

(Maas et al. 1997), but the relative distribution pattern of

Rb, Ba, Th, Nb, MREE and HREE in albite gneiss GROA

115 (Fig. 5a, b) is similar to that of Wiborgite rapakivi and

A-type Spirit Mountain granites (Haapala et al. 2005). The

trace element pattern of albite gneiss GROA 115 is similar

to the Ikaria I-type granite (Altherr and Siebel 2002), even

if albite gneiss GROA 115 is enriched in HREE and

depleted in U. The Ta/Yb and Th/Yb ratios are consistent

with magmas from volcanic arcs or having undergone a

crustal contamination (Pearce 1983) (Table 1). In the

Y ? Nb versus Rb diagram (Pearce et al. 1984), the rocks

Fig. 4 Photomicrographs of albite gneiss GROA 115. a The albite

gneiss crops out as a 40-cm-thick level within micaschists. b Typical

macroscopic aspect of albite gneiss GROA 115. The red colour is due

to the presence of scattered iron hydroxides. c Typical assemblage

and gneissic texture evidenced by the alignment of phengite and

quartz layers. d Albite porphyroclast partly resorbed by quartz.

Allanite is present in epidote core. e Albite porphyroclast with

polysynthetic and Carlsbad twinning. f Microcline porphyroclast. The

mineral abbreviations are from Kretz (1983)
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plot within the field of volcanic arc granites, close to the

limit with the field of within-plate anorogenic granites

(Fig. 6a). In the Rb–Hf–Ta triangular plot of Harris et al.

(1986), the rocks plot on the divide of late and post-colli-

sional granite, volcanic arc granites and within-plate

anorogenic granites (Fig. 6b).

Micaschist GROA 102

Micaschist GROA 102 is strongly enriched in Al2O3

(26.2%) and displays high K2O and FeO contents, and low

SiO2 (48.4%), MgO, Na2O, and CaO contents (Table 1).

The CI Chondrite–normalised multi-element and REE

patterns of micaschist GROA 102 show a strong fraction-

ation of LILE and LREE over HFSE and HREE [(Ce/

Yb)N * 9.1] (Fig. 5c, d) and display negative Nb, Pb, Sr

and Ti anomalies and positive Ba and Th anomalies. Mi-

caschist GROA 102 is a metasediment derived from con-

tinental sediments, whose composition is similar to the

GLOSS, containing 76% of terrigeneous material (Global

Ocean Subducting Sediment; Plank and Langmuir 1998).

However, its major element chemistry suggests that the

sediment may have incorporated a basic volcanoclastic

component.

U–Pb geochronology

Geochronology of albite gneiss GROA 115

Zircons

A total of one hundred and fifty zircons were extracted

from samples GROA 115a and b. Fifty-four representative

Table 1 Major and trace element compositions of the studied rock

GROA 115a

Albite gneiss

GROA 115b

Albite gneiss

GROA 102

Micaschist

SiO2 75.18 75.52 48.42

TiO2 0.22 0.23 1.22

Al2O3 13.93 13.93 26.17

Fe2O3 2.29 2.21 9.76

MnO 0.04 0.03 0.46

MgO 0.48 0.55 2.66

CaO 1.86 1.63 1.03

Na2O 2.21 2.16 0.22

K2O 2.26 2.40 5.97

P2O5 0.04 0.04 0.21

LOI 1.45 1.52 4.12

Cr2O3 n.d. n.d. 0.02

NiO n.d. n.d. 0.01

Total 99.96 100.22 100.26

FeOt 2.06 1.99 8.78

Mg# 29.50 32.92 35.05

Be 2.9 (0.4) 2.9 (0.4) 4.1 (0.7)

Sc 12 (0.2) 11.5 (0.4) 26.1 (0.5)

V 28.6 (0.6) 28.5 (0.3) 192 (8)

Cr 158.3 (0.2) 114 (12) 256 (13)

Co 36 (2) 39 (1) 24 (1)

Ni 5.8 (0.3) 5.7 (0.9) 54 (2)

Cu 8.8 (0.8) 8.3 (0.5) 44 (2)

Zn 31 (2) 29 (3) 86 (3)

Ga 31.3 (0.5) 30 (2) 95 (5)

Rb 89 (2) 92.5 (0.7) 194 (8)

Sr 201 (2) 181 (2) 43.2 (0.8)

Y 33.4 (0.5) 28.2 (0.4) 26.8 (0.5)

Zr 139 (3) 127 (1) 157 (4)

Nb 7.6 (0.2) 7.6 (0.1) 23.7 (0.5)

Cs 5.0 (0.2) 4.7 (0.2) 9.5 (0.5)

Ba 298 (6) 319 (7) 818 (15)

La 15.3 (0.3) 9.5 (0.3) 47 (2)

Ce 38.9 (0.7) 29 (1) 105 (3)

Pr 4.1 (0.2) 2.70 (0.05) 10.6 (0.3)

Nd 15.3 (0.8) 11.3 (0.2) 40 (2)

Sm 3.6 (0.4) 2.6 (0.2) 7.3 (0.2)

Eu 0.43 (0.07) 0.31 (0.03) 1.5 (0.1)

Gd 4.0 (0.3) 3.49 (0.09) 5.7 (0.5)

Tb 0.78 (0.04) 0.58 (0.04) 0.87 (0.01)

Dy 5.5 (0.08) 4.6 (0.2) 5.2 (0.3)

Ho 1.2 (0.1) 1.08 (0.08) 1.03 (0.04)

Er 3.8 (0.1) 3.43 (0.05) 3.1 (0.2)

Tm 0.66 (0.02) 0.52 (0.04) 0.49 (0.04)

Yb 4.6 (0.3) 3.95 (0.01) 3.2 (0.1)

Lu 0.67 (0.01) 0.61 (0.09) 0.47 (0.03)

Hf 4.7 (0.1) 4.5 (0.3) 4.5 (0.1)

Ta 1.41 (0.03) 1.49 (0.02) 2.0 (0.1)

Table 1 continued

GROA 115a

Albite gneiss

GROA 115b

Albite gneiss

GROA 102

Micaschist

Pb 23.9 (0.2) 23.0 (0.7) 6.9 (0.2)

Th 16.7 (0.2) 16.5 (0.4) 21.3 (0.8)

U 1.22 (0.02) 1.30 (0.09) 1.97 (0.08)

(Ce/Yb)N(PM)* 2.37 3.82 9.11

Ta/Yb 0.31 0.38

Th/Yb 3.67 4.16

Oxides in wt%; trace elements in lg/g

Total Fe is reported as Fe2O3; Mg# = 100 9 Mg/[Mg ? Fe2?]; LOI
loss on ignition

1r standard deviations (n = 3–4) for trace elements are given in

parentheses

* (Ce/Yb)N(PM) normalised to the Primitive Mantle (normalisation

values are from Sun and McDonough, 1989)
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Table 2 Major element composition for average albite gneiss GROA 115, compared with different A-type, S-type and I-type granitoids

Orthogneiss

GROA 115

(average)

Finnish rapakivi

granite Wiborgite

Spirit Mountain

granite A-type

Lachlan

granodiorite

S-type granite

Velay

leucogranite

S-type granite

Saint-Malo

anatectic

granite

Ikaria granite

I-type granite

SiO2 75.35 69.96 73.20 69.27 74.39 74.30 74.70

TiO2 0.22 0.42 0.29 0.62 0.18 0.07 0.20

Al2O3 13.93 13.41 14.00 14.87 14.86 15.07 13.70

Fe2O3 2.25 4.17 1.84 4.64 1.07 0.46 1.35

MnO 0.03 0.06 0.05 0.11 0.04 0.01 0.02

MgO 0.51 0.35 0.51 2.05 0.32 0.11 0.40

CaO 1.74 2.16 1.08 2.20 1.14 0.84 1.64

Na2O 2.18 3.09 3.98 2.12 3.35 3.51 3.42

K2O 2.33 5.46 4.87 4.11 4.90 4.19 4.39

P2O5 0.04 0.11 0.06 – 0.17 0.26 0.05

LOI (H2O) 1.49 0.31 0.40 – – 0.97 0.26

Total 100.09 99.50 100.28 99.99 100.41 99.79 100.13

Analyses of the Finnish rapakivi and the Spirit Mountain granites from Haapala et al. (2005); analyses of the Lachlan granodiorite from Maas

et al. (1997); analyses of the Velay leucogranite from Williamson et al. (1997); analyses of the Saint-Malo anatectic granite from Milord et al.

(2001); and analyses of the Ikaria granite from Altherr and Siebel (2002)

Fig. 5 CI Chondrite–normalised multi-element diagrams illustrating

the whole-rock trace element compositions of albite gneiss GROA

115 (a, b) and micaschist GROA 102 (c, d) in comparison with

Finnish rapakivi granite (wiborgite) and Spirit Mountain pluton

(Newberry Mountains) (Haapala et al. 2005), Lachlan granodiorite

(Maas et al. 1997), Velay leucogranite (Williamson et al. 1997),

St-Malo anatectic granite (Milord et al. 2001), Ikaria granite (Altherr

and Siebel 2002), Upper Crust (Taylor and McLennan 1981) and

GLOSS (Plank and Langmuir 1998). Normalisation values are from

Sun and McDonough (1989)
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grains were dated using the U–Pb method. Two-point

measurements were carried out on large grains, in order to

distinguish core and rim parts. No common lead correction

was applied. The difference between the amounts of 204Pb

measured in the background and in the individual laser

ablation runs corresponded to 0–40 cps, indicating negli-

gible common lead contents. The 206Pb/204Pb ratio is

generally higher than 1,400 and can increase up to 30,000.

The distribution of the 206Pb/238U ages obtained for

zircons of P1–P5 type in samples GROA 115a and b is

similar and mainly corresponds to the Early Ordovician

(465.7–512.4 Ma; n(grains) = 42; Fig. 7a–c). Younger

ages of about 460–470 Ma are interpreted to result from a

radiogenic lead loss, during the HP–LT metamorphism.

Morphologically different zircon grains of S2 and S10–15

type yield late Neoproterozoic 206Pb/238U ages [546.6–

647.4 Ma; n(grains) = 7; Fig. 7b, d], while five grains give

older ages, extending to 2,855.4 Ma (Fig. 7a). The

weighted average of Ordovician zircons yields an average

age of 481.1 ± 3.7 Ma [MSWD = 0.30 (2r); n(grains) =

42]. The U–Pb isotope data (Table 3) were plotted in a

Tera–Wasserburg diagram (Fig. 8b). They yield a

lower intercept age of 481.8 ± 4.9 (2r) Ma with a MSWD

of 4.7.

Titanite

Titanite from albite gneiss GROA 115 was analysed on two

thin sections (n = 15) (Table 4). It appears as anhedral

crystals ranging in size from 40 to 200 lm. LA-ICP-MS

analyses of titanite revealed high amounts of common lead.

In albite gneiss GROA 115, common lead was corrected

Fig. 6 Tectonic discrimination diagrams a from Pearce et al. (1984)

and b from Harris et al. (1986), for albite gneiss GROA 115

Fig. 7 Zircon 206Pb/238U age histograms and CL images for albite

gneiss GROA 115. a All data. The distribution of ages indicates that

most zircons plot between 460 and 640 Ma. b Blow-up of the

Cambro-Ordovician and Neoproterozoic ages. Zircons with Cambro-

Ordovician ages (c) represent the age of the felsic magmatic

emplacement, while zircons with Neoproterozoic ages (d) are inher-

ited from the Cadomian basement
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using the ‘‘204 method’’ based on measurement of the non-

radiogenic 204Pb isotope. The model 206Pb/204Pb ratio

(Stacey and Kramers 1975) was employed, while the
207Pb/206Pb initial ratio was measured in a coeval albite. A

value of 0.858 ± 0.016 (at 2r) was determined, and plots

within error of the value of 0.865 were given by the model

terrestial lead composition of Stacey and Kramers (1975).

Analyses with very low radiogenic Pb were ignored. The

data were plotted in a Tera–Wasserburg diagram and yield

a lower intercept age of 500 ± 19 Ma (2r), with a MSWD

of 1.6 (Fig. 8c). In addition, titanite and zircon U–Pb data

were represented together in a Tera–Wasserburg diagram,

which defines an average of 206Pb/238U ages at 480.8 ±

4.8 Ma (2r), with a MSWD of 6.9.

Titanite geochronology of micaschist GROA 102

Titanite in micaschist GROA 102 consists of large euhedral

to subhedral crystals, ranging in size from 40 to 200 lm.

Forty-five analyses of titanite were performed on two thin

sections (Table 5). Titanite displays high amounts of

common lead, as observed for titanite in albite gneiss

GROA 115. Uncorrected data were plotted in a Tera–

Wasserburg diagram and yield a late Devonian lower

intercept age of 376 ± 36 Ma (2r), with a MSWD of 2.5

(Fig. 9a). Besides, common lead was corrected using the

‘‘204 method’’. The 206Pb/204Pb and 207Pb/206Pb initial

ratios were taken from a titanite analysis without

radiogenic lead and with very low U and Th contents

(\0.5 ppm) and correspond to 16.88 and 0.8403 ± 0.1862

(at 2r), respectively. Analyses with very low radiogenic Pb

were ignored. The corrected data yield a late Devonian

lower intercept age of 366 ± 33 Ma (2r), with a MSWD

of 0.44 (Fig. 9b).

Discussion

Significance of the U–Pb ages

The zircon and titanite U–Pb ages obtained in albite gneiss

GROA 115 and metapelite GROA 102 define two important

age limits in the history of the Ile de Groix. Zircon and

titanite LA-ICP-MS 206Pb/238U ages for albite gneiss

GROA 115 indicate a crystallisation age at 480.8 ± 4.8 Ma,

i.e., during the Early Ordovician. This age corresponds to

the granitic magma emplacement, contemporaneous with

the granitic to rhyolitic, pre-orogenic magmatism related to

the Cambro-Ordovician continental rifting and widely

recognised in the internal zones of the Variscan belt from

the Polish Sudetes to the Central Iberia (e.g. Guerrot et al.

1997; Crowley et al. 2000; Ballèvre et al. 2002; Mazur et al.

2004; Bea et al. 2007; Martı́nez Catalán et al. 2007; Bussy

et al. 2011; Ballèvre et al. 2011). Zircon crystals with late

Neoproterozoic ages (c. 586–647 Ma) represent inherited

grains from a Cadomian basement. Moreover, both types of

Fig. 8 U–Pb zircon and titanite

data in albite gneiss GROA 115.

a 206Pb/238U ages of LA-ICP-

MS Ordovician zircon U–Pb

data plotted as weighted

average. b Tera–Wasserburg

plot of LA-ICP-MS Ordovician

zircon U–Pb data. c Tera–

Wasserburg plot of Pb corrected

LA-ICP-MS data for titanite.

d Tera–Wasserburg plot for

Ordovician zircon and titanite.

Age calculated at 95% level of

confidence
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zircons are clearly distinguishable based on their mor-

phology (Fig. 7c, d).

The titanite U–Pb age obtained for metapelite GROA

102 indicates a late Devonian age of 366 ± 33 Ma, which

corresponds to the HP–LT peak metamorphic event, related

to the early stages of the Variscan orogeny. This result

corroborates the ages of 358–365 Ma obtained by Bosse

et al. (2005) using the 40Ar/39Ar and Rb–Sr methods on

phengite, epidote and whole rock (metabasites and

metapelites).

Geochemical signature of albite gneiss GROA 115

The presence of porphyroclastic albite and microcline, as

well as metamict allanite, suggests a magmatic origin for

albite gneiss GROA 115. The texture suggests that it

derives from a fine-grained magmatic rock, i.e., either a

microgranitic dyke or a porphyritic lava or tuff of rhyolitic

composition. Albite gneiss GROA 115 (a and b) presents

characteristic features of S-type peraluminous granites (A/

CNK *1.5; high SiO2; high LILE content) (Lachlan

granodiorite, Maas et al. 1997; Velay leucogranite, Wil-

liamson et al. 1997; Saint-Malo anatectic granite; Milord

et al. 2001).

The peraluminous signature would suggest that the fel-

sic magma derives from melting of a metasedimentary

peraluminous basement and was emplaced in a collisional

context (S-type granites; Chappell and White 1974) during

the thermal relaxation related to the exhumation of an

orogen (England and Thompson 1984). The peraluminous

character of albite gneiss GROA 115 is unequivocal, but

the interaction with subduction-related metamorphic fluids

produced during the dehydration of the surrounding rocks

(micaschists or, to a lesser extent, metabasites) can be

responsible for the mobilisation and transport of K2O and

Na2O contents and consequently for the increase in the

A/CNK ratio. Albite gneiss GROA 115 derives from a

volcanic tuff or a microgranitic dyke rather than from a

massive granitoid. It may have been more porous and more

permeable to fluids during metamorphism, resulting in high

fluid-rock ratios. Rocks that have undergone high fluid-

rock ratios on the Ile de Groix generally show evidences of

local mass transfers (El Korh et al. 2011). The replacement

of biotite by chlorite also releases K2O, resulting in a lower

whole rock K2O content and a higher A/CNK ratio.

The negative Eu and Sr anomalies and the slight MREE

depletion indicate fractionation of plagioclase and probably

apatite in the magma. The Th anomaly is related to the

presence of metamict allanite. The high HREE and Y

contents argue against a garnet-bearing residue during

partial melting. However, the high Al2O3 and SiO2 con-

tents, as well as rather high Fe2O3 and MgO contents

compared to the SiO2 content, suggest that cordierite mayT
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have been present in the protolith of albite gneiss GROA

115, implying the partial melting of a pelitic source (e.g.,

the Brioverian sediments from the Cadomian basement) at

relatively low pressure (see Williamson et al. 1997).

However, the trace element geochemistry of albite

gneiss GROA 115 also indicates similarities with the back-

arc I-type and anorogenic A-type granite chemistry

(MORB-like flat HREE distribution, moderate Y ? Nb

values; high U and Th values; negative Nb and Ti anom-

alies). Anorogenic granites characteristic of geodynamic

setting with lithosphere extension also sometimes occur as

weakly peraluminous (Bucher and Frost 2006). Moreover,

the presence of allanite and titanite as accessory minerals

rather suggests an anorogenic or a volcanic arc origin. The

morphological types of zircon grains corroborate this

hypothesis. Ordovician zircons belong to the P1–P5 types

of Pupin (1980) indicating an alkaline to tholeiitic I-type

magma, common in extensional, anorogenic or back-arc

settings, even if the Al/(Na ? K) ratio is about 2.3. The

peraluminous signature of albite gneiss GROA 115 prob-

ably results from a crustal contamination due to the inter-

action of an upwelling mantle-derived magma with the

Cadomian basement. The LILE enrichment and depletion

of Nb, Ta and Ti indicate a magma with a depleted mantle

signature, which was modified by a variable crustal con-

tribution or by a subduction component (Pearce et al. 1984;

Harris et al. 1986). The crustal contamination is also sug-

gested by similarities in major and rare-earth element

compositions of albite gneiss GROA 115 and A-type

granites resulting from the mixing of a mantle-derived

magma and a crustal magma (Finnish wiborgite rapakivi

granite and Spirit Mountain granite; Haapala et al. 2005).

Cadomian and older inherited zircons are of S2 and S10–15

types, generally found in calc-alkaline or S-type magmas,

related to arc volcanism or orogenic plutonism.

Albite gneiss GROA 115 is contemporaneous with the

felsic volcanic rocks from the South Armorican Domain

(the ‘‘Porphyroid Nappe’’; Le Hébel et al. 2002a, b;

Ballèvre et al. 2011) and shows similar chemical charac-

teristics. The porphyroids are metamorphic rocks deriving

from rhyolitic to dacitic porphyritic lavas (Boyer 1974; Le

Hébel et al. 2002a) formed during the Early Ordovician

rifting (473–494 Ma; Ballèvre et al. 2011). They display

the general characteristics of orogenic calcalkaline series

and were interpreted as the result of the partial melting of a

sedimentary or igneous source (Ballèvre et al. 2011). The

similarity between the felsic metavolcanics (Porphyroid

Nappe) and albite gneiss GROA 115 (Fig. 10) suggests that

they are both related to the same volcanic event.

Different studies have observed that pre-Variscan gra-

nitic rocks related to the Cambro-Ordovician felsic pluto-

nism generally show a large spectrum of compositions

from calc-alkaline subduction-related granite, to anoro-

genic alkaline granites and collisional S-type granites

(Guerrot et al. 1997; Crowley et al. 2000; Ballèvre et al.

2002; Mazur et al. 2004; Bea et al. 2007). Bea et al. (2007)

demonstrated that Cambro-Ordovician calc-alkaline to

peraluminous magmas in Central Iberia were emplaced in a

continental rift environment and inherited their signature

from a fast melting of their late Pan-African protolith, even

if they show subduction-related characteristics. In the

Northern Bohemian Massif, the Early Palaeozoic granitic

plutonism is supposed to derive from partial melting of the

Fig. 9 Tera–Wasserburg plots

of Pb uncorrected (a) and

corrected (b) LA-ICP-MS U–Pb

data for titanite in micaschist

GROA 102

Fig. 10 N-MORB–normalised multi-element diagrams illustrating

the whole-rock trace element compositions of albite gneiss GROA

115 in comparison with the metavolcanics of the ‘‘Porphyroid Nappe’’

(Ballèvre et al. 2011). Normalisation values are from Sun and

McDonough (1989). Grey regions correspond to the composition of

the Porphyroid metavolcanics
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Cadomian basement (Crowley et al. 2000). Their signature

has been inherited from the composition of their protolith

(Klimas-August 1990; Floyd et al. 2000). Crowley et al.

(2000) suggested that the granitic magmas were emplaced

by mantle plume convection, which was responsible for the

fragmentation of the northern Gondwana margin and the

formation of microplates because of a widespread tensional

regime related to the formation of rift-related basalts.

Similarly, the magmatic protolith of albite gneiss GROA

115, emplaced during the Cambro-Ordovician continental

rifting, may have inherited its specific chemical composi-

tion (i.e., combination of orogenic, back-arc and anoro-

genic signatures) from the partial melting of the Cadomian

basement, documented by the inherited cores in the studied

zircons, in an extensional context, like a back-arc spreading

setting, possibly due to the upwelling of a mantle-derived

magma. The partial melting of the pelitic Cadomian

basement may have been triggered by upwelling of a

mantle-derived magma, leading to the formation of an

Al2O3–rich felsic magma. The felsic magma is expected to

have mixed with the basic magma before rising towards the

surface.

Continent to ocean transition in the Ile de Groix

Cambro-Ordovician rifting

Magmatic rocks of the Ile de Groix essentially consist of

mafic metavolcanic rocks, derived from MORB-type bas-

alts and now represented by the HP–LT metabasalts (El

Korh et al. 2009). A very small amount of felsic meta-

volcanics, here described for the first time, records another

type of magma, dated at 480 Ma. However, there are no

evidences if the felsic and mafic magmatic events are

contemporaneous (as appears quite probable according to

the field relations) or if the basaltic magmatism represents a

later event with respect to the felsic magmatism. The first

hypothesis is favoured here because (1) field relations

suggest that the metabasites could derive from either lava

flows or sills (massive blueschists) and epiclastic sediments

(banded blueschists), and (2) the albite gneiss is interpreted

as a tuff, in which case its age is similar to the mafic and

pelitic rocks. Alternatively, the Ile de Groix could represent

part of a true oceanic crust, located close to the palaeo-

margin. In this case, the amount of continent-derived sed-

iments can be relatively high. Inputs of volcanic material

(tuffs) interlayered within the detrital sediments were

possible when intense explosive eruptions took place on

the nearby continent.

The Ile de Groix has been interpreted as a klippe

(Fig. 1), which was thrust upon the ‘‘Porphyroid Nappe’’

(Le Hébel et al. 2002a; Ballèvre et al. 2011), which are

interpreted as felsic metavolcanics. Because the

metavolcanics from the Porphyroid Nappe and the albite

gneiss from the Ile de Groix display the same geochemistry

and have the same age, one can assume either that these

two units were at a close distance from each other or that

the Ile de Groix represents a more evolved stage of the

continental rifting, with partial melting in the mantle

overtaking the partial melting in the lower Cadomian

continental crust, possibly in a back-arc setting. According

to its position within pelitic sediments and to its protolith

age (ca. 480 Ma), the albite gneiss could represent a wit-

ness of the felsic magmatism related to the Ordovician

continental rifting that has been widely recognised in the

internal zones of the Variscan belt. It is associated with the

opening of the Rheic Ocean in the northern Gondwana

margin and with the closure of the Iapetus Ocean (or Proto-

Thetys) during the Cambrian (550–490 Ma) (e.g. Guerrot

et al. 1997; Crowley et al. 2000; Matte 2001; Ballèvre et al.

2002; von Raumer et al. 2002; Mazur et al. 2004; Schulz

et al. 2004; Bea et al. 2007; Martı́nez Catalán et al. 2007;

von Raumer and Stampfli 2008; Bussy et al. 2011; Stampfli

et al. 2011; Ballèvre et al. 2011). The felsic magmatism

was followed by a back-arc spreading and by the opening

of the Rheic Ocean during the Early Ordovician (for dis-

cussion, see von Raumer et al. 2002; von Raumer and

Stampfli 2008). The rift evolved to an intracontinental

basin, where pelitic sedimentation took place. At the same

time, explosive volcanism continued and produced volca-

nic rocks and tuffs, which were deposited in the basin. The

thinning of the lithosphere has furthered the basic magma

to rise towards the surface, and consequently, the felsic

magmatism was followed by the emplacement of MORB-

type basalts, now represented by the HP–LT metabasalts of

the Ile de Groix (El Korh et al. 2009).

The compressive regime responsible for the closure of

the Rheic ocean at c. 440–420 Ma led to the back-arc

opening of the Palaeo-Thetys between the Galatian terranes

(including the microcontinent Armorica) and the Gondw-

ana (von Raumer and Stampfli 2008; Stampfli et al. 2011),

while the Hanseatic arc detached from Laurussia (Eurasia)

collided with the Galatian terranes during the late Devo-

nian (Stampfli et al. 2011) on the opposite margin of the

Rheic ocean. According to the imbrication model of

Martı́nez Catalán et al. (2007), the Ile de Groix rocks could

represent a witness of the Rheic Ocean subducted along the

palaeomargin of Armorica. An alternative model suggests

that the Ile de Groix metabasites could be the witnesses of

the Galicia-South Brittany Ocean opened within Armorica

and the Gondwana at the same time as the Rheic Ocean

(Matte 2001; Bea et al. 2007). However, the Galicia-South

Brittany Ocean could also represent a marginal basin

within the Galatian terranes, resulting from the fragmen-

tation of the northern Gondwana margin during the Early

Palaeozoic (see Crowley et al. 2000).
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Late Devonian subduction

At the beginning of the Variscan orogeny (c. 370–360 Ma),

the ocean closed in a subduction zone now recorded by the

HP–LT rocks of the Ile de Groix. Subduction of the oceanic

lithosphere resulted in an imbrication of its uppermost part,

essentially made of metabasalts and metapelites. The

titanite U–Pb age obtained for micaschist GROA 102

indicates an age of 366 ± 33 Ma, which corresponds to the

HP–LT peak metamorphic event. This result is in agree-

ment with the ages of 358–365 Ma obtained by Bosse et al.

(2005) using the 40Ar/39Ar and Rb–Sr methods on

phengite, epidote and whole rock (metabasites and meta-

pelites). This process was accompanied by extensive

folding and shearing, recorded by top-to-the South kine-

matic criteria (Philippon et al. 2009).

Depending upon the assumed model for the Ile de Groix,

this episode can be reconstructed as follows. If the Ile de

Groix was being located in the true oceanic domain, one

has to assume that the oceanic lithosphere was subducted.

This resulted in the imbrication of its uppermost part,

essentially made of metabasalts and metapelites, the latter

being sheared off the subducting lower part (gabbros,

peridotites). Alternatively, the Ile de Groix could represent

the distal part of the Armorican palaeomargin, with a

décollement of the pile of sediments and basaltic lavas

from their strongly attenuated Cadomian basement. The

final result is a complex imbrication of metabasalts and

metapelites in an accretionary prism.

Conclusions

The U–Pb geochronological data obtained on zircon and

titanite from albite gneiss GROA 115 and metapelite GROA

102 place time constraints on the geodynamical history of the

Ile de Groix. Our results allow for the first time dating the

protolith of an albite orthogneiss discovered on the Ile de

Groix and emplaced before the HP–LT metamorphism. The

albite gneiss certainly derived from a peraluminous rock,

probably a volcanic tuff, which formed during the Early

Ordovician (at 480.8 ± 4.8 Ma). Despite a geochemical

signature similar to peraluminous orogenic magmas, the

magma was emplaced during the Cambro-Ordovician con-

tinental rifting. It acquired its specific chemical composition

from a combination of orogenic, back-arc and anorogenic

signatures from the partial melting of the Cadomian base-

ment, as evidenced by the presence of inherited zircons of

late Neoproterozoic age (c. 586–647 Ma). HP–LT metaba-

sites outcropping on the Ile de Groix constitute the remnants

of an oceanic basin, whose closure resulted in the collision

between the microcontinent Armorica and the northern

margin of the Gondwana during the late Devonian.
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Cogné J (1971) Le Massif armoricain et sa place dans la structure des
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Montes A, Rubio Pascual FJ, Valle Aguado B (2007) Space and

time in the tectonic evolution of the northwestern Iberian Massif.

Implications for the Variscan belt. Geol Soc Am Mem 200:403–

423

Matte P (2001) The Variscan collage and orogeny (480–290 Ma) and

the tectonic definition of the Armorica microplate: a review.

Terra Nova 13:122–128
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Peucat JJ, Cogné J (1977) Geochronology of some blueschists from

ile de Groix, France. Nature 268:131–132

Philippon M, Brun JP, Gueydan F (2009) Kinematic records of

subduction and exhumation in the Ile de Groix blueschists

(Hercynian belt; Western France). J Struct Geol 31:1308–1321

Pin C, Carme F (1987) A Sm–Nd isotopic study of 500 Ma old

oceanic crust in the Variscan belt of Western Europe–the

Chamrousse ophiolite complex, Western Alps (France). Contrib

Mineral Petrol 96:406–413

Pin C, Paquette JL, Santos Zalduegui JF, Gil Ibarguchi JI (2002)

Early Devonian suprasubduction-zone ophiolite related to

incipient collisional processes in the Western Variscan Belt:

The Sierra de Careón unit, Ordenes Complex, Galicia. Geol Soc

Am Spe Pap 364:57–71

Plank T, Langmuir CH (1998) The chemical composition of

subducting sediment and its consequences for the crust and

mantle. Chem Geol 145:325–394

Pupin JP (1980) Zircon and granite petrology. Contrib Mineral Petrol

73:207–220

Quinquis H (1980) Schistes bleus et déformation progressive:
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de Rennes, 145 pp

Quinquis H, Choukroune P (1981) Les schistes bleus de l’ı̂le de Groix

dans la chaı̂ne hercynienne: implications cinématiques. Bulletin
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