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Late orogenic evolution of the Variscan lithosphère:
Nd isotopie constraints from the western Alps

by S. Cannic', H. Lapierre', P. Monié2, L. Briqueu2 and C. Basile'

Abstract

We performed geochemical analyses (major- and trace-elements, Nd isotopes) of Late Variscan igneous rocks from
the western Alps in order to better constrain the lithospheric evolution at the end of the Variscan orogeny. In the
western Alps, the shoshonitic suite from the Croix de Fer pass and the alkaline Combeynot granite were emplaced
during the Late Carboniferous. They were followed during the Early Permian by the calc-alkaline diorite porphyries
from the "Zone Houillère Briançonnaise". dated by 40Ar-39Ar, and by the calc-alkaline rhyodacites from the Guil
valley. These suites postdate the Variscan orogeny and originated in a regime of lithospheric extension and thinning
affecting the entire domain of the European Variscan belt. They display subduction-related geochemical features
with the exception of the Combeynot granite.

The Croix de Fer suite, the diorite porphyries from the Zone Houillère Briançonnaise and the felsic lavas from
the Guil valley show the lowest (-7 > eNd >-5) and highest eNd values (+0 > sNd > +2), respectively.The eNd(-2) of the
alkaline Combeynot granite is intermediate between those of upper Carboniferous and lower Permian suites. The
negative eNd of the Upper Carboniferous rocks suggest that they derived from an enriched lithospheric mantle
source contaminated by the Hercynian crust.The higher eNdof the Early Permian magmas indicate that involvement
of this crust decreased with time. Thus, the crustal contribution in the post-orogenic suites disappeared progressively
with time at the end of the Variscan orogeny.

Keywords: Permo-Carboniferous, post-orogenic magmatism, trace element chemistry, Nd isotopie composition,
western Alps.

1. Introduction

In Europe, the Variscan orogenic belt is characterized

during the Permian-Carboniferous times
(250-355 Ma; Odin, 1994) by the development of
sedimentary basins coeval with two major plutonic
and volcanic cycles. The first cycle is represented
by calc-alkaline igneous rocks, emplaced during
the Stephanian-Autunian while the second one,
Late Permian in age, is alkaline (Broutin et al.,
1994).Two main mechanisms have been proposed
to explain the origin of the calc-alkaline suites:
(i) melting of an asthenospheric mantle previously

metasomatized by fluids related to oceanic
subduction (Cabanis et al., 1990; Finger and Steyr-
er, 1990; Mercolli and Oberhänsli, 1988;
Stille and Buletti, 1987), (ii) melting of
continental lithosphère, and especially the lower crust,
during extension and lithospheric thinning at the

end of the Variscan orogeny (Innocent et al.,
1994). The Permo-Carboniferous igneous rocks
exposed in the western Alps represent good
candidates to test these two hypotheses.

Several geological, petrological and geochemical
studies have been published on the Permo-

Carboniferous magmatism from the western Alps
(Banzet et al., 1984, 1985; Ouazzani and
Lapierre, 1986;Menot, 1987; Ouazzani et al., 1987;
Finger and Steyrer, 1990; Schaltegger and
Corfu, 1995; Debon and Lemmet, 1999), the
French Massif Central (Bruguier et al., 1998)
and the Pyrenees (Cabanis and Le Fur-Balou-
et, 1989; Innocent et al., 1994). However, the
sources of the igneous suites from the western
Alps are still poorly constrained.

In this paper we present the trace-element and
isotopie data of three igneous suites from the
western Alps, i.e., shoshonitic lavas of the Croix

1 LGCA. UMR-CNRS 5025, OSUG, Université Joseph Fourier, Maison des Géosciences, 1381 rue de la Piscine, B.P. 53.
F - 38031 Grenoble Cedex, France. <lapierre@ujf-grenoble.fr>

2 ISTEEM. CC066, Univ. Montpellier II, CNRS, Place Eugène Bataillon, F - 34095 Montpellier Cedex 05, France.
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de Fer pass, diorite porphyry sills and dykes of the
Zone Houillère Briançonnaise (ZBH) and the al-
kalic Combeynot granite.

The age and the penological, geochemical and
isotopic characteristics of the three suites will be
first discussed. Then these suites will be compared
to those of similar age exposed in the central Alps
(Italy), in the French Massif Central (Decazeville
basin) and in the Pyrenees (Sierra del Cadi basin
and Ossau massif).

Finally, the tectonic setting of the three suites
will be considered with respect to the geodynam-
ic evolution of the western Variscan belt at the

end of its development and before the opening
of the Tethyan ocean.

2. Geological and geochemical background

In the western Alps, Late Carboniferous to Early
Permian igneous rocks have been indentified in
the external crystalline massifs (e.g., Croix de Fer
pass, Combeynot massif) and in several places in
the "Zone Houillère Briançonnaise" (ZHB):
Chardonnet pass, Combarine mine and Guil valley

(Fig. 1).

Croix-de-Fer

Grenoble
Torino

50 km

Gap
6°

I

A
G. Rousses Cha rrionnet

Dora Maira

25 Km
Combeynot

Fig. I Simplified geological map and geological section of the western Alps. 1 - External Crystalline Massifs
(ECM). 2 - Permo-Carboniferous volcano-sedimentary rocks. 3 - Internal Crystalline Massifs (ICM) and Austro-
Alpine units. 4 - Mesozoic ophiolites suites and their sedimentary cover. 5 - Location of the studied Permo-Carboniferous

suites. PF - Penninic Front.
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2.1. CROIX DE FER SHOSHONITIC SUITE

The volcano-sedimentary suite of the Croix de
Fer pass (Grandes Rousses massif, Fig. 1) infills a

NNE-SSW graben, which has been inverted during

the Alpine collision. The volcanism has been
assumed to be Early Stephanian (Late Carboniferous).

using paléontologie evidences and facies
similarities with the Decazeville basin (Lameyre,
1957; Giorgi, 1979; Broutin et al., 1994). Recent
U-Pb zircon ages of 308 +9/-5 Ma (U. Schaerer,
personal communication) from dacites confirm
the paléontologie data. The base of the volcano-
sedimentary pile rests unconformably on a pre-
Carboniferous basement (Fig. 2), and consists of
conglomerates, dacitic breccias and interlayered
tuffs locally intruded by basaltic (Si02 -50%,
MgO 8%; Banzet et al, 1985) and andesitic
flows and sills (Table 1, Banzet et al.. 1985).
However, the major part of the volcanic pile is

made of andesitic sills and flows interlayered with
Carboniferous black shales (Bordet and Corsin,
1951). Ouazzani et al. (1987) described two
generations of andésites. The quartz-free andésites
located just above the basalts include clinopyro-
xene and amphibole phenocrysts. while those
exposed at the top of the pile bear quartz and biotite
and are the last lavas to be emplaced. On the basis
of petrological and geochemical features, Banzet
et al. (1985) considered that the lavas display
shoshonitic affinities (Müller et al., 1992) and
labelled this suite latite.

The volcanic rocks are affected by low grade
metamorphism. Na-rich plagioclase and sanidine
are replaced by albite or adularia, while in the
mafic rocks, plagioclase is replaced by epidote
and quartz. Amphibole, biotite and clinopyrox-
ene are chloritised. Fe-Ti oxides are replaced by
sphene.

External Alpine zone
Croix-de-Fer pass

(modified after Banzet et al., 1984)

"--<!> i
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2 a

50m

ZHB
Combarine Chardonnet
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C X X
: x x
: x x
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[XX,
[XX!
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^--<!>

10m

2 b
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Mi Tuffs E3
Dacitic tuffs F;üj

b(£j1 Dacitic breccias [*:'*.!

[ 1 Diorites

Quartz-bearing andésites

Andésites

Coal-bearing sediments

Conglomerates
Gneisses

Fig. 2 Stratigraphie columns for the Croix de Fer pass and the Zone Houillère Briançonnaise suites.
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2.2. COMBEYNOT PLUTONIC AND
VOLCANIC COMPLEX

The Combeynot complex, located along the eastern

boundary of the Pelvoux massif (Fig. 1),
comprises acid and mafic igneous rocks, presumably
emplaced during the Early Permian (BarbiÉri,
1970; Demeulemeester, 1982; Barféty and
PÊCHER, 1984). However, recent U/Pb data indicate

a Late Carboniferous age of 311 + 6/—5 Ma for
the Combeynot granite Ma (U. Schaerer,
personal communication). The Combeynot massif
consists of three igneous suites: an acid sheeted
dyke complex, a biotite-bearing granite and doler-
itic dykes (Lacombe, 1970). The sheeted dyke
complex consists of porphyritic microgranite
associated with fluidal rhyolite and ignimbrite

(Costarella, 1987). The biotite-bearing granite
intrudes the pre-Variscan gneiss and forms a

roughly concentrically-zoned body. Assuming a co-
genetic origin for the microgranite and the granite,
Costarella and Vatin-Pérignon (1985) have
suggested a rather shallow emplacement for the
granite. The dolerites are the last to be emplaced.

The Alpine tectonics affected the acid and mafic

rocks of the Combeynot complex by brittle
deformation and low-grade metamorphism. This
metamorphism is responsible for the replacement
of the primary mineralogy by chlorite, albitc and
sericite.The acid suite exhibits an alkaline affinity
(Costarella, 1987). The microgranite and granite

are geochemically similar to the Corsican
Permian granites (Bonin, 1980,1982) and show
features of within-plate suites (Costarella, 1987).

Table 2 40Ar/39Ar laser probe dates from the Zone Houllière Briançonnaise.

N° 411Ar*/39Ar 3f,Ar/4"Ar
x 1000

39Ar/4"Ar 37Ar/39Ar 3sAr/39Ar %39Ar AGE ± lsd

VIB1 Amphibole J=0.016947

1 1.711 3.141 0.0419 2.103 0.17 12.0 51.6 ± 7.6
2 1.148 3.119 0.0679 3.565 0.09 23.5 34.8 ± 6.4
3 1.778 1.954 0.2375 1.314 0.03 31.1 53.6 ± 4.0
4 5.458 1.91 0.0798 10.453 1.01 38.8 159.6 ± 4.7
5 9.469 0.567 0.0879 13.368 1.69 62.4 268.5 ± 3.7
6 9.722 0.56 0.0858 14.186 1.79 68.2 275.2 + 3.9
7 9.432 0.085 0.1033 12.907 1.58 71.6 267.5 ± 6.5
8 9.582 0.514 0.0884 14.852 1.8 84.5 271.5 ±2.9
9 9.5 0.356 0.0941 14.123 1.69 87.6 269.3 ± 7.3
10 9.47 0.682 0.0842 13.958 1.65 100.0 268.5 ± 2.8

Total age 194..4 ± 2.4

CHAR1 Amphibole
1 31.25 2.99 0.0037 21.25 3.59 0.2 766.7 ± 89.7
2 10.452 2.707 0.019 18.321 1.34 1.5 294.2 ±22.1
3 6.374 1.531 0.0858 5.538 0.28 2.2 185.1 ±21.6
4 9.580 0.222 0.0974 10.939 0.76 19.8 271.4 ±3.5
5 9.743 0.202 0.0965 12.234 0.49 55.4 275.7 ± 4.6
6 10.071 0.063 0.0974 12.089 0.41 66.5 284.3 ± 2.4
1 9.957 0.085 0.0978 11.921 0.48 92.9 281.3 ± 2.7
8 9.744 0.158 0.0978 12.964 0.54 97.0 275.7 ± 4.5
9 8.615 0.027 0.1151 10.635 0.43 100.0 245.9 ± 5.3

Total age 277..6 ±3.1

CCF20 Biotite
1 0.000 3.384 0.0133 0.000 0.09 0.9 0

2 1.151 2.252 0.2904 0.075 0.03 2.9 34.8 ± 5.5
3 1.932 2.111 0.1945 0.041 0.01 6.3 58.1 ± 3.4
4 2.786 1.164 0.2353 0.034 0.01 10.8 83.2 ± 2.1

5 3.761 0.616 0.2174 0.024 0.03 19.4 111.5 ± 1.2
6 4.926 0.267 0.1869 0.025 0.02 35.7 144.7 ± 1.3

7 6.242 0.154 0.1527 0.02 0.00 67.2 181.4 ± 1.3
8 6.091 0.115 0.1585 0.028 0.00 84.3 177.2 ± 1.4
9 4.861 0.244 0.1908 0.041 0.01 88.9 142.8 ± 1.6
10 3.623 0.158 0.263 0.121 0.04 94.0 107.5 ± 1.5
11 4.56 0.122 0.2113 1.389 0.1 100.0 134.3 ± 1.4

Total age 147..5 ± 1.4
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2.3. "ZONE HOULLIÈRE BRIANÇONNAISE"
MAGMATISM

The ZHB magmatism consists of diorite porphyries

and andesitic dykes and sills (Piantone, 1980;

Ouazzani and Lapierre, 1986) which intrude Na-
murian-Westphalian sediments (Greber, 1965).
These rocks are well exposed near the Chardon-
net pass and Combarine mines (Fig. 2) and dated
as Early Permian (cf. section 4.1).

The ZBH igneous rocks are affected by the

Alpine low-grade metamorphism characterized
by the following metamorphic assemblage: epi-
dote ± albite ± lawsonite ± prehnite ± pumpellyite
± chlorite (Piantone, 1980). However, the mag-
matic textures and primary mineralogy are often
preserved, and more specifically the amphiboles
(Table l).This is the case for the Chardonnet sills.

The diorite porphyry is formed of oligoclase and

Mg-hornblende phenocrysts. The core of the sills
and dykes exhibit microgranular-porphyritic
textures, while the margins have microlitic and flui-
dal textures. Andésite is composed of amphibole
phenocrysts and glomero-porphyritic plagioclase
clots, which represent a cumulus phase (Ouazzani

et al., 1987). Diorite porphyry and andésite

display features of a medium potassic calc-alka-
line suite and show geochemical similarities with
post-collisionnal magmas (Group IV of Harris
et al., 1986).

2.4. VALLÉE DU GUIL VOLCANISM

The volcanic rocks of the Guil valley are exposed
in a tectonic window beneath the Internal Alpine
nappes (Fig. 1). From bottom to top, the volcanic
suite consists of rhyolitic flows and breccias, da-
cites and ignimbrite layers (Goguel, 1966). Rhyo-
dacites contain inclusions of andésite and diorite
porphyry (see below). The quartz-bearing lavas

and their inclusions are affected by a low grade
metamorphism similar to that which has affected
the other Late Carboniferous and Early Permian
igneous rocks. Tire rocks are undated. However,
they are assumed to be coeval with the Lower
Permian andésites from Provence (Barféty and

Pêcher, 1984; Broutin et al., 1994) on the basis

of the calc-alkaline affinity of the volcanic rocks.

3. Analytical techniques

3.1.40Ar-3l,Ar DATING

Amphiboles and micas were extracted from an
snrlpçitp snrl a mirrndinrite of the "Zone Houil-
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1ère Briançonnaise" and analyzed using
laserprobe 40Ar-39Ar step heating of single grains. Laser

probe experiments were performed using an
instrument device that includes a MAP 215-50
noble gas mass spectrometer and a continuous
6W argon-ion laser operating in multimode
(Monié et al., 1997). Samples have been
irradiated for 70 hours in the McMaster nuclear facility,

together with several flux monitors including
Mmhb-1 at 520.4+ 1.7 Ma (Samson and Alexander,

1987). During step-heating, the beam was
defocused in order to get a diameter at least twice
the size of the mineral being dated. The duration
of heating for each step is typically of 30 seconds,
followed by 5 minutes of gas cleaning and 15 minutes

of isotopic measurements through 8 data sets
on 36Ar to 40Ar. Blanks were monitored every
three experiments and were in the range of 3 X
1(T12, 3 x lO-i", 3 x 10~14,38.2 x 10~13 and 1013cc
for m/z 40,39,38,37 and 36, respectively. Results
were corrected for blanks, mass discrimination,
radioactive decay of 39Ar and 37Ar, and neutron-
induced interference reactions with Ca, K and CI.
Ages were calculated according to McDougall
and Harrison (1988) and were reported with one
sigma uncertainty on Table 2. Ca/K ratios in amphiboles

can be directly evaluated from the relation
Ca/K 1.82 X 37ArCa/39ArK, whereas Cl/K is
obtained from the relation Cl/K 0.22 X 38Arc]/39ArK.

3.2. MAJOR AND TRACE ELEMENT ANALYSIS

The main igneous facies of these suites were sampled

and analyzed (Table 3). All the igneous mafic
minerals are altered with the exception of amphiboles.

The latter were separated from an andésite
and diorite from ZBH. Trace element and Nd-Sr
isotope analyses were performed on the less
altered rock facies of these suites and purified
hornblende separates.

Major and minor elements of the Combeynot
granite and microgranite were analyzed by ÏCP-
AES at the Centre de Recherche Pétrographique
et Géochimique (CRPG) in Nancy. Hie other
rocks were analyzed by XRF at the Laboratoire
de Pétrographie of Claude Bernard University in
Lyon.

Trace elements were analyzed by ICP-MS
using two different techniques: acid dissolution or
fusion with lithium borate, depending on the Si02
contents of the rocks. Trace elements of the SiOr
rich rocks (Si02 60%) were measured at the
Laboratoire de Géochimie of Paul Sabatier
University in Toulouse, using lithium borate fusion,
and following the procedures of Valladon et al.
(unpublished report): 100 mg of powdered rocks

are weighted in a Pt crucible, with 320 mg Lithium
metaborate and 80 mg Lithium borate (Fluka).
After careful mixing of the powders, the crucible
is heated for fusion at 1000 °C. After cooling, 8 ml
double-distilled HNO, (12N) and HF are added
for the dissolution of the glass. The final dilution
to 30 ml of a 15 ml aliquot, with MilliQ water
and after addition of internal standards (In-Re),
corresponds to a total dilution of 3000. Detection
limits are: REE and Y 0.03 ppm, U, Pb and Th
0.5 ppm, Hf and Nb 0.1 ppm,Ta 0.03 ppm, and
Zr 0.04 ppm.

The mafic rocks and hornblende separates
were analyzed at the Laboratoire de
Géodynamique des Chaînes Alpines of Joseph Fourier
University in Grenoble, using acid dissolution and
following the procedure of Barrat et al. (1996).
Detection limits are 0.01 ppm for REE.

3.3. STRONTIUM AND NEODYMIUM
ISOTOPE ANALYSES

Before dissolution, the separated amphiboles
were cleaned with HCl (2N) and washed using
MillQ water (leaching method).The dissolution
of 100 mg samples was done in closed Teflon®
screw cap vessels with a HF-HC104 mixture and
subsequently converted to chloride form using
HCl (Table 4).

We used chemical separations of Rb/Sr and Sm/
Nd based on the procedures of Birck and Allègre

(1978) and Richard et al. (1976), respectively.
Nd and Sr isotopic compositions were measured
on a multicollector VG-sector mass spectrometer
at the Laboratoire de Géochimie Isotopique of the
Montpellier II University. Sr was loaded on single
W filament previously covered with Ta and Nd was
loaded on Re/Ta triple filaments. Repeated analyses

of NBS987 and JMC361 standards gave average

values of S7Sr/86Sr 0.71023 ± 4 and 143Nd/l44Nd

0.5111514, respectively.
Isotopic data on hornblende and igneous

rocks have been corrected for in situ decay with
an age of 308 Ma (Croix-de-Fer samples), 311 Ma
(Combeynot) and 279 Ma (ZHB, Guil).

4. Results

4.1.40Ar-39Ar DATING OFTHE INTRUSIVE
ROCKS OFTHE ZONE HOUILLÈRE

BRIANÇONNAISE

Two amphiboles from the Chardonnet microdio-
rite and the Combarine andésite of the "Zone
Houillère Briançonnaise" were dated, as well as a
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biotite from one of the Croix de Fer dacites
(CCF20). For the Chardonnet amphibole CHAR-
1, the age spectrum is moderately convex (Fig. 3a)
with a plateau date of 278.8 ± 6.6 Ma defined at
the 2a level for 75% of 39Ar released. Ca/K and
Cl/K ratios are respectively close to 22 and 0.1 for
this portion of the spectrum, and higher in the
first gas increments, corresponding to older
apparent ages. The age pattern of the second
amphibole VIB1 is more discordant than the previous

one (Fig. 3b). The first heating steps have
minimum ages ranging from 35 to 54 Ma, Ca/K ratios
close to 4, and a mean Cl/K of 0.06. For the last
69% of 39Ar released, apparent ages drop to a
plateau date of 269.7 ± 5.6 Ma (2a) corresponding to
constant Ca/K values of 25, and Cl/K ratios of
0.37. This isotopic pattern can be interpreted to
reflect the degassing of two different argon reservoirs,

one released at low experiment temperature,

related to the degassing of micro structural
defects and inclusions (phyllites?), the second being

representative of the true argon signature in
the amphibole.

Biotite from dacite CCF20 produces a very
discordant age spectrum (Fig. 3c), with a convex
profile. Maximum ages close to 180 Ma are
displayed by the central part of the spectrum, whereas

younger dates are observed on both sides. Cl/K
ratios record an evolution that is antithetical to
the age spectrum, the lowest Cl/K being correlated

with the oldest dates.These isotopic signatures
suggest that argon was released from two reservoirs,

most probably represented by two phyllite
components, magmatic biotite and late Alpine
chlorite interlayered with biotite. Convex or
hump-shaped age spectra have been previously
reported for samples containing more than one
generation of micas (Wijurans and McDou-
gall, 1986). In the present situation, the age spectrum

of biotite CCF20 cannot be used to assess an
age for magmatism or Alpine overprint.

4.2. ALTERATION AND ELEMENTAL
MOBILITY

Our trace element study is based on "hygromag-
maphile" trace elements (such as Th, Ta, La. Zr,
Hf) (Treuil. 1973; Bougault. 1980; Bougault
et al., 1985), since these elements constitute
appropriate geochemical tracers and remain generally

largely immobile during alteration and meta-
morphism. It is generally admitted that calcite-
rich rocks have anomalous Light Rare Earth
Elements (LREE) enrichments (Ludden and Thomson,

1979; Humphris, 1984). No calcite filling-
veins have been observed in the studied volcanic

rocks. Thus, we assume that LREE were not
mobilized.

The altered nature (up to low grade green-
schist facies) of the rocks means that before any
petrological and geochemical inferences can be
made from the chemistry of the rocks, the possible
chemical effects of element mobility must be
accounted for. Niobium is widely regarded as being
immobile during low grade metamorphism of
igneous rocks and has been plotted against some
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Fig. 5 Age spectra resulting from single grain analyses
of microdiorite (CHAR1,A),quartz-andesite (VIB1, B)
and dacite (CCF-20, C).
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trace elements. It can be seen in Fig. 4 that Rb. Sr,
Ba and Pb exhibit no correlation with Nb. This
implies that these large ion lithophile elements
have been extensively mobilized and that the Sr
isotopic ratios do not reflect the compositions of
the sources. The variations of these lithophile
elements will not be discussed further on.

In contrast. TiO:, Th and Y produce rather
good correlations when plotted against Nb but
these correlations differ slightly from one rock
type to another. Most of the studied lavas exhibit
an enrichment in TiO, and Y at rather similar Nb
levels (5 and 10 ppm) with the exception of two
dacites from the Croix de Fer pass. AU the volcanic

rocks display a crude Th-Nb positive correlation.

This indicates that: (i)Ti02, Y, and Th are
relatively immobile during low grade metamor-
phism of the Permian-Carboniferous suites, and
(ii) crystal fractionation is not the only process
related to the differentiation of these rocks.

4.3. CROIX-DE-FER VOLCANISM

The major element composition (Table 3) of the
lati-andesite (Si02 < 55%), quartz-bearing andésite

(60% < Si02 < 64%) and dacite (Si02 > 65%)
are in agreement with the petro-geochemical
classification of Banzet et al. (1984). SiO, increases
while Fe20, and TiO, decrease (refer to Banzet
et al., 1984. 1985). This correlation is due to the
early crystallizing ferro-titaneous oxides.

Among the studied suites (with the exception
of the Combeynot granite), the lavas from the
Croix-de-Fer have the highest Ta, Nb. Y, U and Tit
contents (Table 3).They cluster in the shoshonitic
field defined bv Pearce (1982).Their Zr/Nb 13 <
Zr/Nb <15) and Zr/Th 10 < Zr/Th < 24) ratios are
high and fall in the range of shoshonitic suites
(Gill, 1983: Morrison, 1980). However, the dacite

(CCF2) differs from the other lavas by significantly

lower Zr/Nb (4.8) and Zr/Th (4.7) ratios,
and falls in the calc-alkaline field (Fig. 5).

The Croix-de-Fer lavas are enriched in TREE
relative to heavy rare earth elements (HREE).
Their chondrite-normalized (SlJN and Mc-
Donough, 1989) REE patterns fall in the range
of shoshonitic suites (Müller et al., 1992; (La/
Yb)N ranging between 6.4 to 12.5, Table 3; Fig.
7A). The Croix-de-Fer lavas have negative Eu
anomalies (Table 3; Fig. 7A), which are stronger in
the most acidic rocks.

In order to study the differentiation of this
suite, we have plotted the lavas (including data
published by Banzet et al, 1985) in the Ce vs. La
and Ce/Yb vs. Eu/Yb diagrams (Hart and Allègre,

1980). Ce vs. La plot (Fig. 6A) shows a good

positive correlation line that does not pass
through the origin, corresponding to differentiation

processes. However, CCF2 and CCF22 are
the most LREE-enriched but have lower and
higher Zr contents, respectively.This suggests that
LREE-enrichment is not solely related to
differentiation processes.

In the Ce/Yb vs. Eu/Yb plot, the Croix-de-Fer
lavas show three trends (Fig. 6A).Trend 1 shows a

positive correlation of Ce/Yb against Eu/Yb,
which corresponds to fractionation of plagioclase.
Trends 2 and 3 are parallel and indicate a Ce/Yb
increase at given and different Eu/Yb ratios, related

to frationation of amphibole and accessory
phases.

The primitive mantle normalized spiderdia-
grams (Fig. 8A) of the Croix-de-Fer lavas exhibit
low field strenght elements (LFSE) enrichments
and strong Nb.Ta andTi negative anomalies.

The Croix-de-Fer volcanic rocks show a wide
range of initial eSr values (+34 to +79), while their
eNd are rather homogeneous and range between
-5 to -7 (see Table 4). The eNd ratio of the quartz-
andesite is higher than that of the lati-andesite. In
the eNd-(S7Sr/HhSr)l diagram (Fig. 9A), the Croix-
de-Fer lavas plot out of the mantle array and are
displaced to the right side of the diagram, towards
the high eSr values.

4.4.THE COMBEYNOT COMPLEX

The Combeynot granite and microgranite are
SiO: (> 75%). K:0 (> 4.5%),and Fe20, (1 to 2%)
rich and CaO (< 0.7%). MgO (< 0.8%) and Na,0
(< 4%) poor (Table 3).This indicates that they are
formed from highly fractionated melts (Costa-
rella, 1987). Their Th levels are the highest of all
the studied suites.

These Si02-saturated rocks have high HREE
concentrations (20 and 30 times chondritic
abundances) and show the lowest fractionation
between LREE and HREE [(La/Yb)N < 5.4:Fig. 7BJ
and marked negative Eu anomalies (Table 3).The
greatest Eu negative anomaly is correlated with
the lowest LREE-enrichment (COS) and is possibly

linked to allanite and feldspar removal
(Costarella, 1987). The REE patterns of these
rocks are similar to those of hyper-alkaline granites

(Aleksiyev, 1970; Bowden and Whitley,
1974). In the primitive mantle normalized spider-
diagram (Fig. 8B), these quartz-bearing rocks
show Nb. Zr and Ti negative anomalies and Th
and U enrichments.

The Combeynot shows an eNd value of -2 and a

very high (87Sr/86Sr)i which reflects the intense
alteration that has affected this rock (Table 4).
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0.1
Ta/Yb

10

Fig. 5 Th/Yb-Ta/Yb discrimination diagram (after
Pearce, 1982 and Muller et al., 1992) illustrating the
shoshonitic to calc-alkaline affinities of the studied Per-
mo-Carboniferous rocks.

ement distribution with their host rocks, but differ
by the HREE and Y contents, which are lower in
the host rocks. The ZHB rocks display a large
range of U contents (35 to 105 times the primitive
mantle abundances), while the range of their Th
contents is restricted (between 3 and 4.7;Table 3).
However, VIB1 amphibole has the highest U and
lowest Th contents, respectively and thus, differs
on this point from its host rock and the ZHB suite.

The studied rocks show rather homogenous
initial eNd values (+0.8 to +2.3), while their eSr values

are more variable and range from -5 to +39
(Table 3). VIB1 amphibole and its andésite host
rock have similar of +2.3 but the Sc. of the
amphibole is slightly higher (+37) than that of the
host rock (+32). CHAR1 amphibole has higher
enj (+1.7) and eSr(+16) values than its host rock
(enj +0.6; £Sr= 11). In the sNd - (S7Sr/86Sr), plot
(Fig. 9A), the samples from Chardonnet fall in the
mantle array, while the amphibole and their host
rocks from the Combarine area (V1B1 and
COMB3 in Table 4) have higher eSr values (+32 to
+39) and plot out of the mantle array.

4.5. ZONE HOUILLERE BRIANÇONNAISE
MAGMATISM

The analyzed samples display a calc-alkaline
affinity and a positive correlation between Th/Yb
and Ta/Yb ratios (Fig. 5). They have high LREE
contents and show an important fractionation
between LREE and HREE [(La/Yb)N up to 5.6;
Table 3; Fig. 7C and D], The amphibole separates
from a diorite porphyry (CHAR1) and an andésite

(VIB1) differ from their host rocks by higher
REE contents and Eu negative anomalies (Table
3; Fig. 7C).The CHAR1 amphibole (Fig. 7D)
differs from that of VIB1 by a higher LREE enrichment

relative to HREE [(La/Yb)N= 6.6 and 1.7,

respectively] and a more marked Eu negative
anomaly [Éu/Eu* 0.7 and 0.8; Fig. 7D;Table 3],
The quartz-bearing diorites (COMBI and
COMB3) differ from the other ZHB rocks by Eu
negative anomalies. This is confirmed in the Ce/
Yb-Eu/Yb plot, where these two rocks have the
highest Ce/Yb and Eu/Yb ratios (Fig. 6B). In the
Ce-La and Ce/Yb-Eu/Yb plots the ZHB rocks
show positive correlations.

In the primitive mantle-normalized spiderdia-
gram, diorites and diorite porphyries exhibit Nb,
Ta and Ti negative anomalies and Th-, U-enrich-
ments (Fig. 8C), which are, however, lower than
those of the Croix-de-Fer suite. Relative to primitive

mantle, the amphiboles share similar trace el-
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Fig. 6 Ce/Yb-Eu/Yb diagram (after Hart and Allègre,

1980) for the Croix de Fer and Zone Houillère Bri-
ançonnaise igneous rocks. Open squares: data from
Banzet et at. (1985). Full circles: this study.
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4.6. GUIL VALLEY VOLCANISM

The rhyodacites and their inclusions of the Guil
valley show a calc-alkaline affinity (Fig. 5). The
analyzed samples display a constant Th/Yb ratio,
similar to that of the ZF1B rocks.

The felsic lavas and inclusions show similar
chondrite-normalized patterns with a marked
fractionation between LREE and HREE [(La/
Yb)N= 5.2 to 6.1; Fig. 7E; Table 3], However, the
slightly more mafic xenoliths exhibit the lowest
LREE enrichment relative to HREE [(La/Yb)N
4.4], Relative to primitive mantle, both rocks
display similar Nb.Ta andTi negative anomalies (Fig.
8D) and enrichments in Th and U.

The rhyodacites and inclusions show homogeneous

eNd values (+0.3 to +1.8), which are very
similar to those of the ZHB rocks (Table 3). 1 n the
eNd versus (87Sr/sf'Sr), diagram (Fig. 9A),the rhyo-
dacite (GUB3) falls in the mantle array, while the
dioritic porphyry xenolith (GUB5) plots left of
the mantle array because of its negative eSr value.
This negative eSr is probably due to the very low
87Rb and high 88Sr contents (Table 3) of this rock
and may reflect an alteration process.

4.7. SUMMARY AND DISCUSSION ON THE
GEOCHEMISTRY OFTHE LATE CARBONIFEROUS-

EARLY PERMIAN SUITES

The Late Carboniferous and Early Permian igneous

rocks of the External Alps share in common
high (La/Yb)Nratios, and in primitive mantle-normalized

plot, Nb, Ta and Ti negative anomalies
and U andTh enrichments. The Late Carboniferous

suite from the Croix-de-Fer pass differs from
the ZHB and Guil rocks by higher contents in U,
Th and REE. Finally, the lavas from the Croix-de-
Fer pass and the Combeynot granite have negative

eNd values while those of the ZHB intrusives
and Guil lavas range between +0.2 to +2.3.

The differentiation of the Croix-de-Fer suite

appears to be very complex. Indeed, the quartz-
andesites and the lati-basalts do not display significant

differences in their Hf. Nb. Ta and REE
abundances. This indicates that the most felsic
rocks cannot derive from the basalts by crystal
fractionation.

Differentiation of the ZHB rocks appears to
be simplier than that of the Croix-de-Fer suite.
VIB1 amphibole and its andesitic host rock differ
from CHAR1 amphibole and its dioritic porphyry
by lower Zr and HREE contents and Eu/Eu*
ratio. This can be explained by the accumulation in
the diorite porphyry of abundant plagioclase and
zircon, which does not occur in the andésite. So.

the chemical differences observed in the two
amphiboles of the ZHB intrusives indicate that
plagioclase played a key role in the differentiation of
the ZHB intrusive rocks. The eNd values of the
VIB1 amphibole and its andesitic host rock are
higher than that of CHAR1 amphibole and its
diorite porphyry host rock. Similarly, the eNd value
ofCHARl amphibole is slightly higher than that
of its host rock. These differences in the eNd values
can be easily explained in terms of crustal assimilation.

The cooling and differentiation of the diorite

porphyry which forms the core of the dyke or
sill, lasted longer compared to that of the andesitic

chilled margin. During this differentiation
and/or cooling, the amphibole and its host diorite
porphyry may have assimilated crustal material,
represented by the Carboniferous sediments,
which form the wall rocks of the intrusion. In
contrast, the eSr value (+16) of the CHAR1 amphibole

is higher than that of its host rock (eSr +13).
This indicates that the Sr isotopic composition of
these rocks is not significant.

'Hie felsic rocks from the Guil valley are geo-
chemically similar to the ZHB andésites and diorite

porphyries, similar (La/Yb)N ratios, U and Th
contents and eNd ratios (Tables 3 and 4; Fig. 8D
and 9A).The dacite differs from the tuff and diorite

porphyry inclusion by a slightly higher eNd
value. This difference is likely linked to crustal
contamination or assimilation.

5. Origin of the Late Carboniferous -
Early Permian suites from the Western Alps

5.1. ORIGIN OFTHE GEOCHEMICAL
FEATURES OFTHESE SUITES

The Late Carboniferous-Early Permian suites
from the western Alps show features of subduc-
tion-related magmas which are commonly found
in convergent-plate environments or in exten-
sional tectonic settings related to strike-slip faults.
These suites are not unique and belong to the
large K-rich igneous province emplaced in the
European Variscan belt during the Late
Carboniferous-Early Permian times. The origin of this
magmatism is still a matter of debate. For some
authors (Stampfu, 1996), these K-rich magmas
emplaced in a back-arc extensive setting related to
the roll-back of the subducting paleo-Tethyan slab.
For others (Innocent et ah, 1994; Faure, 1995;

Rottura et ah, 1998), these magmas were
emplaced in distensive basins during post-orogenic
lithospheric extension, which affected the entire
European Variscan belt. In the External Crystalline

Massifs, French Massif Central and in the Pyr-
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enees, some of these basins are clearly related to
strike-slip faults (Arthaud and Matte, 1977; Btx-
el and Lucas, 1983; Capuzzo and Bussy, 1998).

The Carboniferous igneous suites from the
Alps (suites studied in this paper, Aar massif;
SCHALTEGGER et al., 1991; Schaltegger and
Corfu, 1995), and the French Central Massif
(Berly et al., 1998; unpublished data), and the

Lower Permian lavas from the Pyrenees (Ossau
and Sierra del Cadi; Innocent et al., 1994) and
Southern Alps (Rottura et al„ 1998) are geo-
chemically similar. Indeed, all these rocks display
Ta, Nb and Ti negative anomalies, Th and U
enrichments (relative to primitive mantle), LREE-
enriched patterns (Fig. 10) and negative eNd values

(-3 to -7; Fig. 9A).
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Fig. 10 Chondrite-normalized rare earth patterns (Sun and McDonough, 1989) for some Permo-Carboniferous
magmatic suites. French Massif Central (Decazeville volcanism, Berly et al„ 1998); Ligurian Alps and Sardinia
(Cortesogno et al., 1998); Pyrenees massifs (Querigut and Canigou; Fourcade and Allègre, 1981).

The ZHB Early Permian intrusive rocks and
the Guil dacites can be compared to the Upper
Permian basalts (La Rhune) from the Pyrenees
because their 143Nd/144Nd isotopic compositions
are more or less similar (-2 < eNd < +2; Fig. 9A).

Moreover, these French suites are geochemically
similar to the Stephanian and Lower Permian
Italian suites because they are depleted in Nb and
Ta (relative to the primitive mantle) and have
high LREE/HREE ratios (Fig. 10). However, the
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Lower Permian rocks from the External Alps are
calc-alkaline while the La Rhune basalts are alka-
lic (Innocent et al., 1994).

The intrusive rocks from the Zone Houillère
Briançonnaise and the dacites from the Guil valley

display a crude negative correlation between
the eNd and Th content or (La/Yb)N ratio (Fig. 9B
and C). Within the Permian rocks, those with the
lowest eNd values have the highest Th content and
(La/Yb)N ratio. Similarly, among the studied
suites, the Carboniferous volcanic rocks of the
Croix de Fer pass which are the most Th- and
LREE-enriched have the lowest eNd values (Fig.
9B and C).This suggests involvement of continental

crust in the genesis of these rocks.
Comparison between these different late

Paleozoic suites shows that the magmatic affinities
and isotopic compositions are not constrained by
the age of the magmatism but rather by their
paleogeographic distribution. However, in the
Alpine arc, magmatism shows an evolution with
time. The Late Carboniferous lavas show crustal

signatures (negative eNd), while the Early Permian

intrusives clearly derive from the mantle, probably

reflecting a change in crustal thickness.
Moreover, the Nb and Ta negative anomalies

(in primitive mantle-normalized plot) of the late
Paleozoic rocks from the external Alps are
independent of their magmatic affinities and Nd
isotopic compositions. This suggests that the lower
continental crust, known to be depleted in Nb and
Ta, is involved in the genesis of these rocks.
Indeed, the lower continental crust normalized
(Weaver and Tarney, 1984) patterns of the igneous

suites from the external Alps do not show any
enrichment or depletion in Nb, Ta, and Hf (Fig.
11A). In contrast, they are enriched inTh, HREE
and Y. The Combeynot granite differs from the
other suites, by a depletion in Zr,Eu and Ti. When
normalized to the upper crust (Taylor and
McLennan, 1981) the patterns of the calc-alka-
line and shoshonitic rocks have a depletion in Nb
and Ta which is less marked in the Combeynot
granite (Fig. IIB).

Th U Nb Ta La Ce Nd Zr Hf Sm Eu Ti Gd Dy Y Er Yb
Fig. 11 (A) Lower and (B) upper crust-normalized spidergrams (Weaver and Tarney. 1984;Taylor and McLennan,

1981, respectively) for the Croix de Fer and the Combeynot igneous suites.

Combeynot massif

Combeynot massif



Nd ISOTOPIC CONSTRAINTS ON EVOLUTION OF VA RI SCAN LITHOSPHERE IN W-ALPS 97

All these rocks belong to calc-alkaline and/or
shoshonitic suites, characterized by the absence of
Ti and Fe enrichment during crystal fractionation.
This is a feature of hydrous melts (Gill, 1981).
The high water content in the magma is provided
by the presence of amphibole and/or phlogopite
in the mantle source or the mica-bearing gneiss
present in the upper continental crust. The occurrence

of an amphibole- or phlogopite-bearing
metasomatosed mantle underlying the continental

European crust at the end of the Variscan

orogeny is most likely. Indeed, Ordovician
subduction events are documented in the Paleozoic
basement of the Alps, (e.g., U/Pb zircon ages on
eclogites in the Gothard massif, Oberli et al.,
1994)

Thus, it appears on the basis of the trace
element distribution and Nd isotopic compositions
of the Late Carboniferous and Early Permian
rocks, that these rocks originated through complex

interactions between mantle-derived magmas

and crustal material. However, it is difficult to
specify the nature of the mantle source, i.e.,
subcontinental or asthenospheric.

5.2. GEODYNAMICAL IMPLICATIONS

Large-scale extension has been recognized in
Europe at the end of the Variscan orogeny during
the Late Carboniferous and Early Permian (Becq-
Giraudon and Van Den Driessche, 1994; Burg
et al., 1994; Faure, 1995).The Late Carboniferous
event postdates the gravitational collapse of the
Variscan chain and is related to transtensional
extension, mainly controlled by strike-slip faults
(EcHTLERand Malavieille, 1990; Saint Martin
et al., 1993; Bard, 1997).The Early Permian event
is essentially related to extension (Broutin et al..
1994). Both events are likely related to a regime
of lithospheric extension and thinning combined
with gravitational collapse of the newly built
Variscan chain induced by the change in the convergence

direction between Gondwana and Laurasia
(ARTHAUDand Matte, 1977;Ziegler. 1993).This
plate tectonic event affected the whole European
Variscan belt. The Croix-de-Fer volcanism and

Combeynot granite intrusion occurred during the
first event and likely derived from the partial
melting of the lower crust. During the Early
Permian, the ZHB calc-alkaline shallow level intrusions

and the Guil lavas entplaced in a thinned
continental crust. These rocks derived from the

partial melting of an enriched mantle, which
experienced a small crustal contamination. Thus, the
crustal contribution disappears progressively with
time, corresponding to the progressive thinning of

the lithosphère at the end of the Variscan orogeny.
The latter being probably controlled the Meso-
zoic opening of the Tethyan ocean in this area.

6. Conclusions

The Late Carboniferous-Early Permian suites
from Western Alps are characterized by:

1 The Late Carboniferous shoshonitic volcanism

of the Croix-de-Fer pass and alkaline Combeynot

granite derive from the mixing between
lithospheric mantle and lower crust components. However,

crustal contamination was less important in
the genesis of the Combeynot granite.

(2) The Early Permian age of calc-alkaline
volcanism is confirmed by 4"Ar-39Ar datations in the
ZHB. This volcanism and the one from the Guil
valley likely derived from an enriched mantle
source which was affected by some crustal
contamination.

The evolution of the nature of the magma
sources with time, i.e. from the end of the Variscan

orogeny up to the Early Permian magmatism,
could be related to extension and thinning of the
Variscan lithosphère.
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