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Late orogenic evolution of the Variscan lithosphere:
Nd isotopic constraints from the western Alps

by S. Cannic!, H. Lapierre!, P. Monié®, L. Briguew’ 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 Houillere Briangonnaise™, dated by **Ar—"Ar, 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 Houillere Brianconnaise and the felsic lavas from
the Guil valley show the lowest (=7 > ey, > —5) and highest ey, values (+0 > eyy > +2), respectively. The eyy (-2) of the
alkaline Combeynot granite is intermediate between those of upper Carboniferous and lower Permian suites. The
negative ey, of the Upper Carboniferous rocks suggest that they derived from an enriched lithospheric mantle
source contaminated by the Hercynian crust. The higher ey, of 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.

Kevwords: Permo-Carboniferous, post-orogenic magmatism, trace element chemistry, Nd isotopic composition,

western Alps.

1. Introduction

In Europe, the Variscan orogenic belt is character-
ized 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, 1s alkaline (BROUTIN et al.,
1994). Two main mechanisms have been proposed
to explain the origin of the calc-alkaline suites:
(1) melting of an asthenospheric mantle previous-
ly metasomatized by fluids related to oceanic sub-
duction (CABANIS et al., 1990; FINGER and STEYR-
ER, 1990; MERcOLLI and OBERHANSLI, 1988;
STILLE and BULETTL, 1987), (ii) melting of conti-
nental lithosphere, 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 1n the western Alps represent good can-
didates to test these two hypotheses.

Several geological, petrological and geochemi-
cal studies have been published on the Permo-
Carboniferous magmatism from the western Alps
(BANZET et al., 1984, 1985; OuazzaNi and La-
PIERRE, 1986: MENOT, 1987; OUuAZZANI et al., 1987,
FINGER and STEYRER, 1990; SCHALTEGGER and
Corru, 1995; DEBON and LEMMET, 1999), the
French Massif Central (BRUGUIER et al., 1998)
and the Pyrenees (CAaBANIS 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
isotopic data of three igneous suites from the
western Alps, i.e., shoshonitic lavas of the Croix
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> ISTEEM. CC066. Univ. Montpellier II, CNRS, Place Eugene Bataillon, F - 34095 Montpellier Cedex 05, France.
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de Fer pass, diorite porphyry sills and dykes of the
Zone Houillere Brianconnaise (ZBH) and the al-
kalic Combeynot granite.

The age and the petrological, 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 Houillere Brianconnaise™ (ZHB):
Chardonnet pass, Combarine mine and Guil val-
ley (Fig. 1).
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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-Carbon-

iferous 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 dur-
ing the Alpine collision. The volcanism has been
assumed to be Early Stephanian (Late Carboni-
ferous). using paleontologic 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 paleontologic 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 (Si0, ~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 gen-
erations of andesites. The quartz-free andesites
located just above the basalts include clinopyro-
xene and amphibole phenocrysts, while those ex-
posed 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 (MULLER 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)
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2.2.COMBEYNOT PLUTONIC AND
VOLCANIC COMPLEX

The Combeynot complex, located along the east-
ern boundary of the Pelvoux massif (Fig. 1), com-
prises acid and mafic igneous rocks, presumably
emplaced during the Early Permian (BARBIERI,
1970: DEMEULEMEESTER, 1982; BARFETY and
PECHER, 1984). However, recent U/Pb data indi-
cate a Late Carboniferous age of 311 + 6/-5 Ma for
the Combeynot granite Ma (U. SCHAERER, per-
sonal communication). The Combeynot massif
consists of three igneous suites: an acid sheeted
dyke complex, a biotite-bearing granite and doler-
itic dykes (LacoMmBE, 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-PERIGNON (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 ma-
fic rocks of the Combeynot complex by brttle
deformation and low-grade metamorphism. This
metamorphism is responsible for the replacement
of the primary mineralogy by chlorite, albite and
sericite. The acid suite exhibits an alkaline affinity
(COSTARELLA, 1987). The microgranite and gran-
ite are geochemically similar to the Corsican Per-
mian granites (BoNIN, 1980, 1982) and show fea-
tures of within-plate suites (COSTARELLA, 1987).

Table 2 **Ar/*"Ar laser probe dates from the Zone Houlliere Briangonnaise.
Ne  WAr#YAr CAr/fAr YArAAr YAr/fAr SAr%Ar %> Ar AGE * Isd
x 1000
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 23.5 348+ 64
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 27524 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+£29
9 9.5 0.356 0.0941 14.123 1.69 87.6 2693173
10 9.47 0.682 0.0842 13.958 1.65 100.0 2685+ 2.8
Total age = 1944+ 24
CHARI1 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 2942 £22.1
3 6.374 1.531 0.0858 5.538 0.28 2.2 185.1+21.6
R 9.580 0.222 0.0974 10.939 0.76 19.8 271.4.£35
S 9.743 0.202 0.0965 12.234 0.49 55.4 2757+ 4.6
6 10.071 0.063 0.0974 12.089 0.41 66.5 2843+24
7 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 2757+ 4.5
9 8.615 0.027 0.1151 10.635 0.43 100.0 2459+ 5.3
Total age = 277.6 £ 3.1
CCF20 Biotite
l 0.000 3.384 0.0133 0.000 0.09 0.9 0
2 1.151 2.252 0.2904 0.075 0.03 29 348+5.5
3 1.932 2.111 0.1945 0.041 0.01 6.3 581+£34
4 2.786 1.164 0.2353 0.034 0.01 10.8 832 2.1
S 3.761 0.616 0.2174 0.024 0.03 19.4 1115+ 1.2
6 4.926 0.267 0.1869 0.025 0.02 35.7 1447+ 1.3
7 6.242 0.154 0.1527 0.02 0.00 67.2 1814+ 1.3
8 6.091 0.115 0.1585 0.028 0.00 84.3 1772+ 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 1075+ 1.5
11 4.56 0.122 0.2113 1.389 0.1 100.0 1343+ 1.4

Total age = 147.5+ 1.4
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2.3.“ZONE HOULLIERE BRIANCONNAISE™
MAGMATISM

The ZHB magmatism consists of diorite porphy-
ries and andesitic dykes and sills (PIANTONE, 1980,
OuazzanNl 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 1). 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 tex-
tures, while the margins have microlitic and flui-
dal textures. Andesite is composed of amphibole
phenocrysts and glomero-porphyritic plagioclase
clots, which represent a cumulus phase (OUAZ-
ZANI et al., 1987). Diorite porphyry and andesite
display features of a medium potassic calc-alka-
line suite and show geochemical similarities with
post-collisionnal magmas (Group IV of HARRIS
etal., 1986).

2.4.VALLEE 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 andesite 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. The rocks are undated. However,
they are assumed to be coeval with the Lower
Permian andesites from Provence (BARFETY and
PECHER, 1984; BROUTIN et al., 1994) on the basis
of the calc-alkaline affinity of the volcanic rocks.

3. Analytical techniques

3 LYA=YAr DATING

Amphiboles and micas were extracted from an
andesite and a microdiorite of the “Zone Houil-



.

S. CANNIC, H. LAPIERRE, P. MONIE, L. BRIQUEU AND C. BASILE

84

- STl L0 98°0 rE0 £€0 8170 6l a0 6t°0 - o
- €9 A 4 LY 91'¢ S e 68Tl 66'¢ SEE - +9°C
- [0 Le0 €50 8L°0 £8°0 96°0 6LC ST 8670 = £9°0
- s Lot I8 9¢°¢C Sye 86°C 98Tl 601 ILe - I8C
- 86l ¥ I'e el Tl 6rl EASS <ol ['81 - 9°¢l
- es 99 68°S 9¢'¢ 9T°¢ €6t LTI Sy It - L4 4
- gy 9°9¢ 13 €Y ¥og 9LL 43 Y6 ¥'8¢ 6°9¢ - 6'1¢
- rol 8¢ £'sC 6'tl SEl Ol o9y 6Ll LL1 - ¢el
£ £ £ v £ 14 i3 14 £ €
- 0cl 88¢C it [£:43 00t 8¢E €6 €Le Slit 6t
- a9t (450 4 60t - vL'e - - - Lyl - (434
& POt 11 So'y - 650 & 860°1 P80
- vSl 91 8El I'sl - 67l : 891
- L0t 6'8¢ vIc eLe - - 68 - 68
= g 8°6C 9L - £6e - - L2 6t - 9L
- L3 I'c el - 6’19 - - e rre - 89¢
LE'S L6'1 s’ - 6L9 - - 23 96't = 8¢
- L60 L0 9’1 96 9¢'8 I'si £'Cs e 66°S - L
= 9pl ¥l 651 - 143 - - v'8 (e - 6571
- 66’ L8'S pl'e - 8L - - 901 UL - 1'¢
- soc IC 60¢ LS 1y 10t 179 o't 9I't - SeEv
- I8 ST <9 a9 cL L8 - LIl Is1 - 9Ty
- LT 90¢ ¥9¢ 9L 99 08 8LT L 9'1¢ - Sy
- 9'Le ree L €81 081 134 60C (433 0s¢ - ol
- g 1'cc 6'1¢ bl L0l 9°¢l LA3Y oy 691 vIl
15 15 € L4 £ v L4 14 € !
LL6O 68°66 87606 9L'66 £L'66 8L°66 FO001 PP 66 - 8986 L6'R6 LL66 78’86
9’1 901 90°1 801 vl rO°L Pl'e 18°¢C - el'e e 6 Sle
£0°0 £0°0 £0°0 £0°0 80°0 00 cro £lo B (] SIo 910 LI'O
S8t [y 90°¢ 667 9C’s [0°¢ (A4 90°¢C - I'C I8°0 rIe 8T
8Pt 6l°¢ re L8E S0 £6'C 86°¢ {82 - 6C 869 L6y 8¢y
690 69°0 9C0 800 LT°0 LT°0 8LT L6'c - 86°¢ €60 £€6°0 9’0
P10 S1°0 0 £C0 9L°0 8L°0 SL'l S0¢ - LY cle LSE 1232
Sodel], £00 SJ0BY[,  SadEI] 00 €00 <o Sro - SIo 1o 910 110
SOl 80°[ £C.1 LS'] 6l 881 rre LS9 - 10°6 LSY wes LTS
a0cl 66°11 SETCIT 98¢l LLTl 8LC1 €591 o6t'Ll - Sl Ll 0Lt 991
900 600 800 1’0 91°0 810 S IS0 - 980 LE0 6£°0 6£°0
91'9L £6°9L 1oL £6'bL vl vovL 68°¢9 9768 - 90°¢s 65°€Y €L'T9 9LT9
(4 I < [4 [4 I ! l - I ! I I
aisapue uoIp  sapoquudury Y A0y U0 AUOIp  dJLoIp
anuweId ey|y -z1en() -Z1enQ) Juolponiw-Ziend) -ziend)  -zZuend)  -zuenQ)
01 0o SO0 £ 0D ¢00 9 UVHO P AVHO LAVHO £ HIWOO THNOD | HNOD

Pel
88
65T
I8'S
9'6¢
16°S
L9t
4SS |

o
=t

sojoquydury

L6

61l

ey

6£°0
SeT
LLD
3P'C

€l

coe

£0¢
Lyl

s
&

oo

L8'T
v1Io
12!
NN
8¢
L8'T
S0
19

991

(]

89'8¢

9¢l

s
1 e
I'vl

A 2eum
aNsapue-zpen()

[ HIA

JISSEUW JOUADQIO.)

ASIEUUOIUBLIQ 212[[INOY dUO

panunuod

4L
PH
ny
LLLEN
PN
1d
2D
€]

n)

17
QA
1S
A

[eyo],
1071
‘0d
(5|
OeN
ore)
03I
OUu
-.ON@:&
0hv
‘oL
08
Teuy

Idweg
LIS

(uod)  caqug



35

Nd ISOTOPIC CONSTRAINTS ON EVOLUTION OF VARISCAN LITHOSPHERE IN W-ALPS

s rI890 £0F S8IIR0 €LE6T 9LT LG Te - ICF+ LLPTISO 9rL1°0 861 s cle 0N anueis ey loufaquio)
9L % 0S60L70 COF OPLILO [OR'] 6CC i €L~ O01F TLITISO LIIT0 el S S0¢ LADD  dusspuene-Q  I19J-2p-X101)
8C + F190L°0 CIF 60LTL0 898°¢ RE1 PRI 8S — LOF PLITISO ¢s110 <o¢ 69 80¢  TT 40D mde 19 f—op—X101D)
£9 + 0980L0 e+ 612l 0 AN S 611 9¢l s 01+ ¢CTcIso ecto €1e €9 S0¢ 0T 400 e 194-3p-X101D)
91 + 6CS0L°0 01F stS0L0 8¢€0°0 60C ¥l o+ FOF 909CI1<°0 LOET0 EESS €Tl 6L TAVHD  sajoquydury HHZ
€1 + 6050L70 9 F 68L0L0 oL 0 9te S0+ SO+ 9¢sCIs0 89C1°0 sol - 60F 6LT 1 AVHD uorponiw-0O dHZ
C FOrOL 0 O+ €C80L°0 LSO 81 €1+ 1+ 9P<CIC0 S601°0 el 9¢€'C 6L 9 UVHO Asapue—Q) dHZ
Le + 0890L°0 € F 6690L°0  £6r00 06 81 + YO+ COLTIS O CO81°0 96T 88 0LT [ dIA sajoqryduwry HHZ
vE + 8590L°0 £ F 0FS0L0 €Ly 0 LT 0¢C + [+ L6STISO S0 €l St'C 0LT [ dIA alsapue—C) dHZ
oy + 6690L°0 I F 06L0L70 6+C0 15¢ 90 + O1F 6£STIS0 LECT0 1’81 IL'E 0L £ dINOD AL0IP-0) HHZ
9] — COL0L°0 6 F rE£90L0 680 9¢l 6¢ 60+ ¢ F TYsCIS0 S0 l [€¢C 09e cdNoH S1LIOIPOIDIA noH

0t669°0 £+ LOF 9PSTISO 9¢e1’0 cel 66°C 09¢ [ dno aed oy
LC+ SEPOL0 S F SE90L°0 eso €81 9t g1+ ¢ F 129210 CTET0 911 +6'°C 09Z £dnNo aAe [Ino
1(18)7 [{EINAINN) 1Sos/MS 4 ISw/ddis 1S Q¥ 1(pPN)2 PNpr1/PNert PNyt 1/WS ws 1 odweg N 320y uonesied07]
(€ 21q8L 01 19)21) S
-dD1 AQ POUTWLIDIOP 219M SUOTIRITUIIUOD WS pUE PN IS '3 $Y201 SNOAUTT URIWIDJ A[IRT—SNOIJIUOQIR)) 2187 Y] JO SONEL 2d010ST PNyt /PNy PUR ISeg/1S,¢  F 2IGV]

¥C9 10°L Ly'L ILE €8¢ L9°C PO S 60°C - LETC ¥1°0 98’1 qAML

1L70 L90 so 6£°0 90 80 80°0 810 1o = £C0 90°0 o qA/EL
- t9 Ll 601 9'tl 6'0¢ 9IC 6°0¢ 391 991 - L'81 ¥9 881 qA/D

£00 0ro [0 09°0 £9°0 £9°0 19°0 50 0 - 3¢0 [0 870 qA/MHq
- 10 £ 0 'l Il 01 L0 60 60 B L0 80 01 EC L |
- 0¢ LS 6t '8 £L 8L 99 9'¢ LS - €9 Ll 9 N(A/®T)
- 61 't 81 8L €0l SLIC - 0le e - ] - Plie WAL
- L'e 9'¢ ['e 01 I'Ll L'1T - 6 €T €9t - 86 - 081 O'LL ANAZ
= L1 £'s 0'¢C 8P L9 9'¢ - £s 68 = L't = 9°¢ 09 ANZ
- 69’8 L99 [ #S0) £e'e £3 44 91'¢ 1L°0 171 SL71 - 81l 0'C 9¢9°1 n
- Ley 6'9¢C 43 or'¢ vL'E % 8LV 8L°¢ o't - SOt 8L°0 66'C UL
- S £8'6 £0C 69°L L ¥ 8601 8 POl = L'l 80¢ £'0¢ qd

1Tl 8671 'l - oo - - - [0 - - = = 1L
- L8Y 8¢°C N S0 €0 w0 SE0 o SC0 - F0 L0 9t°0 EL
- [6°¢ 99°¢ 9¢'t 6871 LIE 617¢ = 65T 't - C - 661 JH

90°1 RS0 L0 1T0 610 €0 99°0 9¢°0 LE0 LTO 160 £C0 ng
- L) F8't ILy 6Tl el Sl 9t 6CC 't - IL°1 LLS 1971 qA
- 96°0 £S°0 L9°0 = 810 - - - £0 - - - - wy
= 6’ ol't Iy YA LT 'l LL'S e ¥0°C - 9971 £Ls SN EKC |
= S €01 6C'1 SO [+°0 170 1T¢ 80 ¥9°0 - LSO 90°¢ Pso OH
= SL'8 vLY 819 c0¢ 144 1£°¢ L9°01 eL'e S0 - 9'C 6v'6 e £a



86 S. CANNIC,H. LAPIERRE, P MONIE, L. BRIQUEU AND C. BASILE

lere Brianconnaise™ and analyzed using laser-
probe “’Ar—“Ar step heating of single grains. La-
ser 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
(MoONIE et al., 1997). Samples have been irra-
diated for 70 hours in the McMaster nuclear facil-
ity together with several flux monitors including
Mmhb-1 at 520.4 £ 1.7 Ma (SAMSON and ALEXAN-
DER, 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 S minutes of gas cleaning and 15 min-
utes of isotopic measurements through 8 data sets
on *Ar to ““Ar. Blanks were monitored every
three experiments and were in the range of 3 x
10712, 3¢ 10-14,3 X 10-4, 38.2 X 10~ and 10 cc
for m/z = 40,39,38,37 and 36, respectively. Results
were corrected for blanks, mass discrimination.
radioactive decay of **Ar and ¥Ar, and neutron-
induced interference reactions with Ca, K and CI.
Ages were calculated according to MCcDOUGALL
and HARRISON (1988) and were reported with one
sigma uncertainty on Table 2. Ca/K ratios in amphi-
boles can be directly evaluated from the relation
Ca/K = 1.82 X 3Arc,/*Arg, whereas CI/K is ob-
tained from the relation CI/K = 0.22 X 3Ar /' Ary.

3.2.MAJOR AND TRACE ELEMENT ANALYSIS

The main igneous facies of these suites were sam-
pled and analyzed (Table 3). All the igneous mafic
minerals are altered with the exception of amphi-
boles. The latter were separated from an andesite
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 ICP-
AES at the Centre de Recherche Pétrographique
et Géochimique (CRPG) in Nancy. The 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 SiO,
contents of the rocks. Trace elements of the SiO,-
rich rocks (SiO, = 60%) were measured at the
Laboratoire de Géochimie of Paul Sabatier Uni-
versity 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 Géody-
namique des Chaines 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 HCI (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-HCIO, mixture and
subsequently converted to chloride form using
HCI (Table 4).

We used chemical separations of Rb/Sr and Sm/
Nd based on the procedures of BIRCK and ALLE-
GRE (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 IT University. Sr was loaded on single
W filament previously covered with Ta and Nd was
loaded on Re/Ta triple filaments. Repeated analy-
ses of NBS987 and JM(C361 standards gave aver-
age values of ¥Sr/%Sr = 0.71023 £ 4 and '*Nd/'"*“Nd
= 051115 = 4, 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.“Ar-*“Ar DATING OF THE INTRUSIVE
ROCKS OF THE ZONE HOUILLERE
BRIANCONNAISE

Two amphiboles from the Chardonnet microdio-
rite and the Combarine andesite of the “Zone
Houillere Brianconnaise™ 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-
I, the age spectrum is moderately convex (Fig. 3a)
with a plateau date of 278.8 + 6.6 Ma defined at
the 20 level for 75% of *Ar 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 am-
phibole VIBI is more discordant than the previ-
ous one (Fig.3b). The first heating steps have min-
imum ages ranging from 35 to 54 Ma, Ca/K ratios
close to 4, and a mean CI/K of 0.06. For the last
69% of YAr released, apparent ages drop to a pla-
teau date of 269.7 £ 5.6 Ma (20) corresponding to
constant Ca/K values of 25, and CI/K ratios of
0.37. This isotopic pattern can be interpreted to
reflect the degassing of two different argon reser-
voirs, one released at low experiment tempera-
ture, related to the degassing of micro structural
defects and inclusions (phyllites?), the second be-
ing 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 dis-
played by the central part of the spectrum, where-
as younger dates are observed on both sides. CI/K
ratios record an evolution that is antithetical to
the age spectrum, the lowest CI/K being correlat-
ed with the oldest dates. These isotopic signatures
suggest that argon was released from two reser-
voirs, 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 (WHBRANS and McDou-
GALL, 1986). In the present situation, the age spec-
trum of biotite CCF20 cannot be used to assess an
age for magmatism or Alpine overprint.

42. ALTERATION AND ELEMENTAL
MOBILITY

Our trace element study is based on “hygromag-
maphile™ trace elements (such as Th, Ta, La, Zr,
Hf) (TreUIL, 1973; BoucauLT, 1980; BoUGAULT
et al., 1985), since these elements constitute ap-
propriate geochemical tracers and remain gener-
ally largely immobile during alteration and meta-
morphism. It is generally admitted that calcite-
rich rocks have anomalous Light Rare Earth Ele-
ments (LREE) enrichments (LUDDEN and THOM-
SON, 1979; HumPHRIS, 1984). No calcite filling-
veins have been observed in the studied volcanic

rocks. Thus, we assume that LREE were not mo-
bilized.

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 ac-
counted for. Niobium is widely regarded as being
immobile during low grade metamorphism of ig-
neous rocks and has been plotted against some

400 ——————

i -— 278.8+ 6.6 (20) Ma — |

E’; I
< Microdiorite (CHAR-1)

200H Internal Alpine zone E
Chardonnet locality

- Amphibole monograin

Total gas date: 277.6 + 6.2

100 A L L 1 ) ! ) 1 A
20 40 60 80 100

% 39Ar cumulative

400 T T T T T T T T ! B
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300} - -
s —F 3
= |
Z -
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Fig. 3 Age spectra resulting from single grain analyses
of microdiorite (CHARI,A), quartz-andesite (VIB1,B)
and dacite (CCF-20, C).
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Fig. 4 Vanations of minor- (TiO,) and trace-element (Th.Y,
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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 ele-
ments 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. All the volcan-
ic rocks display a crude Th-Nb positive correla-
tion. This indicates that: (i) TiO,.Y,and Th are rel-
atively immobile during low grade metamor-
phism of the Permian—-Carboniferous suites, and
(11) 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 (S10, < 55%), quartz-bearing ande-
site (60% < Si0, < 64% ) and dacite (Si10, > 65%)
are in agreement with the petro-geochemical clas-
sification of BANZET et al. (1984). SiO, increases
while Fe,0, 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 Th
contents (Table 3). They cluster in the shoshonitic
field defined by PEARCE (1982). Their Zr/Nb (13 <
Zr/Nb <15)and Zr/Th (10 < Zxr/Th < 24) ratios are
high and fall in the range of shoshonitic suites
(GILL, 1983; MORRISON, 1980). However, the dac-
ite (CCF2) differs from the other lavas by signifi-
cantly lower Zr/Nb (4.8) and Zr/Th (4.7) ratios,
and falls in the calc-alkaline field (Fig.5).

The Croix-de-Fer iavas are enriched in LREE
relative to heavy rare earth elements (HREE).
Their chondrite-normalized (Sun and Mc-
DoNouGH, 1989) REE patterns fall in the range
of shoshonitic suites (MULLER et al., 1992; (La/
Yb)y 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 ALLE-
GRE, 1980). Ce vs. La plot (Fig. 6A) shows a good

positive correlation line that does not pass
through the origin, corresponding to differentia-
tion 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 differ-
entiation processes.

In the Ce/Yb vs. Eu/Yb plot, the Croix-de-Fer
lavas show three trends (Fig. 6A). Trend | 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, relat-
ed 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 and Ti negative anomalies.

The Croix-de-Fer volcanic rocks show a wide
range of initial &g, values (+34 to +79), while their
£xng are rather homogeneous and range between
-5 to -7 (see Table 4). The ey, ratio of the quartz-
andesite is higher than that of the lati-andesite. In
the ey —(¥Sr/%Sr); 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 &g, values.

44. THE COMBEYNOT COMPLEX

The Combeynot granite and microgranite are
Si0, (> 75%),K,0 (>4.5%),and Fe,0; (1 to 2%)
rich and CaO (< 0.7%), MgO (< 0.8%) and Na,O
(<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 Si10,-saturated rocks have high HREE
concentrations (20 and 30 times chondritic abun-
dances) and show the lowest fractionation be-
tween LREE and HREE [(La/Yb)y < 5.4; Fig. 7B]
and marked negative Eu anomaiies (Table 3). The
greatest Eu negative anomaly is correlated with
the lowest LREE-enrichment (COS) and is possi-
bly linked to allanite and feldspar removal
(COSTARELLA, 1987). The REE patterns of these
rocks are similar to those of hyper-alkaline gran-
ites (ALEKSIYEV, 1970; BOwWDEN 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 ey, value of -2 and a
very high (¥Sr/%Sr);, which reflects the intense
alteration that has affected this rock (Table 4).
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PEARCE, 1982 and MULLER et al., 1992) illustrating the
shoshonitic to calc-alkaline affinities of the studied Per-
mo-Carboniferous rocks.

4.5.ZONE HOUILLERE BRIANCONNAISE
MAGMATISM

The analyzed samples display a calc-alkaline
affinity and a positive correlation between Th/Yb
and Ta/YDb ratios (Fig. 5). They have high LREE
contents and show an important fractionation be-
tween LREE and HREE [(La/Yb)y up to 5.6:
Table 3; Fig. 7C and D]. The amphibole separates
from a diorite porphyry (CHARI1) and an ande-
site (VIB1) differ from their host rocks by higher
REE contents and Eu negative anomalies (Table
3; Fig. 7C). The CHARI1 amphibole (Fig. 7D) dif-
fers from that of VIB1 by a higher LREE enrich-
ment relative to HREE [(La/Yb)y= 6.6 and 1.7,
respectively] and a more marked Eu negative
anomaly [Ew/Eu* = 0.7 and 0.8; Fig. 7D; Table 3].
The quartz-bearing diorites (COMBI1 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 primi-
tive mantle, the amphiboles share similar trace el-

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 £y, values (+0.8 to +2.3), while their &g, val-
ues are more variable and range from -5 to +39
(Table 3). VIB1 amphibole and its andesite host
rock have similar gyy of +2.3 but the &g, of the
amphibole 1s slightly higher (+37) than that of the
host rock (+32). CHARI amphibole has higher
eng (+1.7) and &g, (+16) values than its host rock
(eng = +0.6; €5, = 11). In the eyq — (¥7Sr/8Sr); plot
(Fig.9A), the samples from Chardonnet fall in the
mantle array, while the amphibole and their host
rocks from the Combarine area (VIB1 and
COMB3 in Table 4) have higher &g, values (+32 to
+39) and plot out of the mantle array.

A Croix-de-Fer pass
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Fig. 6 Ce/Yb-Eu/Yb diagram (after HART and ALLE-
GRE, 1980) for the Croix de Fer and Zone Houillére Bri-
angonnaise igneous rocks. Open squares: data from
BANZET et al. (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 ZHB rocks.

The felsic lavas and inclusions show similar
chondrite-normalized patterns with a marked
fractionation between LREE and HREE [(La/
Yb)y = 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)y=
4.4]. Relative to primitive mantle, both rocks dis-
play similar Nb, Ta and Ti negative anomalies (Fig.
8D) and enrichments in Th and U.

The rhyodacites and inclusions show homoge-
neous eyy values (+0.3 to +1.8), which are very
similar to those of the ZHB rocks (Table 3). In the
exng Versus (YSr/%Sr), diagram (Fig. 9A), the rhyo-
dacite (GUB3) falls in the mantle array, while the
dioritic porphyry xenolith (GUBS) plots left of
the mantle array because of its negative g, value.
This negative g, is probably due to the very low
Y’Rb and high *Sr contents (Table 3) of this rock
and may reflect an alteration process.

4.7.SUMMARY AND DISCUSSION ONTHE GEO-
CHEMISTRY OF THE LATE CARBONIFEROUS-
EARLY PERMIAN SUITES

The Late Carboniferous and Early Permian igne-
ous rocks of the External Alps share in common
high (La/Yb)yratios, and in primitive mantle-nor-
malized plot, Nb, Ta and Ti negative anomalies
and U and Th enrichments. The Late Carbonifer-
ous 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 nega-
tive ey 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 signif-
icant 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 CHARI1 amphibole and its dioritic porphyry
by lower Zr and HREE contents and Eu/Eu* ra-
tio. This can be explained by the accumulation in
the diorite porphyry of abundant plagioclase and
zircon, which does not occur in the andesite. So,

the chemical differences observed in the two am-
phiboles of the ZHB intrusives indicate that pla-
gioclase played a key role in the differentiation of
the ZHB intrusive rocks. The ey, values of the
VIBI amphibole and its andesitic host rock are
higher than that of CHARI amphibole and its
diorite porphyry host rock. Similarly, the ey, value
of CHARI amphibole is slightly higher than that
of its host rock. These differences in the ey, values
can be easily explained in terms of crustal assimi-
lation. The cooling and differentiation of the dio-
rite porphyry which forms the core of the dyke or
sill, lasted longer compared to that of the ande-
sitic 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 con-
trast, the &g, value (+16) of the CHAR1 amphi-
bole is higher than that of its host rock (&g, = +13).
This indicates that the Sr isotopic composition of
these rocks is not significant.

The felsic rocks from the Guil valley are geo-
chemically similar to the ZHB andesites and dio-
rite porphyries, similar (La/Yb)y ratios, U and Th
contents and ey, ratios (Tables 3 and 4; Fig. 8D
and 9A). The dacite differs from the tuff and dio-
rite porphyry inclusion by a slightly higher gy,
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 OF THE GEOCHEMICAL
FEATURES OF THESE 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 Carbonif-
erous—Early Permian times. The origin of this
magmatism is still a matter of debate. For some
authors (STAMPFLI, 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 al., 1994; FAURE, 1995;
ROTTURA et al., 1998), these magmas were em-
placed in distensive basins during post-orogenic
lithospheric extension, which affected the entire
European Variscan belt. In the External Crystal-
line Massifs, French Massif Central and in the Pyr-
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Fig. 9 ey vs. (YSr/ASr)i (A). (La/Yb)y (B) and Th (C) correlation diagrams for the studied Permo-Carboniferous

rocks. Shown for comparison are the fields of: 1 — Triassic continental tholeiite (western Pyrenees: ALIBERT, 1985).
2 — Upper Permian La Rhune basalt (Pyrenees, INNOCENT et al., 1994). 3 - Mid-Permian Anayet andesite (Pyrenees.
INNOCENT et al., 1994). 4 — Late Carboniferous Sierra del Cadi and Ossau massif volcanism (Pyrenees, INNOCENT et
al., 1994). 5 — Carboniferous Decazeville basin volcanism (Massif Central, BERLY, unpublished data). 6 — Early Perm-
ian Ivrea mafic complex, western Alps (VOSHAGE et al., 1990). 7 — Permian andesites and dacites from central-castern
Southern Alps (ROTTURA et al., 1998). 8 — Upper Permian Lugano volcanic rocks (STILLE and BULETTI, 1987).

enees, some of these basins are clearly related to
strike-slip faults (ARTHAUD and MATTE, 1977; BIX-
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 en-
richments (relative to primitive mantle), LREE-
enriched patterns (Fig. 10) and negative ey, 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
magmalic 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 ALLEGRE. 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 '**Nd/'*Nd isotopic compositions
are more or less similar (-2 < gy < +2: Fig. 9A).

Moreover, these French suites are geochemically
similar to the Stephanian and Lower Permian
[talian 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 Houillere
Brianconnaise and the dacites from the Guil val-
ley display a crude negative correlation between
the eygand Th content or (La/Yb)y ratio (Fig. 9B
and C). Within the Permian rocks, those with the
lowest ey, values have the highest Th content and
(La/Yb)y 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 ey, values (Fig.
9B and C). This suggests involvement of continen-
tal 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 Al-
pine arc, magmatism shows an evolution with
time. The Late Carboniferous lavas show crustal
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signatures (negative ey,). while the Early Permi-
an intrusives clearly derive from the mantle, prob-
ably 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 inde-
pendent of their magmatic affinities and Nd iso-
topic compositions. This suggests that the lower
continental crust, known to be depleted in Nb and
Ta, is involved in the genesis of these rocks. In-
deed, the lower continental crust normalized
(WEAVER and TARNEY, 1984) patterns of the igne-
ous suites from the external Alps do not show any
enrichment or depletion in Nb, Ta, and Hf (Fig.
I1A). In contrast, they are enriched in Th, 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. 11B).
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(A) Lower and (B) upper crust-normalized spidergrams (WEAVER and TARNEY, 1984; TAYLOR and MCLEN-

NAN, 1981, respectively) for the Croix de Fer and the Combeynot igneous suites.
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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 occur-
rence of an amphibole- or phlogopite-bearing
metasomatosed mantle underlying the continen-
tal European crust at the end of the Variscan
orogeny is most likely. Indeed, Ordovician sub-
duction 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 ele-
ment distribution and Nd isotopic compositions
of the Late Carboniferous and Early Permian
rocks. that these rocks originated through com-
plex interactions between mantle-derived mag-
mas and crustal material. However, it is difficult to
specify the nature of the mantle source, i.e., sub-
continental 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 (BEco-
GIRAUDON and VAN DEN DRIESSCHE, 1994; BURG
etal., 1994; FAURE, 1995). The Late Carboniferous
event postdates the gravitational collapse of the
Variscan chain and is related to transtensional ex-
tension, mainly controlled by strike-slip faults
(ECHTLER and MALAVIEILLE, 1990; SAINT MARTIN
etal., 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 Var-
iscan chain induced by the change in the conver-
gence direction between Gondwana and Laurasia
(ARTHAUD and 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 Per-
mian, the ZHB calc-alkaline shallow level intru-
sions and the Guil lavas emplaced in a thinned
continental crust. These rocks derived from the
partial melting of an enriched mantle, which expe-
rienced a small crustal contamination. Thus, the
crustal contribution disappears progressively with
time. corresponding to the progressive thinning of

the lithosphere 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 volcan-
ism of the Croix-de-Fer pass and alkaline Combey-
not granite derive from the mixing between lithos-
pheric mantle and lower crust components. How-
ever, crustal contamination was less important in
the genesis of the Combeynot granite.

(2) The Early Permian age of calc-alkaline vol-
canism is confirmed by “*Ar—""Ar 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 con-
tamination.

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 lithosphere.
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