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Abstract

Quartz-rich synfolial veins and wallrocks from different areas of a Western Alps cross-section are examined in an attempt to
constrain the scale and mechanisms of fluid flow through metamorphic terrains. Different portions of this cross-section underwent
distinct P-T evolutions as reflected by the mineralogy of veins: (a) in the greenschist external Dauphinois domain, veins are
characterized by quartz and calcite, together with an aluminosilicate (pyrophyllite), Na—-K-bearing phyllosilicates and a Fe—
Mg-bearing silicate (chlorite); (b) in narrow domains of the Briangconnais and Piémontais zones, with a non-eclogitic HP-LT
evolution followed by rapid cooling, veins are characterized by quartz, calcite, Ca- and Fe—-Mg-bearing silicates (lawsonite and
Fe—-Mg-carpholite, respectively ) ; and (c) in the major part of the Briangonnais and Piémontais zones, where low-grade blueschist-
facies metamorphism is followed by a greenschist-facies evolution, veins are characterized by the replacement of earlier lawsonite
and carpholite by Na- and K-bearing micas. In order to constrain the provenance of fluids involved in vein formation, we
determined stable isotope (C, O, H), and major- and trace-element compositions in minerals and whole rocks for a iarge set of
veins and wallrocks. These rocks are compared with some non-metamorphic shales from the northern Paris Basin, considered
as protoliths of the Alpine schists.

Stable isotope compositions of calcites are regionally distinct: §'80 = + 28%0 (SMOW) in the northern Paris Basin, + 26%o
in the Briangonnais zone, + 22%o in the Piémontais zone and + 18%. in the Dauphinois zone. Within each studied region, calcite
8"80-values are quite homogeneous regardless of rock type (vein or wallrock). This feature is explained as an isotopic
‘‘homogenization’” with the most abundant lithology in each zone (*‘rock-buffered system’) — where the overall ratio of
calcite (of marine origin) to detrital silicate minerals determines the final isotopic composition of the whole rock (w.r.) after
equilibration during Alpine metamorphism. 8'80/8D-values of analysed hydrated minerals and whole rocks (8'*0 = + 15 to
+725%0 and 8D = —~60%c SMOW) lie within the field of Alpine cover rocks and of fluids in equilibrium with these rocks:
interaction with an external '*0- or D-depleted fluid, such as hydrothermal waters, meteoric water or ‘‘basement fluid”’, can be
ruled out. Major- and trace-element systematics indicate an enrichment in Si, Ca, P, Sr, Y, Ta and locally Eu in the veins with
respect to the wallrock, related to massive crystallization of quartz and carbonates, together with phosphate and oxide. Potential
fluid sources, chemical composition of the fluid phase and the mechanisms of fluid flow during vein formation are discussed.
Fluid flow takes place within tectonic units, at both hectometric and decimetric scale. Fluid may also have migrated along and
across the major tectonic contacts but this process is poorly documented.

* Corresponding author. Present address: Université Bordeaux 1, UFR Sciences Terre, Avenue des Facultés, F-33405 Talence Cedex, France.
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1. Introduction

Quartz-rich veins or segregations are an ubiquitous
feature in metamorphic rocks of any composition, nota-
bly in metapelites and metamarls. Veins have attracted
the interest of and been extensively studied by struc-
tural geologists (Weiss, 1972; Ramsay and Huber,
1983) and petrologists. Syntectonic, synmetamorphic
veins are found in a wide variety of metamorphic ter-
rains ranging from Barrovian (e.g., Yardley, 1983,
1986) to high pressure-low temperature (HP-LT)
environments (Rumble and Spear, 1983; Nelson,
1991). Syntectonic (synfolial;, Weiss, 1972) veins
mostly have a lenticular shape and vary in size from
less than a millimetre to several decimetresin thickness,
with the longer dimension subparallel to the dominant
foliation. Later (syn- to post-tectonic/metamorphic)
veins are generally at a high angle to the schistosity and
will not be considered here. The most abundant min-
erals in synfolial veins are quartz and/or carbonates.
These minerals are associated with a large variety of
other minerals dependent on the wallrock and meta-
morphic grade (e.g., Kerrick, 1983, chap. 10, with ref-
erences therein).

In the low- and medium-grade metamorphic condi-
tions considered here, there is overwhelming evidence
and a general agreement that the vein-forming minerals
have crystallized from a fluid phase, during successive
opening/sealing episodes (e.g., Ramsay and Huber,
1983). The study of such veins is thus of prime interest
to constrain the scale and mechanisms of fluid and/or
solute transport through metamorphic rocks and ter-
rains. Two extreme end-members of possible fluid
behaviour exist and are debated at length in the litera-
ture (e.g., Fletcher and Hoffmann, 1974; Ferry, 1980;
McCaig, 1984, 1988; Baumgartner and Rumble, 1988;
Conolly and Thompson, 1989): (1) open-system
behaviour with percolation of large amounts of fluids
over considerable distances *‘through entire mountain
chains™ (e.g., Fyfe et al., 1978; Graham et al., 1983;
Ferry, 1986; Grambling, 1986; Kerrich, 1986; Bebout
and Barton, 1989, 1993; Oliver, 1992); (2) ‘‘closed-
system’’ behaviour at the scale of a geologic formation
where the fluid phase is considered as essentially sta-
tionary, occupying the pore space. Transport of ionic
species in this latter model is thought to be controlled
mainly by diffusion of elements and/or limited circu-
lation (re-cycling) of an ‘‘internally-flowing™ fluid

(Wood and Walther, 1986; Gofféet al., 1987; Burkhard
and Kerrich, 1988; Philippot and Selverstone, 1991;
Goffé and Vidal, 1992; Yardley and Botrell, 1992).

In this study, we examine synfolial veins from dif-
ferent portions of a cross-section through the Western
Alps. Particular emphasis is placed on early synfolial
veins which formed during the subduction/collision-
related non-eclogitic Alpine metamorphism (Gotfé,
1996). Three types of metamorphic evolution can be
distinguished: (a) a low-grade evolution, always in
greenschist facies, occurs in the external domain of the
Dauphinois zone (Aprahamian, 1988; Jullien and
Goffé, 1993; Goffé, 1996); (b) a cold HP-LT evolu-
tion up to low-grade blueschist facies, followed by
cooling during the decompression path. This evolution
occurs in narrow domains of the Briangonnais and Pié-
montais zones ( Goffé and Velde, 1984 ; Goffé and Cho-
pin, 1986; Goffé and Vidal, 1992; Gofté, 1996); (¢) a
HP-LT evolution up to low-grade blueschist facies,
followed by isothermal conditions or heating during
decompression through the greenschist facies. This
evolution occurs in the major part of the Briangonnais
and Piémontais zones (Saliot, 1973; Frey et al., 1974,
Desmons, 1977; Steen and Bertrand, 1977; Caby et al.,
1978; Goffé and Vidal, 1992).

In each domain, the formation of synfolial veins is
highly developed in metasediments. In these rocks, the
mineralogical content of the veins reflects the P-T evo-
lution: (a) in the greenschist domain, veins are char-
acterized by quartz and calcite, together with an
aluminosilicate (pyrophyllite), Na—-K-bearing phyl-
losilicates and a Fe-Mg-bearing silicate (chlorite); (b)
in the HP-LT cold domain, veins are mainly charac-
terized by quartz, calcite, and Ca- and Fe-Mg-bearing
silicates (lawsonite and Fe-Mg-carpholite, respec-
tively); (¢) in domains where low-grade blueschist-
facies  metamorphism is followed by a
greenschist-facies evolution, veins are characterized by
the replacement of earlier lawsonite and Fe-Mg-car-
pholite by Na- and K-bearing micas.

To explain the formation of the segregations and
their apparent allochemical evolution, the open ques-
tion is: where did the fluids come from? From the rock
itself through dehydration reactions, or from long dis-
tances through large-scale fluid transport across the
Alpine orogen (compare Burkhard and Kerrich, 1990;
Kyser and Kerrich, 1990; McCaig et al., 1990; Marquer
and Burkhard, 1992).



Stable isotope (C, O, H), and major, rare-earth ele-
ment (REE) and other trace-element compositions
have been determined in minerals and whole rocks for
a large set of syntectonic veins and country rocks in a
transect of the Western Alps. Our sampling scheme
was designed as an attempt to: (1) detect evidence for
fluid flow from the outcrop to the nappe scale; (2)
place constraints on the processes of vein formation;
and (3) assess the nature and origin of fluids involved
during deformation and metamorphism of these non-
eclogitic domains of the Alpine belt. In particular, we
expected to detect and quantify isotopic disequilibrium
relationships among minerals in veins, among different
veins and their respective country rocks and thereby to
put constraints on the scale and importance of fluid
involvement in deformation/metamorphism.

2. Study area

The arc of the Western Alps is classically subdivided
into roughly N-S-trending domains according to paleo-
geographic origin and present-day tectonic position
(Fig. 1a). The three metamorphic domains [ (a), (b)
and (c) above] correspond to or overlay the paleogeo-
graphic zones. Samples have been collected in each
domain: (a) from the Dauphinois (or External) zone,
characterized by greenschist-facies metamorphism;
(b) from the Vanoise area in the Briangonnais zone,
characterized by cold HP-LT evolution; (c) from
Ubaye Valley (Briangonnais zone) and M. Fraitéve
area (Piémontais zone), characterized by low-grade
blueschist-facies evolution followed by greenschist-
facies evolution. In addition, we examined three
unmetamorphosed shales from the northern Paris Basin
considered as non-metamorphic protoliths of the
Alpine schists.

“The samples have been collected: (1) within the
above quoted zones or units, generally far from the
main tectonic contacts (Fig. 1b); (2) in zones near or
within minor internal tectonic contacts, which are wide-
spread throughout the main units (see Fig. 2a and b).

2.1. Dauphinois samples
In the cover series of the external crystalline Pelvoux

massif, quartz-rich veins are frequent within Aalenian
black shales (Jullien and Goffé, 1993; see also Fig. 2a).

Samples have been collected in two distinct areas, north
of La Meije massif (Lauzette and Ventelon, Al in
Fig. 1) and south of Grand Chételard massif (Jarrier
and Villarembert, A2 in Fig. 1). The typical assem-
blage of the segregations is fibrous, syntectonic quartz
and calcite as main minerals, together with phyllosili-
cates. The most abundant phyllosilicates are pyrophy!-
lite, cookeite (Li-bearing chlorite) and Fe-chlorite,
associated with phengite (Si;¢g 3,3), paragonite and
locally margarite. Surrounding black schists, rich in
organic matter, contain phyllosilicates (Fe-chlorite +
phengite + paragonite + pyrophyllite + cookeite),
quartz, together with minor calcite, albite (in pyro-
phyllite-free samples), rutile, hematite and pyrite. In
this part of the Dauphinois zone, the mineralogy of the
veins and of the surrounding schists shows a prograde,
monophased, greenschist-facies Alpine metamor-
phism, with P-T conditions estimated at 1-5 kbar, 270—
340°C (Jullien and Goffé, 1993).

2.2. Briangonnais samples

In the Briangonnais zone, quartz-rich segregations
have been sampled in Upper Cretaceous—Eocene calc
schists from Ubaye Valley (B1 in Fig. 1; cf. Michard
and Henry, 1988: Maljasset anticline). Segregations
are made of the assemblage quartz—calcite—Fe-Mg-car-
pholite (Fey ¢Mgo 4ALS1,0,(OH),), partially
replaced by low-Si phengite, paragonite and chlorite.
Surrounding calc schists contain calcite and quartz,
together with chlorite, low-Si phengite and paragonite,
interpreted as the phyllitic breakdown products after
Fe-Mg-carpholite, and minor hematite. This mineral-
ogy, both in veins and surrounding wallrock record a
HP-LT metamorphic evolution in blueschist facies,
with a minimum pressure of 7 kbar for temperatures
around 300-350°C (Goffé and Chopin, 1986; Goffé,
1995), followed by a retromorphic evolution under
low-grade greenschist-facies conditions.

In the Western Vanoise cover (Chanrossa, B2 in
Fig. 1), we sampled a vein in Dogger metapelites,
which contains the following paragenesis: calcite,
quartz and ‘‘fresh’’ Fe-Mg-carpholite (Mg s o5).
Wallrock contains quartz, Fe-Mg-carpholite, pyro-
phyllite, rutile and organic matter. This mineralogy,
both in veins and surrounding schists implies P-T con-
ditions of metamorphism re-estimated at a minimum
of 9 kbar and 350°C (cf. Vidal et al., 1992). The com-
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Fig. 1. Geological setting of the studied samples (A1-A2, BI-B2 and C).
a. Map. 1 =Dauphinois—Helvetic external zones (a=basement, b=cover); 2= Valaisan zone (Tarentaise breccias); 3 =lower and middle
Penninic (Sub-briangonnais and Briangonnais—Grand St Bernard nappes); 4a= Helminthoid Flysch, 4b= Piémontais zone (Schistes Lustrés
metasediments and ophiolitic bodies, undifferentiated); 5 = Internal Penninic massifs; 6a = Austro-Alpine nappes, 60 = South Alpine domain

7=Lanzo ultramafic body; 8=main thrust contacts. Abbreviations: AM = Argentera—Mercantour; Amb.= Ambin; Bell. = Belledonne;

Br=Briancon; Cu = Cuneo; DM = Dora—-Maira; GP = Gran Paradiso; MB = Mont-Blanc; MR = Monte Rosa; Pelv. = Pelvoux; Se = Sesia zone.
b. Schematic cross-section, after Roure et al. (1990) and personal data.



Fig. 2. Aspects of the studied veins at various scales.

a. Cookeite-bearing veins in their black schist wallrock, Dauphinois zone, Villarembert.
b. Fe-Mg-carpholite-bearing veins in their schistose, Fe-Mg-carpholite-bearing wallrock, Piémontais zone, Fraitéve area. The regional foliation

parallels minor tectonic contacts. car = Fe~-Mg-carpholite.

¢. Micrometric intergrowth of Fe-Mg-carpholite (light grey) and quartz (dark grey), M. Fraiteve. In whire: Fe-oxides. MEB, BSE image. Note

the scale change (b)—(c), which follows a fractal law (see text).

d. Microphotograph of a pseudomorph after Fe-Mg-carpholite by *‘rosettes’” of phyHosilicates (grey), Fraiteve area. In black: quartz. Crossed

nicols.

plete preservation of this blueschist-facies paragenesis
indicates that retrograde metamorphism was character-
ized by cooling along a very low geothermal gradient
after P-T peak (Goffé and Velde, 1984; Gillet and
Goffé, 1988).

2.3. Piémontais samples

Samples have been coliected in the oceanic Schistes
Lustrés part of the Piémontais zone, on a SW—NE cross-

section between M. Fraiteve and M. Genevris (C in
Fig. 1). In this area, synfolial veins are abundant in
both metapelitic and metamarly layers, which are inti-
mately interbedded at decimetric scale.

In fresh HP-LT minerals bearing-samples, veins
contain Fe-Mg-carpholite (Mg 4 ¢5) and/or lawson-
ite + quartz + calcite + ankerite. In the veins, Fe-Mg-
carpholite is intimately associated with quartz, from
(sub)micrometric (Fig.2c) to decimetric (Fig. 2b)
scale. The analysis of the scale variation between quartz
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and Fe-Mg-carpholite shows that these minerals grew
in a fractal form. The measure of the fractal dimension
gives a D-value of ~ 1.7 (Agard and Cuny, 1992); it
is compatible with a diffusion-limited aggregation
(DLA) process in a fluid phase (Falconer, 1990). Sur-
rounding schist is composed of Fe-Mg-carpholite and/
or chloritoid and/or lawsonite porphyroblasts in a
foliated matrix of quartz, organic matter, hematite,
rutile, together with more or less abundant carbonates,
chlorite and minor white micas. This mineralogy, both
in veins and surrounding schists, implies a low-grade
blueschist-facies metamorphic evolution, with P-T
conditions of ~7 kbar, ~350°C, followed by cooling
during the decompression path. These ‘‘fresh’’ samples
occur only at the top of the M. Fraiteve.

In altered samples, veins are made of
quartz + calcite + ankerite, together with Fe-Mg-car-
pholite and/or lawsonite partly or totally pseudomor-
phosed by ‘‘rosettes”’ (e.g., Fig. 2d) of white micas
(paragonite + phengite Sisz 3 35) +chlorite + albite
(often twinned) + calcite + hematite + rutile. Textur-
ally, two types of quartz are distinguishable and can
coexist within these segregations: (1) up to 10 cm in
length, slightly undulose HP monocrystalline quartz
intimately associated with Fe-Mg-carpholite relics,
which appears as very tiny needles included in it; (2)
secondary lobate quartz, often intimately associated
with chlorite and white micas; this quartz corresponds
to LP metamorphic evolution. The late, Fe-rich chlorite
frequently develops as up to 100 X 500- pum size typical
vermicular crystals, that assemble into centimetric
patches. Surrounding metapelitic to metamarly wall-
rock is made of quartz, calcite, white micas, chlorite
and organic matter, together with subordinate pyrite,
rutile and hematite; relics of lawsonite or Fe-Mg-car-
pholite are locally observed. The mineralogical assem-
blages found, both in veins and in wallrocks, indicate
a low-grade blueschist-facies metamorphic evolution
with P-T conditions of ~7 kbar, ~350°C, followed
by a greenschist-facies overprint characterized by
decompression with a slight increase in temperature
(Goffé and Vidal, 1992). These altered samples occur
at the base of M. Fraiteve and everywhere toward M.
Genevris.
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2.4. Non-metamorphic shales from the northern
Paris Basin

Three shaly samples have been collected from Upper
Jurassic—Cretaceous cliffs of the northern Paris Basin
(Boulogne-sur-Mer area): mid-Portlandian ‘‘Exogyra
marls’’ near Wimereux and Albian ‘‘plastic shales’
near Wissant. These non-metamorphic samples contain
the assemblage quartz + calcite + micas + glauconite
+ kaolinite + chlorite 1 feldspars. These rocks can
be considered as close analogues or *‘protoliths’’ of the
Alpine, metamorphosed metapelites and metamarls
(Brosse, 1982).

3. Analytical techniques
3.1. Sampling and sample preparation

In order to characterize the different types of veins
and country rocks from each area, two kinds of samples
have been collected: (1) hand-specimen of either vein,
wallrock, or a mixture of both; (2) ‘‘geochemical”’
samples, i.e. up to 30 kg of whole rock (mixture of
vein and schist), corresponding to a unique slice of
rock of ca. 0.40 m X 020 m X 0.15 m, taken off
perpendicularly to the main mylonitic foliation, and
which can be considered as representative of the “‘aver-
age deformed lithology’’ in the considered area. This
second type of sample has only been collected in the
Piémontais zone (samples Sest911, CBas912 and
Frai911 in Table 2).

Hand-specimens were finely powdered in a tungsten
carbide disc mill after manual separation of the vein
material from schistose host rocks.

The 30-kg samples were first roughly crushed in a
jaw crusher to a grain size of ~0.2-1 cm. These
crushed whole-rock samples were then separated into
three fractions of distinct grain sizes: (1) a coarse frac-
tion, with a grain size of 0.5—-1 cm, which has been
considered as representative of the massive segrega-
tion, with very minor contamination by schist; these
samples are referred to as ‘‘segregations’’ or ‘‘veins’’
in the following; (2) a medium fraction, with inter-
mediate grain size of 0.2-0.5 cm, which can be consid-
ered as approximately representative of the whole rock
(mixture of segregation and schist); and (3) a fine
fraction, with a maximal grain size of 0.2 cm, which



has been considered as representative of the cleavable
wallrock schist, with very minor contamination by
vein; these samples are referred to as ‘‘country rock™
or “‘wallrock’’ in the following. Each of these three
fractions was homogeneously mixed and splitinto three
or four precisely weighed ‘‘sub-samples’’, termed g, m
and f for segregation (vein), whole rock and schist
(wallrock), respectively (see Tables 2-5). Sub-sam-
ples were finally powdered to a maximal grain size of
~ 100 um, before specific preparations for different
analyses.

3.2. Mineral separation

Carbonate-free ‘‘insoluble residues’’ were obtained
by dissolution of powdered samples in a 10-20% HCI
solution, followed by extensive rinsing prior to analy-
sis. The silicate minerals quartz, chlorite and Fe-Mg-
carpholite were isolated from each other and from other
minerals by repeated heavy-liquid separation using a
sodium polytungstate (NaPT) solution at 2.62, 2.7 and
29gcm- 3 respectively, in a thermostatized centrifuge
(2400g) for 15-30 min. The mineralogical composi-
tion of separates was monitored by X-ray diffraction
(XRD) and improved manually under binoculars; the
separates generally contain < 5% of remaining second-
ary minerals.

3.3. Stable isotope analyses

Stable isotope extractions were performed at the
University of Saskatchewan, Canada (O, C and H on
carbonates and silicates) and at the University of Lau-
sanne, Switzerland (O and C on carbonates).

O and C extraction: Standard procedures, using
100% H;PO, at 25°C on whole-rock powders were
applied for CO, extraction from calcites (McCrea,
1950). Standard procedures using BrFs (Clayton and
Mayeda, 1963) were employed for the extraction of O,
from silicate minerals and insoluble residues.

H extraction: After an initial drying period of several
hours at 1 10°C to remove adsorbed water from the fine-
grained sheet silicates, hydrogen was extracted from
hydroxysilicates at 1400-1500°C, oxidized to H,O
with ZnO and reduced to hydrogen over uranium at
800°C (Savin and Epstein, 1970).

Carbon, oxygen and hydrogen isotopic compositions
were determined on a Finnigan® MAT 251 mass spec-
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trometer. Isotopic data are reported in the standard &
notation, as %o deviations from SMOW (standard mean
ocean water) for oxygen and hydrogen, and from PDB
(Peedee belemnite) for carbon. The long-term repro-
ducibilities (20) are +0.2%o for 8'®0- and 6'*C-val-
ues, and +2%e. for 6D-values.

3.4. Major-, trace- and rare-earth element analyses

Major oxide compounds of rock samples were deter-
mined at the Ecole Normale Supérieure Paris, France,
by standard wet chemical methods (alkaline fusion and
colorimetry for Si0O, and Al,Os; acid attack with titra-
tion for Fe,O; and FeO; atomic absorption for MnO,
MgO and CaO; flame spectrometry for Na,O and K,O;
acid attack and colorimetry for P,Os and Ti10,; Penfield
tube method with heating at 1500°C for total H,O; and
double weighing with heating at 900°C for loss on
ignition (LOI), with granite MA-N GIT-IWG as IAGC
standard; Govindaraju, 1984).

Hot digestion of ~0.1 g of rock sample in a mixture
of HNO; and HF was performed before inductively
coupled plasma—mass spectrometric (ICP-MS) anal-
yses of a large set of trace elements (REE, Be, Li, Mo,
Nb, Ta, V, Zr, Sc, Hf, Y, U, Sr, Th, Pb, Bi, Ba, TI, Rb,
Cs), at the University of Saskatchewan, Canada. Accu-
racy and precision range from < +3% to +7% for
the analyzed trace elements (Jenner et al., 1990).

4. Results and discussion

4.1. Oxygen partitioning between minerals: test for
isotopic equilibrium

Stable isotope values for minerals, insoluble residues
and whole rocks are summarized in Table 1 and Table
2, and Fig. 3. Assuming isotopic equilibration under
greenschist-facies conditions among minerals in any
given rock sample, the following order of minerals with
decreasing 8'®0-values has to be expected, according
to the theoretical calibrations of Zheng (1993a,
1993b): quartz, calcite, albite, phengite/anorthite/
muscovite, chlorite, pyroxene, amphibole, oxides; this
is slightly different from the order previously given by
Faure (1986, chap. 25) and Frey et al. (1976) —
particularly for chlorite — because their order was
based on the observation from natural assemblages



which may have experienced isotopic re-equilibration
during cooling. In most of the studied samples, this
general order is respected, suggesting that the analyzed
minerals have indeed approximated isotopic equilib-
rium with regard to oxygen. 8'¥0-values for insoluble
residues vary as a function of the composition of the
residue: values lower than those of coexisting calcite
are obtained for phyllite-dominated samples (schist
and schist+ segregation), values similar to those of
coexisting calcite, and/or slightly higher ones are
obtained for quartz-rich samples (mostly segrega-
tions). This order has to be a result of Alpine meta-
morphism because the minerals in the protolith were
certainly not grouped in this order (compare for
instance the Paris Basin samples or data from the lit-
erature: e.g., Faure, 1986; Hoefs, 1987; Kyser, 1987).
In all the analysed rocks, calcite has marine origin and
therefore a presumable initial 8§'%0-value of +27 to
+30%0 SMOW. Quartz, on the other hand, is mostly
of detrital origin with an estimated average ‘‘crustal-
metamorphic’’ 8'%0-value of + 8 to + 15%o. Phyllo-
silicates of detrital origin had an initial, either ‘‘sedi-
mentary’’ high 8'®0-value (compare Faure, 1986;
Hoefs, 1987; Kyser, 1987), or a ‘‘basement-derived”’
low value (e.g., Bouquillon et al., 1990); as *‘base-
ment-derived’’, detrital micas partly re-equilibrate dur-
ing sedimentary processes, the phyllosilicate fraction
most probably had an initial average ‘‘sedimentary’’
value of + 15 to +20%c SMOW.

From the present observation that these initial, detri-
tal/sedimentary values have been completely obliter-
ated, it is obvious that isotopic re-equilibration among
the rock-forming minerals must have taken place dur-
ing diagenesis and Alpine metamorphism. More
detailed examination, however, reveals many instances
where minerals did not attain perfect isotopic equilib-
rium for presumable Alpine metamorphic tempera-
tures, as outlined by abnormal temperatures in Fig. 3.
Isotopic temperatures have been calculated using the
theoretical calibrations of Zheng (1991, 1993a,
1993b). For Fe-Mg-carpholite, Y.F. Zheng (pers.
commun., 1994) has calculated an I-'80 index of
0.8428 and obtained the following fractionation factor
equations for the quartz—carpholite, calcite—carpholite
and carpholite—water systems, respectively:
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10° In « =0.32-10%/T*+2.51-10*/T—1.04

qz—car

10°In o =

—0.15-10%/T%+2.61-10*/T—1.04
10°In e, ,, =4.16-10%/T*~7.27-10°/ T+2.20

Possible sources for deviations from perfect isotopic
equilibrium are as follows:

(1) This is the first stable isotope (8*O and 8D)
analysis of Fe-Mg-carpholites, and accordingly, no
fractionation factors for this mineral are available. Fe—
Mg-carpholite is a hydrated aluminosilicate with a sin-
gle-chain, pyroxene-like structure (McGillavry et al.,
1956; Viswanathan, 1981; Ferraris et al., 1992). The
measured fractionation of 3—6%. between Fe-Mg-car-
pholite and quartz lies in the range expected for pyrox-
enes and/or amphiboles in  blueschist- or
greenschist-facies metamorphism. Using fractionation
curves of Y.F. Zheng (pers. commun., 1994; see
above), some isotopic disequilibrium is outlined: the
lowest values of 3.5%0 (sample Fre6) and 3.3%. (sam-
ple Van) yield reasonable temperatures (i.e. 386° and
412°C, respectively), whereas the highest fractionation
of 6.1%0 (sample Ub873) clearly yields apparently a
too low isotopic temperature (i.e. 177°C) for blue-
schist- or greenschist-facies metamorphism. This dis-
crepancy could be the result of a selective resetting of
quartz related to its recrystallization. (A resetting of
the carpholite isotopic composition during later
greenschist-facies  metamorphism  seems  very
unlikely.)

(2) Isotopic disequilibrium relations are obvious
from the calculation of the isotopic temperature in a
few samples (see Fig. 3). In the Piémontais zone, real-
istic isotopic temperatures of ~225°C are calculated
from quartz—calcite, quartz—chlorite and calcite—chlo-
rite fractionations (sample Fre8). As chlorite indicates
the greenschist-facies evolution, these isotopic temper-
atures are probably related to this later event, although
relics of a HP-LT event are present in the sample. The
disequilibrium among quartz and calcite observed in
Fre6 could be explained by only partial recrystallisation
of quartz during greenschist-facies metamorphism; HP
and LP quartz are distinguishable in thin section by
characteristic textures (see Section 2.3) — physical
separation of these two quartz populations for isotopic
analysis is impossible. In the Briangonnais and Dau-
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phinois zones, O partitioning between quartz and cal-
cite indicates correct greenschist-facies temperatures in
some segregations ( Vilas and Laz2s), whereas either
too high or too low temperatures indicate O disequilib-
rium in other segregations (Vent4s and Jards, respec-
tively). From the data exposed above, we conclude,
that on the whole, and in each studied zone, the
observed O-isotopic values in minerals (except in HP
Fe-Mg-carpholite and partially in coexisting quartz)
were acquired during a greenschist-facies stage. More
specifically, calcite 8'%0-values were acquired during
greenschist-facies metamorphism in all samples: their
comparison is thus facilitated and can inform us about
the nature of the fluid phase present during the LP
metamorphic evolution.

4.2. 8'°0 calcite vs. calcite content in the sample

In Fig. 4a, calcite 8§"®O-values are plotted vs. the
calcite content in the studied samples. The most striking
results are the following: (1) in each region studied,
calcite 8'*0-values, regardless of the type of sample,
are quite homogeneous, varying by no more than
+ 1.5%0; (2) regionally characteristic §'®0-values for
calcite are clearly distinct from one region to another:
8"*0 (%0 SMOW) of ~ + 28%o are found in the north-
ern Paris Basin, ~ +26%. in the Briangonnais zone,
~ +22%o in the Piémontais zone and ~ + 18%o in
the Dauphinois zone. Both the regional homogeneity
of calcite composition with respect to §'*0, regardless
of the rock type, and the characteristic composition for
each tectonic unit, are remarkable and require an
explanation.

Calcite in whole rocks (pelites, marls, limestones)
has a marine origin and ought to have initially enriched
6'"80-values. However, as pointed out above, the rock-
forming minerals quartz, phylosilicates and calcite,
albeit of different relative proportion in the different
rocks, have approached isotopic equilibrium during
Alpine deformation and metamorphism. If this meta-
morphism took place in a ‘‘closed system’ (i.e.
rock + a fluid phase in equilibrium), the isotopic com-
position of the whole rock must have remained unchan-
ged, (compare stars in Fig.4b and c), whereas
individual minerals underwent large changes in iso-
topic composition, especially quartz and calcite which
have to shift in opposite directions (Gregory and Criss,
1986). This behaviour is sketched in Fig. 4band c. The
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original isotopic composition of the three main con-
stituent minerals are indicated with different gray
shaded boxes. The relative abundance of the calcite is
reported on the x-axis — this factor has the largest
influence on the whole-rock isotopic composition of
the different rock types. In the case of a pelite or shale
(Paris Basin samples), the calcite 8'®0-value is high
as expected for a marine origin; however, given the
small percentage of this mineral in the rock, the §'*0
whole-rock composition is dominated by that of the
abundant phyllosilicates. The sketched situation of
Fig. 4c applies directly to the observed trends within
the different tectonic units ( Dauphinois, Briangonnais,
Piémontais). Rather than calcite content of the hand-
specimen, i.e. on the 10-20-cm scale, the average
whole-rock calcite content at the scale of each tectonic
unit ( ~500m?) seems to be responsible for the region-
ally constant 6'®0-values as measured in calcite: < 10
wt% CaCO; in the studied part of Dauphinois zone,
~ 30% in the Piémontais zone and > 80% in the Brian-
gonnais cover.

The Briangonnais zone is dominated by a thick series
of platform carbonates of Middle to Late Triassic age,
and by a thin Mesozoic to Cenozoic carbonate series,
with rare marly interlayers and virtually no siliciclas-
tics. In the Vanoise area, the Fe~Mg-carpholite-bearing
samples stem from volumetrically negligible thin
metapelitic horizons (0.1-3 m), Dogger in age (Ellen-
berger, 1958). In the Ubaye Valley, Fe-Mg-carpholite
is present in a thin Eocene calc-schist series, located at
the top of the carbonate series. In accordance with the
carbonate dominance in the Brian¢onnais zone, Fe-
Mg-carpholite-bearing segregations and country rocks
have high 6'®O-values.

In the M. Fraiteve area of the Piémontais zone, char-
acterized by alternate layers of metapelites and
metamarls at decimetric scale (e.g., Caron, 1977), cal-
cites from both metapelitic and metamarly layers dis-
play the same §'0-values. Calcites from metapelites
show *‘too high”> 8'%0 with respect to those expected,
whereas the most carbonate-rich metamarls show
clearly “‘too low’’ calcite §'8Q-values. This is inter-
preted as an ‘‘isotopic equilibration’’ among the dif-
ferent layers, at least where calcite is concerned. Such
an equilibration, although not perfectly attained, was
certainly facilitated by the presence of a fluid phase
which also lead to the abundant Fe—Mg-carpholite—
quartz—calcite segregations.



In the Dauphinois zone, the Aalenian black shale
represents the least carbonate-rich rock of all analysed
samples. Carbonates do occur, however, mainly in seg-
regations, together with quartz and phyllosilicates. Cal-
cites exhibit low §'®0-values, in good agreement with
those expected for this shale-dominated environment.
Furthermore, the homogeneous low calcite §'%0-values
indicate that the Aalenian ‘shale system’” was notcon-
nected to the overlying Dauphinois carbonate series.

In conclusion, calcite 8'®0-values in whole rocks,
segregations and their country rocks seem to be con-
trolled by that of the most abundant lithology in each
zone. This finding is interpreted as a ‘‘closed-system
behaviour’’, or a ‘‘buffered system’’ (infinite isotopic
reservoir) on the scale of formations (e.g., Aalenian
black shales or Piémontais ‘‘Schistes Lustrés’’). This
behaviour indicates that the system is connected at the
formation scale, and that each formation is ‘‘isotopi-
cally isolated”” from the surrounding ones (e.g., Aalen-
ian black shales). Accordingly, any fluid — infiltrating
or internal — would have had its isotopic composition
buffered by the local rock sequence, which is an indi-
cation of low water/rock ratios (e.g., Brocker et al.,
1993).

4.3. Regional variations in calcite C/O systematics

8'%0- vs. 8'*C-values for calcites are represented in
Fig. 5a. This figure shows the distinct §'®0-value in
each studied zone (as discussed above). 8'*C-values
show some characteristic trends for each zone: invari-
ably high values of +1 to +2%o (PDB) are found in
the Briangonnais zone, a large scatter of values between
~ —6 and +2%o is present in the Piémontais zone,
whereas consistently low values of — 6 to —4.5%o pre-
vail in the Dauphinois zone.

A comparison of stable isotope data compiled from
the literature for calcites from different areas of the
Western and Central Alps (Fig. 5b—d) shows the fol-
lowing trends:

(1) In the carbonate-dominated Briangonnais zone
(Fig. 5¢), stable isotope composition, regardless of
provenance and metamorphic grade, cluster tightly at
high 8'*C- and high §"¥0-values, typical for marine
carbonates. No signs of depletion due to Alpine meta-
morphism and/or interaction with metamorphic fluids
from surrounding tectonic units or late Alpine meteoric
waters can be detected in this data set (compare Ker-

rich, 1987; Burkhard and Kerrich, 1990; Burkhard et
al., 1992).

(2) The Piémontais (Fig. 5b) and External zones
(Fig. 5d), on the contrary, both display larger dispersal
in isotopic compositions with two types of trends of
depletion in '*0 (vertical trend) and '3C (horizontal
trend), respectively. Both trends can be interpreted as
modifications of an initial marine composition through
interaction with a rock or fluid reservoir of distinct
isotopic composition.

Abnormally low §'®0-values are explained by the
interaction of the rock with an external, '®O-depleted
fluid, either hydrothermal waters (e.g., 4 and 6 in Fig.
5b), metamorphic fluids in equilibrium with (meta-
morphic) basement (e.g., 6 in Fig.5d and M in
Fig. Se), or a meteoric fluid. An abnormally high value
of calcite in the Dauphinois metagranite could be inter-
preted as the result of the reverse trend, i.e. infiltration
of an '®0-enriched ‘‘sedimentary fluid’’ into the
basement.

13C depletion is commonly interpreted as the result
of ‘‘interaction with organic matter’”” and/or an
““organic fluid’’ (Sheppard, 1986). '*C-depleted sam-
ples are systematically associated with layers rich in
organic matter (veins 2 and 4A in Fig. Sb and d, respec-
tively; see also Baker, 1990). The Piémontais zone
samples illustrate this clearly: marly, carbonate-rich
samples with certainly low organic carbon content
yield almost ‘‘marine”’ calcite 8'>C-values, whereas
wallrock and segregation calcite from black metapelites
with higher organic material content yield the lowest
8"3C-values — in the same range as those found in
Aalenian black shales from the Dauphinois zone and
other areas of the Alps (Fig. 5d). This clear shift in
8"3C compositions between metapelitic and metamarly
beds, which are interlayered at decimetric scale, results
from preferential re-equilibration of calcite and indi-
cates local interaction with organic matter in the meta-
pelitess. A concomitant lowering of &'C- and
8'%0-values of calcite due to re-equilibration with
organic fluids has already been described by Bechtel
and Piittmann (1991).

The preceding analysis informs us essentially on the
origin of the fluid phase involved in vein formation.
We could not detect any evidence for intervention of
an external fluid of either meteoric, hydrothermal or
“‘basement’’ origin. Accordingly, we conclude that the
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involved fluid phase originated in the rocks themselves
(formation waters and ‘‘metamorphic’’ water linked to
dehydration reactions), which acted as an isotopic res-
ervoir. A local increased concentration of carbon in the
fluid phase is suggested by low calcite 8'*C-values in
the Piémontais metapelites and the Dauphinois black
shales.

4.4. H/O systematics in whole rocks, minerals and
Sluids

8D vs. 8'%0 of analysed minerals and whole rocks
are represented in Fig. 6. Hydrated minerals as well as
whole rocks are characterized by high §'®0 and high
8D, with whole-rock values tightly clustered around
—60%o 8D and comprised between + 15 and +25%.
8'%0, regardless of metamorphic grade and tectonic
unit. A comparison with the isotopic composition of
hydrated minerals from basement (Fig. 6a) and cover
rocks (Fig. 6b) of the Western and Central Alps calls
for the following remarks:

(1) Fe-Mg-carpholites show the most D-enriched
values, with 6D between — 55 and — 40%o; these values
lie well within the field — or rather at the upper limit
— of &D previously measured in hydrated minerals
from Alpine basement and cover rocks. Fe-Mg-car-
pholites also show the most '®O-enriched values, with
8'"%0 between +17.5 and +25%o; these values are
those expected for minerals in calcite-dominated rocks
(see Section 3.3).

(2) 8D/ 8'O-values of analyzed minerals and whole
rocks lie in the field of carbonate cover rocks (e.g., 1,
4, 5 in Fig. 6b). Moreover, neither 8D nor §'®0 deple-
tion is evident in our samples, as indicated by their
grouping in the ‘‘upper right corner” of an ‘‘Alpine
cover rock box’’. A D depletion (vertical trend), has
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been observed in many areas of the Alps (e.g., 1 and 4
in Fig. 6a; 1, 2 and 4 in Fig. 6b), generally interpreted
as the result of interaction with an external fluid, either
an ancient or modern Alpine high-altitude meteoric
water (see AMW in Fig. 6b, cf. Kullin and Schmass-
mann, 1991), or an organic water (Sheppard, 1986).
A 8'%0 depletion (horizontal trend) would indicate an
interaction with a fluid in equilibrium, either with base-
ment rocks (see Fig. 7a), or with quartz-rich cover
rocks (see Fig. 7b). Interaction with any of the preced-
ing types of fluids can be ruled out in the studied areas.

Calculated composition of fluids in equilibrium with
the analyzed minerals and whole rocks are represented
in Fig. 7. Trends can be summarized as follows:

(1) 8D/8"0 composition of a fluid in equilibrium
with Fe-Mg-carpholite during HP metamorphism has
been estimated using fractionation factors between
quartz—water, quartz—hornblende and hornblende—
water from Clayton et al. (1972), Bottinga and Javoy
(1973) and Graham et al. (1984), respectively, at
350°C. Calculated 8'0/8D of HP fluids are ~
—25%0/ +25%0, which is not significantly different
with regard to LP fluids (in equilibrium with chlorite
and whole rocks), calculated at ~ —25%o0/ + 18%eo.
Calculated 8'®0 composition of waters in equilibrium
with calcite lies in the same range, between + 14 and
+22%0 SMOW, using O’Neil et al. (1969) fractiona-
tion factor at 350°C.

(2) Isotopic fluid compositions lie well within the
field of metamorphic waters in O and H equilibrium
with Alpine cover rocks. In fact, they plot within the
least depleted (‘‘upper right’’) corner of the ‘‘meta-
morphic water box’’. This observation again indicates
that the studied rocks have not suffered any detectable
interaction with an external fluid.

Fig. 5. Carbon and oxygen isotopic compositions of calcites from Western and Central Alps.

a. Systematics in the studied samples.

b. Data from the Piémontais zone, after: 1 = this study; 2 = Burkhard and Kerrich (1988); 3= Weissert and Bernoulli (1984); 4-6 =Lemoine

et al. (1983).

¢. Data from the Briangonnais zone, after: 1 =this study; 2= M. Bourbon (in Brosse, 1982); 3 =Brosse (1982) and Lemoine et al. (1983);

4=Lemoine et al. (1983); 5=Brosse (1982).

d. Data from the External zone, after: 1 = this study; 2 =Lemoineetal. (1983);3 = Gélyetal. (1989); 4 =Hoefs and Frey (1976); 5, 6 = Burkhard

etal. (1992).

e. L =estimated, after Keith and Weber (1964); M =estimated by Burkhard et al. (1992).

‘“Boxes’’ are drawn after extreme values, except 5 in (d), drawn after mean and 20-values, and L and M, estimated. In (b)-(d), Alpine
metamorphic grade(s) are reported as follows: BS=blueschist; AM=amphibolite; GS=greenschist; VLG=very low grade; NM =non-
metamorphic.
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Fig. 6. Oxygen and hydrogen isotopic compositions of minerals from
Western and Central Alps.

a. Data from basement rocks, after;: 1 =Frey et al. (1976); 2= Des-
mons and O’Neil (1978); 3=Hoernes and Friedrichsen (1978);
4 = Hoernes and Friedrichsen (1980); 5 = Hoernes and Friedrichsen
(1974) and Friedrichsen and Morteani (1979); 6= Sharp et al.
(1993).

b. Data from cover rocks, after: 1=Hunziker et al. (1986) and
Burkhard et al. (1992); 2 =Friih-Green et al. (1990); 3 =Hoemes
and Friedrichsen (1978); 4 =Hoemes and Friedrichsen (1980);
5= Hoernes and Friedrichsen ( 1974) and Friedrichsen and Morteani
(1979); MIR=Hoefs (1987). ‘‘Boxes’’ are drawn after extreme
values. Abbreviations: bi = biotite; chl = chlorite; g/ = glaucophane;
hbl=hornblende; ill=illite; mu=muscovite; ph= phengite;
st=staurolite; serp=serpentine; MWL = Meteoric Water Line;
B = Briangonnais zone; P = Piémontais zone.

Conclusions that can be drawn from 8D/ 8'%0 sys-
tematics are the following: (1) in the studied areas, we
can rule out the intervention of external fluids, such as
meteoric waters, organic waters (?), fluids in equilib-
rium with basement or quartz-rich cover rocks; a sim-
ilar conclusion on the range of fluid exchange during
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Fig. 7. Calculated H- and O-isotopic compositions of fluids in West-
ern and Central Alps. Data from basement rocks (a) and from cover
rocks (b): same sources as in Fig. 6. 880 fluid composition is
calculated using quartz—water fractionation factors from Clayton et
al. (1972) and Bottinga and Javoy (1973); muscovite—water and
biotite—water fractionation factors (Bottinga and Javoy, 1973) are
used for Dora—Maira (6 in Fig. 6a), and data of Wenner and Taylor
(1971) for Arosa—Plaita (2 in Fig. 6b). 8D fluid composition is
calculated using mineral-water fractionation factors from Suzuoki
and Epstein (1976) for biotite, muscovite and hornblende, and from
C.M. Graham (in Kyser, 1987, p.50) for chlorite; data of Wenner
and Taylor (1973) are used for Arosa—Platta (2 in Fig. 6b). For data
of this study, isotopic composition of fluids: (1) in equilibrium with
chlorite, is calculated after chlorite-water data from Wenner and
Taylor (1971) for O and from C.M. Graham (in Kyser, 1987, p.50)
for H, at 300°C; (2) in equilibrium with carpholite, is estimated after
quartz—water (Clayton et al., 1972) and quartz-hornblende (Bot-
tinga and Javoy, 1973) data for O, and after hornblende-water data
(Graham et al., 1984) for H, at 350°C; and (3) in equilibrium with
whole rock, is estimated as follows: 8'%0 gyqy = 8'°0 (s, — 2.5 (%o
SMOW) and 8D g4y = 6D(w ) +35 (%0 PDB).



19

Sem Sutpuodsanod pue uonisodurod suonaesy 3 pue w ‘f woly parenofes uonisodwod Yo0I-3[0gMm,
-ampasold uidues 10y ['¢ uonodag aag sasjeur (sego) pue 1) ¢ 10 (153S) ¥ JO UBIN,

1766 78001 79701 9566 LSO 866 L0 8L66 LSO €166 wng
vt oL's €6€l 9Tl €80 6651 600 9Tl 100 €001 1071
178 99y or9 697 ¥10 180 910 €I'¢ 150 £y  1010'H
900 ST 160 80°0 100 £0°0 10°0 800 200 zro S0t
080 ST0 90 %0 £0°0 €10 00 o L0 Lo OIL
08¢ T LT wi 1440] %0 LOO 181 1o €67 o™
LT0 SI'0 910 Lo 00 fa4(] 200 9L0 00 01 O%eN
oLL €29 LY'8 i Lo SS91 70 €801 00 oTL (s1:0]
8’ Y0'l 8yl Le ¥1°0 4% 900 81'C (441 $8'T 03N
000 000 000 £2°0 00 LTO 100 €0 200 870 OuW
or'l 8l 611 e LTO S9'1 oro 349 SO0 944 04
8L'¢ 9¢'s PSE 8L1 1480] L60 200 66'1 6€°0 8T ‘0%
L991 109 £0°01 SI'01 080 €'y L9°0 €801 7O 90°91 0Uv
86'6t $9'L9 81°09 €8'vS 99T veE8s  LET 96vS 60 €0'1S oS
ya1y 8y 181y gmiiereny o F S116Men] o F  Juprgrerd oF  JIierend
sajdures sagp-amgoydres
uiseq SteJ WaYLON ("1102) SUOZ SIRIUOWI]
81'66 907 6186 8€°0 £€°001 6610 10°'66 $6'66 ST 85001  SE€0 0686  LLO £8°66 wng
vLe 610 €8T a0 00 910 w0s 8% 950 y 600 8Ly €50 ors 1071
PEE 620 8€'T 910 ¥$'€ 70 YLy ov'e €0 8v'C or'o £6'¢ $00 9y 10 O'H
1o 00 1o 100 oro 00 £1°0 LYO 900 910 S0°0 610 100 910 S04
8v'0 v00 870 100 £5°0 £0°0 SLO Ly'o 200 €0 800 050 SO0 9L°0 oL
90'C 810 7Tl o ¥eT 0 we 17T 800 1A 1o €L 800 81'¢ o™
190 ¥0'0 ¥E£0 €00 0L0 80°0 860 SLO 100 9€'0 0 €0'1 810 STl 0O%N
L0 9¢'0 ¥LO 600 890 €00 890 8Tl wo oLt 00 88°0 900 160 (s1:0]
L6'1 €0 Le'l 800 61T L00 LLe €0 000 ST 100 9€0 000 o 03N
60 00 9¢0 100 90 100 0L0 LEO 700 o 100 1£0 000 €60 OuUnW
9I'E 1o S0'T 1o PLE L1O 494 6T 800 yE'€ 500 16'¢ 600 [4%% 03d
e 60 £8°1 €U0 L0T LT0 65T £r'l 80°0 L0 £7°0 Wl $T0 S$l f0%d
7€l 690 088 $8°0 96v! LLO £0'61 £0S1  S6°0 $O11 070 SOLL 860 LLOT oV
¥$0L 9L'€ L8'8L 18°0 95°89 90 86°8S LO69 880 €P'9L 90 69%9 L0 €765 oS
oM Z165edD oF 37165e4D 0 F  uziesedD OF  JUI6sEED  JMI161S3S o F S1161598 0 F  I6ISeS O F  JII61S3S

sojdures Surreaq-aioydres passarSonal

sorduwses urreaq-arjoydres paarasaid

3UOZ SIRIUOWIY

so[dures uiseg SLEJ UISYLOU PUE STEIUOWL] Jo suonIsodwod Jwawapa-1ofey

£ IqEL



Table 4
Trace-element compositions of the studied samples
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Element (ppm) Li Be S¢ V Rb Sr Y Zr Nb Mo Cs Ba Hf Ta TI Pb Bi Th U
Piémontais zone (preserved carpholite-bearing samples):
Fre6 36.1 1.23 16,1 123 65.3 98.6 158 583 159 1.84 4.63 362 1.71 2.82 036 20.1 056 13.5 2.08
Sest911f* 72,6 3.0520.1 167 164 116 21.7 109 193 3.68 9.14 353 3.11 .70 099 30.7 049 128 2.58
t o 220037 028 1.18 1.65 073 2.88 547 043013 0.13 315 015006 003 524 002 0.3 0.06
Sest91 Im* 604 2.64 167 138 138 988 152 716 140 3.06 7.54 289 203150 086 239 036 9.121.78
o 1.30 009 018 231 207 097 422 12.65 0240.19 011 424 047008 0.02 1.83 001 036013
Sest9i1g” 334 112102 776 783 827 127 294 637181 419 153 090 1.28 044 209 0.6 449 0.86
to 029021 037 259 335 717 120 296 0300.11 0.16 5.31 0.100.15 004 574 003 0.18 0.06
Piémontais zone (retrogressed carpholite-bearing samples):
CBas912f* 89.2 3.00 19.2 161 145 969 142 820 165 1.17 878 411 237 1.84 0.88 214 050106 1.93
to 516006 031 473 538 1.80 099 549 017016 020 122 008 0.15 0.03 429 0.02 0.340.08
CBas912m* 71.9 2.06 15.0 122 113 805 948 466 117 090 6.80 315 136 1.47 066 175 036 7.59 1.26
to 241 010 016 456 239 497 0.84 4.18 049 0.05 0.06 746 014 0.13 001 249 002 0.16 0.05
CBas9i2g* 407 113 7.89 630 579 589 752 251 5571.00 339 158 072 134 034 140 016 4.050.69
To 7.99 012 204 158 145 892 092 416 159015 084 395 011016 009 299 0.03 1.180.17
Piémontais zone (carpholite-free samples):
Fre8 324 011 520 169 463 682 254 100 252016 026 159 023218 003 434 010 1.070.33
Frel5 441 032 9.15 338 235 800 481 787 3.07221 162 455 027 1.61 013 181 016 1.710.26
Frel6s 251 059 641 524 574 1019 162 135 4386311 406 110 038 1.10 031 101 016 412046
Frel6m 597 146 136 113 118 499 185 416 132 288 821 242 1.28 1.78 0.63 143 034 8.9 1.30
Fre22 269 1.13 980 586 804 467 120 298 912042 468 193 0.87 3.62 041 7.53 0.14 442 0.84
FrelCH 1.17 0.00 450 221 091 434 583 434 244008 008 368 012225 000 494 006 047 0.19
Frai911f* 64.6 2.36 16.6 127 130 216 183 97.1 138 0.61 8.12 381 2.81 149 069 183 042104 203
to 040 0.13 016 325 584 815 145 840 074007 045 137 020005 003 252 001 056 0.17
Frai911m® 49.0 154123 887 873 319 149 592 880056 529 265 172129 045 137 029 679130
+ o 1.08 040 0.17 111 031 107 013 142 017001 007 1.91 0.050.13 003 284 002 013002
Frai9llg* 152 036 5.06 264 252 466 942 168 273043 151 731 048 0.81 013 119 014 217 051
to 381027 074 748 770 365 125 428 068012 046 220 007005 005 239 001 050009
Northern Paris Basin:
Argl 50.9 2.64 120 982 143 315 216 111 137 1.04 11.2 243 3.16 093 0.61 142 027 9.21 331
Arg2 19.0 223 625 504 992 143 243 68.1 6.00048 3.69 134 1.78 0.37 0.24 10.7 0.12 5.07 2.38
Argd 165 258 15.7 163 136 350 203 154 224 035119 358 444153 073 314 048 131 278
Briangonnais zone:
Van 48.0 000 432 860 530 502 237 226 1.04 010 030 405 008 098 007 201 010 0400.19
Ub873s 417005 200 742 456 947 197 524 153005 035 573 015088 003 590 007 0.780.22
Ub&73m 46.0 058 6.11 514 395 1389 190 408 7.780.14 292 324 119 1.16 021 11.1 030 6.391.83
Dauphinois zone:
Ventds 95.0 0.19 232 103 9.09 283 10.4 236 099026 060 15.2 0.130.47 000 11.6 0.10 098 0.15
Vent4m 303 4.05 238 243 174 405 12.4 0.00 27.1 133 126 392 367232 095 221 058 190 3.06
Vilas 106 0.08 382 320 266 101 7.80 283 129017 0.8 5.31 0.07 0.47 000 101 0.05 0.69 0.09
Vilam 307 1.36 142 179 726 137 949 68.1 21.8 137 467 160 1.83 147 041 143 027 109 1.63
Vilalé 858 044 456 162 028 118 166 0.24 1.07 0.05 0.07 091 002 146 000 479 0.04 033004
Laz2s 188 003 328 249 1954 740 147 1.9 239019 022 402 0093.16 000 602 002 0.71 005
Laz2m 184 339 166 193 137 291 13.8 598 234 4.00 165 310 147321 087 224 029 118 1.61
Jards 428000 222 379 262 172 153 1.5 113011 025 447  0.08 145 0.00 263 0.28 0.36 0.03
Jar4m 157 438 29.8 312 255 405 127 147 519 3.03 21.7 604 402324 155 276 078 264 374
Jarsoc 174 252 333 164 138 205 7.34 308 135 025 6.09 202 094222 1.79 255 0.10 21.0 1.50

“Mean of 4 (Sest) or 3 (CBas and Frai) analyses. See Section 3.1 for sampling procedures.
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Alpine metamorphism has been drawn by Hoernes and
Friedrichsen (1980); (2) veins formed from an * ‘inter-
nal fluid’” in O- and H- isotopic equilibrium with car-
bonate-rich cover rocks; and (3) the isotopic
composition of this internal fluid seems to have been
essentially the same during the prograde and the ret-
rograde metamorphic evolution.

4.5. Major- and trace-element systematics

Major- and trace-element compositions of the stud-
ied samples are presented in Table 3 and Table 4,
respectively.

In order to test for element mobility between wall-
rocks and veins, we plotted the different trace and major
elements in various concentration ratio diagrams (ele-
ment in vein/element in wallrock, Fig. 8). In such dia-
grams (e.g., Gresens, 1967; Grant, 1986), elements
which plot at similar Y-values display the same behav-
iour during the transformation of the rock. In particular,
assuming volume and mass conservation during ele-
ment transfer, elements which plot near the Y-axis unity
line are immobile (same concentration in the vein and
in the wallrock). Confrontation with our results calls
for the following remarks:

(1) In all the studied zones, a large set of analysed
elements (Li, Be, Sc, V, Rb, Zr, Nb, Cs, Ba, Hf, TI, Bi,
Th, U, 3REE, Al, Fe, Mg, Na, K, Ti, H,O) plot invar-
iably at low and constant Y-values. This ‘‘bottom line”’
Y-value is shaded in grey in Fig. 8a. Although the abso-
lute Y-value is different in each sample, the same trends
are present in all samples. All these elements apparently
behave in the same manner during vein formation. Two
interpretations are possible: (a) the quoted elements
are all immobile, 1.e. they are not precipitated in the
vein-forming minerals; consequently, vein formation
is a mechanism where volume and/or mass are not
preserved; and (b) alternatively the quoted elements
are all mobile, and enriched in the wallrock with respect
to the vein, assuming an isovolume and isodensity
mechanism of vein formation. The first hypothesis
seems to be more convincing, in an opening/shearing
context of vein formation, accompanied by local vol-
ume increase in the vein, and volume loss in the wall-
rock. Moreover, many of the above quoted elements
(e.g., Zr, Hf, Th, REE, Ti) are classically considered
to be inert and not susceptible to mobilization during
low-grade metamorphism (e.g., Floyd and Winchester,
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1978; Petersen, 1983; Zielinski, 1985; Bebout et al.,
1993). Therefore, we consider in the following that
elements, which plot clearly above the ‘‘bottom line”’
defined by a majority of immobile elements, are
enriched in the veins with respect to their wallrock.

(2) In the Piémontais zone (Fig. 8a and b), veins
are invariably enriched in Si, Ca and Sr — related to
massive quartz (Si) and calcite (Ca, Sr) crystallization
in veins, and also probably to aragonite crystallization
(during early HP metamorphism), as still recognized
in the Vanoise area (Gillet and Goffé, 1988) and in the
Betic Cordilleras, Spain (Goffé et al., 1989). Part of
Ca is also contained in apatite, together with P
(Fig. 8a). In the preserved carpholite-bearing sample
(plain symbol in Fig. 8a), the intriguing strong Mn
enrichment is probably accommodated in Fe-Mg-car-
pholite, which can contain up to 1% MnO, and/or in
chlorite (breakdown product of Fe-Mg-carpholite).
The trace elements Pb, Taand Y, enriched in veins with
respect to their wallrocks in all the studied samples,
can be explained as follows (cf. Wedepohl, 1978): (a)
Pb can be contained in carbonates, as already observed
in Fe-Mg-carpholite-bearing schists from the Betic
Cordilleras, but also in phosphate; the very high Pb
content in vein Jar4 should be, either an analytical error
or related to accessory galena crystallization, as
observed in some veins from the Vanoise area; (b) Ta
is probably accommodated in rutile and/or another
oxide; and (3) Y enters in solid solution in apatite.

From this preliminary analysis it resuits that, in all
the studied zones, few elements (Sr, Y, Ta, Pb, Si, Ca,
P) are clearly enriched in the veins with respect to their
wallrock — related to the crystallization of quartz and
carbonates, together with phosphate and oxide —
whereas a majority of elements are immobile and have
been passively enriched in wallrock during the vein
formation. This observation is in agreement with a
small-scale (ten centimetres to a few metres) migration
of selected elements from wallrock to vein (compare
Burkhard and Kerrich, 1988; Gray et al., 1991). This
element transfer leading to vein formation could be
accounted for by ionic diffusion processes.

4.6. Rare-earth element systematics
REE compositions of the studied samples are pre-

sented in Table 5. Chondrite-normalized REE abun-
dances for selected samples are represented in Fig. 9:



Table 5
REE compositions of the studied samples
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Element (ppm) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sum REE
Piémontais zone (preserved carpholite-bearing samples):
Fre6 273 57.3 6.18 240 411 084 369 050 329 061 173 026 1.59 022 132
Sest911f* 39.9 84.1 9.30 364 699 1.49 613 078 451 083 235 035 233 035 19
to 0.55 0.89 0.12 0.36 012 0.05 039 005 049 010 033 004 019 0.03 373
Sest911m* 26.8 57.6 6.47 262 532 1.18 468 056 331 059 163 024 158 024 136
+ o 4.45 8.05 0.78 2.03 031 009 062 011 065 016 043 006 040 006 18.2
Sest911g* 12.6 27.9 326 137 3.60 1.19 379 049 278 047 126 018 107 016 725
to 0.39 0.52 0.07 0.38 016 012 024 002 022 004 009 002 007 000 2.34
Piémontais zone (retrogressed carpholite-bearing samples):
CBas912f* 343 74.0 796  30.9 563  1.09 424 051 299 055 164 025 184 027 166
+o 2.28 4.27 0.44 1.98 041 0.11 036 002 026 004 009 002 015 002 104
CBas912m” 21.5 46.2 504 200 373 075 284 035 207 040 113 017 120 018 106
+0 1.61 312 0.29 0.93 024 004 010 001 009 002 010 001 012 002 6.71
CBas912g* 11.3 25.8 293 124 3.03 0.66 254 030 171 030 080 012 071 010 62.7
to 287 5.64 0.59 2.35 023 005 023 002 013 003 008 002 012 002 12.4
Piémontais zone (carpholite-free samples):
Fre8 8.96 16.1 271 153 6.69 217 748 099 531 084 206 025 143 019 70.5
Frel5 20.0 51.0 723 339 10.3 391 117 163 929 152 381 045 245 031 158
Frel6s 15.2 31.0 395 19.6 685 1.99 686 080 403 060 136 017 095 0.12 93.5
Frel6m 20.9 41.3 508 210 536 1.51 569 075 423 071 193 027 170 025 111
Fre22 13.4 279 354 153 347 086 342 045 268 049 126 019 122 017 744
FrelCH 2.51 10.3 191 9.35 211 047 194 026 145 022 046 004 017 002 31.2
Frai911f* 335 67.2 770 30.1 540 1.04 453 060 372 071 212 032 216 033 159
to 1.82 2.84 0.38 0.94 0.22 004 031 006 025 006 022 004 023 003 7.42
Frai911m* 21.6 45.5 561 236 476 1.01 416 053 315 056 158 023 148 022 114
to 0.28 0.37 0.04 0.51 0.19 0.01 004 001 003 001 001 001 005 001 1.55
Frai911g® 6.29 15.0 235 123 358 096 328 040 216 034 082 01 064 009 483
t+o 0.28 0.37 0.04 0.51 0.19  0.01 004 001 003 001 001 001 005 001 1.55
Northern Paris Basin:
Argl 35.1 61.7 784 309 552 112 507 066 408 080 229 034 215 033 158
Arg2 31.2 54.5 721 295 565 1.26 541 069 404 078 215 029 177 026 145
Argd 35.6 79.9 835 310 550 131 476 069 432 083 249 038 244 039 178
Briangonnais zone.
Van 3.62 15.0 3.50 168 364 054 336 053 350 065 165 0.18 089 0.12 539
Ub873s 3.18 6.71 1.43 8.47 259  0.76 301 045 301 056 135 014 056 0.06 323
Ub873m 23.0 345 435 174 357 1.03 370 049 315 061 173 022 134 020 953
Dauphinois zone:
Ventds 2.20 6.88 1.09 6.32 331 401 302 039 212 034 089 011 063 008 31.4
Vent4m 64.1 133 14.1 50.8 801 092 547 066 375 068 202 034 227 034 286
Vilas 1.07 2.55 031 1.68 113 126 1.75 024 153 027 069 010 059 0.08 133
Viltam 33.0 72.9 732 275 560 1.01 471 054 272 044 119 018 118 0.18 158
Vilal6 0.44 1.81 0.36 2.68 210  1.56 291 046 285 049 130 019 1.08 014 184
Laz2s 092 4.05 0.82 5.06 251 1.04 283 046 279 050 140 020 1.19 0.16 239
Laz2m 343 68.9 795 312 654 116 516 060 332 066 154 022 147 020 163
Jard4s 1.48 5.76 1.01 5.81 306 562 350 053 306 053 1.31 0.17 091 0.12 329
Jar4m 83.6 182 18.8 66.9 905 131 484 052 304 057 181 033 234 034 375
Jarsoc 452 85.3 924 327 496 075 340 036 173 026 065 009 053 007 185

“Mean of 4 (Sest) or 3 (CBas and Frai) analyses. See Section 3.1 for sampling procedures.
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Fig. 9. Selected chondrite-normalized REE patterns in the studied samples. Same symbols as in Figs. 3 and 4.
(1) The patterns observed in non-metamorphic zone (solid symbols in Fig. 9b), of the calc schist in
shales of the northern Paris Basin (Fig. 9a) are closely the Briangonnais zone (sample Ub873m in Fig. 9¢),
comparable to those of post-Archean Australian shales and of most veins and wallrocks throughout the Pié-

(PAAS, Taylor and McLennan, 1985). Such patterns montais zone (Fig. 9d—f). This observation confirms
are also characteristic of the schists in the Dauphinois the northern Paris Basin shales as suitable protoliths



for the studied samples. Moreover, it appears that
greenschist/blueschist-facies metamorphism has not
significantly modified the REE *‘sedimentary pattern’’.

(2) Uncommon patterns are displayed by the veins
of the Dauphinois zone (open symbols in Fig. 9b).
Two features have to be explained: the low abundance
of REE, especially of light REE (LREE), and the
strong, positive Eu anomaly.

Observed low abundance of REE, known to be typ-
ical for carbonates (e.g., Haskin et al., 1966; Fleet,
1984), must certainly be related to the high calcite
content of the Dauphinois veins; the same feature is
also observed in the carbonate-rich segregation from
Haute-Ubaye Valley (sample Ub873s in Fig. 9¢).

Explanation of the positive Eu anomaly is more
problematic. It must be linked to the presence of a * ‘Eu-
rich’’ phase. As plagioclase has not been detected in
these veins, other candidates have to be sought. Tour-
maline and epidote are minerals which are able to frac-
tionate Eu (Alderton et al., 1980 and Nystrom, 1984,
respectively), and which can be present in veins —
although not detected so far in our samples. Another
candidate is cookeite (Li-chlorite) and/or other phyl-
losilicates; positive Eu anomalies have previously been
described in chlorite (Cullers et al., 1975) and biotite
(Roaldset, 1975) . Cookeite is present both in veins and
in wallrock — although generally in lower amounts in
the latter — so that an Eu anomaly should also be
observed in the wallrock samples. Also interesting to
be noted is the ability of calcite to fractionate Eu and
other LREE: this behaviour has been described in a
hydrothermal calcite from the Alps, suggesting Eu
enrichment through a fluid phase (Lauschetal., 1974);
the positive Eu anomalies also described in some meta-
carbonates of Colorado, U.S.A., has been attributed to
the existence of Eu as Eu> ", suggesting that the present
pore fluids were reducing (Jarvis et al., 1975) — the
presence of such a fluid might be inferred for the studied
organic matter-rich Dauphinois schists.

REE systematics show thus different behaviour in
the different studied zones, in particular: (1) in the
Piémontais zone, veins display the same pattern as
wallrocks, with a lower chondrite-normalized abun-
dance of each REE in the vein; this behaviour is in
agreement with a dilution effect as discussed in the
context of trace elements; (2) in the Dauphinois zone,
on the contrary, veins display very different patterns
(in particular a strong positive Eu anomaly) compared
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to their wallrock; this difference could be related to the
crystallization of an Eu-rich mineral phase, which
might indicate *‘contamination’’ of calcite precipitated
from an external fluid.

5. Final discussion and concluding remarks

For the studied areas of the Western Alps, informa-
tion about the fluid phase involved in the vein formation
are the following:

(1) Fluid provenance: Stable isotope data of the
studied rocks do not show any evidence for interaction
with an external fluid such as metamorphic fluids issued
from Alpine basement or quartz-rich cover rocks,
hydrothermal or meteoric waters. Accordingly, we con-
clude that the fluids involved in vein formation stem
from the local rocks themselves, as formation water
and metamorphic water produced in situ. General con-
siderations (Fyfe et al., 1978; Marquer and Burkhard,
1992, p.1051 ftf.) allow the total production of such
waters to be estimated as between 1 and 4 vol% for
greenschist-facies limestones and marls whereas up to
10% of metamorphic waters could be produced in
pelites from the Dauphinois and Piémontais zones.
Such fluids are in isotopic equilibrium with the *‘aver-
age local rock’” which acts as a large isotopic reservoir
for fluid production and vein formation (‘‘rock-buf-
fered system’’). On a larger scale, however, part of
these metamorphic fluids must leave the system — and
will therefore interact with rocks elsewhere (e.g., Con-
olly and Thompson, 1989). Accordingly, the passage
of small quantities of *‘far-travelled’’ metamorphic flu-
ids is to be expected in any metamorphic terrain but
these will be extremely difficult to document if their
passage is sufficiently diffuse to permit a continuous
equilibration with the rocks encountered along their
pathways.

(2) Chemical composition of vein-forming fluid
phase: The chemical composition of the fluid phase is
poorly constrained by stable isotope data alone. Fluid
inclusion studies in western Vanoise Fe-Mg-carphol-
ite-bearing metasediments (Goffé, 1982; Goffé and
Villey, 1984) show: (a) liquid inclusions composed
mainly of H,O with low content of eq wt% NaCl (5%
max.); (b) liquid or gaseous heavy hydrocarbons (C,
to C;4), immiscible with water, preserving therefore a
high ay,o. Moreover, the presence of cookeite itself



implies high ay,, {cf. Vidal and Goffé, 1991). Cook-
eite i1s associated with Fe~Mg-carpholite in Vanoise
(Gofté, 1977) and is also present in the Dauphinois
zone (Jullien and Goffé, 1993). Petrological argu-
ments thus indicate the presence of a H,O-dominated
fluid. Moreover, the fluid phase seems to have had
approximately the same composition throughout the
HP and subsequent LP metamorphic evolution.

(3) Mechanisms of fluid flow and element transport.
In the considered metamorphic domains, fluid migra-
tion takes place within the main tectonic or lithologic
units at different scales: (a) at hectometric scale, fluids
in each zone are interpreted as essentially stationary or
advected internally, in agreement with the isotopic
“‘rock-buffered”” behaviour (low fluid/rock ratios).
Minor layer-parallel fluid flow cannot be ruled out,
however; and (b) at small scale (¢m to m), major- and
trace-element systematics reveal selective element
transfer from wallrock to adjacent vein, mainly
achieved by ionic diffusion processes.

Fluid flow along and across the main tectonic con-
tacts probably took place but is poorly documented.
There may have been some local migration in the Dau-
phinois zone, where the metagranitic basement seems
to have interacted with a ‘‘sedimentary fluid’’ from the
overlying tectonic units on the scale of ~ 10 m. In the
Western Alps, major tectonic contacts marked by
metre- to decametre-thick evaporitic layers (e.g., Pen-
ninic Front; Fig. 1b), are probable fluid channels
(Kerrich, 1986; McCaig, 1988), although not neces-
sarily related to the vein formation.
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