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Abstract Fluid inclusions have been analysed in suc-
cessive generations of syn-metamorphic segregations
within low-grade, high-pressure, low-temperature (HP—
LT) metapelites from the Western Alps. Fluid compo-
sition was then compared to mass transfer deduced from
outcrop-scale retrograde mineral reactions. Two types of
quartz segregations (veins) occur in the ‘Schistes lustrés’
unit: early blueschist-facies carpholite-bearing veins (BS)
and retrograde greenschist-facies chlorite-bearing veins
(GYS). Fluid inclusions in both types of segregations are
aqueous (no trace of dissolved gases such as CO,, CHy,
N,), with significant differences in density and compo-
sition (salinity). BS fluids are moderately saline fluids
(average 9.1 wt% eq. NaCl) characterized by a chro-
nological trend towards more dilute composition (from
15 down to 0 wt% eq. NaCl), whereas GS fluids have a
very constant salinity of ~3.7 wt% eq. NaCl. Both
types of inclusions were continuously reset to lower
densities along the retrograde path, until a temperature
of ~300 °C. Mass-balance calculations, together with
fluid inclusion data, suggest that GS fluids result from
the mixing between two fluid sources: one initial, early
metamorphic, moderately saline HP fluid and a second
nearly pure water fluid provided by the breakdown of
carpholite. Estimates of the amount of water released by
carpholite breakdown result in a dilution of the inter-
stitial fluid phase (from 10 to 2.5-4 wt% eq. NaCl)
consistent with the actual shift of the fluid composition.
Alkali elements required for the formation of the GS
chlorite + phengite assemblage after carpholite could
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be locally provided by HP phengite. This is taken as an
indirect evidence that, during the generation of both BS
and GS fluids, mixing with externally derived fluids may
have been very limited. The location, amount and con-
stant composition of the less saline GS fluids appear to
be related to an interconnected porosity at the time of
inclusion formation.

Introduction

The nature and behaviour of fluids, as well as the fluid
flow at depth, is of prime importance in almost all
aspects of metamorphic petrology (e.g. Etheridge et al.
1983; Walther and Wood 1986; Ferry 1994; Rumble
1994; Jamtveit and Yardley 1997). In the case of sub-
duction- or collision-related metamorphism, fluids in-
fluence small-scale rock mineral transformations (e.g.
Austrheim 1986; Selverstone et al. 1991) as well as large-
scale geodynamic processes (Fyfe et al. 1978; Reynolds
and Lister, 1987; Bousquet et al. 1997; Henry et al.
1997) or element transfer between crust and mantle (e.g.
Touret 1996). Besides direct observation of fluid rem-
nants trapped in mineral inclusions, the composition
and the role of the fluid phase can be approached by
different techniques: stable isotopes (Rumble 1994),
metamorphic reactions (Ferry 1994), mass balance esti-
mates based on whole-rock compositions (Ague 1991) or
models of fluid circulation during progressive meta-
morphism (Etheridge et al. 1983) or rock deformation
(Oliver 1996).

In the case of high-pressure (HP) metamorphism
associated with either oceanic subduction or continental
collision, these different approaches have led to a
marked controversy between two opposite models: (1)
large-scale fluid infiltration of relatively homogeneous,
externally derived fluids in an essentially open regional
system (Bebout and Barton 1993; Giaramita and
Sorensen 1994; Moree 1998); and (2) limited circulation
of compositionally varied fluids, internally buffered by
local mineral reactions (Philippot and Selverstone 1991).



The last case is generally accepted for alpine metamor-
phism (see e.g. Getty and Selverstone 1994; Barnicoat
and Cartwright 1995; Henry et al. 1996). In both cases, a
significant part of the models relies on the direct deter-
mination of the syn-metamorphic fluid phase composi-
tion by fluid inclusion studies. In this respect, much
work has been done on fluids in eclogites (Selverstone
et al. 1992; Andersen et al. 1993; Philippot and Scam-
belluri 1995; Philippot et al. 1995), but only few studies
have concentrated on blueschist facies metapelites (Barr
1990; Kiister and Stockhert 1997). Yet metapelites un-
dergoing blueschist (BS) facies metamorphism could
carry significant amounts of mineral-bound volatiles
from the surface down to metamorphic depths (Touret
1992; Bebout 1996). They are important to constrain
element recycling during subduction, notably in accre-
tionary prisms.

Alpine blueschist metapelite occurrences — mostly
located in the Liguro-Piemontese Schistes Lustrés (SL)
unit — represent a vast, central domain that stretches all
along the Franco-Italian western Alps (Fig. 1; Lemoine
et al. 1986; Deville et al. 1992). Isotopic measurements
of Henry et al. (1996), based on an extensive sampling of
veins and their wallrocks in the Fraiteve area (Fig. 1),
showed no large-scale whole-rock isotopic shift, sug-
gesting that the SL unit there probably behaved as a
rock-buffered system.

In the light of this study, the SL metapelites appear
particularly suited for the study of fluid—rock interac-
tions because of the following:

1. The composition of the fluid phase is expected to
reflect the rock mineralogical evolution if the system
remained closed at the meter scale. In particular, the
mineralogy of the veins in the study area is identical to
that of the host rock (see below), suggesting that the
fluid budget (from which the segregations formed) was
closely controlled by in situ metamorphic reactions
(Goffé et al. 1987; Philippot and Selverstone 1991;
Cesare 1994).

2. The metamorphic history is consistent with a sin-
gle alpine subduction-related (P, T) path (e.g. Michard
et al. 1996).

3. The mineralogical evolution appears to be simple,
yet chemically contrasted: the HP stage is typified by
the highly hydrous, alkali-free blueschist (BS) facies
index minerals ferro-magnesio-carpholite (Fe, Mg)Al,.
Si,07(OH), and lawsonite CaAl,Si,O;(OH),, respec-
tively, whereas the subsequent greenschist (GS) facies
retrogression is accompanied by the development of
alkali-bearing minerals (mainly micas).

4. Syn-metamorphic quartz-rich segregations, whose
abundance testifies to the importance of fluid—rock in-
teractions, are created throughout the different stages of
the tectono-metamorphic evolution.

The aim of the present study is to approach fluid
composition and budget during retrograde metamor-
phism by a combined study of fluid inclusions and mass
transfer. Firstly, we investigate the little documented
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Fig. 1 Location of the Liguro-Piemontese units (grey and criss-
crossed) in the Western Alps; sampling sites (Fraiteve, Ubaye) are
indicated by arrows. 1 External crystalline massifs; 2 internal
crystalline massifs; 3 Austro-Alpine zone: Sesia and Dent Blanche
units; 4 basement units belonging to the Briangonnais zone; 5 Lanzo
unit; 6 main tectonic contacts; 7 subsidiary tectonic contacts;
8 eclogitic Schistes Lustrés domain (criss-crossed); 9 non-eclogitic
Schistes Lustrés domain (grey; after Pognante 1991). Br.Z. Briangon-
nais zone; C.A. Colle dell’Assietta; D.M. Dora Maira unit; Dph.Z.
Dauphinois zone; Eclog. S.L. eclogitic Schistes Lustrés;, F.H.
Helminthoid flysch; S.L. non-eclogitic Schistes Lustrés; V.Z. Valais
zone

blueschist facies fluid composition by differentiating syn-
metamorphic vein generations and analysing fluid inclu-
sions by microthermometry. Secondly, we characterize
mass transfer that takes place concomitantly in the rock
system as retrograde mineral reaction(s) proceed.
Thirdly, we compare mass transfer and fluid composition
characteristics and discuss their bearing on the fluid phase
evolution during the retrograde metamorphic history.

Geological setting

Recent reviews of the geological setting of the Schistes
Lustrés (SL) unit have been presented by Barfety et al.
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(1995), Michard et al. (1996), Stampfli and Marchant
(1997). The SL unit, which once belonged to the Liguro-
piemontese domain derived from the alpine branch of
the Thethys Ocean, represents a region 20 km wide,
200 km long and 10-15 km thick at present (Fig. 1). The
SL unit essentially comprises calcschists and black-
schists, of Malm to Senonian depositional age (Caron
1977, Barfety etal. 1995), with large interleaved
metabasite bodies.

The SL unit is sandwiched between the low-grade,
high-pressure Briangonnais unit to the west and the ul-
trahigh-pressure Dora Maira unit to the east (Goffé and
Chopin 1986; Chopin et al. 1991; Fig. 1), both of which
represent thinned European paleomargin units. The pre-
sent setting is believed to result from the east- to south-
ward subduction of the European and Liguro-piemontese
domains under the Adria margin, followed by continental
collision (Le Pichon et al. 1988; Platt et al. 1989).

The SL unit presents a regularly westward-dipping
schistosity and a marked east—west stretching lineation
(Caron 1977; Agard 1999). A first pervasive deforma-
tion, D1, took place under high-pressure blueschist (BS)
facies conditions. It was responsible for kilometric iso-
clinal folds and associated sequence repetitions (Caron
1977; Tricart 1980). During exhumation, two distinct
deformation events occurred (D2 and D3): they were
classically regarded (Caron 1977; Lagabrielle 1987) as
compressive events, but were recently described and re-
interpreted as opposite vergence extensional movements
(Agard et al. 2000b; south-east of the study area:
Ballévre et al. 1990; Philippot 1990). In particular, at
small scale, there is abundant evidence that horizontal
extension controlled the formation and location of many
syn-metamorphic veins coeval with D2 and D3 events.
Paleocene or early Eocene radiochronological ages
obtained on phengite (50-35 Ma; Bocquet et al. 1974;
Liewig 1981; Takeshita et al. 1994) probably relate to
the D2 deformation event (Agard et al. 2000b). Further
details pertaining to the D1-D3 tectonometamorphic
events will be found below and in Agard et al. (2000b).
The SL unit was finally affected by an ubiquitous brittle
deformation episode.

Metamorphic evolution
Petrography

Across the Schistes Lustrés unit, HP-LT metamorphic
conditions grade from blueschist facies conditions to
eclogite facies conditions eastwards, close to the internal
Dora Maira domain (Caby et al. 1978; Saliot et al. 1980;
Goffé and Chopin 1986; Chopin et al. 1991; Pognante
1991; Agard 1999). We focused our study on the western
part of the SL unit (Fraiteve, Ubaye; Fig. 1), where the
HP assemblages are best preserved from the retrograde
overprint. The widespread occurrence of lawsonite and
the HP index mineral ferro-magnesio-carpholite (Goffé
1982; Chopin and Schreyer 1983; Goffé and Chopin

1986; Oberhinsli et al. 1995) in the metapelites, and of
jadeite + quartz, glaucophane and lawsonite (Saliot
et al. 1980) in rare metabasite lenses, points to BS facies
conditions (Spear 1993). East of the study area (east of
Colle dell’Assietta; Fig. 1) carpholite was replaced
by chloritoid, which is consistent with the regional
temperature increase (Vidal et al. 1992).

In the investigated metapelites, lawsonite and carph-
olite are encountered in both the massive rocks and in
syn-metamorphic quartz-rich veins, which represent a
significant fraction of any outcrop. Other ubiquitous
minerals include calcite, which commonly makes up to
30-40% of the rocks in the calc-schist series, and ac-
cessory minerals such as rutile, hematite and tourmaline.

Lawsonite is particularly abundant in the calcium-rich
metapelites (Sicard-Lochon 1987). In the segregations,
light honey-coloured fibrous lawsonite crystals often
reach 10 cm. However, lawsonite veins appear to have
formed rather continuously from HP conditions down to
medium pressure conditions (~4 kbar; Caron 1974),
leading to late replacement of lawsonite by paragonite or
phengite + calcite + chlorite (Sicard-Lochon 1987).
We therefore concentrated our study on carpholite-
bearing segregations, which allow a more reliable dis-
crimination between HP and retrograde segregations.

Carpholite is abundant in black-schist lithologies but
was largely overprinted during the retrograde evolution
by a mixture of phengite and ferromagnesian chlorite (as
in the Valaisan ‘Schistes lustrés’; Goffé and Bousquet
1997). Fresh carpholite may still be sampled in some HP
syn-metamorphic segregations (sometimes together with
high-pressure phengite, PhgA; Fig. 2), but in most cases
it occurs as partial pseudomorphs filled with chlorite and
phengite. Only ghost carpholite crystal shapes are visible
in the adjacent schist.

The association chlorite + phengite is the typical
retrograde assemblage in the SL metapelites, and will be
hereafter referred to as the retrograde ‘greenschist’ (GS)
facies assemblage for convenience. During the retrograde
evolution (D2 and D3 deformation events), two phengite
generations replacing carpholite (Phgl and Phg2, re-
spectively) were differentiated on the basis of habitus and
microtexture (Agard et al. 2000a; Fig. 2). Phgl is ori-
ented along the D2 foliation, whereas Phg2 occurs as
patchy crystals growing on isolated carpholite pseud-
omorphs. Their composition may be described by the
structural formula /) [Sizy, Ali_][(Fe, Mg)xAl,_]Oq
(OH),, where I refers to the interlayer site (mainly K™,
plus some Na™ and NHj; y < I, usually). Later Phg2
shows both a lower interlayer and Si content (Xphgr~3.2,
Vphg2~0.8) than Phgl (xphg1~3.3, ypne1~0.9; Agard and
Gofté 1998; Agard et al. 2000a; see below and Table 5).

Pressure—temperature (P-T) conditions
P-T conditions can be determined using recent ther-

modynamic data for metapelite mineralogy. A brief
justification for the P-T path obtained for the Fraiteve



Tectonic stages

D1 D2 | D3
exhumation
Met hic conditions peak-pressure retrograde
P (BS facies) | (high pressure GS to GS facies)
Syn-metamorphic veins
Veins sampled (this study) | BS-A, BS-B GS
Fluid inclusion types
la E T - ?
in BS veins* s e Id.... ?
R
in GS veins e Ir
Car pseudomorphs
Phg generations™* PhgA Phgl Phg2

Fig. 2 Summary of the petrographic observations (segregation, fluid
inclusion, pseudomorph and phengite characteristics) with respect to
the tectono-metamorphic evolution from blueschist (BS) to greens-
chist (GS) facies conditions. *As discussed in “Fluid chronology in BS
segregations”’; **Agard et al. (2000a)

(and Ubaye) area is given below, but the reader is
referred to Agard et al. (2000a) for full details. For the
construction of the (P-T) grid (Fig. 3) using PTAX — a
development of the Geocalc software (Berman and
Perkins 1987) — the internally consistent data set of
Berman (1988) has been complemented by consistent
thermodynamic properties for magnesiocarpholite (Vi-
dal et al. 1992) and phengite (Massonne 1995). Ther-
modynamic data used for magnesiochloritoid, obtained
from Patrick and Berman (in Vidal and Theye 1996;
Goffé and Bousquet 1997), are provisional. Mineral
activities were calculated following Evans (1990) for
epidote, Vidal et al. (1992) for chlorite, magnesio-
carpholite, and magnesiochloritoid, and Massonne
(1995) for phengite, on the basis of measured ferro-
carpholite, chlorite and chloritoid compositions in
schists and calcschists. Electron probe microanalysis
(EPMA) was performed using Camebax and SX 50
(Cameca instruments; 15 kV, 10-20 nA beam condi-
tions) at the University Pierre et Marie Curie, Paris.
Standards used were Fe,O5 (Fe), MnTiOj3 (Ti), diopside
(Mg, Si), orthoclase (K, Al), albite (Na), anorthite (Ca),
and the analytical spot size diameter was ~2 um.

Temperature constraints are given by chloritoid,
which only occurs in the most ferrous rock compositions
in the Fraiteve area (where Xy, = Mg/Mg + Fe ranges
from 0.06 to 0.07; curve 3, Fig. 3), whereas it is present
in all rock compositions 10 km eastward (X, = 0.11
and T~400 °C at Colle dell’Assietta; curve 3’, Fig. 3).
The geothermometer of Vidal et al. (1999), based on Fe/
Mg partitioning in chlorite/chloritoid pairs, constrains
maximum temperatures at ~380 °C (for the Xy, values
mentioned above, respectively; curves 4-4’, Fig. 3) for
the chloritoid sampled in Fraiteve associated with
chlorite of constant composition (Xyi, = 0.36). Tem-
perature estimates derived from interlayer occupancy in
phengite are comparable though slightly lower
(~350 °C; Agard et al. 2000a).
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Fig. 3 P-T conditions determined for the Schistes Lustrés (SL)
metapelites. The tectono-metamorphic evolution from blueschist (BS)
to greenschist (GS) facies conditions is indicated by the arrow (dashed
and thick portions: D2 and D3 deformation events, respectively; see
Fig. 2 and text). Considered reactions and isopleths (abbreviations
after Kretz 1983): / Kin + Qtz=Prl + W; 2 Prl=Ky + Qtz +
W; 3-3" Car = Cld + Qtz + W corresponding to Xfz, = 0.31 and
0.36 and X};}Id =0.06 and 0.11 respectively; 44 chloritoid geother-
mometer of Vidal et al. (1999); 5-5" Car + Ce=Qtz + Chl +
Mus + W corresponding to Si*" = 3.3 and 3.4 in phengites (early
PhgA; see Fig. 2 and Agard et al. 2000). Other curves Car—Qtz/Chl—
KIn-H,O: Chl + In=Car + Qtz + (and its equivalent in the
pyrophyllite field Car + Qtz = Chl + Prl + W); Jdgy /Ab:
Ab =Jdgo + Qtz; Lws/Ep: Lws + Qtz="Prl + Zo + W (and its
equivalent in the kaolinite field); Arg/Cal: aragonite—calcite

Peak pressure estimates are derived from phengite
isopleths (e.g. Oberhénsli et al. 1995; curves 5-5", Fig. 3)
using compositions of phengite actually observed in
Fraiteve and Ubaye. This method suggests that the peak
of pressure reached 14-15 kbar during the HP stage
(PhgA; Agard et al. 2000a). The compositions of Phgl
and Phg2 point to progressively decreasing high-pres-
sure greenschist facies conditions, as the D2 and D3
deformation events take place (Fig. 3).

Estimated (P,T) conditions for the BS stage, ~14—
15 kbar and 380 °C for Fraiteve and Ubaye, are in fair
agreement with the appearance of ferrous rather than
magnesian chloritoid (Vidal et al. 1992). These condi-
tions also agree with the regional occurrence of lawso-
nite, glaucophane and nearly pure jadeite in metabasites
(Saliot 1978; Evans 1990). During the decompressive
path, neither epidote nor more magnesian chloritoid
(curve 3’, Fig. 3) ever develop in metapelites. Additional
constraints on the low-pressure conditions come from
the breakdown of aragonite occurring at a temperature
above 250-280 °C for pressure ~5-6 kbar (Gillet and
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Goffé 1988; Liu and Yund 1993). The resulting decom-
pressive P-T evolution is shown in Fig. 3.

Syn-metamorphic segregations

Several generations of syn-metamorphic veins can be
recognized on the field (e.g. Fig. 4a). The genetic rela-
tionships between syn-metamorphic segregations, P-T
conditions, and the deformation events are summarized
in Fig. 2. Blueschist segregations contain quartz and
relics of HP minerals, carpholite or lawsonite. Retro-
grade quartz + chlorite greenschist segregations,
showing no sign of former HP metamorphism, are re-

Fig. 4 Common features of
syn-metamorphic segregations
found in the Schistes Lustres
metapelites. Scale bar 20 cm. a
Characteristic metre-scale out-
crop of Schistes Lustrés metap-
elites. S Schistosity; Sh shear
band; black arrowheads high-P
carpholite-bearing blueschist
facies (BS) segregations; white
arrowheads greenschist facies
(GS) segregations. Folds and
highly deformed BS segrega-
tions (underlined by a thin black
line) appear parallel to the
schistosity planes away from
the shear band. In contrast, GS
segregations cut through the
schistosity or occur within the
shear band; and they clearly
post-date BS segregations. b
Blueschist BS-B segregation
with stretched carpholite crys-
tals parallel to the white marks.
¢ Calcite—quartz GS veins
within a small scale shear zone:
evidences for syn- to post-D2
shearing (Fraiteve area); white
lines underline small-scale shear
bands; S schistosity. d Veinlets
associated with the late brittle
deformation phase. e Dense
array of GS veins associated
with D3 deformation

lated to the D2 or D3 deformation events. Late calcite,
quartz, or quartz-albite bearing veins associated with
brittle deformation, often showing ‘en echelon’ patterns
(Fig. 4d), were not further considered in the present
study.

HP segregations

Two types of blueschist facies segregations
were recognized:

— BS-A segregations occur in metre-scale vein pods.
They comprise patches of acicular carpholite crystals




with variable orientations, sometimes normal to the
walls.

— in contrast, BS-B segregations are very deformed,
elongate or S-shaped, and subparallel to the present
schistosity. These segregations contain elongate HP
carpholite fibres, sometimes reaching 25 cm (Fig. 4b),
where carpholite occurs intimately intergrown with
quartz. Carpholite crystals of variable width generally
have their [001] axis parallel to the c-axis of the sur-
rounding quartz. In YZ thin sections, quartz—carpholite
grain boundaries display characteristic scale invariant,
fractal-like patterns (e.g. Fig. 8d; Mandelbrot 1977).
When carpholite is destroyed by shallow alteration, the
contours of quartz preserve this characteristic fractal
shape, so that these BS-B segregations can be recognized
easily in the field. At the thin section scale, fresh
carpholite needles are found in low-strain domains
where large, single quartz grains have been preserved
from recrystallization. Wherever quartz subgrains are
observed, the retrogression of the carpholite needles is
complete.

Both BS-A and BS-B segregations formed during D1,
but are interpreted to have formed in different micro-
structural sites. Based on outcrop scale estimates,
carpholite-bearing syn-metamorphic segregations rep-
resented an important part of the total outcrop volume,
up to 15-20 vol% in the case of Fraiteve.

Retrograde segregations

Retrograde carbonate—quartz—(chlorite) bearing segre-
gations are the most conspicuous in the investigated
area. These greenschist segregations, which are mostly
extension veins (Ramsay and Huber 1983), are roughly
elliptic in shape, 20 cm in length on average, discordant
to the schistosity (Fig. 4c). Even in places of denser
veining, the veins are generally not connected (Fig. 4e).
At the thin section scale, quartz crystals are little de-
formed and preserve crack-seal patterns (Ramsay 1980).
These quartz crystals often include chlorite aggregates
characterized by a distinctive vermicular shape, but they
never contain relics or pseudomorphs after carpholite.
Most GS veins formed during D2 (Fig. 4a, c¢), some
during D3 (Fig. 4e).

Table 1 List of the syn-metamorphic quartz segregations studied:

microthermometry (see also Figs. 2 and 5)
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Composition of metamorphic fluids:
fluid inclusion studies

The fact that most early blueschist segregations have
been affected by a late retrograde overprint casts a
fundamental doubt on the possibility to differentiate
fluids in blueschist and greenschist veins by bulk crush-
leach analysis (Banks and Yardley 1992). We therefore
concentrated on the individual, non-destructive charac-
terization of selected inclusions by microthermometry
(e.g. Roedder 1984; Crawford and Hollister 1986; De
Vivo and Frezzotti 1994). The complexity of the inclu-
sion distribution in a single vein and the necessity of
performing a sufficient number of measurements for
each ‘family’ of inclusions evidently limit the possible
number of studied localities. Two representative sites
located at the front of the Schistes Lustrés unit were thus
selected for sampling. The monotonous composition of
the SL metapelites and the constancy of metamorphic
assemblages suggest that the conclusions reached for the
two sites studied in detail remain valid for all locations
within the same metamorphic grade.

Sampling and analytical techniques

The two sampling sites, in the Ubaye valley and near mount
Fraiteve, respectively (Fig. 1), meet a number of favourable con-
ditions: they are representative of the whole investigated area,
comprise only metapelites as host rock, permit differentiation of
BS- and GS-type segregations, and were little affected by late brittle
deformation. Sampling concerned three categories of segregations:
blueschist BS-A and BS-B segregations formed during D1, and
greenschist GS segregations formed during D3 (Fig. 2 and
Table 1).

All segregations within a given category have more or less the
same types and abundances of inclusions: BS-A segregations are
usually quite transparent, displaying few inclusions, whereas GS
segregations frequently contain numerous trails, BS-B segregations
being intermediate.

Microthermometry was performed with a Linkam THMS 600
heating—{reezing stage (Shepherd 1985) on 150-pm-thick, double-
polished thin section samples. Temperatures measured on two-
phase inclusions are the temperature of melting (Tm), which is
related to the concentration of dissolved salts in the fluid phase,
and the temperature of homogenization (Th; homogenization into
the liquid phase). The temperature of eutectic melting, which gives
insights into the nature of the dissolved species, could not always be
determined with accuracy. These temperature measurements are
considered reproducible within 0.2 °C for Tm, and 0.5-1 °C for Th

sample characteristics and fluid inclusion populations analysed by

Sample Location Tectonics Mineralogy Segregation type F.I. types

1 Fraiteve DI1(+D2/D3) (Carpholite)-late micas BS (B) cross-cut by late trails Id

2a Fraiteve Dl Carpholite BS (B) Ia, Ic

2b Fraiteve D1 Carpholite BS (A) Ia

3 Fraiteve DI1(+D2/D3) (Carpholite)-late micas BS (B) cross-cut by late trails Ic, Id

4 Ubaye D1 Carpholite BS (B) Ia, Ic

5 Ubaye D1 Carpholite BS (B) Ia, Ib, Ic, Id
6 Fraiteve (D2-)D3 Chlorite GS (©) Ir

7 Fraiteve (D2-)D3 Chlorite GS (O) Ir
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(Shepherd 1985; Belkin 1994). In conjunction with the thermo-
metric data, micro Raman analysis (VU, Amsterdam) and infrared
laser ablation-coupled ICPMS analysis (ULB, Brussels) were also
performed on selected individual inclusions.

Fluid inclusion types

Fluid inclusions are generally 5-20 um long, mostly two-
phase (liquid + vapour) at room temperature (Fig. 5d,
f). In carpholite-bearing quartz, apparent daughter
minerals resembling halite can be observed. This was,
however, not confirmed by SEM observations, which
showed that these features did correspond to needles of
carpholite spearing through the quartz grain.

Fluids are essentially aqueous, with vapour bubbles
of varying sizes. Unlike many other studies in compa-
rable settings (e.g. Andersen et al. 1993; Mullis et al.
1994), no gaseous fluids (i.e. N,, CHy, etc.) could be
detected by micro-Raman analysis of large vapour
bubbles. Similarly, no clathrates were detected by
microthermometry. Tests with the crushing stage (Al-
Khatib and Touret 1973) show that only a few bubbles
formed in a limited number of cases, the BS-A quartzes
showing the largest size of bubbles. Some volatiles may
thus be present but in too small an amount to be
detected by microthermometry.

Although the density of the fluid inclusions is likely to
have been considerably modified (depending on the
creep strength of the host mineral; e.g. Roedder 1984;
Kuster and Stoekhert 1997), the inefficacy of diffusional
processes in quartz at relatively low temperatures
(<400 °C; Sterner et al. 1995) suggest that fluid inclu-
sions behaved as closed systems (i.e. retained their initial
composition).

Some additional constraints come from fluid inclu-
sions trapped in carpholite (Fig. 5c). These inclusions
are numerous, lengthy, stretched and sometimes partly
necked-down (e.g. Gratier and Jenatton 1984; Touret
1992). The long axis of the fluid inclusions is often
parallel to the [001] axis of carpholite (Fig. 5¢), an
observation that suggests that these inclusions were
trapped during the crystallization of carpholite under
high-pressure conditions.

Fluid chronology in BS segregations

In quartz grains from blueschist BS-A segregations, the
earliest fluids are found in isolated inclusions that occur
in little deformed quartz grains containing large, fresh
carpholite crystals. In these quartz grains, fluid inclu-
sions are generally extremely rare.

Blueschist BS-B quartz grains display tiny needles of
carpholite as well as arrays of inclusions (Fig. 5a).
Simple textural criteria (Touret 1981) allow for a clear
morphological distinction between successive inclusion
generations. Four categories were recognized ([Ia] to
[Id]; Fig. 5b), based on the following criteria.

— In quartz grains which escaped recrystallization,
inclusions of all sizes are scattered in a random array
([Ia] inclusions). Because they are located in a single
quartz grain together with fresh carpholite needles, they
are regarded as HP inclusions coeval with the crystalli-
zation of carpholite. Inclusions exceeding ~30 pm (dark
patches on Fig. 5a, arrows) are often empty and show
highly irregular shapes with, sometimes, radiating healed
fractures underlined by small ‘satellite’ inclusions. Many
isolated inclusions show evidence of stretching of the
inclusion walls (Fig. 5d).

— Clusters of tiny inclusions ([Ic] inclusions, Fig. 5e)
are located in subgrain domains of the large BS-B quartz
grains. These subgrains contain both fresh and partially
retrogressed carpholite needles.

— Inclusion trails occur in quartz grains still con-
taining some fresh carpholite crystals among largely
retrogressed ones. A small number of these trails
(Fig. 5f) represent healed fractures outlined by tiny
carpholite needles: such [Ib] inclusions contain a needle
or are adjacent to a needle of carpholite. On the other
hand, most healed fractures are marked by inclusion
trails ([Id] inclusions) that cross-cut the entire quartz
grain(s) (Fig. 5a, b) and are located close to retrogressed
carpholite needles. These latter trails are abundant in
some samples (see samples 1, 3; Table 1).

The [Ib] inclusions clearly post-date the isolated [Ia]
inclusions, but since both co-exist with carpholite nee-
dles, they are believed to have formed during high-
pressure conditions. The timing of formation of the
cluster [Ic] inclusions is more speculative because it
cannot be ascertained that these inclusions were sealed
at HP conditions. This point will be discussed below in
the light of microthermometric measurements. Late [Id]
trails cross-cutting the quartz grains resemble and are
interpreted as retrograde trails (Fig. 2).

Only one category of fluid inclusions ([Ir]) was found
in retrograde GS segregations. These inclusions usually
form planar trails of two-phase inclusions (Fig. 5g).
They are small, rarely exceeding 15 um, and have a
regular elliptic or negative crystal shape. Stretching of
these inclusions is less conspicuous than for the HP ones.
Some fluid inclusion trails record crack-seal growth:
parallel, planar trails are disposed perpendicular to the
X stretching direction (Ramsay 1980).

Microthermometric results

Final melting (Tm) and homogenization (Th) tempera-
tures were measured for some 150 inclusions. An over-
view of the results is presented in Fig. 6. All inclusions
are essentially aqueous. Initial melting temperatures fall
in the range —30-20 °C (mean: —23.6 °C, 2a: 1.5), i.e.
somewhat below the eutectic temperature for the system
H,O-NaCl (~-21 °C; Roedder 1984; Crawford and
Hollister 1986). This indicates that fluid composition is
not always pure NaCl, but Tm can still conveniently be



Fig. S Fluid inclusions types. Main features of the fluid inclusions
from the blueschist (BS) and the greenschist (GS) segregations. Scale
bar 20 pm except a and g, where scale bar 100 um. a Typical aspect of
the fluid inclusion array in quartz from a blueschist BS-B segregation
(sample 5). Note the numerous decrepitated inclusions (dark patches,
thick arrows). Carpholite needles, which are too thin to be
unequivocally recognized here, are best seen on the right-hand side
of this large-scale photograph. An interpretative sketch of this fluid
inclusion population is drawn in b. Enlargements, which refer to d—f,
correspond to [la], [Ic] and [Ib] inclusion types, respectively.
b Interpretative sketch after a showing the successive generations of
inclusions [la] to [Id] (see corresponding enlargements), and the
position of the tiny carpholite (Car) needles. ¢ Fluid inclusions
trapped in carpholite (sample 2b; black diamonds in Fig. 6a). The
central inclusion (arrow) is oriented and stretched along the [001] axis
of carpholite. d Isolated [la] fluid inclusions showing incipient
reequilibration (arrow). e Cluster of [Ic] inclusions. f Trails of [Ib]
fluid inclusions coexisting with carpholite needles (Car). g Typical
aspect of the [Ir] fluid inclusion trails in a GS segregation
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expressed in wt% NaCl eq. (Roedder 1984), either
graphically from the low-temperature phase diagram of
the system H,O-NaCl or from the analytical expression
(Belkin 1994):

S = 1.78 % T, — 0.0442 % T2 + 0.000557 * T°

Microthermometric results evidence moderate con-
centrations of salts (<15 wt% eq. NaCl), but marked
differences exist between blueschist and greenschist fluid
inclusions. Bulk data, expressed in a Th-Tm diagram,
point to GS fluids (empty circles, Fig. 6, above) with
relatively constant Tm but Th variations, whereas BS
fluids plot roughly parallel to the Tm axis (relatively
constant Th, variable Tm; except for the [Id] inclusions).
In other words, GS fluids are compositionally homoge-
neous (average 3.7 wt% eq. NaCl), whereas BS fluids
are of relatively constant density but variable chemical
composition (between 0 and 15 wt% eq. NaCl, with an
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Fig. 6 Above Overview of the preliminary Th/Tm fluid inclusion data
(plain black, black and white, grey, and empty symbols for [Ia], [Ib], [Ic]
and [Id] inclusions, respectively; see inset). Below Interpretative
diagram. Note the very different pattern for blueschist (BS) and
greenschist (GS) inclusions: inclusions from BS segregations plot
almost parallel to the horizontal Tm axis, and show decreasing 7m
values with time ([Ia], [Ib], and then [Ic], as underlined by the arrow;
see text for explanation) — except for the late, cross-cutting [Id]
inclusions. In contrast, GS [Ir] inclusions plot over a limited range of
Tm values comparable to that of [Id] inclusions

average composition slightly above 9 wt%). Fluid in-
clusions in carpholite (sample 2b, Fig. 6, above) differ
slightly in density from inclusions in quartz, but have a
similar average Tm. The salinity of these inclusions is
also very close to the average salinity recorded in BS
inclusions from the neighbouring quartz (sample 2a,
Fig. 6).

Among fluid inclusions from BS segregations, reliable
HP inclusions ([Ia] and [Ib], black symbols; Fig. 6,
above) have higher salt concentrations (~15-
5 wt% eq. NaCl) than [Ic] inclusions (grey symbols: 6-
0 wt% eq. NaCl). Although only a few [Ib] inclusions
could be measured, they fall in the lower range of
salinities documented by the HP inclusions
(~6.5 wt% eq. NaCl). Because of the chronological

relationships between the fluid inclusions ([Ia], [Ib] and
then [Ic]), these data suggest the existence of a salinity
decrease with time in the fluid phase sampled by the BS
segregations (Fig. 6, below). In particular, some [Ic] in-
clusions are less saline (almost pure H,O) than most GS
[Ir] inclusions and [Id] inclusions, which show similar
salinity values.

Interpretation of the FI data

Representative fluid isochores, shown in Fig. 7, encom-
pass the range of Tm and Th values. They define a
narrow band that intersects the P-T path at pressure
conditions (2-6 kbar) inconsistent with metamorphic
pressures deduced from mineral equilibria, either for the
high pressure or for the retrograde inclusions. This
feature appears characteristic of HP-LT rocks (e.g.
Touret 1992; Kiister and Stockhert 1997). Even the fluid
in primary BS inclusions that shows no apparent sign of
stretching or volume change has been reset to much
lower densities (Fig. 7).

The experiments of Vityk et al. (1994) suggest that, at
300 °C, 20-30 pm size inclusions can only withstand an

P (kbar)
15 4 / - Ia
Dy e
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l !
300 400 T (°C)
Fig. 7 Schematic diagram illustrating the entrapment and resetting
history of the blueschist (BS) and greenschist (GS) facies fluid
inclusions throughout the tectono-metamorphic evolution ([Ia]
through [Ir]: fluid inclusion types; see text). The P-T path featured
by the arrow is the same as in Fig. 3. The range of isochores inferred
from microthermometry data for the BS and GS inclusions is
represented by the large grey area and the smaller dotted area,
respectively (thick grey line: average isochore for the BS inclusions).
Maximum trapping P-T conditions for BS inclusions ([Ia], [Ib] and
possibly [Ic]; see text), as determined through mineral equilibria
(~14 kbar, 380 °C), contrast with the range of P-T conditions
encompassed by fluid inclusion isochores



internal overpressure of ~2 kbar: larger overpressures
lead to rupture. In contrast, the model of Kiister and
Stockhert (1997) predicts continuous adaptation of the
inclusion volume by creep of the host quartz at
T > 300 °C for natural loading rates (~107'°s7!,
which, as they point out, significantly differ from the
rates used by Vityk et al. 1994).

Because temperature conditions during D1 and D2
exceed 300 °C (Fig. 7), it is suggested that differential
pressure did not build up during exhumation and that
fluid densities were continuously reset down to at least
3-4 kbar. Indeed, fluid i1sochores for the BS inclusions
intersect the P-T path at ~300 °C and 3—4 kbar (Fig. 7),
in agreement with the predictions of Kiister and Stock-
hert (1997). Some inclusions ([Ia] > 30 um), however,
show diagnostic decrepitation features (Touret 1977;
Roedder 1984). This behaviour may be due to a size
dependence of the adaptation by creep, which was not
discussed in the model by Kiister and Stéckhert (1997).

The trend in fluid salinity indicates a progressive
dilution as P-T conditions evolve from BS to GS facies
conditions (Fig. 6, below), which suggests the addition
of less saline fluids during the retrograde evolution. On
the other hand, GS fluid composition appears to be
remarkably uniform (Fig. 6, below). To which extent
these fluid composition characteristics relate to the
in situ retrograde mineralogical evolution is the question
addressed below. In the following section, we investigate
the element transfer taking place during the retrograde
mineral evolution, in particular during the breakdown of
carpholite, which is the most important retrograde
reaction occurring in metapelites.

Mineral reactions and mass transfer during
vein formation

Methodology

As previously discussed, the carpholite + quartz as-
semblage found in relic blueschist segregations is the
most reliable indicator of BS facies conditions in the
metapelites. In contrast to the prograde evolution, mass
balance calculations from the retrograde evolution are
possible because the reaction textures and volume pro-
portions of the mineral products chlorite and phengite
are preserved.

The reaction carpholite — chlorite + phengite was
investigated for blueschist segregations where the initial
shape and volume of the carpholite crystals are still
discernable (Fig. 8a, b). It is possible, in areas selected
after careful optical microscope observations, to deter-
mine the volume change related to this reaction (Fig. 8b;)
and the relative proportions of the reaction products
(Fig. 8b,, b3). Contours of the mineral phases were
drawn, in part using SEM images to precisely control the
interfaces. Scanned microphotographs or sketches were
then used to determine the areas by image analysis
(selected areas were ~500 x 500 um on average).
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Calculation of the amount of exchanged species was
made following the method of Gresens (1967). The
breakdown reaction of mineral A (carpholite) into reac-
tion products B (chlorite) and C (mica) can be written :

A+ Xi—vg-B+ve-C
i=ln

where Xi corresponds to the amount of component
1 exchanged during the reaction, and vz and v are the
relative proportions of products. Area measurements
allow estimation of the relative proportions of the
product (i.e. vp/[vg + v¢]), and the overall volume
change. As a first approximation, this overall volume
change associated with the reaction is assumed to cor-
respond to the volume of dissolved or precipitated
quartz. The above equation was balanced by mineral
compositions (A, B, C) actually measured by EMPA
(CAM, Univ. PM Curie, Paris).

Mass balance constraints on carpholite breakdown

Area measurements for six samples coming from the
two selected sites (Fraiteve and Ubaye) are shown in
Table 2. For each sample, several carpholite pseud-
omorphs were measured (nine on average), either par-
allel or perpendicular to the (001) plane of carpholite
(Table 2). The results are characterized by large 2¢
values, but are remarkably coherent: there is more
phengite than chlorite (~70 vs 30 vol%, on average)
involved in carpholite pseudomorphs, and volume
changes are always small and positive (~6.5 vol% on
average). Several examples of carpholite pseudomorphs
(Fig. 8b—f) with their corresponding area estimates
(Table 2) illustrate this point.

In order to calculate the proportions of elements in-
volved in the breakdown reaction, mean mineral com-
positions of A, B and C (out of five EPMA analyses)
were considered for each sample. The balanced reactions
obtained for the six different samples, using the volume
change and the relative proportion of the products
determined above (Table 2), are given in Table 3. These
data show that, for each sample, the breakdown of
carpholite into chlorite + phengite (Phg2) involves a
consumption of alkali, and a coeval release of water and
bivalent ferromagnesian elements. It is seen that the
reaction is almost iso-aluminium.

Different sources of uncertainties contribute to errors
in the mass balance estimates: (1) inaccuracy of EPMA
analyses, (2) attribution and contouring of the mineral
products, (3) estimation of the initial volume of carph-
olite, (4) representativity of the sections (i.e. the 3D
problem), and (5) accuracy of image analysis. The first
and the last factors are considered negligible (~1-2%),
the second one was checked to be <5%. The fourth
source of uncertainty is large (20 values for different
orientations suggest that estimates are reliable within
~30%), but this problem is partly solved by the number
of measurements (n = 53).
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Fig. 8 Characteri'stic features of quartz-hosted carpholitp pseud- -§ S Sl s 2 |11
omorphs [all sections parallel to the (001) plane of carpholite]. Area -
measurements for b, ¢, e, f are given in Table 2. a Microphotograph of g g
fresh carpholite crystals (dark) dispersed in quartz (white; cross-polar & § %
light). b Scanning electron microscopy (SEM) image of a partial % e wlglssssss i 22
carpholite pseudomorph in quartz (sample f, Table 2). Discernable > § [
phases, from light to dark (in order of decreasing molar mass): 5 o =
chlorite, carpholite, phengite, and quartz (host). Related sketches: (b;) % = m 8 66 06 <F 1 <t oo
contour of the initial carpholite crystal (Car continuous line) and s 9 é SlagwEiamaat 1w
volume increase (dV dashed line); (b,) area measurement for chlorite, > : sl aT— =« -
outlined in black (Chl); (b3) area measurement for phengite, outlined in RS
black (Phg see text). ¢ SEM image of another pseudomorph showing a T o 5
somewhat higher Chl/Phg ratio and a stronger overprint (sample y, g f SS90 SO |
Table 2). d SEM image showing the characteristic fractal shape of é S
carpholite pseudomorphs (see text). In this case, the overall volume » g >
change cannot be determined with accuracy. e SEM image illustrating = S 2| 3xFS08FS2S ) 22
the problem of connectivity between carpholite crystals and the %E s =a — —
difficulty to assess correctly the reaction products to either one of the - -2 I
adjacent crystals. Except for this sample (sample ¢, Table 2), the study =N S =
of such pseudomorphs has been discarded. f SEM close-up view of a 1 Q FIO| 2ot noq a2
j . . ~ .« < 2 o~~~ VoAaVMo | <t on
largely retrogressed carpholite pseudomorph where initial contours AN Sl &8 S AaTn s on —
are still discernable (sample ¢, Table 2) .
<=
=9 & s &
aa S IO O TS ® C <<
o=
Uncertainties on the bulk volume change (point 3) 52
are of the order of 40-50%. Element mobility was %’D% = —E 2RI nenTIes oo
consequently plotted as a function of the volume fac- §°\° Pl - a -
tor, Fv (Fv = Vproducts/Vreactants; Gresens 1967), to 2 gn =2
help fine tune the mass balance calculations. Figure 9a 25 <Ot 8 o O~ 5 06~ — on < <+ 00
shows that the reaction (for sample COA) is exactly = § =0 X LIFELJIIE]ST QT
iso-aluminium when Fv ~1.08, that is for a volume 23z
. . [T R
change of 7.9 vol% (arrow, Fig. 9a). This value com- 5% 8 =
. o e o o Olecscss=o | | | | |
pares well with the measured average value of 9.7 vol% S8 8
(Table 2). KO
Since the greatest source of uncertainty comes from g Z]lececox o
: : S ||| FvwrdsanLS I 1111 o
the volume change estimates, the carpholite breakdown EE & Dlc —_— =
reaction was nevertheless recast so that AAl=0, by  ¢+2 | <
adjusting the volume factor (case no. 3, Table 3) rather i ; 5 oo o e “a
than the mineral proportions (case no. 2, Table 3). The — + % SlE|ISlgsgEmgal 1111 ge
following mean stoichiometric coefficients for the 5 o &
. . . o=
breakdown reaction are obtained (with Alk = X(Na,K) 3 =g =
andRzZ(Fe,Mn,Mg): :’8% 5 SO ccccOma
E=I sl
6.64 Car + 1.73 Qtz + 3.05 Alk* +0.81 H' " £ g
@ O
= Chl + 3.82 Phg2 + 6.0 H>0 + 1.93 R2" +0.02 SiOsyq E2s 2|8 vancomacnota ~o
. . ‘Uﬁﬁ — c\c 9mwo~Nm:oﬁ-m <t <
Several points can be outlined. BEE |
72} [0
. . ... . . &8 5| =
1. Water is released in great quantities: reaction (1) is 2T z ::’ =
an obvious source for GS fluids. cEE| 8 S\o g ; g g § 2 § a ; ; ; ; =
2. The amount of alkali and ferromagnesian ele- £% 5
ments exchanged during the retrogression of carpholite ° 2 s 5
islarge. ég% o S 8 s o c s | |||
. . P . oW
3. Alkali availability is expected to be a key param- ; 2 =
eter. Indeed, as long as quartz-hosting carpholite is not 52 Zlcomomax -
recrystallized into subgrains, carpholite crystals remain § gg ol TS DT weE
completely protected from retrogression (i.e. from the 5% EAl
access of alkali elements, which could have driven ret- > glel=
rograde reactions). . ' ’ 553 e Eg;éé%g o 2,‘: =
4. Not all silicon provided by the dissolved quartz is <x° g8
needed to balance the reaction. Hence, some silicon is aSE 2
e 5 - o = <
generally released, probably as amorphous silica =1 g A 5 E
(Si02,4, Table 3; except for sample RFB). =ES Salss
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Fig. 9 a Gresens plot (Gresens
1967) showing the evolution of
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Mass balance calculations

element mobility as a function gz 23w o _i)_tz
of the volume factor Fv £S L000 . ] i ) >t
(=volume products/volume § g 500 e Reaction 1: Car (+ Qtz) --> Chl + Phg2 - @ A]
reactants) for the reaction 8 \ N B A R2+
Car + Qtz — Chl + Phg 2 5 ‘ ——— NaK
(sample COA, Table 3 Nega- 5.00 O (H20)
tive values correspond to ele- 0.00 el ([ )
ments effectively released. See 500
text. b Gresens plot showing the 0,00
evolution of element mobility as
a function of the volume factor 1500
Fv for the reaction Phgl — -20.00
Phg2 (sample COA, Tables 4 -25.00
and 5). See text. ¢ Plot showing 080 0.90 1.00 110 1.20 1.30 Fv
element and mineral mobility a)
when coupling reactions (1) and
(2) for iso-aluminium condi-
tions as a function of p (ab- . i O1
scissa coordinate), that is the g 10 — AP
volume ratio of phengite to 3 E Reaction 2: Phgl --> Phg2 !
carpholite in a given outcrop NS el
under HP conditions. When g N & R2+
p ~ 4.3 (arrow), the overall Eé 0.50 ——t—— NgK
mass—balance reaction for the ——(H20)
rock system is balanced for 0.00 S (F4)
alkali elements and writes as
reaction (3) (see text and i
Fig. 10a). Horizontal dashed 050
line Moles of carpholite in-
volved in the reaction -1.00
-1.50
0.80 0.90 1.00 110 1.20 Fy
b)
M Qtz
g S 3000 — A
éi: Cuar + Phgl (+ Qtz) --> Chl + Phg2 (reaction 3) UL ¢ ---&---Phgl
2E 200 - fmm RO+
53 8- NaK
& o000
g (H20)
0.00 B (1)
—O0—— Phg2
-10.00
2000
3000
o 0.00 100 2.00 3.00 4.00 5.00 vol% Phgl

5. The iso-aluminium reference frame was here found to
be a posteriori relevant to carpholite pseudomorphs —
although the formation of carpholite-bearing or chlorite-
bearing segregations clearly requires aluminium mobili-
ty. Because aluminium was claimed to be the least mobile
element in many studies (e.g. Carmichael 1969; Kerrich
1990; Cesare 1994 for reviews), aluminium was often
assumed to be immobile a priori and then used as a ref-
erence frame (e.g. Sicard-Lochon 1987). In our case, this
type of assumption is only made for reactions involving
phengite, for which no volume proportions are available
(see below).

vol% Car

Evolution of phengite composition

The two phengite generations formed during the retro-
grade evolution (Phgl and Phg2; see above), have dis-
tinct compositions — whereas that of chlorite remains
constant in first approximation. It is thus possible to
evaluate the transfer of elements required to form the
latest Phg2 generation from pre-existing Phgl.

The balanced reaction obtained with the average
composition of Phgl and Phg2 from sample COA is
given in Tables 4 and 5 (Fig. 9b, for the corresponding
Gresens plot). To get an idea of the sensitivity of the
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Table 4 Mass balance calculation data for major elements
involved in the retrograde shift of phengite composition, expressed
as Phgl — Phg?2, for different volume factor values (Fv; Gresens,
1967). Same abbreviations as in Table 3. Negative values corres-
pond to minerals or elements effectively released. These calcula-
tions are made for 3 different phengite compositions (Table 5),

which correspond to 1) Phgl and Phg2 in a sample from Fraiteve
(COA), 2) theoretical ideal compositions for phengite showing
partial interlayer deficiency (Theor), 3) averaged compositions of
Phgl and Phg2 over the study area (SL). The three compositions do
not lead to very different mass balance coefficients when compared
for the case of iso-aluminium reactions (Fv ~ 0,94), (see text)

Molar mass balance constraints for reaction (2): Phgl — Phg2 (+ Qtz)

Fv Quz Si Al R*  NakK O H+ Ac (H,0) (H")

1-Phg COA 080 -1.55  0.68 —046 -0.14 -032 010 —0.50  0.00 -125 2.0
090 -0.69 027 -0.12 -0.10 -020  0.05 -022  0.00 -0.50 077

100 000 -0.05 0.5 -007 -0.10 0.0 000 0.0 011 -0.21

110 062 -035 041 —0.05 —0.02 —0.04 020  0.00 0.66 —1.12

120 124 -0.65 068 —-003 006 —0.08 040  0.00 121 -2.03

Iso-Al 094 -039 0.3 000 -009 —0.5 003 —0.12 0.0 023 033

2-Phg Theor 100 000 -0.10 020 -0.10 —0.10 0.0 000  0.00 020  —0.40
Iso-Al 092 -052 0.4 000 -0.13 —0.18 003 —0.17  0.00 025 034

3-Phg SL .00 0.00 —0.04 0.1 -0.08 -0.06 000  0.00  0.00 007 —0.14
Iso-Al 096 -027 009 000 —009 —0.09 002 —0.09 0.0 -0.16 027

Table 5 Representative phengite compositions for the 3 different
phengite used in the mass balance calculations (see Table 4). These
phengite correspond to 1) Phg 1 and Phg 2 in a sample from
Fraiteve (COA), 2) theoretical ideal compositions for phengite
showing partial interlayer deficiency (Theor), 3) averaged compo-
sitions of Phg 1 and Phg 2 over the study area (SL; *: termed [B1]
and [B2], respectively, in Agard et al. (2000a). Compositions for the
first and third type correspond to electron microprobe analyses (see
text for standards and procedure)

Structural formulae of phengite (on 11 oxygens)

COA Theor SL

Phgl Phg?2 Phgl Phg?2 Phgl? Phg2?*
Si 3.29 3.23 3.30 3.20 3.28 3.24
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Al 2.46 2.62 2.40 2.60 2.50 2.61
Fe 0.09 0.07 0.10 0.07 0.10 0.05
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.18 0.14 0.20 0.13 0.16 0.13
Ca 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.04 0.07 0.00 0.00 0.06 0.07
K 0.85 0.73 0.90 0.80 0.79 0.73

#Termed [B1] and [B2], respectively, in Agard et al. (2000)

mass balance estimates to slightly different Phgl and
Phg2 compositions, we also considered compositions
averaged over the study area (‘SL’) and an ideal com-
position (‘Theor’). These three different compositions
are compared in the case of volume-for-volume reac-
tions (Fv = 1, Table 4). For all three, some aluminium is
needed and small amounts of silicon, alkali, and ferro-
magnesian elements are released. The Gresens plot for
sample COA indicates that the overall element mobility
is minimum for Fv, ~0.98-1 (Fig. 9b). However, con-
trary to carpholite pseudomorphs, we lack constraints
on the bulk volume change of this reaction. If we assume
for convenience that the reaction is iso-aluminium (see
above discussion), then Fv =0.94 and stoichiometric
coefficients become:

Phgl +0.13 SiOg,q + 0.33 H'
=0.94 Phg2 + 0.39 Qtz +0.15 AlkT0.09 R +0.23 H,0 (2)

In order to constrain the overall element mobility
associated with the rock mineralogical changes, we may
then combine reactions (1) and (2). If alkali are balanced
between reactions (1) and (2) (this situation may arise
when p = vol%(Phgl)/vol%(Car) = 4.28; see Fig. 9c
and the discussion below), the following equation is
obtained:

6.64 Car + 21.55 Phgl + 2.66 SiOz,q + 7.52 H*

3
= Chl 4 24.15 Phg2 + 6.2 Qtz + 3.76 R*" 4 10.64 H,0 G)

Discussion
Fluid composition in BS/GS segregations

All analysed inclusions are essentially aqueous. The ab-
sence of CO, in high-pressure inclusions is consistent with
the occurrence of lawsonite, which is unstable in the
presence of CO, (Nitsch 1972). Other gases, notably N,
have been reported from high-pressure environments (e.g.
Andersenet al. 1993), but they have not been encountered
in the present study. This is in line with the very low
amounts of additional volatile components found in
carpholite-bearing metapelites from Creta (quadrupole
mass spectrometry, Kiister and Stockhert 1997). Contrary
to many alpine veins formed under greenschist-grade
conditions (e.g. Poty et al. 1974), greenschist fluid inclu-
sions are also devoid of significant amounts of CH,4 and
CO,. This may be because of the presence of disordered
graphite (Goffé and Villey 1984; Beyssacet al. 1999) in the
studied metapelites, which is known to buffer the fluid
composition at nearly pure H,O compositions for such
P-T conditions (Connolly and Cesare 1993).

This aqueous fluid phase predominantly contains
(Na, K)CI salts, plus other dissolved species, which



slightly lower the temperature of initial melting
(~—23.6 °C). Both BS and GS fluid inclusions show
moderate salinities (<15 wt% eq. NaCl), similar to
those found in other BS metapelites (Giaramita and
Sorensen 1994; Kiister and Stoeckert 1997), but much
less saline than inclusions in somewhat warmer BS set-
tings (e.g. 30 wt% in the Cyclades; Barr 1990) or in
many alpine eclogites (Philippot and Selverstone 1991;
Philippot and Scambelluri 1995; Philippot et al. 1995).

A striking feature is that the salinities of the BS fluid
inclusions are much more scattered than those of the GS
fluid inclusions (Fig. 6). Fluid inclusions trapped at HP
conditions ([Ia] and [Ib]) are more saline than the GS
fluid inclusions. When comparing all fluid inclusions
from the BS segregations, the successive generation of
[Ia], [Ib] and then [Ic] inclusions (the latter also likely
predate the generation of the GS fluids, as discussed
below) reveals a trend of salinity decrease towards a
nearly pure H,O fluid phase.

Fluid source in GS segregations: HP
mineral breakdown

The uniform salinity of the retrograde fluid phase and
the abundance of GS segregations could be interpreted
in terms of large amounts of pervasively circulating
homogeneous fluids (e.g. Etheridge et al. 1983). How-
ever, infiltration of an externally derived exotic fluid (i.e.
with a contrasted composition and/or isotopic signature)
is unlikely, as shown by the results of Henry et al.
(1996). Likewise, because GS segregations are not re-
stricted to shear zones and generally not connected,
large-scale (i.e. above the outcrop scale) fluid circulation
in the SL unit itself was probably limited.

The alternative interpretation is to call for fluids lo-
cally released by the progressive breakdown of HP
phases, notably carpholite (and lawsonite). Mass bal-
ance calculations show that the amount of water liber-
ated during the retrograde evolution is large (0.9 mol
H,O per mol of retrogressed carpholite — reaction (1) —
plus minor additional amounts of water released by
phengite). Such a release of water-dominated fluids will
result in a more dilute composition of the newly trapped
fluid inclusions. If there is an interconnected porosity at
the time this fluid is released, a uniform and dilute
composition is to be expected.

The fluid composition represented by the GS inclusions
could thus result from the mixing between two sources of
fluid: (1) one initial and moderately saline fluid present
during the prograde evolution (documented by [Ia] and
[Ib] inclusions), and (2) a second nearly pure H,O fluid
that could be provided by the breakdown of carpholite.

The presence of almost pure H,O [Ic] inclusions in the
BS segregations may represent samples of this water-rich
fluid released before equilibration with the adjacent pore
fluid phase. Although it cannot be ascertained that [Ic]
inclusions were trapped under HP conditions, their
composition clearly differs from that of the GS inclu-
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sions ([Ir] and [Id]; Fig. 6). The variable salinities of the
BS inclusions, which recall the scatter of salinities
observed in alpine eclogites (Philippot and Selverstone
1991), support the existence of local equilibrium pro-
cesses at HP conditions. But the decrease of salinity
documented by the fluid inclusions from the BS segre-
gations ([Ia] through [Ic]) could also partly reflect the
progressive dilution of the fluid phase.

Quantitative estimates of fluid and element budget

Reactions (1) and (2) can be used to quantitatively
evaluate the relevance of this hypothesis providing that
(1) the average salinity for the BS fluid phase, (2) the
value of the porosity and (3) the amount of carpholite
and phengite (to estimate the amount of water liberated
by a given volume of rock) are known. Fluid inclusion
data suggest an average value of 10 wt% eq. NaCl for
the BS fluid composition. The average porosity (®) for
rocks equilibrated at conditions at ~10 kbar 350 °C can
be extrapolated from the data of Bray and Karig (1985)
on HP-LT Franciscan rocks and lies in the range 0.25—
1 vol%. Carpholite and (HP) phengite may represent
20 vol%, each, of a given outcrop.

For each m® of rock containing 20 vol% of carpho-
lite, 3.6 x 107> m® of water will be liberated through
Reaction 1 (water density being close to 1 g cm™ at the
P-T conditions under consideration; e.g. Brown et al.
1989). Assuming ® = 0.25 vol%, this represents 15
times the amount of fluid present in the pore system, and
the calculated GS fluid composition would amount to
0.6 wt% eq. NaCl. This is, however, a maximum
estimate for the fluid release because carpholite often
represents <20 vol% of the host rock and because ret-
rogression is not complete.

If we take an intermediate value for the porosity
(® = 0.5 vol%) and for carpholite (5-10 vol%), the di-
lution factor decreases and the final fluid composition
lies in the range 2.5-4 wt% eq. NaCl, thus compar-
able with the measured average GS composition
(3.7 wt% eq. NaCl). Fluid dilution generated through
this process is thus significant. This shows that the in-
ternal fluid budget in the metapelites, in first approxi-
mation, may alone account for the evolution of the fluid
salinity during the retrograde path.

We may now focus on the element budget necessary
for the retrograde mineral evolution (that is, breakdown
of carpholite, evolution of phengite composition and
formation of quartz £ chlorite-bearing segregations).
Large amounts of alkali are necessary [~0.5 mol per mol
of carpholite, reaction (1)]. Yet, the evolution of
phengite composition towards lower interlayer occu-
pancy [reaction (2)] represents a significant source of
alkali elements (with Phgl = 10 vol%, this is ~11 times
the amount present in a 10 wt% eq. NaCl fluid in a rock
system with @ = 0.5 vol%).

Coupling reactions (1) and (2) (Gresens plot of
Fig. 9¢) shows that, whatever the value of the volume
ratio ‘p’ = vol%(Phgl)/vol%(Car) (in a given outcrop



312

under HP conditions), iron, magnesium and water are
always released and likely contribute to the deposition of
GS veins in the pore system. However, phengite will only
provide enough alkali to completely replace carpholite if
p = 4.3 [p = 4.28, reaction (3)]. Hence, in order to totally
replace 5% of the rock volume previously occupied by
carpholite, 21.5% of the rock volume ought to be made
of Phgl. This is equivalent, in terms of reaction prod-
ucts, to having 30 vol% of Phg2 in the rocks sampled, a
fairly realistic situation (depicted in Fig. 10a).

On the other hand, the amount of phengite will
clearly not be enough for large amounts of carpholite in
a given outcrop (~20 vol%). The existence of localized
relic accumulations of fresh carpholite, at the outcrop
scale, and of partial pseudomorphs, at the thin section
scale, may correspond to cases where the amount of
phengite was a limiting factor.

Despite uncertainties (such as on the amount of BS or
GS segregations), the above discussion on the magnitude
of the element and fluid transfer in HP metapelites
suggest that the retrograde mineralogical processes are
locally balanced (for a rock with @ = 0.5 vol%,
Car = 5 vol%, Phgl = 21.5 vol% and a fluid salinity of
10 wt% eq. NaCl under HP conditions). Therefore, we
propose that the retrograde fluid—mineral evolution may
be viewed as a set of combined, complementary pro-

cesses (in the sense of Carmichael 1969; Fig. 10b): (1)
retrogression of HP minerals and adaptation of phengite
(and chlorite) composition in the rock (1-1"; Fig. 10b),
both in HP pseudomorphs and schist — alkali being
predominantly provided by the high-pressure phengite;
and (2) water release and element transfer (2-3-4;
Fig. 10b) to form quartz (£ chlorite) GS segregations in
zones of enhanced-permeability (Yardley 1986).

Fig. 10 a Sketches depicting the evolution of the mineral proportions
and of the fluid salinity for the model retrogression of a given rock
volume (square box) initially containing 5 vol% of carpholite and
21.5 vol% of phengite under HP conditions (p = 4.28, Fig. 9c; ®:
porosity, in vol In this case, the evolution is locally buffered, both in
terms of element (carpholite is completely pseudomorphed by chlorite
and phengite) and fluids (salinity from 10 to 3 wt% eq. NaCl). See text.
b Tentative model evolution of the rock system (at the metre scale)
during the retrograde metamorphic history from blueschist (BS) to
greenschist (GS) facies conditions, as deduced from fluid inclusion and
mass transfer data. Dashed white squares show rock volumes (BS
segregation + wallrock) where carpholite and quartz are replaced by
chlorite and phengite during the retrograde evolution (/ retrogression
of HP minerals). At least some of the alkali elements necessary for this
reaction are provided by phengite from the wallrock (/” adaptation of
chlorite and mica composition in the rock). Water, iron and
magnesium are transferred towards zones of enhanced-permeability
to form GS segregations (2 water release and element transfer; 3
formation of GS segregations; 4 possible migration along deformation-
enhanced channelways). Dotted arrows Mass transfer of elements; plain
white arrows sense of shear; thick black line shear band; thin dark arrow
direction of extension and vein formation; thin dark line schistosity

Car (5 vol.%) A4 Chl + Phg2
Phgl — !
(21.5 vol. % Reaction 3 ;
(p~4.3) “PhgZ—
(D — 0.5 d) =% 0.5
N 10 Wik N3 wi%
eq. NaCl eq. NaCl
a)

Larger scale

Closed system evolution

“equilibration ?

possible fluid migration

during D2 and D3 %

rock system

former BS segregation

b)



Conclusion

The combined study of fluid inclusions trapped in syn-
metamorphic segregations and adjacent mineral reac-
tions give some useful information on the fluid—rock
interaction during the retrograde metamorphic evolu-
tion. The large amounts of water released by the desta-
bilization of HP phases (notably carpholite) may
account for (1) the dilution trend of the fluid phase with
time recorded by the fluid inclusions from BS segrega-
tions, (2) the composition and constancy of the GS fluid
inclusions, and (3) the large amount of GS segregations.
Ferromagnesian elements released by the retrograde
mineral reaction may contribute to the formation of
chlorite-bearing quartz GS segregations.

Constraints on the rock—fluid (source and dilution)
and element (alkali and ferromagnesian species) budget
suggest that the rock system probably behaved as a
closed system during the retrograde evolution. This re-
sult is compatible with the recognition by Henry et al.
(1996) that no significant isotopic modification of the
rock system occurred during the metamorphic evolution.
It is also in line with the general opinion that large-scale
circulation of fluids was limited in the case of the western
Alps (Philippot and Scambelluri 1995) as opposed to
subduction settings such as Santa Catalina Island
(Bebout 1996).

This study underlines the high water retentivity of
metapelites at high-pressure low-temperature condi-
tions. It reveals that, at low temperature, an important
water release can also occur during a cooling history
linked to a considerable decrease of pressure. This water
release should therefore have considerable effects on the
properties of rocks and should be considered in the
tectonic and geodynamic studies of HP-LT belts
involving metapelites.
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