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FLUID HISTORY DURING DEEP BURIAL AND EXHUMATION OF
OIL-BEARING VOLCANICS, HERCYNIAN BELT OF SOUTHERN
BRITTANY, FRANCE
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MICHEL CATHELINEAU**, RAMON CAPDEVILA*, and DENIS GAPAIS*

ABSTRACT. In southern Brittany (France), the Porphyroid nappe, a Variscan tec-
tonic unit made of volcanic pyroclastic deposits that was involved in a low-temperature /
high-pressure prograde metamorphic path followed by exhumation and extension,
displays evidence for very large and distributed strains achieved through dissolution/
crystallization processes. Such distributed strains at low temperature are rather un-
usual in felsic lithologies. Recent studies have documented that these rocks deformed
within a system closed to fluids. This paper presents results of detailed analyses of fluid
inclusions and stable isotopes within the deformed metavolcanics and their unde-
formed counterparts in order to document the fluid history of the tectonic unit.
Results show that its initial thermal evolution, likely occurring in a context of basin
inversion, involved important open-system alteration, with K-metasomatism (adulariza-
tion), oil impregnation and hydration. During the subsequent tectonic evolution, the
fluids maintained a constant composition in the C-H-O-N system within the Porphyroid
nappe and its para-autochthon, being water-rich and containing hydrocarbon compo-
nents likely related to oil pyrolysis/oxidation. Atoll-like fluid inclusion morphology
and rare undisturbed fluid inclusions with steep isochore slopes are consistent (> 750
MPa) with pressures estimated for the peak of metamorphism using mineral solid-
solution thermodynamics. Fluid inclusions indicate a sub-isothermal retrograde path
(between 420 and 300°C) followed by a high thermal gradient at the end of the
retrograde path. Within the underlying para-autochthonous unit, only the late, high-
temperature gradient is recorded by fluid inclusions. The sub-isothermal low-grade
path suggests fast exhumation of the unit, without thermal relaxation. The high
geotherm observed at the end of the P-T path is consistent with the post-thickening
extensional collapse and associated intrusion of granites documented in the area.
Hydration and heterogeneous oil /water distribution achieved in the early metasomatic
evolution of the porous pyroclastic deposits are responsible for subsequent fluid
confining in the Porphyroid nappe and for its strongly distributed strain pattern.

INTRODUCTION

During the last four decades, a considerable amount of work has enlightened our
understanding of the complex interplay among fluids, mass transfer, metamorphic
conditions, and strain localization, through a number of different approaches includ-
ing field, (micro)structural, geochemical, fluid inclusion, experimental, and theoreti-
cal studies. Examples documenting isochemical or non-isochemical behavior, open or
closed fluid systems, and channeled or pervasive deformation have been discussed (see
Ferry, 1994 and Oliver, 1996, for a review). Interactions between deformation and fluid
circulation are bracketed by two end-member situations: i) systems closed to fluids,
either in non-fractured or in fractured rocks or ii) systems open to fluids, as classically
observed within faults and shear zones (example, Fyfe and others, 1978; Kyser and
Kerrich, 1990; Baumgartner and Valley, 2001, for references). In felsic lithologies,
moderate temperature deformation is generally associated with strain softening and
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strain localization, in particular marked by the breakdown of feldspar into mica that
attests to fluid channeling along shear zones (example, White and Knipe, 1978;
Gapais, 1989; Dipple and Ferry, 1992; Wintsch and others, 1995; Gueydan and others,
2003).

In South Brittany (western France), the Porphyroid nappe, one of the main
tectonic units of the Variscan belt of western France constitutes a remarkable excep-
tion to this rather general behavior (Le Hébel and others, 2000, 2002a). This unit,
made of felsic lithologies, experienced very large penetrative strains accommodated by
low-temperature dissolution-crystallization processes. Dissolution-recrystallization in-
volved quartz and feldspars and led to the pervasive development of syn-kinematic
quartz-feldspar veins. This unit experienced a high pressure, low temperature (HP/
LT) metamorphic path (peak conditions: 350 = 50°C and 800 = 100 MPa) (Le Hébel
and others, 2002b) before being exhumed during the Lower Carboniferous, prior to
syn-convergence Upper Carboniferous extension (Gapais and others, 1993). This
complex tectonic history was associated with low fluid mobility (Le Hébel and others,
2000, 2002a) which made the Porphyroid nappe attractive to understand how very
large pervasive strains could have been achieved over thicknesses of kilometer size at
such low temperatures. In addition, some of the rocks belonging to the Porphyroid
nappe were recently recognized as having been impregnated with oil before deforma-
tion (Le Hébel, ms, 2002). The influence of such an uncommon pore fluid on
deformation mechanisms in HP/LT conditions is to date poorly constrained.

A petrological, geochemical, stable isotope and fluid inclusion study was per-
formed on felsic volcanics from the Porphyroid nappe and its underlying para-
autochthonous counterpart in order i) to establish the fluid characteristics during
diagenesis and subsequent metamorphism associated with burial and exhumation, and
ii) to examine interaction between fluids and deformation mechanisms. In addition,
the fluid inclusion study provided some new insight on the HP-LT metamorphic
history that was independently estimated using a thermodynamical approach (Le
Hébel and others, 2002b).

STRUCTURE, PETROLOGY AND CHEMICAL COMPOSITION

General Situation

The South Armorican domain (fig. 1) belongs to the internal part of the
Hercynian belt of Western Europe. It is bounded to the north by the South Armorican
Shear Zone, a crustal-scale dextral wrench zone. To the south, it is covered by the
Mesozoic sediments of the Aquitaine Basin. The area shows two main groups of
tectonic and metamorphic units (fig. 1). Lower units were affected by a Barrovian-type
metamorphism (Audren and Triboulet, 1993) with an increase in grade with depth
(Goujou, ms, 1992). Partial melting is widespread in the lowermost part of the pile
(Jones and Brown, 1990). Peak metamorphic conditions are estimated younger than
325 Ma in Vendée (Goujou, ms, 1992), and around 320 to 310 in the Vilaine estuary
and Golfe du Morbihan areas (Brown and Dallmeyer, 1996) (fig. 1). In the latter area,
radiometric data on monazite (U/Pb), hornblende and muscovite (*?Ar-*’Ar), biotite
(Rb/Sr), and apatite (fission tracks) indicate a rapid cooling during the Upper
Carboniferous (see Gapais and others, 1993; Brown and Dallmeyer, 1996, and refer-
ences therein). Gapais and others (1993) and Cagnard and others (2004) have argued
that deformations observed within this lower group mainly reflect crustal-scale exten-
sion following thermal re-equilibration of the thickened crust. Sheets of two-mica
leucogranites mark the top of the metamorphic pile (figs. 1B and 1C). Where
deformed, the leucogranites show widespread S-C fabrics attesting to normal shearing
(Gapais and others, 1993). Ages available on these granites (Rb-Sr whole rock and
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Fig. 1. Simplified geological map of the south Armorican domain of France (A) and examples of
cross-sections (B, C). SASZ, South Armorican Shear Zone. Modified after Cagnard and others (2004).
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39Ar-1°Ar on mica) range between ca. 310 and 300 Ma (Bernard-Griffiths and others,
1985; Ruffet, personal communication).

The upper group of units is marked by metamorphic histories of HP-LT type.
Uppermost units consist of blueschists (Ile-de-Groix and Bois-de-Céné klippen), with
peak pressures around 1.4 to 1.8 GPa for temperatures of 500 to 550°C (Bosse and
others, 2002). The HP metamorphic event occurred around 370 to 360 Ma, and
*9Ar—*°Ar ages on phengite indicate that the exhumation of the blueschists occurred
ca. 350 Ma (Bosse and others, 2005). Blueschists are underlain by felsic metavolcanics
and metasediments from the Porphyroid nappe. Along the Vendée coast, in the
Brétignolles area, the Porphyroid nappe is thrust over low-grade metasediments
(Iglesias and Brun, 1976; Vauchez and others, 1987) (fig. 1B). On the other hand, in
other places like the Quiberon area, the basal contact of the nappe consists of normal
shear zones marked out by Upper-Carboniferous leucogranites (Gapais and others,
1993) (fig. 1C). The base of the Porphyroid nappe should thus be regarded as a thrust
system related to early exhumation of HP-LT units during collision and locally cut by
late extension shear zones. At the regional scale, the overall structural pattern is that of
lower-crustal, migmatite-cored, extensional domes covered by HP-type units where
evidence of earlier thrust-related thickening is preserved.

The Felsic Metavolcanics

The Porphyroid nappe crops out from Belle-Ile-En-Mer to the Vendée area, over
ca. 150 km along the belt (fig. 2). It consists of felsic metavolcanics, mainly meta-
ignimbrites and volcanic tuffs (Ters, 1972), and of black shales (“schistes de St Gilles”).
Among the felsic metavolcanics, porphyritic rocks (“Porphyroids”) from the nappe are
foliated leucocratic gneisses characterized by stretched K-feldspar (up to 1.5 cm in
size), quartz and rare plagioclase porphyroclasts embedded in a fine-grained matrix
(80 to 60% of the rock) made of Qtz + Kfs + Phe = Ab (abbreviations according to
Kretz, 1983). In a few samples, scarce crystals of lightened or green biotite, of
stilpnomelane and of garnet may be found. Accessory minerals are minute amounts of
carbonates and rare broken apatite and zircon grains. Porphyroclasts are generally
truncated, quartz and feldspar fibers filling the spaces between fragments (fig. 3C).
Where preserved, euhedral monoclinic K-feldspar crystals are white-, pink- (hematite
dust) or black-colored (dust made of a poorly-organized graphitic compound which
will be referred to as “graphite” for convenience in the paper). Preserved magmatic
quartz is found as colorless or blue porphyroclasts with a rounded and engulfed shape.
The frequent habit of quartz and feldspar as broken crystals and shards, attests to
explosive dynamics. On the outcrop scale, the color of the metavolcanics is highly
variable either over scales of ten centimeters up to several hundred meters, from light
gray or pink-gray to black (fig. 3A), with a more or less planar distribution. Evidence
that some bleaching by oxidation took place and that the distribution of organic
matter was greater than exposed today is the fact that black truncated feldspar
porphyroclasts are sometimes disseminated in a light-gray or leucocratic matrix (fig.
3B). In that case, the organic matter was preserved from oxidation only in feldspar
porphyroclasts. Thus, light layers may represent zones preserved from carbon introduc-
tion or zones in which the carbon was partially oxidized.

Fine-grained tuffs are dark-colored schistose rocks consisting of Qtz + Ab +
Phe + Chl and “graphite”, in which millimeter-thick or finer quartzrich layers
[microquartzites of possible biogenic origin (Schulz and others, 2001)] evoke a
sedimentary layering, tectonically transposed parallel to the foliation. The regular and
short wavelength of the layering suggests that these rocks were likely deposited in
aquatic, presumably marine, conditions. In some locations (example, Belle-Ile-En-Mer,
fig. 2), tuffs predominate over porphyritic volcanics.
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Fig. 2. Location of the samples studied.

At the regional scale, the Porphyroid nappe shows a penetrative flat-lying foliation
bearing a strong stretching lineation associated with dominant top-to-the-west shearing
(Brun and Burg, 1982; Vauchez and others, 1987). Large strains of up to 400 percent
stretching are commonly recorded by truncated feldspar phenocrysts (fig. 3B) (Burg,
1981). From grain-scale to outcrop-scale, deformation features attest to extensive
processes of dissolution-crystallization (Vauchez and others, 1987; Le Hébel and
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Fig. 3. Outcrop-scale and microscopic-scale aspects of metavolcanics within the Porphyroid nappe
(A,B) and within the para-autochthon (C,D). (A) Dark and light layers rich or poor in graphitic compounds,
respectively (location: Piriac, fig. 2B); (B) transition between a dark layer (head of the hammer) and a
light-gray layer of metavolcanics in the nappe (location: pointe du Talus, Belle-Ile-En-Mer, fig. 2C). The light
layer contains truncated black feldspar phenocrysts cemented with white, fibrous quartz, which demon-
strates i) that carbon introduction was preceding stretching and ii) that the volumes impregnated with
carbon compounds were more widespread than presently observed (see text). (C) Distribution of graphitic
matter (ancient oil droplets along annealed cracks) inside a magmatic quartz (undeformed rhyolitic tuff,
Chilloue quarry, fig. 2) (XPL); (D) Infiltration of oil (now metamorphosed into graphitic dust) as
fischbone-like structures along crystal discontinuities (cleavages and cracks) of an adularitized feldspar
porphyroclast (undeformed rhyolitic tuff, Chilloue quarry, fig. 2) (PPL).

others, 2000, 2002a) (figs. 3 and 4). Both quartz and feldspars are involved, leading to
the development of a foliation-parallel layering made of alternating quartz-feldspar
veins (sinks) and phengite-enriched residual domains (source) (fig. 4D). Dissolution-
crystallization occurred under low fluid-rock ratios (Le Hébel and others, 2000,
2002a). Lines of evidence presented by these authors include (i) no break-down of
K-feldspar into phengite that behaved as an inert residual phase concentrated within
dissolution zones, (ii) mass balance calculations that indicate no volume change at the
scale of vein/phengitic selvages systems, (iii) the prevalence of a lithological control on
the mineralogical composition of the synkinematic veins (Kfs-bearing veins are local-
ized within Kfs-rich host rocks, and Ab-bearing veins in Kfs-free host rocks), and (iv)
sympathetic variations of vein quartz and whole rock O isotopic compositions, attesting
to local fluid-vein systems buffered by the host-rock composition.

In the Vendée area, felsic volcanics are also found beneath the basal contact of the
Porphyroid nappe (Vauchez and others, 1987 and fig. 1). They are massive, domi-
nantly black porphyritic silicic volcanics (large abundance of graphitic dust in matrix,
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Fig. 4. The four types of successive quartz generations studied (Q;, Q,, Qs, Q, quartz types discussed in
the text) located in a synthetic sketch (center of figure). (A) Volcanic quartz porphyroclast Q1 in thin
section (XPL). View is parallel to stretching lineation and perpendicular to foliation. (B) Hand specimen of
deformed coarse-grained felsic metavolcanic showing quartz fibers within syn-kinematic quartz-feldspar
veins parallel to the foliation (Q2) and within tension gashes affecting these veins (Q3). View parallel to vein
surface and foliation. The stretching lineation is sub-equatorial (modified after Le Hébel and others, 2002a).
(C) Q3 fibers and Q4 dynamically re-crystallized quartz in thin section (XPL). (D) Field picture showing the
phengitic rims bounding a quartz-feldspar vein (modified after Le Hébel and others, 2002a).

feldspars and quartz; figs. 3C and 3D) in which the relative amount of phenocrysts (a
few mm in size) is comparable to that of deformed rocks from the nappe. There, the
strain intensity decreases downward to undeformed or weakly deformed volcanics over
a few tens of meters. These volcanics have the same felsic mineralogy and the same age
as those of the overlying nappe. We interpret them as pieces of the low-strain
para-autochthonous protolith sliced-off at the base of the main tectonic contact.
Recent U-Pb analyses (SHRIMP) show that the age of the metavolcanics from both
the nappe and its para-autochthonous is Lower Ordovician (ca. 480 — 470 Ma; Peucat,
unpublished data) and not Upper Silurian-Lower Devonian as was previously proposed
on the basis of earlier dating attempts (Talbert and Vialette, 1972; Peucat and others,
1986). The association of the metavolcanics with black shales is a general feature at
regional scale. In one locality of the Vendée area, an Upper-Silurian to Lower
Devonian age was proposed for the black shales on the basis of microfossil fragments
(Peucat and others, 1986). Thus, chronological information shows that the spatial
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association of black shales and metavolcanics must be the consequence of thrust
tectonics (see sketch of the chronological events in fig. 5).

SAMPLING STRATEGY

Various analyses were performed on the Porphyroid nappe and on its underlying
para-autochthonous counterpart. Sampling sites were selected on the basis of the best
rock exposures, the nature of the questions to be solved and the analytical methods
used. Sampling areas and sample descriptions are shown in figure 2 and table 1,
respectively.

Whole rock compositions (major and trace elements) were investigated for all
main sampling localities (Belle-Ile-En-Mer, Piriac, La Sauzaie, and Mareuil-sur-Lay for
the nappe; Bréthomé and La Chilloue for the para-autochthon) (fig. 2).

Most of the stable isotope work (present study and Le Hébel and others, 2002a,
see table 1) was done on samples from Belle-Ile-En-Mer (fig. 2). In this area,
cross-sections of contrasting rock types could be investigated for isotopic variability of
whole rocks and individual minerals (see Le Hébel and others, 2000, 2002a and the
1/50 000 map by Audren and Jégouzo, 1986). A few analyses on undeformed rocks
were also done on the para-autochthon (Bréthomé, La Chilloue).
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Fig. 5. Sequence of events that affected the metavolcanics from the Porphyroid nappe (see text).
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Fluid inclusions were studied in all localities, except Belle-Ile-En-Mer, where the
fluid inclusions are extremely small-sized and where late kink bands affect the regional
foliation and might have disturbed the signature of the main syn-kinematic fluids. To
analyze the sequence of fluids, inclusions were studied within a sequence of pre- and
syn- kinematic quartz species, as follows.

Pre-metamorphic fluids were investigated from undeformed magmatic quartz
beneath the nappe and from relict blue ones within it (Q1, fig. 4A).

Successive syn-kinematic fluids were investigated from the analysis of i) primary
quartz fibers elongate parallel to the principal stretch within syn-kinematic veins (Q2,
fig. 4B), ii) quartz fibers within secondary tension gashes affecting the syn-kinematic
quartz-feldspar veins (Q3, fig. 4C), and iii) quartz neoblasts dynamically recrystallized
from syn-kinematic fibers (Q4, fig. 4C).

Fluid inclusions were also studied below the Porphyroid nappe at the roof of the
late kinematic Guérande leucogranite emplaced during the latest tectonic stage of
Upper Carboniferous extension, around 308 Ma (figs. 1 and 2). Samples are cassiterite-
bearing quartz veins cutting granite host-rocks (Plage de la Mine) and recrystallized
quartz grains within black shales (Métairie Neuve). The sampling was done to compare
fluids released during contact metamorphism of the organic matter in black shales
with those from the overlying Porphyroid nappe.

FLUID INCLUSION AND STABLE ISOTOPE DATA

Stable Isotopes

Oxygen isotopic compositions were measured on whole rocks (WR) and on quartz
for different vein generations (table 2; see also data in Le Hébel and others, 2002a).
The analytical procedure is described in Appendix 1.

The whole rock §'®O-values of porphyritic material are too high to reflect
magmatic values (10.3%o to 15.1%0; mean = 12.3 * 1.4%o; table 2) and are secondary
compositions, since the highest known 3'%0 values for peraluminous magmatism do
not exceed 13 permil (example, O’Neil and Chappell, 1977; Fourcade and others,
2001, and references therein). Moreover, in an undeformed sample of the para-
autochthon (FL 31, table 2), primary quartz with subhedral shapes has a 8'*0 value
lower than that of WR (12.4%o vs. 14.1%0), which indicates a selective 'O enrichment
of the matrix by isotopic exchange with external fluids at low to moderate tempera-
tures. Fine-grained dacitic tuffs display lower 8'®O values (9 to 12%o, one sample up to
15%o0). As a whole, the WR oxygen isotopic compositions are comparable to those
recorded in volcanic rocks affected by K-metasomatism with adularization and/or
smectite formation (example, Munha and others, 1980; Roddy and others, 1988).

3'?C-values of graphite within both metavolcanics and spatially associated black
shales are given in table 3 (analytical procedures in Appendix 1). Graphite from the
black shales displays relatively constant 3'*C-values around —27.5 permil (vs. PDB),
except in the Piriac area where carbon is isotopically heavier (3'°C = —25.1%o0). The
8'?C-value of graphitic dust from feldspars or whole rocks in metavolcanics is distinctly
lower, ca. —30 permil, except in the Piriac area where it is isotopically heavier
(=27.0%0), as observed in the associated black shales (table 3).

Fluid Inclusion Characterization
Analytical techniques are described in Appendix 1.
In all samples, fluid inclusions occur as secondary fluid inclusion planes. Most of
them are microcracks (of at most 50 — 100 wm in length) without clear cross-cutting
relationships. Usable fluid inclusions along these planes are scarce due to their small
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TABLE 2

O isotopic compositions (WR and one clast of volcanic quartz from non-deformed
rhyoignimbrite) of metavolcanics and fine-grained tuffs

‘Whole-rock sample Locality Tectonic unit 5 %0 Error
and rock type (Fig. 2) vs. SMOW on duplicate
Coarse-grained

metavolcanics

FL 2a WR BIEM [Porphyroid Nappe 13.9

FL 3b WR BIEM " 12.1 0.2
FL 3¢ WR BIEM " 13.34 0.01
[FL 5a WR BIEM " 12.0

FL Sb WR BIEM " 11.9

FL 10b WR BIEM " 15.1

FL 176 WR BIEM " 12.72 0.02
FL 178 WR BIEM " 14.5 0.1
FL 180 WR BIEM " 11.6

FL 185 WR BIEM " 11.9

FL 237 WR BIEM " 11.3

FL 239 WR BIEM " 10.6

FL 241 WR BIEM " 12.2

FL 243 WR BIEM " 114

FL 250 WR BIEM " 12.6

FL 252 WR BIEM " 12.5

FL 12a WR Piriac " 10.28

FL 12b WR Piriac " 10.58

FL 14 WR Piriac " 10.59

FL 16 WR Piriac " 10.59

Fine-grained (tuffs)

FL 171 WR BIEM \Porphyroid Nappe 10.3

FL 175 WR BIEM " 10.3

FL 182 WR BIEM " 9.0

FL 183 WR BIEM " 9.7

FL 246 WR BIEM " 9.9

FL 248 WR BIEM " 15.0

Coarse-grained

metavolcanics

FL 20 WR Chilloue  |Parautochton 13.84

FL 23 WR Chilloue " 14.34

FL 27 WR Chilloue " 10.93

FL 31 WR (+ Qtz) Bréthomé " 14.14 (Qtz =12.38) (0.02)

Other quartz and WR O isotopic compositions discussed can be found in Le Hébel and others (2002a).
Sampling localities (fig. 2) include Belle-lle-En-Mer (BIEM) and Piriac-Sur-Mer within the Porphyroid
nappe, and Bréthomé and Chilloue in the para-autochthon beneath the nappe.
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TABLE 3

Carbon isotopic composition of graphitic matter

Sample | "graphite" | Tectonic unit locality dBC |deviation
(Fig. 2) in vs. PDB
FL 301 |black schist |Porphyroid nappe | BIEM (Domois-Le Talus) -27.55 0.04
FL 302 [black feldspar " BIEM (Le Talus) -29.80 0.07
FL 3b black meta- " BIEM (Le Talus) -30.15 0.08
volcanic
FL 305 [black schist " BIEM (Bordardoué # 3) -27.31
FL 306 |black schist " BIEM (Bordardoué # 4) -27.14
FL 307 [black schist " BIEM (Bordardoué # 5) -27.51
PiZ black schist " Piriac -25.07
FL 17 Black meta- " Piriac -26.99 0.08
volcanic
FL 31 black rhyolite Parautochton Chilloue - 28.85
CG 13 b |black rhyolite " Bréthomé -30.13 0.01
USGS 24 -15.97 10.06 (113)

See text for comments.

BIEM: Belle-Ile-En-Mer (in the Bordardoué locality, the number given indicates which of the 7 black
shale layers outcropping from E to W were analyzed).

Deviation indicated corresponds to duplicates.

size, and time-relationships are therefore rather difficult to establish. However, within
a given plane, the density of fluid inclusions is rather constant. This indicates that the
studied planes contain well-preserved inclusions corresponding to a given stage of the
fluid history.

The nomenclature of fluid inclusions follows the convention of Boiron and others
(1992). It is based on the type of total homogenization Th (L-V to the vapor noted V,
L-V to the liquid noted L) and the nature of the fluid component (subscript ¢, m, n or
w for CO,, CH,, Ny, and H,O respectively), as a function of the abundance of the
various species in the fluid. Table 4 specifies the meaning of the used abbreviations.
Three main fluid types are distinguished on the basis of their morphologies, microther-
mometric properties, and on the different species present in the inclusions. They have
a variety of densities which results in a series of inclusions homogenizing either in the
liquid or the vapor phase:

— aqueous-carbonic (noted c-w) inclusions with significant amounts of CO,

(Lc-w, Ve-w),

— aqueous-carbonic inclusions with minor amounts of volatiles (Lw-c, Vw-c),

— inclusions dominated by CO, (Lc, Vc) or by methane with some amounts of
nitrogen (Vm-n), where the water content is low and any quantitative optical
estimate difficult, especially in small inclusions.

Fluid inclusions representative of the three main types of fluid have been analyzed
by microthermometry and Raman spectroscopy to determine their density and compo-
sition (tables 5 and 6).

Preserved magmatic quartz below the nappe (Bréthomé).—In the non-deformed black-
colored volcanics, quartz clasts display different types of inclusions (fig. 6).
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TABLE 4

Typology and nomenclature of fluid inclusions

Type of fluid | Dominant species Observations
inclusions
Le-w or Ve-w | CO,-(CH4-N;)-H,0-NaCl | Tm CO, and Th CO,; observed

CHy4+ N,< 10 mol.% in the volatile phase
Lw-c or Vw-¢ | H;0-CO,-(CH4-N;)- NaCl | Only Tm cl observed

Low density volatile phase

CHy+ N»y< 30 mol.% in the volatile phase
Lcor Ve CO,-CH4-N, Tm CO, and Th CO, observed

CHy+ N»< 30 mol.% in the volatile phase
No visible water

Vm-n CH4-N, Only Th CH,4 observed

No visible water

Tm CO,, Tm cl, Tm ice: melting temperature of CO,, clathrate and ice, respectively. Th CO,, Th CH,:
homogenization temperature of COy and of CH,, respectively. Td: decrepitation temperature. All values are
in °C. L or V subscripts mean a total homogenization to the liquid phase (L) or to the vapor phase (V).

Most fluid inclusions display regular shapes, are black-colored, with sizes ranging
from 5 to 10 wm (fig. 6A). They occur as sub-horizontal planes. These Lc-w inclusions
contain two fluid phases at room temperature with degree of volatile fillings > 80 to 90
percent. Melting temperature of CO, (Tm CO,) is in the range —57.9 to -57.8°C and
homogenization temperature of CO, (Th CO,) to the liquid phase in the range +7.9
to +13.7°C. Hydrocarbons detected in these inclusions by Raman spectroscopy
prevents gas quantification (COy»-CH,-Ny).

Vc-w inclusions also display regular shapes. They contain three fluid phases at
room temperature with volatile fillings of 40 to 50 percent. They show Tm CO, in the
range of —58.6 to -58.9°C, significantly lower than the melting temperature of pure
CO,, which indicates the presence of volatile compounds other than CO,, such as CH,
and N,. Th CO, occurs to the vapor phase in the range +14.1 to +17.1°C. Melting
temperature of clathrate (Tm cl) ranges from +3.2 to +6.7°C, melting temperature of
ice (Tm ice) from -4.3 to —6.2°C, and homogenization temperature (Th) (to the
vapor phase) from +371 to +392°C. Hydrocarbons have been detected by Raman
spectroscopy in some of these Vc-w inclusions.

Inherited magmatic quartz clasts from the deformed units (Porphyroid nappe, Piriac-sur-
Mer).—Different types of fluid inclusions have been distinguished according to their
morphology.

— Annular and semi-annular inclusions were mostly observed as isolated inclu-
sions (fig. 6B). This typical atoll-like shape is attributed to a short-lived increase
of the confining pressure under a non-isotropic stress field (Boullier and
others, 1991; Tecce and others, 2001) and could be associated with re-
equilibration of inclusions during isothermal decompression.

— Black decrepitated inclusions display dendritic contours and “star” shapes and
are surrounded by small inclusions (fig. 6C). Raman analyses performed on
these inclusions, modified after trapping, indicate the presence of graphite
and CO,+CH, gases.

— Preserved aqueous-carbonic inclusions are characterized by regular shapes
and constitute the only “unmodified” fluid relicts (fig. 6D). They may contain
one unidentified solid (white and limpid). At room temperature, Lc-w inclu-
sions are three-phase (liquid HyO, liquid CO, and gaseous CO,), with a degree
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of volatile filling around 10 to 20 percent. Tm CO, ranges from -59.0 to
-61.3°C. Th CO, occurs to the liquid phase in the range +15.6 to +17.5°C or,
to the vapor phase, at around +23.4°C. Tm cl is ranging from +2.5 to +8.1°C.
Tm ice ranges between —0.2 and —4.2°C. Some fluid inclusions decrepitated
before homogenization at temperatures up to +323°C; the few measured Th
range from +323 to +415°C.

Quanrtz fibers in the Porphyroid nappe (La Sauzaie).—In fibrous quartz, most inclusions

are distributed in sub-vertical planes parallel to fibers underlying the stretching
lineation (fig. 6E). These planes mainly display black decrepitated inclusions display-
ing dendritic contours and no fluid remnant. However, a few fluid inclusions are
preserved in some planes. Among them, three main types have been distinguished.

— Aqueous-carbonic (Lc-w) inclusions with irregular shapes, sizes ranging from 5

to 10 pwm, and generally elongate parallel to the stretching direction. At room
temperature, these inclusions contain liquid H,O, liquid CO, and gaseous
CO,, with a homogenous degree of volatile filling, around 20 to 30 percent.
Tm CO, ranges from —59.2 and -57.6°C. Th CO, occurs in the liquid or vapor
phase in the range +6.1 to +26.2°C. Tm cl is between +6.5 to +8.8°C.

Vw-c inclusions contain two fluid phases at room temperature, with a degree of
volatile filling around 60 percent. Tm CO, and Tm cl are measured at -57.9°C
and around +7.9°C, respectively. Tm ice is around —4.5°C.

Lw-c inclusions display irregular shapes and are generally elongate parallel to
the stretching direction. At room temperature, they contain two fluid phases
(liquid CO, -liquid H,O) with a constant degree of volatile filling around 20 to
30 percent. Only Tm cl and Tm ice have been measured, around +5.1°C and
-5.5°C, respectively.

Most of these three types of inclusions decrepitated before homogenization at
temperatures up to +270°C.

Dynamically re-crystallized neoblasts from quartz fibers (La Sauzaie).— In neoblasts, fluid
inclusions are distributed in non-oriented planes. Four main types have been distin-
guished.

— Lc-w inclusions displaying regular rounded shape are three-phase (liquid

H,O, liquid CO, and gaseous CO,,) inclusions at room temperature, with a
homogenous degree of volatile filling around 20 to 30 percent. Tm CO, ranges
from —=59.0 and -57.4°C and Th CO, (to the liquid or vapor phase) from +19.5
to +28.0°C. Tm cl and Tm ice range from +7.6 to +9.0°C and from -7.5 to
—7.0°C, respectively. Rare single-phase Lc inclusions have been observed. Tm
CO, is measured at —59.7°C and Th CO, occurs to the liquid phase in the
range +9.2 to +10.8°C.

— Vce-w inclusions contain three fluid phases at room temperature, with a

homogeneous degree of volatile filling around 50 to 60 percent. Tm CO, was
measured between -58.9 and -58.6°C, Th CO, (to the vapor phase) around
+20.9°C and Tm cl in the range +8.1 to +8.7°C.

Lw-c inclusions contain two fluid phases (liquid COy - liquid HoO) at room
temperature, with a constant degree of volatile filling around 20 to 30 percent.
Only Tm cl and Tm ice have been measured, around +9.6°C and -5.7°C,
respectively.

Most inclusions decrepitated before homogenization.

Contact zones with the Guérande peraluminous granite.—a) Re-crystallized quartz

grains in black shales (Métairie Neuve). Fluid inclusions are single-phase at room

temperature and they display rounded shapes (10 to 15 wm) along inclusion planes
(figs. 6F and 6G). After cooling to —180°C, they become two-phase inclusions which
homogenize to the vapor phase in the range —-88.3 to -96.4°C. Such Vm-n fluid
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of oil-bearing volcanics, Hercynian Belt of southern Brittany, France 1113

Fig. 6. Typical fluid inclusion morphologies found in the studied quartz samples (PPL). (A) Aqueous-
carbonic Le-w inclusions in quartz from the Porphyritic lavas beneath the nappe (Bréthomé). (B) Annular
inclusion in inherited magmatic quartz clasts from the deformed units (Porphyroid nappe, Piriac-sur-Mer).
(C) Black decrepitated inclusions in inherited magmatic quartz clasts from the deformed units (Porphyroid
nappe, Piriac-sur-Mer). (D) Preserved Lc-w inclusions in inherited volcanic quartz clasts from the deformed
units (Porphyroid nappe, Piriac-sur-Mer). (E) Fluid inclusion planes in quartz veins parallel to the foliation
in deformed metavolcanics from the Porphyroid nappe (La Sauzaie). (F) and (G) CH,N, rich inclusions in
clear quartz from contact-metamorphosed black shales (Métairie Neuve). (H) Aqueous-carbonic inclusions
in quartz -(cassiterite) dike (Plage de la Mine).
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inclusions are dominated by CH, with some amounts of Ny,. CO, was not detected by
Raman spectroscopy. b) Quartz veins (Plage de Ia Mine). In quartz veins in the granite
roof, most fluid inclusions display rounded and regular shapes and are observed as
more or less continuous fluid inclusion planes.

Lw-c inclusions (fig. 6H) contain two fluid phases at room temperature, with a
degree of volatile filling around 40 percent. Tm CO, ranges from —59.4 to -59.8°C, Tm
clfrom +9.1 to +11.6°C and Tm ice from -3.3 to —6.9°C. One Th (to the liquid phase)
has been measured at +343°C.

Lc and Vc inclusions are single-phase at room temperature. They show Tm CO, in
the range —60.7 to —61.3°C and Th CO, from -3.3 to —=0.7° C.

Composition of Volatile Phase, Density and Bulk Chemical Evolution of Major Components

Analytical techniques are described in Appendix 1.

Volatile phase composition and density.—As a whole, the studied fluids typically
belong to the C-H-O-N system, with a volatile phase dominated by CO, (>88 mol. %).
CH, and N, are present and contents range from 0.5 to 6 mole percent and from 0 to 9
mole percent, respectively. Locally, some fluid inclusions show an enrichment in N, up
to 16 mole percent (table 6 and fig. 7). Fluid inclusions observed in recrystallized
quartz in black shales from Métairie Neuve are dominated by CH, (around 85 mol.%)
and N, (12 to 15 mol. %).

The relative amount of CO, in the volatile phase as a function of the non-aqueous
volatile density shows a strong variation of the volatile phase density from a maximum
of 0.80 g/cm? for the three-phase inclusions down to a minimum of 0.1 g/cm? at nearly
constant composition (fig. 8). This decrease is observed in most of the representative
inclusions analyzed in deformed metavolcanics from the Porphyroid nappe (quartz
veins and quartz volcanic clasts). It indicates that fluid inclusions have likely recorded
strong variations of pressure, with no important changes in the fluid composition
during exhumation. In contrast, only low-density fluid inclusions (Vc-w densi-

/ CO2 / H20

90 90 90 90
CHa4 N2 CO2 CHa4+ N2
30 30 30
10 10 10 0
CH. L J - N2 coz 10 30 50 70 90 CHa+N2
A) B)

Clast of volcanic quartz (Q1) in deformed metavolcanics < Lew

Q2 Quartz of fibrous veins O Le-w O Lw-c B Ve-w
Neoblasts in quartz veins (Q4) Alc A Lew AlLwc A Vew

Quartz clast in non-deformed metavolcanics V Ve-w

Cassiterite-bearing quartz vein OLcw @Lc © Ve

Recrystallized quartz in black schists ¥ Vm-n

Fig. 7. Geochemistry of the aqueous-carbonic fluids from the different studied areas. (A) CO»-CH N,
ternary plot (compositions of the volatile phase obtained by Raman analysis), (B) H,O-COx-CH4+N, ternary
plot (calculated bulk fluid composition), with enlargement of the zone of interest. Abbreviations for the
different types of fluids are defined in table 4 and in the text.



of oil-bearing volcanics, Hercynian Belt of southern Brittany, France 1115

1.0

2

£ o
i o e

-§ 0.6 ° ‘gF

> A

= (]
% 0.4}

> A
2 (=28
5 02 %Av'

oo
Co g
20 40 60 80 100
% CO; in the volatile phase

o
o —m

Clast of volcanic quartz (Q1) O Le-w

in deformed metavolcanics

Q2 quartz in fibrous veins O Le-w O Lw-c B Ve-w
AlLc A Lcew

Neoblasts in quartz veins (Q4) A Lw-c A Ve-w

Quartz clast in non-deformed metavolcanics ¥/ Ve-w
Cassiterite-bearing quartz vein OLc-w® Lc ©Vc
Recrystallized quartz in black schists % Vm-n

Fig. 8. Density versus CO, content (in mol.%) of the volatile phase for the aqueous-carbonic fluids from
the different studied areas.

ties, ranging from 0.12 to 0.19 g/cm3) have been found in the non-deformed
porphyritic lavas beneath the nappe. The CH,-N, fluids are vapors that also have low
densities.

Bulk composition.—The aqueous-carbonic fluids are water-dominated (>84 mol.%)
with variable amounts of CO, (2 to 15 mol. %), and small amounts of CH, (<0.8 mol.
%) and N, (<1.1 mol.%) (fig. 7). Salinity (given in mol. % eq NaCl) ranges from 0.6 to
4 mole percent. Such compositions are typical of fluids equilibrated with metamorphic
host-rocks that have experienced pressure variations (Huizenga, 2001).

In the few (small-sized) inclusions dominated by CO, (Lc, Vc) or by CH, (Vm-n),
water is not visible optically. Nevertheless, the water content may reach 10 percent in
such inclusions considering the spatial resolution of a good microscope (Dubessy and
others, 1992). This maximum estimate of the water content corresponds to 25 to 30
mole percent in the bulk composition (table 6). The single-phase CH,-rich inclusions
mentioned above were observed in most metamorphosed black schists from the
Paleozoic of western Europe. They are interpreted as the result of devolatilization of
these lithologies in the presence of very low amounts of water (Boiron and others,
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2003). The COgrich inclusions from the cassiterite quartz veins may result from
intermittent immiscibility.

DISCUSSION

Early Diagenetic Evolution. Metasomatic Alteration and Oil Migration

Even though the petrography of the studied rocks argues for a volcanic origin,
their chemical compositions, in particular high K/Na ratios (fig. 9) document intense
metasomatic alteration. Rock identification, protolith characteristics and geodynamic
setting based on elements assumed to be immobile during alteration and on radio-
genic isotopes will be presented in another paper. Summarizing the available data (Le
Hébel, ms, 2002), the rocks studied pertain to calc-alkaline series, the felsic porphyritic
rocks have rhyolitic to rhyodacitic compositions, the fine-grained tuffs have dacitic
compositions and the whole volcanics were produced by melting of ca. 2 Ga ortho-
gneissic basement rocks in a rift or back-arc tectonic setting.

Mineralogically, the metasomatic alteration is marked by incipient to total adular-
ization of primary phenocrysts of monoclinic K-feldspar (total), of plagioclase (incipi-
ent to total), as well as of feldspars in the matrix (total). This is observed both in
deformed rocks and their undeformed counterparts. In undeformed rocks beneath
the nappe, adularia is identified by its morphology and microprobe analysis (Le Hébel,
ms, 2002). Microstructures show that adularization was favored by initial cracks and
cleavages and led to the disappearance of any previous twins, cracks, or zoning
structures that are only preserved in relict primary feldspar islands. Metasomatic
adularization resulted in an increase of K/Na ratios (fig. 9) and losses of Ca (brine
circulation ?).

Quartz and feldspar phenocrysts or clasts and the matrix itself are impregnated
with a fine opaque graphitic dust (example, figs. 3A-D). In undeformed rocks, the
graphitic dust is seen to be concentrated as laminae parallel to the primary (magmatic)

16
O Porphyritic rocks
14 1 "Porphyroids"
@ Fine-grained tuffs
121 Unaltered
ON 104 igneous rocks
N4
+ 8-
%
e 6+
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O 10 20 30 40 50 60 70 80 90 100
K ,0 x 100 / (Na,0+K,0)

Fig. 9. Whole rock chemical compositions of the metavolcanics from the Porphyroid nappe plotted in
the Hughes (1973) diagram. Non disturbed magmatic rocks should plot between the two curves. This
diagram demonstrates that most of the studied porphyritic rocks and fine-grained tuffs are metasomatized
and display highly disturbed Na/K ratios.
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layering or as dots located at grain boundaries in the matrix and suggesting (Parnell,
personal communication) ancient oil droplets. In quartz, the graphitic dust is only
found in more or less cemented cracks (inclusion planes, fig. 3C). In feldspar
phenocrysts (macroscopically black-colored), the graphitic dust is finely distributed as
“fishback bones” (migration along cracks and cleavages, fig. 3D). All these observations
argue for an input of organic matter as a liquid phase (oil), a hypothesis that is
supported by the low and similar carbon isotopic compositions of graphite from both
volcanics and spatially associated black shales. Indeed, during oil extraction and
subsequent pyrolysis (maximum temperature reached = 350 — 400°C, Le Hébel and
others, 2002b), the '*C/'?C ratio of kerogen is relatively preserved or slightly enriched
(example, Simoneit and others, 1981; Andresen and others, 1995; see also Des Marais,
2001, and references therein). Thus, the '*C/'2C ratios of the black shales are
comparable with those of the marine organic carbon found in the Silurian and
Devonian sediments from the western Variscan orogen (Lécuyer and Paris, 1997).
Generally, the carbon isotopic signature of crude oil is akin or slightly '*C-depleted
compared to that of the related source kerogen, and this isotopic similarity should not
be affected by subsequent pyrolysis (example, Arneth and Matzigkeit, 1986). The input
of organic matter occurred when feldspars still had a high porosity (probably due to
alteration) that was subsequently reduced by recrystallization associated with K-
metasomatism. This is supported by the disappearance of cracks and cleavages in
feldspars that suffered adularization. We conclude that oil impregnation occurred
prior to (or partly during) adularization.

During deformation and metamorphism, adularia is no longer stable. The small
crystals (matrix) and parts of the adularized phenocrysts or clasts were transformed
into microcline or into chessboard albite. Moreover, in pressure shadows, feldspar
neoblasts are limpid microcline (fig. 10) or, rarely, small albite crystals.

Thus, metasomatic alteration with large changes in K, Na, Ca contents occurred
prior to deformation and metamorphism, necessarily under large fluid/rock ratios
and it was preceded or accompanied by oil migration (fig. 5). The anomalously

Fig. 10. Syn-kinematic microcline in a pressure shadow around an adularitized feldspar porphyroclast
(XPL). Microcline is the syn-kinematic K-feldspar species and postdates adularization of former feldspar
phenocrysts.
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'8O-rich WR compositions are likely to be associated with this metasomatic event.
Uncertainties on the mineralogical compositions and temperatures of equilibration
during metasomatism preclude precise estimates of the corresponding fluid O isotopic
signature.

Reconstruction of the P-T Evolution

Reconstruction of the P-T path has been carried out using fluid inclusion
isochores representative of each type of fluid (fig. 11). Total homogenization tempera-
tures Th or decrepitation temperatures indicate minimal trapping temperatures from
270 to 370°C in inclusions from deformed metavolcanics of the Porphyroid nappe.
Maximum trapping temperatures are estimated to be around 400°C. Such peak
thermal conditions are consistent with the stability of chlorite and the lack of biotite.
Furthermore, thermodynamic models of phengite-chlorite assemblages using the
methods developed by Vidal and others (2001) have yielded peak metamorphic
conditions of 350 * 50°C for pressures of 800 = 100 MPa (Le Hébel and others,
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Fig. 11. Pressure-temperature reconstruction of the conditions prevailing in the studied zones of the
Porphyroid nappe unit (see text for comments).
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2002b). Using the isochores of highest-density fluid inclusions, maximum fluid trap-
ping pressures are consistently estimated to be around 750 MPa. The presence of
annular and semi-annular inclusions in quartz volcanic clasts (fig. 4 B) further attests
to high pressure conditions (Pécher, 1981; Boullier and others, 1991). The lowest-
density fluid inclusion isochores provide minimal fluid trapping pressures below 100
MPa for temperatures around 300°C, which may suggest a high apparent geothermal
gradient (up to 100°C/km) at that trapping stage. In summary, fluid trapping P-T
conditions in the Porphyroid nappe are consistent with a nearly isothermal retrograde
path (between 400 and 300°C), which suggests a rather fast exhumation of the unit.
This is in agreement with geochronological data obtained on the overlying blueschists
from the Ile de Groix that also suggest rapid exhumation (Bosse and others, 2005).

All fluid inclusions from the non-deformed porphyritic lavas beneath the nappe
have flat isochores with minimal trapping temperatures of 370° to 390°C, in the same
range as those estimated in the nappe. Trapping pressure estimates are 50 and 100
MPa, corresponding to 3 to 4 Km depth, which again, might suggest a high geothermal
gradient (up to 100°C/Km). Low trapping pressures are also consistent with the lack of
any decrepitated or semi-annular inclusions. All these features indicate that porphy-
ritic lavas beneath the nappe did not undergo or did not record a high pressure event.
Nevertheless, aqueous-carbonic fluid compositions in the Porphyroid nappe and in
porphyritic lavas beneath the nappe are similar.

Fluids from the cassiterite quartz veins at the roof of the Guérande granite are
trapped at temperatures ranging from 350 to 450°C and pressures between 50 and 150
MPa. The lowest P-T pairs for such fluids are close to the immiscibility boundary, which
explains the occurrence of volatile-dominated inclusions with no visible water but
containing frequently up to a few percent of water, as shown by Raman spectroscopy.
These are typical of the rather high temperatures, which prevailed at shallow depth in
areas of the Variscan basement that were marked by intrusion of peraluminous
granites and U mineralizations around 300 to 310 Ma (Cathelineau and others, 1990).
Similar P-T conditions are recorded in the quartz from black shales on top of the
Guérande granite where CH,-Ny fluids issued from devolatilization processes were
trapped at very low pressure (20 — 30 MPa). Such pressures could be interpreted as
hydrostatic pressures prevailing at shallow depths (2 — 3 km) during - or immediately
after - the granite intrusion.

The flat slopes of isochores found at the roof of the Guérande granite are
associated with a local intrusion-induced temperature increase at shallow emplace-
ment depth. In contrast, such interpretation cannot hold for the flat isochores slopes
(fig. 11A) observed within the volcanics beneath the Porphyroid nappe where no late
granitic intrusion is known. There, high temperatures at shallow depth cannot either
reflect a high geotherm associated with any kind of reasonable tectonic context.
Indeed, late deformations beneath the nappe relate to crustal-scale extension marked
by downward increases of pressure, temperature and strain (Cagnard and others,
2004). The samples studied here are located at the top of the metamorphic pile, at
some 4 to 5 km above the biotite-in isograd within metapelites, and in an upper crustal
level where the extensional reworking is absent or minimum (Goujou, ms, 1992;
Cagnard and others, 2004). Thus, the best explanation for the high temperatures
observed at such a shallow level is a local heat input from the directly overlying
porphyroid nappe during its emplacement.

Synkinematic Fluid Regime
Initial fluid migration.—Prior to deformation, the 480 to 490 Ma-old calc-alkaline
volcanic protoliths of the Vendée metavolcanics were deposited in a coastal (continen-
tal + marine) environment. Initially, these rocks certainly possessed a high porosity
(see estimates for such rocks by Sruoga and others, 2004). They were strongly hydrated
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through low-temperature fluid/rock interactions, as shown by their anomalously high
K contents and O isotopic ratios, and experienced oil migration. Processes of oil
migration are well documented in both extensional and compressional contexts
(example, Larroque and others, 1996; Moretti and others, 2002, and references
therein; Parris and others, 2003, and references therein), with oil-window tempera-
tures on the order of 80 to 160°C (example, Hunt, 1996). On the other hand, the
temperature of K-metasomatism is poorly constrained. Adularia is known to crystallize
in a wide range of conditions, from sub-surface temperatures (example, Jorgensen,
1981) to much higher ones (example, Walgenwitz and others, 1990; Fulignati and
others, 1997; Ennis and others, 2000; Boyce and others, 2003). High temperature
adularia is especially observed for rocks of high K/K+Na+Ca chemistry, such as the
pegmatoid veins located within the Vendée metavolcanics (350 — 400°C, Le Hébel and
others, 2002a). In the metavolcanics, textural relationships show that adularia grew
after oil migration but prior to deformation and metamorphism. Indeed, adularia is
impregnated with organic matter whereas it is partly replaced by graphite-free micro-
cline during deformation and microcline is the stable K-feldspar in shadow-zones (fig.
10). Thus, it is tempting to see oil migration and K-metasomatism to be sub-coeval (fig.
5). K-metasomatism is known in extensional settings (example, Brooks, 1986; Roddy
and others, 1988). Moreover, replacement adularia hosting oil droplets is known in oil
reservoirs located in coastal basins at passive margins (Walgenwitz and others, 1990).
On the other hand, the black shales associated with the metavolcanics contain
graphitized microfossils that suggest an age close to the Silurian-Devonian boundary
(Peucat and others, 1986). Silurian formations are known to be the main Palaeozoic oil
source worldwide. From this, we may reasonably infer that oil migration into the
metavolcanics should be younger than the Silurian. Recent Rb-Sr and *?Ar-*’Ar
analyses indicate that the age of the HP-LT blueschist metamorphism in the area
(Ile-de-Groix and Bois de Céné, fig. 1A) is ca. 360 to 370 Ma (Bosse and others, 2005),
an age also found in some phengites from the Porphyroid nappe (laser YOAr/PAr
dating, Ruffet, work in progress; Le Hébel, ms, 2002). Thus, oil migration and
K-metasomatism likely occurred during the Lower to Middle Devonian.

The fact that the present-day imbrication of Silurian black shales and Lower
Ordovician volcanics necessarily results from thrust tectonics does not straightfor-
wardly imply that the process of oil migration relates to that context. Three hypotheses
may be invoked for oil migration context from a source-rock towards older rocks.
Downward limited migration might be eventually evoked if upward motion was
inhibited by overlying impermeable layers. However, much more likely is upward or
lateral migration either in extensional or compressional contexts with juxtaposition of
young rocks and older ones by block tilting or thrusting, respectively. Important block
tilting should preferentially mark the early stages of rifting-type extension. In the
Hercynian belt of Brittany, the onset of the major rifting event and associated
block-tilting occurred during Lower Ordovician times (Brun and others, 1991), that is
more than 50 Ma before the deposition of the Silurian potential source rocks. This
latter period is most likely characterized by a context of stable passive margin. Thus,
from the above arguments, we propose that oil migration and K-metasomatism were
related to the onset of syn-convergence compression during the Devonian. This
episode might mark the onset of the major compressional event that brought the
volcanic material into a HP-L'T prograde path. Examples are known in which tectonic
thickening and gas-overpressures inducing hydraulic fracturing may lead to oil or gas
migration (example, Ferket and others, 2003; Parris and others, 2003). The sequence
of events that affected the metavolcanics from the Porphyroid nappe is summarized in
figure 5.
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Fluid confining during the metamorphic history.—As summarized previously, Le Hébel
(ms, 2002), Le Hébel and others (2002a) have developed several structural, mineralog-
ical and geochemical lines of evidence showing that deformations observed within the
Porphyroid nappe accumulated by combined crack-sealing and dissolution-crystalliza-
tion involving quartz and feldspars in a system closed to fluids under low fluid/rock
ratios. From these, they argued that dissolution-crystallization was mainly driven by
diffusion rather than by advection. In addition, the observed distributed and coeval
ductile and brittle deformation mechanisms led these authors to infer that fluid and
lithostatic pressures were probably of comparable magnitudes.

Additional data presented in this paper, in particular fluid inclusion compositions
and carbon isotopes further support - or are consistent with - a system basically closed
to fluids. Indeed, fluid inclusions within the nappe do not show important composi-
tional variations irrespective of the nature of host-quartz and host-rock. They systemati-
cally belonged to the C-H-O-N system and contained H,O, CO, and minor volatile
components such as CH,. The spectacular preservation of graphitic matter in large
portions of the Porphyroid nappe and the rather homogeneous 3'*C-values of that
graphite argue that the rocks buffering capacity of carbon isotopic compositions was
never exceeded during deformation as previously shown for oxygen isotopes (Le
Hébel and others, 2000, 2002a).

Compared to the largely open fluid regime that prevailed during the early history
of the metavolcanics from the Porphyroid nappe, their subsequent tectonic evolution
shows a very different behavior. The occurrence of large and distributed strains
without evidence of strain localization and fluid advection (Le Hébel and others,
2002a) is a very uncommon situation at such low temperatures in feldspar-rich
lithologies. In New Brunswick, for example, rocks with comparable compositions,
initial textures and P-T-t paths, show evidence of strain localization (Van Staal and
others, 2001). These authors attributed the observed heterogeneous deformation
pattern to metasomatic weakening via albite formation during low-temperature,
large-scale opening to externally-derived fluids. In contrast, in our example, strains are
distributed throughout both albite-bearing rocks and K-feldspar-bearing ones. Differ-
ences between deformation modes in the Porphyroid nappe and in the New Brunswick
example (Van Staal and others, 2001) imply that neither the occurrence of albite nor
the HP/LT metamorphic path are key factors controlling the degree of strain
localization. They instead underline the major role of the nature of fluid/rock
interaction that may vary, in principle, from an open fluid system dominated by
advection to a closed system dominated by diffusion. The initial high porosity of our
volcanic protoliths may be the key factor that induced the subsequent distribution
mode. Indeed, beside introducing replacement adularia and oil, early metasomatic
alteration likely produced significant amounts of clay minerals in the protoliths
(hydration of volcanic glass in a porous pyroclastic material). Thus, in contrast to a
granitic protolith where water introduction is a major weakening factor leading to
strain localization, an initially significant and distributed amount of internal water
source may account for the lack of strain localization. In such an interpretation, the
Porphyroid nappe appears as a potential fluid source rather than a sink or a pathway
for external fluids during its tectonic history. The early occurrence of oil and its
maturation might have been additional features that inhibited the input of external
water. Indeed, pyrolysis of organic matter is known to induce transient gas overpres-
sures with hydraulitic fracturing (followed by fracture cementation) during tectonic
burial of sediments (200 — 250°C, 10 km-depth, example, Parris and others, 2003).
Subsequently, high internal fluid pressures might have been maintained in localized
volumes through protracted oil pyrolysis and via reactions such as C (graphite =
pyrolyzed oil) + H,O — CO, + CH,. Diffusion-dominated dissolution-crystallization,
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as well as grain-scale and aggregate-scale cracking mechanisms that characterize the
deformation of our metavolcanics indicate limited fluid migration. Thus, the observed
deformation mode, quite uncommon in LT felsic rocks, is not only related to the
primary occurrence of distributed fluids, but may in turn account for their long-lasting
trapping through small cyclic jumps triggered by continuous cracking and sealing
(Etheridge and others, 1984).

CONCLUDING REMARKS

Low-temperature deformation of quartz-feldspar rocks, like granitoids, is in
general marked by strong strain localization along discrete shear zones. This feature is
often associated with channelled influx of externally-derived water-rich fluids inducing
reaction softening through feldspar-to-mica transformation and through albitization
of K-feldspar and plagioclase. Based on structural, microstructural and geochemical
data, Le Hébel and others (2002a) have documented a deformation mode in the felsic
metavolcanites from the Porphyroid nappe that is very uncommon for felsic rocks at
low-temperature, a deformation mode marked by large distributed strains accommo-
dated by dissolution-crystallization and crack-sealing. This occurred probably because
of distributed high-fluid pressures induced by the permanent and penetrative pres-
ence of an early fluid phase under low fluid/rock ratios. The present study confirms
these conclusions. Moreover, it emphasizes the prominent role played by initial
metasomatism in the development of this original deformation mode. Hydration,
more or less coeval with extensive alkali metasomatism and with oil input, ascribed a
hydrated composition to felsic lithologies that usually are rather devoid of water
(granitoids). The Porphyroid nappe crops out for more than 200 kms from Brittany to
Vendée with similar pervasive strains. The formation of this large ductile body is the
consequence of a primary pervasive wetting of a rock system that “stewed in its own
juice” during the subsequent progressive deformation history. Thus, although the
Porphyroid nappe may, at first sight, appear as an opposite end-member to the
common process of water-induced strain softening and localization, it may be re-
garded, as a whole, as a water-weakened deformation zone at crustal-scale.
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APPENDIX. ANALYTICAL TECHNIQUES

A 1. Stable Isotopes (Géosciences Rennes)

O isotopic compositions were measured on whole rocks and silicate minerals by reacting 5 to 10 mg of
sample with BrF; at 650°C in Ni reaction vessels (Clayton and Mayeda, 1963), converting O, into CO,. Reduced
carbon (graphitic dust) was quantitatively oxidized into CO, with purified CuO in sealed silica glass tubes. All the
isotopic ratios were measured on CO, gas using a VG SIRA 10 instrument. In addition to the use of internal
standards (basaltic MORB glass and granite standard), the reference materials used to calibrate the analytical
procedures are NBS 28 (O silicates), NBS 19 (O, C), USGS 24 (C). The NBS 28 3'%0 values found during the 2
main experimental periods of this study were 9.37 % 0.11 permil (n=15) and 9.10 % 0.06 permil (n=7). O
isotopic measurements on silicates were thus normalized to a NBS 28 value of 9.6 permil. The §'*Gvalue of the
USGS 24 graphite material found during the course of the study (oxidation with CuO technique) was —15.97 =
0.06 permil (n=3) with respect to the NBS 29 carbonate calibration. All the data are expressed as permil versus
SMOW (O) and PDB (C) and, on the basis of duplicate extractions and mass spectrometry measurements, typical
uncertainties are estimated to be on the order of 0.15 permil (O) and 0.05 permil (C).

A 2. Fluid Inclusions (G2R/CREGU, Nancy)
P-T-V-X characterization of fluids was obtained through a multidisciplinary study of fluid inclusions by
techniques that included microthermometry and quantitative in-situ analysis of gases by Raman spectros-
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copy. Microthermometric studies were performed on wafers using a Chaixmeca heating-freezing stage (Poty
and others, 1976). The stage was calibrated with melting-point standards at T>25°C and natural and
synthetic fluid inclusions at T< 0°C. The rate of heating was monitored in order to obtain an accuracy of =
0.2°C during freezing, +£1°C when heating over the range 25 to 400°C. Salinity, expressed as weight percent
NaCl eq., was calculated from microthermometric data using equations from Bodnar (1983).

In volatile-bearing fluid inclusions, CO, was identified by melting of a solid below -56.6°C and/or by
presence of clathrates at low temperatures. The volume fraction of the aqueous liquid and the volume
fraction of the volatile-rich liquid (CO, dominated liquid) in the volatile-rich phase have been estimated at
room temperature by reference to the volumetric chart of Roedder (1984).

Molar fractions of CO,, CH,, H,S and N, were determined in individual fluid inclusions by micro-
Raman analysis performed on Labram (Dilor) Raman spectrometer at G2R laboratory (Nancy) following the
procedure given by Dubessy (1984) and Dubessy and others (1989). Molar fraction of NaCl, molar volume
and bulk compositions were determined by combining results from microthermometry, Raman analysis
results, and using calculation codes (Bakker, 1997). The P-T properties were modeled using the V-X data
and the equation of state of Bowers and Helgeson (1983), reviewed by Bakker (1999).
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