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Abstract 
 
 
 

Subduction zones concentrate most of the flow of volatiles to the mantle. Dehydration reactions of minerals, 
and ascending fluid transfers, control the amounts of volatiles that are actually recycled to the mantle. To 
understand the fluid transfer in the deep parts of the subduction zones, it is necessary to go beyond the 
traditional isotopes (C, O, H) in order to explore other signatures allowing the tracing of fluids. These fluids are 
trapped in fluid inclusions within syn-tectonic veins, which constitutes therefore the best witness of the deep 
metamorphic aquifer.Based on this idea, we performed a preliminary work on quartz veins in the Alps oceanic 
domains (Flysch Helminthoid and Schistes Lustre) to understand how fluid composition varies with 
metamorphic grade. An experimental approach of in-situ UV laser ablation was applied to the quartz grains 
from the two different units in order to optimize the extraction and purification of Ar isotopes traces in the 
occluded fluids. The in-situ technique provides the control on texturally-tied fluid inclusion populations or fluid 
inclusion generations coexisting side by side at the scale of the fluid inclusion distribution. The results marked 
a variation isotopic composition from the different fluid inclusions present in the different textural setting. The 
40Artot/38Arrun vs 40Artot/36Aratm ratio is plotted to be able to have a comprehensive  knowledge of the 
variation in the isotopic ratio. We have inferred that the fluid inclusions having an isotopic ratio which is non-
atmospheric, have an exterior component that may have contributed to the difference in isotopic ratio. 
Differences in isotopic composition testify that temporal variations in fluid entrapment are associated with 
changes in fluid composition hence fluid source. However, the abundance of the 39ArK in all FI's is almost 
negligible indicating very low potassium concentration. This could provide an explanation of the apparent 
age calculated from the 40Ar/39Ar data being unrealistically old ages with no geological significance, because 
the isotopic variations are dominated by the addition of unsupported 40Ar to the fluids. In this study, the 
correlation that has been made with the textural setting of fluid inclusions and their isotopic composition 
should be a great value for better understanding of the fluid circulation regime in the different structural units 
along the subduction plate. 
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1 Introduction 

 
At subduction zone, fluid transfer, tectonic processes and metamorphic reactions are tightly 
interconnected. The subduction of terrestrial material is accompanied by the change in metamorphic 
conditions which results in fluid production through compaction and mineral dehydration as 
sediments are buried and heated (Scambellur; Philippot, 2000).The fluids entering subduction zones 
on the incoming plate can be divided into two sources (a) the pore water in intergranular and fracture 
porosity in the sediments and (b) bound water within the hydrous minerals which is then liberated by 
dehydration reactions. The fluids along the plate interface of subduction zone influence small-scale 
mineral transformation and have also an impact on a large-scale geodynamic process, which in turn 
are necessary for geodynamic interpretations. Fluid inclusions are small tiny paleolfluids that gets 
trapped in minerals which provide indispensable information about geological processes. The 
occurrence of fluid inclusions in the rocks and vein forming minerals provide an evidence of presence of 
fluids along the subduction slab. Further analysis of the fluid inclusions can place constraint on the 
composition and nature of fluids released at variable depths and their reaction transfers (Philipot et 
al.,1993). 
 
In the past 10-15 years, data from seismic imaging and drilling, instrumentation at the seabed and 
boreholes, geodetic and seismological observations have led to improved understanding of fluid flow 
and pore pressure in the subduction zones and their roles in volatile budgets and fault mechanism. 
Different models have been proposed to explain the pathway of fluids in subduction zone. (Peacock, 
1990) propose that at shallow depth (< 40 km) in the subduction zone there is an expulsion and 
discharged of water into the mantle overlying the subducting slab.  Also, (Philippot, 1993) contended 
that most of the water is released at shallower levels 0 –50 km and that only a small fraction of the 
initial water 10% is transferred into the subarc mantle via siliceous fluids or hydrous melts. 
Understanding the global geochemical cycles and element recycling during subduction is essential to understand 
the hydrodynamics of the deep parts of the subduction zones by determining the sources of fluids and the 
efficiency of fluid transfer from metamorphic sources. However, this aspect of the hydrodynamic models, 
which relates to transfers, is relatively poorly understood, mainly because the microscopic scale 
mechanisms that govern the transport of fluid in a solid matrix in plastic deformation are imperfectly 
described. 
 

One possible way to analyze the exchange between a rock volume and the surrounding medium, in 
estimating to what extent a rock retains its original composition, is based on elemental or isotopic 
balances (Bebout et al., 2013). A complementary approach consists in analyzing the isotopic 
compositions of the calcite and quartz veins contained in the subducted sediments, considering that 
these veins were formed in equilibrium with the circulating fluid. However, the study of carbon and 
oxygen isotopes thus show that these fluids may have a contribution from deeper metamorphic fluids 
(Yamaguchi et al., 2012), although in other instances the isotopic compositions are buffered by 
reequilibration with the host rock  (Raimbourg et al. Geosphere 2018). This extensive reequilibration 
with the host rock actually prevents these isotopes to clearly point to a clear origin for the “deep 
metamorphic fluids” and to discriminate the sources of fluids. Therefore, to understand the fluid 
transfer in the deep parts of the subduction zones, it is necessary to go beyond the traditional isotopes 
(C, O, H) in order to explore other signatures allowing the tracing of fluids involved in fluid/ rock 
exchanges characterizing the deep metamorphic aquifer. 



 4 

∼ × 

∼ 

 
 

Based on this idea, a preliminary work on quartz veins in the Alps oceanic domains (Flysch 
Helminthoid and Schistes Lustres) is performed in order to understand how fluid circulation varies 
with metamorphic grade. (Raimbourg et al., 2018) studied the trace element concentrations of quartz 
by cathodoluminescence provided a strong contrast, in terms of hydrodynamics, between the deep part 
(in the plastic field) and the superficial part (in the brittle domain) of the subduction zone (Raimbourg 
et al., 2015).The deep part operates in a relatively closed system, and limits exchanges with the outside, 
and the superficial part is characterized by a cyclic alternation of two types of fluids, one local, the other 
exotic. However, the source of the exotic fluid is still unknown, and therefore in order to clarify its 
origin and the timing of its infiltration, a more precise work using isotopes of Ar is proposed.The 
approach used is via Ar-Ar in-situ UV laser ablation at the Ar-Ar laboratory, Institut des Sciences de la 
Terre d’Orléans.  The application of the experimental techniques on the fluid inclusions helped to reveal the 
different compositional difference in a deformed and metamorphosed low-grade high-pressure terrain.  

(M.A. Kendrick et al., 2007) studied the fluid inclusions in the different quartz veins at the giant Ernest 
Henry iron oxide–copper–gold deposit northwest Queensland. In this study, a combination of thermal 
and mechanical decrepitation methods enables distinction between four types of fluid inclusion. They 
reported that the fluid inclusions have compositions that define two end-members that are variably 
mixed in different samples. The first end-member has a 40Ar/36Ar value of ∼29,000, 40ArE/CL value of 
∼3×10−3

 and mantle-like Br/Cl ∼1-2×10−3
 and I/Cl ∼11×10−6. The second end-member has a much 

lower 40Ar/36Ar of <2500 ,a 40ArE/Cl value of ∼10−6, and lower values of Br/Cl ∼0.4×10−3 and I/Cl of 1-
2×10−6.The data provide insight on the composition of crustal fluids and geochemical characteristics 
which are interpreted to provide insight on recycling at subduction zones and the composition of 
seawater.In 2006, (M.A. Kendrick et al., 2006) also had a Noble gas and Halogen contraints on mineral- 
izing fluids present in quartz and dolimite veins to understand the metamorphic versus surficial origin 
at Mt Isa, Australia. They have investigated the origin of the hydrothermal fluids respon- sible for silica-
dolomite alteration associated with Cu ore in the Mt Isa. They propose that the alterantive origins of 
fluids between the metamorphic fluids and the surface-derived fluids could be distinguished by 40Ar/36Ar 
and 36Ar concentration. They have reported that the metamor- phic fluids have lower 36Ar 
concentrations, and 40Ar/36Ar in the range 10,000-28,000 and high 
40ArE/Cl values of    3.8   10−4.  In contrast, the surface-derived fluids have elevated 40Ar/36Ar 
values and high 36Ar concentrations. 

In this study, the main focus of this work is to have the signature of isotopes from the fluids trapped in 
quartz veins during deformation (fluid inclusions), in two contrasted units of the oceanic  domains  of  
the  Alps  (Helminthoids  Flysch  and  Schistes  Lustrés).  Determining  the  Ar isotopes from the fluid 
inclusions, is applied to give us more information about the origin and nature of the trapped fluids using 
the 40Ar/39Ar in-situ technique. The in-situ technique provides the control on texturally-tied fluid 
inclusion populations or fluid inclusion generations coexisting side by side at the scale of the fluid 
inclusion distribution. 

 
 
2  Geological Background 
 
The tectonic evolution of the Western Alps is related to the closure of the Alpine Tethys, the north–
south trending Valais and Liguro-Piemontese oceans from 100 Ma onward (Agard et al., 2002, Agard et 
al., 2009). The Western Alps resulted from successive subduction, accretion and 
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collision between the European and Apulian/African plates at rates less than 20mm/year from the 
Cretaceous to the Oligocene. Different geological objects corresponding to different stages of 
accretion can be recognized. The Western Alps are characterized by a very complex tectonic system. 
Stacks of continental and oceanic nappes formed during subduction and exhumation of the Jurassic 
Tethyan seafloor and associated European thinned margin below the Apulian plate (Agard et al., 
2002, Angiboust et al., 2009).The general stratigraphy of the Alpine tectonic units consist of 
Mesozoic successions resting on continental basement rocks and on Carboniferous-Permain volcanic 
and sedimentary rocks, which are overlain by middle Eocene-Lower Oligocene Alpine Foreland Basin 
Succesions. All these units are overthrust by Lower Cretaceous-lowerr-Palecene Western Ligurian 
Flysch units (Piana et al., 2009).  

There are many domains in the Western Alps with different types of rocks and sediments representing 
different ages. A zone of internal high-pressure metamorphic rocks to very low grade and non-
metamorphic rocks occurs. The main paleogeographic domains are the Alpine Foreland Basin (For) 
succession, Western Ligurian Flysch (WestLF), Piemontess and pre-piemontese Domain(Pm+PPm), 
Brianconnais domain(IBr,EBr,ILBr) Provencial domain(Pro), Dauphinious domain(Dau) and the 
Argentera Crystalline Massif(ARG). The different metamorphic zones are Demonte-Aisone 
zone(DAZ), Limone-Viozene zone(LiVZ), Refrey zone(REZ) and Gardetta zone(GAZ). However, in 
this study the units studied belong to the Piemontese and Pre-Piemontese Domain (Pm + PPm) 
consisting of  metasediments (Schistes lustrés)  and  the  Western  Ligurian  Flysch  units  belonging  to 
the oceanic domain(Fig. 1). The western part of the Ligurian Alps, the Argentera Massif,includes 
metasedimentary rocks and mylonites derived from high-grade metamorphic rocks( Bogdanoff 
1986). The Dauphinois domain together with Provencal dominain represents the more internal part 
of the European proximal (Mohn et al., 2010) developed above the Argentera Massif. The 
Brianconnais domain is located between the Mesozoic Ligurian-Piemonte basin and the Dauphinois 
and Provencal domains. The Ligurian-Piemonte (study area) lies north of the Brianconnais domain. 
The Western Ligurian Flysch lies north of Argentera Massif. The Brianconnais is stacked between 
the Piemontess and pre-piemontese Domain (Pm+PPm) and Western Ligurian Flysch. 
 

The Piemontese domain can be divided into two main tectono-metamorphic domians. To the west 
external zone of Liguro-Piemontese corresponds to a fossil accretionary wedge, the Schistes Lustrés 
donmain, with lenses of mafics and ultramafics embedded in blueshist-facies, late Meso- zoic 
metasedimentary rocks (Agard et al., 2001, Agard et al., 2002). To the east of this domain, the 
Monviso ophiolite forms the structural base of the Liguro-Piemontese domain which is sep- arated 
from the adjacent Schistes Lustres domain by an extensional shear zone (Ballevre et al., 1990).  The 
Schistes Lustrés complex is composed of Upper Mesozoic pelagic metasedimentary rocks (Agard et al., 
2001) with P-T conditions from 1.2-1.3 GPa – 350◦C to 1.8-2.0 GPa- 500◦C. The Schistes lustres 
complex is a large portion of the Liguian oceanic basement, which is sub- ducted down to blueschist 
and elogite facies conditions during the Alpine orogrnesis (Agard et al., 2000). In the studied area 
the Schistes Lustres are affected by an increase in metamorphic grade from west to east (Chopin and 
Schreyer, 1983). The common mineral assemblage contains quartz and relics of HP minerals 
carpholite or lawsonite formed at peak metamorphic conditions of 350-380◦C and 15 kbars. The SL 
unit represent a westward-dipping schistosity 
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and is also marked by an east-west stretching lineation (Caron, 1977). The first deformation event D1 
took place under HP blueschist facies condition which resulted in isoclinal folds and associated 
sequence repitation (Caron., 1977). Two other distinct deformation event D2 and D3 took place during 
exhumation were regarded as compressive events but were recently interpreted as extentional movements 
(Agard et al., 2000). The evidences at small scale are represented by syn-metamorphic veins. The SL 
metapelites contain HP index mineral carpholite, occurring together with quartz in the veins formed at 
metamorphic conditions of 350-380◦C and 15kbars. 

The Western Ligurian Helminthoides Flysch units also known as Embrunais-Ubaye nappes to the north 
of Argentera Massif (Kerckhove, 1969) are stacks of tectonic units of Lower Cretaceous- lower Paleocen 
deep water sediments detached from the original basement. Flysh Helminthoides (FH) unit constituted of 
∼1000m thick series of calcareous turbidites overlying a level of dark pelites containing sandstone beds 
(Kerckhove et al., 2005). The FH is associated to the Liguro- Piemontese oceanic domain like the Schists 
lustres unit (Kerckhove, 1963). The deformation in the nappe comprise of two phase of folding occurring 
at low-grade conditions of greenschist- facies conditions. The early stage deformation is recorded by 
isoclinal folding orientated NE-SW direction (Merle and Brun.,1981). The deformation develops a 
schistosity as axial planes of folds, and these folds are cut by numerous quartz veins perpendicular to 
bedding. The quartz vein represent early-stage deformation as they are refolded by isoclinal folds. 

In contrast to the Schistes Lustrés, the absence of high-pressure minerals suggest that burial was much 
more limited. Maximum temperature conditions are also lower than in the SL, of the order or below 
300°C (Raimbourg et al., Geosphere 2018), roughly similar to the conditions of the Massif Cristallins 
Externes, the surrounding continental terranes (Bellanger et al., J. Geodynamics 2015).The SL and the 
FH correspond therefore to similar paleogeographic domains, i.e. turbidites overlying an oceanic 
basement, but they were buried to very different depths. While the SL went down to blueschist-facies-
conditions, the FH was buried down to much lower (yet not clearly estimated) depths. These two units 
enable therefore to assess the evolution of the fluid composition along the subduction interface across 
a large depth range. 
 

 
 
3 Analytical Technique 
 
3.1 Sample Selection 

 
The quartz viens that were selected from both units have a contrast in metamorphic temperature, one 
high-T (∼350◦C) unit and the other of low-T(∼250◦C) defined from Raman Spectrum of organic 
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matter (Raimbourg et.al., 2018). The two samples were processed to thin sections for optical 
microscopy for detailed petrographic study. 

 

3.2 Sample Preparation 
 

The quartz minerals from the different units was selected and prepared for the irradiation process at the 
laboratory at ISTO in the form of thin-disk-shaped slices of thickness of 200 µm and radius of 10 mm. 
The thin quartz mineral was prepared in such a way as to allow optical examination with a 
petrographic microscope, followed by isotopic analysis for the experimental approach by In-situ laser 
ablation. The quartz mineral was encapsulated in small aluminium disk of 10 mm size radius along 
with the irradiation standards FC sanidine. The prepared sample were then sent for irradiation at the 
TRIGA Nuclear reactor at Oregon States University,Corvallis, Orgon. The irradiation process was 36 
hours long. 

During the irradiation process, 39Ar in each sample is created by bombarding it with fast neu- trons in 
a nuclear reactor. The 39Ar serves as a proxy for the 40K parent isotope; this works because the 39K:40K 
ratio is constant in Earth. The 39Ar atoms are created when these neu- trons are absorbed by 39K 
atoms and the nuclear reaction: 39K(np)39Ar occurs. To estimate the efficiency of this reaction, the 
samples are irradiated along with standard minerals whose age is known independently (FC sanidine, 
28.02 Ma). Once the samples are returned from the reactor, we can measure the isotopic composition 
of the argon, to obtain the 40Ar/39Ar ratio and solve the age equation to obtain an age. 

 
3.3 Experimental Noble gas extraction technique 

 
The noble gas extraction from the sample can be done by different method such as the step crush- ing, in-
vacuo crushing, stepped heating or laser ablation, and combinations of these techniques can be 
employed to provide information about the distribution of noble gases and halogens in the sample. 
In this study the method for noble gas extraction was by the in-situ 213 nm deep- UV laser ablation 
at technique only.The application of the experimental techniques helped to reveal the compositional 
difference in Ar isotopes from the different fluid inclusions belonging to different textural setting and 
units of deformed and metamorphosed low-grade high-pressure terrain. 

The ablation was applied on quartz mineral to measure the argon isotopes from the fluid in- clusions. 
In most cases, the laser spot size is much larger than individual fluid inclusions, hence ablation 
release the gas contained in a cluster of fluid inclusions.The size and depth of the ablation pits was 
varied in order to obtain sufficient signals for the diffrent Ar isotopes. For this study, a spot size of 
about 100-150 µm was used for the ablation process and ablation pits were excavated to an estimated 
depth of 200-300 µm. Noble gas released from fluid inclusions are purified using Zr-Al getter pumps 
that remove the major volatiles (e.g. H2O, CO2). A typical purification protocol would be to expose the 
extracted sample gas to two hot (250◦C) SAES getters for 6 min; before admission into the mass-
spcetrometer (Helix SFT model, Thermo Fisher). 

A total of 296 spot mesurements were made on quartz minerals from 11 samples. Each measurement 
procedure was in the order (1) Measurement of blank (2)concentration measurement of sample. 
Mean blanks for 40Ar, 39Ar, 38Ar, 37Ar and 36Ar were 1.242 x 10-4, 1.686 x 10-7, 6.440 x 10-8, 1.022 x 
10-6, 5.437 x 10-7 respectively. The blank are mostly very small and negligible for laser ablation. 

 
4 Petrographic Study of Samples 
 

From microscope petrographic study, few samples chosen for in-situ laser ablation have been studied. 
The distribution of fluid inclusion and the association of fluid inclusions with solid inclusions in the 
host crystal is the main focus in order to have the best constraints on the types of fluid inclusions with 
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the different type of textural setting. The distribution of fluid inclusions with their textural setting in 
both the units is reported in (Table.  4.1).  The fluid inclusion can have a very complex parageneses. 
Some fluid inclusions are considered to be primary fluid inclusions trapped during mineral growth 
(Roedder, 1984). Other fluid inclusions have a density that varies with crystal domains, such as 
growth rims: for example some quartz have a fluid-inclusion rich core surrounded by a fluid inclusion 
poor rim. In such a configuration, whatever the nature of the fluid inclusions in the core, they predate 
the rim overgrowth. Finally, some secondary fluid inclusion are trapped along annealed fractures and 
post-date the mineral growth (Roedder, 1984). 

 
4.1 Flysh Helminthoides Samples 

 
Vein structure: The large quartz veins associated from the Flysh Helmenthoids unit formed within 
the sandstone beds, perpendicular to bedding stratification. The sandstone beds, with the veins they 
bear, are affected by syn-subduction isoclinal folding, which suggests that veining is an early stage 
process. 
 
Quartz structure: At thin section scale, quartz grains are coarse to medium size grains (~ 200 µm)  
having high abundance of fluid inclusions. Some samples have recrystallized quartz grains. 
 
Nature of the fluid in fluid inclusions/individual fluid inclusion shape and size: The size 
of the fluid inclusion is generally < 5µm. Most fluid inclusions occur as two phase (liquid + vapour) 
with vapour bubble of varying size which account of about 30- 40% of the total volume (Fig4.1a). In 
addition, smaller inclusion are observed, with only one phase and no vapour bubble. Some samples 
have irregular decrepitated fluid inclusions of sizes < 10 µm. 
 
Distribution of the fluid inclusions: The distribution and the abundance of fluid inclusion in one 
single quartz grain is very complex. One possible distribution of the fluid inclusions in the sample is 
as cluster of tiny fluid inclusions whose abundance is correlated with the growth rims of the crystal. 
For example, in Fig. 4.1.B, the abundance of fluid inclusions decreases sharply from the core of the 
quartz grain to its rim. Some decrepitated fluid inclusions are also randomly distributed within the 
quartz grains (Fig 4.1 e)Fluid inclusions occur also as trails along the micro cracks and grain 
boundaries (i.e. secondary fluid inclusions (Fig4.1 c and 4.1 d)).The common trails observed are 
intragranular (fluid inclusions confined to a particular mineral grain) and intergranular (trial of fluid 
inclusions crossing the grain boundary). Some irregular, lengthy and sometimes stretched fluid 
inclusions are randomly distributed (Fig. 4.1f). The fluid inclusions in Flysch Helminthoides are 
comparatively smaller in size than the fluid inclusions present in the Schist lustre samples. 
 

4.2 Schistes lustres Samples 
 
The Schistes  lustres complex is a portion of the Ligurian oceanic basement. It was buried down to HP-LT 
metamorphic condition grade from blueschist facies conditions to eclogite conditions. 
The samples studied come from the transect near Sestrieres, Italy (Agard et al., 2001) and some quartz 
veins contain carpholite, which constrain the peak P-T conditions around 350-380oC and -15Kbar 
(Agard et al., 2000).   
 
Vein structure and composition: The quartz veins present in the SL occur as large size (up to a 
few dm) lenses embedded in the foliation. The veins are composed of association of quartz and 
lawsonite, or quartz and carpholite. Lawsonite is particularly abundant in most of the samples, where 
it forms elongated light honey-coloured fibrous crystal of a large size. In most cases it was retrogressed 
during exhumation to an assemblage of calcite + phengite (Fig4.2 a). Calcite is also abundant in most 
of these samples having perfect cleavage with very high relief and colourless in plane polarised light. 
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Most calcite is from as result of retrograde reactions (Fig. 4.2 f). Carpholite is present as elongated 
fibers intimately intergrown with quartz (Fig4.2 c). At the thin section scale, fresh carpholite needles 
very long and thin (~ 30 µm) are distributed in quartz matrix and are associated with fluid inclusions. 
Thus, the close association of solid inclusions of carpholite needles and primary fluid inclusions is an 
evidence of the formation of these fluid inclusions at peak conditions.  

 
Quartz structure: At thin section scale, the quartz grains vary from coarse to medium size (> 200 
µm). They are elongated parallel to the direction of the foliation (Fig. 4.2 c). Based on the microscopic 
observations two types of quartz have been identified. Some samples have large quartz mineral with 
lower abundances of fluid inclusions with many cracks (Fig. 4.2 d), and the second type is identified to 
be highly recrystallized quartz grains (Fig. 4.2 e) and are highly deformed and some grains have been 
preserved from recrystallization. Few samples have tiny cracks fluid inclusions alignment sub-grain 
boundary and located in domain of large quartz grains.  

Fluid inclusion distribution: The distribution of fluid inclusions within a single grain is very 
complex. There are different categories of fluid inclusions observed in the quartz grains of these 
samples. 

Isolated fluid inclusions: Most of the fluid inclusion occur as isolated inclusions in deformed quartz 
grains containing fresh carpholite needles (Fig. 4.3a).  They are generally of all sizes and scattered in a 
random array, of rounded to irregular shape. They occur mostly in two phase (liquid+vapour) and the 
smaller size fluid inclusion are mostly aqueous (Fig. 4.3 b).  In many instances, these isolated fluid 
inclusions are decrepitated: they appear as a cluster with many very small satellite fluid inclusions 
around central, much larger ones with tortuous shapes (Fig. 4.3 c). Decrepitation of fluid inclusion 
takes place when there is a buildup of a significant differential pressure, i.e. contrast between the 
pressure of the fluid pressure and the host min- eral. Some fluid inclusions are homogenously 
distributed within a single grain (Fig. 4.3 c) and some decrepitated fluid inclusions occur within clear 
zone in a single grain (Fig. 4.3 d). Inlcusions along grain boundaries: These types of fluid 
inclusion occurs as cluster and are located along boundary of sub-grain domain of large quartz grains. 
They are of irregular to rounded shape and most of them occur as single-phase (liquid) (Fig. 4.3e).  
They have very small sizes < 5um. Fluid inclusions along cracks: Some fluid inclusion occurs as 
trials along the grain boundaries. They are generally small-sized, and numerous in number and are 
lengthy and stretched fluid inclusions (Fig. 4.3 f). Most of them occur as single-phase inclusions and 
a few two-phase inclusions were also observed. 

 

 



Fig. 4.1:Petrographic study of the fluid inclusions in the Flysh Helminthoides samples (a) The
distribution of fluid inclusions in quartz grains that occur mostly as two phases (liquid + vapour) with
bubble size of varying size which account for about 30-40% of the total volume.(b) Course quartz grains at
5X magnification showing the distribution of fluid inclusions within a single grain. The abundance of fluid
inclusions occur in a random manner and is more concentrated at the core of the grain compared to the rim
of the quartz mineral. (c) and (d) This is another type of fluid inclusion that occur as trail interpreted as
secondary fluid inclusions that occur along the micro cracks and grain boundaries. The terminology
observed is intragranular(fluid inclusions confined to a particular mineral grain)and also intergranular(trail
of fluid inclusions crossing the grain boundary).( e) Decrepitated fluid inclusions randomly distributed
within the quartz grains. (f) High abundance of tiny fluid inclusions within a single quartz grain.
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Fig. 4.2: Petrographic study of the different paragenesis in the schist lustres samples (a) Elongated
lawsonite fibrous crystal appear to be very coarse and may have been retrograde from high pressure
conditions to lower pressure conditions and was replaced by calcite and phengite. (b) Carpholite a high
pressure mineral index associated with quartz grains formed at peak metamorphism. The carpholite needles
found in quartz grains are associated with fluid inclusions. (c) Quartz grains vary in size from coarse grains
to medium size grains. They run along the direction of the foliation. (e) Recrystalized quartz mineral (d)
Large quartz grains (f)Coarse calcite grain showing perfect cleavage with phengite minerals.
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Fig. 4.3: Petrographic study of the different types of fluid inclusions in the Schistes Lustrés samples
(a) Fluid inclusions occur as isolated inclusions in deformed quartz grains associated with carpholite
needles (b) Two phase(liquid+vapour) inclusions with rounded to irregular shape and scattered in a random
manner within the quartz grains.(c) High abundance of decrepitated fluid inclusions homogenously
distributed within a single grain.(d) Big decrepitated fluid inclusions in large quartz grains (e) The fluid
inclusions occurring along the grain boundary of sub-grains of quartz.(f)Trails of fluid inclusions observed
in quartz grains.
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5. Results  

The UV laser ablation was applied to the transparent quartz mineral from both the units. The 
compositional characteristics of the different fluid inclusions present in the quartz grains from 
the different units i.e, Flysh Helminthoides and the Schist Lustres are reported in Table. (5.1), 
(5.2) and (5.3). Based on the abundance of gas released it is likely that it was achieved on 
groups of fluid inclusions, rather than individual fluid inclusions in the majority of cases, 
depending on the texture and the areal density of the fluid inclusion relative to the spot size, 
i.e. the effective spacial resolution. Some cases the gas released was quantified on individual 
fluid inclusions present in the different units and textural settings.  

5.1 Flysh Helminthoides Samples  

Sample FH4, FH13, FH114 and FH2 were analyzed. All the samples have large quartz veins 
and are highly fractured with high abundance of fluid inclusion within a single grain. In the 
sample FH4, 24 points were chosen for analysis. There are three types of fluid inclusions 
characterize as decrepitated fluid inclusion, tiny rounded fluid inclusions and some occurring 
as trails of fluid inclusions. The gas released from the irregular fluid inclusions and 
decrepitated fluid inclusions show higher 39ArK compared to the fluid inclusions occurring 
as trials with lower 39ArK (Fig. 5.1a).  The 40Artot varies from different point analysis in the 
sample that ranges from 1×10−4   to 7×10−4(Table. 5.1). 

In the sample FH13, 25 points were chosen for the laser ablation. The tiny fluid inclusions 
occurring randomly within a single grain were the main target for analysis. There is a huge 
compositional difference among the points that are being analyzed. The single-phase fluid 
inclusion shows a high 39ArK abundances compared to the irregular two-phase fluid 
inclusions. The fluid inclusions occurring together show high 40Artot in the order of 3×10−4 to 
4×10−4 (Table.  5.1).  The 40Artot ranges from 5×10−5 to 4.5×10−4, 36Ar from 0 to 1.4×10−6 (Fig.  
5.1 c and Fig. 5.1 e). In the sample FH114, 24 points were analyzed. The sample have large 
quartz veins with high abundance of fluid inclusions within a single grain and some quartz 
grains are recrystallized. The two types of inclusions occur as tiny two-phase fluid inclusions 
and irregularly shaped decrepitated fluid inclusions. Some irregular fluid inclusions occur 
along the sub-grain boundaries and also some occuring together with the tiny two-phase fluid 
inclusions. The gas released from the fluid inclusions present in this sample have higher 
isotopic values compared to the other FH samples. The irregularly shaped decrepitated fluid 
inclusions show lower abundance of 40Artot and 36Ar compared to the two-phase fluid 
inclusions. The 40Artot in this sample ranges from 1×10−3 to 4.5×10−3, 36Ar from 0 to 
1.8×10−5 (Fig. 5.1 d and Fig 5.1 f). 

In sample FH2, 25 points were analyzed. The quartz grains in this sample are large with high 
abundance of fluid inclusions and a few quartz grains are recrystallized. The fluid inclusions 
present in this sample can be characterized as two types the tiny two-phase fluid inclusion 
and the irregular shaped decrepitated fluid inclusions. The gas released from the fluid 
inclusions in this sample also have high isotopic values similar to sample FH114. The first few 
points were analyzed on decrepitated fluid inclusions show a higher 39ArK compared to the tiny 
two-phase fluid inclusions (Fig5.1 b). In this sample, it is also observed that the irregular 
shaped decrepitated fluid inclusions have higher 40Ar and 36Ar compared to the two-phase 
fluid inclusions. The 40Artot ranges from 1×10−4 to 1.7×10−3, 36Ar from 0 to 5.5×10−6. The fluid 
inclusions in the sample FH4 and FH13 have lower isotopes traces compared to the fluid 
inclusions in the sample FH114 and FH2. The ratio 40Artot/38Arun vs 40Artot/36Aratm was plotted 
and this plot shows a variation of the Ar isotopes ratio for the different points and types of 
fluid inclusions in different positions. 
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Fig 5.1: Isotopic results from the occluded fluid inclusions in the Flysch à
Helminthoides:
(a) Irregular fluid inclusions and decrepitated fluid inclusions show higher 39ArK compared
to the fluid inclusions occurring as trails with lower 39ArK in sample FH4 (b) The first few
points were analyzed on decrepitated fluid inclusions and show a higher 39ArK compared to
the tiny two-phase fluid inclusions in sample FH2.(c). 36Ar from 0 to 1.4x10-6 from the
sample FH13.(d) 36Ar from 0 to 1.8x10-5 from the sample FH114.(e). 40Artot ranges from
5x10-5 to 4.5x10-4 from the sample FH13 (f). 40Artot ranges from 1x10-3 to 4.5x10-3 from
the sample FH114 (y axis- abundance of isotope, x-axis – Point analysis)

C

A

LOWER ISOTOPIC VALUES SAMPLES  

C

B

E

D

F

HIGH ISOTOPIC VALUES SAMPLES  

15



 16 

5.2 Schistes lustres 
 
Sample SL-15-14, SL-15-3B, SL-15-1, SL-15-16, SL-15-2, SL-15-4 and SL-15-13 were chosen for Ar-Ar 
analysis. The samples are characterized based on the type of quartz grains. One type comprises of 
quartz mineral that are highly recrystallized quartz with comparatively less cracks and high 
abundance of fluid inclusion and another type is characterized by large quartz grains with lower 
abundance of fluid inclusions. In the sample SL-15-14, 55 points were chosen for analysis. The quartz 
grains include high abundances of fluid inclusions mainly characterize  as decrepitated fluid 
inclusions, some of which are associated with solid mineral inclusions of carpholite, and two-phase 
fluid inclusions. The size of the decrepitated fluid inclusions in the range of 5µm to 10µm and in 
some cases the fluid inclusions are of bigger size. The gas released from the decrepitated fluid 
inclusions by in-situ laser ablation from this sample are comparatively higher compared to the other 
samples. There is a compositional variation from one point to another. The decrepitated fluid 
inclusion show a relatively high abundance of 40Artot and 40Ar∗ compared to the other types of fluid 
inclusions. (Fig. 5.2 e). The 40Artot range from 1×10−3 to 9×10−3, 36Ar from 1×10−5 to 5×10−5 (Table. 
5.2). 

In the sample SL-15-3B, 25 points in the sample were chosen for analysis. This sample contain highly 
recrystallized quartz grains and some big quartz grains are preserved. The distribution of fluid 
inclusions is homogenous within a single grain. The fluid inclusions are characterized as two- phase fluid 
inclusions, decrepitated fluid inclusion with varying sizes, and some secondary fluid inclusions are 
distributed along the micro-cracks with irregular shapes. The gas released from the secondary fluid 
inclusions along the micro-cracks is characterized by high 39ArK in the range from 4.5×10−7 to 
5.0×10−7. The decrepitated fluid inclusions present together with the tiny two- phase fluid inclusions 
have 39ArK in the range from 1×10−7 to 2×10−7 which are comparatively lower than the fluid inclusions 
distributed along the micro-cracks (Fig 5.2 a). The fluid inclusion present at different textural 
positions have different abundance of gas with a variation in 40Artot from one point to another (Table. 
5.2) In the sample SL-15-1, 33 points were being analyzed. The quartz grains are large in size with 
high abundance of fluid inclusions of varying sizes approximately < 5 µm. The sample contains big 
carpholite needles which are associated with the fluid inclusions. The types of fluid inclusions are 
characterized as decrepitated fluid inclusions with varying size, two-phase fluid inclusion, small 
elongate and irregular shaped fluid inclusions. The decrepitated fluid inclusions associated with the 
carpholites minerals have high 40Artot. The gas released from a group of irregular shape fluid 
inclusions also have high abundance of 40Artot.The small tiny fluid inclusions are characterized by 
high 39ArK compared to the other fluid inclusions in the range of 1×10−7 to 2×10−7. The 40Artot ranges 
from 5×10−4 to 4×10−3, 36Ar from 2×10−6 to 1.4×10−5. 

In the sample SL-15-16, 19 points were analyzed. Quartz grains in this sample are recrystallized to 
some extent and the larger quartz grains have undergone internal strain and some sub-grains are 
present within the larger quartz. There is a compositional variation from one point analyzed to 
another. Some smaller decrepitated fluid inclusions occurring together have higher 40Artot compared 
to the bigger decrepitated fluid inclusions present individually. The 39ArK is in the range of 1×10−8 to 
1.5×10−7, 40Artot ranges from 1×10−3 to 5×10−3, 36Ar from 2×10−6 to 1.7×10−5 (Fig. 5.2 c).  In the 
sample SL-15-2, 25 points are chosen for analysis with respect to the distribution of fluid inclusions. 
Quartz grains are large in size with lower abundance of fluid inclusions. In this sample, the 
decrepitated fluid inclusions are most common with varying sizes and some fluid inclusions occurring 
as trails and along the cracks. The bigger decrepitated fluid inclusions are present in very clear quartz 
grains. The smaller decrepitated fluid inclusions occurring together have higher 39ArK isotopic values 
compared to the bigger fluid inclusions (Fig. 5.2 b). The 40Artot ranges from 0 to 2.5×10−3, 39ArK from 
0 to 2.1×10−7. 
In the sample SL-15-4, 22 points were chosen for analysis. The quartz grains in this sample are large 
and have lower abundance of fluid inclusions within a single grain. The fluid inclusions can be 
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characterized as decrepitated fluid inclusion, rounded and irregular shape fluid inclusions which are 
randomly distributed and tiny fluid inclusion align along the grain boundaries. In this sample several 
bigger size decrepitated fluid inclusions were targeted individually. Similarly, there is a compositional 
difference of fluid inclusions occurring at different textural setting. The fluid inclusion that aligns 
along the grain boundary have lower 39ArK in the range of 1×10−8 to 5×10−8 compared to the tiny 
decrepitated fluid inclusions having signals of 39ArK in the range 5×10−8 to 1.5×10−9. The 40Artot range 
from 1×10−4 to 2×10−3, 36Ar range from 1×10−6 to 8×10−6 and 40Ar∗ from 1×10−4 to 2×10−4. In the 
sample SL-15-13, only 19 points were chosen for analysis. The quartz mineral in this sample are large 
and have lower abundance of fluid inclusion within a single grain. The size of the decrepitated fluid 
inclusion is approximately around 10-15µm and distributed randomly within the grains. The gas 
released from these fluid inclusions have lower abundance of 39Ar and 40Ar compared to the other 
samples. Similarly, there is a variation in the composition of isotopes from one fluid inclusion to the 
other. The larger size decrepitated fluid inclusion has more 39ArK and 36Ar compared to the smaller 
size fluid inclusions.  The 40Artot range from 1×10−4 to 9×10−4(Fig.  5.2 f), 36Ar range from 1×10−7 to 
2.5×10−6 (Fig 5.2 d) and 40Ar∗ from 1×10−5 to 1.5×10−5. 

The gas released marked the isotopic variation among the fluid inclusions present at different 
textural setting. The fluid inclusions in the sample SL-14,3B,1 and 16 have higher isotopes content 
compared to the fluid inclusions in the sample SL-15-2, SL-15-4 and SL-15-13. Similarly, the fluid 
inclusions in the sample FH4 and FH13 have lower isotopes traces compared to the fluid inclusions in 
the sample FH114 and FH2.This can be explained based on the types of quartz mineral present in a 
sample. The fluid inclusions present in the highly recrystallized quartz grains have higher isotopic 
content compared to the fluid inclusions present in the bigger size quartz grains. The ratio 
40Artot/38Arun vs 40Artot/36Aratm was plotted for all  the  samples  and this plot shows a variation of the 
Ar isotopes ratio for the different points and types of fluid inclusions in different positions (Fig. 6.1). 
The gas released during the laser ablation could be a mixture of from different reservoirs, e.g., primary 
fluid inclusions and secondary fluid inclusions. 
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6  Discussion 
 
In this study, we have made a detailed petrographic microscopic study in order to understand the 
different types of fluid inclusions present at different textural setting within the different units. 
The present study was focused on the two units in the Western Alps, the Schistes Lustre and the 
Flysch Helminthoides. The fluid inclusions present in the Flysch Helminthoides are smaller in size 
compared to the fluid inclusions present in the Schistes Lustrés.  The main objective is to have an 
isotopic analysis on the fluid inclusions from the two different units buried at different 
metamorphic conditions by using the in-situ laser ablation technique in order to test (1) whether 
they are compositionally different, (2) the length scale or textural control on potential isotopic 
heterogeneities or Ar reservoirs, and (3) the implications for the fluid circulation along the 
subduction zone.  

From the petrographic observations, based on the quartz texture, the samples are divided 
into two types. The first (type-1) is characterized by big quartz grains with lower abundances of 
fluid inclusions, the second (type-2) quartz grains are recrystallized to some extent in the 
Schistes Lustre samples with higher abundance of fluid inclusions and finer quartz grains in the 
Flysh Helmenthoides samples. (Fig. 6.1) show both (type-1) and (type-2) quartz grains from 
both the units.  

Correlation of petrographic observations and Ar/Ar isotope data: The in situ Ar/Ar 
data reveal that the gas released from the fluid inclusions present in the highly recrystallized and 
the finer type-2 quartz have higher isotopic values (40Artot of 4.706x10-2: and 36Aratm 2.077 x 10-
4) compared to the fluid inclusions present in the type-1 bigger size quartz grains having (40Artot 
of 1.116 x10-2 and 36Aratm 3.171 x 10-5 ) which is summarized in (Table. 6.1). The fluids trapped 
during recrystallization of the quartz mineral may have another component that is contributing to 
the isotopic variations. Noteworthy, small-scale isotopic variations also occur between the 
different point analysis within a single sample separated by few mm in distance. The differences 
in isotopic composition testify that temporal variations in fluid entrapment are associated with 
changes in fluid composition hence fluid source. 
 
Observations with respect to the types of fluid inclusions and Ar/Ar data revealed that in the 
sample FH4 (Fig.6.2) there is no coherent isotopic trend, nor any apparent connection 
with a specific FI type or generation contributing to a particular isotopic 
component. However, most of the gas released are from groups of FI which includes both 
decrepitated fluid inclusions and tiny fluid inclusions. These groups of FI can be divided into two 
zones. The Zone-I, at the frontier part of the sample consist of decrepitated fluid inclusions, 
rounded FI and several tiny FI having lower 40Artot values. The Zone-II, concentrated at the 
centre of the sample, consist of trails of fluid inclusions and tiny fluid inclusions having higher 
40Artot values. Similarly, the same observation has been made in Sample SL-15-2. There are a 
group of points analyzed from a particular zone which are separated by few millimeters in 
distance that contribute to a similar isotopic value (Fig. 6.2). Zone-I consist of few decrepitated 
FI marked higher 40Artot. Zone-II, consist of bigger decrepitated fluid inclusions occurring 
together with small FI have lower 40Artot values. 
 
 
 
Correlation of three-isotope plot and FI type: A three-isotope correlation plot 
40Artot/38Arrun vs 40Artot/36Aratm from all the points analyzed from the Schistes Lustres samples 
(Fig. 6.3.a) and Flysch Helminthoides (Fig. 6.3b) have been plotted. Firstly, there is a 
difference between the isotopic abundance between the two units. The Schistes Lustres samples 
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have a higher isotopic abundance scattered in a large 40Artot/38Arrun range from 0 to 2.5E+04. 
The Flysch Helmenthoides sample plots at a lower 40Artot/38Arrun range from 0 to 5.0E+03 
compared to the Schistes Lustre. Secondly, the different samples (marked in different colours) 
from both the units show different isotopic abundance. Some samples have indistinguishable 
isotopic ratios plotting close to the atmospheric isotopic ratio (red point). 
 
However, to be able to have a correlation of the three isotopes with respect to the FI 
population, a 40Artot/38Arrun vs 40Artot/36Aratm plot of the FI population data for each 
sample have been plotted. There is a significant variation in Ar isotopes ratio from the 
different points that are analyzed and the types of fluid inclusions present in different textural 
positions. 
 
Sample SL-15-14 (Fig. 6.4a), displays a trend in isotopic ratios moving along a positive slope 
away from the atmospheric ratio (red point). The theoretical trend plotted, provides an 
indication of addition of excess 40Ar concentration derived from the basement rocks during 
water-rock interaction. Most points plot along this trend. The isotopic ratio that are isolated 
from this trend point to a third (and maybe more) component also contributing to the variations 
in isotopic ratio, the source of which is currently unknown. There also exist a huge variation 
in the isotopic ratio in connection with the type of fluid inclusion analyzed. The decrepitated 
fluid inclusions associated with the solid inclusions of carpholite are characterized by distinctly 
higher isotopic ratio (marked in different colours) than the other types of fluid inclusions, notably 
the decrepitated fluid inclusions occurring together with the two-phase fluid inclusions showing an 
isotopic ratio in the range of 6×10+2 to 8×10+2. Some decrepitated fluid inclusions show very 
similar isotopic values around range 4×10+2 to 6×10+2. These ratios are nearer to the 
atmospheric isotopic ratio. Sample F114(Fig. 6.4b) shows a more clustered plot nearer to the 
atmospheric ratio. The theoretical trend in isotopic ratios lies along a positive slope away from 
the atmospheric ratio providing the indication of addition of 40Ar from the basement rocks. The 
decrepitated fluid inclusions in this sample are characterized by higher isotopic ratio compared 
to the smaller size two-phase fluid inclusions. We infer that the decrepitated fluid inclusions have 
a non-atmospheric component contributing to the isotopic variations with the smaller size fluid 
inclusions contributing to a ratio closer to the atmospheric values. 
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Fig. 6.1: Petrograhphic micorscopic pictures of the different Units Schistes Lustre and Flysh
Helminthoides with both types-1 quartz grains and type-2 quartz grains.
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Fig 6.2: Sample picture with different point analysis and micorscopic pictures of the different types
of FI’s representing the zone having similar isotopic variation. The 40Artot plot showing variation in
isoptic values from one point analysis to another.
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SCHISTES LUSTRE

FLYSCH HELMINTHOIDES

Fig. 6.3 40Artot/38Arrun vs 40Artot/36Aratm three-isotope ratio plot showing variations in the Ar isotopic
signature for the different ablated FI in the Flysch Helminthoides and Schistes Lustrés units:
(a). Three-isotope ratio plot showing variations of all the Schistes Lustre samples. (b). Three-isotope ratio
plot showing variations of all the Flysch Helminthoides samples. The different colours correspond to
different samples from both units .
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SCHISTES LUSTRE

FLYSCH HELMINTHOIDES

Tiny FI  

Different types of FI 
Decrepitated FI with car 

Decrepitated & tiny rounded

Decrepitated FI 

Atmospheric Ratio  

Different types of FI 

Irregular shaped FI 

Atmospheric Ratio  

Tiny rounded FI  

Fig. 6.4: 40Artot/38Arrun vs 40Artot/36Aratm three-isotope ratio plot showing variations in the Ar isotopic signature for the
different ablated FI in the Flysch Helminthoides and Schistes Lustrés units:
(a). Sample SL-15-14. Note huge variations recorded among the different FI's of each sample, the different point analyses
scattering along an array trending away from the atmospheric ratio (red dot). (b). Sample SL-FH114 shows a more clustered
plot nearer to the atmospheric ratio. The data show that the samples have a non-atmospheric component contributing to the
isotopic variation and that these isotopic variations are spatially tied to small-scale textural variations at the scale of the single
FI's (i.e., < 100 µm)
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7  Conclusion 
 
This is the first study for texturally controlled in-situ UV laser ablation on fluid inclusions on 
the oceanic domains from the Western Alps in the two different units i.e. Schistes Lustre and 
Flysch Helminthoides. This study has tried to correlate Ar/Ar isotopic composition with 
typology of the different FI generations trapped in quartz minerals as a way to study the fluid 
fate during subduction and metamorphism. Some samples have (type-1) big quartz grains with 
lower abundances of fluid inclusions and some samples have (type-2) quartz grains that are 
recrystallized to an extent. It has been observed that the gas released from the fluid inclusions 
present in the highly recrystallized quartz grains have higher isotopic values (40Artot of 
4.706x10-2: and 36Aratm 2.077 x 10-4) compared to the fluid inclusions present in the bigger 
size quartz grains (40Artot of 1.116 x10-2 and 36Aratm 3.171 x 10-5). 

The isotopic results show small-scale variation in isotopic values among the different types of 
fluid inclusions present in the samples. The 40Artot/38Arrun vs 40Artot/36Aratm three-isotope 
correlation plot has been used to discriminate potential relationships between Ar reservoirs 
and hence different sources of the trapped fluids. We showed that the fluid inclusions having 
an isotopic ratio which lies on the theoretical trend plotted is a result of addition of 40Ar from 
the crustal rocks. The isotopic ratio that are isolated from this trend point to a third (and 
maybe more) component also contributing to the variations in isotopic ratio, the source of 
which is currently unknown. 

However, the abundance of the 39ArK in all FI's is almost negligible indicating very low 
potassium concentration. This could provide an explanation of the apparent age calculated 
from the 40Ar/39Ar data being unrealistically old ages with no geological significance, because 
the isotopic variations are dominated by the addition of unsupported 40Ar to the fluids, 
possibly coming from the degassing of a crustal component during the prograde Alpine cycle. 
We infer that the variation in the isotopic ratio obtained from the different types of fluid 
inclusions might reflect a difference in fluid source. The small-scale isotopic variation in fluid 
inclusions within the grains is clear that the fluid inclusions entrapment timing is different. 
In this study, the correlation that has been made with the textural setting of fluid inclusions 
and their isotopic composition should be a great value for better understanding of the fluid 
circulation regime in the different structural units along the subduction plate. 
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