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ABSTRACT

Three groups of thermal springs with temperatures close to 70 °C discharge
both in the core (at Bagni di Vinadio and Terme di Valdieri) and on the ex-
ternal margin (at Berthemont-Les-Bains) of the Argentera Massif. Detailed
structural field analysis carried out on the hydrothermal sites allows us to
delineate both a model of Alpine tectonic evolution of the Argentera Mas-
sif and the patterns of hydrothermal circulation that were active during its
final exhumation. The observed fault rock assemblages provide information
relative to deformation that occurred in viscous, frictional-to-viscous and fric-
tional crustal regimes. During the Early Miocene, the Bersezio Fault Zone
and the Fremamorta Shear Zone, two main mylonitic shear zones, mainly
accommodated regional transpression and provided pathways for fluid flow
promoting mineral reactions in greenschist facies. During the Late Miocene—
Early Pliocene, frictional-to-viscous deformation affected the massif, which
underwent predominant transpression in the internal sectors and extension
on the external margin. During the Plio-Pleistocene, deformation in frictional

condition accompanied the final exhumation of the massif in a transpressive
regime and resulted in the development of the NW-SE striking cataclastic
zones. The hydraulic properties of these structures mainly influence the pat-
terns of the active thermal circulations and the localization of the recharge
and discharge zones. At Berthemont these faults represent conduits, whereas
at Vinadio and Valdieri they form complex systems of conduits and barriers. In
these two latter sites, the cataclastic faults compose flower structures that con-
strain laterally the thermal fluid flows while intensely fractured granites sited
at depth constitute a highly-transmissive geothermal reservoir. Less perme-
able migmatitic gneisses overlaying the granites prevent a massive infiltration
of the cold fluids at depth. This context favours within the high-permeability
fractures granites the development of buoyancy-driven flows which combined
with topographically-driven flows, provided the conditions for the upflow of
the high-temperature waters.

1. Introduction

The Central and Western Alps display widespread evidence
of past and present thermal circulations, whose activity is con-
trolled by permeable fault systems. Notably, the past activity is
testified by the occurrence of ore deposits, while the present
activity is mainly represented by low-enthalpy thermal springs
and water inflows in deep tunnels, with flow rates of 0.1-50 kg/s
and temperatures of 20-70 °C (Vuataz 1982; Rybach 1995).The
origin of the present-day thermal systems of the Alps relies on
deep (>1 km) groundwater circulations in areas of normal or
slightly higher than normal geothermal gradient, rather than on
cooling of igneous bodies as in other classical geothermal sites,
e.g. Larderello, Italy (Dallmeyer & Liotta 1998); Cerro Prieto,
Mexico (Quintanilla & Suarez 1996); Long Valley Caldera, USA
(Sanders et al. 1995) and Taupo Volcanic Zone, New Zealand
(Rowland & Sibson 2004). In spite of the abundant information
on the chemical and isotopic composition of the thermal waters

(Martinotti et al. 1999; Pastorelli et al. 1999; Marini et al. 2000;
Pastorelli et al. 2001), only a few studies focussed on the litho-
logical and tectonic constraints controlling their localization in
the structural Alpine framework. As an example, Perello (1997)
pointed out that the geographical distribution of some ther-
mal outflows suggests a likely control by important late-Alpine
(Neogene) brittle shear zones. Many thermal water discharges
(ca. ten groups) are located close to the Penninic Front, being a
ductile deformation zone, reactivated by brittle shearing during
the late Neogene (Laubscher 1991; Hubbard & Mancktelow
1992; Seward & Mancktelow 1994; Perello et al. 2001).

The Argentera Massif (AM) is one of the zones of the West-
ern Alps with the highest concentration of thermal activity re-
lated to the occurrence of fault systems. The AM represents a
pre-Triassic crystalline slice of thickened crust cropping out at
the footwall of the Penninic Thrust (Fig. 1). In pre-Alpine and
Alpine times, the massif underwent ductile to brittle deforma-
tional histories that culminated with the final exhumation of
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the massif that occurred during the Pliocene (Bogdanoff et al.
2000; Bigot-Cormier et al. 2000). Within the AM, three main
groups of thermal springs that have been known since the Ro-
man period discharge at the margins of regional NW-trending
strike-slip fault zones. The spring sites are known as Bagni di
Vinadio (1), Terme di Valdieri (I) and Berthemont-Les-Bains
(F). The Bagni di Vinadio and Terme di Valdieri discharges
are located in the AM core, about 17 km apart (Perello et al.
2001), while the Berthemont-Les-Bains springs are located in
the south-western part of the massif, close to the contact with
the Dauphiné-Helvetic covers (Romain 1985; Fig. 2). The maxi-
mum outlet temperatures are close to 70 °C (Vinadio and Val-
dieri) and to 30 °C (Berthemont). The waters have a pH of 8-9
and the total dissolved salts attain 2000 mg/1 at Vinadio, 250 mg/
1 at Valdieri and 260 mg/l at Berthemont. All the waters share a
meteoric origin (Fancelli & Nuti 1978; Michard et al. 1989) and,
according to geothermometric determinations, the Vinadio and
Valdieri waters attain reservoir temperatures close to 150 °C
(Perello et al. 2001). All these groups of springs discharge on
valley bottoms at the borders of NW-trending shear zones. Rock
alteration phenomena and ore deposits occur along the faults
located in proximity to the thermal outlets, indicating that these
structures also acted in the past as conduits for thermal flows
(Colomba 1904; Cevales 1961; Perello et al. 2001).

Although it is apparent that the faults involved in shearing
during the last deformational phases of the AM also drive the
final up-well of the thermal fluids to the surface, it still re-
mains an open question where these fluids infiltrate and circu-
late, and which mechanisms account for the thermal outflow.
Moreover, present-day tectonic and kinematic interpretations
are sometimes contradictory and need to be integrated into a
single multi-stage tectonic model. In fact, although there is a
general agreement that from the Miocene onward the exter-
nal crystalline massifs underwent outward thrusting driving
their erosional denudation (Mugnier et al. 1990), contrasting
deformational styles are documented in different parts of the
AM. As an example, it has been proposed that during the Plio-
cene the central part of the massif experienced a transpressive
deformation with the right-lateral shear of the NW-trending
Bersezio Fault, cutting through all the massif, and the thrust-
ing of the NE Argentera onto the rest of the massif along the
E-trending Fremamorta Shear Zone (Bigot-Cormier et al.
2000; Tricart 2004; cfr. Fig. 2). Besides, Labaume et al. (1989)
suggest that in the same period the northern part of the Ber-
sezio fault zone could have been affected by normal faulting,
and an extensional deformation was occurring on the north-
western part of the AM. Thus, in order to understand correctly
the relationships between the fault systems and past and ac-
tive hydrothermal circulations, it is first necessary to improve
the knowledge of the tectonic mechanisms that were active
in different parts of the massif during its progressive exhu-
mation. This is possible since kinematic information relative
to structures that are referable to different crustal levels are
available and allow for the performance of separate analysis
and interpretation.
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This work provides a structural description of the Argen-
tera fault systems in the sectors around the thermal discharges
of Vinadio, Valdieri and Berthemont. Detailed field investiga-
tions allowed us to recognize structures that formed at differ-
ent crustal levels and finally to reconstruct a model of tectonic
evolution of the massif. These studies also shed new light on
the hydraulic behaviour of the faults and on the mechanisms
governing the past and present-day hydrothermal flows. With
the increasing demand for the exploitation of renewable en-
ergy sources, knowing how and where the thermal circulations
take place becomes crucially important.

2. Geologic and structural setting of the Argentera Massif

The Argentera Massif (French-Italian Alps), together with
the other external crystalline massifs (ECM) of the Western
Alps (Fig. 1), represents a slice of pre-Triassic basement crop-
ping out in the footwall of the Penninic Frontal Thrust (Fig. 1).
These massifs correspond to the thickened European upper
crust located at the front of the metamorphic internal arc (e.g.
Schmid et al. 2004 for review). The Argentera Massif (AM) is

Fig. 1. Simplified tectonic map of the Central-Western Alps and adjacent re-
gions, with location of the study area (in the inset). External crystalline massifs:
AG - Aar-Gothard Massif, MB — Mont Blanc Massif, B — Belledonne Mas-
sif, P — Pelvoux Massif, AM — Argentera Massif. Internal crystalline massifs:
MR - Monte Rosa Massif, GP — Gran Paradiso Massif, DM — Dora Maira
Massif. PTB — Piedmont Tertiary Basin, Hf - Helmintoid Flysch. PF — Penninic
Frontal Thrust. Modified after Structural Model of Italy (CNR, 1990).



the southernmost among the ECM and consists of high-grade
metamorphic and intrusive rocks, unconformably covered by
Triassic to Early Cretaceous carbonates that are mostly de-
tached above the Late Triassic evaporites (Faure-Muret 1955;
Malaroda et al. 1970).

The basement consists of two gneissic complexes, the Mal-
invern—-Argentera Complex (MAC) and the Tinée Complex
(TC), sited on the north-western and on the south-eastern part
of the massif, respectively. The MAC is mainly constituted by
migmatitic gneisses related to pre-Alpine, high-grade metamor-
phism of both para- and ortho-derivatives (Bogdanoff 1986).
The migmatites are composed of quartz, K-feldspar, plagio-
clase, biotite and minor muscovite and sillimanite (Malaroda
et al. 1970; Malaroda 1999). High-grade gneisses are intruded
by syn-anatectic, leucocratic, granites and by calc-alkaline gran-
ites that emplaced at 293 + 10 Ma (Ferrara & Malaroda 1969;
Compagnoni et al. 1974). The TC is similar to the MAC in that
it mainly consists of anatectic gneisses derived partly from sedi-
mentary and from intrusive protoliths (Bogdanoff 1986). The
migmatites are often interlayered with amphibolites, marbles,
quartzites, graphitic schists and metadiorites. Both complexes
experienced early eclogitic and granulitic metamorphisms fol-
lowed by a syn-migmatitic event and late horizontal shearing
(Latouche & Bogdanoff 1987). Rubatto et al. (2001) docu-
mented the occurrence of two distinct HP-HT events in the
range 443-332 Ma and proposed an age of 323 Ma for the
amphibolite facies metamorphism and anatexis, and an Up-
per Stephanian/Lower Permian age for the granites. Both the
MAC and TC are overlaid by a sedimentary succession (Dau-
phiné-Helvetic cover), which is presently exposed around the
basement. The cover can be subdivided into an autochthonous
succession of Carboniferous—Triassic age and a detached suc-
cession of post-Late Triassic age (Faure-Muret 1955; Sturani
1962; Malaroda et al. 1970). Carboniferous—Permian sediments
are of continental derivation, while Triassic-Oligocene suc-
cession mainly consists of dolostones, limestones, schists and
meta-arenites (Faure-Muret 1955). Tertiary terrigenous sedi-
ments deposited from the Mid-Eocene to the Pliocene repre-
sent the remnants of the foreland basins that formed during
Tertiary collision between the Apulian plate and the European
passive margin. An internally-derived unit, the so-called Hel-
minthoid Flysch, presently exposed north and south-east of the
Argentera, was overthrusted on the foreland sequences start-
ing from the Early Oligocene (Kerckhove 1969; Campredon &
Giannerini 1997; Ford et al. 1999).

The structural setting of the AM is the result of late-Alpine
brittle reactivations of networks of pre-Alpine and early-Al-
pine ductile shear zones, these latter deformed under green-
schist facies conditions (Corsini et al. 2004). A main NW-SE
shear zone, namely the Valletta Shear Zone (VSZ; Faure-Muret
1955; Bogdanoff 1986), also known as the Ferriere-Mollieres
Line (Malaroda et al. 1970), crosscuts the AM and separates the
MAC from the TC (Fig. 2). The VSZ branches to the north in
the Bersezio Fault (BF; Vernet 1965; Horrenberger et al. 1978),
a NW-SE fault located close to the thermal site of Bagni di
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Fig. 2. Tectonic sketch map of the Argentera Massif and adjoining regions.
Modified after Malaroda et al. (1970), Bogdanoff (1986), Structural Model of
Italy (CNR, 1990), Perello (1997) and Larroque et al. (2001). BF — Bersezio
Fault, VSZ — Valletta Shear Zone, FMS — Fremamorta Shear Zone, LF — Lo-
rusa Fault. Hydrothermal springs discharge at the sites of Bagni di Vinadio
(1300 m; I), Terme di Valdieri (1370 m; I), Berthemont-Les-Bains (1000 m; F).

Vinadio (Fig. 4). To the NE, the VSZ is constituted by up to
1 km-thick mylonitic rocks that formed during a pre-Alpine
stage (Musumeci & Colombo 2002). These rocks, which were
partly derived by ductile shearing of high-grade metamorphic
rocks of both the TC and MAC (Bogdanoff 1986), have folia-
tions striking NW-SE, steeply dipping toward SW and NE. In
the central part of the massif, the VSZ connects with the Fre-
mamorta Shear Zone (FMS), an important E-W oriented my-
lonitic corridor crosscutting the whole eastern part of the massif
(Fig.2). Along the FMS, the mylonitic foliation dips moderately
to the north and the shear criteria indicate a reverse shear sense
(Malaroda et al. 1970; Bogdanoff 1986). An indication that
ductile shearing also occurred during an Alpine stage is pro-
vided by ¥Ar-“°Ar data on synkinematic phengites within the
mylonites of the FMS (Corsini et al. 2004). According to these
data, the ductile deformation occurred at ca. 22.5 Ma and the
T-P estimates indicate 350 °C and 0.35-0.4 GPa, respectively,
which would imply a minimum burial of 10-14 km (assuming
gradients of 25-35 °C/km) for the AM. These depths may have
corresponded to the phase of emplacement of the Helminthoid
Flysch, a 3 to 4 km-thick nappe stack (based on metamorphic
grade and fission track studies, Kerckhove 1969; Merle & Brun
1984; Seward et al. 1999), in the foreland basin after the Early
Oligocene (at the most 28 Ma; Ford et al. 1999; Corsini et al.
2004). Therefore, the time range of 28-22.5 Ma could have cor-
responded to the major Alpine compressive event that culmi-
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nated with the southward displacement of the tectonic pile of
sediments (Labaume et al. 1989; Guardia et al. 1996; Laurent
et al. 2000).

Most of the late-Alpine brittle deformation occurred
through the reactivation of pre- and early- Alpine ductile
shear zones (Perello et al. 2001). Zircon and apatite FT data of
samples collected in the whole massif allowed Bigot-Cormier
et al. (2000) to document the occurrence of different cooling
histories and to propose that several tectonic blocks were sub-
ject to distinct vertical paths. According to zircon FT ages, the
whole Argentera massif underwent a first cooling stage from
29 Ma, while a second cooling pulse occurred at ca. 22 Ma,
with a rate approaching 1.3 mm/yr. This latter pulse is inter-
preted by Bigot-Cormier et al. (2000) in terms of an erosional
denudation of the relief that was created by thrust tectonics
during the Early Miocene. According to these authors, apatite
FT indicates a cooling pulse at ca. 3.5 Ma, with exhumation
rates of 1.1-1.4 mm/yr (assuming gradients of 30-25 °C/km, re-
spectively). According to Bigot-Cormier et al. (2000), the VSZ
acted at this age as a south-west-directed thrust that yielded
a vertical offset of 500 m between the NE and SW part of the
AM.

3. Descriptive criteria of the AM fault rocks

The new information produced in this work allows a better
characterization of the shear zones previously described. Dif-
ferent assemblages of fault rocks with heterogeneous distri-
bution and complex geometric relationships were recognized
in the sectors of Vinadio, Valdieri and Berthemont. These are
mainly constituted by: (1) mylonitic rocks, (2) quartz and chlo-
rite fibres and aggregates coating slickensides and filling veins,
(3) fault breccia and zones of intense fracturing and (4) layers
of cataclasites and gouges. The deformational styles and the
mineralogical assemblages associated with these fault rocks
indicate the occurrence of Alpine deformational phases that
were active under different crustal conditions. Using the fault
rock classification proposed by Schmid & Handy (1991), these
criteria allowed us to attribute the development of the Argen-
tera fault rocks to

Viscous regime: mylonites

Frictional-to-viscous
transition regime:

quartz—chlorite slickensides and
veins

Frictional regime: cataclasites, gouges, fault breccia,

fractured protolith rocks.

Mylonites (Fig. 3h) constitute the oldest fault rocks observed
in the AM and their development can be ascribed to a viscous
regime. The age of the mylonites is still a matter of debate.
They were initially attributed by Malaroda et al. (1970) and by
Musumeci & Colombo (2002) to pre-Alpine deformations and
subsequent reworking during the Alpine phase. However, Cor-
sini et al. (2004) recently interpreted some mylonites of the Ar-
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gentera as the product of deformations under exclusive lower
greenschist conditions that occurred at 22.5 Ma. In the internal
parts of the AM, the lack of stratigraphic markers prevents a
clear distinction between pre-Alpine and Alpine mylonites.
However, the widespread occurrence of dynamic greenschist
blastesis seems to indicate that most of the mylonites that are
discussed in this work developed during an Alpine deformation
phase.

The quartz—chlorite slickensides (abbreviated as qz—chl
slickensides; Fig. 3f) here observed are attributed to a crustal
level where a transition between the frictional and viscous re-
gimes occurs. The growth fibres associated with these faults
(Fig. 3g) are made up of quartz, chlorite and subordinate albite
and epidote, indicating a lower-greenschist facies. Arrays of
tension gashes filled with quartz and chlorite often occur close
to the slickensides, and probably formed syn-kinematically. In
proximity to the slickensides, the quartz—feldspathic mylonitic
foliation of some mylonites is locally plastically dragged. The
type of metamorphic facies and the occurrence of crystal plas-
ticity next to the fault planes are two factors that, according
to the criteria proposed by Schmid & Handy (1991), suggest
a transition between a viscous and a frictional behaviour. In
the continental crust, the frictional-viscous transition is gen-
erally believed to be located in the mid-crust (ca. 10-15 km
depth) and to exist over a depth range of several kilometres
(e.g. Snoke et al. 1998 and references therein). Slickensides
crosscutting through Permian deposits are observed both in
the internal and external parts of the massif, suggesting an
Alpine age to this deformation. Unlike the cataclastic-gouge
faults which compose pervasive high-strain zones, the slick-
ensides are typically less pervasive although diffused across
the examined sites. The local kinematic indications provided
by measuring the fibre steps on slickensides are compared for
various sectors and finally combined in order to reconstruct a
kinematic model of the deformation that occurred in the fric-
tional-viscous regime.

Fault rocks such as those indicated in the third category are
generally believed to develop in the upper crust in a regime of
frictional flow involving brittle fracture and dilatancy (Sibson
1977; Schmid & Handy 1991; Snoke et al. 1998). In the three
examined sites, the cataclasites and gouges (Fig. 3a) occur in
networks of multiple and interconnected layers, whereas the
fault breccia (Fig. 3b) and fractured protoliths occur both in
thick zones located on the external borders of the fault cores
(Fig. 3d) and in lens-shaped blocks (Fig.3c) enveloped by
cataclastic-gouge layers. The cataclastic-gouge strands com-
pose strike-slip faults with lengths of up to several kilometres
(Fig. 3e).

In general, the attribution of the fault rocks development
to different crustal regimes has undoubtedly a relative valid-
ity since, as it is widely acknowledged (e.g. Tullis & Yund 1977;
Hirth & Tullis 1994; Holdsworth 2004), different processes can
be active at similar depths depending on the local conditions (T,
P, stress rate, etc.). However, the subdivision that is proposed
here provides a useful preliminary procedure for separating



Fig. 3. Field images illustrating fault rocks of the AM. Fault rocks relative to a frictional regime: a) foliated cataclasites and gouges, b) fault breccia composed of
cm-thick angular fragments, ¢) eye-shaped block of fractured migmatites wrapped by hydrothermally altered cataclasites, d) exposure of a fault damage zone
composed of breccia and pervasively fractured migmatites (arrows indicate a cataclastic layer bounding the breccia), e) the Lorusa Fault at Terme di Valdieri;
Fault rocks relative to a frictional-viscous transition: f) curvilinear slickenside coated by quartz—chlorite, g) slickenfibre of quartz and chlorite; Fault rocks relative
to a viscous regime: h) mylonites in the migmatitic gneisses; i) boundaries between fractured host rocks, damage zones and core zones, 1) hot spring discharging
through a narrow fracture at Berthemont-Les-Bains.
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information related to rocks that are likely to have formed at
different crustal levels.

Following this criterion, geometric, kinematic and hydraulic
fault data relative to different stages of the Argentera tectonic
evolution are discussed separately for the sectors of Vinadio,
Valdieri and Berthemont.

The deformation that occurred during the progressive ex-
humation of the AM was accompanied by episodes of hydro-
thermal flow. Different styles of deformation also produced
different flow patterns. In particular, this work focusses on the
hydraulic characters of the fault zones that developed in the
frictional regime. The spatial distribution relative to the fault
cores (i.e. the low permeability portion of a fault where most of
the displacement is accommodated; e.g. Caine et al. 1996; Evans
et al. 1997) and damage zones (i.e. the network of subsidiary
structures that bound the fault core and with an enhanced per-
meability relative to the core and the undeformed protolith)
of the main strike-slip faults is analysed (Fig. 3i). This allows
us to reconstruct a scheme explaining how the past hydrother-
mal circulations, whose occurrence is testified by the hydro-
thermal alteration of fault zones and the active thermal fluid
flows (Fig. 31) have been influenced by the spatial distribution
of structures with different hydraulic behaviours.

4. Structural characters of the thermal sectors

4.1. The Bagni di Vinadio sector

The Bagni di Vinadio thermal springs discharge at several sites
through intensely fractured aplitic dykes located at the margins
of a regional fault zone, here indicated as the Bersezio Fault
Zone (BFZ). The label BFZ refers to a broad association of
interlinked faults (Fig. 4a), also comprising structures such as
the Bersezio Fault (BF) and the Valletta Shear Zone (VSZ),
that were previously studied independently (Faure-Muret
1955; Malaroda et al. 1970; Bogdanoff 1986; Horrenberger
et al. 1978). The BFZ is constituted by a ca. 3 km-wide high-
strain belt, bounded to the NE by the BF and to the SW by the
VSZ, this latter separating the Malinvern—Argentera Complex
(MAC) from the Tinée Complex (TC). Widespread evidence of
argillic rock alteration along several main fault strands of the
BFZ attest to an intense thermal fluid flow that was also active
in the past.

In this sector, migmatitic gneisses, fine-grained aplitic gran-
ites and minor slices of sedimentary rocks crop out. Small
dykes of aplitic granites cutting the migmatitic foliation are
widespread around Vinadio. Besides, the so-called St. Anna
borehole (1895 m a.s.l; Fig. 4a), which was drilled in the core
of the BFZ, next to the St. Anna Sanctuary, down to a depth
of 1150 m and at 60° north-eastward (Darcy 1997), reveals the
occurrence of a thick granitic body beneath the migmatites at
850 m below the surface. The sedimentary rocks are found in a
hundreds-of-metres-thick slice pinched within the TC migma-
titic gneisses and cropping out below the Sespoul Peak (French
side; cfr. Fig. 4a). The slice consists of yellow cavernous Triassic

228 A.Baietto et al.

limestones, dolostones and strongly tectonized cargneules that
have been affected by pervasive fluid leaching and carbonate
precipitation. This structure has been previously interpreted as
a thrusted syncline by Bogdanoff (1986), while more recently
Baietto (2007) proposed that it could represent the result
of a former graben fill that was subsequently reworked by a
transpressive deformation.

A pervasive mylonitic foliation pre-dating the quartz—chlo-
rite slickensides and cataclastic foliation occurs through the
whole BFZ. Mylonitization affects zones up to tens of metres
thick and is associated with a NW-SE striking foliation mod-
erately dipping to the NE and to the SW (Fig. 4c). Mylonites
characterized by greenschist mineralogical associations are
widespread and occur in cm- to m-thick bands showing proto-
to ultra-mylonitic fabrics. At the macro-scale, they compose
anastomosing zones enveloping lithons of migmatites with
preserved pre-Alpine fabrics. The mylonitic zones are mainly
NW-SE to N-S striking and show S-C shear bands whose geo-
metric arrangement is consistent with a right-lateral sense of
shear. The pervasive chloritization and albitization along the
mylonitic zones suggests that these zones acted as major con-
duits for regional fluid flow.

4.1.1. Frictional-to-viscous transition

Quartz—chlorite slickensides with lengths up to 10 m and widths
of 1-5 cm are homogeneously distributed within the BFZ, in-
side the less deformed blocks bounded by the main cataclastic
faults. Although the observed slickensides are typically very
little pervasive, they are widespread over the area. These minor
discrete faults are composed of sets of mutually interconnected
shallowing- and steeply- dipping planes, which define “fault-
stepped” (sensu Harland 1971) arrays. These features are also
present as relics within the cataclastic zones, suggesting that
the regions of cataclasis and fracturing were previously accom-
modating strain components (in a frictional to viscous regime),
the intensity of which is difficult to evaluate due to the strong
overprinting of the later structures.

Strikingly, several slickensides occurring in neighbouring re-
gions display contrasting kinematic indications: some are char-
acterized by combinations of wrench and contraction compo-
nents, while others by wrench and extension strain components.
At the macro-scale, the strain patterns indicating wrench—con-
traction and wrench—-extension are accommodated in different
sectors and, in turn, each of these components shows meso-
scale partitioning. The sectors showing different structural as-
sociations were consistently distinguished into eleven domains
(D1-11), hundreds of metres long and broadly elongate in the
NW-SE direction (Fig.5). D1-7 are wrench—contraction, D8-
10 are wrench—extension and D11 is pure wrench-dominated.
Although the boundary between adjacent domains is usually
marked by main cataclastic faults, in some cases, the boundary
of these structural domains is somewhat arbitrary. In all do-
mains, it is apparent that no superposition between kinemati-
cally opposed structures has occurred, suggesting that a process



M. Vaccia
4w Structural sketch map of the | LEGEND
Bersezio Fault Zone CRYSTALLINE BASEMENT OF ARGENTERA

\ N (BF2) Malinvern-Argentera Complex (MAC)

m Medium- to fine-grained aplitic granites, forming dykes, spots
or patches in the migmatites; medium-grained biotite or bio-
tite-muscovite granites. Areas of heavy permeation by granitic
neosome into the migmatites. Pyrite and fluorite are present
as accessories. The larger exposed mass crops-out east to
Bagni di Vinadio. The St. Anna borehole intercepts fine-
grained granites between 35.2-141.9 and 845.5-1150 m of

depth from the surface.

Banded biotite-, biotite-chlorite-, chlorite-rich migmatitic
gneisses with abundant portions of melanosome.

Potassic migmatitic gneisses relatively poor of melanosome
and more or less frequently grading into patches of anatexis
of micro-grained aplitic granites.
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Fig. 4. (a) Structural sketch map of the Bersezio Fault Zone (BFZ). Stereographic plots (equal area projection, lower hemisphere) of (b) cataclastic and (c)
mylonitic foliations. The inset (d) provides a scheme of the geometric relationship between the cataclastic and mylonitic foliations.
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of tectonic inversion cannot be invoked to justify the discrep-
ant kinematic behaviours.

Interlinked systems of strike-slip and reverse faults occur
in the wrench-contraction domains (D1-7). The strike-slip
faults occur mainly in two sets: predominant NW-SE right-lat-
eral faults (D1, 2, 3, 6,7) and subordinate ENE-WSW left-lat-
eral faults (D1-7). Oblique-reverse faults occur in a NW-SE
to WNW-ESE system. The distribution of the P-(shortening)
and the T-(extension) axes and relative contours (method of
Kamb 1959) are shown on the right side of each plot of Fig. 5.
The shortening axis is oriented NNE-SSW in domains D1, 3,4
and 5, and NE-SW in D6-7. The domains showing extensional
strain components (D8-9-10) are sited in the core of the BFZ
and are bounded by contraction-dominated domains. Within
these domains, the dominant structures are sets of E-W, NE—
SW and N-S striking normal faults mutually cross-cutting with
NW-SE and NE-SW strike-slip faults. Also, these domains are
characterized by a strong partitioning among planes accommo-
dating left- and right-lateral strike-slip, and planes accommo-
dating dip-slip and oblique extension. The P-axes are scattered
in D8-9 (along a NNE-SSW plane), while they show a near-
vertical shortening axis in D10. The domain D11 is the only one
displaying structures characterized by a pure wrench kinemat-
ics (Fig. 5) with horizontal P-axes orientated NE-SW.

4.1.2. Frictional regime

High-angle strike-slip faults composed of multiple anastomos-
ing layers of cataclasites and gouges, mainly overprinting ear-
lier mylonites, represent the most prominent structures of the
BFZ. The cataclastic and the mylonitic foliations commonly
lie sub-parallel or at a low angle, testifying the key role played
by the ductile fabrics in controlling reactivations in brittle
conditions (Fig. 4d). Owing to the high amount of phyllosili-
cates in the protolith, the cataclasites are mainly foliated and
occur in cm- to m-thick layers composed of a dark green ma-
trix and by clasts with a milky white colour. Black cataclasites
rich in a graphite-bearing matrix enveloping clasts of quartz
and feldspar also occur locally within the crystalline rocks. Mi-
croscopic analysis (Baietto 2007) shows that the cataclasites
were not only affected by frictional processes, but also that
fluid influx promoted the development of phyllonites that ac-
commodated local ductile deformation. Often, the cataclasites
consist of cemented clasts containing fragments of cataclasite
that were previously cemented. Gouge bands showing per-
vasive hydrothermal argillification and mesoscopic ductility
are commonly interleaved within the cataclasites. Large dis-
placements (>1 km) along faults are suggested by the valuable
thickness (up to 5 m) of some gouge layers, by their spatial
continuity along strikes and by the finding of large composi-
tional differences that testify the involvement of different pro-
toliths. Fault breccia made up of centimetre-thick clasts and
fractured protoliths are widespread and occur in close spatial
association along the external borders of the cataclasites and
gouges.
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The cataclastic-gouge layers occur in two conjugate systems
of strike-slip faults: a dominant NW-SE to NNW-SSE set and
a minor NE-SW to ENE-WSW set. Within the foliated cata-
clasites and the gouge layers, typical fabric associations are rep-
resented by conjugate R-(Riedel), P- and Y-shears (e.g. sensu
Hancock 1985) that are visible on a plane view. Fig. 6a provides
a scheme of m-thick cataclastic strands located close to the St.
Anna Sanctuary. The shear bands composing these faults show
geometries that are consistent with right-lateral displacements
(Fig. 6b—d), suggesting that the right-stepped bend occurring in
the middle of the map can be interpreted as a restraining bend.
On a vertical plane normal to the strike of the Y-shears, other
phyllosilicate-rich shears, conjugate with those previously de-
scribed, locally reorient the Y-shears. These planes, labelled
here as N-shears, are pervasive and compose duplex arrays
with inverse shear sense (Fig. 6¢). Overall, the geometry of the
shear bands suggests that these faults developed in a context of
transpression that involved oblique dextral simple shear and
contraction components. The shortening axis presumably lies
in a region that is comprised between the N-S, which is the
trend of the R-shears and the NE-SW, that corresponds to the
apparent direction of displacement of the inverse N-shears.
This is consistent with a sub-horizontal contraction axis with
a NNE-SSW direction along the straights and a N-S direction
along the bend. Geometrical patterns of shear bands indicating
adextral transpressive regime are not limited to the cataclasites
in the surroundings of the St. Anna Sanctuary, but were ob-
served locally along almost all the main NW-SE striking faults
composing the BFZ. As previously underscored by Perello et
al. (2001), the Vinadio thermal springs emerge through a dam-
age zone corresponding to the releasing step-over domain that
is bounded by the right-lateral Bersezio Fault and the Picial
Fault (Fig. 4a). Poles to main cataclastic foliations cluster in
two maxima corresponding to moderately-steeply NE-dipping
and SW-dipping planes (Fig. 4b), respectively prevailing in the
western and in the eastern sector of the BFZ. These characters
are indicative of an overall upward divergent fault geometry
(i.e. a flower structure).

4.2. The Terme di Valdieri sector

The structural setting of the Terme di Valdieri sector is similar
to the one of Bagni di Vinadio in that it is mainly characterized
by the occurrence of several regional strands of strike-slip cata-
clastic faults oriented NW-SE. Similarly to what is observed
at the thermal site of Vinadio, the Valdieri thermal waters
discharge from intensely fractured aplitic dykes between the
Lorusa Fault and the Cougne Fault (Fig. 7). Geologically, the
Terme di Valdieri sector belongs to the Malinvern—Argentera
Complex and is mainly composed of igneous rocks and migma-
tites. The former are constituted by a large body of medium- to
coarse-grained granite and by leucocratic aplites and the latter
by biotite-rich embrechites and by leucocratic anatexites. The
migmatites crop out in the northern part of the mapped sector,
while in the southern part the granites are prevalent (Fig. 7a).
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Fig. 5. Sketch map of different deformational domains with Schmidt stereoplots of the slickensides. Each domain is defined on the basis of the local predomi-
nance of some types of structures with internally consistent kinematic associations over others. Gradient greys indicate that a precise delimitation is arbitrary
anyhow, while black lines correspond to the cataclastic faults shown in Fig. 4. The three block diagrams are a graphical representation (not to scale) of kinematic
patterns observed between mutually crosscutting slickensides in different deformational domains. Fault plane diagram: great circles display the attitudes of fault
planes, with the relative sense of movement of the hanging-wall is indicated by arrows. P- and T-axes diagram: P-axes (white circles) and T-axes (black small
squares); data are relative to single fault slip data. Grey and dashed contours represent respectively the 26 standard deviation (contour interval: 2) of Kamb’s
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Fig. 6. (a) Sketch map displaying the occurrence of cataclastic-gouge strike-slip
faults in the area close to the St. Anna Sanctuary in the core of the BFZ. (b)
and (c) are stereoplots (equal area projection, lower hemisphere) relative to
the orientation of the main shear bands observed within these faults. (d) picture
showing shear bands within cataclastic layers. (¢) cartoon depicting the geo-
metric relationship of the shear bands. R-(Riedel), P- and Y-shears (e.g. sensu
Hancock, 1985) are conjugate shears observed on the map view, while N-shears
are here used to indicate shears observed on a normal plane. The angle between
the Y- and R-shears is of ~30° in both plots and the average angle between the
Y- and P-shears is lower along the straight (26°) than along the bend (43°).
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Next to Terme di Valdieri, the migmatites crop out and overlie
the granites at shallow depths. In addition, the occurrence at
depth of a large granitic body is testified by the Ciriegia Tun-
nel (located at ca. 1 km from Terme di Valdieri (Bortolami &
Grasso 1969), which crosses at some hundreds of metres of
depth granites over a distance of two kilometres. Unlike the
BFZ, in this region the cataclastic and the mylonitic foliations
lie at high angles. This feature is particularly evident in the
southern sector of the map in Fig. 7a, where the boundaries of
a main E-W striking mylonitic shear zone, namely the Frema-
morta Shear Zone (FMS; Fig. 7) occurs. In this sector, NW-SE
striking cataclastic faults dissect the FMS at various locations.
This belt, which has represented a first-order shear zone in the
AM under viscous conditions, is mainly composed of mylonitic
and ultramylonitic rocks that crystallized in greenschist meta-
morphic conditions. The mylonitic foliation dips to the south
and to the north at moderate-high angles. A lineation plunge
toward the N and the imbrication of mylonitic shear bands indi-
cate that the FMS underwent left-lateral and S-directed inverse
displacement.

4.2.1. Frictional-to-viscous regime

Slickensides coated by quartz and chlorite fibres are broadly
diffused in the sector around Terme di Valdieri, where they
show a persistence ranging from a few metres up to fifty metres.
As for the BFZ sector, the kinematic indications that are pro-
vided by the fibres grown on the slickensides reveal the occur-
rence of adjacent structural domains that have been affected
by contrasting kinematic behaviours, either with transtensive
or transpressive deformation. Figs. 8a—b display the kinematic
data of slickensides collected, respectively, in the northern and
in the southern mapped sectors of Fig. 7. To the north (Fig. 8a),
the slickensides are present mainly in NNW-SSE and ESE-
WNW systems, respectively characterized by right- and left-lat-
eral strike-slip components. Dip-slip components, mainly nor-
mal, are also present, suggesting that at viscous—frictional con-
ditions, the zone comprised between the Lorusa and Cougne
Fault deformed in a wrench, slightly transtensive, tectonic
regime. The distribution of the P-axes are consistent with a
NNE-SSW direction of shortening. To the south (Fig. 8b), E-W
striking faults are dominant over other systems. The kinematic
indicators associated with these faults suggest oblique-inverse
shear senses. The distribution of the P- and T-axes are consis-
tent with a NNE-SSW oriented shortening and a NW-SE ori-
ented extension.

4.2.2. Frictional regime

The structural setting around Terme di Valdieri is dominated
by NW-SE to NNW-SSE directed faults showing discontinu-
ous en-échelon distribution and evidence of right-lateral dis-
placement. These faults cut pervasively through both the mig-
matites and the granites with a persistence of 1 up to 10 km.
Subsidiary ENE-WSW to NE-SW faults characterized by
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Fig.7. (a) Structural map of the area surrounding the Terme di Valdieri springs; legend as in Fig. 4, (b) fault breccia with a thickness of several metres developed
within the granites, (c) and (d) sketch of the fault rock distribution and shear band relationships along the Cougne Fault in granites and migmatites, respectively.
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to symbols in plots as in Fig. 5.

left-lateral movements are associated with the main system.
Examples of main faults are the Lorusa, Cougne, S. Giovanni
and Valcuca Faults (cfr. Fig. 7a). Similarly to the BFZ, these
faults are characterized by associations of cataclasites, gouges
and variable amounts of fault breccia and zones of fracture.
However, slightly different fault architectures can be ob-
served within the migmatites and the granites. The structure
of the strike-slip faults developed within the migmatites is
characterized, from the inner to the outer part of the fault
zone, by a narrow gouge zone (where most of the slip is ac-
commodated), by an intermediate zone of foliated cataclas-
ites and by an outer domain of tectonic breccias and highly
fractured rocks. The gouge, the cataclastic and the breccia
zones have thickness ranging, respectively, between 0.1 to 2,
0.5 to 5 and 1 to 50 metres. In contrast, within the granites,
the same strike-slip faults are associated with less abundant
cataclastic and gouge zones, and show comparatively wider
zones (hundreds of metres thick) where the breccia and the
intense fracturing are prevalent (Fig. 7b). As a result, these
zones of intense fracturing are widespread and not only lim-
ited to the borders of the main faults. In these domains, the
fracture spacing ranges from a few centimetres to a metre,
while the opening is usually of a few millimetres.

The Cougne Fault crosscuts either the migmatites and the
granites generating in both lithologies heterogeneous associa-
tions of different fault rocks and complex through-going geom-
etries. The geometry of the cataclastic shear bands, composed
of Y-shears, R-shears and P-shears, allows the recognition of
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right-lateral shear senses. The Y- and R-shears appear to be the
most penetrative fabrics (Figs. 7c—d). Other scarcely penetra-
tive shear bands, named X-shears (sensu Hancock 1985), lo-
cated at a high-angle with respect to the Y-shears, offset all the
other shear bands. Presumably, the T-shears developed during
progressive deformation as a result of a lock-up of the other
shears.

The Valdieri thermal springs discharge along the western
edge of the right (contractional) step-over region between the
Lorusa Fault and Cougne Fault, in a zone of intense fracturing.
The Lorusa and Cougne faults dip south-westward while, mov-
ing to the south, the S. Giovanni and the Valcuca faults show a
progressive north-eastward rotation of the dip direction that
defines a regional scale flower structure, similarly to the BFZ
geometry observed around Vinadio.

4.3. The Berthemont-Les-Bains sector

The thermal springs of Berthemont-Les-Bains up-well on the
south-western border of the AM, close to the contact with the
Dauphiné-Helvetic covers. The springs consist of four groups
of waters discharging within the migmatites at different loca-
tions and elevations (Fig. 9). The main springs are the so-called
Saint-Jean Baptiste (SJB) and Saint Julien (SJ), which are sited
close to the intersection of the faults of Lancioures, Férisson
and Louchio. The two other springs, namely Saint Michel (SM)
and Campas, discharge along the cataclastic fault of Lancioures,
at higher altitudes with respect to SJB. The Lancioures and Fé-
risson faults show evidence of right- and left-lateral displace-
ment, respectively. All the waters discharge along narrow single
fractures located at the margins of the Lancioures Fault in un-
deformed portions of the migmatites. Besides, the damage zone
of this fault is much thinner and less strained compared with the
ones found at Vinadio and Valdieri. In the Berthemont sector,
the only type of structures occurring are those that can be at-
tributed to frictional-viscous and frictional conditions of defor-
mation, while mylonitic rocks typical of a viscous deformation
regime are not present. In the mapped area, the basement rocks
are characterized by migmatitic gneisses with a mean foliation
dipping moderately to the NW. In the mapped area, the massif
boundary is marked by Permian siltites lying unconformably
on the crystalline rocks and by tectonic surfaces separating the
post-Permian rocks from the migmatites. Post-Permian rocks
are represented by Triassic cavernous limestones and dolo-
mites, mostly associated with yellow cargneules and Jurassic
limestones and dolostones. All the cargneules found in this area
are pervasively tectonized and show evidence of fluid leaching
processes.

4.3.1. Frictional-to-viscous regime

Similarly to the other examined Argentera thermal sites, fric-
tional-viscous-related structures, such as quartz—chlorite stri-
ated slickensides, are widespread around Berthemont. In this
region, several S-C shear bands displaying ductile-brittle char-
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Fig.9. (a) Structural sketch-map of the Berthemont-Les-Bains sector; SM: Saint Michel spring, SJB: Saint Jean-Baptiste spring, SJ: Saint Julien spring. Ste-
reoplots (equal area projection, lower hemisphere) with poles to cataclastic shear zones in (b) a high-strain domain where the migmatitic gneisses are found
repeatedly in tectonic contact with the Dauphiné—Helvetic sedimentary covers and (c) in a less deformed domain located more internally within the migmatitic
gneisses. (d) Schmidt stereoplots with poles to migmatitic foliation.

acters were also observed and attributed to the same defor-  the normal and oblique—normal faults are E-W to ENE-WSW
mational regime. All these features occur mainly within the oriented (Fig. 10a), whereas, in the western sector, they are par-
migmatites and the Permian siltites. Overall, the qz—chl slick-  titioned on multiple sets NE-SW, E-W and NW-SE striking
ensides accommodate dip-slip and minor oblique-slip compo-  (Fig. 10b). The NW-SE faults crosscut through the migmatites
nents (i.e. pure strike-slip is not observed), and the fibres’ steps  and the Permian schists, allowing a normal offset toward the
indicate ubiquitous normal displacement. In the eastern sector, =~ NE of the covers with respect to the basement. The scatter plot
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Fig. 10. Stereoplots (equal area projection, lower hemisphere) with the kine-
matic criteria associated with the qz—chl slickensides in the western (a) and
eastern (b) sectors of Fig. 9. Key to symbols in plots as in Fig. 5.

and contours of the P- and T-axes relative to the slickensides
indicate a sub-vertical shortening axis and a sub-horizontal ex-
tensional WNW-ESE to NNW-SSE oriented axis (Figs. 10a—
b). Shear bands of type S-C with ductile-brittle characters are
widespread in the western sector of Fig. 9, while in the eastern
sector they have not been observed. In the migmatites, these
fabrics consist of a protomylonitic foliation (S-shears) and a
locally penetrative foliation defined by mm-thick aligned chlo-
rite foliae (C-shears). In the Permian siltites, these fabrics are
marked by penetrative cleavages with a mm spacing. The C-
shears strike NW-SE, dip gently toward NE, and the deflec-
tion of the S-shears indicates normal displacements along these
planes, suggesting that these features developed in a tectonic
context that is similar to the one of the qz—chl slickensides.

4.3.2. Frictional regime

Systems of cataclastic strike-slip faults and reverse faults cross-
cut all the lithologies shown in the mapped sector (Fig.9a)
and the previously described structures. These features can be
observed in the whole mapped area, even though the western
sector represents a high-strain zone that has undergone higher
degrees of strain than the eastern sector. The strike-slip systems
are constituted by main NW-SE to NNW-SSE and by E-W to
NE-SW striking faults, respectively characterized by right-lat-
eral and left-lateral displacements (Figs. 9a-b). These faults are
linked to systems of E-W reverse faults that show an apparent
top-to-the-S sense of displacement. However, these structures

236 A.Baietto et al.

are scarcely persistent and are subordinate with respect to the
systems of strike-slip faults. Their geometry suggest that the
reverse faults acted as contractional steps connecting the high-
angle NW-SE striking faults.

The highly deformed western sector of the map of Fig. 9a is
crosscut by very closely spaced, anastomosing and coalescing
cataclastic-gouge layers. These layers bound blocks of fractured
migmatites and breccia with sizes ranging from a few cm to
several m. These faults also constitute tectonic contacts repeat-
edly separating the crystalline rocks from the covers. The tec-
tonic contact between the migmatites and the sediments occurs
through disrupted sequences of Triassic cargneules made up of
cm-thick fragments of limestones embedded in a matrix of yel-
low residual breccia. In the eastern sector of the map, where
the springs of Berthemont are located, the cataclastic faults are
~1 m thick and are characterized by much wider spacing than
the faults observed in the western zone. The damage zones are
developed along the borders of the faults and have thickness of
a few decimetres up to a metre, while the fault core is usually
very thin. The most persistent structure identified on the field
is the NW-SE striking Lancioures Fault. Other structures are
the NE-SW striking Férisson Fault and the E-W striking Lou-
chio Fault. The Figuiéres Fault, which Romain (1985) already
recognized as a top-to-the-S reverse structure separating the
basement from above the covers, is structurally linked with a
NE-SW striking high-angle fault that represents a left-lateral
ramp (Fig. 9¢c). The kinematic indicators observed in both the
western and eastern zones are consistent with the occurrence
of a transpressive regime accommodated both by wrench and
reverse shear components. The axes of shortening of these
structures are broadly NNW-SSE oriented. In summary, this
observation contrasts with the kinematic information obtained
for the structures attributed to the frictional-viscous regime.

4.4. Hydraulic and thermal characters related to
the AM fault zones

The structures that formed in a viscous and in a frictional-to-
viscous regime represent fossil conduits that focussed various
thermal fluid flows. Subsequently, the original permeable net-
works were, in part, affected by mineral deposition that pro-
voked the sealing of the circulation systems. Besides, the fault
zones that developed in the frictional regime reactivated part
of the old shears, promoting active fracturing and enhanced
fluid flow despite clogging by hydrothermal mineral precipi-
tates. In general, these fault zones constitute the main pathways
for the present thermal circulations. A major evidence of the
hydraulic control imposed by these structures is provided by
the spatial relationships between the thermal springs and the
cataclastic fault zones. At Vinadio, as already documented by
Perello et al. (2001), the springs are located in a zone of ex-
tensional step-over linking two NW-SE striking right-lateral
faults (Fig. 11a). Conversely, at Valdieri, the springs are located
in a zone of enhanced fracturing, corresponding to a contrac-
tional step-over within other NW-SE striking faults (Fig. 11b).
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Fig. 11. Schematic diagrams showing “breakdown” regions (i.e. zones of en-
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faults. (c) Setting of Berthemont-Les-Bains with the SJB (Saint Jean-Baptiste)
and SJ (Saint Julien) springs located in a zone of fault intersection.

At Berthemont, the thermal springs occur close to the fault in-
tersection (Fig. 11c¢).

A general description of the hydraulic behaviour of these
fault zones is proposed following the criteria adopted by Caine
et al. (1996). At Berthemont, the fault zones display a relatively
high proportion of high-permeability elements (i.e. breccia and
fracture zones), while low-permeability elements (i.e. catacla-
stic and gouge layers) are only locally present, implying that
these faults act principally as conduits for fluid flow. Besides,
in the Vinadio and Valdieri sectors, the faults display multiple
cataclastic-gouge strands that envelope lens-shaped blocks of
breccia and fractured rocks. These fault zones may contempo-
raneously act as impermeable barriers to cross-fault flow and
as conduits for along-fault flow, on the whole contributing to
the formation of metre- to hundreds-of-metres-scale complex
systems of conduits and barriers. Qualitatively, it can be sup-
posed that in these fault zones the main and the minor axes
of the permeability tensor are oriented, respectively, parallel
and perpendicular to the strike of the cataclastic zones. How-
ever, the inherent complexity of these systems emphasizes the
difficulty of obtaining a deterministic assessment of the per-
meability tensor distribution. In the Bersezio Fault Zone, slug
tests carried out in the St. Anna borehole (Darcy 1997) point
out damage zone permeabilities higher than 1 x 10-'¥ m?, and a
permeability contrast of over 400 times between the damage
and the core zones (Baietto 2007). However, the rheological
behaviour of lithology also plays a key role in controlling the
fault zone hydraulic architecture within the AM. While mig-
matitic gneisses mainly deform by cataclasis and fractures are
accommodated on the borders of main fault zones, granites de-
form mainly by fracturing such that moderate- to high-fracture
density regions are distributed over wider rock volumes that
are not exclusively limited to the borders of fault zones. By
studying the core data of the St. Anna borehole, Baietto (2007)
estimated that 90% of the granites against 20% of the mig-
matites (relative to the total rock volumes that were affected
by frictional deformation) underwent fracturing. The state of

fracturing of the granites that involves large rock volumes, as
opposed to the fracturing within the migmatitic gneisses that
is mostly concentrated along localized damage zones, creates
the conditions for pervasive diffuse flows in the granites and
focussed flows in the migmatitic gneisses.

Groundwater flowing through the main fault systems pro-
duces drastic thermal perturbation within the massif. These
perturbations can be evaluated by considering the different
temperatures: at Bagni di Vinadio thermal waters up-well
with temperatures up to 65 °C, while in the St. Anna Valley
(ca. 6.5 km southward of the Bagni di Vinadio springs), the St.
Anna borehole shows that waters flowing within the BFZ have
a temperature of only 24 °C at depths of 1150 m (Darcy 1997).
As the surface mean annual temperature is 8 °C, the resulting
local geothermal gradient in the borehole appears to be as low
as ca. 14 °C/km. Similarly, the occurrence of a negative ther-
mal anomaly induced by the infiltration of cold shallow waters
through a fault zone is evidenced by the temperature profile
within the Ciriegia Tunnel, in the Valdieri sector (Fig. 7). At the
interception of this tunnel with the Lorusa Fault (about 1 km
east of the Valdieri thermal springs and ca. 600 m below the
surface), the reported inflows were of 20 I/s with temperatures
of 20 °C, indicative of an apparent geothermal gradient of ca.
19 °C/km (Bortolami & Grasso 1969). Also at Berthemont,
boreholes as deep as 450 m and located a few metres away from
the main thermal springs reported temperatures at depth that
are lower than those of the springs, indicating adjacent zones
of negative and positive anomaly. The location of the positive
and negative thermal anomalies and the spatial distribution
of the more permeable fault components allow us to define a
scheme for the recharge of superficial waters. Fig. 12 provides
a delimitation of the catchment areas where the cold meteoric
waters are inferred to infiltrate toward the deep thermal res-
ervoirs that feed the thermal springs of Vinadio, Valdieri and
Berthemont.

5. Discussion

5.1. Late-Alpine structural evolution of the
thermal spring areas

The structural analysis of the Bagni di Vinadio, Terme di Val-
dieri and Berthemont-Les-Bains sectors has revealed that the
Argentera Massif experienced protracted late-Alpine defor-
mation under viscous, frictional-to-viscous and frictional con-
ditions (sensu Schmid & Handy 1991). These deformations ac-
companied the progressive exhumation of the AM and brought
about the development of complex assemblages of structures
and fault rocks whose hydraulic properties have been playing a
key role in channelling the past and present thermal flows. This
study highlights that deformation occurring at different crustal
levels yielded different types of strain localization, which in turn
influenced different patterns of flow of thermal fluids. A major
shortcoming is that direct dating of faults that formed starting
from frictional-to-viscous is lacking for the entire southern part
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Bagni di Vinadio (a), Terme di Valdieri (b) and Berthemont-Les-Bains (c).

of the Western Alps. The only relative constraints are provided
by the fission track ages of blocks bounding faults (Bogdanoff
et al. 2000; Bigot-Cormier et al. 2000).

Deformation under viscous conditions brought about the
development of thick mylonitic belts cross-cutting the entire
AM. In particular, the Bersezio Fault Zone (BFZ) and the Fre-
mamorta Shear Zone (FMS) represent first-order structures
that controlled the tectonic evolution and the pathways of re-
gional fluid flows at this stage (Fig. 13). Within the BFZ, the
mylonitic shears developed in NW-SE to N-E striking strands
under right-lateral transcurrent shear, while the FMS mylonitic
belt formed under E-W striking left-lateral and reverse shear
in a transpressive context. In the studied FMS sector, the re-
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verse shears occur along mylonitic planes both S- and N-dip-
ping, while according to Malaroda et al. (1970), the mylonites
on the eastern prosecution of the FMS accommodated top-
to-the-S reverse displacement on planes gently dipping to the
north (Fig. 13). Summing up, it is likely that the BFZ behaved as
a right-lateral ramp linked with the southward thrusting along
the FMS of the north-eastern part of the Argentera above the
rest of the massif. This scenario was already proposed by Tricart
(2004), who ascribed this event to the Pliocene. However, ac-
cording to the dating studies recently carried out by Corsini et
al. (2004) on the synkinematic phengites (i.e. 22.5 Ma) grown
within the mylonites, we propose that this tectonic event was
active during the Early Miocene. Also, the age of 22 Ma that
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Fig. 13. Sketch of the tectonic setting of the Argentera Massif during the
Early Miocene. During this period, the AM was experiencing transpressive
deformation at viscous conditions that brought about the development of re-
gional mylonitic belts, namely the BFZ and the FMS. The dashed line around
the AM indicates that the massif was deeply buried at this time. The black
frames display the areas investigated in the present work. For the location of
the internal and external compressive fronts cfr. Campredon & Giannerini
(1982), Labaume et al. (1989), Guardia et al. (1996) and Laurent et al. (2000).

was constrained by zircon FT data by Bigot-Cormier et al.
(2000) for the strong pulse in the cooling rate that accompanied
the early AM uplift seems consistent with this interpretation.
Speculatively, this event was related to the southward thrusting
of the Helminthoid Flysch that is also believed to have taken
place during the Early Miocene (Campredon & Giannerini
1982; Labaume et al. 1989; Guardia et al. 1996; Laurent et al.
2000).

Deformation at frictional-viscous transition affected dif-
fusely all the examined sectors of the massif and resulted in
the development of slickensides coated by fibres of quartz
and chlorite. The kinematic indicators associated with these
structures suggest that the central and the western sector of
the massif experienced different tectonic conditions (Fig. 14a).
Within the central BFZ, the strain partitioning yielded complex
kinematic patterns with domains separated by NW-SE faults.
Each domain is individually characterized by combinations of
predominant wrench—contraction and minor wrench-exten-
sion components. These features provoked, respectively, the
development of local push-ups and pull-aparts. Within the
FMS and in the adjoining internal sectors, the slickensides ex-
hibit kinematic characters consistent with a bulk transpressive
regime, despite local transtensive structural associations also
being present. Since evidence of tectonic inversion was not ob-
served in these areas, it is proposed that these structures with
contrasting kinematics can have formed coevally in a context
where transpression dominated (Fig. 14b), while transtension
arises locally as the product of structural anisotropies (e.g. my-
lonitic foliations) and complex strain partitioning. This behav-
iour is particularly evident in the BFZ where the contractional
domains bound externally the extensional ones (cfr. Fig. 6), in-
dicating that transpression acted as a regional boundary condi-
tion. It has been documented that this kind of kinematic feature
represents a common occurrence in transpressive settings that
undergo complex strain partitioning (Dewey et al. 1998). Over-
all, the BFZ and FMS sectors show shortening axes (excluding
the transtensive domains) which are consistent with a sub-hori-
zontal NNE to NE direction.

Around Berthemont, kinematic indicators such as normal
E-W and NW-SE slickensides associated with extensional S-
C shears testify that an extensive rather than a transpressive
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Fig. 14. (a) Sketch of the tectonic setting of the Argentera Massif during the Late Miocene—Early Pliocene. During this period, the massif was experiencing
diffuse deformation under a frictional-to-viscous transition resulting in the development of low-strain structures. The central part of the massif recorded a bulk
transpressive regime while the north-west and the south-west extremities of the massif underwent extensional conditions. (b) Block diagram displaying the
tectonic and hydraulic setting of the Vinadio and Valdieri sectors during this deformation stage.
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regime affected the western border of the massif under fric-
tional-viscous conditions. On the north-western extremity of
the AM, Labaume et al. (1989) documented the existence of
sets of NNW-SSE normal faults, suggesting that an extensional
regime might have affected the entire AM external margin.
These authors also observed that during this stage the northern
branch of the BFZ behaved as a normal fault that accommo-
dated down-to-the-NE displacement. In addition, other systems
of normal faults have been reported for the Brianconnais—Qu-
eyras area between the Pelvoux and Argentera transect. In this
sector, Sue & Tricart (2003) and Tricart et al. (2006) describe
the existence of normal faults characterized by a multitrend
extension, which were subsequently reactivated in a transcur-
rent regime. While it is apparent that, from the northern to the
southern border of the AM, the direction of extension varies by
several degrees, other structural data suggest that, in the north-
ernmost part of the Western Alps, an extensional phase took
place with a predominant orogen-parallel direction of exten-
sion (Hubbart & Mancktelow 1992; Steck & Hunziker 1994).
According to Sue et al. (2007), the orogen-parallel extension
could have been triggered by the existence of a southern free
boundary that corresponds to the opening of the Ligurian Sea.
This extension is interpreted by these authors as a lateral extru-
sion of the internal zones to the south, where the Ligurian Sea
was opening along the western side of the Adriatic promontory.
This tectonic phase, active starting from the Early to Middle
Miocene, was coeval with the westward propagation of the
compressive front in the external zones. In the AM, there are
no elements for supposing that in the frictional-viscous regime
the transpressive deformation was coeval with the extensional
one. Moreover, while on the northern part of the Western Alps
extension dominates in the more internal zones with respect
to compression, in the AM this looks to be the opposite. De-
spite a geodynamic interpretation being beyond the scope of
this paper, it is possible that the extensional phase observed in
the Argentera Massif could correspond with the orogen-paral-
lel extension documented on the northern side of the Western
Alps. However, this hypothesis must be constrained by further
structural data because, while the NW-SE direction of exten-
sion (i.e.locally orogen-parallel) observed at Berthemont seems
consistent with a lateral extrusion model, the other directions
of extension documented on the northern border of the massif
hardly fit with this scenario. It cannot be excluded that these
structures formed more recently instead, during a post-colli-
sional regime where orogen-perpendicular extension affected
diffusely the axial part of the Western Alps (Sue et al. 2007). As
an hypothesis, extension on the AM external margin could have
started taking place coevally with crustal thickening on the in-
ternal parts. This could have occurred in a period comprised
between 8 and 4 Ma, during which the AM was experiencing a
moderate exhumation rate (Bigot-Cormier et al. 2000).

Late deformation in frictional conditions brought about the
development of regional systems of faults made up of anastomos-
ing cataclastic-gouge strands enveloping blocks of breccia and
fractured protoliths. These faults progressively grew during the
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final exhumation of the AM that should have taken place from
3.5 Ma with rates of 1.1-1.4 mm/yr, according to Bigot-Cormier
et al. (2000). Unlike the frictional-viscous deformation, during
this phase, the central and western parts of the massif recorded a
similar tectonic history. In the central part of the massif, the cata-
clastic faults developed in two high-angle strike-slip systems: a
dominant set of NW-SE to NNW-SSE faults and a subordinate
set of NE-SW to ENE-WSW faults. Several NW-SE faults oc-
cur within the BFZ and in the sector hosting the FMS. However,
while within the BFZ this system overprints at a very low angle
early mylonitic shears (Fig. 15a), in the FMS it crosscuts at a
high angle the E-W mylonites. This attests that, while from vis-
cous to frictional deformation the main shearing axis in the BFZ
maintained a NW-SE orientation, in the FMS sector it switches
progressively from an E-W (left-lateral shear) to a NW-SE
(right-lateral shear) orientation. Around Vinadio and Valdieri,
the NW-SE faults are arranged in arrays of upward divergent
geometries that show both right-lateral and reverse shear com-
ponents (Fig. 15b). This means that the two sectors are located
in zones of a positive flower structure that formed during the
final AM exhumation through transpressive wrench faulting
(Fig. 15c). It should be noted that Fry (1989) already proposed
that, in the frame of the External Arc of Western Alps, the AM
could be viewed as a pop-up structure (i.e. a domal uplift with
a positive structure that formed in a large intraplate strike-slip
system; cfr. Stone 1995). In the Vinadio and Valdieri sectors, the
axes of shortening kept a sub-horizontal NNE direction. In the
Berthemont sector, the earlier extensional phase recorded at
the frictional-viscous transition was followed, under frictional
conditions, by a transpressive phase through the development
of NW-SE and NE-SW strike-slip faults (Fig. 15a). Also, in the
north-western sector, Labaume et al. (1989) documented the oc-
currence of a compressive phase (N-S shortening) that caused
the reactivation of earlier NNW-SSE normal faults as dextral
strike-slip faults.

5.2. Patterns of active thermal circulations

The patterns of active thermal circulations of the Argentera Mas-
sif are primarily controlled by the structural and hydraulic set-
ting of the fault zones that formed under frictional conditions.
Prior to this phase, different deformational styles brought
about different flow patterns. As an example, during the viscous
deformation, the BFZ and FMS constituted the main pathways
for fluid flow that promoted pervasive mineral reactions in
lower greenschist conditions. It is likely that these circulations
have also brought about the deposition of sulphides within the
BFZ. Fluid inclusion analyses carried out by Facello (2006) on
sphalerite minerals recrystallized in mylonitic bands indicate
temperatures in the range of 320-380 °C, which is consistent
with the temperature (350 °C) constrained by Corsini et al.
(2004) for the Early Miocene mylonites. During the frictional-
to-viscous deformation, both the internal and the external parts
of the AM were affected by a diffuse, even though not pen-
etrative, fluid flow through the massif (Fig. 14b), as testified by
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Fig. 15. (a) Sketch of the tectonic setting of the Argentera Massif during the Plio-Pleistocene. Cataclastic fault zones develop at regional scale under a regime of
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thermal circulations.

the widespread occurrence of lower-greenschist facies minerals
coating the slickensides and filling the veins. With the final ex-
humation of the massif, the creation of fine-grained fault mate-
rials such as cataclasite and gouge has increasingly led to fault
weakening and strain concentration. As a result, the high per-
meable zones have progressively been concentrated along the
borders of the main strike-slip faults, resulting in focussed fluid
flows such as depicted in the scheme of Fig. 15b. However, the
micro-structural evidence of the cataclastic rocks suggests that
the fluid flow through these faults has been cyclical and inter-
leaved with multiple episodes of cementation and cataclasis.
Significantly, the thermal systems Vinadio and Valdieri,
which are those characterized by the most elevated discharge
temperatures of the massif, are both found in step-over zones
of extensional and contractional types, respectively (Fig. 11a—
b). It is well documented that fault interaction zones occur-
ring in several tectonic settings often host thermal discharges
or ore deposits related to hydrothermal activity (Sibson 1987;
Curewitz & Karson 1997). Usually, these zones correspond to
breakdown regions where stress concentration promotes active

fracturing that increases permeability and fluid flow (Segall &
Pollard 1980; Scholz & Anders 1994). In the Berthemont sec-
tor, fault intersection rather than interaction influences the
local enhanced fracturing and the up-well of thermal waters
(Fig. 11c). These waters discharge from single sets of fractures
instead of being located within a large damage zone as for the
two other cases.

At Vinadio and Valdieri, metre- to hundreds-of-metres-
scale complex systems of conduits and barriers cause inhomo-
geneous fluid flow patterns along the fault zones. According
to the location within the fault zone, the numerous fractured
domains that occur within strands of low permeable material
can store fluids or let fluids circulate along the faults. This hy-
draulic architecture, which is strikingly similar to the one de-
scribed by Faulkner et al. (2003) in the ca. 1 km-thick Carbon-
eras Fault Zone (South-Eastern Spain), implies the realization
of a number of fluid flow and fluid sealing possibilities. Indirect
evidence of the occurrence of a fault hydraulic architecture
made up of systems of compartmentalized conduits is provided
by the observation of the geochemical and physical parameters
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of the waters discharging at Vinadio and Valdieri. Despite the
close proximity of the spring outlets in the two sites (tens of
metres), a range of concentrations of the chemical species and
of temperatures suggests that a limited amount of mixing of
waters occurs in the fracture networks feeding the springs. This
phenomenon is illustrated by the correlation plot between the
conservative constituents Cl-, B and Li* and by the spread of
point observed in the Na* vs. Cl- and 8'30 vs. CI- plots (cfr. Fan-
celli & Nuti 1978; Perello et al. 2001). At Vinadio, these authors
documented the presence of two chemical end-members, a low-
salinity Na-SO,-type, and a high-salinity Na-Cl-type. These two
end-members occur in thermal waters, discharging a few metres
away from a damage zone located at the borders of the Ber-
sezio Fault Zone. The different Na* vs. Cl- contents of the two
end-members reflect a different content of the two components
in the rocks within which they circulated. As an hypothesis, Per-
ello et al. (2001) state that the low-salinity Na-SO,-type waters
originate from leaching of unaltered portions of granitic and
migmatitic rocks, whereas the high-salinity Na-Cl-type waters
originate from leaching of cataclastic hydrothermalized rocks,
rich in phyllosilicate minerals and saline fluid inclusions.
Another factor influencing the hydraulic properties of fault
rocks is the relative distribution of fracture intensity across
the different lithologies. The fracturing of large rock volumes
within granites allows pervasive diffuse fluid flow, whereas the
localized fracturing within the migmatitic gneisses on the bor-
ders of the main fault zones leads to focussed fluid flow. Owing
to these hydraulic properties, the granites at depth, below the
migmatites (cfr. Fig. 15¢) in the Vinadio and Valdieri sectors,
are likely to represent large geothermal reservoirs for diffuse
fluid flow with impervious boundaries constituted by the fan-
shaped cataclastic faults. These combined factors may provide
the favourable conditions for the development of deep and
diffuse thermal circulations and the local up-well of thermal
springs with temperatures close to 70 °C and flow rates up
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to 50 kg/s (Baietto 2007). According to Perello et al. (2001),
meteoric waters infiltrate through the massif and, driven by
topographic gradients, percolate to depths of 5-6 km where
they attain temperatures up to ca. 150 °C (assuming gradients
of 30-25 °C/km) and finally up-flow at valley bottoms. How-
ever, a buoyancy-driven flow (“free convection™) also occur-
ring within the high-permeability fracture zones of the gran-
ites is to be considered as a possible mechanism interacting
with the topography-driven flow (“forced convection™). While
forced convection refers to a flow driven by gravity, free con-
vection refers to heat transfer in response to flow driven by
temperature-induced density differences (Raffensperger &
Vlassopoulos 1999). The potential for free convection is often
investigated using the dimensionless Rayleigh number, which
is derived from the ratio of buoyant and viscous forces. Theo-
retically, the onset of free convection in an infinitely extensive
horizontal layer occurs when the Rayleigh number exceeds 4 n*
(Lapwood 1948). This can occur for high values of the system
permeability and/or for strong temperature gradients across
the domain. However, there are limitations in applying the
concept of the Rayleigh number to geometries more complex
than a simple rectangularly shaped domain and in cases where
the system is also perturbed by forced convection (Sorey et
al. 1978). Some numerical modelling studies were aimed at
exploring the conditions under which topography-driven and
buoyancy-driven flow can coexist, giving rise to the so-called
“mixed convection” (Forster & Smith 1988; Lépez & Smith
1995; Raffensperger & Garven 1995; Thornton & Wilson 2007).
These models have shown that free convection can develop in
permeable zones if forced convection rates are limited by a
low topographic gradient or if low-permeability layers isolate
the buoyancy-driven flow from overlying topography-driven
flow. Despite topography-driven flow is commonly assumed
to overpower buoyancy-driven flow in mountainous regions,
the existence of the latter condition seems to apply to Vina-
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dio and Valdieri. In fact, the less fractured migmatitic gneisses
sited above the more fractured granites can prevent massive
infiltrations of cold meteoric waters, potentially favouring the
onset of thermal convection inside the granites. Three-dimen-
sional numerical simulations of the thermo-hydraulic flow at
Valdieri further support the hypothesis of a mixed convection
(Baietto et al. 2008). In fact, these models have shown that
buoyancy-driven flow coexisting with topography-driven flow
are a requirement for reconciling the numerical outputs with
the water temperatures measured at the Valdieri springs. Buoy-
ancy-driven circulation onsets at fault permeabilities exceed-
ing 1 x 1013 m?, which is a value consistent with the permeabil-
ities (>1 x 10-'* m?) of the Bersezio Fault Zone, hydraulically
similar to the faults feeding the Valdieri springs. Moreover,
the simulations show that the existence of a high-permeability
step-over zone at Valdieri is a factor that promotes the onset of
a vigorous free convection, which would be much less effective
along a single permeable fault zone. The numerical outputs
indicate that the temperatures and discharge rates observed
at Valdieri can be attained after 1500 years, assuming initial
steady-state flow conditions.

The existence of mixed convection in the Alps is a rather
new concept, since in this context the active thermal circula-
tions have always been attributed to topography-driven flows
only (Vuataz 1982; Rybach 1995; Perello 1997; Martinotti et al.
1999; Pastorelli et al. 1999; Pastorelli et al., 2001; Perello et al.
2001). Besides, it is possible that this mechanism could be at
the origin of other high-temperature alpine spring systems and
therefore its existence should be tested when hydrogeological
investigations are performed.

6. Conclusions

This study investigated the relationships between the late-
Alpine tectonic evolution of the Argentera Massif (Western
Alps) and its fault-related thermal circulations at the sites
of Bagni di Vinadio, Terme di Valdieri and Berthemont-Les-
Bains. From the Early Miocene, the massif started its final
uplift and experienced a protracted deformation under vis-
cous, frictional-to-viscous and frictional conditions with the
development of complex assemblages of structures and asso-
ciated fault rocks. Deformations in viscous conditions yielded
a mylonitic deformation along the Bersezio Fault Zone and
the Fremamorta Shear Zone. These zones accommodated re-
gional transpression and also constituted main pathways for
fluid flow, promoting pervasive mineral reactions in lower
greenschist facies conditions. Deformations occurring at fric-
tional-viscous transition affected all the examined sectors and
resulted in the development of diffuse slickensides, accompa-
nied by a regional pervasive flow of meso-thermal fluids. Dur-
ing this phase, the massif recorded contrasting tectonic behav-
iour in its central and western part, the former being affected
by transpression (despite strain partitioning also bringing
about local transtension) and the latter by extensional tecton-
ics. The orogen-parallel direction of extension in the Berthe-

mont area seems consistent with a lateral extrusion provoked
by the opening of the Ligurian Sea. This could have occurred
during the Late Miocene, probably in a period during which
the internal margin of the Argentera Massif was still record-
ing a transpressive regime of crustal thickening. Deformation
in frictional conditions brought about the development of
regional systems of strike-slip cataclastic-gouge fault zones,
mainly NW-SE and with a right-lateral shear sense. During
this phase, both the central and western parts of the massif
underwent transpressive wrench faulting under a NNE/NE di-
rection of shortening. In the Vinadio and Valdieri sectors, the
main faults form interconnected or en-échelon sets that are
arranged in regional flower structures. The active geothermal
reservoirs are hosted in between these structures. The patterns
of thermal circulations within these reservoirs, including the
infiltration of meteoric waters and the thermal discharges are
mainly controlled by: (i) the geometrical features and by the
relative proportion of low-permeability fault core (i.e. gouge
and cataclasites) and high-permeability damage zones (i.e.
fault breccia and fractures) of the cataclastic faults, (ii) the
rheological response of the granites and the migmatites to the
frictional deformation. The Vinadio and Valdieri faults can be
viewed as complex systems of conduit-barriers while those of
Berthemont behave mainly as conduit systems. At Vinadio and
Valdieri, the hot springs occur in regions of fault interaction
(respectively, in zones of extensional and contractional step-
over) between two main NW-SE faults, while the Berthemont
springs discharge close to a zone of fault intersection. Granites,
which deform mainly by fracturing, are more suitable to host
diffuse circulation, while migmatites, which deform either by
cataclasis and fracturing, are more likely to act as combined
conduit-barriers for fluid flow. It is proposed that deep-sited
granites can constitute highly transmissive geothermal reser-
voirs. The occurrence at Vinadio and Valdieri of granites sited
beneath migmatites seems a very favourable condition for the
onset of buoyancy-driven circulations which combine with
topograpy-driven flows, giving rise to a mixed convection. This
is a reasonable explanation for the anomalously high tempera-
tures that are observed at the Argentera hot springs and could
presumably apply to other circulation systems in the Alps
where high discharge temperatures are involved.
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