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The thermal circuits of the Argentera Massif (western Alps, Italy):
An example of low-enthalpy geothermal resources controlled by

Neogene alpine tectonics

PAOLO PERELLO!, LUIGI MARINIZ, GIORGIO MARTINOTTI® & JOHANNES C. HUNZIKER?
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ABSTRACT

This work presents geochemistry and structural geology data concerning the
low enthalpy geothermal circuits of the Argentera crystalline Massif in north-
western Italian Alps.

In this area some thermal springs (50-60°C), located in the small Bagni di
Vinadio village, discharge mixtures made up of a Na-Cl end-member and a
Na-SOs component. The latter is also discharged by the thermal springs of
Terme di Valdieri located some kilometres apart within the same tectonic
complex. Both end-members share the same meteoric origin and the same
reservoir temperature, which is close to 150°C. Explanations are thus required
to understand how they reach the surface and how waters of the same origin
and circulating in similar rocks can attain such different compositions.

Sodium-sulphate waters discharged at both sites, likely represent the com-
mon interaction product of meteoric waters with the widespread granitic-
migmatitic rocks of the Argentera Massif, whereas Na-Cl waters originate
through leaching of mineralised cataclastic rocks, which are rich in phyllosili-
catic minerals and fluid inclusions, both acting as CI" sources.

Due to the relatively low inferred geothermal gradient of the region,
~25°C/km, meteoric waters have to descend to depths of 5.5-6 km to attain
temperatures of ~150°C. These relevant depths can be reached by descending
meteoric waters, due to the recent extensional stress field, which allows the de-
velopment of geothermal circulations at greater depths than in other sectors of
the Alps by favouring a greater fractures aperture. The ascent of the thermal
waters takes place along brittle shear zones. In both sites, the thermal waters
emerge at the bottoms of the valleys, close to either the lateral termination of
a brittle shear zone at Terme di Valdieri, or a step-over between two en-eche-
lon brittle shear zones at Bagni di Vinadio. These observations attest to a
strong control operated on the location of outlet regions by both brittle tec-
tonics and the minima in hydraulic potential inside the fractured massif.

RIASSUNTO

Questo studio riporta una caratterizzazione geochimica e geologico strutturale
dei circuiti geotermici a bassa entalpia presenti all’interno del Massiccio cri-
stallino dell’Argentera, nelle Alpi italiane nord-occidentali. In quest’area, al-
cune sorgenti termali (50-60°C), situate in prossimita dell’abitato di Bagni di
Vinadio, scaricano delle acque che rappresentano miscele costituite da un end-
member a composizione cloruro-sodica (Na-Cl) e da un end-member a com-
posizione solfato-sodica (Na-SOy). Quest’ultimo end-member & anche scarica-
to dalle sorgenti termali di Terme di Valdieri, localizzate ad alcuni chilometri
di distanza dalle precedenti all’interno dello stesso complesso tettonico. En-
trambi gli end-members mostrano una comune origine da acque meteoriche e
la stessa temperatura di riequilibrazione, prossima a 150°C. Sono dunque ne-
cessarie delle spiegazioni per comprendere come essi raggiungano la superficie
e come acque della stessa origine, che circolano in rocce simili possano rag-
giungere composizioni finali tanto diverse.

Le acque solfato sodiche, scaricate in entrambi i siti rappresentano proba-
bilmente il risultato comune dell'interazione con le diffuse rocce granitiche e
migmatitiche del Massiccio dell’Argentera, mentre le acque cloruro-sodiche
traggono origine dalla lisciviazione di rocce di faglia mineralizzate, ricche in
minerali fillosilicatici e in inclusioni fluide che agiscono entrambi come sor-
genti di CI.

A Causa del basso gradiente geotermico ipotizzabile per la regione, circa
25°C, le acque meteoriche devono infiltrarsi fino a profondita di 5.5-6 Km per
raggiungere temperature di 150°C. Il presente studio ha permesso di conclude-
re che tali considerevoli profondita possono essere raggiunte dalle acque me-
teoriche discendenti grazie alla presenza di un campo degli sforzi recente di
tipo estensionale, che consente lo sviluppo di circolazioni consistenti a profon-
dita maggiori che in altri settori delle Alpi favorendo una maggior apertura
delle fratture. La risalita delle acque termali avviene lungo zone di taglio fragi-
li. In entrambi i siti le acque termali vengono a giorno lungo dei fondivalle, in
prossimita di terminazioni laterali di zone di deformazione fragili (Terme di
Valdieri), o in prossimita di zone di ponte tra due zone di taglio fragili en-
echelon (Bagni di Vinadio). Queste osservazioni testimoniano un forte con-
trollo operato sull’'ubicazione delle zone di emergenza da parte sia degli ele-
menti tettonici recenti che dei minimi di potenziale idraulico all'interno del
massiccio fratturato.
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Fig. 1. Tectonic sketch map of the Western Alps. Dark shadowed areas are
the External crystalline Massifs (European continental crust). Dots are the
most important thermal springs. RSL = Rhone-Simplon Line, TL = Tonale
Line, PTF = Penninic Thrust Front, RF = Ranzola Fault.

1. Introduction

Low-enthalpy geothermal resources are widespread in the cen-
tral and western Alps. They are mainly represented by thermal
springs and by water inflows in deep tunnels, with flow rates of
0.1-50 kg/s and temperatures of 20-70°C (Vuataz 1982: Ry-
bach 1995:; Perello 1997).

Chemical and isotopic composition of these thermal waters
indicate that they are meteoric waters heated through conduc-
tive heat transfer from hot rocks at depth, in areas of geother-
mal gradient either normal or slightly higher than normal.

In spite of the abundant information on the chemical and
isotopic composition of the alpine thermal waters, very little
work has been done in the past to understand the lithological
and tectonic constraints controlling their localisation, even
though the simple geographical distribution of thermal waters
suggests a likely control by important late-alpine (Neogene)
brittle shear zones (Fig.1). Many thermal water discharges are
located, in fact, close to the Penninic Front, a ductile deforma-
tion zone reactivated by brittle shearing during late Neogene
(Hubbard & Mancktelow 1992; Laubscher 1991; Perello et al.
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1999; Seward & Mancktelow 1994). Other thermal springs are
located in the Lepontine Dome, a region characterised by a
geothermal gradient slightly higher than normal for the Alps
(30-35°C compared to the normal gradient of 20-25°C; Clark
& Niblett 1956) and are probably related to uplift induced by
recent tectonic activity which took place along the Rhone-Sim-
plon shear zone (Mancktelow 1985; Steck 1990; Steck & Hun-
ziker 1994). Finally, widespread occurrences are present in the
external Alps, in relation with important Neogene tectonic fea-
tures like the Jura Front.

The present work deals with the case of two thermal water
discharges, Terme di Valdieri and Bagni di Vinadio (in the fol-
lowing mainly abbreviated to Valdieri and Vinadio), which are
located approximately 17 km apart, within the Argentera Mas-
sif (AM). Alpine structures are relatively well known in the
south-western sector of the AM (Bogdanoff 1986; Guardia &
Ivaldi 1985). Conversely they were poorly studied in the other
sectors, including the areas of Bagni di Vinadio and Terme di
Valdieri, which were therefore surveyed together with the De-
monte-Valdieri area in the framework of the present investiga-
tion (Fig. 2, PL. 1, Pl. 2 and PI. 3). Detailed structural mapping
was carried out in these areas, to investigate the geological
constraints possibly controlling the localisation of thermal
water discharges and to get some insight into the extension at
depth of the water circuits feeding these thermal springs.

Both at Valdieri and at Vinadio, thermal waters are dis-
charged by several springs, which are located within small
areas of 10,000 m? approximately (P1.2 and 3). Maximum out-
let temperatures are close to 60°C. Although the geochemistry
of the Terme di Valdieri and Bagni di Vinadio thermal waters
is relatively well-known (Fancelli & Nuti 1978; Bortolami et
al. 1984; Michard et al. 1989), 27 samples of thermal discharges
and cold waters were collected and analysed both chemically
and isotopically (Tab. 1), following similar field and laboratory
techniques as Pastorelli et al. (1999).

This study is part of a broader investigation aimed at the
evaluation and interpretation of thermal occurrences in the
Alpine chain.

2. Geological setting

The AM is a structural high of the European plate crystalline
basement (Fig. 1). This basement crops out owing to its uplift
and to the subsequent erosion of the overlying Mesozoic sedi-
mentary succession (Helvetic-Dauphinois cover, HDC). The
AM mainly consists of two gneissic complexes, known as the
Malinvern-Argentera Complex and the Tinée Complex (Fig.
2). They are separated by a steep, NW-SE striking mylonite
belt, which is known as the Ferriere-Mollieres line (or FM line.
Malaroda et al. 1970). This pre-alpine structural element was
reactivated by ductile and brittle deformation in alpine age.
The Malinvern-Argentera Complex is mainly composed of
migmatitic gneisses related to pre-alpine, high-grade metamor-
phism of both para- and ortho-derived protolithes (Bogdanoff
1986). The mineralogical components of these gneisses are
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quartz, K-feldspar, plagioclase, biotite, and minor muscovite
and sillimanite (Malaroda et al. 1970). High-grade gneisses are
intruded by syn-anatectic, leucocratic, meta-granites and by
late Hercynian meta-granites (Ferrara & Malaroda 1969 Com-
pagnoni et al. 1974).

The Tinée Complex is similar to the Malinvern-Argentera
Complex in that it mainly consists of anatectic gneisses derived
partly from sedimentary and partly from plutonic protoliths
(Bogdanoff 1986).

The gneisses of the AM show a pervasive composite schis-
tosity developed in pre-alpine age during different stages of
high-grade metamorphism and deformation (Bogdanoff 1986).
The FM line, which separates the two complexes, is probably
related to a late pre-alpine deformation event (Bogdanoff
1986).

The meta-sedimentary cover of the AM (HDC) crops out
in a belt around the basement (Fig. 2). It can be subdivided in
an autocthonous succession of Carboniferous-Triassic age,
which is represented by continental sediments (conglomerates,
volcanoclastic deposits, pelites, quartzites) and a detached suc-
cession of post-middle Triassic age (Faure-Muret 1955; Sturani
1962; Malaroda et al. 1970). The detachment surface is marked
by middle Triassic evaporites (cargneules). Despite local sedi-
mentary variations, the detached Mesozoic succession mainly
consists of dolostones, limestones, schists and meta-arenites of
Triassic-Oligocene age (Sturani 1963; Malaroda et al. 1970).
The HDC, together with the AM, was subjected to anchimeta-
morphic and locally epimetamorphic conditions in alpine
times.

Both the massif and its cover are locally affected by a more
or less pervasive hydrothermal alteration (see paragraph 4).
At present, the thermal waters discharge at the surface inside
the Malinvern-Argentera Complex (Fig. 2). Nevertheless the

abundant traces of past hydrothermal activity attest that it has
been a diffuse and repeated phenomenon during all the alpine
deformation history of the AM region.

3. Fluid geochemistry
3.1. Isotopic characteristics of the thermal waters

In the classic 8D vs. 8'"0 plot (Fig. 3.1) the thermal discharges
of both sites and the local cold waters lie close to the world-
wide meteoric water line (Rozanski et al. 1993):

3D = (8.1740.06) « 80 + (10.35+0.65). (1)

All the thermal springs, except one from Valdieri, and all the
cold waters are slightly shifted towards higher 8D or lower
3'%0, possibly due to the influence of Mediterranean precipita-
tions (Dazy et al. 1987). Vinadio and Valdieri thermal waters
do not exhibit positive '*O-shifts, which are typical of high-
temperature geothermal systems and are larger in essentially
stagnant rock-dominated systems than in dynamic, fluid-domi-
nated systems (Giggenbach 1992). This lack of 'O-shifts in the
waters of the study area agrees with their provenance from
possibly dynamic geothermal systems of comparatively low
temperature (~115°C according to Michard et al. 1989; ~150°C
according to the Na-K-Mg!”? triangular plot, see below). The
8D and 8'%0 values of Vinadio are slightly more negative than
those of Valdieri, indicating a small difference in the elevations
of the infiltration areas of the meteoric waters feeding the two
thermal circuits. These are probably in the range 1800-2100 m
asl (Fancelli & Nuti 1978; Michard et al. 1989), although Bor-
tolami et al. (1984) proposed an infiltration altitude of ~1400 m
asl for Valdieri, hypothesising an unrealistic occurrence of
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Table 1. Geochemical and isotopic data from springs of the study area. Locations of sources are reported in Plates 1 and 2. (*) Data from Fancelli & Nuti (1978):
(**) Data from Michard et al. (1989). The source SD comes from the cover of the Argentera Massif outside of the mapped area.

sompling e [SO4 5180
code [d_m < o 7y S el E Bmo/ (30 permi |1
1o ) 46,7 8.47 1.96 582 284 0.19 55.3 348 250 28.8 1030 10.2 51.7 0.78 n.a -13.1
ic (@) 30.7 8.82 1.37 428 19.7 0.073 30.7 33.0 16.7 288 713 10.7 51.5 0.55 na -13.0
d ) 50.5 8.45 201 591 28.0 0.18 57.7 28.1 17.9 269 1020 10.2 524 0.80 -88.0 -12.8
le ©) 52.5 8.28 215 655 29.7 0.19 61.3 26.2 18.7 30.7 1080 10.2 51.4 0.87 na na
20 (@] 55.0 8.87 0.69 226 1.5 0.013 6.7 68.3 17.6 33.6 301 13.8 730 0.28 -91.7 12.8
2b ) 55.6 8.51 0.67 228 1.3 0.058 64 81.9 6.8 288 266 146 77.6 0.26 -89.0 -12.9
la () 44.6 8.35 n.a 537 35.0 0.30 55.0 46.8 nc 58.0 956 n.a 49.0 n.a na 13.1
b () $0.0 7.80 na 635 39.0 0.40 63.0 190 nc 63.0 1060 na 47.0 no na 133
Ic ) 242 7.70 na 348 21.0 0.10 23.0 20.3 nc 70.0 601 n.a 43.0 n.o na -13.0
20 ¢ 549 8.90 na 208 13.0 0.10 5.0 488 nc 41.0 319 na 720 na na 13.0
2b (&) 50.7 9.05 n.a 179 13.0 0.10 3.0 224 nc 55.0 267 n.o 76.0 n.a n.a -13.3
VAl 040696 544 9.05 0.80 212 13.9 0.037 10.0 38.0 42 56.1 315 13.6 69.5 na na n.a
V2 050696| 441 8.56 2.30 586 345 0.20 63.4 30.5 206 40.1 1040 121 52.5 na na na
V3 050696 523 8.55 2.50 615 36.7 0.26 70.9 3.7 201 39.5 1130 10.7 49.5 na na n.a
va 050696| 392 8.73 2.29 592 334 0.25 64.9 3.7 20.0 37.4 1040 1.9 499 na ng na
V5 050096| 50.8 9.12 0.38 104 6.3 0.13 7l 488 16.3 442 115 125 62.2 na na na
V6 050696| 839 8.88 0.73 196 12.7 0.08 8.9 50.0 22.3 40.5 282 141 73.1 na na na
V7 050696| 51.4 8.32 317 765 50.8 0.40 89.3 30.5 22.7 39.2 1430 9.9 544 na na n.a
V8 05.06.96 55 7.31 na 1.1 0.82 0.60 9.9 3.7 31.7 59 0.4 na 49 ng n.a na
2 (@) 60.5 9.19 017 722 4.2 0.024 49 58.0 7.6 61.5 333 11.9 67.3 0.082 -849 -12.4
3 (@) 60.3 9.20 0.18 75.9 43 0.061 49 59.2 6.5 57.6 28.4 12.3 9.7 0.078 -85.4 -12.2
4 ) 56.1 9.23 0.22 82.5 3.7 0.005 4.0 65.9 10.2 62.4 31.9 13.3 739 0.099 -86.7 -12.4
Sc (@) 3.6 9.57 0.22 82,1 39 0.058 4.0 63.5 1.5 65.3 3.9 13.3 73.3 025 -88.0 -12.3
2 (&) 59.9 8.00 na 72.5 2.5 n.d. 5.8 40.7 n.c 62.4 320 n.a. 61.5 n.o. n.a n.a
3b (6] 48.3 8.30 na 67.0 24 0.10 7.7 41,7 n.c 59.0 27.0 n.a. 55.5 n.o. n.a -12.5
3d (&) 60.2 9.50 na. 740 2.7 0.20 6.0 a1.7 nc 65.0 30.0 n.a 63.0 na na -12.4
4 G2 55.6 9.60 na. 82.0 3.6 0.40 50 50.3 n.c 63.0 34.0 n.a 62.0 no. na -12.8
S1 040696| 301 8.97 0.06 22.7 2.2 1.04 15.0 61.0 49.0 2.6 7.8 3.2 38.1 na na n.a.
S1 301095 317 8.70 0.06 18.5 23 0.97 18.3 61.0 54.7 30.4 66 3.2 284 n.a -81.4 -11.0
S2 04.0696| 565 9.30 0.20 748 3.6 0.03 6.5 72,6 19.7 6.1 261 12 70.6 na na nao
S2 30.1095| 57.0 8.62 0.23 63.6 37 0.01 5.6 61.0 204 62.4 255 1.8 72.5 na na na
3 040696| 585 9.20 020 75.3 38 0.047 6.1 69.5 22.8 67.2 264 1.6 67.7 no na na
S3 30.1095| 600 9.28 0.23 649 3.7 0.01 5.9 45.8 13.4 64.9 258 1.7 740 n.a. na -12.3
sS4 04.0696| 328 9.63 0.23 79.8 39 0.10 58 61.0 14.4 71.8 30.0 121 66,2 na na n.a
S4 30.1095] 336 9.52 0.25 70.0 39 0.01 58 57.0 1.0 70.0 29.1 121 77.2 n.a. -85.5 -12.3
S5 04.0696| 19.0 8.20 0.14 55.9 25 0.44 73 59.7 58.6 51.3 19.8 8.3 461 na na na
$5 30.1095| 21.2 8.12 017 57.6 3.0 0.15 8.0 9.4 48.7 61.2 21.9 10.2 429 na na na
$6 311095 436 9.19 0.22 69.3 39 0.02 6.1 62.8 33.0 72.5 264 1.8 554 na na nao
S7 040696 495 9.37 0.20 73.7 3.7 0.0583 7.4 62,2 14.6 68.4 260 1.7 6.9 na na na
S7 311095 51.0 9.12 0.20 67.5 3.7 0.006 8.7 59.8 20.7 70.1 253 1.6 77.3 n.a. na no
AF ¢ na 8.20 na 1.0 0.30 1 7.0 10.1 10.1 7.0 nd n.a 20.0 na n.a. -13.0
CJ (&) 10.3 7.00 n.a 50 0.90 2 9.0 19.0 19.0 19.0 40 n.a. 11.0 n.a. n.a -12.9
Ci {4} 15.0 7.20 na 50 0.70 0.20 209 54.0 540 17.5 20 na 9.0 nao na na
Tm (@) 8.6 6.90 n.a 1.3 1.80 0.30 7.2 15.4 15.4 53 4.2 n.a. 4.0 n.a. n.a -12.2
SO 85 7.84 na 1.6 0.75 23.5 112 88.4 88.4 288 1.4 0.13 7.1 na n.a na
S8 04.06.96 5.5 7.06 nao 1.1 0.51 0.44 6.6 19.0 19.0 48 03 na 5.2 na n.a no
S8 31.10.95 9.1 6.82 0.01 1.0 0.58 0.56 8.1 228 22.8 50 0.9 0.07 6.0 na -77.1 -1
9 31.1095| 124 6.85 na 45 0.80 0.52 8.7 22.8 228 9.1 1.9 0.63 10.3 na na -12.0
9 04.06.96 8.5 6.58 0.01 35 0.66 0.57 7.4 240 240 7.3 1.1 0.48 7.7, na n.a na
Co |050696] 6.6 7.94 na 09 024 0.35 6.6 200 200 44 03 na 39 na na na
Ge 31.10.95 59 7.45 0.01 0.9 0.36 0.26 6.5 158 158 4.0 1.0 0.17 49 n.a -76.5 -11.0

steam separation during the ascent of the thermal waters to-
wards the surface.

Available tritium data (Fancelli & Nuti 1978; Bortolami et
al. 1984; Michard et al. 1989) referred to 1989 are 0 to 0.8 TU
at Vinadio (8 measurements) and 1 to 4.3 TU at Valdieri (6

T values sufficiently large to allow attainment of mineral-solu-
tion thermochemical equilibrium at depth.

3.2. Water chemistry

data). The mean residence time, T, of these waters can be
roughly evaluated considering the *H data in local precipita-
tions and referring to the two theoretical models of piston flow
and perfect-mixing (Pearson and Truesdell 1978). According
to the first model, 1 is greater than some tens of years at both
sites, whereas based on the perfect-mixing model, T is of ~1000
to several thousand years at Valdieri and greater than several
thousands years at Vinadio. Since fluid residence time in nat-
ural systems is likely intermediate between these two theoreti-
cal models, circulation times might be greater at Vinadio than
at Valdieri. In any event, all these thermal waters should have
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Both the Valdieri and Vinadio thermal waters have pH values
of 8-9 or even higher. Valdieri waters have total alkalinities of
0.31-1.20 meq/kg. Contrary to what is observed in most natur-
al waters, whose total alkalinity and carbonate alkalinity
are virtually indistinguishable, the carbonate alkalinities of
Valdieri waters (obtained through speciation calculations car-
ried out by means of SOLVEQ, Reed & Spycher 1984) are
0.11-0.97 meq/kg only. The difference between total alkalinity
and carbonate alkalinity of Valdieri waters is due to their high
pH values, causing high concentrations of H3SiOs, OH", HS
and other ions contributing to total alkalinity. For instance, the
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Fig. 3. Geochemical and isotopic features of thermal waters from the Argentera Massif: Circles = thermal waters of Bagni di Vinadio: squares = thermal waters of
Terme di Valdieri: triangles = cold waters. Marks are the same as in Table 1.

8D vs. 8'%0 diagram: also shown is the worldwide meteoric water line.

Relative Na*+K*, Ca’* and Mg?* concentrations in equivalents.

Relative CI', SO4% and HCOs™ concentrations in equivalents (adapted from Giggenbach, 1988).

Plots of (A) boron, (B) lithium and (C) sodium vs. chloride.

8'%0 values vs. CI concentrations.

Plot of SiOx(aq) vs. temperature, reporting the concentrations of both total SiO2(aq) (empty symbols) and undissociated HiSiO4” (grey symbols). The solubil-
ity curves of different silica minerals are also shown.

Relative Na*, K* and Mg!”? concentrations on a weight basis (adapted from Giggenbach, 1988). Both full equilibrium curves are based on the KMg geot-
hermometer of Giggenbach (1988) or on the Na/K geothermometers of Arnorsson et al. (1983) for waters in the 25-250°C range (lower curve) and Fournier
(1979, upper curve).
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total alkalinity of sample 3 of Michard et al. (1989; pH = 9.20),
0.970 meq/kg, is mainly explained by H3SiO4, with 0.574
meq/kg, and OH", with 0.166 meq/kg; the contribution of
HCOj is of 0.090 meqg/kg only, and is comparable with that of
HS-, 0.089 meq/kg. Other species contributing less significantly
to total alkalinity in this sample are COs* (0.013 meg/kg),
H»Si04> (0.014 meg/kg), HoBO3(0.004 meg/kg) and CaCO5°
(0.004 meq/kg). The difference between total alkalinity and
carbonate alkalinity is smaller at Vinadio, due to the lower pH
values, but still significant. For instance sample 1D of Michard
et al. (1989; pH = 8.45) has carbonate alkalinity of 0.29 meq/kg,
whereas total alkalinity is 0.46 meq/kg.

Therefore, the chemical speciation has been calculated for
all the thermal waters to obtain the concentration of HCOj3
ion, which is the anion of interest, together with Cl- and SO4*,
for the chemical classification of these waters.

The triangular plots (Na*+K*)-Mg?*-Ca?* (Fig. 3.2) and
HCO3SO4*CI- (Fig. 3.3) show that Na* is the main cation in
the thermal waters of both Valdieri and Vinadio, whereas the
dominant anion is Cl- at Vinadio and SO4> at Valdieri. Rela-
tive HCO3  contents are very low in the thermal end-members
of Valdieri and Vinadio and increase due to dilution, i.e. addi-
tion of cold, shallow groundwaters. These generally have Ca-
HCO3 composition (Tab. 1), excluding sample SD, which is a
Ca-SOg4 water.

In the correlation plots between the conservative (mobile)
constituents Cl, B and Li* (Fig. 3.4 a,b) all the Na-Cl waters
of Vinadio distribute along a tight linear trend joining the CI--,
B-, Li*-rich sample V7 of Vinadio and the CI*-, B-, Li*-poor,
Na-SO4 waters of Valdieri.

A similar spread of points is observed in the Na* vs. CI’
plot (Fig. 3.4 c). Also the 8'80 values, when plotted against CI',
define a good alignment between the Cl-rich pole and the Cl-
poor pole (Fig. 3.5). In our opinion, these linear trends are the
graphical expression of a mixing process between a low-salini-
ty, Na-SO4, Valdieri-type end-member and a high-salinity, Na-
Cl, Vinadio(V7)-type end-member, as already suggested by
Fancelli & Nuti (1978).

A different interpretation was later proposed by Michard
et al. (1989), who suggested that the activities of several major
and trace constituents are constrained by mineral-solution
equilibria at ~115°C, under variable concentrations of CI,
which acts as a mobile constituent. To support this interpreta-
tion, Michard et al. (1989) pointed out the existence, in the log-
log plots of dissolved species activities vs. Na* activity, of tight
linear relationships whose slope is equal to the charge of each
aqueous species. They concluded that: (1) descending waters
acquire CI- through dissolution of the halite contained in the
sedimentary rock cover; (2) subsequent mixing with Cl'poor
water produces waters of variable Cl- concentrations; (3) these
waters enter the granitic reservoirs, where they equilibrate
with a number of mineral phases at ~115°C, and finally ascend
towards the surface through a set of different fractures.

It should be emphasised that the interpretation of Michard
et al. (1989) does not take into account the occurrence of mix-
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ing between a Vinadio (V7)-type water and a Valdieri-type
water, which is clearly documented by the correlation plots be-
tween mobile constituents (see above). On the other hand, the
linear trends observed by Michard et al. (1989) in log-log plots
of different constituents vs. Na*, and also our plots of Fig. 3.4-
3.5, does not rule out the possible occurrence of re-equilibra-
tion after mixing between Vinadio (V7) water and Valdieri
water.

For the sake of clarity, the question is: do the thermal wa-
ters of Vinadio simply originate through mixing between a
Vinadio (V7)-type water and a Valdieri-type water or do some
re-equilibration phenomena take place after mixing?

A way to discriminate between the simple mixing hypothe-
sis and that of mixing plus re-equilibration is to calculate for
both models the expected concentrations of pertinent chemical
constituents and to compare these theoretical values with the
analytical concentrations. The computation of the expected
contents of mere mixtures between the Vinadio (V7) and
Valdieri end-members are obviously obtained through simple
mass balances. Temperatures and Pcoz values in the mineral-
solution zone are instead needed, in addition to the contents of
mobile constituents, to obtain the expected concentrations in
the second model (mixing plus re-equilibration). This informa-
tion can be obtained through application of suitable geother-
mometric and geobarometric techniques.

3.3. Geothermometry and geobarometry of thermal
end-members

Due to the comparatively high pH values of the Vinadio and
Valdieri thermal waters, total silica contents at outlet condi-
tions are significantly greater than the concentrations of neu-
tral, undissociated SiOxz(aq), or H4SiO4°. This is related to the
presence of significant contents of H3SiO4", which are induced
by high pH-values (see above). Since SiOx(q) is generally in-
volved in the hydrolysis reaction of silica minerals (quartz,
chalcedony, and other phases; Fournier 1992), the concentra-
tion of this species has been calculated at outlet conditions, by
means of SOLVEQ (Reed & Spycher 1984), and plotted
against temperature together with total dissolved silica (Fig.
3.6). Total dissolved silica contents generally plot above the
solubility curve of a-cristobalite, whereas concentrations of
neutral SiOz@q) are generally bracketed by the solubility
curves of a-cristobalite and chalcedony. Different interpreta-
tions are possible. Based on the SiOz(aq) content at outlet con-
ditions and assuming equilibrium with quartz, estimated equi-
librium temperatures are in the range 105-115°C, as inferred
by Michard et al. (1989). Equilibrium temperatures close to
the outlet values are instead obtained admitting that thermal
waters equilibrate with either a-cristobalite or chalcedony. In
our opinion, silica concentrations are probably controlled by
the precipitation of these silica minerals during the ascent of
the thermal waters towards the surface. Anyway, in view of all
these uncertainties, silica cannot be used with confidence for
geothermometric purposes in this specific case. Other mineral-



solution equilibria have to be investigated to obtain indications
on reservoir temperatures.

Actual achievement of mineral-solution equilibrium can be
assessed by means of a Na-K-Mg!? triangular plot (Fig. 3.7,
Giggenbach 1988). This plot reports two curves, both repre-
senting the relative Na*, K* and Mg?* concentrations of geot-
hermal waters in full equilibrium with a thermodynamically
stable mineral assemblage having the composition of an aver-
age crustal rock and comprising albite, K-feldspar, muscovite,
clinochlore and chalcedony. The upper full equilibrium curve
includes all the aqueous solutions whose Na/K equilibrium
temperature (Fournier 1979), is equal to the K*’Mg equilibri-
um temperature (Giggenbach 1988). The lower curve is based
on the same K*Mg geothermometer, but on the Na/K geother-
mometer of Arnorsson et al. (1983), which holds true in the
25-250°C range.

Figure 3.7 shows that: (1) some springs of both Vinadio and
Valdieri plot between the two full equilibrium curves at
~150°C; (2) other thermal water discharges of both sites plot
instead along a trend with Na/K ratio similar to the previous
springs but with higher Mg?* contents, due to either water-rock
interaction and re-equilibration of Mg?* at lower temperatures
or mixing with shallow, Mg?*-rich waters, which is likely the
case of springs S1 and S5.

The Pcoz of the “last”™ mineral-solution equilibrium can be
calculated from measured K* and Ca®* contents of thermal
water discharges (Giggenbach 1988). Other Pcoz-indicators,
which are based on the HCOj3 concentration and the K% Ca,
Ca/Mg, HCO3/F, and (HCO3)%S0Os ratios, were proposed by
Chiodini et al. (1991). An initial evaluation of the equilibrium
Pco: for the thermal waters V7 of Vinadio (Perello 1997) and
2 of Valdieri (Michard et al. 1989), through direct application
of these different Pcoz-indicators, was carried out by referring
to the equilibrium temperature of 150°C, which is indicated by
the Na-K-Mg!”? triangular plot (see above). Remarkably dif-
ferent Pco2 values were obtained for sample V7 of Vinadio.
Possible reasons for these discrepancies are either calcite dis-
solution or precipitation, which are chiefly governed by either
acquisition or loss of CO2, and are described by the following
reaction:

CaCOs+ CO:2 + H20 & Ca** + 2 HCOg3'. 2)

Measured Ca’* and HCO3™ concentrations were therefore
corrected for variable dissolution/precipitation of calcite based
on the stoichiometry of reaction (2), and inserted in the Pcoo-
indicators listed above (Marini et al. 1998). Results are dis-
played versus C (i.e., mg of calcite dissolved or precipitated per
kg of water) for sample V7 of Vinadio (Fig. 4.1a) and 2 of
Valdieri (Fig. 4.1b). Figure 4.1 shows that the curves of all the
Pcoz-indicators, apart from the (HCO3)%/SOs function, con-
verge in relatively narrow ranges of Pcoa, { values for both
samples. The (HCO3)?/SO4 function overestimates the equilib-
rium Pcoy as it was derived assuming that the SO4> concentra-
tion is fixed by anhydrite solubility, a condition which is not at-
tained in the thermal waters of the AM (Michard et al. 1989).

Equilibrium Pco: values are ~0.022 bar for sample V7 of Vina-
dio and ~0.003 bar for sample 2 of Valdieri. These values are
lower than the Pco> fixed by coexistence of calcite and a Ca-
Al-silicate (Giggenbach 1984). i.e., 0.055 bar at 150°C, suggest-
ing that laumontite is stable as hydrothermal mineral in these
geothermal reservoirs, while calcite forms upon COxz loss only.
Values of { are close to 0 mg CaCO3/kg-H2O for sample 2 of
Valdieri and approximately —-12 mg CaCOs/kg-H>O for sample
V7 of Vinadio, whose restored Ca’* and HCO3™ concentrations
(i.e., before calcite dissolution) are 84.5 and 8.07 mg/kg, re-
spectively.

3.4. Mere mixing or mixing plus re-equilibration ?

As discussed above, to check the hypothesis of mixing plus re-
equilibration, it is necessary to calculate the equilibrium con-
centrations of compatible constituents at specified tempera-
tures, Pcoz values and concentrations of mobile constituents.
Theoretical contents of compatible constituents were calculat-
ed by means of the mineral-solution equilibrium model SOL-
COMP (Guidi et al. 1990; Chiodini et al. 1991).

In the thermal waters of the Argentera Massif, Na*, K*,
Ca?*, Mg?*, AP, SiOx(aq), F* and carbonate alkalinity (mainly
HCOj5") behave as compatible ions and their activities were as-
sumed to be constrained by the typical, hydrothermal mineral
assemblage, comprising low-albite, K-feldspar, laumontite,
clinochlore, muscovite, quartz, and fluorite. The HCO3" con-
centration is fixed by the specified Pco2z conditions.

In the thermal waters under investigation the most impor-
tant mobile specie is Cl'. Sulphate is also mobile according to
Michard et al. (1989) and we accept this point of view for the
purpose of the present discussion. The influence of sulphate
becomes important for mixtures where the concentration of
the Valdieri end-member is greater with respect to the Vinadio
end-member. The contents of the generic i-th mobile con-
stituent in any mixture are obviously constrained by a simple
mass balance equation:

miyM = mivi X + Miv, (1-x) 3)

where subscripts M, Vi and Va identify the mixture, the Vina-
dio end-member (mc; = 0.0405, msos = 0.000408) and the
Valdieri end-member (mc = 0.00094, msos = 0.000640), respec-
tively, x is the fraction of the Vinadio end-member in the mix-
ture and m stands for molality.

Based on the previous discussion, equilibrium temperature
was taken equal to 150°C for any mixture, whereas equilibrium
Pco2 was taken equal to 0.003 bar for a first series of mixtures
and to 0.022 bar for a second set of mixtures. This implies the
presence of two Pcoz-reservoirs that provide suitable amounts
of COy, as soon as it is consumed through water-rock interac-
tion, and buffers the COz concentration in the equilibration
zone.

Calculated concentrations of Na*, K*, Ca?*, Mg**, F- and
carbonate alkalinity, for the model of re-equilibration after
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mixing, are reported against Cl" in Figs. 4.2-4.4. In the same
figures, the expected contents upon simple mixing and the ana-
lytical values are also given. Silica and Al** are not considered
since the first likely undergoes significant changes during the
ascent of the thermal waters towards the surface (see above),
whereas only few data are available for the second.

Figure 4.2 shows that the attainment of equilibrium with
the hydrothermal paragenesis brings about a decrease of K*
and an increase in Na“*, albeit relatively small, with respect to
the contents initially fixed by mixing. Theoretical Na* and K*
contents are affected by Pcoz at low CI' contents only. Most
analytical Na* and K* concentrations lie close to the mixing
line, whereas some samples plot between this line and the mix-
ing plus re-equilibration curves. The evidence provided by Na*
and K* is not conclusive to discriminate between simple mixing
and mixing plus re-equilibration.

Equilibration with the considered hydrothermal paragene-
sis determines large decreases of Mg?* and Ca®* with respect to
the concentrations initially constrained by the mixing process
(Fig. 4.3). Again, theoretical Mg?* and Ca?* contents are influ-
enced by Pcoz at low CI concentrations only. Unfortunately
the Mg?*-content of the Valdieri end-member is poorly con-
strained. This fact hinders the use of Mg?* for our investiga-
tion. Another process possibly affecting Ca* concentration is
precipitation of calcite upon mere mixing, during the ascent of
the thermal waters towards the surface (Fig. 4.3b). Theoretical
Ca?*-values determined by this process were computed by
means of the EQ3/6 software package (Wolery 1979, 1983;
Wolery & Daveler 1992). Most samples have analytical Ca?*
contents comparable with those expected for mixing and pre-
cipitation of calcite. Only samples 2a and 2b of Fancelli & Nuti
(1978) have Ca?* concentrations somewhat lower than expect-
ed, possibly because of calcium loss due to improper preserva-
tion of these samples. Accepting this explanation, Ca?* pro-
vides a strong evidence against the occurrence of re-equilibra-
tion after mixing.

Carbonate alkalinity is strongly affected by equilibrium
Pcoz at any CI concentrations and remarkable changes with
respect to the contents initially fixed by mixing are expected
(Fig. 4.4a). Most analytical values are located between the mix-
ing line and the mixing plus re-equilibration curves for
Pco2=0.22 bar, but this evidence is not conclusive, as the car-
bonate alkalinity of the Valdieri end-member is poorly con-
strained.

A significant increase in F content is expected upon equili-
bration with the hydrothermal minerals, at least for Cl- < 500
mg/kg (Fig. 4.4b). Nevertheless observed F- concentrations do
not depart significantly from the mixing line, providing further
evidence against the occurrence of re-equilibration after mix-
ing, admitting that dissolved F is not limited by insufficient
availability.

In summary, a comparison of analytical and theoretical
data supports the occurrence of simple mixing between the
Na-Cl, Vinadio(V7)-type end-member and the Na-SOq,
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Valdieri-type end-member. Precipitation of calcite and silica
minerals takes place upon mixing, probably during the ascent
of the thermal waters towards the surface.

Finally it should be noted that the samples of the Vinadio
thermal waters are strongly scattered in the SO4> vs. CI" plot
(Fig. 4.5). This spread of points is in evident contrast with the
mobile behaviour of SO4%, which was recognised by Michard
et al. (1989) and accepted in the previous discussion. Vinadio
samples of Fancelli & Nuti (1978) have SO4%>" contents system-
atically higher than other samples, but similar discrepancies
are not observed for Valdieri thermal waters. This exclude that
the SO4”" data of Fancelli & Nuti (1978) are affected by analyt-
ical errors. It is possible, therefore, that these time-changes of
SO4% concentrations in Vinadio waters are due to variable
bacterial reduction of sulphate to sulphide, a common process
in thermal waters with temperatures of 30 to 100°C (e.g.,
Ohmoto & Goldhaber 1997 and references therein). Presently
unavailable data on the isotopic composition of dissolved SO4*
are needed to substantiate this hypothesis.

4. Paleo-hydrothermal phenomena

Fossil, rock alteration phenomena are recognised in many out-
crops within the AM. They are similar to the argillic and
propylitic alterations, which are commonly found in many hy-
drothermal ore deposits. These hydrothermal alterations are
usually related to H,O-rich fluids of low to middle tempera-
tures (Evans 1980). Rock alterations in the AM are present in
two different forms: (1) diffuse alterations of great rock vol-
umes and (2) alterations localised along shear zones, both
early- and late-alpine in age.

An example of the first type is found in the AM cover suc-
cession in the Stura-Gesso area. Here rock alteration in mar-
bles is probably related to fluids expelled during deformation
at the cover/basement interface. This alteration is not de-
scribed here since it does not interest directly the present
work.

Many brittle to plastic shear zones in the crystalline base-
ment (see below) are characterised by metasomatic processes
and deposition of sulphide minerals (i.e. localised alterations
of the second type). Hydrothermal parageneses in the brittle to
plastic shear zones are usually distributed along a grid of veins.
The most common hydrothermal minerals are white mica,
quartz, fluorite, adularia, chlorite, calcite, tourmaline, and sui-
phides. At the borders of the shear zones the metasomatic al-
teration may extend for 10 to more than 100 cm, producing
sericitization or epidotization. Often argillic tabular bodies are
found along faults.

Many small sulphide ore deposits, related to these localised
alterations are present inside the massif and its cover (Rua and
Lausetto mines). These mineralizations are usually constituted
by galena and sphalerite with minor chalcopyrite, pyrrhotite
and arsenopyrite, while the gangue is usually composed of
quartz, fluorite, chlorite and calcite (Colomba 1904; Cevales
1961). Microstructural observations show that the main phase
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Fig. 4. Geochemical modelling of thermal waters from the Argentera Massif: symbols as in Fig. 3. See text for explanations

4.1) Plot of Pco> versus the weight of calcite precipitated or dissolved (mg/kg of water) for (A) sample V7 of Bagni di Vinadio and (B) sample 2 of Terme di
Valdieri (data by Michard et al. 1989).

4.2) Plots of (A) Na* and (B) K* vs. CI' concentrations for Bagni di Vinadio thermal waters.

4.3) Plots of (A) Mg?* and (B) Ca** vs. CI' concentrations for Bagni di Vinadio thermal waters.

4.4) Plots of (A) carbonate alkalinity and (B) F vs. CI' concentrations for Bagni di Vinadio thermal waters.

4.5) Sulphate vs. CI concentrations. The crosses identify the samples by Fancelli & Nuti (1978).
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of ore deposition is usually related to a first ductile event of de-
formation along shear zones, probably early alpine (see
below). Younger phases of ore deposition and remobilization
are then related to plastic and brittle events of reactivation of
late alpine age (see below).

Thermal waters circulate along the same set of faults used
by old hydrothermal fluids, thus they locally leach hydrother-
mal rocks in addition to gneisses and metagranites.

5. Structural setting

Both the past hydrothermal alteration phenomena and the
present circulation of thermal waters, with deep temperatures
close to 150°C and outlet temperatures of 40-60°C, imply the
presence of geological structures acting in the past and also at
present as channels of high permeability. The identification of
these channels (mainly fracture zones) is based on detailed
structural data. These data are needed also to constrain the re-
cent uplift and stress/strain history of the massif, which may
give insights in its thermal state ultimately controlling the pres-
ence of thermal waters.

In the AM the alpine structures (folds axes and shear
zones) mainly strike NW-SE (Boureau de Recherche
Géologique et Miniere 1977), due to the conditioning imposed
from pre-alpine structural elements.

In alpine age the basement was mainly deformed in a brit-
tle way, while the cover succession was deformed more plasti-
cally.

5.1 External sector

At the western and southern limits of the AM, the HDC is
characterised by a schistosity or cleavage (S1) NE- or SW-dip-
ping at middle to high angle (Guardia & Ivaldi 1985). These
structural features may be locally related to SW-verging kilo-
metric folds developed in anchimetamorphic conditions. Fold
axes have a common NW-SE strike. S1-related folds are asso-
ciated to the thrusting of the basement above the cover in duc-
tile to brittle conditions. Thrust surfaces dip toward NE at low-
to middle-angle. During thrusting the strain has been further
partitioned along right-lateral, high-angle shear zones cropping
out in the axial region of the massif (FM line).

The S1 is overprinted by a crenulation-cleavage (S2) still
related to SW-verging folds and to SW-directed brittle thrust-
ing of the basement above the cover (Fig. 2; Guardia & Ivaldi
1985; Bogdanoff 1986).

5.2 Internal sector

In the internal sector the alpine structures show features simi-
lar to those identified in the external sector but they have been
poorly described by Authors up to now. Basement-cover rela-
tionships are complex, as reflected by the area mapped in the
Stura and Gesso Valleys (Plate 1) where erosion-exhumed
basement slices are tectonically pinched in the cover succes-
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sion attesting a great structural complexity. The following con-
siderations are a synthesis of detailed structural studies widely
described in Perello (1997).

At the mesoscopic scale, in the cover succession of the in-
ternal AM a pervasive schistosity (S1) developed in an-
chimetamorphic conditions can be observed. S1 is the axial
plane schistosity of tight to isoclinal folds which deforms a
more or less transposed sedimentary layering called S0.

The S1 of the cover succession has no analogue inside the
crystalline basement, where there is no trace of diffused schis-
tosity development in Alpine age. The main structural features
that are probably related to the S1 inside the basement are
ductile greenschist facies shear zones which mainly reactivated
the pre-alpine schistosity.

S1 is intersected by a younger, pervasive cleavage here
called S2. S2 is structurally related with open to tight folding of
the S1 at all scales. Locally the lower limbs of the S2-related
folds are truncated by brittle to plastic reverse shear zones.
The shear zones show brittle grain reduction processes; their
thickness may vary from a few centimetres to 5-10 m. Folding
and shearing are closely related and therefore they have been
interpreted as the expression of the same dynamic context.

Often the brittle deformation (cataclastic flow) along the
shear zones has been accompanied by hydrothermal alteration
(paragraph 4) inducing sometimes ductile behaviour.

At mapping scale the basement-cover contact strikes main-
ly NW-SE (Fig. 2, P1. 1) and is regionally defined by a S1-relat-
ed decollement level of cargneules, but the geometry of the
Sl-related decollement is complicated by the presence of post-
S1 structures (Pl. 1, sections A, B, C). In this internal sector
two S2-related kilometric recumbent antiformal folds deform
the S1 of the HDC (Plate 1). Their axes strike generally NW-
SE, dipping toward the SE and the NW (Fig. Se-f). The axial
surfaces of the antiforms (S2 cleavages) dip towards the SW in
the most external surveyed HDC sector and towards the NE in
the most internal sector, defining a S2- to post-S2-related cul-
mination with a SW-NE axis (PL.1; Figs. Sa-d).

The lower limbs of the antiforms are cut by low-angle brit-
tle, S2-related thrusts describing, like the S2, a culmination
with a SW-NE axis. These thrusts enter the basement cutting
the Sl-related decollement and overrode the basement on the
cover. The footwall of the shear zones is represented by a pile
of tectonic slices separated by secondary brittle shear zones
sub-parallel to the geometrically highest one (Pl. 1 map and
sections). Inside the crystalline basement the strain related to
plastic folding in the cover is accommodated by brittle to plas-
tic NE-vergent reverse shears related to a NNE-SSW compres-
sion (PL 1, plot 8).

The thrust sheet geometry is further complicated by the
presence of high-angle strike-slip faults mainly represented by
two conjugate systems striking NW-SE and NE-SW or ENE-
WSW. The most important system strikes NW-SE and reacti-
vates pre-existent shear zones and the pre-alpine foliation in-
side the basement. These structures are widely distributed in
all the studied sectors (PI. 2 and 3), contrary to the low-angle
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shear zones which are mainly concentrated near the internal
cover-basement contact.

The high-angle shear zones are discontinuous faults which
sometimes show en-echelon distribution (Bagni di Vinadio,
Pl. 3). They may be either characterised by tectonic breccias or
foliated cataclasites, or both. Their rheological behaviour
strictly resembles that of the S2-related shear zones. Cataclas-
tic flow is often associated to hydrotermally-induced plasticity,
but the more plastic structures are usually strongly overprinted
by still younger brittle processes. Along the most recent move-
ment surfaces these faults show gauge affected by pervasive
argillic alteration with thickness of 10-200 cm. The gauge is
embedded between brecciated belts with strongly oriented
structure defined by P and R surfaces (sensu Davis et al. 1999).
The brecciated belts may show more or less advanced metaso-
matic alteration and sometimes fractures are filled by hy-

drothermal minerals. The thickness of the breccia and proto-
breccia bodies may vary from some metres to tens of metres.
Shear sense indicators suggest horizontal to oblique slip
with a common component of right lateral slip for all NW-SE
striking faults, and a common component of left lateral slip for
all NE-SW striking faults (plots of Pl. 1, 2, 3). The oblique
components, when present, mainly indicate a transpression, for
the NW-SE set, and transtension for the NE-SW set. The com-
parison of plots 1,2, 4,5, 6 of P. 1, of plots 1, 3 of Pl. 2 and of
plots 1, 4 of PI. 3 indicates that the faults mainly accommodat-
ed a shortening in a NE-SW direction, probably related to a
NNE-SSW to NE-SW principal compression axis. Anyway, in
some regions the kinematic and dynamic context around the
faults are different, like at stations 3 of the Stura Valley (PI. 1),
at stations 2 and 3 of Bagni di Vinadio (PI. 3), at station 2 of
Terme di Valdieri (Pl. 2). In these areas the principal shorten-
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Fig. 6. Schematic block diagram of the Argentera Massif’s central sector,
showing the kinematic of movements along the principal shear zones in Neo-
gene.

ing axis is rotated toward a N-S to NNW-SSE direction, and
the principal compression axis is mainly N-S. This is of interest
since these areas correspond to fault terminations where the
thermal waters are discharged.

In the Bagni di Vinadio area a jog separates the two main
brittle shear zones (Pl. 3). The step-over coincides with the
bottom of the Corborant Valley, where the thermal springs are
located. In the bridge area the change from the NE-SW to the
N-S shortening direction is accommodated by the increase of
faulting along the NE-SW directed system and the appearance
of rare low- angle extensional faults dipping towards NNW (Pl
3 plot 6).

In the Terme di Valdieri area a 150 m large, NW-SE strik-
ing cataclastic shear zone abruptly cuts off passing from the
right to the left side of the Gesso Valley (PL. 2), where the ther-
mal waters discharge at the surface. In the termination zone
the main fault splits in a great number of minor faults with sim-
ilar direction.

High-angle strike slip faults have been later reactivated es-
pecially in the axial region of the massif. In the studied area
the most diffuse reactivation has been observed along the
northern branch of the Bagni di Vinadio junction. Shear sense
indicators observed along this branch suggest that it has been
reactivated as a normal fault with a NE-SW striking principal
extension (Pl. 3, plot 7). Normal faulting reactivation in the
axial region of the massif was reported also by Horrenberger
et al. 1978). Sue et al. (1997) reported seismic data suggesting
active tectonic extension along the NW-SE and NE-SW fault
systems in regions nearby the AM. Thus the Bagni di Vinadio
extensional reactivation could be related to recent tectonic ac-
tivity. This is confirmed by our morphologic observations in
the area of the fault. The left side of the Insciauda Valley,
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roughly corresponding to the eastern block of the reactivated
fault, shows steep slopes cut by strongly eroding channels; all
the glacial deposits show deep incisions near the channels. The
right side, roughly corresponding to the western block, has a
gentle morphology, without important erosional phenomena
(Pl. 3). The intersection of the reactivated fault with the
Corborant Valley corresponds to a change in morphology in
the bottom of the valley. A flat alluvial plain is present up-
stream of the reactivated fault, whereas a deep incision in the
crystalline substratum is observed downstream. These obser-
vations suggest that the northern branch of the Bagni di Vina-
dio junction should be still active and the eastern block is up-
lifting with respect to the western one.

5.3. The general geological setting of the Argentera Massif and
insights in its thermal state

From a purely geometrical viewpoint the structural features
newly investigated in this work and those previously surveyed
(Bogdanoff 1986; Guardia & Ivaldi 1985) lead, for the AM, to
a geological setting resulting mainly from the superposition of
different deformational events in alpine age. The present set-
ting closely resembles a pop-up structure, as already recog-
nised by Fry (1989). Middle- to low-angle, S1- and S2-related
thrust surfaces, striking NW-SE, border the massif both inter-
nally and externally (Fig. 6). High-angle shear zones, mainly
striking NW-SE, cross the axial sector even if they often ap-
pear also in the peripheral zones. Minor, discontinuous, shear
zones, striking NE-SW, are less common.

The high-angle shear zones may be interpreted as struc-
tures that partitioned the strain, which was accommodated by
thrusting during the S2-related pop-up building in a transpres-
sional context. Thrusts and strike-slip shear zones show the
same rheologic behaviour, similar hydrothermal phenomena
and both accommodated a NNE-SSW shortening component.

An important E-W striking, left lateral, brittle shear zone is
present in the internal cover of the AM, in correspondence of
the Stura Valley (PI. 1). This important structure should repre-
sent the eastern continuation of the WNW-ESE striking
“Couloir de la Stura™ described by Ricou (1980), Ricou & Sid-
dans (1986), Giglia et al. (1996). It does not enter the AM on
its western continuation, since at the limit with the crystalline
basement the deformation is all partitioned along NW-SE
striking S2-related shear zones.

The dating of the described deformational events provides
some insight into the uplift history of the massif and conse-
quently in its thermal evolution. The S1 is an important lower
age boundary for the S2-related events, which may be consid-
ered as the main recent phase of uplift. SI is a mesoalpine fea-
ture, the related structures cut the Oligocene Gres d’Annot.
The brittle S2-related deformation of the AM is thus younger
than Oligocene. Fission-track apatite ages seem to point to-
ward a progressive slow exhumation between Burdigalian and
Tortonian (Bogdanoff 1991) which may represent the effect of
the S2-related transpression. High-angle shear zones probably



continued to act as strike-slip faults also after the phase of ac-
tive thrusting since they clearly cut thrust surfaces, but they
did not cause further uplift, if not locally. In recent times the
axial region of the AM has been locally affected by an exten-
sional deformation regime, as the reactivation of older struc-
tures like the fault zone of Bagni di Vinadio and the Bersezio
fault seems to attest. Therefore in recent times the axial region
of the AM massif seems to sink rather than uplift, probably
due to isostatic adjustments.

Contrary to other sectors of the alpine chain, where crustal
blocks have been exhumed rapidly and in recent times along
relatively steep discontinuities, thus originating geothermal
gradients slightly higher than normal for Alpine areas (e.g., the
Lepontine Dome region; Steck & Hunziker, 1994 and refer-
ences therein), the AM has been exhumed progressively along
low- to middle-angle surfaces. Furthermore its exhumation is
older than in regions of anomalous geothermal gradient. This
uplift history suggests that in the AM the geothermal gradient
should be relatively low, if it is not influenced by other factors
apart from uplift, which are not to be supposed in the study
area. This inference is confirmed by the temperatures mea-
sured in the exploratory Ciriegia tunnel, which was excavated
in the valley of Terme di Valdieri (Bortolami & Grasso 1969).
The maximum depth of the Ciriegia tunnel is close to 700 m
and maximum temperatures are 19-20°C. Admitting that the
annual average air temperature at the surface is 5-7°C at the
tunnel elevation (Regione Piemonte, 1998), the apparent geot-
hermal gradient is of 19-21°C/Km. Even considering a strong
influence of topography it seems unlikely that this gradient can
be greater than 25°C/km. Due to this relatively low geothermal
gradient, the reason for thermalism in the AM has to be found
in other phenomena than the recent uplift, such as, for exam-
ple, the present tectonic activity along the old strike-slip shear
zones that have been locally reactivated as normal faults, as
discussed in the next section.

6. Discussion

The structural and geochemical data presented in the previous
sections allow the construction of a conceptual model for the
thermal circuits of the AM.

Geochemical data indicate that at Terme di Valdieri the
thermal springs discharge a pure Na-SO4 end-member, some-
times diluted by addition of cold shallow waters, while at
Bagni di Vinadio the thermal springs discharge mixtures made
up of Na-Cl, Vinadio(V7)-type end-member and the Na-SOy,
Valdieri-type end-member. Mixing takes probably place dur-
ing the ascent of the thermal waters towards the surface and
induces variable precipitation of calcite and silica minerals.

All the thermal waters are Na*-rich, which is a common
feature of waters circulating in gneissic and granitic massifs
(Michard et al. 1989). However, the large compositional vari-
ability of Vinadio thermal springs is a peculiarity of the AM.

Most thermal waters of the AM have deep (geothermo-
metric) temperatures close to 150°C, which is one of the high-

est values for the thermal waters of the Alpine chain. In addi-
tion these thermal waters plot close to the worldwide meteoric
line, indicating a pure meteoric origin.

These thermal waters are able to reach the surface due to
specific conditions, which are probably the fortuitous combina-
tion of favourable geologic and morphologic factors. Both at
Terme di Valdieri and Bagni di Vinadio, the thermal waters
reach the surface in the bottoms of the valleys, a short distance
upstream of the intersection between the valleys and NW-SE
striking cataclastic shear zones. Moreover, mapped geological
data and structural analysis demonstrate that in both areas the
shear zones intersect the valleys in coincidence with either a
lateral termination, like at Terme di Valdieri, or a step-over
between two en-echelon brittle shear zones, like at Bagni di
Vinadio.

It has been demonstrated (e.g. Sibson 1987) that jog struc-
tures like those of Bagni di Vinadio represent preferential re-
gions of ore deposition related to hydrothermal activity, thus
confirming their importance in fluid circulation.

The thermal water outflows of Bagni di Vinadio and
Terme di Valdieri must be related to the presence of perme-
ability changes at jog and tip regions, but also, more generally,
near the cataclastic shear zones. The permeability of cataclas-
tic shear zones in crystalline rocks is hard to define. It has been
demonstrated that permeability is very high, not inside the
shear zone, but close to its borders (Wallace & Morris 1986;
Evans et al. 1997). In cataclastic shear zones permeability is
usually greatly increased parallel to the fault plane, since in
that directions the tortuosity of the flux is highly decreased
(Arch & Maltman 1990; Moore et al. 1990). Conversely per-
meability is greatly decreased in a transversal direction with
respect to the shear zone surface, due to the lack of structural
discontinuities oriented in this direction. Evans et al. (1997)
recognised, in some shear zones of granitic complexes, a zoned
structure made up of a low-permeability core, mainly com-
posed of fine-grained cataclasites and gauge, and lateral dam-
aged zones of high permeability, mainly composed of coarse-
grained tectonic breccias. This structure strictly resembles that
observed in the cataclastic shear zones of the studied region
(see above). This permeability distribution in and nearby the
cataclastic shear zones causes them to act as barriers for waters
flowing in a transverse direction and as conduits for waters
flowing in a direction parallel to the fault plane. For the partic-
ular case of the AM, waters infiltrating in the axial region of
high elevations, probably tend to migrate towards the periph-
eral regions where the hydrostatic load is lower. Their migra-
tion is therefore transversal with respect to major NW-SE ori-
ented shears which oppose to migration and cause the upflow
of waters along the high permeability belts parallel to them.
Obviously the preferential upflow regions are the step-overs,
where more structure converge (Fig. 6a), and the tips, where
structures end and the permeability dramatically change from
high to very low values. The fact that the thermal waters are
discharged upstream the shear zones is probably related to the
permeability distribution; the higher permeability is met not
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Fig. 7. Circulation schemes for the thermal waters of the Argentera Massif;
figures represent the simplified geometry of the high angle shear zones cross-
cutting the crystalline basement where the thermal waters infiltrate and circu-
late. Arrows indicate the presumed pathway of the waters.

inside the shear zone but at its border some tens of metres
apart from the more deformed belt (see previous considera-
tions).

Also the relatively high temperatures at depth of these
thermal waters (~150°C) require an explanation, especially be-
cause they are not related to anomalous geothermal gradients.
Since in the AM the geothermal gradient should be close to
25°C/km, temperatures of ~150°C are reached at depths of 5-6
ki below the topographic surface. As fracture permeability
decreases with the pressure increase (Evans et al. 1997) and
thus with lithostatic load. at 5 km depth it is probably 4-5 or-
ders of magnitude lower than at the surface, thus preventing
significant water circulation. However, favourable in situ stress
conditions increase fracture permeability of 2-3 orders of mag-
nitude (Banks et al. 1996). Such conditions are likely present in
the AM, due to the recent stress field (paragraph 5.2; NE-SW
extensional stresses acting along the NW-SE striking faults),
allowing the development of geothermal reservoirs at greater
depths than in other sectors of the Alps.

A last point which remains to be explained is the composi-
tional difference between the two geothermal end-members,
which is not justified by the homogeneous mineralogical com-
position of the rocks of the AM. In particular, there is no gen-
eral consensus on the source of CI, which is present in com-
paratively high concentrations in the Bagni di Vinadio end-
member.

Michard et al. (1989) proposed that Cl and Na* come from
halite dissolution. This hypothesis has to be rejected since no
halite is known to be present in the HDC. However, even ad-
mitting that CI" comes from dissolution of the halite contained
in the rocks of the cover succession, thermal waters would be
expected to be close to saturation, at reservoir temperature,
with respect to anhydrite, which is a common phase in alpine
evaporite horizons. This is not the case for the Argentera wa-
ters, which are strongly undersaturated with respect to anhy-
drite. Although bacterial reduction of sulphate to sulphide
might have caused a significant decrease of the sulphate con-
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tents, thus determining the state of undersaturation with re-
spect to anhydrite. it is difficult to accept a decrease from 1350
mg/kg (the saturation value at 150°C admitting saturation with
respect to anhydrite and calcite, calculated by means of
SOLVEQ (Reed & Spycher 1984) to the observed ~40 mg/kg
for the Vinadio end-member.

Bortolami et al. (1984) proposed instead that the high CI
contents of Bagni di Vinadio waters are related to mixing at
depth of descending meteoric waters with connate brines com-
ing from the Po Valley through injection inside the massif
along important tectonic lineaments. Also this hypothesis has
to be re-discussed on geologic ground, since all the recent cata-
clastic shear zones have NW-SE direction, i.e. they are trans-
versal to the presumed direction of migration of the Po Valley
brines. Even the E-W striking “Couloir de la Stura™ does not
seem to enter the massif. To be injected inside the massif,
these brines should pass transversally through all the shear
zones of the thrust system bordering the massif in the Stura
and Gesso Valley. This is not realistic because the permeability
of this system in a transversal direction is very low.

We alternatively propose that the main CI* source for the
thermal waters of the AM is represented by the phyllosilicates
and the fluid inclusions contained in the crystalline rocks of
the massif. Chloride can replace the OH" group in the phyl-
losilicates (Edmunds et al., 1984), and is very abundant in fluid
inclusions, since their major solute is generally NaCl (Roedder
and Bodnar 1997). Though it is a trace element in rocks, it can
concentrate in waters since it is a very mobile anion, and when
it enters the solutions it is hardly removed, unless saturation
with respect to halite is attained. For this reason CI" contents in
groundwaters of meteoric origin generally increase with the
circulation times, that is with the time of water-rock interac-
tion. In our opinion, the different CI" and Na* contents of the
two end-members of the AM reflect the different Cl" and Na“
contents of the rocks where they circulated. The Valdieri end-
member, which is present at both sites, and thus seems to indi-
cate the normal composition of waters circulating in the massif,
probably originate through leaching of widespread granitic and
migmatitic rocks with relatively low CI" and Na* contents. On
the contrary, the Vinadio end-member, which represents a
local anomaly, probably originates through leaching of cata-
clastic hydrotermalized rocks, which are diffused along the
NW-SE faults (paragraph 5.2). These rocks commonly show
anomalously high contents in phyllosilicate minerals, due to
hydration reactions. Moreover, and even more remarkably.
they are very rich in fluid inclusions, which are diffused fea-
tures related to hydrothermal deposition (Evans 1980).

7. Conclusions

Based on the above discussion, we propose the following con-
ceptual circulation model for the thermal waters of the AM
(Fig. 7).

At Terme di Valdieri the descending meteoric waters enter
the granitic-migmatitic reservoir, where they equilibrate at



temperatures close to 150°C, acquiring a Na-SO4 composition.
These thermal waters ascend quickly through a brittle shear
zone and discharge at the surface where the tip point of this
tectonic element intersects the bottom of the valley.

At Bagni di Vinadio, the Na-SO4 end-member experiences
a circulation history similar to that of the Valdieri thermal wa-
ters. The other end-member, of Na-Cl composition, originates
through circulation of meteoric waters into the peculiar deep
reservoir represented by the FM cataclastic rocks rich in hy-
drothermal ore deposits. The high CI- concentrations are prob-
ably related to the leaching of metasomatic rocks rich in phyl-
losilicates and mineralizations with Na-Cl fluid inclusions. This
Na-Cl end-member upflows along a branch of the main dis-
continuity which ends in the step-over of Bagni di Vinadio.
Along their route to the surface, Na-SO4 and Na-Cl waters mix
in variable proportion triggering precipitation of calcite and
silica minerals.
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