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In this study, the chemical and isotopic composition of thermo-mineral springs from the Rosario de la Frontera
hydrothermal system was used to construct a conceptual model describing the source regions the thermal
fluids and the chemical–physical processes controlling the chemistry of waters and dissolved gases during
their underground circulation. The main hydrothermal reservoir, hosted within the Cretaceous Pirgua Subgroup
deposits, is fed by meteoric water and shows a Na–HCO3 composition produced by water–rock interactions
involving sedimentary formations mostly consisting of conglomerates and sandstones, which are interbedded
with alkaline volcanic rocks and shales and limestone deposits. This aquifer also receives significant contributions
of crustal CO2 and He from mantle degassing, the latter being likely favored by the regional tectonic assessment
that is characterized by a deep detachment (at about 10 km depth) in the basement of the Santa Bárbara thick-
skinned thrust system and a thinned lithosphere. The uprising thermal fluids mix with a relatively high salinity
Na–Cl dominated aquifer produced by the interaction of meteoric water with the Tertiary Anta Formation evap-
orite. The temperatures of the hydrothermal reservoir, estimated withwater geothermometers, are up to 130 °C,
which are consistent with the thickness of the hydrothermal circuit (2700–3000m) and the relatively high local
geothermal gradient (~40 °C/km). These results suggest that the heat stored in the fluid phase of RFHS is up to
~1 × 1018 J, a value significantly higher (20%) than that previously estimated assuming an average reservoir
temperature of 90 °C.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Rosario de la Frontera (25°50′S–64°55′W; Salta Province, northern
Argentina) is part of the Subandean foreland thrust belt, an area charac-
terized by a geothermal gradient higher than the average value in the
crust (~30 °C/km). In this area, numerous thermal springs occur,
representing an important touristic attraction since 1880. Geophysical
and hydrogeological investigations (Moreno Espelta et al., 1975;
Seggiaro et al., 1995, 1997; Barcelona et al., 2013; Invernizzi et al., 2014)
have shown that the Rosario de la Frontera thermal manifestations are
fed by a hydrothermal system (Rosario de la Frontera Hydrothermal
es, University of Florence, Via La
39 0552284571.
System, hereafter RFHS) that consists of two main aquifers at ~2400
and 150 m depth, respectively. A preliminary evaluation for the volume
of the deepest aquifer, hosted within Cretaceous sedimentary units, ac-
counts for 53 km3 (Maffucci et al., 2012, 2013). A subsequent conservative
evaluation (Invernizzi et al., 2014) suggested a reservoir volume of about
39 km3. Invernizzi et al. (2014) also provided a preliminary evaluation of
the RHFS geothermal potential, accounting for Er = 5.6 × 1018 J (heat
stored in the solid rocks) and Ef = 0.8 × 1018 J (heat stored in the fluid
phase). Despite the important energy potential of this natural resource,
the geochemical features of the RFHS fluids have not been exhaustively
investigated. This paper presents new chemical and isotopic data of wa-
ters and gases collected in October 2011 and April 2013 from 13 thermal
discharges (hot springs and bubbling pools with temperatures up to
90.5 °C) located near the Rosario de la Frontera thermal spa. The main
aim was to investigate the source regions of thermal fluids and provide
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insights into the chemical–physical conditions of the hydrothermal reser-
voir for a reliable estimation of this thermal resource.

2. Geodynamic and stratigraphic settings

The RFHS is located in the northern sector of the La Candelaria range
(hereafter LCR) that is part of the Santa Bárbara thick-skinned thrust sys-
tem (hereafter SBS). The latter pertains to the N–S foreland thrust belt
system produced in response to the Miocene Andean compressive
phase (Fig. 1a) that caused the selective inversion of the Cretaceous nor-
mal faults (Bianucci et al., 1982; Allmendinger et al., 1983; Jordan et al.,
1983; Grier et al., 1991; Salfity et al., 1993; Kress, 1995; Allmendinger
and Gubbels, 1996; Cristallini et al., 1997; Kley and Monaldi, 1998,
2002; Reynolds et al., 2000; Carrera et al., 2006). LCR represents the struc-
tural framework of the RFHS and consists of broad anticlines N–S elongat-
ed and strongly plunging both to the north and to the south. The Termas
anticline, located in the northern sector of the LCR, is uplifted by high
angle reverse fault planes (Seggiaro et al., 1997) dipping both to the
west and to the east with top-to-the-east and top-to-the-west sense of
transport, respectively (Maffucci et al., 2013). Three major units charac-
terize the stratigraphic succession at LCR (Fig. 1b): (i) the pre-rift se-
quence, (ii) the rift-related sedimentary/volcanic sequence and (iii) the
synorogenic sequence. The pre-rift sequence consists of a fractured low-
grade metasedimentary basement (Medina Formation, Late Proterozoic
to Middle Cambrian; Bossi, 1969; Ramos, 2008), unconformably overlaid
by the rift related sedimentary/volcanic sequence (Cretaceous to Paleo-
gene Salta Group). The latter consists of three subgroups: (i) Pirgua,
(ii) Balbuena and (iii) Santa Bárbara (Reyes and Salfity, 1973; Salfity
and Marquillas, 1994). The Pirgua Subgroup (Early to Late Cretaceous),
representing the syn-rift stage (Galliski and Viramonte, 1988; Salfity
andMarquillas, 1994;Marquillas et al., 2005), mainly consists of red con-
tinental conglomerates and sandstones locally interbedded with alkaline
volcanic rocks (Galliski and Viramonte, 1988). The Balbuena Subgroup
(Latest Cretaceous to Early Paleocene) shows continental to restricted
Fig. 1. (a) Location of the study area and (b) geological map of the norther
marine sandstones, limestones and shales (Turner, 1959). The Santa
Bárbara Subgroup (Paleocene to Early Eocene) consists of shales with
rare carbonate intercalations. The latest two units were related to the
post-rift thermal subsidence stage (Bianucci et al., 1981; Gómez Omil
et al., 1989; Comínguez and Ramos, 1995; Cristallini et al., 1997). The
synorogenic sequence (Oran Group; Middle Miocene to Pleistocene)
comprises two subgroups: i) The Metán Subgroup (Neogene), outcrop-
ping in the northern sector of LCR, dominatedby sandstone and limestone
deposits and showing some evaporite intercalations (Gebhard et al.,
1974); ii) the Jujuy Subgroup (Late Miocene to Early Pleistocene)
consisting of sandstones and conglomerates deposits (Gebhard et al.,
1974; Mingramm et al., 1979; Galli et al., 1996; Hain et al., 2006).
3. Hydrogeological features of RFHS

Pirgua Subgroup, whose estimated permeability was of 83–95 mD
(Invernizzi et al., 2014), is considered the main hydrothermal reservoir
in the studied area (Moreno Espelta et al., 1975; Seggiaro et al., 1997).
The low permeability sediments belonging to the Balbuena and Santa
Barbara Subgroups likely act as a cap rock. The reservoir is hydraulically
confined at depth by the Medina Formation, whose main lithotypes pre-
dominantly consist of imperviousphyllites andquartzitewith lowperme-
ability (Invernizzi et al., 2014 and references therein). Meteoric water
permeating at depth from the northern sector of LCR, mainly through
ENE–WSW and NNW–SSE oriented fault systems (Fig. 1b), likely repre-
sents themain recharge source for RHFS. These fault systems also control
the spatial distribution of the thermal fluid discharges (Fig. 2a) (Seggiaro
et al., 1997; Pesce andMiranda, 2003; Invernizzi et al., 2014). For this hy-
drothermal system, preliminary geothermometric calculations based on
the chemistry (K+/Mg2+ ratios) of some thermal waters (Seggiaro
et al., 1995) indicated a geothermal gradient up to 43.3 °C/km, whereas
organic and inorganic paleo-thermal indicators (Di Paolo et al., 2012) sug-
gested a slightly lower value (~40 °C/km).
n sector of La Candelaria Range (modified from Maffucci et al., 2013).



Fig. 2. (a) Morphotectonic map of the Termas anticline and (b) 3D-image of the studied area (from Google Earth). Both maps report the location of the sampling sites.
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4. Materials and methods

4.1. Chemical and isotopic (δ18O–H2O, δ2H–H2O, δ11B and δ34S–SO4) analysis
of water samples

Water sampleswere collected fromhot springs located in a small area
(~0.56 km2) along the flanks of the Las Termas anticline (Fig. 2a, b). Tem-
perature (°C), pH values, and alkalinity (analyzed by acidimetric titration
with 0.01 N HCl and methyl-orange as indicator) were measured in the
field (Table 1). At each sampling point, two water aliquots, one acidified
with suprapur HCl, were filtered at 0.45 μm and stored in high-density
polyethylene bottles. Laboratory analyses for major cations (Na+, K+,
Ca2+, Mg2+, Li+, and NH4

+) and anions (Cl−, SO4
2−, NO3

−, Br− and F−)
were carried out by ion-chromatography (IC: Metrohm 861 and 761, re-
spectively). The analysis of B was carried out following the Azometina-H
method (AH; Bencini, 1985), whereas SiO2 was analyzed, on water sam-
ples diluted (1:10) in situ, by molecular spectrophotometry (MS) after
the addition of a 10% (w/v) ammonia molybdate solution in a sulfuric
acid environment. The errors for the IC, HS and MS analysis were ≤5%.

The 18O/16O ratios of H2O (expressed as δ18O–H2O ‰ vs. V-SMOW)
were analyzed by using a Finnigan Delta Plus XL mass spectrometer ac-
cording to the CO2–H2O equilibration method proposed by Epstein and
Mayeda (1953). The 2H/1H ratios of H2O (expressed as δ2H-H2O‰ vs. V-
SMOW) were analyzed on H2 after the reaction of 10 mL of water with
metallic zinc at 500 °C (Coleman et al., 1982). The analytical errors for
δ18O–H2O and δ2H–H2O values were ±0.1‰ and ±1‰, respectively.

The 34S/32S ratios of SO4
2− (expressed as δ34S–SO4‰ vs. V-CDT)were

analyzed using an EA-IRMS system consisting of a 20–20 isotope ratio
mass spectrometer (Europa Scientific, Crewe, UK), equippedwith an el-
emental analyser (Sercon Ltd, Crewe, UK), after the precipitation of
BaSO4 with a BaCl2 solution. The solid was separated by centrifugation,
dried and transferred into tin capsules, which were combusted at
≈1700 °C, to form, among theother gases, SO2. Then, SO2was separated
on a packed GC column at 45 °C. The isotopic analysis was based on
monitoring of m/z 48, 49 and 50 of SO+ produced from SO2 in the ion
source. The analytical uncertainly was ±0.3‰.

The 11B/10B ratios (expressed as δ11B‰), were analyzed on selected
samples by MC-ICP-MS (NEPTUNE, Thermo-Scientific; 2σ ≤ 0.77‰) at
ALS Laboratories (Sweden). Prior to the isotopic analysis, 100 to
150 mL of water were pre-concentrated using the boron specific ion-
exchange resin Amberlite IRA 743 in order to have about 100 μg/L of
boron in solution (Aggarwal et al., 2009).

4.2. Sampling and chemical analysis of gas samples

Dissolved gases were collected from 10 thermal springs (Table 2)
using pre-evacuated 250 mL pyrex flasks equipped with Thorion®
stopcock and filled with water up to about 3/4 of their inner volume
(Tassi et al., 2008). One free gas sample was collected from the RF02
bubbling pool (Table 2) using a pre-evacuated 60 mL glass thorion-
tapped flask filled with 20 mL of a 4 N NaOH solution (Giggenbach
and Goguel, 1989; Vaselli et al., 2006).

Inorganic gases (N2, O2, H2, Ar, and He) in the headspace of the sam-
pling flask used for the bubbling gas, as well as those collected in the
headspace of the dissolved gas vials (N2, O2, H2, Ar, He, CO2 and H2S),
were analyzed by gas chromatography (GC). The GC (Shimadzu 15A),
equipped with a thermal conductivity detector TCD, was assembled
with a (i) 10 m long 5A molecular sieve column and a (ii) 3 m long col-
umnpackedwith PorapakQ 80/100mesh for the analysis of the bubbling
gas and the dissolved gases, respectively. Carbon dioxide and H2S in the
alkaline solution of the bubbling gas flask were analyzed as CO3

2− (by ti-
trationwith a 0.5 NHCl solution) and SO4

2− (by ionic chromatography, IC,
after oxidation with H2O2), respectively. Light hydrocarbons, including
CH4, were analyzed using a Shimadzu 14A GC equipped with a 10 m
long stainless steel column (ϕ = 2 mm) packed with Chromosorb PAW
80/100 mesh coated with 23% SP 1700 and a Flame Ionization Detector
(FID). The analytical errors for titration, GC and IC analyses were b5%.

The 13C/12C ratios of dissolved CO2 (expressed as δ13C–CO2 ‰ vs.
V-PDB) were computed from the δ13C values measured in CO2 of the
flask headspace (δ13C–CO2STRIP), using the ε1 factor for gas–water
isotope equilibrium proposed by Zhang et al. (1995), as follows:

ε1 ¼ δ13C‐CO2 δ13C‐CO2STRIP ¼ 0:0049� T °Cð Þ 1:31 ð1Þ

The δ13C–CO2STRIP analyses were carried out with a Finningan Delta S
mass spectrometer after extracting and purifying CO2 by using liquid N2

and N2-trichloroethylene cryogenic traps (Evans et al., 1998; Vaselli
et al., 2006). The 13C/12C ratios of CO2 of the bubbling gas flaskweremea-
sured by using 2mL of the soda solution after the addition of ~5mL of an-
hydrous phosphoric acid for the extraction of CO2. Isotopic equilibration
was achieved in a thermal bath at the temperature of 25 ± 0.1 °C for at
least 8 h. The extracted CO2 was treated as previously described for the
CO2STRIP. The 13C/12C ratios were analyzed with a Finningan Delta S
mass spectrometer. Internal (Carrara and San Vincenzo marbles) and in-
ternational (NBS18 and NBS19) standards were used for estimating the
external precision. The analytical uncertainty and the reproducibility
were ±0.05‰ and ±0.1‰, respectively. The 13C/12C ratios of CH4

(expressed as δ13C–CH4 ‰V-PDB) were analyzed by mass spectrometry
(Varian MAT 250) according to the procedure reported by Schoell
(1980). The analytical uncertainly was ±0.15‰.

The 3He/4He ratios (expressed as R/Ra, where R is the 3He/4Hemea-
sured ratio and Ra is the 3He/4He ratio in the air: 1.39 10−6; Mamyrin
and Tolstikhin, 1984) were determined by using a double collector



Table 1
Outlet temperatures (in °C), pH, chemical composition, δ34S–SO4 (expressed as ‰ vs. V-CDT), δ18O and δ2H (both expressed as ‰ vs. V-SMOW) and δ11B (in ‰) values of the RFHS fluid discharges. Concentrations of solutes are in mg/L; n.a.: not
analyzed. * data from Invernizzi et al. (2014).

Latitude Longitude Altitude T pH HCO3
− F− Cl− Br− NO3

− SO4
2− Ca2+ Mg2+ Na+ K+ NH4

+ B SiO2 δ34S–SO4 δ18O–H2O δD–H2O δ11B

RF01 25.84 64.93 924 74.0 6.75 169 2.3 313 0.1 0.6 128 11 0.5 305 4.3 0.05 0.12 92 n.a. −7.0 −38
RF02 25.84 64.93 905 81.2 6.88 156 1.8 682 0.2 0.5 190 10.6 0.5 587 7.4 0.06 0.18 88 6.99 −6.9 −38
RF03 25.84 64.93 918 71.4 7.06 201 8.8 16000 2.1 0.1 2100 326 20.1 11200 80.8 0.07 0.23 47 n.a. −7.1 −40 0.87
RF04 25.84 64.93 865 24.1 6.84 315 8.7 5340 2 6.1 3010 440 63.5 4290 17.4 0.05 0.33 54 6.31 −6.4 −38 1.05
RF05 25.84 64.93 948 52.7 6.42 198 1.9 137 0.2 1.2 146 32 1.5 188 2.7 0.05 0.21 94 n.a. −6.8 −37
RF06 25.84 64.93 960 64.8 6.09 149 0.7 270 0.2 1.4 104 5.1 0.1 288 4.0 0.07 0.39 89 n.a. −6.6 −36
RF07 25.84 64.93 967 58.2 6.73 224 2.5 42 0.1 1.5 103 15 0.7 147 1.7 0.13 0.27 85 n.a. −6.6 −36 13.8
RF08 25.84 64.93 954 74.9 6.83 219 1.5 122 0.1 1 143 22 0.9 193 2.3 0.07 0.15 87 5.87 −6.6 −37
RF09 25.84 64.93 894 24.2 7.36 279 1.5 2510 1.6 2.7 626 75 10.9 1900 17.4 0.11 0.45 51 5.42 −6.6 −38
RF10 25.84 64.93 928 90.5 6.12 171 2.5 276 0.2 0.2 187 3.9 0.2 321 5.7 0.09 0.28 102 7.32 −6.9 −39 12.6
RF11 25.84 64.93 942 90.4 6.39 190 8.0 254 0.2 0.9 180 14 0.3 294 5.6 0.28 0.35 108 n.a. −6.5 −36
RF12 25.84 64.93 867 45.2 6.77 215 2.3 80 0.1 0.3 155 4.6 0.28 206 4.7 0.26 0.44 116 n.a. −6.6 −36
RF13 25.84 64.93 918 72.2 6.26 210 2.0 133 0.1 0.4 140 3.2 0.1 227 5.3 0.20 0.51 124 n.a. −6.5 −37

Table 2
Chemical composition, δ13C in CO2 and CH4 (both expressed as ‰ vs. V-PDB) and R/Ra values of the bubbling and dissolved gases from the RFHS. Concentrations are in mmol/mol; n.d.: not detected.

Sample type CO2 H2S N2 CH4 Ar O2 Ne H2 He C2H6 C3H8 i-C4H10 n-C4H10 i-C4H8 i-C5H12 n-C5H12 C6H6 δ13C–CO2 R/Ra δ13C–CH4

RF01 dissolved 209 n.d. 756 0.011 17.4 18 0.0093 n.d. 0.0015 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. −6.56
RF02 bubbling 956 3.6 28 0.051 0.59 12 0.0003 0.015 0.0044 0.00061 0.00005 0.00004 0.00003 0.00003 0.00002 0.00003 0.00011 −4.11 1.15 −39.3
RF03 dissolved 168 n.d. 803 0.005 16.9 12 0.009 n.d. 0.0021 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. −7.13
RF04 dissolved 139 n.d. 841 0.087 19 2.3 0.010 n.d. 0.0011 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. −5.66 −41.5
RF05 dissolved 575 n.d. 385 0.011 8.9 31 0.005 n.d. 0.0061 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. −5.16
RF06 dissolved 889 n.d. 106 0.051 2.39 2.66 0.0015 n.d. 0.0021 0.00061 0.00002 0.00003 0.00002 0.00005 0.00003 0.00002 0.00018 −4.15 −41.4
RF08 dissolved 212 n.d. 755 0.115 18.5 14 0.010 n.d. 0.0013 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. −11.49
RF09 dissolved 296 n.d. 676 0.009 17.1 11 0.009 n.d. 0.0024 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. −4.11
RF10 dissolved 960 1.2 36 0.087 0.77 2.3 0.0004 0.011 0.0042 0.00077 0.00004 0.00005 0.00002 0.00004 0.00002 0.00003 0.00015 −3.66 0.98 −40.6
RF11 dissolved 550 n.d. 415 0.015 9.8 25 0.006 n.d. 0.0027 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. −4.44
RF13 dissolved 954 n.d. 44 0.069 0.89 1.5 0.0005 0.022 0.0033 0.00078 0.00003 0.00002 0.00004 0.00006 0.00003 0.00004 0.00021 −3.77 −39.8
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Fig. 5. SO4
2− vs. (Ca2++Mg2+) binary diagram (in meq/L) for the RFHS fluid discharges.

Fig. 3. SO4
−2–Cl−–HCO3

− ternary diagram (in meq/L) for the RFHS fluid discharges.
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mass spectrometer (VG 5400-TFT) according to method described by
Inguaggiato and Rizzo (2004). The analytical uncertainty was ±1%.

5. Results

5.1. Chemical and isotopic compositions of waters

Temperature, pH and chemical composition of the thermal springs
are reported in Table 1. Water temperatures ranged from 24.1 (RF04)
to 90.5 °C (RF10), whereas the pH values were from 6.09 (RF06) to
7.36 (RF09). The TDS (Total Dissolved Solids) were relatively low
(TDS b1,050 mg/L), with the exception of those of the RF03, RF04 and
RF09 samples (from 5400 to 30,000 mg/L). Most collected waters
showed a Na+–Cl−(SO4

2−) composition, with the exception of the
RF07 and RF12 samples that had a Na+–HCO3

− composition. The Na+

concentrations (up to 11,200 mg/L) were consistently 1–2 orders of
magnitude higher than those of the other cations. On the contrary, the
relative concentrations of the main anions were largely variable, as
shown by the HCO3

−/Cl− and SO4
2−/Cl− molar ratios that ranged from

0.007 to 3.11 and from 0.09 to 1.82, respectively. Silica concentrations
varied in a relatively wide range (from 47 to 124 mg/L), while F−, Br−
Fig. 4. Cl− vs. Na+ binary diagram (in meq/L) for the RFHS fluid discharges. The Na+–Cl−

stoichiometric line is also reported.
and B concentrations did not exceed 8.8, 2.08 and 0.51mg/L, respective-
ly. N-bearing compounds were dominated by NO3

− (from 0.22 to
6.13 mg/L), with relatively low concentrations of NH4

+ (b0.28 mg/L).
The δ34S–SO4 values, measured in 5 selected water samples (RF02,

RF04, RF08, RF09 and RF10), were from 5.42‰ and 7.32‰ vs. V-CDT
(Table 1). The RF07 and RF10 showed similar 11B values (13.8‰ and
12.6‰ vs. NBS H3BO3 951, respectively), whereas those of RF03 and
RF04 are significantly lower (0.87‰ and 1.05‰, respectively). The
δ18O–H2O, δ2H–H2O values, which were already reported by Invernizzi
et al. (2014), clustered in relatively narrow ranges, from −7.1‰ to
−6.4‰ and from−40‰ to−36‰ vs. V-SMOW, respectively (Table 1).

5.2. Chemical and isotopic compositions of gases

The chemical composition of dissolved gases and that of the RF02
bubbling gas are reported in Table 2 (in mmol/mol). The dissolved gas
composition was calculated from the analytical data of the gases stored
in the headspace of the sampling glass flasks on the basis of i) gas pres-
sure, ii) headspace volume and iii) the solubility coefficients of each gas
compound (Whitfield, 1978).
Fig. 6. δD vs. δ18O binary diagram for the RFHS fluid discharges. The Local Meteoric Water
Line (LMWL: δ2H‰ = (8.25 ± 0.18) × δ18O‰ + (15.08 ± 0.96); Dapeña and Panarello,
2011) is also reported.



Table 3
Saturation indexes of calcite, dolomite, gypsum, halite, fluorite and chalcedony for the
RFHS fluid discharges. Calculations were carried using the PHREEQC v. 3.2 (Parkhurst
and Appelo, 1999) software package (llnl database).

Calcite Dolomite Gypsum Halite Fluorite Chalcedony

RF01 −0.83 −1.50 −2.28 −5.66 −1.91 −0.08
RF02 0.81 −1.48 −1.95 −4.86 −2.56 0.06
RF05 −0.82 −1.52 −1.81 −6.21 −1.53 0.17
RF06 −1.98 −4.04 −2.72 −5.74 −3.22 0.04
RF07 −0.38 −2.15 −2.31 −6.45 −3.91 0.03
RF08 −0.29 −0.53 −1.89 −6.26 −1.95 −0.11
RF10 −1.70 −3.39 −2.52 −5.70 −2.32 −0.18
RF11 −0.83 −1.99 −1.98 −5.77 −0.75 −0.16
RF12 −1.66 −3.05 −2.61 −6.21 −2.51 0.02
RF13 −1.72 −3.37 −2.75 −6.15 −2.53 0.08

21A. Chiodi et al. / Journal of Volcanology and Geothermal Research 295 (2015) 16–25
The composition of the bubbling gas (RF02), as well as that of some
dissolved gas samples (RF06, RF10, and RF13) was dominated by CO2

(from 889 to 960 mmol/mol) and subordinate concentrations of N2 (up
to 106 mmol/mol), CH4 (from 0.051 to 0.087 mmol/mol), O2 (up to
12 mmol/mol), Ar (up to 2.39 mmol/mol), and He (from 0.0021 to
0.0044 mmol/mol). In these CO2-rich gases, H2S (3.6 and 1.2 mmol/mol
in RF2 and RF10, respectively), H2 (up to 0.022mmol/mol), and light hy-
drocarbons (whose sum was up to 0.0012 mmol/mol) were also mea-
sured. RF01, RF03, RF04, RF08 and RF09 dissolved gases showed
relatively high concentrations of N2 (from 676 to 841 mmol/mol) and
Ar (from 16.9 to 18.6 mmol/mol), with variable concentrations of O2

(from 2.3 to 18 mmol/mol) and CH4 (from 0.005 to 0.115 mmol/mol).
In these samples, CO2 concentrations were relatively low (up to
296 mmol/mol), whereas H2S, H2 and light hydrocarbons were not de-
tected. The RF05 and RF11 dissolved gases showed an intermediate com-
position, being characterized by comparable concentrations of CO2 and
N2 (up to 575 and 415 mmol/mol, respectively), Ar and CH4 up to 9.8
and 0.015 mmol/mol, and high O2 concentration (31 and 25 mmol/mol,
respectively).

The δ13C–CO2 values ranged from −11.49‰ to −3.66‰ vs. V-PDB,
whereas those of δ13C–CH4, which were measured in selected samples
(RF02, RF04, RF06, RF10 and RF13) were comprised between −41.5‰
Fig. 7. (a) log(aMg2+/(aH+) vs. log(aH4SiO4), (b) log(aCa2+/(aH+) vs. log(aH4SiO4), (c) log(aK+

RFHS fluid discharges.
and −39.3‰ vs. V-PDB. The R/Ra values of RF02 and RF10, corrected
for air contamination according to the measured He/Ne ratios (Sano
and Wakita, 1985), were relatively low (0.98 and 1.15, respectively).

6. Discussion

6.1. Processes controlling the chemistry of waters

The relative concentrations of the main anions (Fig. 3) suggest that
the chemistry of the RFHSwaters is controlled bymixing of highly saline
Cl−(SO4

2−)-richfluids, such as those discharged fromRF03, withwaters,
whose end-member is likely represented by the RF07 sample, which
shows a relatively low TDS and a Na+–HCO3

− composition. Dissolution
of halite and gypsum, both largely occurring in the evaporites of the
Anta Formation (Galli and Hernández, 1999), is responsible for the rel-
atively highNa+–Cl− (Fig. 4) and Ca2+,Mg2+ and SO4

2− (Fig. 5) concen-
trations of the RF03-typewaters (RF03, RF04 ad RF09). Accordingly, the
δ34S-SO4 values (Table 1) were consistent with thosemeasured in Neo-
gene to Recent gypsum deposit, such as those recognized in the Salar de
Atacama basin (northern Chile) that range from 3.0‰ to 7.6‰ vs. V-CDT
(Spiro and Chong, 1996; Carmona et al., 2000; Cortecci et al., 2005;
Leybourne et al., 2013). The Na+/Cl− molar ratios (N1) of the RF07-
type waters (Fig. 4), which are not consistent with halite dissolution,
were likely produced by leaching of Na-silicates, such as feldspars and
their alteration products (illite), which were recognized in conglomer-
ates and sandstones of the Pirgua Subgroup (Marquillas et al., 2005).
These waters also have relatively high SO4

2−/(Ca2+ + Mg2+) ratios
(N4; Fig. 5), possibly due to SO4

2− contribution from oxidation of H2S,
whose presence in association with CO2 is testified by the gas composi-
tion of RF02 andRF10 (Table 2). The δ11B values of the RF03-typewaters
(RF03 and RF04; Table 1) are in the range of those characterizing halite
from evaporitic deposits in western Puna (Kasemann et al., 2004),
whereas those of the RF07-type waters (RF07 and RF10; Table 1) are
similar to that measured in the Cretaceous sediments from Central
Andes (Fiedler, 2001). Therefore, the isotopic signature of B is consistent
with the twofold origin of the RFHS fluid discharges as hypothesized on
the basis of their chemical composition. The water isotopic data (Fig. 6)
/(aH+) vs. log(aH4SiO4), and (d) log(aNa+/(aH+) vs. log(aH4SiO4) binary diagrams for the



Fig. 9. √Mg2+–Na+/1000–K+/100 triangular diagram (Giggenbach, 1988) for the RFHS
fluid discharges. Curves for partial and full equilibrium are also reported.

Fig. 8. CH4/(C2+) vs. δ13C–CH4 diagram (modified from Tassi et al., 2012) for the bubbling
gas (RF02) and dissolved gases (RF06, RF10 and RF13) of the RFHS fluid discharges.

22 A. Chiodi et al. / Journal of Volcanology and Geothermal Research 295 (2015) 16–25
indicate that the RFHS is fed bymeteoric water, considering the average
altitude of the recharge area (1680 m a.s.l.; Invernizzi et al., 2014) and
the altitude vs. δ18O relationship for the Andean regions (Gonfiantini
et al., 2001). The slight negative 18O-shift shown by the RF07-type wa-
ters respect to the Local Meteoric Water Line (LMWL; Dapeña and
Panarello, 2011) is possibly due to H2O–CO2 isotopic exchange, a pro-
cess that is efficient at relatively low temperatures (~100 °C; Chiodini
et al., 2000). Summarizing, as highlighted by the geophysical measure-
ments (Barcelona et al., 2013) and the hydrological models (Invernizzi
et al., 2014, and references therein), the chemical and isotopic features
of thermal discharges confirm that RFHS is characterized by the occur-
rence of two distinct aquifers, from the top to the bottom:

1) a Na+–Cl−(SO4
2−)-type aquifer, produced at shallow depth by inter-

action of meteoric water with highly soluble evaporitic deposits be-
longing to the Anta formation (Metán Subgroup). The highly saline
waters recognized at Rosario de la Frontera (Fig. 1) (Bercheñi,
2003), ~2.4 km from the study area, are likely related to this source.
Halite dissolution as the main Cl− source is also supported by the
high Cl−/Br− ratios (up to 7,700) of the RH03-type waters
(Yardley and Bodnar, 2014). This evidence, coupled with the low
B/Cl− ratios (b0.011) and NH4

+ concentrations (b0.28mg/L), allows
to exclude the presence of a deep geothermal brine (Tonani, 1970;
Martini et al., 1984; Giggenbach, 1991; Arnósson and Andresdottir,
1995; Aggarwal et al., 2000).

2) a Na+–HCO3
− aquifer, representing themain hydrothermal reservoir

in this area, fed by meteoric water, whose interaction with silicate
minerals of the Pirgua Subgroup is likely favored by the presence
of CO2. Saturation indexes of the main minerals, computed using
the PHREEQC v. 3.2 (Parkhurst and Appelo, 1999) software package
(llnl database), show that the RF07-type waters are undersaturated
with respect to calcite, dolomite, gypsum, halite and fluorite, and
they are only slightly saturated in chalcedony (Table 3). Equilibrium
activity (calculated on the basis of different ions and SiO2(aq) for each
water sample) diagrams for coexisting minerals and aqueous solu-
tions (the theoretical grids were computed at 25 °C and 1.013 bar;
Fig. 7a–d) show that the RF07-type waters plot in correspondence
of the fields of low temperature minerals (kaolinite, Na-beidellite
and pyrophyllite).

6.2. Gas geochemistry

The δ13C–CO2 values of the RFHS samples, with the exception
of RF08 (Table 2), are consistent with those of CO2 from mantle
degassing (Javoy et al., 1982; Rollinson, 1993). However, the CO2/3He
ratios (up to 1.68 × 1011) are two orders of magnitude higher than the
MORB one (Marty and Jambon, 1987). This implies that CO2 mainly de-
rived from a crustal source: 1) degradation of organic matter and/or
2) thermometamorphic processes. The first hypothesis is unlike since
organic CO2 is characterized by δ13C–CO2 values ≤ −20‰ vs. V-PDB
(Hoefs, 2008), i.e. too negative when compared to those of the RFHS
samples. Similarly, the RFHS carbon isotopic signature seems to exclude
a significant contribution of CO2 produced by reactions involving lime-
stone, which generally shows δ13C–CO2 values between −2‰ and
+2‰ vs. V-PDB (Rollinson, 1993). This apparent contradiction is likely
due to the effects of secondary processes, such as (i) calcite precipitation
producing 12C-rich CO2 and (ii) 13C–12C fractionation related to dissolu-
tion of gaseous CO2 in the thermal waters. The R/Ra values (0.98 and
1.15) indicate a significant contribution (~12.2–14.3%) of mantle He
(Poreda and Craig, 1989; Hilton et al., 2002). Occurrence of fluid contri-
bution from such a deep source in the RFHS is likely favored by local tec-
tonics since a deep detachment (at about 10 kmdepth) in the basement
of the SBS and a thinned lithosphere was evidenced by Kley and
Monaldi (2002) and Whitman et al. (1996), respectively. The relatively
low N2/Ar ratios, which are consistent with those of air saturated water
(ASW: 38–42 at temperature between 20 and 70 °C), seem to exclude
the presence of N2 from an extra-atmospheric source, such as microbial
activity and/or thermogenic processes. Air dissolved in meteoric water
recharging the hydrothermal aquifer is thus the main source for N2,
Ar, and Ne. The relatively large variability of the O2/Ar ratios (from
0.12 to 20) suggests interaction processes, at different degrees, between
emerging waters and air, since O2 is basically absent at reducing condi-
tions typical of hydrothermal reservoirs. The CH4 concentrations are not
relatedwith those of themain gas compounds, i.e. CO2 and N2 (Table 2).
This suggests that the origin of CH4 is related to a process independent
on the balance between deep fluids and air contribution. According to
the CH4/C2+ vs. δ13C–CH4 binary diagram proposed by (Tassi et al.
(2012), modified after Bernard et al., 1978), where C2+ is the sum of
C2–C5 alkanes, hydrocarbons in the RFHS originated from thermogenic
degradation of preexisting organic matter occurring at temperatures
b150–200 °C (Fig. 8). The occurrence of H2 in those samples showing
detectable C2+ hydrocarbons provides the evidence that the organic
gases were mostly produced within the hydrothermal aquifer, where
these processes are favored by temperature and reducing conditions.



Fig. 10. 10 × Mg2+/(10 × Mg2+ + Ca2+) vs. 10 × K+/(10 × K+ + Na+) binary diagram.
The expected composition ofwaters in equilibriumwith an average crustal rock as a func-
tion of temperature (Giggenbach, 1988) is reported.
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6.3. Geothermometry

A reliable evaluation of the temperatures at depth for the RFHS geo-
thermal reservoir can be calculated on the basis of the equilibrium reac-
tions in the Na–K–Mg–Ca system (Giggenbach, 1988, 1991). As shown
in the Na/1000–K/100–√Mg ternary diagram (Fig. 9), the RFHS waters
display a different degree of maturation and seem to point to the full
equilibrium curve at 100–130 °C. Similar equilibrium temperatures are
obtained when the 10 K/(10 K + Na) vs. 10 Mg/(10 Mg + Ca) diagram
(Giggenbach, 1988; Fig. 10) is applied. For this computation, those wa-
ters (RF03, RF04 and RF09) with a Na+–Cl− composition and Cl− con-
centrations N2500 mg/L, which strongly depend on the contribution
from the saline shallow aquifer, were not considered. Equilibrium tem-
peratures based on the solubility of chalcedony (Arnórsson, 1985) range
from 100 to 122 °C, providing a further confirmation for the results
Fig. 11. Three-dimensional conceptual model
obtained by applying the cation geothermometers. The relatively high
temperatures (up to 90.5 °C; Table 1) measured at the outlet of some
springs indicate that the discharging fluids are not significantly affected
by conductive cooling. This is likely due to their high discharge rates
(N2 m3/h; thermal spa, pers. comm.). This feature can also justify the
relatively high temperature (70.5 °C; Table 2) of the RF03 spring,
whose chemistry indicates that it suffered the highest contamination
by the shallow aquifer among the studied samples (Fig. 4). Neverthe-
less, a reliable estimation of the effects of the mixing process between
the two aquifers based on the outlet temperatures cannot be computed,
the temperature of the shallower one being unknown.

7. Conclusions

Two distinct aquifers can clearly be distinguished at RFHS on the basis
of the chemical and isotopic compositions of the thermal discharges: a
deep Na–HCO3 reservoir, which represents the hydrothermal system,
and a shallower Na+–Cl−(SO4

2−) aquifer. The former is mainly recharged
by meteoric water with the addition of crustal CO2 and minor contribu-
tion from mantle degassing through the fault systems of LCR, as evi-
denced by the helium isotopic composition. The tectonic lineaments
also control the uprising of hydrothermal fluids toward the surface dur-
ing which they mix with the relatively shallow Na+–Cl−(SO4

2−) waters
deriving from interactions with shallow evaporitic deposits of the Anta
Formation. Minor contributions of thermogenic organic gases were also
recognized. A schematic conceptual model for the underground fluid cir-
culation of RFHS is reported in Fig. 11. Estimations carried out using dif-
ferent geothermometers consistently indicate temperatures in the
range of 100–130 °C for the deep hydrothermal reservoir and they likely
represent the minimum expected temperatures. Considering a surface
water temperature of 20 °C (Invernizzi et al., 2014) and the local geother-
mal gradient (~40 °C/km), rechargingmeteoricwater can reach reservoir
temperatures at 2100–2900 m depth, consistent with the difference be-
tween the average altitude of the recharge area (1680 m a.s.l.) and the
depth of the Pirgua Subgroup (1100–1500mb.s.l.). Assuming that the av-
erage reservoir temperature is ~115 °C, the preliminary evaluation of the
energy potential of RFHS (heat stored in the fluid phase: 0.8 × 1018 J;
Invernizzi et al., 2014), calculated on the basis of a fluid temperature of
90 °C, is to be considered significantly (~20%) underestimated. These
of underground fluid circulation of RFHS.
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results suggest that RFSH can be regarded as one of the most important
thermal sites in this sector of the Sub-Andean foreland thrust belt. The
heat stored at depth in the extraordinarily large volume of the aquifer
hosted in the Pirgua Subgroup can be utilized for different purposes.
Firstly, economical benefits can be derived by increasing the thermal
tourism and balneology with the construction of new thermal centers
or by implementing the already existing structures. Furthermore, the
undersaturation in calcite and other salts of the RFSHwaters may render
the geothermal aquifer suitable for district heating (tele-heating) and
cooling by installing appropriate heat exchangers. Other applications for
direct or indirect uses, e.g. green-housing, agro-industrial activities
should be evaluated in agreement with the local authorities, which
should adopt an environmental and economical sustainable policy to ex-
ploit the geothermal resource.
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