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This study focused on the geochemical and isotopic features of thermal fluids discharged from five zones located
in the high altitude Puna plateau (Jujuy Province between S 22°20′–23°20′ andW 66°–67°), i.e. Granada, Vilama,
Pairique, Coranzulí and Olaroz. Partially mature waters with a Na+-Cl− composition were recognized in all the
investigated zones, suggesting that a deep hydrothermal reservoir hosted within the Paleozoic crystalline base-
ment represents themain hydrothermal fluid source. The hydrothermal reservoirs are mainly recharged byme-
teoricwater, although based on the δ18O-H2O and δD-H2O values, some contribution of andesiticwater cannot be
completely ruled out. Regional S-oriented faulting systems, which generated a horst and graben tectonics, and
NE-, NW- andWE-oriented transverse structures, likely act as preferentially uprising pathways for the deep-orig-
inated fluids, as also supported by the Rc/Ra values (up to 1.39) indicating the occurrence of significant amounts
of mantle He (up to 16%). Carbon dioxide, the most abundant compound in the gas phase associated with the
thermal waters, mostly originated from a crustal source, although the occurrence of CO2 from a mantle source,
contaminated by organic-rich material due to the subduction process, is also possible. Relatively small and cold
Na+-HCO3

−-type aquifers were produced by the interaction betweenmeteoric water and Cretaceous, Palaeogene
to Miocene sediments. Dissolution of evaporitic surficial deposits strongly affected the chemistry of the thermal
springs in the peripheral zones of the study area. Geothermometry in the Na-K-Ca-Mg system suggested equilib-
rium temperatures up to 200 °C for the deep aquifer, whereas lower temperatures (from 105 to 155 °C) were
inferred by applying the H2 geothermometer, likely due to re-equilibrium processes during the thermal fluid up-
risingwithin relatively shallowNa-HCO3 aquifers. The great depth of the geothermal resource (possibly N 5000m
b.g.l.) is likely preventing further studies aimed to evaluate possible exploitation, although the occurrence of Li-
and Ba-rich deposits associated may attract financial investments, giving a pulse for the development of this
remote region.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The western sector of the Jujuy Province (NW Argentina) is part of
northern Puna, a high-altitude plateau (from 3000 to 5000 m a.s.l.)
that borders the Central Volcanic Zone (CVZ). Miocene-Pliocene volca-
nic complexes and extensive ignimbrite plateaus dominate the region
that is characterized by arid climate and internally draining basins pro-
ducing extended salt deposits (salar) and ephemeral B- and Li-rich salt
lakes. Neogene volcanogenic polymetallic (Ag, Pb, Zn, Sn) sulfide ore de-
posits (some of them of world class) are also occurring, mostly being
exploited by private and governmental companies (Lopez Steinmetz,
2016). Coira (2008) and Pesce (2008) reported the occurrence of sever-
al thermal fluids discharges in northern Puna, although little is known
about their chemical and isotopic features. Few geochemical data (tem-
perature outlets and concentrations of themain solutes)were produced
in the framework of geochemical prospection surveys carried out in the
1970′s and 1990′s by different companies: 1) Aquater Ltd., in collabora-
tion with the Jujuy Mining Direction and Mining Secretary,
Hidroproyectos SA, Setec SRL, and Cepic SC; 2) Jujuy Government, in
collaboration with CREGEN and Universidad Nacional de Jujuy. Accord-
ing to these preliminary data, the geothermal potential in this area was
considered of interest for a possible exploitation. Notwithstanding these
promising results, the activity stopped after the drilling of few explor-
ative, unproductive wells at Tuzgle-Tocomar zone (Giordano et al.,
2013). The recent renewed interest for geothermal energy (Argentine
National Laws n. 26.190/06 andn. 27.191/15), aswell as the exploitation
of other natural resources such as Li-rich deposits (Lopez Steinmetz,
2016), has intensified investigations in northern Puna aimed to evalu-
ate, by means of geochemical and isotopic tools, the occurrence of
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thermal fluid reservoirs and their suitability for an exploitation in the
years to come.

In this paper, original set of chemical and isotopic data of thermal
fluid discharges from an area of 8000 km2 in the Puna plateau, com-
prised between S 22°20′–23°20′ andW 66°–67° (Fig. 1), are presented.
To provide insights into the potential geothermal resource, the main
goals are to 1) describe the geochemical and isotopic features of waters
and gases, and 2) investigate the primary fluid sources and the second-
ary processes controlling the fluid chemistry as fluids are discharged to
the surface.
Fig. 1. (a) Geological map of the northern Puna (Argentina) (modified from Caffe et al., 200
(modified from Coira et al., 2004).
2. Geological and volcanological settings

The Puna plateau is located in the back-arc area of CVZ, where the
subduction of the Nazca Plate beneath that of South America takes
place (Allmendinger et al., 1997 and references therein). A seismic
anomaly in the middle crust, between 22°S and 24.5°S, was interpreted
as related to the presence of a ~1 km thick sill-like igneous body, namely
Altiplano Puna Magmatic Body (APMB) (Chmielowski et al., 1999;
Zandt et al., 2003;Ward et al., 2014). As shown in Fig. 1a,b, the outcrop-
ping basement formations consist of Ordovician shallow-marine
2) and location of thermal fluid discharges; (b) schematic geological cross-section A–A′
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sandstones and deep-marine turbidites (Bahlburg, 1998), which in
some areas (e.g., Quichagua, Escaya, Huancar) are intercalated with
volcaniclastic and submarine lavas and cryptodomes (Coira and Caffe,
1999; Coira and Pérez, 2002). This sequence overlay Cambrian sand-
stones (Meson Group) and Neoproterozoic-Cambrian low-grade meta-
morphic rocks cropping out in the Cordillera Oriental (E of the study
area). TheOrdovician sequence is covered byCretaceous to Early Eocene
continental and littoral sedimentary deposits of the Salta Subgroup
(Marquillas et al., 2005). Palaeogene to Lower Miocene continental
conglomerates with intercalations of calcareous sandstones, namely
Peña Colorada and Vizcachera Formations (Coira et al., 2004),
uncomformably cover the Salta Group sediments. Middle Miocene to
Pliocene volcano-sedimentary rocks, which include fluvial to lacustrine
deposits (Tiomayo and Sijes Formations) and fluvial-alluvial deposits
(Pastos Chicos–Trinchera Formations) (Coira et al., 2004), close the geo-
logical sequence.

Volcanic activity in Oligocene-Miocene (22–18 Ma) produced pyro-
clastic sequences interstratified with continental sedimentary deposits
(Caffe et al., 2002; del Papa et al., 2013), followed by the emplacement
of sub-volcanic bodies (~12 Ma) (Coira et al., 1993; Caffe et al., 2002)
and a period of intense volcanism (between 8.5 and 4 Ma; Kay et al.,
2010). During the Neogene, giant calderas were produced and huge ig-
nimbrite deposits (~11–15 × 103 km3; Kay et al., 2010; Salisbury et al.,
2011) formed the Altiplano Puna Volcanic Complex (APVC; de Silva,
1989; de Silva et al., 2006). The recent sedimentary deposits consist of
clastic and detrital material, alluvial fans and evaporitic deposits
(Alonso, 1999).

Since the Eocene, crustal shortening dominated this region
(Allmendinger et al., 1997; Coutand et al., 2001), causing extensive re-
verse and deep regional faulting that generated a NS-aligned horst
and graben series. NE-, NW- and W–E-oriented transverse structures
acted as preferential pathways formagma ascent during theUpperMio-
cene (Petrinovic et al., 2006).

The climate in Northern Puna is dominantly arid, being controlled by
the South American Monsoon System (Garreaud, 2009; Garreaud et al.,
2010). The ruling drainage is endorheic and originates extended salt de-
posits and salt lakes, such as the Guayatayoc Lake, Salinas Grandes salt
pans, the Cauchari-Olaroz saline system and Lake Vilama.

The study area includes 5 zones characterized by the occurrence of
thermal springs and distinctive geological characteristics: Granada,
Vilama, Pairique, Coranzulí, and Olaroz.

2.1. Granada

The Abra Granada Volcanic Complex (AGVC), built from ~9 to 5 Ma,
consists of lavas, ignimbrites and block-and-ash deposits erupted from
Cerro Caucani, Solterío and Granada volcanoes (Ramírez, 1997; Coira
et al., 2004). The AGVC rocks are laying on, as follows (Caffe et al.,
2008; Coira et al., 2004 and references therein): 1) Ordovician base-
ment, consisting of sandstones and mudstones (Acoite Formation); 2)
Paleogene to Lower Miocene continental red beds (Peña Colorada For-
mation) and Middle Miocene fluvial-lacustrine deposits (Tiomayo For-
mation); 3) Upper Miocene volcanic units including the Orosmayo
(10.3Ma), Lagunillas (10.2Ma) andGranada ignimbrites (~9.8Ma). Pri-
mary polymetallic sulfide ore deposits of Sn-Ag-Zn and Sn-Au (Soler et
al., 2008) are exploited from the Mina Pirquitas mining district nearby
AGVC.

2.2. Vilama

This zone shows extensive pyroclastic deposits originated from the
Vilama caldera, a large volcanic structure (40× 15 km) that first erupted
~8.5 Ma (Soler et al., 2007). The Salle, Khastor and Bayo volcanoes were
emplaced over the inferred ring fault of the caldera. The Vilama caldera
is laying on the Ordovician basement, Cretaceous sedimentary rocks
and older volcanic deposits (Soler et al., 2007; Caffe et al., 2008). After
the caldera collapse, resurgence episodes produced ignimbrites, lavas
and domes (Soler et al., 2007; Fracchia, 2009).

2.3. Pairique

The Ordovician sedimentary basement rocks (Fig. 1a,b), cropping
out at Sierra de Lina and Sierra de Olaroz, are covered by Paleogene to
Lower Miocene red bed sandstones and mudstones pertaining to Peña
Colorada Formation (Coira et al., 2004). Rhyolites (~10–11 Ma)
pertaining to the Pairique Volcanic Complex (Caffe et al., 2007), and
Cerro Morado basaltic-andesite (6.7 ± 0.4 Ma) were also recognized
(Coira et al., 1996; Cabrera and Caffe, 2009).

2.4. Coranzulí

The main geological structure of Coranzulì is the Upper Miocene
Coranzulí Volcanic Complex (CVC) that is a collapsed caldera located
at the intersection between the NW–SE Coyaguayma and the NE–SW
Rachaite lineaments. The stratigraphic sequence also includes, from
the bottom to the top (Seggiaro et al., 2014): 1) Neoproterozoic-Ordovi-
cian basement and Cenozoic continental sediments and volcaniclastic
rocks (equivalent to Vizcachera and Tiomayo Formations) overlain by
crystal-rich and peraluminous dacitic to rhyodacitic ignimbrites; 2)
pre-collapse Rachaite stratovolcano (7.2–8.4 Ma; Heidorn, 2002), locat-
ed ~25 kmNEof the CVC, a dacitic-to-andesitic central edifice consisting
of pyroclastic deposits (Doncellas Formation), andesitic lavas and brec-
cias (Coira et al., 2008); 3) ignimbrites and related breccia facies, as well
as pyroclastic surges interstratified with alluvial deposits (Morro
Grande and Loma Blanca Formations; Alonso, 1986); 4) collapse prod-
ucts (~6.7 Ma), namely Abra Grande, Potreros, Las Termas and Corral
de Sangre ignimbrites; 5) Cerro Coranzulí dome lavas (6.2 Ma).

2.5. Olaroz

A ~160 km2wide salar coversmost of this area. The sedimentary de-
posits are mainly consisting of (i) Ordovician turbidites associated with
granitic to granodioritic bodies (the Tanque Intrusive Complex, Coira et
al., 2009), (ii) Upper Cretaceous fluvial deposits (Pirgua Subgroup).
Ignimbritic deposits from the CVC and the Coyaguayma volcano
(Seggiaro et al., 2014) form the main lithologies of the most prominent
ranges (Fig. 1). The stratigraphic sequence also includes 1) limestone,
shale and sandstone sequences belonging to the Lecho and Yacoraite
formations, 2) Paleogene sandstones and conglomerates (Santa Bárbara
Subgroup), and 3) Neogene conglomeratic fluvial sediments
(Vizcachera Formation) and lacustrine evaporites with interbedded
volcanoclastic deposits (Sijes Formation) (Seggiaro et al., 2007).

3. Materials and methods

3.1. Water and gas sampling

Water samples from 23 thermal discharges and 3 creeks (C) and free
and dissolved gas samples from 13 bubbling pools and 11 thermal
springs, respectively, were collected from the five studied zones (Fig.
1). At Granada (Fig. 1a), fluid discharges occur in 3 sites, as follows: 1)
Queñual (Q1 to Q5), locatedNWof CerroGranada in a ravine cuttingOr-
dovician rocks; 2) Mina Pirquitas (MP1 to MP3), emerging from traver-
tine cones covering Peña Colorada Formation, 5 km SE of the mine
property; 3) Orosmayo (OR1), located NE of Cerro Granada and emerg-
ing at the contact between the Tiomayo Formation and a mineralized
(Mo) dacitic intrusion pertaining to the Orosmayo-Cerro Colorado Vol-
canic Complex (Rodrıguez, 1997). At Vilama (Fig. 1a), only one thermal
spring (V1), located at the border of the salty Lake Vilama, was found.
Differently, Pairique hosts 3 groups of thermal springs (Fig. 1a), as fol-
lows: 1) Pairique (P1 and P2), emerging from the Bajo Pairique lavas,
i.e. the oldest rocks of the whole volcanic complex (Caffe et al., 2007);



Table 1
Chemical and stable isotopic (δ18O-H2O and δD-H2O, in‰ vs. V-SMOW) composition of thermal waters from the Puna plateau, Jujuy Province, Argentina. Concentrations are in mg/L. Geographic coordinates (UTM;WGS-84 19S), altitude (m), outlet
temperature (°C) and pH values are also reported.

id Type Zone Altitude T pH HCO₃− F− Cl− Br− NO₃− SO₄2− Ca2+ Mg2+ Na+ K+ NH₄+ Li+ SiO2 B TDS δ18O δD

Olaroz 1 O1 TS Olaroz 3905 22.1 7.40 2750 17 177,700 83 21 7860 1090 4780 115,900 4380 21 602 49 558 315,810 −1.3 −78
Vilama 1 V1 TS Vilama 4500 27.9 5.92 1010 2.1 20,800 15 1.1 1680 1250 905 11,800 765 12 126 87 133 38,587 −2.4 −72
Rosario Coyaguayma 1 RC1 TS Pairique 4161 59.8 6.74 1300 2.0 4020 6.6 0.35 463 183 33 3190 209 8.0 29 169 31 9643 −3.2 −74
Rosario Coyaguayma 2 RC2 TS Pairique 4317 58.6 6.70 1290 0.67 3670 5.7 2.5 399 163 31 3014 191 9.4 26 156 26 8984 −3.5 −71
Rosario Coyaguayma 3 RC3 TS Pairique 4308 62.4 6.64 1250 0.71 3930 7.7 0.37 430 181 32 3150 215 6.7 29 158 33 9423 −2.9 −69
Rosario Coyaguayma 4 RC4 C Pairique 4457 17.8 8.65 130 0.20 9.3 0.03 1.0 34 26 6.3 19 5.9 1.0 0.06 21 254 −11.6 −85
Cono Panizo 1 CP1 TS Pairique 4420 34.8 6.61 1710 2.1 2570 6.1 6.2 53 154 52 1930 170 7.7 20 137 16 6834 −9.7 −75
Cono Panizo 2 CP2 TS Pairique 4410 43.2 7.07 1530 2.2 2540 4.9 4.5 52 137 57 1900 124 6.6 19 144 19 6540 −9.8 −76
Pairique 1 P1 TS Pairique 4303 44.2 7.10 643 0.31 345 1.5 1.0 126 11 5.0 499 9.1 0.80 0.49 109 2.1 1755 −8.9 −61
Pairique 2 P2 TS Pairique 4299 43.5 7.02 572 0.43 352 1.7 0.12 121 11 5.0 478 8.0 0.87 0.47 111 2.2 1663 −9.5 −65
Arituzar 1 A1 TS Coranzuli 4134 19.7 5.96 2900 14.0 25,900 16 35 338 399 573 14,500 1090 180 306 115 178 46,544 −2.3 −70
Arituzar 2 A2 TS Coranzuli 4134 18.6 6.67 2140 6.8 19,300 13 19 342 457 681 10,300 690 90 206 107 156 34,508 −2.1 −68
Coranzuli 1 C1 TS Coranzuli 4131 31.0 8.40 390 0.51 99 0.24 1.2 25 22 3.1 183 4.0 2.0 0.39 79 0.56 810 −12.8 −94
Coranzuli 2 C2 TS Coranzuli 4134 32.5 7.28 397 0.51 96 0.22 1.2 24 22 3.2 179 3.9 2.0 0.43 85 0.74 816 −12.8 −94
Coranzuli 3 C3 TS Coranzuli 4136 27.2 7.52 393 0.61 97 0.23 1.3 25 27 4.0 183 3.7 2.1 0.45 74 0.78 812 −12.8 −94
Coranzuli 4 C4 C Coranzuli 4145 18.1 4.84 9.0 0.88 6.6 0.03 0.30 314 93 13 19 8.6 1.5 0.04 16 0.22 482 −10.1 −75
Rachaite 1 R1 TS Coranzuli 3620 22.3 7.02 115 0.17 12 0.07 5.3 27 23 5.8 15 10.8 1.2 0.07 49 0.18 264 −11.4 −83
Mina Pirquitas 1 MP1 TS Granada 4106 22.0 6.32 2820 6.3 9030 18 2.6 431 364 137 5570 202 51 67 56 61 18,815 −1.4 −68
Mina Pirquitas 2 MP2 TS Granada 4106 16.7 6.46 3230 3.2 10,100 22 6.5 427 373 155 6620 243 59 81 62 85 21,466 −1.3 −66
Mina Pirquitas 3 MP3 C Granada 4094 11.7 7.73 1970 3.4 6240 12 41 359 234 104 3930 152 27 54 57 66 13,250 −1.9 −72
Queñual 1 Q1 TS Granada 3928 29.0 6.38 569 12.6 790 1.4 12 162 91 32 617 20 3.7 4.0 77 3.5 2395 −9.3 −75
Queñual 2 Q2 TS Granada 3913 50.5 7.62 1170 10.5 2310 3.0 5.2 131 118 29 1740 55 8.8 10 163 35 5788 −8.5 −73
Queñual 3 Q3 TS Granada 3907 47.1 6.50 1240 2.1 3030 4.7 42 57 147 40 2260 99 18 15 169 46 7170 −8.1 −74
Queñual 4 Q4 TS Granada 3887 45.6 6.68 1390 4.8 4070 5.6 1.5 30 210 55 2510 81 11 15 151 55 8590 −7.8 −75
Queñual 5 Q5 TS Granada 3895 43.3 7.15 1390 5.3 3730 5.9 1.2 54 109 36 2820 110 12 16 154 51 8495 −8.1 −72
Orosmayo 1 OR1 TS Granada 3989 24.3 8.37 356 0.11 17 0.04 0.26 21 13 3.9 119 1.3 0.62 0.13 55 0.63 587 −12.1 −90

MW1 MW 2040 −7.8 −53
MW2 MW 1227 −5.7 −35
MW3 MW 1328 −5.9 −38
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2) Rosario de Coyaguayma (RC1 toRC5), emerging in correspondence of
a NE dextral-strike-slip fault,where a travertineplatform, altered dacitic
lavas (Brecha Morada), and hydrothermalized terrains occur (Caffe et
al., 2005, 2007); 3) Cono Panizo (CP1 and CP2), located 8 km E of Rosa-
rio de Coyaguayma emerge from a travertinemound in correspondence
of a reverse fault cutting the Ordovician rocks (Sierra de Lina). Three
groups of thermal springs were also recognized at Coranzuli (Fig. 1a),
as follows: 1) Coranzulí (C1 to C4 from where abundant travertine is
precipitating above Las Termas ignimbrite deposits; 2) Arituzar (A1
and A2), 15 kmW of Coranzulí, discharging from two travertine-borate
cones covering the Ordovician rocks; 3) Rachaite (R1), a thermal spring
emerging along a creek in correspondence of the basal ignimbrites de-
posited from the Rachaite volcano and belonging to the Doncellas For-
mation. Eventually, the Olaroz springs (O1) discharge from a salt crust
in the northern sector of the salar (Fig. 1a).

Since the average annual temperatures range from5 to 9 °C, thefluid
discharges can be classified as thermal springs (TS), the lowest outlet
temperatures being from 16 to 20 °C (Table 1). Three rainwater samples
(RW1, 2, and 3; Table 1) were collected at 2040, 1227 to 1328 m a.s.l.,
respectively, and analyzed for oxygen and hydrogen isotopes. Water
temperature and pH were measured in situ. Four aliquots (1 filtered
and 2 filtered-acidified, with ultrapure HCl and HNO3, at 0.45 μm, and
1 unfiltered for the analysis of anions, cations, trace species, and water
isotopes, respectively) were collected from each site. In addition,
25 mL of water diluted (1:10) in situ was collected for the analysis of
SiO2.

The analysis of dissolved gaseswas carried out inwater samples col-
lected using 50 mL glass flasks equipped with a rubber septum. In the
laboratory, a 10 cm3 headspace was created in the flasks by injecting
H2 through the septum. Following a modified method based on
Chiodini (1996), the chemical composition was computed by consider-
ing themeasured concentrations of gases stored in the headspace on the
basis of: i) headspace gas pressure and volume, ii) volume of water in
the flask and iii) solubility coefficients of each gas compound
(Whitfield, 1978). Bubbling gases were sampled using a plastic funnel
up-side-down positioned above the pools and connected through
tygon tubes to pre-evacuated 50 mL glass flasks equipped with a
Thorion® valve and filled with 20 mL of NaOH 4 M solution (Vaselli et
al., 2006). At each bubbling pool, a gas aliquot was also collected in
pre-evacuated 80 mL glass flasks for the analysis of the carbon isotopic
ratio in CO2 (δ13C-CO2).

3.2. Chemical and isotopic analyses of waters

Total alkalinity was analyzed by acidimetric titration (AC) using HCl
0.01 N. Fluoride, Cl−, Br−, NO3

− and SO4
2− and, Ca2+, Mg2+, Na+, K+,

NH4
+ and Li+ were determined by ion-chromatography (IC) using

Metrohm 761 andMetrohm 861 chromatographs, respectively. The an-
alytical errors for AC and ICwere ≤5%. SiO2was analyzed by spectropho-
tometry (SP) after the addition of a 10% (w/v) ammonia molybdate
solution in a sulfuric acid environment (Bencini and Martini, 1979),
while B was analyzed using the Azomethine-H (AH) method (Bencini,
1985) by MS (Philips UNICAM). The analytical errors for SP and AH
were ≤5%. Trace elements (Mn, Fe, Co, Ni, Cu, Zn, Ba, As, and Sb) were
analyzed by Inductively Coupled PlasmaOptical Emission Spectrometry
(ICP-OES) using an Optima 8000 Perkin Elmer spectrometer. The ana-
lytical error for ICP-OES was ≤10%.

The 18O/16O and 2H/1H ratios in water (expressed as δ18O-H2O and
δD-H2O ‰ vs. V-SMOW, respectively) were determined by using a
Finnigan Delta Plus XL mass spectrometer at the Geokarst Engineering
Laboratory (Trieste, Italy). Oxygen isotopic ratios were analyzed in
CO2 added to the water samples using the CO2-H2O equilibrationmeth-
od proposed by Epstein and Mayeda (1953). Hydrogen isotopic ratios
weremeasured onH2 generated by the reaction of 10 μLwaterwithme-
tallic zinc at 500 °C (Coleman et al., 1982). The analytical uncertainties
for δ18O-H2O and δD-H2O were ±0.1‰ and ±1.1‰, respectively,
using V-SMOW and SLAP and AR-1 as international and internal stan-
dards, respectively.

3.3. Chemical and isotopic analysis of dissolved and bubbling gases

The analysis of N2, (Ar+O2), H2 andHe in the headspace of the soda
flasks, as well as those of CO2, N2, (Ar+ O2), and He in the headspace of
the flasks used to sample the dissolved gases, was carried out by gas
chromatography (GC) using a Shimadzu 15A instrument equipped
with a Thermal Conductivity Detector (TCD). Argon and O2 were ana-
lyzed using a Thermo Focus gas chromatograph equipped with a 30 m
long capillarymolecular sieve column and a TCD. Methane (in both dis-
solved and bubbling gases) and light hydrocarbons (in bubbling gases)
were determined by using a Shimadzu 14A gas chromatograph
equipped with a Flame Ionization Detector (FID) and a 10m long stain-
less steel column packed with Chromosorb PAW 80/100 mesh coated
with 23% SP 1700 (Vaselli et al., 2006). The analytical error for the GC
analysiswas ≤10%. Carbondioxide (as CO3

2−) andH2S (as SO4
2− after ox-

idation with H2O2) were measured in the soda solution by acidimetric
titration (using HCl 0.1 N) and by IC, respectively.

The concentrations (in mmol/mol) of the dissolved gases was given
by the sum of ni,g and ni,l, which are the moles of the gas compound i in
the gas and the liquid portion of the sampling flasks respectively. The
ni,g values were computed on the basis of the GC analysis of the gases
stored in the sampling flask headspace, whereas the ni,l values were cal-
culated from the ni,g ones by means of the Henry's law constants
(Wilhelm et al., 1977), assuming that in the sampling flasks the separat-
ed gas phasewas in equilibriumwith the liquid. The partial pressures of
each gas species (inmbar)were then computed, based on the totalmole
values according to the ideal gas law.

The δ13C-CO2 values of both bubbling and dissolved gases were de-
termined by using a Finnigan Delta S mass spectrometer (MS), after
extracting and purifying CO2 by using liquid N2 and N2-trichloroethy-
lene cryogenic traps (Evans et al., 1998; Vaselli et al., 2006). Internal
(Carrara and S. Vincenzo marbles) and international (NB18 and
NBS19) standardswere used for estimating the external precision. Ana-
lytical uncertainty and the reproducibility were ±0.05‰ and ±0.1‰,
respectively.

Carbon dioxide released from the water to the headspace of the dis-
solved gas sampling flasks was affected by isotope fractionation. The
measured δ13C-CO2 values of these gas aliquots (δ13C-CO2STRIP) were
used to compute the δ13C values of dissolved CO2 according to the ε1
fractionation factor for the gas–water equilibrium (Zhang et al., 1995),
as follows:

ε1 ¼ δ13C‐CO2− δ13C‐CO2STRIP ¼ 0:0049� Tð Þ−1:31 ð1Þ

The δ13C values of CH4 (δ13C-CH4) from bubbling gases were ana-
lyzed by mass spectrometry (Varian MAT 250), according to the proce-
dure reported by Schoell (1980). The analytical uncertainly was
±0.15‰. In the dissolved gases, CH4 concentration in the dissolved
gases was too low to allow any analysis of δ13C-CH4.

3He/4He ratios (expressed as R/Ra, where R is the 3He/4Hemeasured
ratio and Ra is the 3He/4He ratio in the air: 1.39 10−6; Mamyrin and
Tolstikhin, 1984) and 4He/20Ne ratio were analyzed by using a double
collector mass spectrometer (VG 5400-TFT) according to method de-
scribed by Inguaggiato and Rizzo (2004). The analytical error was
±1%. The measured R/Ra ratios were corrected for atmospheric con-
tamination (Rc/Ra) based on the measured 4He/20Ne ratio (Poreda
and Craig, 1989), as follows:

Rc=Ra ¼ R= Rameasuredð Þ−r½ �= 1−rð Þ ð2Þ

where r is the (4He/20Ne)Air/(4He/20Ne)measured and that of (4He/20Ne)Air
is 0.318 (Ozima and Podosek, 1983).
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4. Results

4.1. Chemical and isotopic (δ18O-H2O, δD-H2O) compositions of waters

Outlet temperatures, pH, Total Dissolved Solids (TDS; in mg/L),
and concentrations (in mg/L) of the main constituents in the
studied waters are listed in Table 1. All these chemical-physical
parameters varied in a relatively large interval, being comprised
between 11.7 and 62.4 °C, 4.84 and 8.65 and 254 and 315,864 mg/L,
respectively.

Five different geochemical groupswere recognized (Fig. 2a, b and c),
as follows:

1) High TDS (from 2395 to 315,810 mg/L), Na+-Cl− waters. These
springs, discharging from all the 5 investigated zones, had outlet
temperatures and pH values ranging from 11.7 to 62.4 °C and
from 5.92 to 7.73, respectively. They had relatively high concen-
trations of HCO3

− (up to 3230 mg/L), whereas those of SO4
2−

(from 30 to 7860 mg/L), Ca2+ (from 91 to 1250 mg/L), Mg2+

(from 29 to 4780 mg/L) and K+ (from 20 to 4376 mg/L) showed
differences in concentrations up to three orders of magnitude.
Relatively high concentrations of B (up to 558 mg/L), F− (up to
17 mg/L), Br− (up to 83 mg/L), NO3

− (up to 42 mg/L), NH4
+ (up
Fig. 2. (a) Langelier-Ludwig Square diagram (Langelier and Ludwig, 1942), (b) Ca2+-(Na++K+)
the Punaplateau, Jujuy Province, Argentina. Symbols are: Red circle, Na+-Cl−water; yellow circ
violet circle, Ca2+-HCO3

− water.
to 180 mg/L), Li+ (up to 602 mg/L), and SiO2 (up to 169 mg/L),
were measured (Table 2).

2) Na+-HCO3
−(Cl−) waters, which included P1 and P2 thermal waters

(outlet temperature up to 44.2 °C) from the Pairique zone. The TDS
values of these neutral waters (pH ~7) were slightly lower (1753
and 1662 mg/L, respectively) with respect to those shown by the
Na+-Cl− waters. The concentrations of SO4

2− and SiO2 were up to
126 and 111 mg/L, respectively.

3) Na+-HCO3
− thermal waters, which also included those from

Coranzulí (C1–C3) and Granada (OR1). Their outlet temperatures
were from 24.3 to 32.5 °C, whereas the pH values ranged from 7.28
to 8.40. TDS was from 587 to 810 mg/L and consequently, the con-
centrations of the chemical species were significantly lower with re-
spect to those of the previous groups.

4) Ca2+-SO4
2− waters. Only a creek (C4) from Coranzulí showed this

composition. Additionally, this sample was characterized by the
lowest pH value (4.84) among thewholewater suite. TDS and outlet
temperature were of 482 mg/L and 18.1 °C.

5) Ca2+-HCO3
− waters, including one sample from the Pairique creek

(RC4; pH: 8.65) and one thermal spring from Coranzulí (R1) the lat-
ter showing pH and outlet temperature of 22.3 °C and 7.02, respec-
tively. These waters were characterized by the lowest TDS values
(254 and 264 mg/L, respectively) among the studied waters.
-Mg2+ ternary diagram, and (c) SO4
2−-Cl−-HCO3

− ternary diagram for thermalwaters from
le, Na+-HCO3

−(Cl−)water; brown circle, Na+-HCO3
−water; green circle, Ca2+-SO4

2−water;



Table 2
Chemical composition (in μg/L) ofminor elements (Mn, Fe, Co, Ni, Cu, Zn, Ba, As, and Sb) of
thermal waters from the Puna plateau, Jujuy Province, Argentina.

id Mn Fe Co Ni Cu Zn Ba As Sb

O1 181 238 11 27 48 107 134 459 99
V1 876 9620 4.3 16 35 102 41 6170 70
RC1 54 1070 0.9 3.6 5.2 127 3170 326
RC2 55 988 1.6 3.5 4.9 124 3040 200
RC3 53 1160 1.0 3.4 6.0 137 3310 232
RC4 3.0 1.4 0.8 6.8 5.0 1.7 28 2.7
CP1 2.7 65 2.1 5.3 2.0 1443 38 7.5
CP2 2.1 148 1.4 5.4 1.9 914 34 4.0
P1 13 169 0.7 1.4 5.7 4.2 41 34 4.5
P2 13 161 0.3 1.9 5.8 4.5 38 32 4.4
A1 16 5.6 3.5 4.6 0.4 1210 2.9 17
A2 3.0 5.5 3.0 4.6 0.2 2030 15 3
C1 4.2 42 1.5 0.3 8.0 31 17 87 20
C2 4.5 44 1.2 0.2 5.8 24 15 90 16
C3 3.8 34 1.8 0.2 7.3 21 17 90 17
C4 58 26 2.5 1.6 5.2 12 8.0 4.8 2.8
R1 2.5 2.6 1.2 0.5 6.4 43 6.5 12 3.2
MP1 10 7.4 2.7 5.6 2.0 52 221 8.8
MP2 7.6 3.3 3.3 5.9 2.1 78 119
MP3 5.3 2.7 2.2 6.5 1.3 92 21
Q1 2.2 107 1.0 5.4 2.3 15 11 47
Q2 2.4 5.2 2.9 0.1 7.9 0.8 1180 13 5.1
Q3 2.1 2.5 1.8 5.5 1.4 1980 20 18
Q4 6.8 2.6 3.0 6.4 1.5 2910 23 3.6
Q5 5.5 3.0 3.1 5.5 3.5 3300 24 1.1
OR1 3.4 3.4 1.6 8.1 2.0 0.4 5.2 5.5
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As far as the concentrations of trace elements (Table 2) are con-
cerned, the highest values were measured in the Na+-Cl− waters and
they were dominated by Fe, As and Ba (9620, 6170 and 3300 μg/L,
respectively), followed by Mn (from 2.1 to 876 μg/L), Sb (from 1.1 to
326 μg/L), Zn (from 0.8 to 107 μg/L), Cu (from 3.4 to 48 μg/L), Ni (from
0.1 to 27 μg/L) and Co (from 0.3 to 11 μg/L).

The δ18O-H2O and δD-H2O values (Table 1) of the Na+-Cl− andNa+-
HCO3

−(Cl−) waters ranged from−9.8 to−1.3 and from−78 to−61‰
vs. V-SMOW, respectively, whereas those of the remaining water
samples ranged from 12.8 to −10.1 and from −94 to −75‰ vs. V-
SMOW, respectively. The δ18O-H2O and δD-H2O values of the rainwater
samples ranged from −7.8 to −5.7 and from −53 to −35‰ vs. V-
SMOW.

4.2. Chemical and isotopic compositions of the dissolved and bubbling gases

The partial pressure (in mbar) and chemical composition (in
mmol/mol) of the dissolved gases are shown in Table 3, where the
δ13C-CO2 (in ‰ vs. V-PDB) values are also reported. Dissolved gases
associated with the Na+-Cl− waters were dominated by CO2 (from
766 to 930mmol/mol). Nitrogenwas themain dissolved gas compound
(from 607 to 695 mmol/mol) in the remaining waters, whilst the main
atmospheric gases showed concentrations one order of magnitude
Table 3
Chemical and stable isotopic (δ13C-CO2; in‰ vs. V-PDB) composition of dissolved gases from

id CO2 N2 CH4 Ar O2 He

OL1 930 66 0.11 1.4 2.2 0.0090
RC3 775 218 0.01 5.2 1.6 0.0081
CP1 802 185 0.83 4.5 8.3 0.010
CP2 766 221 1.1 4.8 7.6 0.016
A3 890 105 0.18 2.0 3.0 0.0075
C1 248 678 0.025 17 56 0.014
C3 254 665 0.015 17 65 0.014
R1 200 682 0.011 17 100 0.015
MP3 67 655 0.009 17 260 0.011
Q3 313 607 0.15 15 65 0.015
OR1 46 695 0.011 18 241 0.011

mmol/mol
higher (O2 and Ar, up to 260 and 18 mmol/mol, respectively) with
respect to those measured in the CO2-dominated samples. Methane
and He concentrations ranged from 0.009 to 1.1 and from 0.0075 to
0.016 mmol/mol, respectively, with no significant differences among
the different water facies. The δ13C-CO2 values ranged from −9.80 to
−21.5‰ vs. V-PDB.

The chemical composition of the bubbling gases (in mmol/mol) is
shown in Table 4, where the δ13C-CO2, δ13C-CH4, Rc/Ra and 4He/20Ne
values are also reported. Carbon dioxide was largely themost abundant
gas species (from 930 to 972 mmol/mol), followed by N2 (from 26 to
66 mmol/mol), CH4 (from 0.048 to 0.46 mmol/mol), Ar (from 0.55 to
1.4 mmol/mol), O2 (from 0.21 to 3.4 mmol/mol), H2 (from 0.006 to
0.036 mmol/mol), and He (from 0.0007 to 0.0021 mmol/mol). Hydro-
gen sulfide was found at detectable concentrations (from 1.5 to 3.2
mmol/mol) in a few gases from: Vilama (V1), Pairique (RC1, RC2, RC5,
and P1), Coranzulì (A2), and Granada (Q2 and Q4) zones. Light hydro-
carbons, whose total concentrations were up to 0.0071 mmol/mol,
mainly consisted of C2–C5 alkanes, with significant concentrations of
isobutene (i-C4H8 up to 0.00016 mmol/mol) and benzene (C6H6 up to
0.0021 mmol/mol). The δ13C-CO2 values ranged from −6.59 to
−13.6‰ vs. V-PDB, whereas those of δ13C-CH4, measured in selected
samples (V1, RC1, RC2, A2, MP1, MP2, and Q4) were from −51.5 to
−29‰ vs. V-PDB. The Rc/Ra values were relatively low, ranging from
0.27 to 1.39.

5. Discussion

5.1. Processes controlling the chemistry of waters

The δD-H2O vs. δ18O-H2O diagram is a useful tool to investigate po-
tential water sources feeding thermal fluid discharges. In Fig. 3, the
Local Meteoric Water Line (LMWL), constructed on the basis of the iso-
topic composition of the RW1–RW3 samples (δD = 8.3 × δ18O
+ 11.67), and that was basically coincident with that proposed by
Hoke et al. (2013) for Central Andes, is reported. Most thermal waters
plot in correspondence of LMWL, with the exception of the Na+-Cl−

waters that are characterized by significant positive isotopic shifts. Ac-
cording to the δ18O-H2O vertical gradient (−2.62‰/km) calculated
with the isotopic data of the rainwater samples, the meteoric recharge
of these springs was likely at an altitude ranging from 4000 to 4500 m
a.s.l. (Fig. 3). Hence, the D- and 18O-enrichments of the Na+-Cl− waters
may be interpreted as produced by steam loss due to evaporation occur-
ring at different temperatures (Fig. 3).

The liquid-vapor fractionation factor is indeed dependent on
temperature (Horita and Wesolowski, 1994). Thus, those waters with
a relatively strong 18O- and 2H-shift (O1, V1, RC1-RC3, A1, A2, and
MP1-MP3) were possibly affected by steam loss at higher temperatures
with respect to those approaching LMWL (CP1, CP2, and Q1–Q5). It is
worth noting that the highest isotope fractionation was recorded in
the waters having the highest TDS values (Table 1). This suggests that
the isotopic features of the Na+-Cl− waters may be due to both steam
the Puna plateau, Jujuy Province, Argentina. Concentrations are in mmol/mol and mbar.

δ13C-CO2 CO2 N2 CH4 Ar O2 He

−9.80 118 466 0.35 4.6 7.9 0.12
−14.1 67 1052 0.024 12 3.9 0.071
−12.2 32 410 0.83 4.6 9 0.041
−13.6 28 452 1.0 4.6 7.9 0.059
−11.4 45 297 0.23 2.6 4.3 0.039
−15.4 6.6 1003 0.017 12 42 0.039
−19.6 6.6 961 0.010 11 48 0.036
−16.2 5.6 1060 0.008 12 79 0.041
−20.6 2.0 1102 0.007 13 223 0.033
−17.7 8.4 904 0.10 10 49 0.041
−21.5 1.3 1060 0.008 12 187 0.031

mbar
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loss and water-rock interaction. Some influence of “andesitic water”
(Taran et al., 1989; Giggenbach 1992) would also be consistent with
the strongly fractionated δD-H2O and δ18O-H2O data (Fig. 3).

This would imply that the high Cl− concentrations of these waters
were related to a magmatic source. However, this process seems to be
unlikely since the most recent volcanic activity in the study area dates
back to the Neogene (Coira et al., 1993). Moreover, the Na+/Cl− molar
ratios of the Na+-Cl− waters are stoichiometric (Fig. 4), pointing to a
sedimentary source for these elements, e.g. dissolution of halite. Accord-
ingly, water samples with the highest TDS values, i.e. O1, V1, A1 and A2,
also have highMg2+/Ca2+ and Cl−/Br− ratios (up to 4.4 and N1000, re-
spectively; Fig. 5) and HCO3

− and SO4
2− concentrations (up to 2900 and

7860 mg/L, respectively), these geochemical features commonly found
in waters interacting with evaporitic deposits (Warren, 2010). This is
also supported by the high concentrations of NH4

+, Li+ and B (Table
1), which are typically enriched in salt deposits (Helvaci and Alonso,
2000; Garrett, 2004). O1 and V1 discharge in correspondence of salar
(Fig. 1), while A1 and A2 are likely related to subsurface saline deposits.
Hence, in these sites salt dissolution mostly occurred at the surface and
at relatively shallow depth, respectively.

On the contrary, the chemical-physical features of the otherNa+-Cl−

waterswere significantly differentwith respect to those previously con-
sidered, since: 1) the outlet temperatures were relatively high, mostly
ranging from 29 to 62.4 °C, with the exception of the MP1–MP3 waters
(Table 1); 2) theMg2+/Ca2+ ratios were relatively low (b0.45; Fig. 5a),
as typically recorded in hydrothermal fluids (Giggenbach, 1988) where
Mg2+ can easily be removed from solution by interactionwith hot rocks
(Scott, 1997, and references therein) to form e.g. chlorite; 3) the Cl−/
Br− ratios were b750, i.e. in the range of geothermal brines (≤650)
(Fontes and Matray, 1993; Davis et al., 2001; Risacher et al., 2011)
(Fig. 5b). The occurrence of deep hydrothermal reservoir(s), hosting
mature Na+-Cl− waters feeding the thermal discharges of Coranzulì,
Granada, and Pairique, is consistent with the (i) 18O-enrichment (Fig.
3), produced by water–rock interactions at temperatures N150 °C
(Truesdell and Hulston, 1980), and ii) high Li+ and B concentrations
(Table 1), since they are preferentially leached from the host rocks
rich at high temperature (Brondi et al., 1973; Giggenbach, 1988, 1991;
Fig. 3. δD-H2O vs. δ18O-H2O (both in‰ vs. V-SMOW) binary diagram. Trends (dash lines)
of steam loss at increasing temperatures (NT) and the possible mixing trend (dot line)
between meteoric and andesitic waters are also reported. Black diamond: meteoric
water (MW); other symbols as in Fig. 2.



Fig. 4. Na+ vs. Cl− (both in meq/L) binary diagram. Symbols as in Fig. 2.
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Aggarwal et al., 2000). The relatively high concentrations of As and Sb,
as well as those of Fe and Mn (Table 2), are also in the range of thermal
waters discharging from a hydrothermal environment (e.g. Aiuppa et
al., 2006; Kaasalainen and Stefánsson, 2012; Wilson et al., 2012; Göb
et al., 2013). For example, relatively high As concentrations, comparable
to those of the present study, characterize thermal waters from central
Italy and were interpreted as due to the structurally controlled uprising
of deep-originated fluids (Cinti et al., 2015). However, anomalously
high As and Sb concentrations were also measured in those waters
Fig. 5. (a) Mg2+/Ca2+ and (b) Cl−/Br− vs. TDS (in
whose chemistry mostly depended on dissolution of salts at the surface
(O1 and V1). Thus, these elements cannot be unequivocally considered
as tracers for geothermal fluids. As expected, those waters interacting
with the surficial evaporitic deposits were also enriched in Co, Ni, Cu
and Zn (Table 2), the concentrations of these elements in the other ther-
mal waters were basically similar to those measured in the cold waters,
although numerous polymetallic sulfide ore deposits were recognized
in the study area. On the contrary, Ba concentrations (N1000 μg/L) in
the Na+-Cl− thermal waters from Cono Panizo, Arituzar and Queñual,
were extremely high, i.e. up to two orders of magnitude higher than
those commonly found in geothermal waters (up to 60 μg/L;
Kaasalainen and Stefánsson, 2012). Such a surprising geochemical fea-
ture was likely related to the anomalously high Ba contents in most Or-
dovician and Cenozoic rocks, as testified by the occurrence of barite and
sedex deposits (Brodtkorb et al., 1982).

On the whole, the origin of the Na+-Cl− water discharges is due to
(i) dissolution of evaporite deposits, mostly occurring at the surface
where salares and salt lakes are present (at Vilama, Olaroz andArituzar),
(ii) contribution of geothermal brines possibly hosted within the pre-
Ordovician crystalline basement, or (iii) a combination of these twopro-
cesses. The relatively high HCO3

− and SO4
2− concentrations measured in

mostwaterswere possibly depending on the interactionwith carbonate
and gypsum layers that were recognized in the Mesozoic and Miocene
sedimentary formations.

The origin of the Na+-HCO3
−waters was likely due to water-rock in-

teraction processes involving Na-silicates from the volcanic products
cropping out in the study areas (Caffe et al., 2012) and/or the Cretaceous
conglomerates of Salta Subgroup that includes carbonate-rich the
Pirgua Subgroup and Yacoraite formations (Fig. 1). Accordingly, their
Na+/HCO3

− molar ratios are approaching the stoichiometric straight
line (Fig. 6), and both the TDS values and the CO2 concentrations in
the associated gas phasewere relatively low, indicating a relatively shal-
low hydrological circuit, with no significant contribution from the Na+-
Cl− deep reservoir. Thus, it can be suggested that the deep and shallow
aquifers are locally connected by faults, allowing a mixing between the
Na+-Cl− and Na+-HCO3

− end-members, to produce Na+-HCO3
−(Cl−)
mg/L) binary diagrams. Symbols as in Fig. 2.



Fig. 6. Na+ vs. HCO3
− (both in meq/L) binary diagram. Symbols as in Fig. 2.

Fig. 7. δ13C-CO2 (‰ vs. V-PDB) vs. CO2 (mbar) binary diagram. Symbols of dissolved gases
as in Fig. 2. Symbols of bubbling gases are: Red triangle: gas associated with Na+-Cl−

water; yellow triangle, gas associated with Na+-HCO3
−(Cl−) water; brown triangle, gas

associated with Na+-HCO3
− water.
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waters. The Ca2+-SO4
2− composition and low pH and TDS values (4.84

and 587 mg/L, respectively) of the creek named C4 (Table 1) were pos-
sibly produced by both H2S dissolution in meteoric water, although no
gas emergence was recognized along this creek, and leaching of gyp-
sum-rich evaporitic deposits in the upper reaches of this surface
water. On the other hand, the Ca2+-HCO3

− creeks basically consisted
of meteoric water with no inputs of waters or gases from depth.

5.2. Origin of gases

Water chemistry suggested that the thermal springswere affected at
different degrees by hydrothermal fluids uprising from a deep Paleozoic
reservoir. Approaching the surface, these fluids were diluted by shallow
Na+-HCO3

−-type aquifer(s). Secondary interactions with evaporitic de-
posits added salinity (high TDS) and related solutes to the springs
emerging in correspondence of salares. The carbon isotopic signature
of CO2 in the bubbling gases associated with most Na+-Cl− waters
(Table 4) was in the range of gases from mantle degassing (from
−9‰ to −2‰ vs. V-PDB; Barnes et al., 1978; Javoy et al., 1982;
Rollinson, 1993; Ohmoto and Goldhaber, 1997; Hoefs, 2009). However,
their high CO2/3He ratios (up to 2.9 × 1012; Table 4), up to three orders
of magnitude higher than the mantle value (~1.2 × 109; Marty and
Jambon, 1987), allow to exclude a significant contribution of mantle
CO2, notwithstanding the occurrence of up to 16% of mantle He, as indi-
cated by the Rc/Ra values (Poreda and Craig, 1989; Hilton et al., 2002).
Moreover, the bubbling gases from Rosario de Coyaguayma at Pairique,
aswell as those associatedwith the P1 and C2waters (Table 4), showed
more negative isotopic values (from −13.6‰ to −10.7‰ vs. V-PDB),
confirming that most hydrothermal CO2 originated from a crustal
source (Hoefs, 2009). However, the increasing trend of the δ13C-CO2

values with increasing partial pressure of CO2 in the dissolved gases
(Fig. 7) indicates the addition of isotopically heavy mantle-like CO2 to
biogenic shallow carbon (O'Leary, 1988; Hoefs, 2009). This evidence
can be concealed with the high CO2/3He ratios measured in these
gases admitting that these gases were at least partially fed by mantle
source characterized by relatively high Carbon contents, possibly due
to organic rich sediment contamination related to the subduction
process.

The N2/Ar ratios, ranging between 39 and 53, were consistent with
those of air-saturated water (ASW: 38–42 at temperature between 20
and 70 °C), suggesting that, not being available any δ15N-N2 value, air
dissolved in the meteoric recharging system of the hydrothermal
aquifer was the main source for N2 and Ar. The occurrence of O2

(Table 4) indicated that the infiltrating meteoric waters, which
interacted with the uprising hydrothermal fluids, were supplying the
atmospheric gases to the thermal springs. This would also explain the
strongly variable concentrations of H2S (Table 4), which was likely pro-
duced within the hydrothermal reservoir and successively oxidized in
presence of free O2 when fluids approached the surface.

The δ13C-CH4 values, aswell as the CH4/C2+ ratios (b103), were con-
sistent with those classically interpreted as related to thermogenic pro-
cesses involving pre-existing organic matter (e.g. Schoell, 1980, 1988;
Whiticar et al., 1986;Whiticar, 1999). Hence, light hydrocarbons possi-
bly originated at reducing conditions typical of a hydrothermal reser-
voir, where H2 was also produced. The V1, RC1 and RC2 gases,
showing more negative δ13C-CH4 values, were possibly affected by
some contribution of biogenic CH4.

5.3. Geothermometry

Equilibrium temperatures of hydrothermal reservoirs based on the
concentrations of SiO2 in the liquid phase depend on the dissolution of
different silicamineral. The dependences on temperature of the solubil-
ity of chalcedony (Arnorsson, 1983) and quartz (Fournier, 1977) can be
expressed, as follows:

T °C
� �

¼ 1112= 4:91− logSiO2ð Þ−273:15 ð3Þ

and

T °C
� �

¼ 1309= 5:19− logSiO2ð Þ−273:15 ð4Þ

where SiO2 is inmg/L. At temperatures b180 °C, such as those estimated
by both Eqs. (3) and (4) for the studied waters, excluding the low-TDS
creeks (RC4 and C4) and the thermal waters whose chemistry was
largely determined by interaction with salar deposits (O1, V1, A1 and
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A2), chalcedony is the dominant silica mineral. Thus, Eq. (3) likely pro-
vides the most reliable results. In particular, RC1–RC3 apparently equil-
ibrated at 137–142 °C, a temperature range similar to that calculated for
the Q2–Q5waters (134–142 °C) and slightly higher than those obtained
for the CP1–CP2 (128–131 °C) and P1–P2 (114–115 °C)waters. Estimat-
ed equilibrium temperatures for the C1–C3 and MP1–MP3 and R1 wa-
ters were significantly lower (93–100, 79–84 and 72 °C, respectively).
Although no direct measurement of temperature at depth is available
to verify the reliability of these theoretical results, it has to be
underlined that the silica geothermometers strongly depend on dilution
and steam loss,whichpossibly affected the hydrothermal fluids produc-
ing underestimated and overestimated equilibrium temperatures,
respectively. Geothermometry techniques based on the chemical equi-
libria in the Na-K-Mg system were commonly adopted for aqueous so-
lutions interacting with the typical authigenic mineral assemblage
(including Na- and K-feldspars, K-micas, chlorite and silica) of medi-
um-to-high temperature (150–300 °C) hydrothermal systems. Using
this approach, equilibrium temperatures are less affected by secondary
processes, being computed on the basis of their dependences on the
Na+/K+ and K+/Mg2+ ratios (Giggenbach, 1988), as follows:

T °C
� �

¼ 1390= 1:75− log Naþ=Kþ� �� �
−273:15 ð5Þ

and

T °C
� �

¼ 4410= 14:0− log Kþ 2
� �

=Mg2þ
h i� �

−273:15 ð6Þ

In the Na+/400-K+/10-√Mg2+ ternary diagram (Fig. 8), the fields of
“full equilibrium”, “partial equilibrium” and “immature waters” were
obtained by combining the fast K\\Mg and the slow Na\\K
geothermometers (Giggenbach 1988). As expected, the Na\\K
geothermometer produced temperatures were significantly higher
than those estimatedwith the silica geothermometer. The RC1–RC3wa-
ters seem to have attained partial equilibrium at 198–204 °C, i.e. a range
of temperature significantly higher than those of bothQ2–Q4 andMP1–
MP3 (155–174 and 163–167 °C, respectively). The P1 and P2 waters
Fig. 8.Mg2+-Na+-K+ ternary diagram (Giggenbach, 1988). The axes (Na/400-K/10-√Mg)
were modified to enlarge the low temperature area of the diagram. Partial and full
equilibrium curves from 40 to 220 °C are reported. Symbols as in Fig. 2.
approached equilibrium at 121–125 °C, whereas the CP1, CP2, C1–C3,
Q1, OR1 and R1 waters were too immature to provide reliable temper-
ature estimations. To evaluate the effect of Ca2+ on these calculations,
chemical equilibria in the Na-K-Mg-Ca system were also considered.
However, in the (10 K+ / [10 K+ + Na+] vs. 10Mg2+ / [10Mg2+

+ Ca2+]) diagram (Fig. 9) all samples plot far from the equilibrium
curve proposed by Giggenbach (1988), suggesting that the mineral as-
semblage used to construct this diagram was not appropriate for these
waters. Assuming that the mineral assemblage controlling the Ca2+/
Mg2+ ratios included calcite, dolomite, anhydrite,fluorite and chalcedo-
ny, likely occurring in the sedimentary formations overlying the Paleo-
zoic basement, we obtain the following equation (Chiodini et al., 1995):

log Ca2þ=Mg2þ
� �

¼ 3:117–979:8= Tþ 273:15ð Þ þ 0:03904

� log PCO2ð Þ þ 0:07003� log ΣMð Þ ð7Þ

where T is the temperature (in °C), PCO2 is the partial pressure of CO2

(in bar) and ƩM is the water salinity (in mol/L). At PCO2 ranging from
1 to 100 bar and ƩM values consistent with those of the waters (from
0.02 to 0.2 mol/L), the RC1–RC3 (~200 °C), Q1–Q5 (155–175 °C),
MP1–MP3 (155–165 °C), and P1–P2 (~125 °C) waters approached the
new equilibrium curves (Fig. 9) at the same temperatures indicated by
the Na-K-Mg geothermometer.

It is worth noting that these computed temperatures should be con-
sidered with caution, due to the complex lithologies of the study areas
and the possible occurrence of secondary processes affecting the chem-
istry of the thermal waters during their uprising to the surface.

5.4. Gas geothermometry

The chemical composition of the bubbling gases associated with the
water discharges can be used to provide further information on temper-
ature, pressure and redox conditions dominating at the fluid source re-
gion. The gas discharges, consisting of low-to medium temperature
bubbling pools, were affected by condensation of water vapor and
dissolution of soluble species, such as CO due to formate production.
Therefore, the classical approach based on chemical equilibria in the
Fig. 9. (10 K+ / [10 K+ + Na+] vs. 10Mg2+ / [10Mg2+ + Ca2+]) binary diagram.
Equilibrium curves from 100 to 300 °C in presence of different mineral assemblages
(Giggenbach, 1988; Chiodini et al., 1995) are reported. Symbols as in Fig. 2.



Fig. 10. log (XH2
/XAr∗) vs. log(XCH4

/XCO2
) binary diagram. Equilibrium curve in liquid and

vapor phases from 100 to 350 °C at redox conditions controlled by the DP buffer system
(D'Amore and Panichi, 1980) are reported. Symbols as in Fig. 7.
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H2O-CO2-CH4-CO-H2 system cannot fully be applied, since the concen-
trations of water vapor and CO depend on secondary processes mostly
occurring at the surface. Gas geothermometry was thus carried out in
the CO2-CH4-H2 system, which was assumed to be mainly regulated
by the Sabatier reaction, as follows:

CH4 þ 2H2O⇔CO2 þ 4H2 ð8Þ

Assuming that log fH2O = 4.9–1820/T and RH = log(H2/H2O)
(Giggenbach, 1987), the dependence on temperature and RH of the
log-ratios between the mole fractions of CO2 and CH4 (XCO2 and XCH4,
respectively) in equilibrated vapor and liquid phases can be expressed,
as follows:

log XCH4=XCO2

� �
V ¼ 4RH þ 5181=T Kð Þ ð9Þ

and

log XCH4=XCO2

� �
L
¼ 4RH þ 5181=Tþ log BCO2

� �
– log BCH4

� � ð10Þ

where BCO2
and BCH4

are the vapor/liquid distribution coefficients of CO2

and CH4, respectively.
Assuming that Ar is fixed by the equilibrium between the atmo-

sphere and air saturated water (ASW), the dependence of H2 on RH in
the two phases is given by (Giggenbach, 1991):

log XH2=XAr�
� �

V ¼ RH þ 6:52− log BArð Þ ð11Þ

and

log XH2=XAr�
� �

L ¼ RH þ 6:52 − log BH2

� � ð12Þ

where BAr and BH2 are the vapor/liquid distribution coefficients of Ar
and H2, respectively, whilst the Ar* values, considering that hydrother-
mal fluids are O2-free, were calculated, as follows:

Ar� ¼ Ar− O2=22ð Þ ð13Þ

where the O2/22 ratio is the Ar concentration due to atmospheric con-
tamination, although this value represents a minimum estimation of
Ar addition at the surface since O2 is rapidly consumed by redox reac-
tions even at shallow depth. According to Eqs. (9)–(12), the log (XH2

/
XAr∗) vs. log(XCH4

/XCO2
) diagram (Fig. 10) was constructed assuming

that the RH values were controlled by the DP redox buffer system
(D'Amore and Panichi, 1980). At these conditions, the bubbling gases
plot on the left of the liquid equilibrium curve, in correspondence of
H2 equilibrium temperatures ranging from 105 to 155 °C, with no
clear distinction among gases from the different study zones.

In most cases, these temperatures were significantly lower than
those computed in the Na-K-Mg-Ca system (Figs. 8 and 9), possibly
due to (i) re-equilibration of the fast H2 geothermometer during the hy-
drothermalfluid uprising and/or (ii) H2 consumptionwithin theO2-rich
pools from where the bubbling gases were discharged. The apparent
disequilibrium of the CH4-CO2 pair was possibly caused by the slow ki-
netics that characterizes Reaction (8) especially at relatively low tem-
peratures (Taran and Giggenbach, 2003), such as those of the study
systems (≤200 °C). Hence, the CH4 concentrations, up to one order of
magnitude lower than those expected if the CO2-CH4 equilibrium was
attained at the chemical-physical condictions indicated by the H2

geothermometer (Fig. 10), were only controlled by thermogenic and,
partially, biogenic degradation of organic matter, as also confirmed by
the δ13C-CH4 and CH4/C2+ values.

6. Conclusions

The chemical and isotopic compositions of waters and gases from
the thermal springs of northern Puna plateau in the Jujuy Province
were likely related to the occurrence of a deep-seated hydrothermal
system fed bymeteoric water infiltrating at 4000–4500m a.s.l. through
the outcropping Ordovician rocks (Auge et al., 2006). The thermal
reservoir is hosted in the pre-Ordovician crystalline basement that
is likely characterized by secondary permeability. Deep regional tec-
tonic lineaments, also responsible for a limited fluid (He) contribu-
tion from mantle degassing, act as preferential pathways for the
uprising of the Na+-Cl− geothermal fluids, especially in the Pairique
and Granada zones. Carbonates and gypsum hosted within the Mio-
cene sedimentary formations controlled the Ca2+-Mg2+ ratios and
added HCO3

− and SO4
2− to the discharging waters, although the latter

might partly be related to the dissolution of CO2 and H2S from the gas
phase. Na+-HCO3

− waters, mostly occurring in the Coranzulì zone, de-
veloped at relatively shallow depth within the volcanic sequences.
These rocks are characterized by a relatively low permeability, and
they can likely be acting as an efficient cap for the underlying geother-
mal aquifer. Cretaceous sediments of the Pirgua Subgroupmay host rel-
atively small Na+-HCO3

− reservoirs. The hot and deep aquifer locally
mixed with the shallower one, giving rise to waters with an intermedi-
ate chemical character. In the southern and western periphery of the
study area, i.e. at Olaroz and Vilama zones, and at the Arituzar site in
the Coranzulì zone, the chemistry of the thermal springs was strongly
affected by dissolution of salt deposits at the surface. Hence, the only
clear clues of a deep fluid input were shown by the δ13C-CO2 and Rc/
Ra values in the associated gases.

According to this conceptual model, water geothermometry in
the Na-K-Mg-Ca system suggested that the maximum temperature
of the deep Na+-Cl− reservoir is up to ~200 °C, similar to those esti-
mated for the Paleozoic reservoir likely feeding the high altitude
(N4000 m a.s.l.) Na+-Cl− thermal waters of Tuzgle-Tocomar, which
are located 100 km S of the study area (Giordano et al., 2013). De-
spite the great depth (N5000 m b.g.l.) of this potentially interesting
geothermal resource, the occurrence of Li- and Ba-rich mineralization
of valuable economic interest associated with the hydrothermal
fluids may generate a strong pulse for the development of this remote
region.
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