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Abstract 21 

The exploration of novel geothermal systems, particularly those promising for electrical power 22 

generation, plays a fundamental role in incorporating new renewable sources into the energy matrix. 23 

Geothermal systems associated with volcanic calderas are considered ideal targets for exploration. 24 

This study focuses on the geochemical features of fluids from the Cerro Galán hydrothermal system, 25 

which is hosted within a major resurgent caldera with more than 3.5 Myr of magmatic evolution 26 

situated on the Southern Puna (Central Volcanic Zone of the Andes, NW Argentina). The main aim is 27 

constructing the first geochemical conceptual model and provide information on the geothermal 28 

potential of this interesting resource. The main hydrothermal reservoir consists of a Na-Cl aquifer with 29 

estimated temperatures up to 187 °C at depth. This reservoir is likely hosted within the fractured pre-30 

caldera basement rocks, mainly including Miocene-Pliocene volcanic rocks and Proterozoic-Cambrian 31 

igneous and metamorphic rocks. The confinement of the deep reservoir is attributed to the deposits of 32 

the Toconquis Group and Cueva Negra Ignimbrite, along with the basal section of the Cerro Galán 33 



Ignimbrite, which exhibit low permeability due to hydrothermal alteration. The presence of a phreatic 34 

explosion crater near one of the hot spring-rich areas is likely indicating past over-pressurization of 35 

the hydrothermal aquifer, resulting from efficient sealing. Furthermore, the absence of anomalous soil 36 

CO2 flux values on the top of the reservoir, except where the thermal spring discharges are located, 37 

can be explained by an effective cap-rock layer. Deep circulation of meteoric water, enriched with 38 

atmospheric gases, receives inputs of magmatic fluids (~11 % of primordial helium), leading to the 39 

development of the hydrothermal Na-Cl aquifer. However, this deep fluid contribution might be 40 

underestimated due to significant crustal assimilation (up to 50 %) involved in the magma genesis of 41 

the Cerro Galán Volcanic Complex, a process which modifies the He isotopic signature of the 42 

magmatic endmember. The hot springs, characterized by high flow rate (up to 459 m3/h) are positioned 43 

at the intersection between the caldera margins and the NNE-SSW oriented tectonic structures, 44 

suggesting favorable permeability conditions. The preliminary geothermal gradient for the Cerro 45 

Galán area is estimated at around 98-101 °C/km. Such a high gradient can be attributed to the 46 

considerable heat flux generated by the transcrustal plumbing system of the Cerro Galán caldera, which 47 

includes the shallow crystal mush reservoir (<4 km depth). The preliminary geothermal potential of 48 

this giant caldera was performed using the volumetric method along with Monte Carlo simulations. 49 

The results indicate a probable power production capacity of 2.09 MWe and 10.85 MWe at 90 and 50 50 

% confidence level, respectively. The results presented in this work constitute a foundational 51 

knowledge base to promote a more advanced exploration phase for the geothermal resource. 52 

Additionally to the local energy demand, lithium and other metal mining operations, which are 53 

operating independently from the National Interconnected System, could potentially be interested in 54 

power generation through binary cycles.  55 
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 59 

1. Introduction 60 

The energy transition towards clean energy sources aimed to reduce the carbon footprint is already a 61 

worldwide fact. In this framework, the role of renewable energies as well as new renewable 62 

technologies aimed at net-zero emissions should be highlighted (e.g. Pfenninger et al., 2014; Gielen et 63 

al., 2019; Contino et al., 2020, Jolie et al., 2021; Sun et al., 2023; Buonomano et al., 2023). 64 

Nevertheless, in the global renewable matrix, including solar, wind, biomass, and hydro, the 65 

geothermal energy represents the smallest portion (around 1%; Krieger et al., 2022) due to different 66 



barriers (mainly economic barriers related to the initial stages in exploration projects) that still exist 67 

for its use (e.g. Li et al., 2015; Colmenar-Santos et al., 2018; Witter et al., 2019; Pan et al., 2019; 68 

Palomo et al., 2022). Following this global trend, Argentina’s policies promote the incorporation of 69 

renewable energies into the energy matrix through the National law N° 26.190/06. Despite Argentina 70 

having an estimated geothermal potential of 490-2010 MWe (Bona and Coviello, 2016), supported by 71 

the existence of encouraging geothermal systems for electric power generation (Chiodi et al., 2019; 72 

Barcelona et al., 2021, 2023; Filipovich et al., 2022), the only project that has reached the feasibility 73 

stage is the Copahue project (Japanese International Cooperation Agency; JICA, 1992). Therefore, the 74 

exploration of novel geothermal systems, mostly related to the generation of electrical power, plays a 75 

key role in incorporating new renewable sources into the energy matrix. Within the geothermal plays 76 

(Moeck, 2014), systems associated with volcanic calderas represent ideal targets for exploration (Goff 77 

and Janik, 2000; Giordano et al., 2014; Stimac et al., 2015). In this sense, the present investigation 78 

focuses on the giant Cerro Galán caldera (CGC), located in the Central Volcanic Zone of the Andes, 79 

as a major example of geothermal plays associated with volcanic calderas. Cerro Galán is a major Plio-80 

Pleistocene resurgent caldera complex with more than 3.5 Myr of magmatic evolution (Sparks et al., 81 

1985; Folkes et al., 2011a; Wright et al., 2011; Grocke et al., 2017), situated in the Southern Puna 82 

(~4,500 m a.s.l.; 25°49’S and 26°7’S-67°5’W and 66°51’W), NW Argentina (Fig. 1). Calderas with 83 

>10 km diameters require the accumulation of large volumes of silicic magma in the upper crust (e.g. 84 

de Silva and Gregg, 2014; Lipman and Bachmann, 2015; Kaiser et al., 2017), able to produce huge 85 

heat fluxes. Current evidence indicates the persistence of an anomalous thermal flux associated with 86 

the complex transcrustal magmatic system beneath the CGC (Delph et al., 2017; Ward et al., 2017). 87 

This is further supported by the presence of surface hydrothermal manifestations in the caldera area 88 

(Chiodi, 2015). In addition, despite the last caldera forming eruption occurred at 2.08 Ma (Cerro Galan 89 

Ignimbrite; Folkes et al. 2011a, b; Cas et al. 2011), recent reevaluation of the state of activity of Cerro 90 

Galan, based on its longevity and erupted volume suggest that the plumbing system may still be active 91 

(Giordano and Caricchi, 2022). The thermal features of the CGC consist of thermal springs from 25 92 

°C to boiling point (~84 °C at 4,600 m a.s.l.), fumarolic discharges with temperatures up to 87.7 °C, 93 

argillic alteration zones, sinters, and travertine deposits (Chiodi, 2015). This paper presents and 94 

discusses the results of a detailed geochemical survey carried out in the hydrothermal manifestations 95 

in the Cerro Galán geothermal area in order to: (a) investigate the physicochemical conditions of the 96 

fluids into the geothermal reservoir(s), (b) define the primary sources of the fluids and the secondary 97 

processes controlling their chemistry, (c) propose the first hydrogeochemical conceptual model for the 98 

Cerro Galán geothermal system (CGGS) and (d) provide a preliminary estimation of the geothermal 99 



potential aimed at evaluating the feasibility of using the geothermal resource according to the local 100 

energy demand. 101 

 102 

 103 

Fig. 1. Geological map of the Cerro Galán caldera area with the location of the sample sites (modified from Folkes et al., 104 

2011a). NVZ: Northern volcanic zone. CVZ: Central volcanic zone. SVZ: Southern volcanic zone. AVZ: Austral volcanic 105 

zone. Red drop: sample location (hydrothermal manifestation). Blue drop: sample location of stream/cold spring/lake. 106 

 107 

2. Geological setting 108 

2.1. Stratigraphy and volcanological features 109 

The magmatic evolution of the Andes fluctuated between long-term steady-state phases dominated by 110 

andesitic-dacitic stratovolcanoes and episodic high-flux flare-up events producing large caldera-111 



forming eruptions and huge volumes of dacitic-rhyolitic ignimbrites (DeCelles et al., 2015; de Silva 112 

and Kay, 2018). The paradigmatic example of this arc dynamic is the Neogene Ignimbrite Province of 113 

the Central Andes (NIPCA, de Silva and Kay, 2018). The NIPCA records a diachronic flare-up event 114 

developed in response to the progressive slab re-steepening accompanying the southward migration of 115 

the Juan Fernandez aseismic ridge during the last 25 Ma (Kay and Coira, 2009; Freymuth et al., 2015). 116 

The youngest large caldera system related to this time-transgressive regional process is the Cerro Galán 117 

Volcanic Complex (~5.6-2.0 Ma) located in the southern edge of the NIPCA, in the Southern Puna 118 

region (Friedman and Heiken, 1977; Francis and Baker, 1978; Sparks et al., 1985; Francis et al., 1983; 119 

Folkes et al., 2011a, b, c; Kay et al., 2011; Grocke et al., 2017). The Cerro Galán Volcanic Complex 120 

(CGVC) produced at least nine ignimbrites, with the youngest being the Cerro Galán Ignimbrite (~2 121 

Ma; ~630 km3 DRE), the climactic event responsible for the present CGC (Folkes et al., 2011a). The 122 

CGC is a major (27×16 km) trapdoor caldera whose collapse was controlled by a N-S fault located at 123 

its eastern side which acted as a hinge producing an asymmetric collapse that accommodated a 124 

minimum intracaldera ignimbrite thickness of ~1.5 km (Folkes et al., 2011a). The N-S fault-oriented 125 

system controlling the caldera collapse is part of the first-order structural architecture of the Southern 126 

Puna which was developed in response to the compressional tectonics during the Cenozoic evolution 127 

of the Central Andes (Báez et al., 2023 and reference therein). The second order W-E structures 128 

controlled the differential subsidence of blocks (picemeal collapse). The CGVC was preceded by a 129 

Miocene meso-siliceous volcanism developed above a complex igneous-metamorphic Neo-130 

proterozoic/Paleozoic basement (Francis et al., 1983; Hongn et al., 2001). The CGC recorded an 131 

important resurgence of the caldera floor in response to the rise of the remaining magma to very 132 

shallow levels (< 4 km), which was also extruded forming post-caldera lava domes and block and ash 133 

flow deposits (Grocke et al., 2017).  134 

The CGVC was fed by a transcrustal long-lived magmatic system characterized by deep MASH zone 135 

located in the lower crust that acted as buffering "zone" between the mantle source and the upper crust 136 

reservoirs (Folkes et al., 2011b; Kay et al., 2011). Melts extracted from the MASH zone stalled in the 137 

middle crust (~20 km) forming a large magma body that episodically delivered more evolved melts to 138 

the upper crust where they were stored and forming large shallow (10-5 km) mush-type reservoirs. 139 

These shallow reservoirs were episodically mobilized during the eruption of the crystal-rich 140 

ignimbrites of the CGVC (Folkes et al., 2011b; Kay et al., 2011). The upper crustal reservoirs became 141 

progressively shallower during the evolution of the CGVC, being the climactic CGI eruption and the 142 

post-caldera activity sourced by a reservoir located at < 4 km deep (Folkes et al., 2011b; Wright et al., 143 

2011; Grocke et al., 2017).  144 



Several geophysical surveys (Bianchi et al., 2013; Calixto et al., 2013; Heit et al., 2014; Liang et al., 145 

2014, Delph et al., 2017; Ward et al., 2017) have imaged a large (∼22,000 km3) partial melting zone 146 

in the middle crust (16-28 km deep) under the CGVC, known as the "Cerro Galan magma body" (Delph 147 

et al., 2017; Ward et al., 2017). In addition, a deeper geophysical anomaly (partial melting zone) 148 

located at the crust-mantle boundary, was identified in this region (Delph et al., 2017; Ward et al., 149 

2017). Both geophysical anomalies match with the petrologically inferred MASH zone and middle 150 

crustal main reservoir that fed the CGVC (Folkes et al., 2011b; Kay et al., 2011). This implies that the 151 

transcrustal feeder system is still active and that the CGVC can be defined as a very long-quiescent 152 

dormant volcano (Giordano and Caricchi, 2022). In this sense, the short-duration seismic swarms that 153 

occurred on January 25, 2009 under the Galán resurgent dome are probably reflecting shallow 154 

hydrothermal fluid or magma movement (Mulcahy et al., 2014). Furthermore, the current anomalous 155 

thermal state of the crust and shallow brittle-ductile transition below the CGVC is evidenced by its 156 

prevailing shallow (< 5 km) and low magnitude (< 3 Mc) seismicity (Mulcahy et al., 2014).  157 

 158 

2.2 Hydrothermal manifestations 159 

There are three main sectors with hydrothermal manifestations in the CGC, as follows (Fig.1, 2): a) 160 

La Colcha area (LC), situated on the southern border of the resurgent dome; and b) the Aguas Calientes 161 

area (AC) and c) the Piscinas Burbujeantes del Galán (PBG), the two latter being located toward the 162 

N-NW structural border of the CGC. 163 

a) La Colcha area (LC; Fig. 1,2) consists of several hot springs spreading in a narrow area (~3 km2), 164 

which emerge from the CGI with Na-Cl composition and temperature up to 83.9 °C. The hot springs 165 

runoff forms a creek (~288 m3/h) that is tributary to the Diamante Lake (Fig. 2a). In the surroundings 166 

of the hot springs, there is a phreatic explosion crater (Fig. 2b) and travertine domes (Fig. 2b,c,d) 167 

suggesting a more intense hydrothermal activity in the past. There is a significant salt deposition on 168 

the soil in all the hot springs area (Fig. 2c,e), mainly consisting of calcite and halite (Massenzio et al., 169 

2023, 2024).  170 

b) Aguas Calientes area (AC; Fig. 1,2) is a group of springs located near the northern border of the 171 

CGC, associated with a NW-SE fault system, in a ravine where the Aguas Calientes river flows to 172 

finally turn toward north running out of the CGC area (Figs. 2f,g). The hot springs, characterized by a 173 

Na-Cl composition and temperature up to 61 °C, discharge ~765 m3/h to the Aguas Calientes river. 174 

Most hot springs are issuing from fluvial deposits that infill the ravine and some of them emerge at the 175 

contact between these deposits and a block- and ash-flow deposit (Figs. 2g,h). There is also deposition 176 

of salts on the soil surface (Fig. 2i). 177 

 178 



 179 

Fig. 2. (a) Satellite image (Google Earth data) of the La Colcha hot springs area and (b) a detailed map indicating sampling 180 

and measurement sites. (c) View of the LC1 sample site, with the travertine dome elevated topographically in relation to 181 

the current thermal springs. (d) Detailed photograph of the travertine. (e) View of the LC3 sample site.  (f) Satellite image 182 



(Google Earth data) of the Aguas Calientes hot springs area and (g) a detailed map showing the sampling and measurement 183 

sites. Detailed photographs of the AC1 sample site (h) and AC2 sample site (i). 184 

 185 

c) Piscinas Burbujeantes del Galán (PBG; Figs. 1,3) consists of geothermal fumaroles and acid-186 

sulphate bubbling pools located on the western structural border of the CGC. The fumaroles have 187 

temperatures up to 87.7 °C while those of the bubbling pools are up to 80 °C. In the topographically 188 

higher sectors, siliceous sinter deposits and fragments of the altered and silicified CGI have been 189 

identified (Figs. 3a,b). The entire PGB area is characterized by intense hydrothermal alteration, 190 

particularly in the vicinity of the fumarolic vents (Fig. 3c). Kaolinite, hematite, boehmite and sulphates, 191 

among other minerals, have been identified in this area (Massenzio et al., 2023, 2024). 192 

 193 

 194 

Fig. 3. (a) Panoramic view (toward W) of the Piscinas Burbujeantes del Galán geothermal area. (b) General view of the 195 

PBG sample site and the alteration zone. (c) Detailed view of the hydrothermal alteration minerals.  196 

 197 

3. Methods 198 

3.1. Sampling sites and methods 199 

Nineteen water samples from 6 hot springs (AC1, AC3, PBG, LC1, LC2, LC3), 9 cold springs 200 

(CGVF1, CGVF2, CGVF3, CGVF4, CGVF5, CGFV6, CGVF7, CGVF8, and CGVF9), 2 creeks (AC0 201 



and RLM), 1 salt lake (LD) and 1 snow sample (CGN) were collected at the CGC. Water temperature, 202 

pH and electrical conductivity (EC) were measured at each sample point using a multiprobe instrument 203 

(Hanna HI 98195; accuracy: ±0.15 °C, ±0.02 and ±1 %, respectively). Total alkalinity (expressed as 204 

mg/L CaCO3) and silica were analyzed in situ by (i) acidimetric titration using HCl 0.03 N, 205 

phenolphthalein and bromophenol blue as indicators, and (ii) molecular spectrophotometry (Hanna HI 206 

96770C; accuracy: ±1 mg/L), respectively. The chemical-physical parameters determined in the field 207 

are reported in Table 1. From each sampling point, three aliquots of water were collected in high-208 

density polyethylene bottles, as follows: i) 1 filtered sample (0.45 µm filter pore size) for the analysis 209 

of major cations and anions, ii) 1 filtered sample (0.45 µm filter pore size) acidified with ultrapure 210 

HNO3 for the analysis of trace elements, and iii) 1 unfiltered sample for the analysis of water isotopes 211 

and finally, iv) 1 filtered sample (0.45 µm filter pore size) acidified with 1% (v/v) HCl 6 N and stored 212 

in dark bottles for the analysis of As(III) and As(V).    213 

Bubbling gases from AC1, PBG, and LC1 were sampled using a plastic funnel up-side-down 214 

positioned above the bubbles and connected through tygon tubes to the sample flasks. For the 215 

determination of the gas chemical composition, pre-evacuated 60 mL glass thorion tapped bottles filled 216 

with 20 mL of a 4 N NaOH solution were used (Giggenbach and Goguel, 1989), whereas the carbon 217 

isotopic ratio in CO2 was analyzed in gases stored in pre-evacuated 60 mL flasks (Vaselli et al., 2006). 218 

Samples for the analysis of dissolved gases were (AC1 and LC1) were collected in 50 mL glass flasks 219 

equipped with a rubber septum. In the laboratory, the method proposed by Chiodini (1996), slightly 220 

modified, was applied by determining the chemical composition according to the measured based on 221 

pressure, volume of concentrations of gases stored in the headspace of the flasks created by injecting 222 

Ar and/or He (Whitfield, 1978). 223 

 224 

3.2. Chemical and isotopic analyses of water samples 225 

Major cations (Na+, K+, Ca2+, Mg2+, Li+, and NH4
+) and anions (F−, Cl−, SO4

2−, Br−, and NO3
−) were 226 

analyzed by ion-chromatography (IC: Eco IC Metrohm). The analytical error was ≤ 5%. Boron was 227 

analyzed by molecular spectrophotometry (MS: Beckman DU 520) using the Azomethine-H method 228 

(Bencini, 1985). The analytical error was ≤ 5 %. 229 

Trace elements were analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS: ELAN-230 

DRC Perkin Elmer spectrometer). The analytical error is ≤ 10 %. Total arsenic (AsT) was analyzed by 231 

Inductively Coupled Plasma Mass Spectrometry analysis (ICP-MS: Perkin-Elmer SCIEX, ELAN DRC-232 

e) and the inorganic species (As(III) and As(V)) were analyzed by anion exchange chromatography 233 

(AEC) employing a chromatographer (Series 200, Perkin-Elmer) with ICP-MS determination. 234 



The 18O/16O and 2H/1H ratios in water (expressed as δ18O–H2O and δ2H-H2O ‰ vs. V-SMOW, 235 

respectively) were analyzed using an Ultra High-Precision Isotopic Water Analyzer Picarro L2130-i 236 

laser spectrometer. The analytical errors for δ18O–H2O and δ2H-H2O values are ±0.25 ‰ and ±1.20 237 

‰, respectively. 238 

 239 

3.3. Chemical and isotopic analysis of dissolved and bubbling gases 240 

Inorganic gases (N2, O2, H2, CO, Ar, Ne, and He) in the headspace of the soda flasks, as well as those 241 

collected in the headspace of the dissolved gas vial (N2, O2, CO, Ar, He, Ne, CO2, and H2S), were 242 

analyzed by gas chromatography (GC: Shimadzu 15A, equipped with a Thermal Conductivity 243 

Detector). Carbon dioxide and H2S in the alkaline solution were analyzed as CO3
2−, by acidimetric 244 

titration with a HCl 0.1 N solution, and SO4
2−, by IC after oxidation with H2O2, respectively. Methane 245 

and light hydrocarbons were determined by gas chromatography (GC: Shimadzu 14A, equipped with 246 

a 10-m-long stainless-steel column packed with Chromosorb PAW 80/100 mesh coated with 23 % SP 247 

1700 and a Flame Ionization Detector). The analytical errors for GC analyses were ≤ 5%. The 13C/12C 248 

ratios of CO2 and CH4 (in LC1) (expressed as δ13C-CO2 and δ13C-CH4 ‰ vs. V-PDB) were measured 249 

by Cavity Ring Down Spectroscopy (CRDS) using a Picarro 2201-i instrument. The analytical error 250 

was ±0.1 ‰, respectively. The helium isotopic ratios (expressed as R/Ra, where R is the 3He/4He ratio 251 

measured in the sample and Ra is the same ratio in the air and equal to 1.39×10−6; Mamyrin and 252 

Tolstikhin, 1984) and those of 4He/20Ne were determined by using a double collector mass 253 

spectrometer (Helix SFT-GVI) and a multicollector Helix MC Plus Thermo, for helium and neon 254 

isotopes respectively, according to the method described by Rizzo et al. (2015, 2016). The analytical 255 

error was generally < 2%. Air standard aliquots were used as internal reference to normalize the R/Ra 256 

values. The R/Ra values were corrected for atmospheric contamination using the 4He/20Ne ratios 257 

(Poreda and Craig, 1989), as follows: 258 

 259 

Rc/Ra = [(R/Rameasured) − r]/(1 − r)                                                                                                      (1) 260 

 261 

where r is (4He/20Ne)air/(
4He/20Ne)measured and that of (4He/20Ne)air is 0.318 (Ozima and Podosek, 1983).  262 

 263 

3.4. Lineament analysis 264 

The distribution and density of tectonic lineaments were analyzed to assess areas showing surface 265 

evidence of reservoir permeability. Lineaments were semi-automatically detected over an area of 266 

approximately 5,000 km2 using an ALOS PALSAR Digital Elevation Model (DEM) from the Alaska 267 

Satellite Facility (https://earth.esa.int/eogateway/catalog/alos-palsar-products) with a spatial 268 



resolution of 12.5 m. Shaded relief images were created from eight different azimuths (0°, 45°, 90°, 269 

135°, 180°, 235°, 270°, and 315°) to highlight all lineaments, considering that the visible of relief 270 

linear features are influenced by lighting conditions (Wise et al., 1985). Identification, mapping, and 271 

analysis of lineaments were carried out according to the methodology proposed by Giordano et al. 272 

(2013; 2014). The areal density and azimuth of lineaments were also calculated. The lengths of the 273 

lineaments were assessed through cumulative frequency distribution. Frequency distributions of both 274 

regional and local lineaments were calculated, as well as those of structures located within the different 275 

recharge areas. 276 

 277 

4. Results 278 

4.1. Chemical and stable isotopic (δ18O and δ2H) composition of waters 279 

As shown in the classification diagrams reported in Fig. 4a,b, most cold spring have a Na+-HCO3
- 280 

composition, La Colcha and Aguas Calientes waters are Na+-Cl- type, whereas CGVF8 and PBG are 281 

the only Ca2+-Cl- and Na+-SO4
-2 waters, respectively. 282 

La Colcha and Aguas Calientes thermal waters have a slightly acidic to near neutral pH range of 6.08 283 

to 7.11, outlet temperatures and TDS (Total Dissolved Solids) ranging from 21.3 to 83.9 °C, and from 284 

1,460 to 3,100 mg/L, respectively. These waters are also characterized by high concentrations of SiO2 285 

(up to 207 mg/L), B (up to 75.1 mg/L), Li+ (14.1 mg/L) and Br- (up to 10.8 mg/L) (Table 2), as well 286 

as of As (up to 11300 µg/L), Mn (198 µg/L), Sb (199 µg/L), Se (6.5 µg/L), Ba (14 µg/L), Zn (15 µg/L), 287 

and Cu (8.4 µg/L) (Table 3; Fig. 4c). 288 

PBG has an outlet temperature of 80 °C, acidic pH (4.95), low TDS (218 mg/L), and trace element in 289 

concentrations comparable to those of the Na+-Cl- waters (Fig. 4c), except for As, which shows a lower 290 

concentration (up to 140 µg/L). 291 

The oxygen and hydrogen isotopic data of the thermal waters vary from -7.7 to -1.6 and from -55 to -292 

51 ‰ vs. V-SMOW. 293 

Cold waters having Na+-HCO3
- composition (RLM, CGVF1, CGVF3, CGVF4, CGVF7, and AC0). 294 

show temperatures and TDS ≤19.7 °C and ≤765 mg/L, respectively, and a slightly acidic pH (from 295 

5.66 to 6.84). The two Na+-Cl- cold waters (CGVF6 cold spring and LD, salt lake) exhibit pH values 296 

of 6.7 and 9.2, respectively, whereas their TDS values are 681 mg/L and 270,305 mg/L, respectively. 297 

The Ca2+-Cl- cold water (CGVF8) is characterized by low temperature of 4.9 °C, a slightly acidic pH 298 

of 6.09, and a low TDS value of 434 mg/L. LD waters shows relatively high concentrations in trace 299 

elements (Table 3): As (up to 342,330 µg/L) and Cu (306 µg/L), which are significantly higher than 300 

those observed in the thermal waters, followed by Fe (72 µg/L), Ba (35 µg/L), Al (17 µg/L), Mn (8.5 301 



µg/L) and Zn (7.4 µg/L). The δ18O-H2O and δ2H-H2O values (Table 2) of the cold waters ranges from 302 

-8.90 to -2.7 ‰ and from -53 to -31 ‰ vs. V-SMOW, respectively. 303 

The δ18O-H2O and δ2H-H2O values of the snow sample (GCN) are in the range of those measured in 304 

the cold waters, being -7.69 ‰ and -38 ‰, respectively (Table 2). 305 

 306 

4.2. Chemical and stable isotopic (δ13C-CO2 and R/Ra) composition of gases 307 

The chemical composition of the bubbling and dissolved gases is shown in Table 4 (in mmol/mol), 308 

along with the δ13C-CO2, δ
13C-CH4, Rc/Ra, and 4He/20Ne values. 309 

The chemical composition of the bubbling gases is dominated by CO2 (from 851 to 879 mmol/mol), 310 

followed by N2 (up to 141 mmol/mol), H2S (up to 1.3 mmol/mol), CH4 (up to 0.22 mmol/mol), H2 (up 311 

to 0.018 mmol/mol), and He (up to 0.0105 mmol/mol). Carbon monoxide was below the analytical 312 

detection limit (0.001 mmol/mol). Atmospheric gases (O2, Ar, and Ne) are present at low 313 

concentrations, up to 5.61, 3.31, and 0.0018 mmol/mol, respectively. Light hydrocarbons also occur 314 

at low concentrations, mainly consisting of ethane (C2H6, up to 0.0031 mmol/mol) and benzene (C6H6, 315 

up to 0.0015 mmol/mol). The δ13C-CO2 values vary within a relatively narrow range: from -9.25 ‰ to 316 

-6.51 ‰ vs. V-PDB. The δ13C-CH4 was only measured in AC1 with a value of -31.8 ‰ vs. V-PDB. 317 

The Rc/Ra values range from 0.27 to 0.96 with 4He/20Ne between 2 and 5.8. 318 

Gases dissolved in the thermal waters are mainly consisting of N2 (ranging from 549 to 669 mmol/mol) 319 

and CO2 (from 157 to 300 mmol/mol), with low concentration of CH4 and He (up to 0.005 and 0.0021 320 

mmol/mol, respectively). Oxygen, Ar and Ne exhibit relatively high concentrations, reaching up to 321 

158, 16 and 0.0083 mmol/mol, respectively. Carbon monoxide, H2S, H2 and light hydrocarbons were 322 

not detected. 323 

 324 

 325 



 326 

Fig. 4. (a) HCO3
--Cl--SO4

-2 ternary diagram and (b) Square diagram for the cold and thermal waters from the CGGS (in 327 

mg/L). (c) Trace element diagram normalized to RLM for the cold and thermal waters from the CGGS (in µg/L).  328 

 329 

4.3. Density and azimuth of lineaments  330 

The lineament analysis successfully identified 803 lineaments with lengths ranging from 200 to 18,000 331 

m (Fig. 5). The arithmetic average lineament length is approximately 2,300 m. The highest lineament 332 

densities are concentrated in the area of the resurgent dome and towards the topographic borders of 333 

the CGC (Fig. 5). Lineaments situated on the caldera floor, surrounding the resurgent dome, could 334 

possibly be buried by the still active deposition of alluvial fans (low-density area, Fig. 1 and 5). 335 

The azimuthal frequency of the lineaments was statistically analyzed using rose diagrams. The most 336 

frequent azimuthal orientation is NW-SE, with subordinate orientations being NNE-SSW and NE-SW 337 

(Fig. 5a). Analyzing the lengths of the lineaments, a change in the curvature of the distribution at 4,000 338 

m length defined two populations (90 % cumulative frequency): long lineaments (>4,000 m; n=91) 339 

and short lineaments (<4,000 m; n=712) (Fig. 5b). The frequency of lineament directions shows that 340 

the NW–SE is significant for the shorter lineaments (<4,000 m; Fig. 5c), although lineaments are 341 



present in most of the azimuthal directions. Lineaments longer than 4,000 m have preferential azimuths 342 

in NNE-SSE and NW-SE (110°-120°; 130-140°; Fig. 5d).  343 

 344 

 345 

Fig. 5. Map of lineaments at Cerro Galán area showing lineament densities. (a) Rose diagram showing the frequency 346 

distribution of the orientation for the identified lineaments. (b) Cumulative frequency distribution of lineaments length. 347 

The black dotted line shows the change in the distribution at 4,000 m (90%). (c) Rose diagram showing the frequency 348 

distribution of the orientation for lineaments <4,000 m. (d) Rose diagram showing the frequency distribution of the 349 

orientation for lineaments >4,000 m. Purple dotted line represents the contour of 4,850 m, indicating the main recharge 350 

area of the deep aquifer. The red dotted line represents the contour of 4,850 m, indicating the main recharge area for the 351 

shallow aquifer. 352 

 353 



5. Discussion 354 

5.1. Origin of waters 355 

The isotopic composition, expressed as δ18O-H2O and δ2H-H2O ‰ vs. V-SMOW, indicates a meteoric 356 

origin for all the waters (Fig. 6). However, most CGGS water samples slightly deviate from the Local 357 

Meteoric Water Line (LMWL: δ2H = (8.01 ± 0.08) δ18O + (15.2 ± 0.7) ‰: Gonfiantini et al., 2001), 358 

suggesting an evaporative process typical of high-altitude hyper-arid environments (Fiorella et al., 359 

2015; Bershaw et al., 2016). Similar observations have indeed been recorded in other geothermal 360 

system closer to the CGGS, such as the Cerro Blanco geothermal system (CBGS; Chiodi et al. 2019; 361 

Fig. 6), as well as in stream waters across the Andean Plateau (Bershaw et al., 2016). A positive 362 

isotopic shift in δ18O, attributed to water-rock isotopic exchange at relatively high temperatures (> 150 363 

°C; Truesdell and Hulston, 1980), cannot be ruled out for the thermal waters. The PBG sample 364 

constitutes a particular case, as its shift (Fig. 6) can be explained in terms of an extensive surface 365 

evaporation process (Craig et al., 1963), similar to that observed in acid-sulfate steam-heated pools at 366 

El Tatio (Giggenbach, 1978). 367 

 368 

 369 

Fig. 6. δ18O-H2O and δ2H-H2O binary diagram for cold and thermal waters from the CGGS. The Local Meteoric Water 370 

Line (LMWL:  δ2H = (8.01 ± 0.08) δ18O + (15.2 ± 0.7) ‰: Gonfiantini et al., 2001), is also shown. Additional isotopic data 371 

is provided for comparison (Supplementary material): hot and cold springs, and a snow sample from the Cerro Blanco 372 

geothermal system (CBGS); the mean value of the Antofagasta de la Sierra streams, located near the western edge of the 373 

CGC, cold springs and rain water from the El Peñón town, located ~45 km southwest of the CGC; cold springs and lake 374 

water from the Carachipampa Salar, located ~62 km southwest of the CGC; and cold springs and groundwater from the 375 

Incahuasi Salar, located ~75 km southwest of the CGC. 376 

 377 



According to the ternary diagram of Fig. 4a, the distribution of both cold and hot waters suggests the 378 

contribution of various processes controlling the water chemistry. Further indications on these 379 

processes are provided by the binary plots in Figs. 7 and 8, where the LC and AC thermal waters show 380 

chemical-physical features, e.g.  high temperature and TDS (trend A; Fig. 7) and Na+/Cl- mol ratios 381 

~1 (Fig. 8a), which are consistent with those expected for typical geothermal brines (e.g. Giggenbach, 382 

1997). The PBG thermal water depict a different trend (B), having a high temperature (80 °C) and a 383 

low TDS (218 mg/L) (Fig. 7) and being characterized by a (SO4
2-)/(Ca2++Mg2+) mol-ratio >>1 (10.4; 384 

Fig. 8b). Such chemical features suggest that this water is a typical heated steam, i.e. a surficial water 385 

whose relatively high SO4
2- contents are due oxidation of H2S from gases similar to those occurring as 386 

bubbling phase in the LC and AC thermal waters (Table 4). Due to steam condensation, which 387 

dissolves some of the more soluble gases such as ammonia, boron, and arsenic, removing them from 388 

the vapor (e.g. Nicholson, 1993; Tassi et al., 2005), the relatively high NH4
+ concentration in PGB 389 

(Table 1) confirms the origin of this water. Carbonate dissolution and interaction of waters with CO2 390 

are likely the main sources for HCO3
- and CO3

2- in most of the studied waters (Fig. 8c). Addition of 391 

Na+ released in waters by hydrolysis of Na-silicates (e.g. feldspars and their alteration products), can 392 

explain the Na+ excess exhibited by the thermal waters (Fig.8d), a process favored by the presence of 393 

CO2 and H2S (Table 4). The hypersaline cold water of the LD sample (Fig. 7), characterized by a 394 

Na+/Cl- mol ratio ⁓1 (Fig. 8a), depicts a third trend (C) likely attributed to the evaporation process. 395 

The Diamante Lake (LD) constitutes a closed drainage system that receives sporadic runoff water (low 396 

TDS and Na+-HCO3
- type), from the SW sector of the CGC, in addition to the continuous input of 397 

thermal waters from the La Colcha area (LC; Fig. 1), which is then subjected to intense evaporation. 398 

Ca2++Mg2+ depletion due to precipitation of carbonate rocks, whose presence was recognized in the 399 

Diamante Lake (Stepanenko et al., 2020), explains the high (SO4
2-)/(Ca2++Mg2+) mol-ratio of this 400 

sample (Fig. 8b). Such an alkaline lagoon (pH = 9.20) can be classified as a typical Soda Lake (Jones 401 

and Grant, 1999; Ma et al., 2004; Kulp et al., 2008; Pecoraino et al., 2015).  402 

 403 



 404 

Fig. 7. Total Dissolved Solids (TDS) vs. temperature (T) binary plot for the cold and thermal waters from the CGGS. The 405 

symbols as in Fig. 4. 406 

 407 

 408 

 409 

Fig. 8. (a) Cl- vs. Na+, (b) SO4
2- vs. Ca2++Mg2+, (c) CO3

2-+HCO3
- vs. Ca2++Mg2+, and CO3

2-+HCO3
- vs. Na+ binary diagrams 410 

for the cold and thermal waters from the CGGS. The symbols as in Fig. 4. 411 

 412 

Among trace elements, it is worth noting the high concentrations of As in both thermal waters and cold 413 

waters, with levels reaching up to 11,340 and 342,330 μg/L AsT, respectively (Fig. 4c, Table 3). The 414 



Altiplano-Puna plateau area (CVZ) is characterized by a high As-background in both geothermal fluids 415 

(e.g. Chiodi et al., 2019; Filipovich et al., 2022) and surface waters (e.g. Tapia et al., 2019; Sanci et 416 

al., 2020), mainly due to water-rock interaction processes (Murray et al., 2023). Particularly, collapse 417 

calderas and ignimbrites fields from the Altiplano-Puna region have a mean As concentration of 7.3 418 

mg/kg, approximately 2 times higher than that of the upper continental crust (Murray et al., 2023). 419 

Therefore, leaching of the host rocks can explain the very high arsenic concentrations measured in the 420 

waters of CGC. Additionally, once that As was released from the rocks, the very arid climate 421 

conditions and the presence of alkaline water further favor the accumulation of As (Murray et al., 422 

2023). The aforementioned factors could explain the exceptionally high concentration of As analyzed 423 

in the Diamante lake (LD sample, Table 3). In addition to these sources and processes, As in the 424 

thermal waters may also be ascribed, at least partially, to inputs of deep-originated fluids of magmatic 425 

origin, which are commonly rich in this element (e.g. Webster and Nordstrom, 2003; Lopez et al., 426 

2012). As far as the As speciation is concerned, arsenite (H3AsO3) is the predominant species in 427 

thermal waters, with concentrations ranging from 4 to 3,070 μg/L iAs(III), being particularly high in 428 

the Na-Cl waters from LC and AC hot springs areas. In cold waters, arsenate (H2AsO4
-) turns to be the 429 

main species, with concentrations ranging from 5 to 276,740 μg/L iAs(V). This change in arsenic 430 

species is likely due to an increase in redox potential and oxidative conditions of the cold waters 431 

(Farnfield et al., 2012). This is consistent with the higher Eh value measured in the Diamante Lake 432 

(159.8 mV) in comparison to the reductive values determined in La Colcha thermal waters (48.3 and 433 

1.9 mV), the main thermal affluent to the lake (Tables 1 and 3). In addition, in Laguna Diamante, the 434 

existence of microorganism capable to oxidize As(III) to As(V) and precipitate both in living 435 

microbialites mats (Sancho-Tomás et al, 2020) could contribute to the consumption of As(III) from 436 

the solution. 437 

Figure 9 illustrates the Li+, B and Cl- contents of the thermal waters. Regarding the minor constituents, 438 

Li is the least affected by secondary processes, indicating its association with the initial rock 439 

dissolution process, strictly dependent on the temperature (e.g. Fouillac and Michard, 1981; Hofstra et 440 

al., 2013; Cullen et al., 2021). Whereas B has a strong affinity with the vapor phase (e.g. Giggenbach, 441 

1991; Arnorsson and Andresdottir, 1995; Howle et al., 2019). The high B/Cl ratios (Fig. 9) shown by 442 

the thermal waters (between 0.05 and 0.08) are similar to those typically found in other liquid-443 

dominated geothermal systems (e.g. Giggenbach, 1991; Arnorsson and Andresdottir, 1995, and 444 

references therein). Boron and Li+ show a linear correlation with Cl- (Fig. 9), suggesting that both 445 

species are preferentially leached from the host rocks at high temperature (Cullen et al., 2019). 446 

Furthermore, isotopic composition values of B-rich hydrothermal brines in the Puna area, falling in 447 

the range of those APVC ignimbrites values (Schmitt et al., 2001; Kasemann et al., 2004), support this 448 



interpretation. Additionally, some of the cold waters appear to be influenced by varying degrees of the 449 

evaporation process, as mentioned earlier. 450 

In addition, a recent study (Massenzio et al., 2024) has shown that boron-rich mineral precipitations 451 

exist around the hot springs in the LC area. This finding suggests that the thermal waters are affected 452 

by the precipitation of secondary minerals, which may incorporate or adsorb boron, thereby lowering 453 

the original boron concentration (e.g., van Hinsberg et al., 2011; Reyes and Trompetter, 2012; 454 

Trumbull & Slack, 2018). 455 

 456 

 457 

Fig. 9. (a) Cl- vs. B, (b) Cl- vs. Li+ binary diagrams for the cold and thermal waters from the CGGS. The symbols as in Fig. 458 

4. 459 

 460 

5.2. Origin of gases 461 

The N2-Ar-He ternary diagram (Fig. 10a), where the compositional fields of different potential 462 

endmembers (crust, mantle, andesite, ASW, air; Giggenbach, 1991) are reported, shows that the N2/Ar 463 

ratios of the bubbling gases are low and consistent with those of air-saturated water (ASW: 38–42 at 464 

temperature between 20 and 70 °C), ruling out the occurrence of significant N2 contribution from an 465 

extra-atmospheric source, such as microbial activity and/or thermogenic processes. Therefore, air 466 

dissolved in meteoric water recharging the hydrothermal aquifer is the primary source for N2 and Ar. 467 

Reduced gas species, i.e. H2S, CH4, H2 and light hydrocarbons, which occur at significant 468 

concentration in the bubbling gases (Table 4), were likely generated within the hydrothermal reservoir, 469 

as also suggested by the δ13C-CH4 ratio measured in AC1 (Table 4). The composition of these gases 470 

is likely modified secondary processes approaching the surface, where oxidizing conditions promote 471 

their consumption. For example, this process is proposed to explain the SO4
2-- rich composition of the 472 

PBG water (Fig. 8b). 473 



As far as the fluid source regions feeding the hydrothermal reservoir is concerned, the isotopic 474 

signatures of He and CO2 are the most promising tools of investigation. The 3He/4He ratios (Table 4; 475 

Fig. 10b) are consistent with those measured in fluids from this region (ranging from 0.1 to 2.6 Ra; 476 

Hilton et al., 1993; Lages et al., 2021; Barry et al., 2022 and references therein). These ratios suggest 477 

a mixing between magmatic and crustal-derived fluids, resulting from intra-crustal long-term 478 

processes such as magma aging and/or fluid interaction/assimilation with 4He-rich country rocks 479 

(Hilton et al., 1993), processes likely favored by the abnormally thick crust existing in the Puna region 480 

(55–60 km; Heit et al., 2014; Yuan et al., 2000; Lages et al., 2021).  481 

Assuming a binary mixture between mantle (8.0 Ra; Graham, 2002; Lages et al., 2021) and crustal 482 

(0.05 Ra; Morrison and Pine, 1955) endmembers, the calculated fraction of mantle-derived helium for 483 

the maximum Rc/Ra value measured in the CGC gases (0.96; Table 4) corresponds to ⁓11%. In this 484 

scenario, the radiogenic helium could be added to the magmatic helium at a late stage, for example, 485 

within the hydrothermal system (Hilton et al., 1995). Alternatively, the magmatic system at CGVC 486 

could be characterized by a starting 3He/4He ratio lower than of pristine MORB, resulting from high 487 

degree of crustal assimilation. In this sense, a complex feeding system is postulated for the CGVC 488 

(Folkes et al., 2011b; Kay et al., 2011), involving a MASH (melting, assimilation, storage, and 489 

homogenization; Hildreth and Moorbath 1988) zone in the lower crust, where basaltic magmas 490 

assimilate crust and homogenize over time. It is suggested that about 50% of crustal assimilation 491 

contributes to the magma genesis of the CGVC (Kay et al., 2011; Folkes et al., 2011b), which could 492 

explain the relatively low Rc/Ra values found in the CGGS gases. This may lead to underestimations 493 

of the magmatic fluid input into the hydrothermal aquifer.  494 

As shown in Fig. 10b, the δ13C-CO2 values of the CGC gases (Table 4) are at the lower limit of the 495 

range of gases from a typical mantle source (-5 and -8 ‰ vs. V-PDB; Javoy et al., 1986). Nevertheless, 496 

the CO2/
3He ratios (up to 1.8×1012; Fig. 10b), which are three orders of magnitude higher than those 497 

of gases released from the mantle (∼1.2 × 109; Marty and Jambon, 1987), suggest that CO2 is mostly 498 

slab-derived, originated by degradation of organic matter and/or thermogenic processes on carbonate 499 

rocks. Following the approach of Sano and Marty (1995), which assumes that all the deviations of 500 

volcanic gases from the mantle composition are subduction/mantle derived, the contributions from the 501 

three distinct sources can be calculated as follows: 502 

 503 

(δ13C-CO2)meas = M(δ13C–CO2)M + L(δ13C–CO2)L + S(δ13C–CO2)S                                                   (2) 504 

1/(CO2/
3He)meas = M/(CO2/

3He)M + L/(CO2/
3He)L + S/(CO2/

3He)S                                                     (3) 505 

M + L + S = 1                                                                                                                                       (4) 506 

 507 



Assuming that each endmember component have the following values: δ13C-CO2 (M = −5‰; S = 508 

−30‰;  L = 0‰), and CO2/
3He (M= 1.5 × 109; S = 1 × 1013; L = 1 × 1013). 509 

 510 

According to Eqs. (2), (3) and (4), the contributions from the three distinct sources in the CGC gases 511 

are mainly related to decarbonation reactions involving limestone (L: 69-76%), followed by significant 512 

input from organic-rich sediments (S: 21-31%), with minor contribution of mantle CO2 (M: 0.11-513 

2.44%). 514 

Hydrocarbons are present at low concentrations and are primarily of thermogenic origin, as indicated 515 

by the CH4/C2+ vs. δ13C–CH4 ratio measured in the selected sample (AC1, Table 4).  516 

 517 

 518 

Fig. 10. (a) He–N2-Ar ternary diagram for the gases from the CGGS. Concentrations are in mmol/mol. (b) CO2/3He vs. 519 

δ13C–CO2‰ binary diagram for the gases from the CGGS. Isotopic values from other geothermal systems in the Southern, 520 

Central and Northern Puna plateau are shown for comparison. CBGS: Cerro Blanco Geothermal System (Chiodi et al., 521 

2019; Barry et al., 2022). TGS: Tocomar Geothermal System (Filipovich et al., 2022; Barry et al., 2022). DSGR: Deep-522 

seated Geothermal Resource (Peralta Arnold et al., 2017). Endmember compositions for mantle, sediments and limestone 523 

are also shown, along with mixing lines representing binary mixtures between the three endmember values (Sano and 524 

Marty, 1995). 525 

 526 

5.3. Temperature estimations of the hydrothermal reservoir 527 

The degree of maturity of natural waters, i.e. the extent of water-rock interaction causing the 528 

progressive modifications of the chemical feature of underground circulating fluids, can be effectively 529 

evaluated based on Na-K-Mg triangular diagram (Giggenbach, 1991). In this diagram (Fig. 11a), the 530 

high-chloride CGC waters plot within the field of partial equilibrium with the typical authigenic 531 

mineral assemblage (which includes Na- and K-feldspars, K-micas, chlorite and silica), indicating 532 

estimated temperatures in the range of ~147-187 °C. It is worth nothing that the AC1 sample exhibits 533 



the lowest value, possibly due to mixing with less saline cold water, as will be discussed in section 534 

5.4. The (10K+/[10 K+ + Na+] vs. 10Mg2+/ [10Mg2+ + Ca2+]) geothermometer (Fig. 11b), which 535 

considers the influence of Ca2+ in the calculations and mineral paragenesis (Chiodini et al., 1995), 536 

indicates similar temperatures.  537 

The concentration of SiO2 in the liquid phase is temperature-dependent (Arnórsson, 1975), with quartz 538 

dominating at higher temperatures (> 180 °C) and chalcedony becoming more significant at lower 539 

temperatures (below 110 °C). In between, both polymorphs may control the solubility (Sanjuan et al., 540 

2016; Nitschke et al., 2018). The equilibrium temperatures obtained by considering quartz as the 541 

primary silica mineral, ranging from 142 and 182 °C, aligns well with the temperatures estimated using 542 

the Na/K geothermometer. In agreement with this, Fournier (1985) reports that in long-lived, presently 543 

active systems, the solubility of quartz may control dissolved silica in reservoirs even down to 90 °C 544 

(Rimstid, 1997). Considering chalcedony as the primary silica mineral, the temperatures obtained are 545 

slightly lower, ranging from 115 to 162 °C, a range of values that partially overlap that of the quartz 546 

geothermometer. 547 

 548 

 549 

Fig. 11. (a) K+-Na+-Mg2+ ternary diagram (Giggenbach, 1988), for the studied waters from CGGS. The axes (Na/400-K/10-550 

√Mg) were modified to enlarge the low temperature area of the diagram. Partial and full equilibrium curves from 40 to 240 551 

°C are reported. (b) (10K+/[10K++Na+] vs. 10Mg2+/[10Mg2++Ca2+]) binary diagram for the studied waters from CGGS. 552 

Equilibrium curves from 50 to 300 °C in presence of different mineral assemblages (Giggenbach, 1988; Chiodini et al., 553 

1995) are reported. Waters from the streams and salt lake are excluded.  554 

 555 

Saturation index (SI = log AP/Ksp, where AP represents the ion activity product and Ksp is the 556 

solubility product) for a universally valid mineral set (Ystroem et al., 2022), was calculated using the 557 



PHREEQC v. 3.7.3 (Parkhurst and Appelo, 1999) software package, utilizing the Lawrence Livermore 558 

National Laboratory database (llnl). The calculations were performed for sample LC1, which is the 559 

closest to the full equilibrium line, from the outlet temperature 83.9 to 300 °C (using microcline to 560 

balance Al; Pang and Reed, 1998). The results indicate that minerals (except for sanidine, illite, 561 

kaollinite, and pyrophyllite) seem to achieve equilibrium (considering an uncertainty of ±0.25) in a 562 

broad range of temperatures (138-187 °C; Fig. 12a). However, it is widely recognized that achieving 563 

chemical equilibrium with a large number of minerals is unlikely in natural systems. By selecting the 564 

six best clustering minerals (quartz, albite, analcime, muscovite, diaspore, and anhydrite), the 565 

temperature is 187 °C (Fig. 12b). Such result is in good agreement with the reservoir temperatures 566 

calculated with Na/K and quartz geothermometers. 567 

 568 

 569 

Fig. 12. (a) Temperature (°C) estimated for the LC1 sample by using the saturation indexes for various mineralogical 570 

species between the emergence temperature 83.9 to 300 °C. (b) Temperature (°C) estimated for the LC1 sample by using 571 

the saturation indexes for the six best clustering minerals between the emergence temperature 83.9 to 300 °C.   572 

 573 

Further investigations of fluid reservoir temperatures can be achieved by analyzing gas compounds 574 

that are sensitive to variations in chemical and physical conditions. Giggenbach (1991) introduced the 575 



CO2/Ar and H2/Ar geothermometers, depicted in Figure 13, which utilize the temperature-sensitive 576 

species CO2 and H2 in conjunction with the chemically inert constituent Ar. This approach assumes 577 

that Ar is introduced in the system by the meteoric component. 578 

To avoid the effect of potential atmospheric air contamination, considering that hydrothermal fluids 579 

are devoid of O2, the Ar* values were computed, as follows: 580 

 581 

Ar* = Ar – (O2/22)                                                                                                                               (5) 582 

 583 

where the O2/22 ratio is the fraction of Ar from air contamination. 584 

The dependence of H2 on RH in the two phases can be expressed as: 585 

 586 

Log(H2/Ar*)V = RH + 6.52 – log (BAr)                                                                                                 (6)                                                                                                                     587 

Log(H2/Ar*)L=RH+6.52–log(BH2)                                                                                                        (7) 588 

 589 

where BH2 and BAr are the vapor/liquid distribution coefficient of H2 and Ar, respectively. 590 

Under the conditions controlled by the D'Amore and Panichi (1980) redox buffer (DP), the dependence 591 

of CO2/Ar* ratios on temperature are given by: 592 

 593 

Log(CO2/Ar*)V = Log(PCO2) – 5.51 + 2048/T + 6.52 – Log(BAr)                                                    (8) 594 

Log(CO2/Ar*)L = Log(PCO2) – 5.51 + 2048/T + 6.52 – Log(BCO2)                                                  (9) 595 

 596 

where T is in K and BCO2 is the vapor/liquid distribution coefficient of CO2. 597 

The combination of the CO2/Ar* and H2/Ar* geothermometers from 150 to 350 °C is graphically 598 

displayed in Figure 13. The CGC gases appear in disequilibrium for the redox conditions related to the 599 

GT buffer typical of hydrothermal systems (Giggenbach, 1987). This indicates that the CGC gases are 600 

associated with more oxidizing conditions, likely resulting from secondary processes such as H2 601 

consumption at shallow depth, Ar addition and/or CO2 dissolution (Fig. 13), or a combination of these 602 

three processes, which mask the chemical composition achieved by gases at depth, making their use 603 

as geothermometers unreliable. 604 

 605 



 606 

Fig. 13. Log(H2/*Ar) vs. log(CO2/*Ar) binary diagram for the gases from the CGGS. Solid lines refer to equilibria in the 607 

vapor and liquid phases controlled by the GT redox buffer system at temperatures from 150 to 350 °C (Giggenbach, 1987). 608 

 609 

5.4. Geochemical conceptual model 610 

According to the chemistry of waters and gases collected from the thermal and cold fluid 611 

manifestations, the hydrogeologic circuits in the CGC consists of: 1) surficial aquifers, directly feeding 612 

the Na+-HCO3
- cold springs, and 2) a relatively deep Na+-Cl- hydrothermal aquifer, with equilibrium 613 

temperatures reaching up to 187 °C at depth., emerges at the surface after mixing with shallow waters, 614 

facilitated by local tectonic features that promote fluid uprising (Fig. 14). Fluid circulation at shallow 615 

depth is mostly related to intense fracturing resulting from the caldera collapse, particularly noticeable 616 

in the resurgent dome and caldera borders (Fig. 5). These local lineaments (length <4,000 m; Fig. 5c) 617 

facilitate the circulation of meteoric water down to relatively shallow depth (Fig. 14), with limited 618 

water-rock interaction, which discharges along the slopes of the resurgent dome and on the caldera 619 

walls at high-altitude (>4,500 m a.s.l.). The deep hydrothermal aquifer is likely hosted within the pre-620 

caldera basement rocks (Bm, Fig. 14), consisting of Miocene-Pliocene volcanic rocks and Proterozoic-621 

Cambrian igneous and metamorphic rocks. The secondary permeability of these units is probably the 622 

result of the combination of the longer lineaments (length >4,000 m; Fig. 5d), likely associated with 623 

the main tectonic structures in the region with the fracturing resulting from the caldera collapse. These 624 

lineaments act as preferential paths for (i) the recharging meteoric waters also from the caldera 625 

surroundings (Fig. 14) and (ii) the deep fluid uprising to the hot springs (Fig. 14). The deposits of the 626 

Toconquis Group and Cueva Negra Ignimbrite (Tg+CN; Fig. 14), along with the basal section of the 627 

CGI, are likely responsible for confining the deep reservoir. These units probably had low primary 628 

permeability due to vapor-phase alteration and partial welding (Wright et al., 2011; Lesti et al., 2011). 629 



Secondary fracturing generated in these units during the caldera collapse was likely sealed, at least 630 

partially, by alteration of glass and feldspars and the subsequent generation of clays as consequence 631 

of the hydrothermal fluid circulation (e.g. Henley and Ellis, 1983; Jolie et al., 2021). The occurrence 632 

of a phreatic explosion crater near the LC hot springs area (Fig. 2b) testifies an over-pressurization 633 

episode of the uprising hydrothermal fluids resulting from an effective sealing of the fractures at 634 

relatively shallow depth. The relatively diffuse CO2 fluxes from the soil measured in this area 635 

(Massenzio et al., 2023, 2024), confirm an effective cap-rock layer.  636 

Considering an estimated δ2H–H2O vertical gradient of -2.8‰/km, based on the isotopic composition 637 

of the cold springs and stream waters excluding samples clearly affected by evaporation (Table 2, Fig. 638 

9), the meteoric recharge of the hydrothermal reservoir is likely located at a mean altitude of ~4,850 639 

m a.s.l. As shown in Fig. 5, where the contour of 4,850 m is indicated with a purple dotted line, the 640 

western sector of the CGC, where large outcrops of the pre-caldera basement exist, are probably the 641 

main recharge area of the deep aquifer, whereas meteoric waters infiltrating through the top of the 642 

resurgent dome recharge the shallow aquifers (red dotted line; Fig. 5). Meteoric water permeating at 643 

depth reaches the reservoir formations, where they evolve due to water-rock interactions and possibly 644 

receive inputs of magmatic fluids. The interaction at a local scale of hydrothermal gases, rich in H2S 645 

and meteoric water occurring at the surface produces acid-sulphate waters, such as PBG (Fig. 14), as 646 

commonly occurs in calderas, where the water table is close to the ground surface due to the relatively 647 

small topographic gradient (Hurwitz et al., 2003, 2007; Jolie et al., 2021).  648 

The collapse of the caldera was a fault-bounded trapdoor collapse, hinged along a regional NNE-SSW 649 

fault on the eastern side of the caldera (Folkes et al., 2011a). Second-order structures resulted in 650 

individual blocks with differential subsidence and resurgence (piecemeal), bounded by subvertical 651 

structures (Folkes et al., 2011a), that control the emplacement of post-caldera lava domes (Grocke et 652 

al., 2017), and the current and fossil thermal manifestations (see section 2.2, Fig. 2). The distribution 653 

of both thermal discharges and post-caldera lava domes along the western structural border of the 654 

caldera is likely the result of the extension focused in this sector as a response to the resurgence 655 

process, which generated compression and closure of the western structures, opposite to what occurred 656 

during the caldera collapse (Folkes et al., 2011a). As seen in Figures 1 and 5, hot springs and the high 657 

flow rate in the spring area (~288 m3/h and ~765 m3/h at LC and AC, respectively) is particularly 658 

favored at the intersection between the caldera margins and the NNE-SSW oriented tectonic structures 659 

(Jolie et al. 2019, 2021; Jentsch et al., 2020). 660 

The lack of geophysical studies (e.g. 3D audiomagnetotellurics studies) that allow visualization of the 661 

depth of the geothermal reservoir makes it difficult to estimate an accurate local geothermal gradient 662 

for the CGC area. However, a preliminary estimation can be made considering the available 663 



bibliographic information (Folkes et al., 2011a), which allows us to deduce average depths for the 664 

contact of the Toconquis Group with the pre-caldera basement, at approximately 1,750 m below 665 

ground level (Fig. 14b, c), which is considered as the top of the hydrothermal reservoir. Considering 666 

an average surface water temperature of ∼10 °C (Tchilinguirian and Olivera, 2014; Salminci et al., 667 

2014), and reservoir temperatures of 182 °C and 187 °C, based on quartz and K/Na geothermometers 668 

for the LC sample that be consider the best proxy of the hydrothermal fluids, respectively, the local 669 

geothermal gradient for the CGC is estimated to be around 98-101 °C/km.  Such an anomalous 670 

geothermal gradient, greater than the average gradient of ∼60 °C/km of the southern Puna (Springer 671 

and Forster, 1998; Prezzi et al., 2009; Vieira and Hamza, 2019), can be explained by the high heat flux 672 

likely generated by the transcrustal plumbing system of the CGC (Fig. 14d), which includes the 673 

shallow crystal mush reservoir (<4 km depth; Folkes et al., 2011b; Mulcahy et al., 2014; Grocke et al., 674 

2017), associated with the post-climactic resurgence and lava domes (Grocke et al., 2017). 675 

 676 



 677 

678 



Fig. 14. (a) 3D-Google Earth image of the Cerro Galán caldera where the schematic cross sections A-A′ (b) and B-B’(c), 679 

are indicated. (b) Geochemical conceptual model of the Cerro Galán Geothermal System in two schematic cross sections-680 

oriented N-S (A-A′) and NNW-SSE (B-B’), respectively. The geological cross sections from Folkes et al., 2011a. Crystal 681 

mush reservoir depth (< 4,000 m) from Grocke et al. (2017). BAF: post-caldera block and ash flow deposit. (d) 3D-682 

Hillshade DEM illustrating the Cerro Galán caldera coupled with a west-east cross-section displaying the shear-wave 683 

velocity model from Ward et al. (2017). The transcrustal plumbing system (TPS) of the CGC, including the shallow crystal 684 

mush reservoir, the CGMB (Cerro Galán Magma Body, Ward et al. (2017) along with the lower crust MASH zone (Delph 685 

et al., 2017) is also shown.  686 

 687 

5.5. Preliminary resource assessment 688 

Since the 1970s, several geothermal resource assessment methods have been developed to roughly 689 

estimate the potential power capacity, ranging from the original volumetric stored heat method 690 

(Muffler and Cataldi, 1978) to more accurate and robust numerical methods using experimental design 691 

(ED) and response surface methodology (RSM) (e.g. Ciriaco et al. 2022). In geothermal greenfields or 692 

in early stages of exploration, data availability and accuracy are often limited. Therefore, it is 693 

recommended to estimate the electric potential using a probabilistic approach that incorporates Monte 694 

Carlo simulations (Ciriaco et al., 2020). The geothermal electric potential assessment for the CGGS 695 

followed the recommendations of Garg and Combs (2015) and Ciriaco et al. (2020). The input 696 

parameters involved in the volumetric stored heat equation, as well as the probability distributions 697 

assigned to reservoir parameters, are reported in Table 5. 698 

Due to the lack of direct data or geophysical imaging, the geothermal reservoir volume was constrained 699 

based on the tectonomagmatic setting and compared with analogous resource assessments within the 700 

Southern Puna (e.g. Barcelona et al. 2022). The minimum (288.25 km2) and maximum (475.91 km2) 701 

areas comprise the zones bounded by the lateral N-S caldera-bounding faults and longitudinally by the 702 

inner and outer W-E caldera margin-parallel faults (Fig. 1). Notably, the minimum area spatially 703 

coincides with the highest lineament density and lineament intersection zone (Fig. 5). The reservoir 704 

thickness was estimated to range from 500 to 1,000 m using a uniform distribution, similar to the 705 

approach employed in other caldera-hosted geothermal system assessments (e.g. Barcelona et al. 706 

2023). 707 

While it is recommended to use triangular distributions for reservoir temperature (Garg and Combs 708 

2015), the temperatures calculated for the CGGS consistently overlap. As a result, a minimum of 182 709 

°C (quartz geothermometer) and a maximum of 187 °C (Na/K geothermometer) were conservatively 710 

assigned, following a uniform distribution. Regarding engineering parameters, the separator pressure 711 

was conservatively set at 9 Bar, with an abandonment temperature of 175.35 °C, to avoid significant 712 

pressure drops and scaling issues. 713 



After 100,000 Montecarlo iterations, the forecasted electrical megawatt capacity of the reservoir 714 

indicates that the CGGS has a probable power production capacity of 2.09 MWe and 10.85 MWe at 715 

90 and 50 % confidence levels, respectively. These are inferred resources, and further work is required 716 

to refine parameters related to reservoir geometry and recovery factor. 717 

 718 

6. Conclusions and final remarks  719 

Based on a comprehensive fluid geochemistry survey, a novel conceptual model of the hydrothermal 720 

system for the giant caldera Cerro Galán is presented, along with an estimation of its geothermal 721 

potential. 722 

The presence in gas emissions from Cerro Galán area of 3He/4He as high as 0.96 Ra indicate that there 723 

is a variable contribution by mantle/magmatic fluids that mix with those crustal-derived characterized 724 

by 3He/4He of 0.01-0.05 Ra. Meteoric water circulating at depth and possibly receiving inputs of 725 

magmatic fluids, leading to the development of the hydrothermal Na-Cl aquifer, which reaches 726 

temperatures up to 187 °C at depth.  727 

From the analysis of the lineaments, it is worth emphasizing the fundamental role played by 728 

discontinuity intersections in improving permeability within the caldera. The preliminary geothermal 729 

gradient for the CGC, estimated at around 98-101 °C/km, is likely a consequence of the high heat flux 730 

generated by the transcrustal plumbing system of the Cerro Galán caldera, including a shallow crystal 731 

mush reservoir (<4 km depth). The preliminary geothermal potential of the CGC, calculated using the 732 

volumetric method along with Monte Carlo simulations, indicates a probable power production 733 

capacity of 2.09 MWe and 10.85 MWe at 90 and 50 % confidence level, respectively. 734 

The findings presented in this study could establish a fundamental knowledge foundation to stimulate 735 

further investigations into this giant caldera, with the focus on validating the conceptual model and 736 

progressing into more advanced stages of exploration. Detailed geophysical survey (e.g. 3D 737 

magnetotellurics) may be helpful to further confirm these evaluations. 738 

Notably, lithium and other metal mining operations, which are operating independently from the 739 

National Interconnected System, could potentially be interested in power generation through binary 740 

cycles. By incorporating clean energy into their production processes, they would significantly reduce 741 

their carbon footprint. 742 
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Table captions 

 

Site ID Type Latitude Longitude Altitude T pH ORP EC 
Total 

Alkalinity 
FR 

Aguas Calientes hot 
springs area 

AC0 stream -25.829333 -66.917861 4507 7.2 5.66   2140 253   

AC1 hot spring -25.825587 -66.922427 4471 61.1 6.36 127.1 6546 195 ~459 

AC2 hot spring -25.828715 -66.923101 4493 24.9 7.11  6480 285  

AC3 hot spring -25.810046 -66.947507 4402 30.2 6.64  8490 75 ~306 

AC4 hot spring -25.812742 -66.937091 4429 21.3 6.85   2890     

Piscinas Burbujeantes 
del Galán area 

PBG 
bubbling 

pool 
-25.858167 -66.992861 4624 80 4.95 -6.1 568 10   

La Colcha hot springs 
area 

LC1 hot spring -26.033084 -66.986289 4706 83.9 6.78 48.3 10580 300 ~288 

LC2 hot spring -26.026559 -66.990803 4102 36.8 6.08  10490 290  

LC3 hot spring -26.039974 -66.988490 4667 69.4 6.36 1.9 9816 288   

Cerro Galán caldera 
area 

RLM stream -26.080869 -66.925438 4710 1.0 6.84   130 59   

CGVF1 cold spring -26.132199 -66.941689 4637 19.7 6.51  300 55  

CGVF2 cold spring -26.060640 -66.905864 4777 13.3 6.83  260 21  

CGVF3 cold spring -26.051265 -66.981625 4699 18.2 6.49  480 90  

CGVF4 cold spring -25.989254 -66.987177 4919 18.3 6.46  660 33  

CGVF5 hot spring -25.987837 -67.000473 4788 21.9 7.03  2780 234  

CGVF6  cold spring -25.929589 -67.029793 4701 3.72 6.70 33.3 2413 105  

CGVF7  cold spring -25.956227 -67.064948 4664 14 6.60  280 40  

CGVF8  cold spring -25.820146 -66.988017 4557 4.94 6.09 266.8 1386 33  

CGVF9  cold spring -25.887059 -66.880850 4710 17.6 6.65  160 39  

LD lake -26.044047 -67.031996 4589 6.78 9.20 159.8 217000 9870   

Table 1: Sampling sites. Geographic coordinates, altitude (m a.s.l.), T: outlet temperature (°C), pH values, ORP (mV), EC: electrical conductivity (µS/cm), Total Alkalinity 

(mg/L CaCO3), and FR: Flow rate (m3/h) of the studied waters. 

 



ID CO3
-2 HCO3

-       F - Cl - Br - NO3
 - SO4

2- HS- Ca2+ Mg2+ Na+ K+ NH4
+ Li⁺ B SiO2 STD δ18O δ2H 

CI 
% 

AC0   308 0.33 198 0.32 1.7 26.1 n.a. 50.3 10.5 143 15.4 0.05 1.5 9.8 n.a. 765 -7.7 -51 -5.85 

AC1  238 2.7 528 0.75 6.8 56.4 12.3 24.7 2.5 421 11.6 0.05 5.7 40 108 1460 -6.9 -52 -0.45 

AC3                                   -7.01 -52   

PBG   13 0.17 2.4 1.4 2.3 78.8 17 2.0 0.7 2.90 2.6 24.1 0.01 0.16 71 218 -1.6 -55 -7.9 

LC1 0.1 366 4.5 1300 1.6 1.5 88.6 12 38.1 0.8 994 53.1 1.5 14.1 75.1 152 3100 -5.8 -52 2.01 

LC2                  -6.11 -54  

LC3 0.1 351 4.7 1306 10.8 n.a. 67.1 n.a. 89.5 4.5 853 45.8 n.a. 12.1 72.5 207 3025 n.a. n.a. -1.44 

RLM 0.6 71 n.a. 10 n.a. n.a. 9.4 n.a. 11.7 1.7 14.4 4.2 n.a. n.a. 1.0 104 230 -5.78 -45 -5.98 

CGVF1 0.6 66 n.a. 12 n.a. n.a. 7.6 n.a. 11.5 0.4 18.5 4.2 n.a. n.a. 0.2 n.a. 120 -2.70 -31 -1.94 

CGVF2                  -6.57 -47  

CGVF3 0.9 108 n.a. 22.7 n.a. n.a. 13.5 n.a. 19.3 0.5 33.9 1.5 n.a. n.a. 0.3 n.a. 200 -5.50 -40 -3.32 

CGVF4  40 n.a. 23.2 n.a. n.a. 33.5 n.a. 16.1 1.00 29.6 2.0 n.a. n.a. 0.1 n.a. 150 -8.90 -53 5.05 

CGVF5                  -6.78 -51  

CGVF6  128 0.55 311.1 1.2 1.97 12.2 n.a. 30.1 5.9 163.5 24.0 n.a. 2.6 n.a. n.a. 681 -5.71 -48 -7.11 

CGVF7  49 n.a. 7.9 n.a. n.a. 10.3 n.a. 9.8 0.4 13.1 1.1 n.a. n.a. 0.1 n.a. 90 -7.93 -52 -4.75 

CGVF8  40 0.18 183.2 1.1 34.1 18.4 n.a. 88.4 5.5 26.6 6.2 n.a. 0.04 0.3 30 434 -7.83 -51 -4.71 

CGVF9                  -6.23 -40  

LD 542.5 10941 161.09 148492 855.9 n.a. 10371 n.a. 334.8 290.4 90926 5239 n.a. 947 1204 n.a. 270305 n.a. n.a. -5.42 

GCN                                   -7.69 -38   

 

Table 2: Chemical and stable isotopic (δ18O-H2O and δD-H2O in ‰ vs. V-SMOW) composition of the studied waters. Concentrations are in mg/L. IC: ionic charge imbalance. n.a. not 

analyzed. 

 

 



ID Mn Fe Se Ba Al Co Ni Cu Zn Sb AsT As (III) As (V) 

AC1 75 27.0 3.4 10.0 7.8 <2.4 <5 3.4 5.8 <10 5370 1750 770 

AC3 <0.1 <2 <1 6.4 <2.5 <2.4 <5 <0.2 <0.5 n.a. n.a. n.a. n.a. 

PBG 24 80 <1 9.3 9.5 <2.4 <5 2.3 11.0 <10 140 4 <0.5 

LC1 162 15.0 <1 14.0 12.0 <2.4 <5 7.5 5.9 199.0 7920 3070 2710 

LC2 198 5.34 6.5 12.4 <2.5 <2.4 <5 <0.2 <0.5 n.a. n.a. n.a. n.a. 

LC3 119 20.0 2.9 12.0 12.0 <2.4 <5 8.4 15.0 98.0 11300 2530 3260 

RLM 6.4 72 <1 2.1 17.0 <2.4 <5 3.7 6.0 <10 48 <0.5 5 

CGVF8 8.5 7.0 <1 35.0 2.6 <2.4 <5 ˂2 7.4 <10 n.a. n.a. n.a. 

LD 0.46 2.9 <1 12.0 ˂1.1 <2.4 <5 306 <2 <10 342330 280 276740 

 

Table 3: Chemical composition (in μg/L) of minor elements of the studied waters. AsT: total Arsenic. n.a.: not analyzed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ID Latitude Longitude Type CO2 H2S N2 CH4 Ar O2 Ne H2 He CO 

AC1 
-

25.825587 
-

66.922427 dissolved 157 
n.d. 

669 0.005 16 158 0.0083 
n.d. 0.0018 n.d. 

AC1 
-

25.825587 
-

66.922427 bubbling 851 
1.1 

139 0.16 3.31 5.61 0.0018 
0.018 0.0036 n.d. 

PBG 
-

25.858167 
-

66.992861 bubbling 879 
n.d. 

115 0.009 2.75 3.16 0.0015 
n.d. 0.0015 n.d. 

LC1 
-

26.033084 
-

66.986289 dissolved 300 
n.d. 

549 0.005 14 137 0.0075 
n.d. 0.0021 n.d. 

LC1 
-

26.033084 
-

66.986289 bubbling 
851 1.3 141 0.22 3.27 3.44 0.0018 0.015 0.0105 n.d. 

ID C2H6 C3H8 i-C4H10 n-C4H10 i-C4H8 i-C5H12 n-C5H12 C6H6 
δ13C-
CO2  

Rc/Ra 4He/20Ne δ13C-CH4  
 

AC1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.   0.22  
 

AC1 0.0025 0.00015 0.00019 0.00014 0.00025 0.00009 0.00008 0.0013 -7.51 0.27 2.00 -31.8  
PBG n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -9.25 0.34 1.00  

 
LC1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.   0.28  

 
LC1 0.0031 0.00021 0.00026 0.00022 0.00036 0.00013 0.00012 0.0015 -6.51 0.96 5.83    

Table 4: Chemical and stable isotope (δ13C-CO2, and δ13C-CH4 (both expressed as ‰ vs. V-PDB), and R/Ra composition of the studied gases. 4He/20Ne ratio is also reported. 

Concentrations are in mmol/mol. n.d: not detected. 

 

 

 

 

 

 



Input parameter Unit 
Value 

Distribution 
min. max. 

Area km2 288.25 475.91 uniform 

Thickness m 500 1000 uniform 

Reservoir temperature °C 182 187 uniform 

Volumetric heat capacity kJ/m3.K-1 2650  

Recovery factor % 0 20 uniform 

Separator temperature (9 bar) °C 175.35  

Condenser temperature °C 40  

Conversion efficiency % 0.08 0.09 uniform 
Specific heat of vaporization (9 
bar) kJ/kg 2030.4  

Plan capacity factor % 80.1 95 uniform 

Power plant life years 30   

Table 5: List of parameters used for the resource assessment. 


