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Abstract 23 

This paper deals with the first geochemical data from an unexplored sector of the Cordón de Inacaliri 24 

Volcanic Complex (Central Andes, Chile). The site is located at ~5,150-5,200 m a.s.l., inside the 25 

Pabelloncito graben where, at about 9 km NW of the studied area, the only currently working 26 

geothermal power plant of South America, named Cerro Pabellón, occurs. Diffuse soil CO2 and soil 27 

temperature measurements were carried out to unravel the structural control on the rising fluids and 28 

estimate the total CO2 output, the heat flow rate and the heat flux, aimed at assessing a preliminary 29 

evaluation of the geothermal potential of the area. The study area is characterized by a pervasive 30 

hydrothermal mineralogical alteration, CO2 flux values of up to ~4,400 g m-2 d-1 and soil temperatures 31 

up to the boiling point of water at that altitude. All these features are likely related to an endogenous 32 

source. Spatial distribution of both soil CO2 flux and temperature depict an ENE-striking lineament, 33 

whose intersection with the NW-striking Pabelloncito graben forms a favourable structural setting for 34 

the discharge of hydrothermal fluids. The total CO2 output emission of the studied area (~0.0179 35 
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km2) was ~0.53 t d-1, with an associated discharge of steam of 6.45 t d-1 (CO2/H2O ratio = 0.08). An 36 

electric capacity potential of 1.08 MWe km-2 was computed from the heat flow rate and heat flux 37 

values. Our results suggest that this part of the Pabelloncito graben is an interesting geothermal 38 

prospect and a good candidate for further exploration studies. 39 

 40 

1. Introduction 41 

Geothermal (high temperature) anomalies in South America are mainly located along the Andean 42 

Cordillera in close spatial relationships with active volcanism, which is primarily controlled by the 43 

convergence of the Nazca and South American Plates (Lahsen et al., 2015; Aravena et al., 2016). 44 

The great potential in terms of renewable energy production is testified by both recent discoveries 45 

and assessments of geothermal areas along the Andes (e.g. Procesi, 2014; Aravena et al., 2016; 46 

Chiodi et al., 2019; Barcelona et al., 2019; Gómez Diaz and Marín Cerón, 2020) and new geothermal 47 

exploitation and exploration projects developed in Chile (e.g. Apacheta-Cerro Pabellón, El Tatio, La 48 

Torta, Olca; Mesa de Geotermia, 2018; Morata et al., 2020a) and Bolivia (e.g. Laguna Colorada and 49 

Salar de Empexa; Villarroel, 2020) (Fig. 1). It was estimated that the geothermal power potential of 50 

Chile is approximately of 2,000 MWe, representing one of the most attractive countries in the World 51 

for the installations of future geothermal plants (e.g. Procesi et al., 2014; Aravena et al., 2016). The 52 

main Chilean geothermal systems are mostly located in the northern (17-28 °S) and central-southern 53 

(33-46 °S) sectors of the country (Lahsen et al., 2015), the former consisting of about 90 identified 54 

thermal emission areas (Hauser, 1997), although by March 2018, only 5 out of 9 exploration licenses 55 

were active and 4 are the areas presently in force (Mesa de Geotermia, 2018). Unfortunately, the 56 

low population density in the Cordillera, the remoteness of most hydrothermal systems and the 57 

political-economic difficulties (i.e. financial, economic, institutional and legal/regulatory barriers; 58 

Sanchéz-Alfaro et al., 2015) are slowing down the exploitation of the geothermal resources in Chile. 59 

As a matter of fact, Cerro Pabellón (Chile), a blind (or hidden) geothermal system, whose only 60 

surface hydrothermal manifestation is represented by the fumarolic field located on the top of the 61 

nearby Apacheta-Aguilucho Volcanic Complex (Maza et al., 2018a; Taussi et al., 2019a), is the only 62 

active geothermal power plant in South America, with a power capacity of 48 MWe (already installed) 63 

and an additional 33 MWe unit which is presently under-construction (enelgreenpower.com).  64 

Despite the large amount of geothermal systems along and across the Central Andes, where 65 

geysers, fumaroles, cold and hot mud pools and thermal water discharges were recognized (e.g. 66 

Hauser, 1997; Tassi et al., 2010; Risacher et al., 2011; Lahsen et al. 2015; Sanchez-Alfaro et al. 67 

2015; Veloso et al., 2019), there are still completely unexplored hydrothermal areas such as that 68 

belonging to the Cordón de Inacaliri Volcanic Complex. This volcanic complex is Pleistocene in age 69 

(Sellés and Gardeweg, 2017) and is located in the south-easternmost part of the Pabelloncito 70 

graben, at about 9 km from the Apacheta-Aguilucho Volcanic Complex and the Pampa Apacheta, 71 
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where the Cerro Pabellón geothermal power plant is in operation since 2017. The Cordón de Inacaliri 72 

area is characterized by an extensive hydrothermal alteration and steaming grounds, and in the past, 73 

it was even exploited for mineral ore deposits (mainly sulphur; Sellés and Gardeweg, 2017).  74 

Since CO2 is one of the most abundant gases in volcanic-geothermal systems, a diffuse soil CO2 75 

flux survey coupled with soil temperature measurements, was carried out (from 7 to 9 December 76 

2017) in order to provide the very first characterization of heat and CO2 flux of this unexplored 77 

hydrothermal system in the Chilean Andes. Diffuse soil CO2 flux measurement is a useful technique 78 

widely used for i) mapping sub-surface volcano-tectonic structures (e.g. Giammanco et al., 2016), ii) 79 

quantifying heat and mass flow (e.g. Bloomberg et al., 2014; Chiodini et al., 2015), iii) monitoring 80 

active volcanoes (e.g. Cardellini et al., 2017), iv) determining the sealing capacity of the cap-rock (or 81 

clay-cap units) of geothermal reservoirs (Carapezza et al., 2015; Taussi et al., 2019a) and v) 82 

assessing the geogenic CO2 emitted from volcanic areas (e.g. Fischer and Aiuppa, 2020). 83 

The proximity to the Cerro Pabellón geothermal power plant, the presence of relatively extensive 84 

acid-sulphate hydrothermal alteration areas and steaming grounds related to a recent circulation of 85 

hot hydrothermal fluids and the occurrence of an extensional tectonic structure (i.e. the Pabelloncito 86 

graben), likely acting as a preferential pathway for the CO2 degassing (e.g. Tamburello et al., 2018; 87 

Lamberti et al., 2019), suggests the need to undertake an evaluation of the local geothermal potential 88 

at Cordón de Inacaliri. Consequently, this paper is aimed to evaluate: i) the total CO2 output ii) the 89 

heat flux of the Cordón de Inacaliri hydrothermal system and iii) the structural control on the fluid 90 

circulation, in order to give a preliminary assessment of the geothermal potential of this unexplored 91 

area.  92 
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 93 

Fig. 1 - General view of the Central Andes and location of the study area in the framework of the 94 
main geothermal sites of Chile, Bolivia and Argentina, distinguished by exploration (active and not 95 
active) and exploitation concessions and favourable areas (after Giordano et al., 2013; Lahsen et 96 
al., 2015; Aravena et al., 2016; Bona and Coviello, 2016; Lelli, 2018; Mesa de Geotermia, 2018; 97 
Chiodi et al., 2019; Veloso et al., 2019; Morata et al., 2020a). The surface projection of the Altiplano-98 
Puna Volcanic Complex (APVC) and the Altiplano-Puna Magma Body (APMB) are also reported 99 
(after de Silva, 1989 and Ward et al., 2014). 100 

 101 

2. Geological background 102 

The study area is part of the Pleistocene Cordón de Inacaliri Volcanic Complex (CIVC; Sellés and 103 

Gardeweg, 2017). The CIVC is about 15 km long, extending from the Pampa Apacheta to NW, to 104 

the Bolivian territory to the S. It hosts three main stratovolcanoes whose eruptive centres are 105 

approximately NW-SE aligned (Fig. 2), being distributed according to the main local tectonic fault 106 

systems (Tibaldi et al., 2010). An additional eruptive centre, the Inacaliri Volcano (5,618 m a.s.l.), is 107 

located about 6 km to S from the studied area (Fig. 3).  108 
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All the CIVC volcanic products are partially interlayered and erupted by the three summit craters, 109 

suggesting stable central conduits and a general coeval growth of the volcanic complex (Tibaldi et 110 

al., 2010). This is apparently confirmed by new 40Ar/39Ar age dating (Sellés and Gardeweg, 2017), 111 

constraining the CIVC activity between ~1.6 and ~1.0 Ma. The volcanic complex is constituted by 112 

andesitic to rhyolitic lava flows (56.8-69.9% SiO2; Piscaglia, 2011; Sellés and Gardeweg, 2017), 113 

while the Inacaliri volcano is mainly andesitic (González-Ferrán, 1995). Both CIVC and Inacaliri 114 

volcano lie above the Miocene Sifón ignimbrite (de Silva, 1989; Sellés and Gardeweg, 2017), which 115 

is part of the Altiplano-Puna Volcanic Complex (APVC), an ignimbritic plateau located between 21° 116 

and 24°S and straddling Chile, Bolivia and Argentina (Fig. 1). The overthickened crust of APVC (up 117 

to 70 km; Beck et al., 1996) hosts, at about 10-20 km of depth, a partially-molten amalgamated 118 

igneous body called Altiplano-Puna Magma Body (Fig. 1; APMB; Ward et al., 2014 and references 119 

therein), which is thought to be the source of a large-scale silicic magmatism since ca. 10 Ma, during 120 

which a cumulative volume of >10,000 km3 of ignimbrites was erupted (Salisbury et al. 2011). 121 

The CIVC is located inside the Pabelloncito graben (Francis and Rundle, 1976) that is characterized 122 

by two major NW-striking tectono-morphological lineaments, sometimes dislocated by NE-striking 123 

faults (Fig. 2), with converging dip angles and opposite-facing scarps. Consequently, a ~4 km wide 124 

and ~20 km long structure that runs from the Apacheta-Aguilucho Volcanic Complex (AAVC) and 125 

Cerro del Azufre to the Inacaliri volcano is depicted (Fig. 3). In the NW end of the southern fault of 126 

the Pabelloncito graben, the AAVC (≥1 to ca. 0.6 Ma; Fig.2) is located, with an activity reflecting a 127 

transition from high-flux (i.e. flare-ups) to steady state magmatism in the APVC (Taussi et al., 2019b; 128 

Godoy et al., 2019). 129 

Additional NW-striking minor normal faults, each from 2 to 4 km long (Tibaldi and Bonali, 2018), 130 

affect the Pabelloncito graben (Fig. 2). These faults offset a series of NW-SE-aligned Pleistocene-131 

aged volcanic structures (Sellés and Gardeweg, 2017) and lava flows dated 0.91 ± 0.14 Ma (Rivera 132 

et al., 2015). After the end of the volcanic activity of the AAVC, the substratum faults propagated 133 

across the entire complex in the late Quaternary, and a new volcanic phase resumed with the 134 

emplacement of the Pabellón lava dome (80.0–130.0 ka according to Renzulli et al., 2006 and 50.0 135 

± 10.0 ka according to Urzua et al., 2002) along the main northern fault bounding the graben.  136 

The Pabelloncito graben formed during a Late Pliocene-Quaternary extensional phase (Tibaldi et 137 

al., 2009) and is linked to gravity spreading of the volcanic chain (Tibaldi and Bonali, 2018). It 138 

corresponds to an Andean Transverse Fault, consisting of faults and lineaments that obliquely 139 

crosscut the Andean belt and represent the main pathways for fluid migration towards shallower 140 

crustal levels (Veloso et al., 2019). It is worth to mention that surface geothermal manifestations, 141 

stratovolcanoes, monogenetic cones and hydrothermal systems from the Central Andes are 142 

commonly developed along either NW-striking faults or splayed off E-striking faults (e.g. Giordano 143 

et al., 2013; Godoy et al., 2014; Rivera et al., 2015; Tibaldi and Bonali, 2018; Veloso et al., 2019). 144 
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 146 

Fig. 2 - Geological map of the Pabelloncito graben with the main tectonic structures (modified from 147 
Sellés and Gardeweg, 2017). Known (after Urzua et al., 2002 and Tassi et al., 2010) and new (this 148 
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study) surface thermal manifestations from AAVC and CIVC are also reported. Descriptions and 149 
acronyms of the geological units are listed according to Sellés and Gardeweg (2017). The inset 150 
figure shows the main volcanological features of the area and the approximate extension of the 151 
Pabelloncito graben (pale blue). CIVC: Cordón de Inacaliri Volcanic Complex; AAVC: Apacheta-152 
Aguilucho Volcanic Complex. Studied area is marked with the red square. Reference system: 153 
WGS84-UTM zone 19S. 154 

 155 

3. Field description 156 

The Cordón de Inacaliri study area is located at an altitude of about 5,150 m a.s.l. in the Antofagasta 157 

region (northern Chile), 9 km SE of the Cerro Pabellón geothermal system, 45 km N from El Tatio 158 

and about 60 km NNW from the La Torta and the Laguna Colorada geothermal prospects (Fig. 1). 159 

The investigated area lies within the southern part of the Pabelloncito graben (Fig. 2) where 160 

extensive whitish-yellowish-reddish hydrothermal alteration fields occur (Figs. 2 and 3).  161 

The surface manifestations are mostly represented by steaming grounds and hydrothermal incipient 162 

fumarole vents located in both the Western (Cordón de Inacaliri Western Sector - CIWS; Fig. 3d,e) 163 

and Eastern (Cordón de Inacaliri Eastern Sector - CIES; Fig. 3b,c) sectors (Fig. 3). The area is mainly 164 

flat with a hill dividing the two investigated sectors (CIWS and CIES; Fig. 3a). This hill is a small, 165 

elliptical (about 300*200 m) and ENE-WSW oriented structure, which rise about 50-100 m high 166 

above the ground (maximum elevation 5,250 m a.s.l.) and is characterized by a rough dome-like 167 

morphology with steep flanks. A clay-rich homogeneous-distributed soil is present throughout the 168 

investigated area where the vegetation, when present, mainly consists of small scattered shrubs 169 

(Fig. 3d). From CIES toward the central part of the graben, a marked ENE-striking ridge stretches 170 

for about 600 m (Fig. 3a,f) at the end of which the relic of an ancient fumarolic chimney was found 171 

(Fig. 3f). 172 

The hydrothermal alteration of the CIVC area is poorly studied and roughly associated with an argillic 173 

alteration (Hubbard and Crowley, 2005; Sellés and Gardeweg, 2017; Morata et al., 2020b). 174 

Preliminary results highlighted the presence of a mineral zonation characterized by alunite ± 175 

cristobalite ± kaolinite with minor amounts of gypsum, halloysite and tridymite in the central areas 176 

(i.e. where the steaming grounds occur) and a smectite ± illite-smectite assemblage in the peripheral 177 

zone (Maza et al., 2020). Around the small fumarolic orifices, cristobalite ± alunogen ± native sulphur 178 

and subordinate kaolinite, quartz, alunite, and hematite were recognized (Maza et al., 2020). 179 

 180 
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 181 

Fig. 3 - a) Satellite view of the Southern area of the Pabelloncito graben where the studied sites of 182 
Cordón de Inacaliri Eastern Sector (CIES) and Cordón de Inacaliri Western Sector (CIWS) are 183 
indicated along with the dome-like morphological structure (DLS) and the ENE-striking ridge. Field 184 
photographs of the Cordón de Inacaliri hydrothermal area refer to b-c) CIES thermal features; d-e) 185 
scarceness of vegetation, mineralogical alteration and rough morphology of the DLS at CIWS and f) 186 
view of the ENE-striking ridge from CIES toward NE (the inset photo shows the relics of an ancient 187 
fumarolic chimney at the end of the ridge). The main fluid vents are indicated with the yellow arrows. 188 
AAVC: Apacheta-Aguilucho Volcanic Complex. 189 

 190 

4. Methodology 191 

In the first half of December 2017 (with dry and stable atmospheric conditions), 216 and 97 diffuse 192 

CO2 flux measurements were performed at CIWS and CIES, respectively. Soil CO2 flux 193 

measurements were carried out following the accumulation chamber method (e.g. Chiodini et al., 194 
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1998). As reported by the manufacturing company (https://www.westsystems.eu/it), the instrumental 195 

detection limit is ~0.08 g·m-2·day-1. The instrument was calibrated at the manufacturing company 196 

(West Systems) before the survey. The equipment consisted of a cylindrical metal vessel (the 197 

accumulation chamber), an Infra-Red spectrophotometer, an analog-digital converter, and a palmtop 198 

computer. The accumulation chamber had a volume of ~2.8 L and equipped with a ring-shaped 199 

perforated manifold to re-inject the circulating gas through a low-flux pump (20 mL s-1) thus, ensuring 200 

the mixing of the soil gas into the chamber. The Infra-Red spectrometer was a LICOR Li-820 detector 201 

equipped with a sensor operating in the range 0-20,000 ppm of CO2. The soil gas circulated from 202 

the chamber to the Infra-Red sensor and vice versa by a pump (~1 L min−1). The signal was 203 

converted by the analog-digital converter and transmitted to the palmtop computer, where a CO2 204 

concentration vs. time diagram was plotted in real time. Soil temperature was measured at each site, 205 

within 0.01 m from the accumulation chamber, using a Hanna HI-935005N K-Thermocouple 206 

(accuracy of ± 0.1 °C) in the first 10 cm. The investigated areas were covered as much as possible 207 

with a regular grid, whose nods were located with a portable GPS Garmin Etrex 10, at a 5-10 m grid 208 

spacing. The spatial distribution of the diffuse CO2 soil gas and temperature spots, as well as their 209 

density were partly influenced by uneven and/or soft grounds and by the presence of compact hard 210 

lavas that cropped out in several zones. CIWS and CIES extend for 0.0145 km2 and 0.0034 km2, 211 

respectively. Ambient air temperature and barometric pressure were recorded for each sample site, 212 

to control possible changes in atmospheric conditions that could exert a significant influence on soil 213 

flux measurements (e.g. Lelli and Raco, 2017). 214 

All the data are reported in the Supplementary Material S1 and were analyzed by using the Graphical 215 

Statistical Analysis (GSA) method (Chiodini et al., 1998), performed according to the procedure 216 

proposed by Sinclair (1974). The distribution map of the soil CO2 flux and temperature were 217 

constructed using the log-normal Kriging method (e.g., Krige 1951; Matheron 1970) by means of 218 

Isatis© software package of Geovariances. The maps were then graphically reported using the QGIS 219 

software. 220 

 221 

5. Results 222 

5.1 Cordón de Inacaliri Western Sector (CIWS) 223 

The soil CO2 flux values at CIWS ranged from 0.18 g·m−2·day−1 to 790.66 g·m−2·day−1 with an 224 

arithmetic and a geometric mean of 24.42 and 6.53 g·m−2·day−1, respectively. The median value was 225 

8.16 g·m−2·day−1 while the standard deviation was ± 75.52 g·m−2·day−1. Soil temperatures were 226 

ranging between 1.6 and 80.3 °C, with an arithmetic and a geometric mean of 23.78 and 20.98 °C, 227 

respectively. The median value and the standard deviation were 23.10 °C and ± 11.43 °C, 228 

respectively. 229 

The cumulative frequency plot of the ln-soil CO2 efflux data does not show any clear inflection point, 230 

suggesting the presence of a single population (Fig. 4a). Setting aside the two outliers (i.e. values of 231 
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CO2 flux higher than 670 g·m−2·day−1), highlighted by the boxplot and the lowest values (i.e. <0.27 232 

g·m−2·day−1) and likely influenced by the proximity to the instrumental detection limit, making the 233 

shape of the curve at these low levels uncertain, the dataset shows a (log)normal distribution, 234 

confirmed by the histogram in Fig. 4a. The lowest values only represented the 3% of the CIWS 235 

dataset, which makes their contribution practically negligible. 236 

The histogram of the soil temperatures (Fig. 4b) apparently show a normal distribution, but an 237 

inflection point in the cumulative frequency plot at the 93.1th percentile (i.e. 38.3 °C) can be observed, 238 

thus suggesting the presence of at least two populations. From the boxplot, 7 outliers can be 239 

identified, which represent values higher than ~45 °C. The main statistical parameters of the two soil 240 

temperatures populations of the CIWS are synthetized in Table 1. 241 

 242 

 243 

Fig. 4 - Cumulative frequency plots, histograms and boxplots of the (a) soil CO2 and (b) temperature 244 
measurements in the Cordón de Inacaliri Western Sector (CIWS). 245 

 246 

5.2 Cordón de Inacaliri Eastern Sector (CIES) 247 

Soil CO2 flux values at CIES were varying from 0.09 g·m−2·day−1 (i.e. close to the lower instrumental 248 

detection limit) to 4,425.10 g·m−2·day−1 with an arithmetic and a geometric mean of 62.14 and 4.48 249 

g·m−2·day−1, respectively, a median value of 4.93 g·m−2·day−1 and a standard deviation of ± 448.62 250 

g·m−2·day−1. Soil temperatures were between 7.0 and 83.7 °C, with an arithmetic and a geometric 251 

mean of 21.19 and 19.05 °C, respectively, a median value of 17.40 °C and a standard deviation of 252 

± 12.36 °C. 253 

From the histogram in Fig. 5a, the soil CO2 flux values approximately resemble a (log)normal 254 

distribution that can be correlated to a single statistical population as confirmed by the absence of 255 

clear inflection points in the cumulative frequency plot. However, even in this case, at the lowest 256 

levels the curve shows a scattered shape making uncertain the presence of inflection points. The 257 
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only outlier is represented by the highest value measured in the investigated areas, i.e. 4,425.10 258 

g·m−2·day−1.  259 

In the frequency plot of Fig. 5b, the soil temperature dataset seems to show a polymodal distribution. 260 

According to the boxplot, temperatures >28.9 °C (i.e. 12 values) can be regarded as outliers of the 261 

distribution and from the cumulative frequency plot a clear inflection point can be traced at the 88.7th 262 

percentile (i.e. 28.9 °C), defining that the outliers are related to a different population. The main 263 

statistical parameters of the two soil temperatures populations of the CIES are synthetized in Table 264 

1.  265 

 266 

 267 

Fig. 5 - Cumulative frequency plots, histograms and boxplots of the (a) soil CO2 and (b) temperature 268 
measurements in the Cordón de Inacaliri Eastern Sector (CIES).  269 

 270 

Table 1. Estimated parameters of the partitioned populations of soil temperature measurements at the CIWS and CIES 

CIWS               

Population 
Measurements 

(no.) 
Temperature 

(°C) 
Frequency 

Arithmetic 
mean (°C) 

Geometic 
mean (°C) 

Median 
(°C) 

St. dev.       
(°C) 

A 201 1.6 - 38.3 93.1% 21.70 19.65 22.00 ± 8.09 

B + outliers 15 38.3 - 80.3 6.9% 51.72 50.33 44.90 ± 13.12 

Total 216  1.6 - 80.3 100.0% 23.78 20.98 23.10 ± 11.43 

CIES               

Population 
Measurements 

(no.) 
Temperature 

(°C) 
Frequency 

Arithmetic 
mean (°C) 

Geometic 
mean (°C) 

Median    
(°C) 

St. dev.       
(°C) 

A 85 7.0 - 28.9 87.6% 17.42 16.84 17.10 ± 4.45 

B + outliers 12 28.9 - 83.7 12.4% 47.91 45.68 42.70 ± 17.14 

Total 97  7.0 - 83.7 100.0% 21.19 19.05 17.40 ± 12.36 

 271 

5.3 CO2 output 272 

The total CO2 output of both investigated areas was calculated by applying the Sichel’s t-estimator 273 

(Mi) (David, 1977), which is a reliable estimator of the total CO2 output, especially when the CO2 flux 274 

data are characterized by a single log-normally distributed population (Elío et al., 2016). The CO2 275 

output estimated with this method was derived by multiplying Mi times the area covered by the 276 
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populations. In the same way, the central 95% confidence intervals of the CO2 output were used to 277 

calculate the uncertainty of the populations. The three outliers of the two investigated sectors (i.e. 278 

the CO2 flux values >670 g·m−2·day−1) were added, considering the flux over an area corresponding 279 

to the metal cylindrical vessel (i.e. 0.0314 m2). The total computed emission rate from CIWS was 280 

0.28 t d−1 (95% confidence interval 0.21 - 0.40 t d−1), plus 0.05 t d-1 from the two outlier values 281 

recorded in this area. The CO2 output from CIES was 0.06 t d−1 (95% confidence interval 0.04 - 0.11 282 

t d−1), with an additional 0.14 t d−1 emitted from the outlier value of the modeled area. 283 

The computed total amount of CO2 released through diffuse degassing from CIWS and CIES is 284 

~0.53 t d−1, distributed over a total modeled area of ~0.0179 km2.  285 

 286 

6. Discussion 287 

6.1 Considerations on the soil CO2 flux origin 288 

The occurrence of a single population of soil CO2 fluxes in the two investigated sectors of the CIVC 289 

was revealed by the cumulative probability plots of Figs. 4a and 5a, allowing to assess that a single 290 

generating process is apparently regulating the carbon dioxide emission. Moreover, on the basis of 291 

proximity of CIES and CIWS, the same volcano-tectonic setting and the hydrothermal and 292 

mineralogical evidences (Figs. 2 and 3), the CO2 emissions from both areas can be assumed as 293 

governed by the same geological/geochemical processes. No carbon isotopic analyses of the diffuse 294 

gas are available and, consequently, the carbon dioxide source cannot unequivocally be defined 295 

(Cardellini et al., 2003; Chiodini et al., 2008; Hanson et al., 2014; Venturi et al., 2017). Nevertheless, 296 

some geochemical and geothermal considerations can be done. 297 

Populations characterized by low values are mostly ascribed to natural bacterial activity and soil 298 

respiration derived from the vegetation (Viveiros et al., 2010). Vegetated areas are practically absent 299 

or represented by rare small shrubs (Fig. 3). Previous studies on similar environments (i.e. high-300 

altitude arid geothermal/volcanic areas), such as the Cerro Pabellón geothermal area, the Juncalito 301 

geothermal prospect and the Socompa volcano (Fig. 1), and the desert scrubs areas from Utah and 302 

New Mexico (USA), assessed background (i.e. biological) values between ~1.0 and ~2.6 g·m−2·day−1 303 

(Raich and Schlesinger, 1992; Navarrete-Calvo, 2012; Raco, 2018; Taussi et al., 2019a). From the 304 

cumulative probability plots (Figs. 4a and 5a), no clear inflection points are recognized close to such 305 

low flux values, although scattered patterns possibly related to the closeness of the instrument 306 

detection limit, can be highlighted. The registered mean values are much higher than the supposed 307 

background value for this kind of environment. Effects due to the atmospheric conditions able to 308 

affect soil CO2 measurements can likely be ruled out since during the field work the weather was dry 309 

and stable. In fact, barometric pressure and air temperature exhibited small variations with no 310 

correlation with the measured fluxes (Fig. 6a). Thus, the measured CO2 fluxes in the investigated 311 

areas are necessarily to be fed by an endogenous (i.e.  hydrothermal and/or volcanic) source, which 312 
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likely adds to a biological source. In fact, it is worth mentioning that the scattered pattern of the 313 

cumulative frequency plot (Figs. 4a and 5a) at the lowest values of CO2 fluxes may mask the low 314 

biological contribution, the latter being probably related with microbial communities inhabiting soil in 315 

hydrothermal diffuse degassing areas (e.g. Venturi et al., 2019) rather than soil respiration derived 316 

from the vegetation (Azua-Bastos et al., 2017).  317 

 318 

6.2 Spatial distribution of soil CO2 flux and temperature 319 

Similarly to what assessed for the soil CO2 fluxes, the mechanisms that regulate the soil 320 

temperatures in both areas can be considered analogous. As previously shown, the cumulative 321 

probability plot of the soil temperature measurements (Figs. 4b and 5b) indicates the presence of 322 

two populations for both areas, suggesting that temperatures are likely to be driven by different 323 

physical processes.  324 

Similar soil temperature values were calculated at CIWS and CIES (Table 1), with the mean values 325 

of population A markedly higher than the mean atmospheric temperature registered during the 326 

December 2017 survey (i.e. ~12.5 °C). Considering that shallow temperatures can be influenced by 327 

different factors (e.g. atmospheric temperatures, solar insolation, rock emissivity and daytime 328 

heating; Olmsted and Ingebritsen, 1986; Lopez et al., 2018), we compared them with the air 329 

temperatures measured in each sampling site (Fig. 6a). A general low influence can be highlighted. 330 

Only the lowest values (i.e. values <~10 °C) seems to argue for ground-atmosphere temperature 331 

coupling, allowing to define that the CIWS and CIES soil temperatures can mostly be ascribed to a 332 

high geothermal gradient derived from high-enthalpy fluids at depth. In fact, the maximum values 333 

registered were 80.3 and 83.7 °C (at CIWS and CIES, respectively), i.e. near the boiling point of 334 

water (~84 °C) at this altitude (i.e. 5,150-5,200 m a.s.l.).  335 

 336 

Fig. 6 - a) Correlation plot of the atmospheric parameters (air temperature and pressure) with the 337 
diffuse soil CO2 flux and temperature during the three days of survey in both investigated areas. b) 338 
Relationship between soil CO2 and temperature (CIWS: Cordón de Inacaliri Western Sector; CIES: 339 
Cordón de Inacaliri Eastern Sector). A positive trend seems to be highlighted. 340 

 341 
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According to Fig. 6b, diffuse CO2 flux and soil temperatures in the Inacaliri areas seem to follow a 342 

positive trend, likely indicating that CO2 can be coupled with rising steam. Positive correlations 343 

between soil CO2 emission and soil temperature were assessed by many authors (e.g. Chiodini et 344 

al., 2015; Giammanco et al., 2016; Rolleau et al., 2017). Areas of active hydrothermal circulation 345 

along deep fractures (high values of soil CO2 flux and temperature) and those affected by the 346 

absence of superficial fractures or not connected to the surface (high CO2 flux and relatively low 347 

temperature) can thus be distinguished (Giammanco et al., 2016).  348 

The soil CO2 and temperature distribution maps (Fig. 7) allow to highlight how areas characterized 349 

by high CO2 fluxes are quite well matching those showing high temperatures, corresponding to the 350 

population B sampling points (Table 1). The latter were measured when moving toward the fluid 351 

vents (Figs. 3 and 7), suggesting that a direct link with the underlying hydrothermal system is present, 352 

able to carry large amounts of CO2 and heat to the surface. The highest soil diffuse CO2 and 353 

temperature values (>100 g·m−2·day−1 and >55 °C, respectively) in CIWS are clearly located along 354 

an ENE-striking lineament (Fig. 7a,c). Furthermore, three NW-striking structural lineaments can 355 

undoubtedly be identified by both the CO2 fluxes and temperatures in the distribution maps of Fig. 356 

7a,c. These NW-striking lineaments coincide with the southern fault scarp of the Pabelloncito graben 357 

that dips between 50° and 70° (Tibaldi and Bonali, 2018).  358 

At CIES, three main areas are emphasized in the soil CO2 flux and temperature maps (Figs. 7b,d), 359 

characterized by values >20 g·m−2·day−1 and >~28 °C (i.e. the population B values of the CIES), 360 

respectively: two of them are located in the westernmost part, where centimetric-to-metric fluid vents 361 

(Fig. 3b,c) are possibly correlated to a NS-striking structural feature. The presence of outcropping 362 

lavas did not allow to extend our observations to a larger sector.  363 

The positive trend between the highest values of both CO2 flux and soil temperatures (Figs. 6b and 364 

7) could be thus regarded as representative of areas dominated by a combination of diffusive-365 

advective fluxes, where hydrothermal gases are primarily transported to the surface by a pressure-366 

driven viscous flow. In fact, these areas are mostly characterized by values comprised between ~30-367 

300 g·m−2·day−1 (Fig. 7a,c), in agreement with the range proposed by Rissmann et al. (2012) for this 368 

kind of transport mechanism. On the other hand, important pervasive clayey acid-sulphate 369 

hydrothermal alteration is likely responsible of the relatively wide variability observed in terms of CO2 370 

flux values, commonly characterized by values <30 g·m−2·day−1 (Fig. 7a,c) and thus referable to a 371 

purely diffusive gas transport (Rissmann et al., 2012), which is coupled with lower soil temperature 372 

values (i.e. population A). This is possibly due to different soil permeability, which could have 373 

experienced self-sealing processes, a common feature in hydrothermal system (e.g. Facca and 374 

Tonani, 1967; Fulignati et al., 1996; Hochstein and Browne, 2000), limiting the transport of the gas 375 

far from the main fractured areas (Finizola et al., 2003). Finally, it is worth to note that the lowest soil 376 

temperature values (i.e. values <~10 °C) are mainly located in the southern part of the CIWS and 377 
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could possibly define the border of the degassing structure (Fig. 7c), being also related to low values 378 

of CO2 fluxes (i.e. <~1 g·m−2·day−1; Fig. 7a). 379 

 380 

 381 

Fig. 7 - a-b) Distribution maps of soil CO2 flux and c-d) soil temperature at 10 cm depth at CIWS and 382 
CIES. Black dots: measurement points; white stars: sites where CO2 flux and temperature were 383 
higher than 100 g·m−2·day−1 and 55 °C, respectively. The inferred structural lineaments (red dashed 384 
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lines) are also highlighted. Semivariograms and cross-validations of each map are reported in the 385 
Supplementary Material S2. 386 

 387 

6.3 Structural control on the fluid emissions 388 

From the geological (Fig. 2) and the planar and perspective (Fig. 8) maps, two NW-striking normal 389 

faults, recognized inside the Pabelloncito graben, with an arcuate trace in the planar view, consistent 390 

with a gentle dip, are located close to the study area. These two lineaments form antithetic subsidiary 391 

faults that are parallel to the southern main fault of the Pabelloncito graben (Fig. 8b). Between these 392 

lineaments, an ENE-striking linear feature seems to be defined by both the spatial distribution of soil 393 

CO2 and temperature (Fig. 7), and volcano-morphometric indicators (e.g. orientation of 394 

crater/eruptive centre elongation; see Tibaldi, 1995 for further details), the latter being useful to 395 

identify possible shallow magma-feeding fractures (Tibaldi et al., 2017). The highest soil CO2 fluxes 396 

and the population B of the soil temperatures in the CIWS are distributed along an ENE-striking 397 

lineament (Fig. 7). Additionally, an interposed small dome-like morphological structure, which shows 398 

a clear ENE elongation (Figs. 3a and 8a), occurs between the CIWS and CIES and is coupled with 399 

a >600 m long ENE-striking ridge (i.e. to the East of CIES; Figs. 3a,f). This suggests that this 400 

lineament is not confined to the border of the Pabelloncito graben, but it continues toward the central 401 

sectors. All the active (i.e. the main hydrothermal vents from both areas; Fig. 3) and relict thermal 402 

features are located at the intersection between the NW- and ENE-striking lineaments, highlighting 403 

a critical role of both structures in the discharge of hydrothermal fluids and lavas (Fig. 8a). 404 

Intersecting linear structures with similar orientations have also been observed in other 405 

geothermal/volcanic systems of the Central Andes, e.g. Tocomar (Giordano et al., 2013) and Sol de 406 

Mañana (Haffen et al., 2020) geothermal fields, and the fumarolic field of the AAVC (Taussi et al., 407 

2019a). These observations are consistent with structures forming a transfer fault zone, in the sense 408 

of Faulds and Hinz (2015), which exerts a primarily control on the migration of thermal fluids towards 409 

the surface. High-permeability fracture pathways, often associated with the intersections of tectonic 410 

features, are well-known to form conduits in hydrothermal systems for the transport of mass and 411 

energy (e.g., Curewitz and Karson, 1997; Fairley and Hinds, 2004; Werner and Cardellini, 2006; 412 

Faulds and Hinz, 2015; Jolie et al., 2015), and this behaviour is shown by the high temperatures and 413 

CO2 fluxes observed in our study area at the intersections of the structural lineaments (Fig. 7). 414 

Another interesting feature is the occurrence of a presently inactive fumarole East of the CIES (Figs. 415 

3f and 8). This suggests that the center of hydrothermal activity has migrated over time, possibly as 416 

the result of hydrothermal alteration affecting this sector of the Pabelloncito graben (Figs. 2, 3 and 417 

8), with the subsequent reduction of permeability (e.g. Curewitz and Karson, 1997)  418 

 419 
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 420 

Fig. 8 - a) Planar view of the studied area highlighting the main geochemical (white stars) and 421 
morphometric (ENE-elongated dome-like morphological structure) features that clearly indicate the 422 
presence of two intersecting tectonic lineaments that favour the fluids upwelling. The black double 423 
arrow indicates the elongation direction of the dome-like morphological structure. The main structural 424 
lineaments are reported in black (dashed when uncertain) after Sellés and Gardeweg (2017). b) 425 
Perspective view of the investigated area and Pabelloncito graben, up to Cerro Pabellón geothermal 426 
site and the Apacheta-Aguilucho Volcanic Complex (AAVC). CIWS and CIES are located along the 427 
intersections between the NW- and the ENE-striking lineaments, which also include the remnants of 428 
a fumarolic chimney (yellow star). It is worth to note that the active thermal manifestations (white 429 
stars) of the Cordón de Inacaliri and AAVC hydrothermal systems (red star) are located close to the 430 
Pabelloncito southern fault. 431 

 432 

6.4 Diffuse soil CO2 output 433 
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The total computed diffuse soil CO2 output from the Cordón de Inacaliri investigated sectors resulted 434 

to be ~0.53 t·d-1, distributed over an area of ~0.0179 km2. Although the absolute value of endogenous 435 

emissions from the Cordón de Inacaliri system is relatively low compared to other geothermal areas 436 

worldwide (e.g. ~12 t d−1 for the Reykjanes area in Iceland; Fridriksson et al., 2006), the level of the 437 

normalized total CO2 flux from soil (total flux divided by the area of the survey) is ~29.6 t·d-1·km-2, 438 

which is comparable to the endogenous emissions of other geothermal and/or volcanic areas in 439 

Central and South America and worldwide (Table 2 and Fig. 9).  440 

Table 2. Soil CO2 output from the Cordón de Inacaliri hydrothermal system compared with other geothermal and volcanic sites 
worldwide. 

Site Country 
Area 
(km2) 

Endogenous 
diffuse CO2 

output 
(t d-1) 

Normalized CO2 
output 

(t d-1 km-2) 
Reference 

Cordón de Inacaliri Chile 0.0179 0.53 29.6 This work 

Lastarria Chile 0.039 5.0 129.1 Lopez et al., 2018 

Copahue Argentina 1.213 212.7 175.4 Chiodini et al., 2015 

Cuicocha Ecuador 13.3 106 8.0 Padrón et al., 2008 

Pululahua Ecuador 27.6 270 9.8 Padrón et al., 2008 

La Escalera Mexico 0.008 0.62 76.3 Jácome-Paz et al., 2019 

Agua Caliente Mexico 0.01 0.498 49.3 Jácome-Paz et al., 2019 

Los Humeros Mexico 0.50 26.10 52.2 Jentsch et al., 2020 

El Tizate Nicaragua 1.46 64 44 Ostapenko et al., 1998 

Krafla Iceland 0.63 14.0 22.2 Dereinda, 2008 

Reykjanes Iceland 0.225 12.0 53.3 Fridriksson et al., 2006 

Nisyros Greece 2.22 91.6 41.3 Bini et al., 2019 

Mount Amiata Italy 225 8529 37.9 Sbrana et al., 2020 

Latera Italy 3.1 350 112.9 Chiodini et al., 2007 

Ischia, Donna Rachele Italy 0.06 10 173 Chiodini et al., 2004 

Yangbajain Tibet, China 3.2 138 43.1 Chiodini et al., 1998 

Karapiti, Wairakei New Zeland 0.35 6.0 17.1 Werner et al., 2004 

Rotorua New Zeland 8.9 620 69.7 Werner and Cardellini, 2006 

 441 
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 442 

Fig. 9 - Plot of the normalized CO2 diffuse emissions for the Cordón de Inacaliri hydrothermal system 443 
compared with selected worldwide geothermal systems and volcanic areas (see Table 2 for 444 
references). 445 

 446 

6.5 Heat flux estimates 447 

Theoretical expressions for estimating heat flux from shallow ground temperature measurements 448 

have been published by many authors through the years (e.g. Dawson, 1964; Olmsted and 449 

Ingebritsen, 1986; Sorey and Colvard, 1994; Hochstein and Bromley, 2005; Hurwitz et al., 2012; 450 

Price et al., 2017). Some of these required many input data to properly determine the heat flux. For 451 

examples, Olmsted and Ingebritsen (1986) found an empirical correlation between soil temperatures 452 

from boreholes at 30 m depth and heat flow units. Hochstein and Bromley (2005) computed the heat 453 

flux from soil temperature gradients, while Hurwitz et al. (2012) coupled these latter with laboratory 454 

analyses and the chloride inventory method to define the heat flow in two vapor dominated, acid-455 

sulphate thermal areas of Yellowstone (USA). Price et al. (2017) used shallow soil temperatures 456 

coupled with seismic refraction and physical properties of the thermal discharges to construct a 457 

model for the advective transport of heat energy in hydrothermal fluids that incorporated heat 458 

exchange with the surroundings. Instead, the approach proposed by Dawson (1964) (modified by 459 

Sorey and Colvard, 1994) estimates the total heat flux from steaming ground through empirical 460 

correlations, only considering shallow soil temperature at 15 cm of depth. This methodology was 461 

used to estimate the heat flux and the geothermal potential at the CIVC studied area. The measured 462 

shallow soil temperatures were converted to equivalent heat flux values following the modified 463 

empirical procedure of Dawson (1964), which measured the surface heat flux using a water-filled 464 

calorimeter and empirical power law functions were then derived to convert shallow soil temperatures 465 
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to equivalent heat flux values. The method was originally applied to shallow soil temperatures 466 

measured in specific thermal areas from the Wairakei geothermal field (New Zealand), but it was 467 

also extended to different environments such as Lassen Volcanic National Park (U.S.A.; Sorey and 468 

Colvard, 1994), Hengill volcanic system (Iceland; Hernández et al., 2012) and Teide volcano (Spain; 469 

Alonso et al., 2019). At CIVC, temperature measurements were performed at the slightly shallower 470 

depth of 10 cm, consequently, the converted heat flux values are expected to be underestimated 471 

(Bloomberg et al., 2014). The Dawson’s (1964) original equation is the follow: 472 

q = 5.2 × 10−6 t15
4 (1) 473 

where q is the heat flux (W m-2) at the soil surface, 5.2 × 10−6 is the empirical constant (in W m-2 /°C)  474 

and t10 is the soil temperature at 15 cm depth (in °C). The Dawson (1964) approach derived from 475 

thermal surveys carried out at low altitude terrains (i.e. ~400 m a.s.l. and boiling point of water ~98.5 476 

°C), but it was then slightly modified by Sorey and Colvard (1994) using a revised constant of 6.7 x 477 

106 to account for the change of the boiling point of water with elevation (i.e. ~93 °C at 2,500 m 478 

a.s.l.). The procedure to obtain the corrected value was not defined by Sorey and Colvard (1994). 479 

Thus, a linear correlation between decreasing temperature of boiling water with increasing altitude 480 

was considered and a coefficient of 9.15 x 10-6 for the conditions of the present study was computed. 481 

The surface heat flux was thus calculated according to the following equation: 482 

q = 9.15 × 10−6 t10
4 (2) 483 

Steam flux can be inferred by assuming the measured heat flux results from the sum of (i) 484 

condensation of steam in the shallow sub-surface (conductive heat flux), and (ii) convective steam 485 

flux (Brombach et al., 2001; Werner et al., 2004; Hochstein and Bromley, 2005; Fridriksson et al., 486 

2006; Rissmann et al., 2012; Harvey et al., 2017) as follow:  487 

Fstmq = qm × a × (HV,85 °C - HL,12ºC)-1 (3) 488 

Where Fstmq is the steam flux (kg s-1), qm is the arithmetic mean thermal ground heat flux (converted 489 

in kJ m-2 s-1) derived from Eq. (2), a is the investigated area (in m2), HV,85 °C is the enthalpy of steam 490 

at 85 °C (i.e. ~ the boiling point of water at the CIVC altitude) and HL,12ºC is the enthalpy of liquid 491 

water at the mean ambient temperature recorded during the December 2017 survey (2651.5 kJ/kg 492 

and 50.4 kJ/kg, respectively; Rogers and Mayhew, 1995). The resulted qm value is 1.08x10-2 kJ m-2 493 

s-1 (i.e. 10.84 W m-2), with the minimum and maximum values ranging from <1x10-4 to 0.449 kJ m-2 494 

s-1 (i.e. 6x10-5 and 449 W m-2), respectively (Supplementary Material S1). When steam condensation 495 

within the soil is the dominant heat transfer mechanism (Rissmann et al., 2012), the mass flow of 496 

steam (Fstmq) is 0.075 kg s-2 (i.e. 6.45 t d-1 of steam). This value corresponds to a total heat flow rate 497 

of ~0.2 MW and a total heat flux of ~10.8 MW km-2. Based on the total amount of steam and CO2 498 

release, a CO2/H2O ratio of 0.08 was calculated. Anyway, it is worth to note, that the results based 499 

on Eq. (3) might be slightly overestimated (McMillan et al., 2018). 500 
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To compare our results of the heat flux with similar geological contexts, the same approach was 501 

applied to the AAVC fumarolic field, situated ~12 km NW from the studied area. Both areas are 502 

Pleistocene in age (Sellés and Gardeweg, 2017) and are located in i) an analogous altitude (i.e. 503 

~5,150-5,200 m a.s.l.) and ii) the same tectonic structure (i.e. Pabelloncito graben; Fig. 2). In 504 

addition, they are characterized by i) similar hydrothermal mineral assemblages at the surface 505 

(Hubbard and Crowley, 2005; Maza et al., 2018b; Morata et al., 2020b), ii) intermediate to acid 506 

volcanic rocks (i.e. andesites to rhyolites; Piscaglia, 2011; Taussi et al., 2019b) and iii) relatively high 507 

soil temperatures (Taussi et al., 2019a). The atmospheric and soil temperatures measured at 10 cm 508 

of depth from the AAVC fumarolic field (Taussi et al., 2019a) were used to estimate the heat flux at 509 

the soil surface according to Eq. (2). The resulted mean heat flux is 0.065 kJ m-2 s-1 (i.e. 64.87 W m-510 

2) with minimum and maximum values ranging between <1x10-4 and 0.441 kJ m-2 s-1 (i.e. 0.02 and 511 

441 W m-2) (Supplementary Material S1). The mean heat flux was then applied to Eq. 3, over an 512 

area of ~16,300 m2, obtaining HV,85 °C = 2651.5 kJ/kg and HL,8ºC = 33.6 kJ/kg (i.e. the enthalpy of 513 

liquid water at ~7.5 °C, that is the mean ambient temperature recorded by Taussi et al., 2019a in 514 

November 2016). The mass flow of steam (Fstmq) is 0.40 kg s-2 (i.e. 34.90 t d-1 of steam) 515 

corresponding to a total heat flow rate of ~1.2 MW and a total heat flux of ~71.2 MW km-2.  516 

It is worth to mention that the CO2/H2O ratio at CIVC (0.08) is slightly higher than that of the AAVC 517 

(i.e. ~0.02 and ~0.01; Urzua et al., 2002 and Tassi et al., 2010, respectively) and much lower than 518 

those from other geothermal systems of the Central Andes (i.e. >~3.5; see Tassi et al., 2010 for 519 

further details), whereas it approaches that of El Tatio geothermal field (i.e. ~0.11-0.16; Tassi et al., 520 

2010). 521 

 522 

6.6 Geothermal potential 523 

A low total CO2 emission output as that calculated in the CIVC (i.e. 0.53 t d-1) is not necessarily 524 

related to a small geothermal system. High CO2 fluxes and CO2/H2O ratios often characterize vapour 525 

core systems (Fig. 10) resulting from a degassing magma at depth, where no deep liquid reservoir 526 

is present to remove CO2 during ascent (Harvey et al., 2015). This contrasts with liquid-dominated 527 

systems, where a greater proportion of the ascending CO2 can be dissolved in the reservoir liquid or 528 

precipitate (Harvey et al., 2015). At the CIVC the CO2/H2O ratio lies between the lowest values of 529 

vapour core systems and the highest of the liquid dominated ones (Fig. 10). Also El Tatio and the 530 

AAVC fumarolic field (which is the only surface manifestation of the Cerro Pabellón geothermal 531 

system) are characterized by comparable CO2/H2O ratios and are both related to liquid-dominated 532 

geothermal systems (Cortecci et al., 2005; Tassi et al., 2010). In this way, similar conditions can be 533 

envisaged for the CIVC geothermal reservoir where a liquid dominated system can be inferred as 534 

well.  535 
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 536 

Fig. 10 - CO2/H2O versus log mean CO2 flux for hydrothermal systems (data from Harvey et al., 2015 537 
and references therein). The CIVC show a normalized CO2 output comparable with other liquid-538 
dominated systems and a CO2/H2O ratio higher than most of these latter systems. Dashed grey lines 539 
represent the heat flux isolines at 10, 50 and 500 MW km-2 respectively.  540 

 541 

Being assessed that the normalized output per km-2 is comparable with that of other geothermal 542 

systems worldwide (Table 2; Fig. 9), another interesting feature that could influence the total CO2 543 

discharge output is the presence of a pervasive and intense hydrothermal mineralogical alteration 544 

that characterizes the studied area (Figs. 2 and 3). In fact, a pervasive hydrothermal alteration might 545 

avoid a high flux of fluids to be discharged at surface, similarly to what happen in the nearby Cerro 546 

Pabellón, where a thick and impermeable clay-cap maintains the geothermal fluids at depth 547 

preventing hydrothermal manifestations at the surface (Maza et al., 2018a; Taussi et al., 2019a). 548 

Therefore, it is not possible to exclude that a hidden geothermal system could be located towards E 549 

of the studied area, in those sectors of the graben where the oldest hydrothermal activity could have 550 

been able to produce an efficient clay-cap (or cap-rock), favouring the migration of the surface 551 

hydrothermal activity toward W (Fig. 8). In this way, the investigated areas of this work would possibly 552 

represent the present-day high temperature surface expression of the CIVC hydrothermal system, 553 

similarly to what occurs for the AAVC fumarolic field linked to the Cerro Pabellón geothermal system. 554 

The differences in the heat fluxes recognized between the CIVC and the AAVC fumarolic field are 555 

likely related to the older age of the volcanic activity of the former (i.e. between 1.6 and 1.0 Ma; 556 

Sellés and Gardeweg, 2017) with respect to the latter where the presence of a still-active 557 
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hydrothermal system associated with significant quantities of magmatic gases was evaluated by 558 

Tassi et al. (2010). 559 

Finally, a rough value of 1.08 MW electric km−2 would be expected assuming a typical conversion 560 

efficiency of 0.1 from thermal to electric energy (Zarrouk and Moon, 2014; Harvey et al., 2015), 561 

related to conventional geothermal power plants. Although no indications about the extension of the 562 

reservoir of the CIVC geothermal system are presently available, the horizontal extension of the 563 

reservoir of the Cerro Pabellón geothermal system was estimated between 4 and 25 km2 and 564 

comprised within the faults of the Pabelloncito graben (Aravena et al., 2016). Assuming analogous 565 

conditions for the CIVC geothermal reservoir, a capacity between 4.3 and 27.0 MWe is estimated. 566 

 567 

7. Conclusions  568 

A geothermal investigation of the hydrothermally altered area in the Chilean Cordón de Inacaliri 569 

Volcanic Complex was performed for the first time. Soil CO2 and temperature measurements were 570 

carried out with the aim to assess the structural control on the rising fluids, the total CO2 output and 571 

the geothermal potential of this unexplored site. The survey was conducted across two areas of 572 

about 0.0179 km2 in the southern part of the NW-striking Pabelloncito graben, where an extensive 573 

and pervasive hydrothermal mineralogical alteration is present at the surface. CO2 flux values of up 574 

to ~4,400 g m-2 d-1 and temperature near the boiling point of water at this altitude (i.e. ~84 °C) were 575 

measured, likely associated with an endogenous source. 576 

From the diffuse CO2 and temperature distribution maps, a clear ENE-striking anomaly was 577 

highlighted. This evidence is strengthened by the presence of a small dome-like morphological 578 

structure outcropping between the two investigated sub-areas (CIWS and CIES) and by a >600 m 579 

long ridge, both elongated ENE. The presence of two antithetic subsidiary faults, parallels to the 580 

southern main fault of the Pabelloncito graben, coupled with the ENE-striking lineament (Fig. 8b) 581 

forms a favourable structural setting for fluid flow, driven by a transfer fault zone. In fact, the main 582 

active and ancient hydrothermal features are located along the intersections of the NW- and ENE-583 

striking lineaments (Fig. 8), where the highest soil CO2 and temperature values, likely associated to 584 

a combination of diffusive-advective transport mechanism, were measured. This suggests that the 585 

two tectono-morphological lineaments play a fundamental role in controlling the ascent of the 586 

hydrothermal fluids. 587 

Soil temperatures were used to calculate the heat flow rate and heat flux from the CIVC 588 

hydrothermally altered area, resulting in ~0.2 MW and ~10.8 MW km-2, respectively. Converting 589 

thermal to electric energy, 1.08 MW electric km−2 would be expected. No data about the size of the 590 

reservoir are available but considering similar conditions to the Cerro Pabellón geothermal system, 591 

a total electric energy potential of 4.3-27.0 MWe is estimated. The total CO2 output from the CIVC 592 

hydrothermal system is not high in terms of absolute values (i.e. ~0.53 t d-1), but the normalized 593 
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output per km2 (i.e. ~29.6 t d-1 km2) and the CO2/H2O ratio (i.e. 0.08) suggest that a liquid dominated 594 

geothermal reservoir could be present at the CIVC, being both parameters comparable with some 595 

of the main geothermal system worldwide. 596 

Soil temperatures up to the local boiling point of water and the heat flux, coupled with fluids driven 597 

by the presence of favourable tectono-volcanic structures, make this part of the Pabelloncito graben 598 

a good candidate for future geothermal exploration studies. In fact, even if located in a remote area, 599 

the CIVC hydrothermal field is only ~9 km away from the Cerro Pabellón geothermal power plant, 600 

which is currently producing electricity. The presence of infrastructures (i.e. roads and transmission 601 

line) represents an optimistic issue to overcome the critical problems that could limit the development 602 

of geothermal energy production, such as distance to the main electricity network, high elevation 603 

and operational logistics (Sanchez-Alfaro et al., 2015). Further surface exploration studies involving 604 

volcanology, petrology, fluids geochemistry and structural analyses, are however needed to assess 605 

the exploitability of this geothermal area. Detailed mineralogical studies on the main hydrothermal 606 

alteration facies and gas geochemistry and isotopes (e.g. δ13C-CO2 and 3He/4He) from fluids vents 607 

and diffuse emissions at CIVC are to be scheduled in order to better constrain the source of the 608 

hydrothermal fluids, also for a more effective comparison with the Cerro Pabellón hidden geothermal 609 

system. 610 
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