
 

 1 

Surface hydrothermal alteration and evolution at the 

Azufre volcano, Central Volcanic Zone, Chile 

B. Reijnst1, O. González-Maurel1, J. Gerding2, S. Maza3, B. Godoy4, and D. Cáceres-

Baez3
 

1 Departamento de Ciencias de la Tierra, Universidad de Concepción, CHILE.  

(E-mail: benjamin.reijnst@gmail.com, osvgonzalez@udec.cl) 

2 Instituto de Geología Económica Aplicada (GEA), Universidad de Concepción, CHILE.  

(E-mail: jgerding@udec.cl) 

3 Departamento de Geología y Centro de Excelencia en Geotermia de los Andes (CEGA), 

Universidad de Chile, CHILE. 

(E-mail: santiagomaz@gmail.com, deborah.caceres@ug.uchile.cl) 

4 Facultad de Ingeniería, Arquitectura y Diseño, Universidad San Sebastián, CHILE.  

(E-mail: emilio.godoy@uss.cl) 

Keywords: Azufre volcano, Central Andes, hydrothermal alteration. 

 

ABSTRACT:  

The Azufre volcano (21°47'S; 68°15'W) is a Pleistocene stratovolcano that forms part 

of the Azufre-Inacaliri Volcanic Chain located in the Central Volcanic Zone of the Andes. 

It consists of two coalescent structural units (Northern and Southern edifices) formed 

during four magmatic stages (I–IV) between ~1300 and 120 ka and exhibits extensive 

hydrothermal alteration at the surface. Several studies have described its volcanic and 

petrogenetic history [1, 2, 3]. Such studies, however, briefly described some of the 

hydrothermal alteration and related mineralogy. The present study aims to describe in 

detail the mineralogical characteristics of the surface alteration using remote spectral 

analysis together with X-ray diffraction analysis of altered rock samples from the Azufre 

volcano. 

 

The alteration minerals identified include silica polymorphs (cristobalite, tridymite, opal-

A, opal-CT and quartz), sulphates (jarosite, gypsum and alunite), K-clay minerals 

(kaolinite), and native sulfur. The mineralogical associations indicate acid-sulfate 

alteration, generally of a pervasive character, with obliterated textures, and silicification. 

Both acid-sulfate alteration and silicification develop under hyperacid conditions, with 

the former being associated with steam-heated environments. Furthermore, ancient 

fumarolic vents have been recognized, indicating past hydrothermal/volcanic discharge, 

as well as hot springs exhibiting slightly acidic pH (6.72) and elevated temperatures (42 

°C), contrasting with the alkaline (pH generally >7.5) and cooler (temperatures 

generally <25 °C) waters of the Salar de Ascotán [1]. The presence of acid-sulfate 
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alteration, neutral-alkaline and acidic surface fluids, and the paleosurface discharge 

products suggest the development of a geothermal system [4]. 

 

1. Introduction  

Understanding the evolution of the magmatic system that feeds a geothermal 

field is crucial for determining the processes that sustain it over time [5]. Detailed 

mineralogical analyses of areas affected by surface hydrothermal alteration 

associated with such magmatic systems are particularly valuable, as they are 

useful to constrain key parameters of the hydrothermal system [6]. 

Numerous geothermal areas are present in the Central Andes; however, Cerro 

Pabellón is currently the only operational geothermal power plant in South 

America. This facility is supported by the Cerro Pabellón Geothermal Field, 

which is estimated to cover an area of up to 25 km2 [7] and is surrounded by 

volcanic structures ranging in age from the Miocene to the Holocene. 

Additionally, several nearby volcanoes show surface hydrothermal alteration, 

indicative of past active hydrothermal systems. One of the most prominent is 

Azufre Volcano (21°47'S; 68°15'W), located approximately 7.5 km from the Cerro 

Pabellón Geothermal Field. 

The Azufre volcano is a Pleistocene stratovolcano that forms part of the Azufre-

Inacaliri Volcanic Chain. It consists of two coalescent structural units (Northern 

and Southern edifices), developed during four magmatic stages (I–IV) between 

~1300 and 120 ka, and displays extensive surface hydrothermal alteration. 

Although several studies have described its volcanic and petrogenetic evolution 

[1, 2, 3], the hydrothermal alteration and associated mineralogy have only been 

briefly addressed. The present study aims to provide a detailed characterization 

of the surface alteration mineralogy through remote spectral analysis and X-ray 

diffraction of altered rock samples from the Azufre volcano. 

2. Methodology  

Following the parameters outlined in [8], satellite image analysis of Azufre 

volcano was conducted using Google Earth Engine (GEE) as the geospatial 

processing platform, utilizing Landsat 8 OLI/TIRS Collection 2 Level-2 imagery. 

Indices proposed by [9] were calculated to map alteration mineral groups. These 

areas were subsequently surveyed in the field, where representative samples of 

altered rocks were collected. Petrographic analysis, together with X-ray 

diffraction (XRD) on bulk rock, were then performed to identify, semi-quantify, 
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and characterize the alteration mineral assemblages. This integrated approach 

enabled the development of a genetic model to elucidate the hydrothermal 

processes and the evolution history of Azufre. 

3. Results  

Remote sensing results were visualized as intensity maps using a blue-to-red 

color scale, where cool tones (blue) represent low index values (indicating a 

lower probability of mineral presence), and warm tones (red) indicate high index 

values (suggesting a higher probability of presence). Integrated mineralogical 

maps were generated by combining these spectral indexes with the alteration 

minerals identified in the samples (Fig. 1). 

The identified alteration minerals were classified into eight groups: (1) native 

sulfur; (2) silicic phases (cristobalite, tridymite, quartz, chalcedony, opal-A, and 

opal-CT); (3) sulfates (gypsum, anhydrite, alunite, natroalunite, jarosite, 

natrojarosite, alunogen, and zircosulfate); (4) sulfides (pyrite); (5) Fe and Ti 

oxides (hematite, rutile, and anatase); (6) clay minerals (kaolinite); (7) epidote; 

and (8) albite. 

4. Discussion and conclusions. 

The identified alteration minerals from Azufre are grouped as: (1) 

alunite/natroalunite + jarosite/natrojarosite ± gypsum and (2) native sulfur ± 

cristobalite ± gypsum ± alunogen. These assemblages are characteristic of acid-

sulfate alteration, commonly associated with steam-heated blankets [10]. 

In volcanic settings, intense magmatic activity can give rise to near-surface acid-

sulfate alteration associated with steam-heated blankets, typically linked to 

geothermal systems [10]. Examples in the Chilean Andes include active 

fumarolic fields related to magmatic-hydrothermal systems, such as Nevados de 

Chillán [11], Cerro Pabellón [12] and the Cordón de Inacaliri Volcanic Complex 

[4]. The acid-sulfate stage typically forms when steam and gases (CO2 and H2S) 

separate from deeper chloride-rich boiling fluids in vapor-dominated 

environments, generating surface manifestations, such as fumaroles [10], as 

observed at the western flank of the northern edifice of Azufre volcano [1]. 

Steam-heated blankets form from H2S-rich fluids within the vadose zone and 

may occur in high-(HS), intermediate-(IS), or low-sulfidation (LS) epithermal 

environments [13], as well as in active geothermal systems [14]. At Azufre 

volcano, remnants of ancient fumarolic vents and slightly acidic hot springs (pH 
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6.72, 42 °C) contrast with the cooler (<25 °C), alkaline waters (pH >7.5) of the 

nearby Salar de Ascotán [1]. Although conspicuous surface manifestations are 

not present, the presence of thermally anomalous waters and characteristic 

alteration assemblages suggest that hydrothermal activity at Azufre remains 

ongoing. 

 

Figure 1. Landsat 8 band ratio (6/7 – 5/4) used to highlight clays, sulfates, and micas 

[9], integrated with the semi-quantitative distribution of alteration minerals on the 

eastern flank of the volcano. 

 

 

Acknowledgment: This project is funded by FONDECYT REGULAR N°1240153. 

References: 

[1] Godoy, B., González-Maurel, O., Harris, C., et al.: 'Evolution of the Azufre volcano (northern 

Chile): Implications for the Cerro Pabellón Geothermal Field as inferred from long lasting eruptive 

activity', J. Volcanol. Geotherm. Res., 2022, 423, (107472), pp. 107472. 

[2] Godoy, B., González-Maurel, O., Harris, C., le Roux, P., Lister, J.: 'Oxygen and radiogenic 

isotopes require different contamination paths in the Azufre volcano, Central Andes, northern Chile', 

J. South Am. Earth Sci., 2023, 128, (104451), pp. 104451. 

[3] Aedo, S.: 'Evolution of the Magmatic Reservoir beneath Azufre Volcano, Antofagasta Region', 

Bachelor's thesis, Univ. of Concepción, 2022. [Online]. Available: 

https://repositorio.udec.cl/bitstreams/f590be77-7327-47f7-acc8-2a1439c00392/download. 

[4] Maza, S., Collo, G., Morata, D., Cuña-Rodriguez, C., Taussi, M., Renzulli, A.: 'The hydrothermal 



 

 5 

alteration of the cordón de inacaliri volcanic complex in the framework of the hidden geothermal 

systems within the pabelloncito Graben (northern Chile)', Minerals (Basel), 2021, 11, (11), pp. 1279. 

[5] Rockwell, B., Gnesda, W., Hofstra, A.: 'Improved Automated Identification and Mapping of Iron 

Sulfate Minerals, Other Mineral Groups, and Vegetation Using Landsat 8 Operational Land Imager 

Data, San Juan Mountains, Colorado, and Four Corners Region', U.S. Geol. Surv. Sci. Investig. 

Map, 2021, 3466, pp. 1–37 

[6] Rosenberg, M.D., Wilson, C.J.N., Bignall, G., Ireland, T.R., Sepulveda, F., Charlier, B.L.A.: 

'Structure and evolution of the Wairakei–Tauhara geothermal system (Taupo Volcanic Zone, New 

Zealand) revisited with a new zircon geochronology', J. Volcanol. Geotherm. Res., 2020, 390, 

(106705), pp. 106705. 

[7] Aravena, D., Munoz, M., Morata, D., Lahsen, A., Parada, M.A., Dobson, P.: 'Assessment of high 

enthalpy geothermal resources and promising areas of Chile', Geothermics, 2016, 59, pp. 1–13. 

[8] Ito, G., Flahaut, J., González-Maurel, O., Godoy, B., Payet, V., Barthez, M.: 'Remote sensing 

survey of Altiplano-Puna Volcanic Complex rocks and minerals for planetary analog use', Remote 

Sens., 2022, 14, (9), pp. 2081. 

[9] Rockwell, B.W., Gnesda, W.R., Hofstra, A.H.: 'Improved Automated Identification and Mapping 

of Iron Sulfate Minerals, Other Mineral Groups, and Vegetation Using Landsat 8 Operational Land 

Imager Data, San Juan Mountains, Colorado, and Four Corners Region', U.S. Geol. Surv., 2021, 

3466, pp. 1–37. 

[10] Bobos, I., Gomes, C.: 'Mineralogy and Geochemistry (HFSE and REE) of the Present-Day Acid-

Sulfate Types Alteration from the Active Hydrothermal System of Furnas Volcano São Miguel Island, 

The Azores Archipelago', Minerals (Basel), 2021, 11, pp. 355. 

[11] Sepúlveda, F., Lahsen, A., Dorsch, K., Palacios, C., Bender, S.: 'Geothermal Exploration in the 

Cordón Caulle Region, Southern Chile', Proc. World Geotherm. Congr., 2005, Antalya, Turkey, pp. 

24–29. 

[12] Munoz-Saez, C., Manga, M., Hurwitz, S.: 'Hydrothermal discharge from the El Tatio basin, 

Atacama, Chile', J. Volcanol. Geotherm. Res., 2018, 361, pp. 25–35. 

[13] Hedenquist, J., Arribas, A.: 'Exploration Implications of Multiple Formation Environments of 

Advanced Argillic Minerals', Econ. Geol., 2021, 35. 

[14] Cumming, W.: 'Geothermal resource conceptual models using surface exploration data', Proc. 

Thirty-Fourth Workshop Geotherm. Reserv. Eng., 2009, Stanford, CA, USA, pp. 9-11. 

 

 

 


