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Abstract: Detailed mineralogical analyses in areas with surface hydrothermal alteration zones as-
sociated with recent volcanism (<1 Ma) in the Central Andean Volcanic Zone could provide key
information to unravel the presence of hidden geothermal systems. In the Cordón de Inacaliri Vol-
canic Complex, a geothermal field with an estimated potential of ~1.08 MWe·km−2 has been recently
discovered. In this work, we focus on the hydrothermal alteration zones and discharge products of this
area, with the aim to reconstruct the geological processes responsible for the space-time evolution leading
to the geothermal records. We identified (1) discharge products associated with acid fluids that could be
related to: (i) acid-sulfate alteration with alunite + kaolinite + opal CT + anatase, indicating the presence
of a steam-heated blanket with massive fine-grained silica (opal-CT), likely accumulated in mud pots
where the intersection of the paleowater table with the surface occurred; (ii) argillic alteration with
kaolinite + hematite + halloysite + smectite + I/S + illite in the surrounding of the acid-sulfate
alteration; and (2) discharge products associated with neutral-alkaline fluids such as: (i) discontinuous
pinnacle-like silica and silica deposits with laterally developed coarse stratification which, together with
remaining microorganisms, emphasize a sinter deposit associated with alkaline/freshwater/brackish
alkaline-chlorine water bodies and laterally associated with (ii) calcite + aragonite deriving from bicar-
bonate waters. The scarce presence of relics of sinter deposits, with high degree crystallinity phases and
diatom remnants, in addition to alunite + kaolinite + opal CT + anatase assemblages, is consistent with
a superimposition of a steam-heated environment to a previous sinter deposit. These characters are also
a distinguishing feature of paleosurface deposits associated with the geothermal system of the Cordón de
Inacaliri Volcanic Complex. The presence of diatoms in heated freshwater bodies at 5100 m a.s.l. in the
Atacama Desert environment could be related with the last documented deglaciation in the area (~20–10 ka),
an important factor in the recharge of the hidden geothermal systems of the Pabelloncito graben.

Keywords: clay minerals; surface hydrothermal alteration; steam heated; active geothermal system;
diatoms; Cerro Pabellón; Andean Cordillera; Chile

1. Introduction

Active Andean volcanism (<1 Ma) makes the Chilean Andes a region with great
potential in the development of geothermal energy, estimated, at least, in ~3000 MWe [1,2].
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This intense volcanism leads to areas of superficial acid-sulfate alteration associated with
a steam-heated blanket likely related to geothermal system [3–5]. Among the examples
in central Chile, the active fumarole areas of Nevados de Chillan can be cited [6,7], which
are linked to a hydrothermal-magmatic system, whereas in northern Chile these alter-
ation zones have been identified in the acidic discharge sectors (upflow) of several areas,
including the Cerro Pabellón hidden geothermal system [8–14].

The acid-sulfate stage is related to steam and gases (CO2 and H2S) that separate
from deeper chloride-rich boiling fluids in vapor-dominated systems developed from
hydrothermal-magmatic and/or geothermal sources, generating superficial steam-heated
features such as fumaroles, mud pots and steaming ground, as well as the outflow of
acidic water [3–5]. Distinctive surface and near-surface landforms and products such as
steam-heated blankets, sinters, native sulfur deposits and altered rocks are associated with
acid-sulfate stage.

A steam-heated blanket is formed from reactive H2S-bearing fluids in the vadose
zone above the groundwater table, and it can occur in the framework of high- (HS),
intermediate- (IS) or low-sulfidation (LS) epithermal deposits [15–17] and/or geothermal
fields [18,19]. This blanket is typically friable and consists primarily of fine-grained alunite,
kaolinite and cristobalite, with different mineral associations mostly controlled by temper-
ature (60–150 ◦C), pH and redox conditions [3–5], while the groundwater table, limiting
the subhorizontal bases of the steam-heated zones, typically produces fine-grained porous
to massive silicic rocks. Ancient steam-heated blankets generally have their friable upper
parts eroded by weathering, only preserving the siliceous layers. The fluctuation of the
groundwater table and various epithermal mineralization events can lead to multiple (and
complex) levels of steam-heated blankets, e.g., Yanacocha, Peru, [20].

Identifying the type of deposits associated at depth with regions of development of
steam-heated blankets can be a complex effort because these layers can mask diagnostic
characteristics of the surface record of different epithermal environments. For example, the
massive silicic rocks are diagnostic of acid lakes in high-sulfidation epithermal environ-
ments [3,21], and the sinters associated with intermediate- or low-sulfidation epithermal en-
vironments [3,16], can be confused with the very fine-grained silicic rocks of steam-heated
environments, making identification difficult [22–25]. Establishing the genesis of silicic
rocks and alteration mineral associations is critical in recognizing the different types of
epithermal/geothermal deposits. In this context, investigations using Scanning Electron
Microscopy (SEM) to observe mineral growth and transformation processes in siliceous
rocks, which are related to physico-chemical parameters such as temperature, pressure,
pH, redox state and time, may strongly help to address surface exploration [3,4,26,27].

This work is focused on the study of the hydrothermal mineralogy occurring in the
Cordón de Inacaliri Volcanic Complex (CIVC), located in the Central Volcanic Zone of
the Andes, near the Chile–Bolivia border. In the studied area, a significant 9 km2 halo
area of surface hydrothermal manifestations are identified [28]. In this paper, we will
discuss the evolution of mineral parageneses of the hydrothermal alteration deposits of the
CIVC, specifying the growth and transformation processes that occur in the silica phases,
discriminating among steam-heated deposits, massive silica and sinters. This distinction
will permit us to link the surface mineralogical records with the geothermal environments
at depth and the potential primary control of the regional structures in the migration of hot
fluids towards the surface.

2. Geological Overview

The CIVC is located between 4800 and 5200 m above sea level in the Antofagasta re-
gion (northern Chile), 45 km north of the El Tatio geysers and 9 km southeast from the Cerro
Pabellón geothermal plant. The CIVC shares the same NW–SE tectono-morphological
structure (the Pabelloncito graben) that controls the Cerro Pabellón geothermal field
(Figure 1) [29]. A ~9 km2 intense superficial, mainly fossil, hydrothermal alteration was
observed in the volcanic deposits of the CIVC located inside the graben (Figure 1) and
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includes local sites of steaming ground with soil temperatures ranging from 40 ◦C to 80 ◦C
and diffuse CO2 degassing, mainly related to an endogenous source [28].

The CIVC is part of the Pleistocene-age Palpana-Inacaliri volcanic chain [29–32] con-
sisting of three main NW-SE-aligned stratovolcanoes, with the Inacaliri volcano itself
located at the southern end of the graben [33] (Figure 1). The NW-SE graben orientation
is coincident with the defined Andean Transversal Faults, which cross the Andean belt
and constitute the main crustal routes for the migration of fluids towards surface [28,34].
Since 2017, the Cerro Pabellón geothermal field has been the only South American active
geothermal power plant with a 48 MWe capacity already installed, with an additional
33 MWe that will be finally running by the end of 2021.
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Figure 1. Simplified geological map of the Pabelloncito graben indicating the Cerro Pabellón geother-
mal power plant and the sampled areas of the Cordón de Inacaliri Volcanic Complex (CIVC) (modified
from Taussi et al. [28] and Sellés and Gardeweg [31]).

3. Methodology

Thirty-six samples of hydrothermally altered rocks and silica deposits from the CIVC
alteration zone were collected for this study. The sampling area was divided into 2 sectors
and includes and widens the regions described by Taussi et al. [28]. The alteration zones
developed parallel to the NW fault of the Pabelloncito graben in the western sector
(CIWS), and parallel and transversely to this fault in the eastern sector (CIES), follow-
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ing an ENE-striking lineament. In both sectors (CIES; samples IN-01 to 13; CIWS; samples
IN-14 to 36), the sampling was carried out mainly in hydrothermally inactive and/or fossil
areas. However, small crystals in concretions, altered rocks and silica deposits in specific
active small zones (where heated soils were recorded), were also sampled. Some of these
samples were subdivided into “a”, “b”, etc., specimens to distinguish sublevels of color or
texture changes.

The mineralogical characterization of the collected samples was carried out using
X-ray diffraction (XRD) on bulk rock and the clay fraction. The XRD data were obtained
with a Bruker D8 Advance and D2 Phaser diffractometers, with Cu-Kα and Co-Kα radi-
ation, respectively, and a Bragg-Brentano geometry at the Department of Physics in the
Facultad de Ciencias Físicas y Matemáticas, Universidad de Chile. Samples for bulk rock
analysis were dried at room temperature and 10 g were powdered in an agate mortar, ex-
amined through XRD between 2–80◦ 2θ and interpreted using the Match! 3.0 [35] software
and quantified through the Reference Intensity Ratio (RIR) method [36].

The different phases of silica were identified by their characteristic reflections. The
main diffraction bands for opal-A are centered at ∼4 Å (∼22.2◦ 2θCu-Kα; ∼25.2◦ 2θCo-Kα),
for opal-A/CT, opal-CT and opal-C at 4.09 Å (21.75◦ 2θCu-Kα; 24.75◦ 2θCo-Kα) and for
quartz at 4.257 Å (20.85◦ 2θCu-Kα, 23.85◦ 2θCo-Kα) [25,37–43]. The degree of crystallinity
of these phases was established from the ordering of the crystal lattice that is associ-
ated with the maximum width at the mean height (FWHM) of the different diffraction
bands [44,45]. The order of the crystal lattice increases with growth and transformation,
from non-crystalline opal-A and opal-A/CT to opal-CT and paracrystalline opal-C to, fi-
nally, microcrystalline quartz. FWHM values around 8.0◦ 2θ are characteristic of immature
opal-A, whereas values around 0.2◦ 2θ are typical of microcrystalline quartz, cf. [25].

The mineralogy of the <2 µm fraction was studied in both active and fossil zones.
Samples chips were: (i) washed in distilled water to remove salts, (ii) treated to remove
organic matter and calcite, (iii) separated by centrifugation and iv) mounted in oriented
aggregates [45]. XRD analyses of the clay fraction were carried out between 2 and 40◦ 2θ,
with a step size of 0.02◦ 2θ and a scanning time of 1 s/step. The mineralogical identification
of the clay fraction was conducted according to the positions of the basal reflections of
air-dried (AD), ethylene-glycol solvated (EG), heated to 500 ◦C for 4 h (C) XRD patterns [45].
Semi-quantification was carried out through the Mineral Intensity Factor (MIF) method [45].

The textural and morphological changes of the silica phases during growth and
transformation were analyzed in 10 samples from the alteration zone with a LEO VP1400
Field Emission Scanning Electron Microscope (FE-SEM) at the Laboratory of Experimental
Physics of the Pontificia Universidad Católica de Chile. The samples were mounted on
an aluminum stub and a SPI-MODULE sputter coater was used for Au–Pd alloy coating
under operations conditions of 2 mbar, 15 mA, and 50 s. Operating conditions of FE-SEM
were 15 keV accelerating voltage, spot size of 3 mm, and a working distance of 5 mm,
5–15 mA current, and 10–20 s counting time for each element.

After the characterization by XRD analyses, samples of the hydrothermal alteration
zones containing kaolinites were selected for kaolinite crystallinity index (KCI) measure-
ment [46]. Kaolinite was characterized in random powder samples (powder method) over a
range of 15–40◦ 2θ in steps of 0.02◦ 2θ and a scan-step of 1 s. The 020, 110 and 11ı̄ reflections
were used for Aparicio–Galán–Ferrell index (AGFI) calculations.

4. Results
4.1. Field Observations

In the CIVC hydrothermal alteration zone, an area of ≈9 km2 of pervasively altered
rocks was identified. In the CIWS, large inactive areas of whitish alteration, mostly com-
posed by kaolinite-alunite (Figure 2A), isolated silica deposits (Figure 2B,C), some of them
with pinnacle-like structures (Figure 2D), and fractures filled with carbonate deposits in the
topographically higher areas (Figure 2E) were identified. Active zones are also associated
with heated reddish and gray steaming grounds (40–80 ◦C, in situ measurements [28]),
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surrounding the pinnacle-like structures, with few mineral precipitates in concretions and
greenish to whitish centimetric efflorescence (Figure 2F).
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Figure 2. Sampling sites (circled black points) in the alteration area of the Cordón de Inacaliri Western Sector (CIWS).
(A) Steam-heated fossil alteration zone. (B,C) Relicts of silica deposits with a coarse stratification located at the periphery of
the steam-heated area. (D) Pinnacle-like silica deposits located in the active zone. (E) Carbonate deposits filling vertical
fractures in the periphery of the steam-heated area. (F) Concretions and efflorescence developed around or near pinnacle-like
silica deposits in the active zone with diffuse gas emission, and a detail (inset) of the contact of the oxidized surface with the
kaolinite-rich layer occurring few centimeters below.

In the CIES, the inactive zones are associated with an extensive development of the
whitish kaolinite-alunite rich regions along and parallel to the NW-striking lineaments of
the Pabelloncito graben (Figure 3A,B). These whitish areas are also recognized along the
ENE-striking ridge (Figure 3A,C,D), where massive vertical fossil structures composed of
sulfates also occur. At the intersection of these lineaments, local zones of steaming ground
are also recognized (Figure 3B).
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(A) Steam-heated fossil alteration zone with dashed line showing the trace of the NW and ENE lineaments. (B) Sample at
the intersection of the NW and ENE lineaments and the local zones of steaming ground (inset). (C) Massive vertical fossil
structures composed mainly of sulfates. (D) Close up of the sample site 07 in (C).

4.2. Alteration Zone Mineralogy

From the bulk rock and clay fraction XRD analyses, five mineral domains were
identified in the CIES and the CIWS alteration sectors: 1—kaolinite-alunite-opal CT;
2—alunite-gypsum; 3—calcite domain; 4—kaolinite-hematite-halloysite-illite-smectite and
5—silica phases (Figure 4).

The kaolinite-alunite-opal-CT domain (1) is the dominant association in both sectors
(Figure 4). This mineral association is composed by kaolinite (~36%), alunite (~36%) and
opal-CT (~28%), with anatase and (rare) opal-A (Figures 4 and 5) as minor components.
Kaolinite, accompanied by traces of illite, shows the highest proportions (~80%) at the
intersection of the NW and ENE lineaments and dominates the clay fraction. Analyses of
the reflections located between 20–25◦ 2θ suggest a high index of crystallinity (~1.56, KCI)
for kaolinites. The FE-SEM images highlight hexagonal crystals ~2 µm in size as book-like
stacks of platelets (Figure 6A,B) which are consistent with the relative crystallinity values.
In addition, a second population of individual hexagonal crystals of ~500 nm in size, with
acicular halloysite and anatase crystals (Figure 6C), was also identified.
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indicated by a red contour. In the silica phases (5), the location of the different types of silica deposit and microorganism
identified were also indicated.

The alunite-gypsum domain (2) was developed mainly in the CIES, at the end of
the ENE lineament, and is represented by alunite (20–94%) and gypsum (4–83%) as the
main phases (samples IN-04, 05, 06, 07, 08), associated with quartz, cristobalite and opal-A
in variable proportions (Figures 4 and 5). Negligible amounts of kaolinite, even rarer
mixed-layer R0-type I/S (~85% Sm), illite and, only in one sample, smectite were identified
in this domain. Layered gypsum (Figure 6D) and alunite crystals with etched and pitted
exterior surfaces (interpreted as the result of condensate acidic steam leaching) were also
observed (Figure 6A).

The calcite domain (3) was only observed in the CIES in relation to vertical fractures of the
volcanic rocks in the higher altitude areas, at the periphery of the kaolinite-alunite-opal-CT
domain (Figures 2E, 4 and 5). Calcite (between 20–75%), together with tridymite (30–70%),
cristobalite (<3%) ± aragonite, are the main identified phases. Noteworthily, an increase of
the proportion of calcite with altitude, coupled with a decrease of tridymite, was observed.

The kaolinite-hematite—halloysite-illite-smectite domain (4) developed in the active
zones of the CIES, on steaming grounds (Figures 2F, 4 and 5) superimposed or developed
together with alunite-anatase (domain 1) and quartz (domain 5). This domain (4) consists of
kaolinite (3–25%), hematite (5–45%), opal-CT (8–15%), illite (1–10%) and halloysite (1–5%).
The <2 µm fraction also shows the presence of illite and smectite. Concretions and saline
efflorescence formed by alunogen and cristobalite were also observed.

The silica phase domain (5) is only locally recognized, mainly in the CIWS and in
some few points of the CIES. It consists of three different types of deposits, whose areal
distribution varies from ~20 cm to 1 m: 1—massive silica deposits with lateral develop-
ment as surface layers within the fossil zone (domain 1, Figures 4 and 5); 2—discontinuous
pinnacle-like deposits (Figures 4 and 5) surrounded by red active steaming ground
(domain 4); and 3—deposits with lateral development characterized by a coarse strati-
fication (Figures 4 and 5), which occur, mainly, as relict and/or as boulders, associated with
the periphery of the fossil zone (domain 1).
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Figure 5. Representative X-ray powder diffraction patterns of the mineral domains in the hy-
drothermal alteration zone of the Cordón de Inacaliri Volcanic Complex. Abbreviations: alunite
(Alu); anatase (Ana); aragonite (Arg); calcite (Cal); cristobalite (Crs); gypsum (Gp); hematite (Hm);
illite (Ilt); kaolinite (Kln); opal-CT (opal-CT); plagioclase (Pl); quartz (Qz); tridymite (Try).
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Figure 6. (A) SEM-images of the mineral domain (1) showing lepisphere crystals of opal CT, hexagonal crystals of alunite
and kaolinite. (B) Detail of kaolinite with hexagonal crystals ~2 µm in size as book-like stacks of platelets. (C) Opal-C and
microcrystals of quartz and anatase crystals as aggregates. (D) Layered gypsum crystals. Abbreviations: alunite (Alu);
anatase (Ana); opal-CT; gypsum (Gp); kaolinite (Kln).

4.3. Description of the Silica Deposits and the Mineralogical Transformation Processes

Massive silica deposits with lateral development as surface layers developed both in
the CIWS and CIES. However, discontinuous pinnacle-like deposits and deposits with a
coarse stratification were only observed in the CIWS.

4.3.1. Superficial Massive Silica Deposits with Lateral Development as Surface Layers

In these deposits, massive white (samples IN-02, Figures 2A, 4 and 7A) and banded
silica textures (sample IN-03, Figure 7B) were recognized, consisting of cream-colored and
brown silica in alternating centimetric levels. In the CIWS, these massive silica deposits
have less areal distribution and mainly consist of discrete phases of opal-A (FWHM value
of 7.7–5.8◦ 2θ) and opal-A/CT (FWHM value of 5.8–2.7◦ 2θ), while in the CIES, the deposits
have greater lateral development and consist of opal-CT (FWHM value of 2.3–1.05◦ 2θ,
Figure 6C,D) with lesser proportions of quartz. In both sectors, these silica deposits are
associated with the kaolinite-alunite-opal-C domain (1). Quartz was also identified in
sample IN-07 associated with the alunite-gypsum domain (2) and, only through FE-SEM
analyses, in sample IN-13 associated with the kaolinite-alunite-opal-C domain (1).

Opal-A developed in a massive silica surface (sample IN-04, domain 2 alunite-gypsum)
was identified as incipient semi-nanosphere particles and isolated nanospheres of ~120 nm
in diameter, which are grouped in some sectors (Figure 8A,B). Furthermore, these particles
also occur as botryoidal >9 µm size clusters cemented by smooth silica matrix (Figure 8C).
On the other hand, micro-nanospheres (<1 µm) appear to be aligned in sets elongated into
rows of <10 µm with a width of ~400 nm (Figure 8D; sample IN-07, domain 2: alunite-
gypsum). The morphologies of grouped nanospheres and aligned micro-nanospheres
have been described as part of the early and second step of silica phases corresponding to
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the transformation from opal-A to opal A/CT [25,26]. This second step is marked by an
increase in bumpiness on the smooth opal-A spheres.
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Figure 8. SEM-images showing morphologies of the first and second step of the transformation
process from opal-A to microcrystalline quartz. (A) Semi-nanospheres of opal-A developed in a
massive silica surface. (B) Detail of the nanospheres of opal-A. (C) Botryoidal clusters with a >9 µm
extension of opal-A. (D) Morphologies of aligned micro-nanospheres corresponding to the second
step of silica phases maturation.
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When the aligned opal-A/CT nanospheres join to form beaded, somewhat jagged,
plates, the development of classic opal-CT bladed lepispheres occurs (Figure 9A,B, sample
IN-11, domain 1 kaolinite-alunite-cristobalite-anatase). These lepispheres retain an open
structure consisting of very thin sheets or plates as spherical, randomly oriented aggregates
of ~5 µm in diameter, which become parallel to each other when they are orthogonal to
the silica surfaces (Figure 9C,D). These morphologies correspond to the third step of silica
transformation process [25,26]. The randomly oriented bladed lepispheres occur after
contact with individual hexagonal crystals of kaolinite, indicating that both are part of the
same mineral assemblage (Figure 9E,F).
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Figure 9. SEM-images showing morphologies of the third step of maturation from opal-A to microcrystalline quartz.
(A) Mature opal-CT bladed lepispheres as spherical aggregates. (B) Detail of lepispheres showing open structures.
(C) Lepispheres consisting of very thin sheets or plates randomly oriented or parallel to each other when they are orthogonal
to the silica surfaces. (D) Detail of parallel sheets growing from massive silica. (E,F) Sheet or plates of opal-CT with
hexagonal kaolinite crystals.
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4.3.2. Discontinuous Pinnacle-like Silica Deposits

In these deposits, white-vitreous silica textures can be found alone (sample IN-17,
Figures 2D, 4 and 10A) or coupled with angular and spatially irregular fragments (sample IN-20,
Figure 10B). They are almost exclusively constituted by quartz (FWHM value of 0.15◦ 2θ)
with lesser proportions of opal-C (FWHM value of 0.68–0.28◦ 2θ) and, in few sub-samples,
opal-CT (Figure 9F).
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Figure 10. Representative hand specimen photographs and XRD diagrams of discontinuous pinnacle-like silica deposits.
(A) White and vitreous silica texture preserving a semi-circular conduct constituted by quartz and cristobalite. (B) Spatially
irregular fragments with white and vitreous silica textures of quartz.

In these samples, morphologies of blocky nanostructures of ~10 µm in diameter and
clusters of nano-rods with a length of 15 µm were identified (Figure 11A–C; samples IN-14
and 15, domain 5 silica phases). Opal-C morphologies are also recognized in the domain 1
(kaolinite-alunite-opal-CT) associated with the intersection of the NW and ENE lineaments
and locally affected by steaming grounds (sample IN-13), where thin to very thin randomly
oriented plates were observed (sample IN-13, Figure 11D). These morphologies correspond
to the fourth step of the transformation process [25,26] that leads to the change of opal-CT
bladed lepispheres to randomly oriented thin to very thin plates or blocky nanostructures
of opal-C.
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In these pinnacle-like silica deposits, the fifth step of the transformation process that
leads to a restructuring of nano-rods or nanostructures of opal-C to microcrystalline quartz
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was also observed. Hexagonal quartz crystals appear to be grouped with smooth and
well-defined faces ~10 µm long (Figure 12A,B, sample IN-14 and 15, domain 5 silica phases).
In some sectors, there are etched and pitted exterior surfaces related to acidic condensed
steam attack (Figure 12C). Hexagonal quartz crystals were also identified, as well as opal-C
morphologies, in the NW and ENE lineaments intersection zone (sample IN-13, domain 1),
characterized by an individual development with smooth and well-defined faces with a
length of 3–9 µm (Figure 12D,E).
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(C) Etched and pitted exterior surfaces related to acidic condensed steam attack. (D,E) Hexag-
onal quartz crystals with an individual development with smooth and well-defined faces, and
also lepispheres of opal-CT and nano-rods of opal-C. (F) Remnants of diatoms Thalassionema nitzs-
chioides (Grunow) Mereschkowsky. (G) Remnants of diatoms Cocconeis Placentula Ehrenberg preserved
in pinnacle-like sulfate deposit in the ENE-striking ridge area. (H) Fragments of diatoms valves and
raphidean canals.

In these pinnacle-like silica deposits and in the ENE-striking ridge area, where
pinnacle-like sulfate deposits were found, the presence of quartz was recognized, and remnants
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of diatoms Cocconeis Placentula Ehrenberg and Thalassionema nitzschioides (Grunow) Mereschkowsky
were found to be preserved (Figure 12F,G). These diatoms maintained the internal structures
showing silicified valves and remnant from part of the raphidean canal (Figure 12H).

4.3.3. Silica Deposits with Laterally Developed Coarse Stratification

These silica deposits occur toward the peripheral zone affected by steam-heated
alteration. They consist of an alternation of opaque white silica with porous reddish
silica textures (sample IN-30, Figures 2B, 4 and 13A), and coarse laminated silica textures
(sample IN-33) with an alternation of white and glassy levels and botryoidal textures
surfaces (Figure 13B).
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Figure 13. Representative hand specimen photographs and XRD diagrams of the silica deposits with laterally developed
coarse stratification. (A) Alternation of opaque white silica and reddish porous silica with opaque white silica textures
consisting of opal-CT and lesser amount of quartz. (B) Coarse laminated white and glassy silica textures of quartz.

Deposits with porous textures were identified as opal-CT (sample IN-30; FWHM
value of 2.3–1.05◦ 2θ), while in laminated levels, quartz (sample IN-33; FWHM value of
0.15◦ 2θ) was recognized. These deposits show morphologies similar to those previously
described, with hexagonal quartz grouped crystals (Figure 14A,B), and a lesser proportion
of etched and pitted exterior surfaces associated with acidic condensed steams leaching.
The preserved microorganisms are also similar, with remnants of diatoms Amphora sp.
(sample IN-30; Figure 14C), remnants of diatoms from parts of valves and raphidean canal
(Figure 14D), as well as fine to very fine filament textures of ~1.4–2.4 µm exterior diameters
partially infilled or replaced by opal-A/CT (sample IN-33; Figure 14E,F). According to
their diameters, these filaments are inferred to represent high temperature microbes [40].

The XRD results in the silica phases allowed us to identify more intense dissolu-
tion/precipitation and transformation processes in the CIWS (opal-CT, opal-C, quartz) than
in the CIES (opal-A, opal-A/CT, opal-C). However, in the analyzed deposits, variations
wereobserved in both the reflections and the FWHM values of the silica phases between
samples with short vertical distances (<5 mm), thus indicating that the transformation
processes between phases took place discontinuously.
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Figure 14. SEM-images showing the fifth step of the transformation process from opal-A to micro-
crystalline quartz and preserved microorganisms. (A) Well-developed quartz crystals with opal-C
nanostructures. (B) Minor-developed quartz crystals with respect to those in Figure (A). (C) Remnants
of diatoms Amphora sp. preserved in silica deposits with laterally developed coarse stratification.
(D) Fragment of diatoms from part of valves and raphidean canals. (E) Silicified fine microbial fila-
ments forming very porous filamentous networks. (F) Exterior diameter measurements of filaments
partially infilled or replaced by opal-A/CT.

5. Discussion
5.1. Types of Alteration and Formation Environment

The different five mineralogical domains defined in the hydrothermally altered studied
area, as well as the morphological and textural identified features, allow the definition of
the following mineral assemblages:

(i). kaolinite + alunite + opal-CT + anatase (domain 1);
(ii). alunite + gypsum (domain 2);
(iii). calcite + aragonite (domain 3);
(iv). kaolinite + hematite + halloysite + smectite + I/S + illite (domain 4);
(v). opal-CT (domain 5);
(vi). quartz (domain 5).

These mineral assemblages occur spatially superimposed and permit the definition
of an acid-sulfate stage coexisting with neutral-alkaline and acid fluids surface and pa-
leosurface discharge products, likely associated with the development of a geothermal
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system. In order to outline a superficial dynamic space-time reconstruction of this complex
environment of crystallization of the above assemblages, a series of discharge products are
described below.

5.1.1. Discharge Products Associated with Acid Fluids
Acid-Sulfate Alteration

This alteration stage is represented by the mineral assemblages (i), (ii) and (v)
(domains 1, 2 and 5). The assemblage (i) kaolinite + alunite + opal-CT + anatase shows the
most widespread areal distribution (domain 1), and it is laterally associated with the assem-
blage (ii) alunite + gypsum and (v) opal-CT (see Figure 4). These mineral assemblages were
identified both in the CIWS and the CIES, although the assemblage (ii) was mainly mapped
in the CIES and discontinuously in the CIWS. The assemblage (v) opal-CT corresponds to
superficial massive silica horizontal levels with discontinuous lateral development.

The assemblages (i), (ii) and (v) have been documented as part of the steam-heated
blanket [3–5,12] and correspond to a zoned distribution within the upper and friable
zone. The steam-heated blankets are formed in the vadose zone above groundwater table
from acidic-pH fluids (pH < 4) produced by the condensation of vapors from geothermal
waters with temperatures between 60–120 ◦C, which caused acid-sulfate alteration and
consequently low density [3–5,15,47,48]. Much of the silica precipitated in the groundwater
table typically derives from the dissolution of volcanic glass contained in tuffs, and forms
in the vadose zone by condensed steams. The assemblage (v), precipitated at pH of ~2–3,
could be the product of intense alteration from this acidic fluid, and it likely accumulated
in mud pots where the intersection of the paleowater table with the surface may have
occurred. Finally, assemblage (i) represents the typical spreading mineral association with
acidic (pH 2–4) conditions [3–5]. The presence of alunite and gypsum in the assemblage (ii)
could also be recorded in fumarole products of sulfates-bearing fluids, common in these
systems, e.g., [47–52].

The acid-sulfate alteration was identified both in the active and fossil zones, and
its elongated shape along the NW lineament is consistent with a structural control. In
addition, it is also recorded along the ENE-striking ridge, where assemblages (i), (ii) and (v)
corroborate the development of these steam-heated blankets. It is worth mentioning that at
the intersection between both NW- and ENE-striking lineaments, there are areas of active
steaming ground (>50 ◦C [28]) and elevated CO2 emissions. Higher proportions of kaolinite
with high crystallinity in these specific areas are consistent with higher temperature and/or
permeability in superficial conditions [52,53].

Argillic Alteration

This alteration is defined by the assemblage (iv) kaolinite + hematite + halloysite +
smectite + I/S (~85%Sm) + illite [4,16–18] and is documented in the CIWS along the ENE
transversal lineament and as traces in the alunite + gypsum domain (domain 2), while
developing in the active zones of the CIES on steaming grounds associated with quartz
deposits (domain 5) or kaolinite + alunite + opal-CT + anatase (domain 1).

Assemblage (iv) appears to be associated with a steam-heated blanket and can be
interpreted as a distal product of the same environment, reflecting the conditions of neu-
tralization and cooling of acidic hydrothermal fluids likely produced by the interaction
of the latter with the host rock and circumneutral meteoric waters, and/or with shallow
aquifers [12,54–58]. In the same way, mixed-layer I/S + illite suggests slightly acidic to
neutral conditions, although with higher temperatures than those inferred for smectite-
kaolinite-halloysite association (i.e., 100–250 ◦C) [11,59–61], and a predominance of CO2
vapors leading to the development of an argillic alteration below the superficial hydrother-
mal environment (and likely below the water table level) [16].
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5.1.2. Discharge Products Associated with Neutral-Alkaline Fluids

These deposits are constituted by the assemblage (iii) and (vi) [3,4,62,63]. The as-
semblages (vi) quartz and (iii) calcite + aragonite were mapped in the CIWS towards the
periphery of the zones affected by acid-sulfate alteration and as filling of vertical fractures.
The assemblage (vi), composed by microcrystalline quartz, is associated with discontinuous
pinnacle-like and other silica deposits with laterally developed coarse stratification.

The presence of biogenic material associated with microcrystalline quartz (diatoms
and microbial filaments, see Section 4.3; Figures 12 and 14 for more detail) is consistent
with alkali-chloride spring discharge [40,44], which would have taken place locally in the
alteration areas of the CIVC. In this context, silica deposits can be interpreted as siliceous
sinter generated from alkali-chloride hot spring discharge, derived from deep reservoirs
with temperatures >175 ◦C [3,44,64]. The association of siliceous material with sinter deposits
is also supported by the morphology of well-developed hexagonal microcrystal of quartz,
diagnostic of dissolution/growth and transformation processes [26,65] linked to aging of the
opal–quartz series, that allows to differentiate them from hydrothermal quartz deposits [25].

In the case studied here, silica deposits <1 m thick suggest a low flow rate during
their formation. As these sinter deposits accumulate, distinctive textures were formed:
(a) discontinuous pinnacle-like silica deposits related to high temperatures vents, and (b) sil-
ica deposits with laterally developed coarse stratification associated with intermedium and
low temperatures in the distal areas. In the latter, filamentous textures associated with high
temperatures in environments from intermediate to distal zones from the vent [40,41,65]
were identified.

The presence of biogenic material in the sinters could be associated with the initial
event of their formation, with a water temperature <100 ◦C [44], which allows the preser-
vation of the biogenic (such as microbes or plants) and non-biogenic material present on
the surface, thus recording paleoenvironmental conditions [65]. In this initial event, silica
is deposited as non-crystalline opal-A. The coexistence of biogenic material and quartz
makes it possible to interpret, on one hand, the environment of formation and, on the other
hand, the superficial intense dissolution/growth and transformation processes of the initial
opal-A to microcrystalline quartz.

Finally, calcite associated with these silica deposits, mainly filling fractures in slight
to intermediate altered volcanic rocks, is interpreted as deriving from bicarbonate waters
discharge product [3] in the most peripheral zones of the hot springs. Overall, the assemblages
(vi) quartz and (iii) calcite are thought to be associated with a high-relief geothermal system [3].

5.2. Silica Deposits and Their Implications in the Reconstruction of the Subsurface Environment

As mentioned above, the study of surface and paleosurface products and their space-
time relations could be very useful to discriminate their association with HS, IS or LS
epithermal deposits at depth [3–5,15] and/or with geothermal systems. In the case of
silica deposits, proximal sinters could suggest hidden IS to LS epithermal deposits, as
well as the presence of geothermal reservoirs [18,19]. Instead, products associated with
a steam-heated blanket, such as the groundwater table silicified and the friable surface
layer, are less diagnostic features because they can alternatively occur above HS, IS or LS
epithermal systems and, moreover, because they can be easily mistaken with silica deposits
from other origin. Since geothermal systems can remain active even after the cessation of
surface discharges, such as hot springs or fumaroles, ancient sinter deposits are an excellent
tool in exploring blind or hidden geothermal fields [3,4,27].

The different mineralogical silica phases, linked to different mineral assemblages,
in the alteration deposits of the CIVC, allow us to clearly discriminate two different
compositional discharge records from silica deposits during the hydrothermal history
(Figure 15). The first event (Figure 15B), characterized by sinter deposits, is typically
formed from alkali-chloride hot spring discharges. The formations associated with this
event are: (a) discontinuous pinnacle-like silica deposits and (b) silica deposits with laterally
developed coarse stratification. Key and diagnostic features in these deposits include the
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presence of biogenic materials associated with quartz recording the chemical composition
of the fluids discharge at the surface, and the morphologies of hexagonal quartz crystals
that indicate dissolution/growth and transformation processes [25,44].
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Both the Thalassionema nitzschioides (Grunow) Mereschkowsky and Cocconeis Placentula
Ehrenberg Amphora sp. diatoms (Figures 12F,G and 14C), corresponding to benthic species
that grows adhered to some substrate, identified in the CIWS sinters, as remnants fil-
aments replaced by opal A/CT (Figure 14C,D), are characteristic of chlorine/saltwater
and alkaline/freshwater/brackish environments, respectively. Diatoms have also been
recognized in other alkaline geothermal environments associated with sinters such as those
at the Steamboat Springs [44,64,66,67] and in recent deposits of the Atacama Desert [68].
The filaments appear to be laterally associated with calcite, which is consistent with the
inferred alkali chloride waters discharge conditions for the formation of the biological
material [40,65].

The second event (Figure 15C), characterized by deposits associated with steam-heated
blanket, is closely linked to the formation of (1) massive fine-grained cream-colored silica
(mainly opal-CT), with the typical morphology of bladed lepispheres and scarce or absent
kaolinite-alunite and (2) the spread opal-CT linked to the kaolinite-alunite-opal-CT-anatase
assemblage, which appears in friable to occasionally massive deposits. The former repre-
sents an acid discharge product where amorphous silica sediment accumulated in mud pots
at the intersection of the paleo water table with the surface, or, alternatively, as an intense
alteration product, while the latter is interpreted as the upper part of the steam-heated
blanket. The biogenic material also appears in the CIES together with the alunite-gypsum
domain associated with the steam-heated blanket, whose precipitation conditions (pH 2–4)
are not consistent with the inferred alkaline discharge fluid. This constitutes a clear record
of superimposition of an acidic discharge fluid (steam-heated blanket) and an alkaline
discharge fluid (sinters).

In the area of an active steam-heated blanket with diffuse CO2 degassing described by
Taussi et al. [28] for the CIWS, quartz in the discontinuous pinnacle-like silica deposits sur-
rounded by red soils with kaolinite-hematite-halloysite-smectite-illite (domain 4) coexists with
gray soils with steam-heated alterations characterized by kaolinite-alunite-opal-CT-anatase
and lesser proportions of alunogen (Figure 2F). The timing of these two contrasting com-
positional discharge in the study area can be inferred from the dissolution/growth and
transformation processes identified in the silica phases from each deposit.

The microcrystalline quartz in sinter deposits, which is an end member in the miner-
alogical transformation of the opal-A [25,44,64], allows us to infer intense dissolution and
growth processes, which are not observed in steam-heated deposits, mainly constituted
by opal-CT. This difference could suggest that the sinter deposits and their mineralogical
transformation would have taken place prior to the formation of the steam-heated blanket.

Consequently, based on the silica phases recorded in the investigated alteration de-
posits, the following temporal sequence is proposed:

1. Precipitation of silicious sinters from alkaline spring discharges with microorganic
activity, where the opal-A precipitation would have taken place. It currently appears
as microcrystalline quartz in pinnacle-like silica deposits and silica deposits with
coarse stratification.

2. Early dissolution/growth and transformation processes. During these processes, the
transformation from opal-A to microcrystalline quartz begins, and the coexistence
of characteristic morphologies such as nano-microstructures and hexagonal micro-
crystals (Figure 12) emphasize a gradual and gradational process. The transformation
rates vary among sinters because post-depositional conditions can accelerate or de-
lay these processes. Although reports regarding the transformation rates of opal
to quartz are in the order of thousands of years [26], the different step of degree of
crystallinity of the silica deposits cannot be directly extrapolated as time indicators
because this process also depends on factors such as altitude, temperature, pH and
sulfur deposits [26].

3. Alteration/precipitation in a steam-heated environment. At this period, the opal-CT
in the silicified layer and the spread opal-CT with kaolinite-alunite-anatase in the
friable layer would have formed and partially developed on sinter deposits.
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4. Dissolution/growth and transformation processes are accelerated by acidic fluids.
The development of transformation processes in the steam-heated environment would
have been enhanced by bringing to the transformation of opal-CT to opal-C to quartz,
with a predominance of this last phase, but coexisting with the preceding phases,
thus suggesting a gradual transformation. Different authors recognize that the re-
placement of silica occurs laterally in the form of patch textures on a millimetric
scale [25,26,44,69]. Putnis [70] reported that a change from one silica polymorph to
another, such as from tridymite to cristobalite or quartz, requires bond breakage and
the creation of a new structure. This process leads to reconstructive transformations
and provides a mechanism for extremely fine-scale intergrowths between the different
polymorphs, allowing the co-existence of more than one silica phase at any given
time. It is possible that the presence of acidic fluids accelerated the transformation
processes in the sinter deposits. Experimental studies [26] show that condensed acid
vapors favor the transformation rate, dissolving opal-A and generating quartz after
21 weeks. Both in steam-heated blanket and sinters (to a lesser extent), dissolution
textures show interaction with acidic fluids (Figure 12C).

5. Re-precipitation process associated with the present-day diffuse degassing fluxes.
This actual event would be associated with dissolution and scarce and local formation
of amorphous silica coupled with its transformation to opal-A, from acidic fluids.
These variations in size and morphologies of the silica phases generate changes in the
physical characteristics of the sinters. In general, there is an increase in density and a
decrease in porosity with the development of mineralogical processes, although this
tendency is still debated [44,71].

The sum of the data listed above makes it possible to differentiate the silica deposits
associated with steam-heated blanket from previous relicts of siliceous sinter deposits. For
the investigated deposits in the alteration zone of the CIVC, it is proposed that both the
steam-heated blanket and the siliceous sinter deposits would be associated at depth with
an active alkaline-chlorine geothermal environment. This is consistent with the high soil
temperatures and the CO2 diffuse degassing recorded by Taussi et al. [28]. In addition,
neutral-pH water conditions were found in drilling cores for the clay cap of the Cerro
Pabellón geothermal system [11] as well as for the propylitic zone, where pyrite and
chalcopyrite with high metals concentrations were determined and associated with IS
epithermal deposits [72,73].

5.3. Hydrothermal, Structural and Paleoclimatic Interactions in the Geothermal Systems of
Northern Chile

Concerning the alteration zone of the CIVC, the interaction of the hydrothermal
system, the structural setting and the paleo-climatic fluctuations all contributed, most
likely, to the formation and evolution of the geothermal system. The role of these factors
seems to be of major relevance in prospecting possible geothermal systems in other areas
of northern Chile. As presented in this paper, the silica deposits of the CIVC are linked
to a complex magmatic and hydrothermal history coupled with structural, paleoclimatic
factors and sedimentary and mineralogical transformation processes, the results of which
are recorded in the physical, chemical and biological changes of the alteration/precipitation
of the investigated deposits.

The alteration zone of the CIVC was developed between 4800 m and 5200 m a.s.l. in
the Atacama Desert, with little or no vegetation, low rainfall and surface runoff, which
favor the excellent preservation conditions of processes and features associated with su-
perficial and paleo-superficial landforms and the products of the hydrothermal system.
Silica deposits located in the CIWS and the CIES associated with sinter deposits are charac-
terized by biological remnants of diatoms and filaments that indicate surface freshwater
bodies (not existing nowadays, Figure 15). This feature at 5100 m a.s.l. in the Atacama
Desert, where water bodies are currently restricted to the presence of salt flats located
at ~4000 m a.s.l., could be related to the last glaciation–deglaciation event that occurred
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~20–10 ka ago [74–76]. The formation of fresh-water bodies could have therefore been
associated with the availability of meltwater, constituting an appropriate environment for
biological activity [75]. Furthermore, this contribution of meltwater to the substrate could
have been a key factor in the fluid recharge for both the Cordón de Inacaliri and Cerro
Pabellón geothermal reservoirs, giving rise to siliceous sinter deposits. In this sense, water
samples from the Cerro Pabellón geothermal plant production wells indicate residence
time within the order of several thousand years [77], comparable to the older paleo-sinter
deposits of El Tatio, dated by 14C [78] at 10.8 ka. As suggested by Morata et al. [77], these
data support a long-lived fluid circulation and continuous geothermal activity, probably
triggered by deglaciation in the Altiplano (~20–10 ka) [75]. Moreover, the distribution
of sinter deposits shows a close spatial relation with the framework of fractures and/or
lineaments array of the Pabelloncito graben. Recently, Taussi et al. [79] and [28] showed
how diffuse soil CO2 degassing circulation and soil temperature anomalies are controlled
by NW- and ENE-striking lineaments of the graben, which are also a key factor in the
mineralogical alteration/precipitation processes [12]; this work, Figure 15. In the CIVC, the
higher CO2 fluxes (>100 g m−2 d−1) and temperatures (>55 ◦C) are not strictly related to the
NW- or ENE-striking lineaments, but mainly occur at the intersection of both, suggesting
that these two tectono-morphological lineaments play a fundamental role in controlling the
ascent of the hydrothermal fluids [28], similarly to the Tolhuaca hydrothermal system [80].

Nevertheless, little is known about the fluctuation of the groundwater table during
the Holocene, and consequently about the distance between the paleo-surfaces and paleo-
groundwater tables in the Atacama Desert. Based on present-day records, it is assumed that
this distance would have been variable, from zero close to low relief areas, up to several
hundred meters in steep terrain, especially where arid climatic conditions prevail [81]. In
addition, fluctuations at depth of the groundwater table would have taken place, which are
associated with variations in the surface water discharge regime (neutral to alkaline-acidic)
that are common in these types of high reliefs geothermal systems [44,82,83].

The aforementioned deglaciation process could have contributed to the formation of
superficial aquifers that were heated by the remaining heat of volcanism in the graben
(i.e., the youngest dacite domes erupted <150 ka [84]), giving rise to the formation of the
steam-heated blanket. These acidic discharge fluids would have generated the imma-
ture silica deposits (opal-A, opal-A/CT) and dissolution/re-precipitation, associated with
kaolinite-alunite-anatase, superimposed to the older sinter deposits.

The condensed acid vapor fluids from boiling processes generated in the deep geother-
mal reservoir, besides generating the steam-heated blanket, would have affected previous
siliceous sinter deposits. These acid vapors would have been constituted by SO4 and/or
H2S, which is inferred from the presence of alunite and gypsum and would have been
responsible for accelerating the dissolution-precipitation processes.

Currently, a low rate of superficial fluids, consisting of steam and diffuse CO2 with
very little sulfur presence, dominates. This could be partially related with the low recharge
rate of the system, mostly associated with the recharge of water produced during the last
deglaciation. In addition, the descent in the groundwater table associated with fluctuations
in the hydric water system of the region (which is consistent with the high-flow rate of
geothermal fluids in the Tatio Geysers at 4200 m. a.s.l. [85] and 45 km far away from
Cordón de Inacaliri) should be also considered. Another alternative hypothesis would be a
decrease in enthalpy in this sector associated with the greater distance from the last dacite
volcanism events located between Pampa Apacheta and the Apacheta-Aguilucho Volcanic
Complex (Figure 1), close to the Cerro Pabellón geothermal plant [84,86].

In summary, the inter-relations between the structural setting of the Pabelloncito
graben, the remnant of heat from the youngest dacitic volcanism in the area and the
glaciation–deglaciation history in this region may have all contributed to the formation
of the geothermal reservoirs in the Pabelloncito graben (i.e., Cerro Pabellón and Cordón
Inacaliri areas) and would also be responsible for the hydrothermally altered volcanic rocks
on the surface.
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6. Conclusions

Six different mineral assemblages were identified in the surficial hydrothermal al-
teration zone (with distinct five domains) of the Cordón de Inacaliri volcanic complex
(CIVC), allowing the definition of an acid-sulfate stage associated with the development
of a geothermal system. The assemblages (i) kaolinite + alunite + opal-CT + anatase;
(ii) alunite + gypsum; and (v) opal-CT all define an acid-sulfate alteration, whereas
(iv) kaolinite + hematite + halloysite + smectite + I/S + illite represents an argillic al-
teration. The mineral assemblages of the acid-sulfate alteration match well with a steam-
heated environment associated laterally with clay phases such as smectites or mixed layer
I/S. On the other hand, the mineral assemblages (vi) microcrystalline quartz, together
with remnants of microorganisms (Thalassionema nitzschioides (Grunow) Mereschkowsky,
Cocconeis Placentula Ehrenberg, Amphora sp. diatoms and remnants of filaments) in micro-
crystalline quartz deposits, define sinter deposits linked to alkaline-chlorine water hot
springs laterally associated with (iii) calcite + aragonite deriving from bicarbonate waters.
The analyzed surface data cluster allows us to link the paleosurface products with a still
active, recently discovered, geothermal system at depth with an estimated preliminary
potential of ~1.08 MWe·km−2 [28].

Detailed silica phase studies within the alteration zone of the CIVC show five clearly
differentiated steps of mineralogical transformation corresponding to the opal–quartz
sequence and peculiar features for the deposits associated with two different discharge fluid.
As part of the deposits associated with the steam-heated blanket, we identified that the
first three phases are marked by the prevalence of opal-A, opal-A/CT and opal-CT, which
appear as massive silica accumulated in mud pots, and spread opal-CT within the kaolinite
+ alunite + opal-CT + anatase assemblage, indicating discharge products associated with
acid fluids. In the sinter deposits, typical of alkali-chloride hot spring discharges, we
identified: 1- discontinuous pinnacle-like silica deposits and 2- silica deposits with laterally
developed coarse stratification. Paracrystalline to microcrystalline phases such as opal-C
and quartz prevail in both deposits. Here, the presence of diatoms and microbe filaments
indicate alkaline/freshwater/brackish water bodies. The scarce presence of relics of sinter
deposits, with a high degree of crystallinity phases and diatoms remnants, in addition to
sulfate deposits, are consistent with the overlapping of a steam-heated environment to a
previous sinter environment. The coexistence and association of steam-heated blanket with
sinters deposits is peculiar of geothermal systems, and similar to what was found at Cerro
Pabellón, which could host an IS epithermal environment.

The areal distribution of the steam-heated blanket shows a close relationship with the
structural configuration of the graben, with a greater development along the NW linea-
ments parallel to the main structure and at the intersection zones with ENE lineaments,
in agreement with the spatial arrangement of the soil CO2 flux and temperature anoma-
lies [28]. The presence of diatoms and microorganisms at 5100 m a.s.l. in the Atacama
Desert associated with heated freshwater bodies could also have had a relationship with the
last documented deglaciation in the area (~20–10 ka) [75] that could have been represented
an important factor in the recharge of the geothermal systems within the graben.

In the case of the mineralogical alteration zone of the CIVC, the interaction of the
hydrothermal system, the structural setting, the recent acid (dacite) magmatic activity
and the paleo-climatic fluctuations closely match in the generation and evolution of the
geothermal system, allowing the development of an acid-sulfate stage, which was recorded
at the surface by early sinters with remnants of microorganisms and later with the overlay
of a steam-heated blanket.

As pointed out for the Cordón de Inacaliri (1.08 MWe·km−2) and Cerro Pabellón
(48 + 33 MWe) geothermal systems, both representing hidden reservoirs within the Pa-
belloncito graben, the present study unravels key factors and processes which are of
paramount importance in the exploration of other hidden geothermal systems throughout
the Altiplano Puna of the Central Andes.
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