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Abstract: The interplay between a heat source, primary plus secondary permeability, and hydrother-
mal fluids makes geothermal systems a highly dynamic environment where evolving physico-
chemical conditions are recorded in alteration mineralogy. A comprehensive characterization of
hydrothermal alteration is therefore essential to decipher the major processes associated with geother-
mal system development. In this study, we defined the hydrothermal mineralogical evolution of
the Nevados de Chillán Geothermal System (NChGS), located in the Southern Volcanic Zone (SVZ)
of the central Andes, where the regional framework of the system is formed by a direct association
with a currently active volcanic complex, a favorable structural control, and vertically inhibited
fluid circulation. To characterize the secondary mineralogy present in the NChGS, we integrated
optical petrography, Scanning Electron Microscopy (SEM) observations, X-ray Diffraction (XRD)
analysis, and microthermometric measurements along a drill core with a depth of 1000 m at the
Nieblas-1 well. These mineralogical approaches were combined with a structural field analysis
to highlight the relevance of multidisciplinary study in understanding active geothermal systems.
The results indicated that the evolution of the system involved four paragenetic stages, with the
main processes in each phase being the heating, boiling, and mixing of fluids and re-equilibration
to new physico-chemical conditions. Additionally, three hydrothermal zones were recognized: an
upper argillic section, an intermediate sub-propylitic zone, and a deep propylitic domain. Sampled
thermal springs are characterized by pH values of 2.4–5.9 and high SO4

= concentrations (>290 ppm).
These acid-sulfate steam-heated waters suggest the contribution of primary magmatic volatiles to
the hydrothermal system. Alunite recorded in the alteration halos of veinlets presents at depths of
170–230 m denote the circulation of acidic fluids at these levels which were favored by reverse faults.
These findings indicate that, at this depth range, the condensation of magmatic volatiles into shallow
aquifers controls the recharge area of the superficial thermal manifestations. Conversely, deep-seated
hydrothermal fluids correspond to near-neutral chloride fluids, with salinities ranging from 0.1 to 6.9
wt.% NaCl eq. The distribution of illite/smectite and chlorite/smectite mixed-layered minerals out-
line the presence of a significant clay cap, which, in this system, separates the steam-heated domain
from the deep hydrothermal realm and restricts fluid circulation to existing permeable channels. Our
mineralogical and structural study provides critical data for the interpretation of heat–fluid–rock
interaction processes in the NChGS. The interplay between hydrothermal fluids and active faults is
also discussed in the context of the complex of geological processes in active geothermal systems
along the Chilean Southern Volcanic Zone.
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1. Introduction

The processes that control hydrothermal alteration have been shown to form in highly
dynamic systems, and their evolution is framed by both regional and local factors. In
geothermal systems, such factors include, at a regional scale, the tectonic and volcano-
magmatic setting, and, at a local scale, the lithology of the host rocks, the physical and
chemical features of hydrothermal fluids, the hydrogeological context and the presence of
primary and secondary permeability [1,2].

Studies of hydrothermal alteration have proven to be essential in defining both the
existing architecture of geothermal and epithermal systems and in unraveling the frame-
work under which such systems developed (e.g., [3–6]). The sensitivity of minerals to
changes in temperature and the chemical composition of hydrothermal fluids has enabled
the evaluation of thermodynamic and compositional conditions in different stages in the
evolution of hydrothermal systems [7]. Moreover, the direct analysis of paleo-hydrothermal
fluids preserved in fluid inclusions (FIs) has allowed researchers to unravel changes in
temperature profiles and fluid compositions and depict the fluid phases associated with
the preceding conditions (e.g., [5,8,9]).

In addition to fluid–rock interactions, the heating, cooling, mixing, and boiling of
fluids are also prevalent in geothermal systems [4,8,10]. These processes have been assessed
through the petrological analysis of alteration mineralogy and the chemical analysis of
hydrothermal fluids. The response of hydrothermal minerals to changes in the physico-
chemical conditions has further clarified the link between magmatic and hydrothermal
systems. In locations where the heating, cooling, mixing, and boiling of fluids occur, such
as in volcano-hosted geothermal systems, changes brought about by the input of magmatic
volatiles are in part mirrored by the presence of highly-acidic hydrothermal fluids [2,11]
and steam-heated waters [12,13]. Environmental conditions leading to the development of
intense hydrothermal alteration, such as in intrusion-related systems, are also related to the
presence of highly effective cap rocks. The presence of hydrothermal minerals, especially
clays, increases the enclosure capacity of cap rocks. Clay caps can effectively preserve the
temperature, pressure, and enthalpy conditions of a hydrothermal system [5,14–17] and
are thus critical features of hydrothermal system evolution.

There have been various attempts to formulate conceptual models of hydrother-
mal systems (e.g., [1,2]). These studies illustrate the key elements of the architecture of
geothermal systems and reveal how these components interplay as the systems evolve.
However, the complexity of the factors that contribute to the development of geothermal
systems, and the unique geological context of each system, require each system to be
characterized individually.

Along the Southern Volcanic Zone (SVZ) of the central Andes, hundreds of hot springs
are closely associated with Quaternary volcanic activity, especially in areas where regional-
scale structures are present within or close to volcanoes [18–20]. In areas hosting both
volcanoes and fault zones, vertical permeability is promoted by the presence of intra-arc
fault systems that are favorably oriented to allow the opening of fractures. Such structural
control supports the emplacement of deep convective cells [19,21]. Conversely, some
fault systems form along the volcanic arc but are severely misoriented to promote vertical
permeability under the prevailing regional stress field. These fault zones are arc-oblique and
long-lived and generate a network of transverse faults known collectively as the Andean
Transverse Faults (ATFs). Since the strikes and dips of these faults are misoriented with
respect to both the maximum and intermediate principal compressive stresses, they inhibit
vertical permeability. The interaction of magma with ATFs can encourage the development
of magma reservoirs, which later act as a source of heat and mass for hydrothermal
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systems [13,21,22]. These conditions provide a favorable environment for the formation of
evolved, long-lived, and high-enthalpy geothermal systems (e.g., [21]). Despite the high
geothermal potential of the SVZ, this area remains largely underdeveloped with respect to
geothermal energy [20,23,24].

This study focuses on the hydrothermal evolution of the Nevados de Chillán Geother-
mal System (NChGS) (~37◦ S), a geothermal area in central Chile hosted in an active volcanic
complex framed by the presence of an ATF structure, that traverses and controls the vol-
canic alignment of the craters that form the Nevados de Chillán volcanic complex (36◦52′ S;
71◦23′ W; 3212 m.a.s.l.). The geothermal reservoir seems to be hosted in fractured granitoid
where secondary permeability generated by faults and fractures may favor the circulation
of hydrothermal fluids. The NChGS is considered to be a highly promising candidate for
geothermal exploitation and includes surface features such as extensive areas with intense
hydrothermal alteration, thermal springs, bubbling pools, and fumaroles [22,25–27]. At
the beginning of this century, one exploration well (Nieblas-1) was drilled, providing a
continuous record of hydrothermal alteration up to a depth of ~1000 m. Our aim is to
provide a detailed mineralogical analysis of the NChGS. To identify the paragenetic stages
of the NChGS, we performed a systematic study of its alteration mineralogy along the
1000 m deep Nieblas-1 well using optical petrography and Scanning Electron Microscopy
(SEM) analysis. These analyses were coupled with X-Ray Diffraction (XRD) data from
clay minerals and microthermometry measurements in vein minerals to clarify secondary
permeability and physico-chemical constraints of paleo-hydrothermal fluids. Additionally,
chemical analyses of thermal springs were conducted to further characterize the chemical
signature of the hydrothermal fluids. Finally, an analysis of major lineaments identified
from satellite imagery and the field measurement of fractures and faults in representative
outcrops were used to produce a conceptual model of the present-day configuration of
the NChGS. The combination of these techniques highlights the key elements driving the
evolution of this structurally controlled magmatic-geothermal system.

2. Geological Background

The SVZ, located between 33 and 46◦ S, has for the last 20 Ma been defined by a slightly
oblique, dextral convergence between the Nazca and South American plates, with modern
convergence rates of around 7–9 cm/year [28,29]. Accordingly, morphostructural units and
magmatism have formed as north-south-oriented belts, parallel to the convergence margin
(Figure 1A), with the magmatism related to an eastward migration of the volcanic arc to its
current position atop the Main Cordillera of the Andes [30,31].

Deformation in the upper crust brought about by this convergent regime is accommo-
dated by large-scale structures located in the modern volcanic arc (e.g., [32] and references
therein). These structures comprise fold-and-thrust belts, intra-arc margin-parallel fault
systems (e.g., Liquiñe-Ofqui Fault System, LOFS), and fault zones and alignments with a
WNW orientation (e.g., ATF system [32–35], Figure 1A). Studies have proposed a first-order
structural control of the NW-trending ATF and the NS-to-NE-trending LOFS, on the forma-
tion (and nature) of Holocene volcanoes [34] and on the nature and geochemistry of thermal
springs in the SVZ [19]. In this sense, ATF structures are severely misoriented to open
under the present (long-term) tectonic regime [36–38] and inhibit vertical fluid permeability
in magmatic–hydrothermal systems [19,21], favoring longer residence times and episodic
magma fractionation [32,34,39]. Despite the former, temporally variable stress regimes
induced by megathrust events [40,41] alter ATF behavior to accommodate extensional
normal slip that can promote the ascent of magma and geofluids [32,35].
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(NChGS). Main structures in the Andean Southern Volcanic Zone (SVZ), that is, the Liquiñe-Ofqui 
Fault System (LOFS) and the Andean Transverse Faults (ATFs), taken from [34,42,43]. The division 
of the Northern Southern Volcanic Zone (NSVZ), Transitional Southern Volcanic Zone (TSVZ), Cen-
tral Southern Volcanic Zone (CSVZ), and South Southern Volcanic Zone (SSVZ) is taken from [32]. 
Major geothermal areas in the SVZ as depicted in [20]. (B) Local geology of the Nevados de Chillán 
Volcanic Complex (NChVC), modified after [44,45], showing the location of the Nieblas-1 explora-
tion well and the two main areas with intense argillic alteration, thermal springs, and fumaroles: 
Las Termas-Olla de Mote (OM) and Aguas Calientes (AC). 

The Nevados de Chillán Geothermal System (NChGS) is located in the SW end of the 
Nevados de Chillán Volcanic Complex (NChVC, Figure 1A,B), an active stratovolcano lo-
cated in Central Chile in the SVZ, located within the transition zone from a thick (>50 km) 
continental crust to the north, and a thin (<40 km) crust southward [46,47]. The NChVC 
comprises two adjacent main volcanic edifices (named the Cerro Blanco complex and the 
Las Termas complex [48]) that host several NW-aligned eruptive centers (Figure 1B). The 
eruptive history of this volcanic complex started around 640 ka [45] with the eruption of 

Figure 1. (A) Location and geological setting of the Nevados de Chillán Geothermal System (NChGS).
Main structures in the Andean Southern Volcanic Zone (SVZ), that is, the Liquiñe-Ofqui Fault
System (LOFS) and the Andean Transverse Faults (ATFs), taken from [34,42,43]. The division of
the Northern Southern Volcanic Zone (NSVZ), Transitional Southern Volcanic Zone (TSVZ), Central
Southern Volcanic Zone (CSVZ), and South Southern Volcanic Zone (SSVZ) is taken from [32]. Major
geothermal areas in the SVZ as depicted in [20]. (B) Local geology of the Nevados de Chillán Volcanic
Complex (NChVC), modified after [44,45], showing the location of the Nieblas-1 exploration well and
the two main areas with intense argillic alteration, thermal springs, and fumaroles: Las Termas-Olla
de Mote (OM) and Aguas Calientes (AC).

The Nevados de Chillán Geothermal System (NChGS) is located in the SW end of
the Nevados de Chillán Volcanic Complex (NChVC, Figure 1A,B), an active stratovolcano
located in Central Chile in the SVZ, located within the transition zone from a thick (>50 km)
continental crust to the north, and a thin (<40 km) crust southward [46,47]. The NChVC
comprises two adjacent main volcanic edifices (named the Cerro Blanco complex and the
Las Termas complex [48]) that host several NW-aligned eruptive centers (Figure 1B). The
eruptive history of this volcanic complex started around 640 ka [45] with the eruption
of thick and extensive sub-glacial andesitic lava flows. This was followed by a caldera
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collapse in the Upper Pliocene [49] and from 640 to 50 ka, subglacial andesitic volcanism
dominates until around 40 ka, when a major explosive event occurred, probably also
related to a caldera collapse [48]. After this explosive event, the development of the
present-day edifices began generating the Cerro Blanco and Las Termas subcomplex units
(Figure 1B). During the last century, volcanic activity has been limited to the Las Termas
edifice, erupting uniform dacitic lavas and having at least three major volcanic eruptions
between 1906–1943 and 1973–1986, as well as a minor vulcanian episode in 2003 and a
gently effusive eruption in 2008 [47,50]. A new eruptive cycle started in 2015, with dacitic
magma extrusion occurring in January 2018 [50] and volcanic activity continuing until the
present, based on monitoring by the Red Nacional de Vigilancia Volcánica, of the Chilean
National Geological Survey. Regarding the differences in the geochemistry of lavas erupted
from these two sub-complexes, the Cerro Blanco subcomplex, located at the northern end
of the lineament, has been characterized by volcanic products mostly of basaltic andesitic
to andesitic compositions with minor dacitic events erupted from the late Pleistocene to the
lower Holocene. The Las Termas subcomplex, located at the southern end of the segment
and hosting the NChGS, is associated with low-tohigh-Si dacitic volcanic products that
erupted from the late Pleistocene to the present day [48,51,52]. The geochemical differences
between these two volcanic subcomplexes have been interpreted as a consequence of
the existence of two magma chambers with different evolutionary timings and depth
emplacements [48]. Upper crustal processes would control the mechanism favoring the
presence of these two magma chambers, allowing longer magmatic residence times in the
Las Termas subcomplex, which is expressed in more silicic products.

The emplacement of the NChVC has been proposed to be controlled by an NW-SE-
trending lineament (Figure 1B) that includes 24 emission centers located along this structure
that have been active during the Holocene [50]. The NChVC formed an edifice over the, at
least 2500-m thick, Cenozoic volcano-sedimentary formations of Cola de Zorro (Pliocene-to-
Early Pleistocene subhorizontal layers of volcanic rocks) and Cura-Mallín (folded Oligocene-
to-Miocene volcanic and volcaniclastics rocks) (Figure 1B). Oligocene-Miocene rocks were
deposited in extensional basins that were tectonically inverted, which deformed and
uplifted the previous extensional faults and sedimentary fill [53]. Probably related to
this tectonic inversion, or at the end of the extensional regime, Miocene granitoid (Santa
Gertrudis Bullileo batholith) intruded volcano-sedimentary units, generating local contact
metamorphism in Cura-Mallín volcaniclastic rocks. A biotite K-Ar age of 5.8 ± 0.3 Ma [44]
indicates that this intrusive body could have been emplaced during the inversion of these
basins from an extensional to a compressional regime. After the folding and exhumation of
the Cura-Mallín Formation, subhorizontal andesitic and basaltic andesites lavas of the Cola
de Zorro Formation (40Ar/39Arwhole rock of 1.82 ± 0.64 Ma, [45]) were emplaced.

From a structural geology perspective, the orientation of the minor and major emission
centers of the NChVC is an arc-oblique NW volcanic lineament, similar to other NW-
elongated systems in the volcanic arc (e.g., Cordón Caulle volcano) or major NW-trending
volcanic alignments (e.g., Villarrica-Quetrupillán-Lanin) in the southern Andes (e.g., [34],
Figure 1A). These observations suggest that the NW-striking alignment of eruptive centers
is related to the ATF structures (Figure 1A). However, the precise nature of this lineament
has not been sufficiently characterized. Some authors (e.g., [50]) related the NW trend of the
NChVC as the northwestern continuation of the ≈200-km long WNW-ESE-trending major
Cortaderas Lineament, which would signify the presence of a structure extending from the
Main Cordillera in Chile toward the foreland in Argentina [32]. Although [50] supported
this hypothesis through observations of seismic activity at depth, surface evidence of WNW-
and NW-trending faults is scarce, and the eventual role of the WNW-trending Cortaderas
Lineament in the recent eruptions of the NChVC is not well understood. At a more regional
scale, previous studies interpreted the Cortaderas Lineament to be a crustal discontinuity
and emphasized its role in the long- and short-term tectonics and magmatism of the Andean
arc and back-arc region since at least the Paleocene, including its ability to accommodate
partitioned strain (e.g., [32,54–56]). Following [53], the WNW-ESE-trending Cortaderas
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Fault could be one of the accommodation zones between N-S-oriented Oligo-Miocene
sedimentary basins, and, after basin inversion, these accommodation zones may have been
weakness zones allowing volcanism extrusion. This suggests a complex link between the
Cortaderas lineament and the building of the NChVC, which should be analyzed in more
detail. Since it is beyond the scope of this work to further define the individual lineament
extensions, we refer to the NW-trending lineament of the NChVC as the Nevados de Chillan
lineament (Figure 1B).

Previous structural geological studies [40,57,58] and work in progress by our research
group allow the identification of regional lineaments and families of faults and fractures at
the outcrop scale. A further series of geomorphological features and geological contacts
provide evidence of regional lineaments within the area; for example, the Las Trancas Valley
(LT, Figure 2) follows an E-W trending lineament which is delimited in the north by the
scarp of an ancestral complex Lava flow and in the south by the Santa Gertrudis Bullileo
Batholith. Similarly, in the NE-trending Shangri-La Valley, N40E- and N70E-trending scarps
delimitate the valley with the Santa Gertrudis Bullileo Batholith at the northwest and
an ancestral complex lava flow to the southeast (SL, Figure 2). The Shangri-La and Las
Trancas valleys are well-morphologically-preserved glacial valleys, where more recent
lava flows from the active complex have flowed and partially filled the valleys. In the
Hermoso Valley and the Las Termas-Olla de Mote area (HV and OM, respectively, Figure 2),
NE-trending lineaments dominate; these lineaments are marked by geological contacts
and are interpreted as subvertical N50E-striking faults. These features can be observed as
narrow creeks with steep slopes.

At the outcrop scale, our work in progress with fracture and fault-slip data allows us
to identify steeply dipping fractures with preferential orientations of N30-60E and N15-45W
at Shangri-La Valley (SL); N10-35E and N20-N50W at Las Trancas Valley (LT); N40-60W,
N60-80E, and N30-45E at Hermoso Valley (HV); and N20-50W and N70-90W at the Las
Termas-Olla de Mote (OM) area. Moreover, in the LT area, fault families with dip angles
greater than 60◦ are EW-striking with sinistral (normal) kinematics indicators; whereas, at
the HV and OM sites, N50-70E striking faults with a normal component are also identified.
Finally, N0-15E trending dextral (reverse) and N10-40W trending reverse (dextral) faults are
observed in the LT and HV sites. These data are consistent with those previously reported
by [40,57,58].

Additionally, a series of low-angle reverse faults with attitudes subparallel to the
stratification of the Cura-Mallín Formation are found in the OM sector. The average
attitude of the faults measured at the outcrop is N20W/30E. We inferred the presence of
another fault with a strike of N40W, from a series of channel incisions on an uplifted terrace,
which would be controlled by the uplift of the hanging wall, similar to that described
by [59]. This reverse fault cut the NEE-trending lineaments corresponding to normal faults
located east of the HV and west of the OM areas (Figure 2).

The main surface hydrothermal features of this active geothermal system are ther-
mal springs, boiling pools, mud pools, and fumaroles (the latter of which having tem-
peratures up to 95 ◦C) located on the eastern and south-eastern flanks of the NChVC
(Figures 1B, 2 and 3) in the locally called Las Termas-Olla de Mote and Aguas Calientes
sectors [22,25–27,60]. Surrounding these thermal manifestations, intense blankets of steam-
heated alteration surfaces on the volcanic-hosted lithologies with patches showing intense
acid-sulfate hydrothermal alteration are observed throughout the area with the abundant
presence of clay minerals, silica products, and the precipitation of native sulfur. The first
geochemical study of the NChGS was presented by [25], classifying thermal waters as
acid-sulfate type, with measured surface temperatures ranging from 85 to 92 ◦C, inferred
temperatures at depth of above 200 ◦C, and pH between 2.40 and 5.87. Based on these
preliminary data, [25] proposed that these thermal springs are the result of hot water boiling
in the subsoil. Mixing of hot steam with surface waters allowed the oxidation of H2S to
H2SO4 and the leaching of hosted volcanic rocks. The subsurface hydrothermal activity of
the system has been assessed by geophysical surveys focused on documenting the response
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of the NChVC to seismic activity. Numerous volcano-tectonic and tremor events registered
within the volcanic edifice (mainly between depths of 1 and 2.5 km) have been linked to
the deep circulation of hydrothermal fluids [41].
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Figure 2. Main lineaments identified and inferred in the NChGS, based on our work in progress and
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Las Termas-Olla de Mote. Also shown are the locations of surface hydrothermal manifestations in
the Las Termas subcomplex, and the Nieblas-1 exploration well. The red rectangle shows the area
considered for the conceptual model.
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Figure 3. Surface thermal manifestations in the Las Termas-Olla de Mote sector of the NChGS (see
location OM in Figure 2, the area with the highest temperature surface thermal manifestations of this
geothermal system). (A) Fumarolic discharges, with temperatures reaching ~85–95 ◦C. (B) Fumaroles
and thermal springs are accompanied by intense acid-sulfate hydrothermal alteration. (C) Acid-
sulfate thermal spring. (D) Sulfur precipitation in fumarolic vents. (E) Hydrothermal alteration
surrounding thermal springs, with clay, silica, and sulfur precipitation.

The first commercial geothermal exploration in the area was conducted in 1995 by the
French Geothermal Company (CFG) in collaboration with the Chilean National Petroleum
Company (Empresa Nacional de Petróleo, ENAP). As a result of this early exploration, a
shallow (274 m depth) exploratory well was drilled (Nevados de Chillán 1, NC-1), and
hot fluids (198 ◦C) were found at a depth of 240 m [61]. Based on their fluid chemistry,
these thermal waters were interpreted as originating from source water with a mixed
chloride-bicarbonate content of <1000 ppm. Moreover, geothermometers based on water
chemistry from this exploratory well suggested a temperature of around 200 ◦C in a shallow
Cl-HCO3 reservoir and of up to 265 ◦C in a deeper source. This well was abandoned for
safety reasons in 1996. In April 2005, the Chilean National Geothermal Company (ENG)
acquired the rights for the exploration of the Nevados de Chillán concession. Various
geological, geophysical, and geochemical surveys were performed by ENG in the region.
This survey period ended with the drilling, in March and April 2009, of a 1000.85 m deep
exploratory well named Nieblas-1 (ENG, internal reports). The well was drilled in the
area with the greatest presence of hydrothermal manifestations: the Olla de Mote sector
(Figures 1B and 2). This full-core exploratory well, together with geological, geochemical,
and geophysical data acquired by ENG, confirmed the presence of a shallow reservoir
with temperatures in the range of 160–174 ◦C and suggested the presence of a reservoir
with measured temperatures of between 216 ◦C at 985 m depth and around 250 ◦C at
1200–1300 m depth. However, the deeper parts of the hotter reservoir were not reached by
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the exploratory well. An estimation for the NChGS potential was presented in [20] with
obtained values on the order of 32 ± 24 MWe, which is in accordance with the geophysical
data of ENG (2007). A detailed summary of the history of geothermal exploration in the
NChGS and their surface geothermal manifestations can be found in [27].

3. Sampling and Analytical Methods
3.1. Characterization of Hydrothermal Minerals

A detailed core logging of the 1000.87-m deep exploration well Nieblas-1 was per-
formed to document the main features of the lithology, permeability, and hydrothermal
alteration associated with the NChGS. Thirty-eight representative samples were collected
at ~30 m intervals for the different mineralogical studies.

SEM observations were carried out using a FEI Quanta 250 SEM equipped with
backscattered electron (BSE), energy-dispersive X-ray spectrometry (EDS), and secondary
electron (SE) detectors, at the Andean Geothermal Center of Excellence (CEGA), Universi-
dad de Chile. The operating conditions were as follows: spot size of 4–5 µm, accelerating
voltage of 20 kV, beam intensity of 1 nA, and working distance ~10–11 mm. Additionally,
Field Emission Scanning Electron Microscopy (FE-SEM) observations were undertaken with
an FEI Quanta FEG 250 FE-SEM equipped with BSE, EDS, and SE detectors, at the Research
Center for Nanotechnology and Advanced Materials (CIEN-UC), Pontificia Universidad
Católica de Chile. The analytical conditions were as follows: spot size 3 µm, accelerating
voltage 20 kV, beam intensity 1 nA, and working distance ~9–12 mm.

XRD analysis was performed using a Bruker D8 Advanced diffractometer, using Cu-
Kα radiation, a voltage of 40 kV, and an applied current of 30 mA, at the Department of
Physics, Universidad de Chile. For whole-rock XRD studies, the samples were powdered
with an agate mortar and analyzed at angular domains of 5–60 ◦2θ. Bulk-rock XRD
diffraction patterns were treated and interpreted using the X’Pert Highscore software. For
the preparation of clay separates, the samples were dispersed in distilled water and treated
to discard organic matter and carbonates. Then, oriented aggregates of the fraction < 2 µm
were mounted on glass slides and analyzed under the following operating conditions:
angular domain of 3–40 ◦2θ, step size of 0.02 ◦2θ, and scanning time per step of 37.8 s. Air-
dried (AD), ethylene-glycol solvated (EG), and heated (H) XRD patterns were considered
for the identification of clay minerals. The diffraction patterns were manually reviewed
and interpreted following the criteria in [62]. Furthermore, the recommendations in [63]
were considered for the recognition of mixed-layered chlorite/smectite (C/S), corrensite
(Co), and chlorite/corrensite (C/Co). In the presence of mixed-layered illite/smectite (I/S),
the proportion of illite (Ilt) layers and the degree of ordering (R) were calculated according
to the procedures in [62]. Representative samples of clay minerals were further studied to
constrain the textural features of the <2 µm particles.

3.2. Fluid Inclusion Microthermometry

Petrographic observation of fluid inclusion assemblages (FIAs) hosted in anhydrite,
calcite, and quartz veins was carried out to select FIAs of primary origin as defined in [64,65].
Heating and freezing measurements were undertaken at CEGA using a Linkam THMSG-
600 heating–freezing stage. The stage was calibrated using synthetic FIs of pure H2O and
CO2 (precision of measurement of ±0.1 ◦C at 0 ◦C and ±5 ◦C at 374 ◦C). FIAs were cooled
down to –196 ◦C to test for the presence of dissolved CO2. Salinities, reported in wt.% NaCl
equivalent (eq.), were calculated as suggested in [66].

3.3. Fluid Chemistry

Thermal waters were sampled from two springs located in the Olla de Mote sector,
near the Nieblas-1 exploration well (Figures 1B and 2). The springs, situated a few meters
away from each other, occur in intensely altered terrain with abundant clay minerals,
silica, and sulfur without nearby fumaroles. Temperature, electrical conductivity (EC),
redox potential (Eh), and pH were measured in situ. Water samples were filtered with a
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0.45 µm filter and stored in pre-cleaned high-density polyethylene bottles. Samples for the
measurement of major cations were acidified with HNO3 (Suprapur®), 4N. Concentrations
of major elements were measured at CEGA. Anion concentrations were determined by
Ion Chromatography (IC, Thermo Scientific Dionex ICS-2100), and cation concentrations
were measured by Inductively Coupled Plasma Optic Emission Spectrometry (ICP-OES,
PerkinElmer Precisely Optima 7300 V). Silica contents were determined by a Portable
Photometer (Hanna HI96705), and HCO3

- concentrations were determined by volumetric
titration following the procedures in [67].

3.4. Geochemical Modeling

The charge balance and ion activity of the thermal waters presented in Table 1 were
computed utilizing The Geochemist’s Workbench software and the thermodynamic data
provided in the thermo.tdat database [68]. Thermal waters presenting charge-balance
errors higher than ±15% were not considered in the geochemical modeling. Fluid–mineral
equilibrium diagrams were generated with the Act and Tact programs included in the
abovementioned software, considering mineral saturations and temperatures estimated
based on the alteration mineralogy and microthermometric measurements.

Table 1. Chemical composition of thermal springs from the Nevados de Chillán Geothermal System
(NChGS). Water classification following [12,67]. Numbers in parentheses under major elements are
the detection limits (ppm). b.d.l.: below the detection limit.

Samples T
(◦C)

pH
Major Elements (ppm)

Balance
(%)

Water Classification

Cl−
(0.01)

SO42−

(0.01)
HCO3−

(0.01)
Na+

(0.005)
K+

(0.001)
Ca2+

(0.005)
Mg2+

(0.0002)
SiO2
(0.01)

Major
Anions

Cl−-SO42−-HCO3−

Ternary Diagram

NCh-03 89.4 3.7 0.5 333.6 b.d.l. 88.9 13.2 121.9 54.1 180 42.6 acid-sulfate steam-heated

NCh-04 88.3 5.9 0.6 374.8 b.d.l. 39.6 8.1 68.5 29.5 184 –0.3 acid-sulfate steam-heated

RV δ 68.0 3.9 0.3 552.0 18.0 56.0 21.5 105.4 33.1 370 –1.3 acid-sulfate steam-heated

CR δ 82.0 2.6 16.6 293.8 b.d.l. 20.0 4.4 10.0 6.2 178 –1.8 acid-sulfate steam-heated

OM δ 91.0 2.4 11.8 881.8 - 58.1 26.6 81.3 52.0 290 –13.5 acid-sulfate steam-heated

Ch.1 § 92.0 2.4 3.0 206.0 0 58.0 19.0 140.0 65.0 339 78.3 acid-sulfate steam-heated

Ch.2 § 85.0 2.9 1.3 335.0 0 40.0 8.3 29.0 6.3 201 –3.0 acid-sulfate steam-heated

Ch.3 § 88.0 5.9 1.5 450.0 0 55.0 16.0 86.0 28.0 215 –0.1 acid-sulfate steam-heated

Ch.4 § 89.0 3.1 1.1 373.0 0 31.0 8.4 68.0 18.0 130 6.1 acid-sulfate steam-heated

δ [22]; § [25].

4. Results
4.1. Mineral Paragenesis

A simplified lithological column of the Nieblas-1 drill core is presented in Figure 4.
The first 400 m of the drill core (i.e., from 0–400 m depth) is andesitic lava with zones of thin
alternations of tuff and breccia between 100–200 m depth. Between 400–550 m is a zone
of intercalated andesitic lava and breccia cut by a ~10 m thick andesitic dike. The lower
450 m of the drill core is mainly composed of breccias and volcanoclastic rocks. Between
170–300 m and 610–700 m, two permeable levels (hereafter referred to as the upper and
lower permeable zones, respectively) were recognized based on the presence of highly
fractured rocks, more intense and pervasive alteration, and slickensides (Figure 4).
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analyses: an upper argillic zone in the first 350 m of the core, an intermediate sub-
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Figure 4. Simplified lithological column of the Nieblas-1 drill core, location of the studied samples (red
rectangle), and spatial distribution of hydrothermal minerals, as documented by optical petrography,
X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM) analysis. Mineralogy between
two continuously analyzed samples was extrapolated in the hydrothermal mineral profiles. The
hatched areas represent two highly fractured zones. Borehole temperature profiles for the 274 m
deep Nevados de Chillán-1 exploratory well (blue lines) were measured by the French Geothermal
Company (CFG) and reported in an internal report of the Chilean National Geothermal Company
(ENG). The temperature borehole profile for the 1000.85 m deep exploratory Nieblas-1 exploration
well (red line) was measured by ENG (ENG, internal report). m.b.s: meters below the surface.

Besides the temporal distribution of the hydrothermal minerals, a vertical zonation
of the alteration mineralogy was documented according to depth. Following the criteria
in [2,69], three main alteration zones were defined based on petrographic, XRD, and SEM
analyses: an upper argillic zone in the first 350 m of the core, an intermediate sub-propylitic
alteration zone between 350 and 680 m, and a deep propylitic zone in the last 410 m
(Figure 4).
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The hydrothermal alteration displayed by the andesitic lavas was generally of low-
to-moderate intensity, with the primary mineralogy being partially replaced. Secondary
minerals in the andesitic lavas, mainly Fe oxyhydroxides, quartz, and clay minerals, were
mostly present in vesicles and replaced primary amphibole and pyroxenes, while primary
plagioclase phenocrysts were replaced by Na-rich plagioclase and clay minerals. Con-
versely, the volcaniclastic rocks showed intense and pervasive hydrothermal alteration,
with secondary minerals replacing most of the primary mineralogy. Ferromagnesian phe-
nocrysts were pseudomorphically replaced by Fe oxyhydroxides, quartz, and clay minerals,
while plagioclase phenocrysts were less altered by clay minerals. The presence of other sec-
ondary minerals, such as calc-silicates, calcite, and calcium zeolites, namely wairakite and
laumontite, was mainly developed in vesicles and veinlets throughout the Nieblas-1 core.

The overprinting sequences and cross-cutting relationships displayed by the alteration
minerals in the Nieblas-1 well document a complex hydrothermal evolution. Four stages
of alteration paragenesis can be identified (Figure 5). The first stage (STG 1) of mineral
paragenesis consists of iron oxyhydroxides, microcrystalline quartz, and mafic phyllosil-
icates, identified throughout the core, with sporadic chalcedony at depths of ~190, 690,
and 980 m (Figure 6A). Between 170 and 230 m, alunite developed in vein halos was also
documented. The second stage (STG 2), observed from 200 m depth to the end of the
core, consists of garnet, epidote, prehnite, calcite, quartz, and mixed-layer I/S, developed
mainly in amygdales and veins (Figure 6B), and below 700 m also documented replacing
primary plagioclase phenocrysts. Bladed calcite associated with this stage was observed
at depths of ~193, 348–406, and 719 m (Figure 6B). The minerals of the third stage (STG
3), consisting of wairakite, anhydrite, calcite, and comb-texture quartz, were observed
primarily in veins and amygdales, with wairakite overgrown by anhydrite and, in turn,
anhydrite encapsulated by rhombic calcite crystals (Figure 6C). The fourth and last stage
(STG 4) is characterized by the presence of laumontite throughout the drill core, being
further developed between 700–800 m depth, where fine-grained epidote, quartz, and
magnetite crystals are deposited in open veins rimmed by elongated laumontite crystals
(Figure 6D–F).
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uncertainty due to the lack of cross-cutting and/or overprinting relationships.
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Figure 6. Polarized light images of representative vein assemblages corresponding to four stages of
mineral paragenesis. (A) A Stage-2 bladed calcite-pyrite vein crosscutting a Stage-1 microcrystalline
quartz-chalcedony-chlorite/smectite vein (sample NB 193.75). (B) A Stage-2 vein, illustrating the
complex relationships between secondary minerals during this stage, later overgrown by Stage-3
wairakite (sample NB 406.85). (C) A Stage-3 vein with rhombic calcite encapsulated by anhydrite
and wairakite selvage (sample NB 906.35). (D) A Stage-4 vein with laumontite selvages and re-
maining void spaces with precipitation of fine-grained epidote-quartz-magnetite << pyrite (sample
NB 719.00). (E) Highly altered angular clasts of hydrothermal breccia, cemented by Stage-4 lau-
montite (sample NB 906.35). (F) Cross-polarized image of the photomicrograph in (E) depicting
laumontite as breccia cement. Anh = anhydrite, Calc = calcite, Calc BLD = bladed calcite, Chal = chal-
cedony, C/S = chlorite/smectite, Ep = epidote, Lau = laumontite, Mgt = magnetite, Prh = prehnite,
Py = pyrite, Qtz = quartz, Wai = wairakite. The reference numbers of the various samples indicate
their depths (e.g., NB 906.35 means the sample was obtained at a depth of 906.35 m in the borehole).

4.2. Vertical Distribution and Characterization of Clay Minerals

The clay minerals identified in the Nieblas-1 core include C/S, Co, chlorite (Chl),
I/S, and Ilt (Figure 7). Figure 4 shows the different depths at which these minerals were
documented. Co was observed from the shallowest core sample, at 30 m, up to ~194 m,
with two isolated appearances at ~307 and ~680 m. Mixed-layer C/S was documented
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continuously from the shallower levels, at a depth of 60 m, and was last detected at ~680 m.
Chl was recorded throughout the core. These minerals, related to the smectite-to-chlorite
transition series, were documented replacing primary mafic phenocrysts and infilling
amygdales and veins. In samples with both Co and C/S or Chl and C/S, Co, and Chl
were identified in the outer margins of the abovementioned domains, with interstratified
C/S being developed in the inner portions of the domains. Representative BSE images
displaying the textural features of these minerals are shown in Figure 8. In the shallower
levels, elongated Chl crystals fill amygdales and veins, and replace amphibole and pyroxene
phenocrysts associated with Fe oxyhydroxides and microcrystalline quartz (Figure 8A).
Moreover, at a depth of 276.05 m, Chl fills vesicles displaying a slightly curved plate-like
morphology in unoriented packets (Figure 8B) and is associated with Fe oxyhydroxides,
quartz, and latter rhombic calcite. Mixed-layer C/S, observed in the inner portions of the
abovementioned domains, presents the same mineral associations as Chl but shows textural
differences with the latter. Furthermore, at 476.48 m, interstratified C/S in quartz-rimmed
vesicles and veins exhibited a curled flake-like morphology without preferred orientation
(Figure 8C). Such textures suggest that these clay minerals are formed primarily through
direct precipitation from hydrothermal fluids [70–72].
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Figure 7. Representative XRD patterns of clay minerals under air-dried (red line), ethylene-glycol
solvated (blue line), and heated (green line) conditions. (A) Argillic alteration zone, sample NB
60.00. (B) Sub-propylitic alteration zone, sample NB 440.40. (C) Propylitic alteration zone, sample NB
719.00. Chl/Smc = chlorite/smectite, Chl = chlorite, Co = corrensite, I/S-R3 = illite/smectite with
R = 3 ordering.
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Figure 8. Backscattered electron (BSE) SEM images depicting the distribution and textural features of
clay minerals in the NChGS. (A) Quartz-rimmed amygdule infilled with chlorite and later rhombic
calcite. Sample NB 276.05. (B) Detail of sample NB 276.05, showing clusters of chlorite crystals
without preferred orientation. (C) Slightly curled, flake-like chlorite/smectite particles infilling
quartz-rimmed amygdule. Sample NB 476.48. (D) Curved, lens-shaped illite/smectite mixed-
layered minerals with no preferred orientation in quartz vein. Sample NB 276.05. (E) Plagioclase
phenocryst with sulfide and illite precipitation in voids. Sample NB 935.35. (F) Detail of sample
NB 935.35, depicting filamentous texture of unoriented illite crystals growing in plagioclase voids.
I/S = illite/smectite, Ilt = illite, Plg = plagioclase.
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Regarding the smectite-to-illite transition series, the spatial distribution of mixed-layer
I/S and Ilt is shown in Figure 4. Interstratified I/S was documented at depths of between
60 and ~720 m, while Ilt was only recognized in the deepest levels, appearing at ~700 m and
being last recorded at ~948 m. Mixed-layer I/S was documented in quartz veins and also
coating large epidote grains in quartz veins, in some cases associated with prehnite and
minor sulfides. At 276.04 m, interstratified I/S showed a curved lens-shaped morphology
with no preferred orientation (Figure 8D). Unlike the former minerals, the illitic phases
were present mainly in veins. Only at depths below ~700 m was authigenic Ilt observed in
plagioclase voids (Figure 8E). At the deepest levels, Ilt was present both in veins, associated
with quartz, epidote and prehnite, and grew in plagioclase voids with quartz and minor
sulfides. At 935.35 m, authigenic Ilt grew in plagioclase voids displaying a filamentous
texture (Figure 8F). The textures described illustrate the crystallization of the illitic phases
directly from hydrothermal fluids, without requiring precursor smectite and most likely
following the dissolution of volcanic glass or feldspar [16,70,73–76].

The absence of samples containing pure smectite in the drill core is noteworthy.
However, a common characteristic observed in both series was a general decrease in the
percentage of expandable smectite layers with depth. Moreover, when considering the
smectite-to-illite transition, I/S-R0 with 20% Ill was observed at a depth of 60 m, I/S-R0 with
10% Ill at 100 m, I/S-R1 with 55% Ill at 193.75 m and I/S-R3 with >75% Ill from 276 m to the
end of the core. The distribution of the percentage of expandable layers in interstratified I/S
minerals describes a sigmoidal curve when plotted against temperature, with the exception
of samples NB 60.00 and NB 193.75, which fall outside of this trend, containing 20% and
55% Ill, respectively (Figure 9). However, in these samples, the I/S mixed-layered minerals
are present only as vein minerals and are not recognized as replacing primary or secondary
mineralogy. Therefore, neither of these samples were considered in the fitting of the curve
described above.
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Figure 9. Variation of Illite percentage in mixed-layered I/S minerals as a function of the measured
temperature and depth in the Nieblas-1 well. Sample NB 193.75, containing 55% illite, was excluded
from the construction of the sigmoidal trend as it corresponds to an interstratified zone of I/S directly
precipitating within veins. Dots with tie-lines indicate samples containing interstratified I/S minerals
with different illite percentages.

4.3. Chemistry of Thermal Springs

The physico-chemical features and major element content of the sampled thermal
waters are presented in Table 1 alongside published data from previous studies in the
study sector [22,25]. The elevated charge-balance errors determined for two of the samples
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are likely linked to the highly acidic character of the thermal waters; for such waters, the
shortage of data regarding Fe (II/III) and H+ speciation, and the absence of measurements
concerning common ions in acid fluids (HS-, H2S), represent a source of error when
calculating the charge-balance errors [77].

Measured temperatures of the spring waters vary between 68 and 92 ◦C, while pH
values range from 2.4 to 5.9, thus revealing a large variation in the H+ concentration of
thermal springs separated by less than 3 m. It cannot be ruled out that geological factors,
such as local structural control, could have influenced the chemistry of the thermal waters
and therefore the abovementioned variations in the H+ concentration of thermal springs.
The chemical composition of the thermal waters is characterized by large variations in the
concentrations of the main anions and cations (e.g., SO4

= (206–882 ppm), Ca++ (29–140 ppm),
Mg++ (6–65 ppm) and Cl− (0.2–16.6 ppm)). Following the chemical classifications of [12,67],
these waters are classified as acid-sulphate according to their major anion concentrations.
The exploratory well drilled by CFG in 1995 intercepted a shallow reservoir at 240 m
depth with measured temperatures up to 198 ◦C (ENG, internal unpublished reports).
A relatively low Cl content for the only two available “deep water” chemical analyses
obtained in that period (113.7 and 92.5 mg/l) suggests the dilution of deep geothermal
waters with superficial meteoric ones (ENG, internal unpublished reports). Under the
SO4

=-Cl−-HCO3
= ternary diagram classification (Table 1), the spring fluids correspond to

steam-heated waters [12,67], which are commonly documented in hydrothermal systems
associated with volcanic systems. The application of some chemical geothermometers
(e.g Na/K, [12]) for the two samples analyzed in this work (Table 1) suggests equilibrium
temperatures at a depth of 266–297 ◦C, which are consistent with the directly measured
temperatures in the Nieblas-1 well (Figure 4).

4.4. Fluid Inclusion Measurements

Fluid inclusions were analyzed in calcite, anhydrite, and quartz veins associated with
the second and third stages of mineral paragenesis. Microthermometric measurements
were performed in liquid-rich FIAs of primary origin with consistent liquid-to-vapor ratios,
except in the case of STG 3 anhydrite, in which liquid-rich FIAs of pseudosecondary
and secondary origin were analyzed to further constrain the physico-chemical conditions
associated with STG 4 of the paragenetic sequence. The homogenization temperatures
(Th) and final ice melting temperatures (Tm) are reported in Table 2. Only Th with a
temperature range of <20 ◦C for 90% of the FI measured were considered for further
analysis [78,79]. First ice melting temperatures ~–22 ◦C suggest the presence of mostly
H2O-NaCl fluids, while the absence of halite daughter crystals in all of the examined FIAs
limits salinities to <~23 wt.% NaCl eq. No clathrate formation was observed during the
microthermometric runs, thus indicating dissolved CO2 concentrations of <3.7 wt.% [80].
Based on the aforementioned findings, the paleo-hydrothermal fluids were modeled for
simplicity as pure H2O-NaCl in the subsequent analysis. However, as indicated by [80], the
presence of CO2 in fluid inclusions, even in very low-concentrations, do not allow the exact
determination of fluid salinity from Tm, since the dissolved CO2 in the aqueous phase
contributes to ice melting depression up to 1.5 ◦C, overestimating the calculated salinities.

For the second stage of paragenesis, FIs hosted in calcite and quartz veins were
analyzed. All FIs hosted in quartz crystals presented an irregular shape and were bi-phase
and liquid-rich. Both lattice-bladed calcite and rhombic calcite were observed in veins
associated with this stage. Fluid inclusions in bladed calcite presented a triangular shape,
with coexisting liquid- and vapor-rich inclusions (Figure 10A). Fluid inclusions in rhombic
calcite presented triangular, negative crystal and irregular shapes, with coexisting liquid-
and vapor-rich inclusions. Pseudosecondary inclusions were irregular, monophase, and
vapor-rich; secondary inclusions presented oval shapes and were bi-phase and liquid-rich
(Figure 10B,C). Homogenization temperatures for this stage range between 140 and 254 ◦C
(Table 2), plotting above the boiling curve for pure water. Th values associated with this
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stage, which fall outside of the trend mentioned, span from 160 to 230 m depth (Figure 11).
Documented salinities range between 0.2 and 3.1 wt.% NaCl eq (Table 2, Figure 12).

Regarding the third stage of the paragenetic sequence, FI was analyzed in anhydrite
and calcite veins. Only rhombic calcite was observed to be associated with this stage,
presenting bi-phase liquid-rich primary FIAs of irregular shape. Secondary inclusions
are rounded with coexisting liquid and vapor-rich inclusions and the additional pres-
ence of liquid-rich inclusions. Primary FIs hosted in anhydrite crystals show rectangular
shapes and are bi-phase and both liquid-rich and liquid and vapor-rich (Figure 10D).
Pseudosecondary inclusions display a squarelike shape and are bi-phase and vapor-rich
(Figure 10E). Secondary inclusions are rectangular, bi-phase and liquid-rich (Figure 10F).
Homogenization temperatures range from 155 to 228 ◦C (Table 2), showing an overall
diminishment of the temperature compared to Stage 2, being closer to the present-day
temperatures measured in the borehole (Figure 11). Secondary inclusions recorded in this
stage showed a slight increase in temperature compared to Stage 2. Salinities ranged from
0.2 to 6.4 wt.% NaCl eq. (Table 2, Figure 12). However, as indicated by [81] the possibility
of fluid inclusions stretching during heating run must be considered in the interpretation
of Th obtained.

Table 2. Microthermometric measurements of fluid inclusion assemblages (FIAs) from stages 2 and 3
of the 4 stages of mineral paragenesis. Th: fluid inclusion homogenization temperature. Tm: Fluid
inclusion final ice melting temperature. Anh: anhydrite; CalcBLD: bladed calcite; CalcRBC: rhombic
calcite; Qtz: quartz.

Sample FIA ID N
Host

Crystal Stage Th (◦C) Tm (◦C) Salinity/wt.%
NaCl eq. CommentsRange Average Range Average

NB 160.00 C2.A 5 CalcRBC STG 2 231.8 to 241.6 235.4 –1.5 to –1.3 –1.4 2.5 Crystal core
C2.B-2 8 CalcRBC STG 2 232.9 to 246.9 236.9 –1.05 –1.05 1.8 Crystal rim
C2.B-1 3 CalcRBC STG 2 227.1 to 246.6 239 –1.05 –1.05 1.8 Crystal rim
2AD 6 CalcRBC STG 2 229.9 to 241.4 234.4 –0.56 –0.56 0.9
C3 3 CalcRBC STG 2 236.5 to 241.2 239.5 –0.47 –0.47 0.8
C4 3 CalcRBC STG 2 243.7 to 245.1 244.4 –1.1 –1.1 1.9
C5 7 CalcRBC STG 2 228.5 to 240.4 233.1 –1.3 –1.3 2.3

NB 193.75 C4 5 CalcBLD STG 2 138.5 to 143.2 140.3 -0.09 -0.09 0.1
NB 227.40 C7 2 CalcRBC STG 2 193.0 to 193.2 193.1 –1.3 –1.3 2.3

C8.E-1 2 CalcRBC STG 2 182.6 to 186.7 184.6 –1.2 to –1.1 –1.1 1.9
C20 3 CalcRBC STG 2 197.8 to 199.2 198.6 –1.8 –1.8 3.1 Crystal core

C20.E1 5 CalcRBC STG 2 173.8 to 178.0 175.5 –2.2 to –1.8 –1.8 3.1 Crystal rim
C28.I 4 CalcRBC STG 2 179.9 to 194.0 186.9 –1.5 to –1.4 –1.5 2.6
C28.II 6 CalcRBC STG 2 131.7 to 195.4 175.7 –1.6 –1.6 2.8 Th not valid

NB 348.20 C3 8 Qtz STG 2 232. to 251.5 243.1 –0.8 to –0.7 –0.8 1.4
NB 440.45 C3.I 3 CalcRBC STG 3 159.8 159.8 –1.1 –1.1 2

C3.III 3 CalcRBC STG 3 157.3 to 161.9 160.2 –1.0 to –0.9 –1 1.7
C3.E-1 3 CalcRBC STG 3 151.4 to 160.7 155.3 –1.0 to –0.9 –1 1.7
C3.E-2 5 CalcRBC STG 3 150.1 to 160.1 156.1 –0.8 –0.8 1.5
C3.E-3 3 CalcRBC STG 3 159.5 to 160.0 160 –0.9 –0.9 1.6

NB 456.60 C1 5 CalcRBC STG 2 253.5 to 254.5 254 –1.2 to –1.1 –1.1 1.9
NB 947.60 C2 5 Anh STG 3 176.8 to 202.7 193.8 –0.9 –0.9 1.5

C3 5 Anh STG 3 198.3 to 204.1 200.6 –0.1 –0.1 0.2
C7.5 4 Anh STG 3 205.7 to 209.2 207.7 –0.9 –0.9 1.5

C9-UP 7 Anh STG 3 196.0 to 218.0 208.1 –0.4 to –0.1 –0.2 0.3
C9-DP 8 Anh STG 3 207.2 to 211.1 209.9 –0.2 –0.2 0.4

C10 8 Anh STG 3 203.2 to 207.6 205.1 –1.2 to –1.0 –1 1.8
NB 961.00 C3 7 Anh STG 3 211.9 to 217.6 215.3 –2.5 –2.5 4.2

C4 6 Anh STG 3 206.8 to 224.2 214.4 –2.3 –2.3 3.8
C5.A 3 Anh STG 3 197.8 to 212.4 205.3 –1.4 –1.4 2.4
C5.B 5 Anh STG 3 201.5 to 208.2 205.3 –1.7 –1.7 2.9
C6 6 Anh STG 3 201.8 to 215.1 210.2 –1.6 to –1.5 –1.5 2.5

C6.C 3 Anh STG 3 204.9 to 208.9 206.6 –1.2 to –1.1 –1.1 1.9
C8 4 Anh STG 3 225.5 to 230.5 228.2 –3.9 –3.9 6.4

C10 3 Anh STG 3 201.3 to 207.9 204.7 –1.2 to –0.9 –1.1 1.9
C7-L 3 Anh STG 3 207.0 to 208.3 208.2 –1.2 to –1.1 –1.2 2.1 Secondary
C7-B 6 Anh STG 3 239.0 to 239.2 239.1 –1.2 to –1.1 –1.2 2.1 Pseudo sec
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NB 193.75. (B) Irregular primary inclusions in Stage-2 rhombic calcite. Sample NB 227.40. (C) Irreg-
ular secondary inclusions in Stage-2 rhombic calcite. Sample NB 227.40. (D) Squared primary inclu-
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NB 961.00. 

Figure 10. Types of fluid inclusion assemblages (FIAs) observed in the NChGS for Stage 2 (A–C) and
Stage 3 (D–F) paragenesis. (A) Triangular primary inclusions in Stage-2 bladed calcite. Sample NB
193.75. (B) Irregular primary inclusions in Stage-2 rhombic calcite. Sample NB 227.40. (C) Irregular
secondary inclusions in Stage-2 rhombic calcite. Sample NB 227.40. (D) Squared primary inclusions
in Stage-3 anhydrite. Sample NB 961.00. (E) Blocky pseudosecondary inclusions in Stage-3 anhydrite.
Sample NB 947.60. (F) Rectangular secondary inclusions in Stage-3 anhydrite. Sample NB 961.00.
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Figure 11. Paleo-fluid temperatures in the NChGS were ascertained from fluid inclusion homogeniza-
tion temperatures (Th). Boiling point with depth (BPD) curves are shown for pure water (red line) and
for a 25 wt.% NaCl eq. fluid (dotted red line), after [82]. The temperature of the Nieblas-1 borehole
(blue line) is shown for comparison. Additionally displayed are the upper and lower permeable
zones (gray shaded areas), as defined by core logging of Nieblas-1.
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5. Discussion
5.1. Mineral Paragenesis

Our mineralogical study of a drill core from the Nieblas-1 well revealed a complex
hydrothermal evolution in the NChGS, with a paragenetic sequence comprised of four
distinct mineral assemblages (Figure 5). Stage 1, defined by the presence of iron oxides,
mafic phyllosilicates, microcrystalline quartz, and chalcedony, documents the initial heating
of the hydrothermal system. The existence of breccias cemented by this mineral assemblage,
alongside the presence of microcrystalline quartz and chalcedony in veins—with both of
these silica phases entailing a high degree of silica supersaturation [83–85]—suggest an
earlier brecciation event in the system accompanied by boiling due to the loss of confining
pressure [9,83]. Decompression in hydrothermal systems has been interpreted as the result
of glacier retrieval, volcano flank collapse, and/or hydraulic fracturing due to an increase in
fluid pressure [86–88]. All of these scenarios are possible in our case. However, the lack of
constraint regarding the timing of the hydrothermal alteration limits further examination of
the processes associated with Stage 1. Towards the end of this stage, the presence of alunite
in alteration halos denotes the circulation of highly acidic hydrothermal fluids [87,89,90].
The physico-chemical characteristics of such fluids in hydrothermal systems are related
to the input of rising steam emanating from a boiling hydrothermal reservoir and/or the
influx of primary magmatic volatiles [11] into shallow, relatively oxygenated aquifers.
In the case of the NChGS, considering its geologic context of volcanic activity since the
Pliocene, it is most likely that the role of the primary magmatic source involves both a rise
in the geothermal gradient and a mass transfer when considering the chemical composition
of the shallow aquifer.

The second stage of mineral paragenesis, characterized by the presence of calc-silicate
minerals, mixed-layer I/S and illite clay minerals, and calcite (Figure 5), records the de-
velopment of a high-temperature fluid-dominated system. This mineral assemblage is
characteristic of near-neutral chloride waters whose composition is fixed by water–rock
interactions close to full equilibrium in a deep reservoir [87,91–93]. After attaining such
conditions, increasing fluid/rock ratios lead to the development of alteration assemblages
that are mainly controlled by the chemistry of the hydrothermal fluid. Correspondingly,
the presence of interstratified I/S is related to potassium metasomatism and Al availabil-
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ity [91,94]. The widespread presence of bladed calcite, indicative of boiling conditions [10],
suggests that, during this stage, temperatures were limited by the boiling point with depth
(BPD). Moreover, the presence of garnet in geothermal systems has been considered an
indicator of temperatures on the order of 300 ◦C [2,95,96]. Hence, the presence of vesicles
infilled by garnet crystals in the deeper end of the Nieblas-1 core suggests that high temper-
atures were attained during this stage, which is in accordance with the temperature range
estimated by the BPD curve. However, care must be taken when inferring temperatures of
~300 ◦C due to the presence of garnet, as this mineral can form at lower temperatures in
the presence of hydrothermal fluids with high Ca++ activity (Figure 13).
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calcite (Figure 5), records the influx of steam-heated waters deep in the system [87,92,97]. 
The presence of calcic zeolites (e.g., wairakite) instead of epidote and prehnite denotes a 
change in the temperature and/or pH conditions in the system (Figure 13B). Furthermore, 
the presence of anhydrite and rhombic calcite, both of which have retrograde solubilities 
[10,98,99], indicates the input of shallower fluids with higher contents of SO42-, Ca2+, and 
CO2, as have been observed in steam-heated waters [2,22,100]. The presence of quartz 
crystals with comb textures rimming STG 3 calcite veins suggests that, toward the end of 

Figure 13. Activity diagrams of calcium and potassium aluminosilicate minerals were calculated us-
ing The Geochemist’s Workbench software and the thermodynamic data provided in the thermo.tdat
database [68]. (A) Mineral stability at quartz saturation in the CaO-Al2O3-K2O-H2O system, as a
function of log(aK+/aH+) vs. log(aCa2+/a2H+). Black and gray lines depict mineral stabilities at
250 and 300 ◦C, respectively. Dotted red lines depict calcite saturation at 0.01 mCO2 and 0.1 mCO2,
following calculations in [89]. The two horizontal areas show the conditions under which calcite
precipitation precedes the formation of aluminosilicates. The composition of the plotted thermal
waters is presented in Table 1, with water of pH < 3.1 outlined by the shaded area. (B) Mineral
stability at quartz saturation in the system CaO-Al2O3-SiO2-H2O, as a function of log(aCa2+/a2H+)
vs. temperature. The dotted red lines show the composition of the thermal waters presented in
Table 1. Arrows A and B depict the general transition trends from STG 2 to STG 3 and from STG 3 to
STG 4, respectively.
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The third stage, established by the appearance of wairakite, anhydrite, quartz, and cal-
cite (Figure 5), records the influx of steam-heated waters deep in the system [87,92,97]. The
presence of calcic zeolites (e.g., wairakite) instead of epidote and prehnite denotes a change
in the temperature and/or pH conditions in the system (Figure 13B). Furthermore, the pres-
ence of anhydrite and rhombic calcite, both of which have retrograde solubilities [10,98,99],
indicates the input of shallower fluids with higher contents of SO4

2−, Ca2+, and CO2, as
have been observed in steam-heated waters [2,22,100]. The presence of quartz crystals with
comb textures rimming STG 3 calcite veins suggests that, toward the end of this stage, the
system had equilibrated again and returned to mildly changing conditions [9,83,85].

The last stage, characterized by laumontite, epidote, quartz, and magnetite, suggests a
new adjustment of the physico-chemical conditions in the NChGS—particularly near the
base of the Nieblas-1 core, where this mineralogical assemblage is better developed. At this
depth, a local brecciation event seems to have taken place between STG 3 and STG 4, as
evidenced by the presence of laumontite as a cement in hydrothermal breccias (Figure 6E,F).
This event could have caused the differences needed in the temperature and/or pH of
the system [88] for the development of the STG 4 mineralogical assemblage (Figure 13B).
However, other factors could also be responsible for an increase in temperature and/or
changes in the chemical composition of the hydrothermal fluid, such as an increase in
volcanic activity [101].

5.2. Clay Minerals and Permeability Constraints

The vertical distribution of the clay minerals in the drill core shows interstratified C/S
and I/S at shallower levels than Chl and Ill. This depth zonation reflects an overall decrease
in the percentage of expandable layers in response to increasing temperatures [102,103], as
has been reported in numerous hydrothermal systems [6,16,76,93,104–106]. Regarding the
smectite-to-chlorite transition series, commonly reported temperatures for Co, C/S, and
Chl range between 20–110 ◦C, 40–175 ◦C, and 25–220 ◦C, respectively [104,107–109]. In
the NChGS, the absence of samples with smectite at low temperatures (<80 ◦C) and the
presence of Co, C/S, and Chl throughout the well core (Figure 2) differ from observations
at other geothermal systems. Nonetheless, considering the temporal association of these
minerals with the first stage of the paragenetic sequence, we maintain that this dissimilarity
is due to the physico-chemical conditions present early in the development of the NChGS.
Considering that the transformation from smectite to chlorite responds not only to the
thermal gradient but also to the environmental permeability conditions, among other
factors [110,111], we argue that an initially high fluid/rock ratio (probably related to an
early regional alteration event) allowed the widespread distribution of Co and Chl in the
system without the presence of mixed-layer C/S [112–114]. Later, a progressive decrease
in the secondary permeability, and the consequently lower fluid/rock ratios, led to the
development of mixed C/S [109,115], marking the onset of clay-cap development in the
NChGS. This early regional alteration event, and the consequent development of smectite,
could have reduced the matrix permeability of the volcanic and volcaniclastic rocks from
the Cura–Mallin formation, as also documented in the experimental work of [17]. In turn,
the lower permeability conditions may have allowed the preservation of these clay minerals
throughout the remaining stages of the hydrothermal evolution, enabling their presence at
different temperatures than they are documented to occur in other geothermal systems.

Similarly to the smectite-to-chlorite transformation, the smectite-to-illite mineral series
has been proved to be conditioned by several parameters other than temperature, for exam-
ple, the chemical composition of the hydrothermal fluids, the chemistry of the precursor
minerals, the reaction time and the fluid/rock ratio [94,116–119]. In the NChGS, mixed-
layer I/S and Ilt were reported at 50–180 ◦C and >170 ◦C, respectively (Figure 8). These
temperatures are consistent with the temperature ranges commonly documented for these
minerals in several hydrothermal systems [16,102,104,105,120,121]. Nevertheless, in the
NChGS, the percentage of Ilt layers in interstratified I/S minerals shows a discontinuous
decrease with depth, unlike what has been observed in other hydrothermal systems: stud-
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ies have found that the amount of Ilt layers in I/S minerals increases with the fluid/rock
ratio [122] and that as mixed-layer I/S becomes enriched in Ilt layers during the illitization
process, the ordering of the interlayer structure changes from random (R0) to short-range
ordered (R1) and lastly to long-range ordered (R3) [116]. The discontinuous character of
this structural conversion in the NChGS, where I/S-R0 with 20%–40% Ilt layers were not
documented (Figure 9), contrasts with the continuous smectite-to-illite transition series
seen in diagenetic and hydrothermal environments where uniform thermal gradients and
fluid circulation through pores prevail [106,121,123]. In particular, the sigmoidal variations
observed in the percentage of Ilt layers in I/S minerals at 150–200 ◦C (Figure 9), and the tran-
sition from I/S-R0 to I/S-R1 at ~50% Ilt, suggests that the smectite-to-illite transition series
developed abruptly under high thermal gradients, allowing high fluid/rock ratios. This is
consistent with a dissolution-crystallization precipitation mechanism, where hydrothermal
minerals precipitate directly from hydrothermal fluids [119,120]. Furthermore, the clay
textures observed in BSE images prove that these minerals crystallized directly from a
hydrothermal fluid, thus supporting the previous statement. The aforementioned indicates
that, since the second stage of the paragenetic sequence, the circulation of hydrothermal
fluids was restricted by the clay cap and mainly channeled through fractures.

5.3. Characterization of Hydrothermal Fluids
5.3.1. Surface Manifestations

The chemical compositions of the surface manifestations in the study area (Table 1)
resemble those of thermal waters spatially associated with volcanic centers and/or hosted
by active stratovolcanoes [92,100,124,125]. The thermal springs on the southeast flank of
the (currently active) Nevados de Chillán Volcanic Complex are assessed as acid-sulfate
steam-heated waters. Such waters originate from the condensation of rising steam and
volatiles, emanating from a deeper boiling reservoir and/or magmatic source, into shal-
lower, relatively oxygenated groundwaters [1,12]. In this scenario, the oxidation of H2S to
H2SO4, and the later dissociation of this sulfuric acid, leads to the highly acidic character of
the hydrothermal fluids, which in turn promotes the dissolution of the surrounding rocks
and thus the addition of cations to the thermal waters. Previous studies of these waters
have revealed δD and δ18O values in the range from –74.60 to –51.90, and –9.65 to –6.18,
respectively, suggesting that fluids in the NChGS are predominantly of meteoric origin,
with a slight deviation towards andesitic waters due to the input of magmatic volatiles and
the intense water–rock interaction processes [22,27].

Common products of the interaction between the kind of fluids mentioned previously
and andesitic rocks include sulfate minerals, clay minerals (e.g., smectites and chlorite),
quartz, pyrite, and iron oxides, among others [27]. The presence of interstratified C/S,
quartz, pyrite, iron oxides, and alunite observed between 170 and 250 m indicates the
circulation of these types of fluids at depth, which is consistent with the existence of a
shallow, steam-heated aquifer responsible for the recharge of the surface discharges.

5.3.2. Deep-Seated Hydrothermal Fluids

Notwithstanding the absence of direct measurements of water samples from the
Nieblas-1 well, a general characterization of the hydrothermal fluids and conditions present
in the deeper parts of the NChGS was attained, taking into account both the mineralogical
constraints previously discussed and the petrography and microthermometry of STG 2 and
STG 3 FIAs (Table 2, Figures 11 and 12). The presence of primary, liquid-rich FIAs in quartz
crystals associated with the early phases of the second paragenetic stage shows initial
non-boiling conditions. However, the coexistence of primary liquid-rich and vapor-rich
inclusions in calcite crystals illustrates the establishment of a later gentle boiling event
during STG 2 [9,78,126]. This feature is in accordance with the presence of lattice-bladed
calcite at several depth levels [10]. Furthermore, the homogenization temperatures recorded
at this stage are restricted by the boiling point vs. depth curve for pure water (Figure 11),
in line with the prior considerations, though samples between depths of 160–230 m deviate
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from this trend. For samples from 160 m, an exact fit with the BPD curve is attained when
considering fluids with salinities higher than 20% wt. NaCl eq. (Figure 11). However, the
absence of halite crystals in the FIs and the range of salinities documented for this stage,
were between 0.2 and 3.1 wt.% NaCl eq. (Table 2, Figure 12), dismiss this option. One
possible explanation for the high-Th data for these samples, regardless of the apparently
primary character of the FIAs, could be in relation to changes in the paleo-water table
due to erosion and deglaciation (?) processes. The aforementioned observations, together
with those attained from the alteration mineralogy related to STG 2, indicate the presence
of a near-neutral chloride fluid with low salinity and moderate-to-low concentrations of
dissolved CO2 and which, during the development of STG 2, maintained temperatures
resembling those of the BPD curve for pure water, being significantly higher than the
present-day temperatures measured in the Nieblas-1 well. In this sense, fluid inclusions
from this STG 2 follow a pattern of slight enrichment of salinity with cooling (Figure 12),
consistent with the boiling of a low-gas system as proposed by [80]. However, as previously
discussed, modest quantities of dissolved CO2 in the fluid could determine a significant
deviation from the BPD of pure water [80]. Moreover, the absence of neoformed gypsum
on the walls of fluid inclusions during low-temperature running experiments would not be
a possible explanation for a lowering of Tm [81].

Regarding STG 3, two distinct contexts were identified. In the central part of the drill
core, primary, liquid-rich inclusions were observed in calcite veins rimmed by comb quartz,
with both features validating non-boiling conditions [9,78,83,85,126]. In contrast, at a depth
of ~950 m, coexisting liquid-rich and vapor-rich inclusions in anhydrite veins indicate
gentle boiling conditions. Moreover, pseudosecondary vapor-rich inclusions in anhydrite
imply that flashing conditions were attained at these depths [9]. At this level, flashing was
most likely the result of a minor brecciation event, as manifested by the local presence of
later STG 4 laumontite as a cement in hydrothermal breccias (Figure 6e–f). The change
of conditions with depth, and particularly the boiling and flashing of the hydrothermal
fluids in the deeper levels, is consistent with the wider range of salinities recorded for this
stage (Table 2, Figure 12). In a boiling scenario, the separation of a steam phase from the
hydrothermal fluid is related to the fractionation of volatiles (e.g., CO2, H2S) and relative
volumetric changes between the steam and fluid phases, therefore inducing changes in the
physico-chemical characteristics of the residual hydrothermal fluids, such as a variation in
their salinities [127–129]. Moreover, following [80], the combination of boiling a gas-rich
fluid with subsequent dilution is characterized by a drop in Tm due to the loss of dissolved
gas followed by a gentle Tm decrease with fluid inclusion homogenization temperatures
(Th). Lower homogenization temperatures were recorded in STG 3 compared to STG 2,
being consistent with the present-day temperatures and implying a widespread cooling of
the NChGS during this stage. Such a variation in the thermal behavior of the system has
been documented in numerous geothermal systems [3,4,86,130,131]. A falling water table,
the waning and shifting of the heat source, and the incursion of cold waters have been
interpreted as possible causes for the cooling of geothermal systems [8]. In the NChGS, in
the absence of precise dating of the hydrothermal alteration process, we can not discard
changes in the water table, and, although it is not possible to dismiss a waning and/or
shift of the heat source, we argue that the most likely explanation for the cooling of the
geothermal system that occurred during STG 3 involves the infiltration of cooler waters, as
revealed by the alteration mineralogy coupled with changes in water table level that was
lower than current conditions.

Homogenization temperatures of secondary FIs analyzed in STG 3 anhydrite suggest
a possible increase in the temperature of the system during this stage, which is compatible
with the transition from laumontite to epidote observed in STG 4 veins. However, further
measurements need to be performed to confirm such observations. Moreover, even no
visible changes in the FI morphologies during freezing and heating runs, possible stretching
during the heating run could provide erroneous Th estimations as indicated by [81].
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5.4. Structural Control on the NChGS

Our work in progress, together with previously published data [40,57,58], allow us
to propose a first-order structural control on the origin, development, and location of
the NChGS. The main lineaments described in the area (Figure 2) were studied at the
outcrop scale, and it was possible to distinguish subvertical EW-oriented sinistral (normal
component) transcurrent faults—which are clearly identified in the Las Trancas Valley
(Figure 2)—as major geomorphological and structural feature. Secondary populations of
N30-60E striking, high-angle faults with normal kinematics, are also identified in the Las
Trancas and Hermoso valleys. Less abundant families of faults are NS to NNE-striking
dextral-reverse faults and NW reverse-dextral faults, both observed in the Las Termas-Olle
de Mote and Valle Hermoso sites. Additionally, a series of fractures can be observed at the
structural sites, suggesting the existence of a highly fractured system in both crystalline
(granitoid and hornfels) and stratified rocks (Cura-Mallin formation). The orientation of
steeply dipping fractures is dominated by a larger NW-trending family, which is followed
by NE- and EW-trending fractures with similar relative abundance. Fractures with NS-
trending are significantly the least abundant group.

Furthermore, a series of low-angle thrust faults, subparallel to the Cura-Mallín Forma-
tion stratification, were identified in the Las Termas-Olla de Mote site. These faults would
control the flow of fluids in the NChGS, allowing the circulation of meteoric water to deep
reservoirs and enhancing the secondary permeability favoring fluid–rock interactions and
developing the clay cap as observed in the Nieblas-1 well. Moreover, our study suggests
the main control of the low-angle thrust faults in the surficial hydrothermal manifestations
observed in the Las Termas-Olla de Mote sector (Figure 14), with our conceptual model
suggesting a first-order control of faults and fractures on both the location of the geother-
mal system and on the enhancement of secondary permeability. An experimental study
by [17] demonstrates that fractured silicified rocks can enhance secondary permeability
via the development of a dense fracture network. Internal reports from ENG suggest a
reservoir temperature of around 250 ◦C at 1200–1300 m depth. As the Nieblas-1 ~1km
deep exploratory well did not reach the geothermal reservoir, we propose that the reser-
voir must be hosted within fractured rocks of the Santa Gertrudis-Bullileo granitoid and
associated hornfels (Figure 14), which are located deeper than 1000 m. These crystalline
rocks which could enhance their secondary permeability by silicification processes, will
generate a fracture network transforming these rock units in a favorable for the geothermal
reservoir configuration.

5.5. Hydrothermal Evolution and Conceptual Model of the NChGS

The detailed survey of hydrothermal alteration within the Nieblas-1 well, coupled
with the physico-chemical characterization of the surface manifestations and our structural
geological analysis, offers comprehensive insights into the hydrothermal evolution of
the NChGS.

The initial heating, which was most likely accompanied by the over-pressurization
of the system, triggered a brecciation event where the loss of confining pressure led to
boiling and oversaturation of the hydrothermal fluids, with the latter in turn inducing
the precipitation of secondary minerals whose chemistry was controlled by the chemical
signature of the host rock. Fluctuations in secondary permeability during this phase are
reflected in the shift from the initial precipitation of Co and Chl, correlated with high
fluid/rock ratios, to the later progression of the C/S mineral series, which is associated
with lower fluid/rock ratios, the latter marking the formation time of the clay cap. It is
likely that, at the end of this stage, the separation and upward migration of a steam phase
along with volatiles from a primary magmatic source condensed into shallow groundwaters
and prompted the formation of an acid-sulfate steam-heated aquifer located above the
developing clay cap.
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Continuous interaction between the hydrothermal fluids and the primary host rocks
caused the formation of a fluid-dominated environment in the deepest sector of the system,
where moderate concentrations of dissolved CO2 favored the precipitation of calc-silicate
minerals and, later, carbonates (Figure 13A), as the hydrothermal fluids migrated up-
wards to the steam-heated aquifer level. Subsequently, changes in the fluid/rock ratios
endorsed potassium metasomatism and the subsequent inception of the I/S mineral series;
accordingly, the development of the clay cap was further enhanced and the circulation of
the hydrothermal fluids was further routed through fractures. The highest temperatures
recorded in the NChGS were reached during this phase, leading to the boiling of the
upward-migrating fluids. This last event entailed the loss of CO2, thus supporting the
ensuing precipitation of Ca zeolites (Figure 13B).

The boiling episode and high temperatures were likely quenched by descending,
steam-heated waters, which upon migration were mixed with deeper hydrothermal fluids
and heated, precipitating Ca-zeolites, carbonates, and sulfate minerals along the fluid
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circulation pathways, effectively sealing the system. Presumably, the boiling of the mixed
waters in the deepest levels reached by the Nieblas-1 well, along with the surrounding
enclosed conditions due to the presence of the clay cap and the mineral precipitation in
veins, over-pressurized the system, generating new localized fracturing of the host rock
and the flashing of the hydrothermal fluids.

The temperatures recorded in the aforementioned phase are similar to the present
thermal profile in the NChGS (Figures 3 and 14), suggesting that relatively stable conditions
have persisted since this phase. Nonetheless, the development of a modern hydrothermal
alteration assemblage, with the direct precipitation of secondary minerals restricted to
open veins seemingly formed during the last over-pressure fracturing event, and the high
temperatures documented in secondary inclusions of STG 3 anhydrite (Table 2), reveal the
onset of new conditions in the system, mostly developed at depths below ~ 700 m, that is,
beneath the clay cap.

The long-term evolution outlined above frames the present architecture of the NChGS
(Figure 14), with the key elements being the steam-heated aquifer, the clay cap, and deep,
near-neutral chloride fluids in an area where secondary permeability (related to the presence
of fault and fractures) allows fluid-flow-fracture processes. Faults and fractures allow the
circulation of meteoric waters up to reservoir depths. Meanwhile, the strongly fractured
Santa Gertrudis granitoid is the likely host of the reservoir unit, where temperatures could
reach up to 250 ◦C at depths of 1200–1300 m. Finally, the development of the clay cap has
been a determining factor in the geothermal evolution of the NChGS, not only acting as a
seal for temperature and pressure conditions but also perching on the steam-heated aquifer
domain, as well as isolating this domain from the deep reservoir realm and limiting the
fluid circulation to permeable channels.

6. Concluding Remarks

Our mineralogical study of the NChGS was based on analysis from the c. 1000 m
deep Nieblas-1 exploration well and was coupled with fieldwork and detailed structural
analysis. This combined approach was used to design a conceptual model for the active
geothermal system, as presented in Figure 14. A first-order structural control defines the
location and evolution of the NChGS, and, as the system is located on the flank of the
active NChVC, it can be defined as a non-classic geothermal system associated with active
volcanism in a zone of high relief. Moreover, our study strongly supports the hypothesis
that the geothermal reservoir is located within fractured crystalline rocks of the Santa
Gertrudis Bullileo granitoid and their associated hornfels. Our model proposes the boiling
of meteoric waters within a deep reservoir in the presence of volatiles derived from a
primary magmatic source, which furthered the development of acid-sulfate steam-heated
waters overlying the up-flow zone. The steep topography and the presence of permeable
channels (faults and fractures) allow the descent of these waters, which quench the boiling
process and mix with the deeper reservoir fluids along the vertical segment delimited by a
clay cap.

An indispensable factor for comprehending the architecture of the NChGS was the
recognition and delimitation of a clay cap, which is a major element in the system con-
sidering its role in both sealing the system (in regards to temperature and pressure) and
restricting the circulation of hydrothermal fluids. This highlights the usefulness of the
study of clay mineralogy, as such minerals allow the relative characterization of fluid/rock
ratios and permeability conditions in hydrothermal systems. Finally, the analysis of surface
faults and fractures allows us to propose a conceptual model of fluid flow along fractures
and the development of a geothermal system in an active volcanic edifice with a reservoir
hosted within a basement containing fractured crystalline rocks (hornfels and granitoid).
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