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Abstract: This study focuses on hydrothermal alteration, and more specifically clays, in the geother-
mal reservoir of Cerro Pabellén in Andean Cordillera, Northern Chile. Although it is the first
commercial geothermal power plant in South America with 48 MWe installed and an additional
33 MWe during 2022, the alteration mineralogy of the deep reservoir remains poorly investigated.
Cuttings from two deep wells drilled between 500 and 3000 m depth were sampled. The fine-grained
clay fraction was analyzed using X-ray diffraction to observe the mineral distribution and variations
of crystal structure of the clays. Scanning electron microscopy coupled with energy dispersive
spectroscopy allowed us to perform microanalysis of the clays. The results suggest a high hetero-
geneity of the reservoir in term of alteration: a pervasive alteration dominated by trioctahedral clays
was observed in all the samples, whereas a fracture-controlled alteration was only observed locally,
dominated by dioctahedral clays. Illite-smectite mixed layers with more than 90% illite typically
occur in permeable fracture and fault as a typical clay signature. This study completed an integrated
conceptual model of the high enthalpy reservoir (>250 °C). Circulations of a neutral pH Na-K-Cl
fluid occur in a wide fracture system connected to highly dipping and NW-striking faults and could
extend beyond the Pabelloncito graben.

Keywords: high-enthalpy system; deep fluids; permeable fracture; clay minerals; hydrothermal
alteration; Cerro Pabellon; Chile; Andean Cordillera

1. Introduction

The Central Andean Volcanic Zone (CAVZ) represents one of the most important
and mostly undeveloped geothermal areas, with no less than 300 geothermal systems
associated with quaternary volcanism resulting from the subduction of the Nazca and
Antarctic oceanic plates below South America [1,2]. Several active geothermal systems
were identified such as El Tatio, La Torta, and Cerro Pabellén (CP) [1,3]. Discovered in
1999 (previously referred as the ‘Apacheta geothermal project” by [4]), the CP geothermal
system is located ~100 km northeast of Calama city (Antofagasta region, Northern Chile),
near the border between Chile and Bolivia. Since 2017, Geotérmica del Norte, a joint
venture between Enel Green Power Chile and ENAP (Chilean National Oil Company),
has exploited this system with 13 wells at 4500 m a.s.1, a 48 MWe installed capacity power
plant (two binary 24 MWe each one units), and an additional 33 MWe for 2022 [5]. The
deep reservoir of ~5 x 5 km? between 500 and 2000 m depth is defined as a high-enthalpy
(>250 °C) two-phase reservoir [1]. Previous geological studies were mainly conducted on
surficial alteration and the 300 m thick clay cap, whereas the deep reservoir (>500 m depth)
remains poorly investigated [6,7]. Although the Andean geothermal potential remains one
of the highest in the world, the CP power plant is the only one in exploitation in South
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America. Further exploration and investigation on deep hydrothermal circulations will
help the development of geothermal projects in the Andean Cordillera.

This study identified hydrothermal alteration in cuttings from two deep wells in the
reservoir part between 500 and 3000 m MD (measured depth). During the life of geothermal
systems, the fluid circulations into the reservoir lead to dissolutions of primary minerals and
glassy or fine-grained groundmass of volcanogenic host rocks and subsequent deposition
of secondary minerals. The nature and amount of mineralogical parageneses associated
with alteration of the deep rock samples could help to understand paleo and present-day
circulations of the geothermal system [8-16]. As clay minerals are very sensitive to physico-
chemical changes (temperature, F/R ratio, time, nature of hydrothermal fluids, fluid state),
special attention was paid to the clay minerals [17-21].

The goal of the proposed study was to characterize the hydrothermal alteration in the
active part of the CP geothermal system and to determine the clay signature of the fluid
circulations which control the present-day productivity of the geothermal reservoir. Such a
contribution may be of interest for other Andean geothermal systems with more limited
geological information and may help in the further development of geothermal projects in
the Chilean Andes and neighboring countries.

2. Geological Settings

Within the CAVZ, the CP geothermal system belongs to the graben structure called
the Pabelloncito graben (Figure 1a). The geology of the area has been widely described
by [7,22-25]. This depression of 20 km long and 3 km wide is framed between two main
faults, N 53° W to N 60° W direction, and a secondary fault system in between with
the same orientation affects the geological units (Figure 1b). It was initiated by a local
Pliocene extensional phase that continued until the Holocene, with normal faults acting as
structural weakness for extrusion of the dacitic lava domes [24,26-28]. This NW tectonic
trend is commonly observed in the CAVZ for faults and lineaments and represents the
main pathways for fluid migration towards shallower crustal levels [26,28-30]. In the
Pabelloncito graben, the hydrothermal circulations are sealed upwards by a thick clay
cap [4,6,24,31].

The 300 m-thick clay cap studied in the core samples of the exploration well PExAp-
1 reveals an intensive, pervasive alteration dominated by smectite (montmorillonite-
beidellite) associated to hematite, zeolites, calcite, and quartz [6]. A transition zone is
identified below and corresponds to the transition from RO to R3 illite-smectite mixed
layers (I-S). The dioctahedral sequence is associated to chlorite-smectite mixed layers,
corrensite, chlorite-corrensite mixed layers (C-Crr), and chlorite, Na-plagioclase, quartz,
calcite, hematite, stilbite, and laumontite. Finally, the top of the reservoir (below 500 m
depth) is dominated by illite and chlorite and associated with chlorite-corrensite mixed
layers, epidote, Na-plagioclase, adularia, quartz, calcite, pyrite, chalcopyrite, and titanite.

An integrated conceptual model, including a diffuse CO, survey, was proposed by [7],
confirming the strong control of the thick clay clap in the absence of surficial hydrothermal
manifestations in the center of the graben. A few superheated fumaroles displaying
high temperatures in the range of 108-119 °C, and a fossil alteration zone with pervasive
hydrothermal alteration, were observed at ~5000-5200 m a.s.l. on the top of the Apacheta-
Aguilucho Volcanic Complex at the NW of the graben [4,22,31,32] (Figure 1b). Poorly
crystallized kaolinite and cristobalite (opal-C), alunite, alunogen, and Mg-Zn-Cu-rich
smectite are associated in rocks of the active “fumaroles” zone, and the association of well-
crystallized kaolinite, alunite-natroalunite, pyrophyllite, mixed opal-A-opal C/T-quartz
and Mg-Zn-Cu-rich illite-smectite was identified in the fossil zone.
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Figure 1. (a) Map of the Central Andean Volcanic Zone (CAVZ), regional scale faults, active volcanoes
and main geothermal manifestations (geysers, fumaroles, steam grounds, hot springs, etc.) in the
Chilean side after [1]. The image used in the background is from ESRI. The red square is the studied
area, also detailed in (b): map of the Pabelloncito graben with geothermal wells, main faults and
lineaments. The trace ABC in red is presented in (c): schematic profile with measured isotherms
after [33]. The simplified geology and traces of the intersected fracture zones (FZ) and local faults are
from [24,34]. The red rectangle is the studied zone in the paper. RD: recent deposits (unconsolidated
deposits and ignimbrites); tuffs: lithic and dacitic tuffs; lava: andesitic lavas; red rectangles are the
studied zone in this paper; the deep part of CP6A was not sampled because of circulation losses. (d) T
profiles in CP4A and CP6A wells measured several months after drilling operations. FZ intersected
and tops of convection and propylitic alteration are from [34].

Others warm springs with temperature around 23 °C were observed around 17 km SW
of the power plant location [4] (Figure 1b). At the SE of the graben, the Cordon de Inacaliri
area is characterized by steaming grounds and a scarce fumarolic activity associated with
an extensive acid-sulphate (alunite + kaolinite + opal CT + anatase) to argillic alteration
(kaolinite + hematite + halloysite + smectite + illite-smectite + illite) and CO2 flux that
allowed estimation of an electrical capacity potential of 1.08 MWe km2 [23,25].
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The fluid circulating in the CP reservoir is a typical Na-K-Cl geothermal fluid with
high solutes content and low gas content [33]. The recalculated pH at reservoir conditions is
between 5 and 6.2. The Na-K geothermometer indicates apparent equilibrium temperatures
in the range of 280-290 °C, higher than the 255 °C measured in the hotter wells, suggesting
that the system could be even hotter at depth. As the downhole temperature was measured
only several months after drilling, it could be that it was not at thermal equilibrium. The
§D-5'80 values suggest several millions of years of the fluid’s mean residence time within
the CP geothermal reservoir and strong interaction with the volcanogenic host rocks. In
addition, the apparent ages of the geothermal fluid samples constrained using *C ages
and ®H values also point to very long residence times for waters and a possible magmatic
component [35]. The geochemical conceptual model suggests infiltration of meteoric
waters that migrated from the recharge zone to the geothermal reservoir, interacting with
volcanogenic host rocks at high temperatures (>250 °C) and mixed with a possible magmatic
water [33].

The 3D thermal model of the CP reservoir shows a dome shape of the isotherms
(Figure 1c) [34]. The apex of the thermal dome marks the center of the upflow zone of
the geothermal fluid in the NW edge of the Pabelloncito graben. Wells from platforms
CP-1, CP-5, and CP-6, drilled in this hot core of the system, present the greater production
potential. On the margins of the upflow zone, temperature gradients decrease gradually
towards the north (CP-2 platform) and the south (CP-3 platform), and more abruptly
outside the graben towards the CP-4 and CP-10 platforms. The model proposed by [34]
points out a good relationship of the thermal data, the propylitic facies, and the permeability
distribution. The reservoir is associated with the propylitic facies described by [6] and
a nearly vertical temperature (T) profile traducing a convective circulation of the fluid
(Figure 1d). All the T profiles presented in this paper were measured several months after
drilling operations. However, the thermal equilibrium might not have been reached as
the equilibrium temperature from geothermometer appears hotter. Locally, the vertical
profiles are disturbed by T anomalies that match in depth producing fracture and fault
zones (FZ) (Figure 1d). This thermal signature of the permeable FZ was already described
in the literature [36—40]. The permeable FZs are mainly localized in dacitic tuffs.

This study focused on two deep wells:

e (CP-4A, drilled outside the graben, where isotherms suddenly decrease, traducing
cooler temperatures;
e  (CP-6A, drilled inside the graben in the hot core of the reservoir (Figure 1b,c).

This selection was made to identify which factor can influence the permeability, such
as temperature, fracture distribution, F/R ratio, lithology, etc.

Even if the CP-4A well, drilled down to 2700 m MD, is in the peripheral limit of
the system, a good hydraulic connection to the main reservoir was evident [34]. The
deep temperature reached approx. 235 °C and a large negative T anomaly was observed
from 2525 to 2650 m MD (Figure 1d). The 3D structural model indicated a fracture zone
intersected at 2600 m MD that is potentially permeable as it correlates the T anomaly. This
FZ probably controls the hydraulic behavior of the well that presents a high injectivity
with an absorption of 310 m?®/h without wellhead pressure. The well was sampled from
1540 to 2700 m MD and intersects mainly dacitic tuffs with andesitic lavas interlayered in
this section.

The CP-6A well, drilled down to 2300 m MD, mainly intersects dacitic tuffs and
andesitic lavas. Cuttings were not available below 1430 m MD due to total losses and,
thus, its geological study focused from 360 to 1430 m MD. The deep temperature reached
approx. 230 °C, but as temperature profiles were acquired only few months after drilling
operations, temperature can be expected to be hotter once the thermal equilibrium reaches
that suggested by its twin well CP-6. In CP-6A, there was a double T anomaly: a positive
one from 1210 to 1290 m MD matched a first FZ at 1240 m MD and a negative one from 1290
to 1360 m MD matched a second FZ at 1320 m MD from the structural 3D model (Figure 1d).
Because they matched a T anomaly, these two FZs were interpreted as permeable, and a
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constricted sampling was made around them to observe the possible clay signature of the
permeable FZ more accurately in the CP reservoir. The structural model indicated at least
three others deep FZs intersected by the well. The deepest one was interpreted as a local
fault intersected at 2200 m MD. The CP-6A well presented the highest injectivity index of
the geothermal system with 20 m3/h/bar.

3. Sampling and Methods

Petrographic investigations were carried out with 7 thin sections from CP-4A and
11 thin sections from CP-6A observed under polarized microscope and JEOL JSM-IT500
scanning electron microscopy (SEM) at the IC2MP laboratory (University of Poitiers,
Poitiers, France). Cuttings with an average size between 0.5 and 2 mm were sampled.
With cutting samples, spatial resolution is low and textural relations between minerals are
hardly observed.

X-ray diffraction (XRD) was conducted on the clay fraction of 35 samples of cuttings
from 1540 to 2700 m MD in CP-4A and 72 samples from 360 to 1430 m MD in CP-6A.
The sampling was performed along the reservoir and constricted around the temperature
anomalies related to the permeable FZ. Samples far from permeable zones were also
selected as reference materials, as they are believed to be representative of rocks preserved
from present-day fluid circulation. In the absence of preliminary grinding, samples were
immersed in distilled water and disaggregated by ultrasonic treatment to properly disperse
the clay particles in suspension. Oriented powders on glass slides were prepared with a
<5 um clay suspension, obtained by sedimentation. Clay minerals were identified by XRD
of air-dried and ethylene-glycol (EG)-saturated oriented powders carried out on a Bruker D8
Advance diffractometer (CuK« radiation, 40 kV, 40 mA) at the IC2MP laboratory (University
of Poitiers, Poitiers, France). The analytical conditions were as follows: angular domain:
2.5-30 °26; step increment: 0.025 °20; and counting time per step: 3 s. Diffractometers
were processed using Match! Software (Version 3.8, Crystal Impact) and clay minerals were
identified according to [41].

Chemical compositions of primary and secondary minerals as well as textural obser-
vations were acquired using a JEOL JSM-IT500 SEM equipped with a Bruker linxeye EDS
associated with SPIRIT software (Version 2.1, Bruker, Billerica, MA, USA ) at the IC2MP
laboratory (University of Poitiers, Poitiers, France). The analytical conditions were as
follows: 15 kV; 1 nA; counting time: 50 s; and working distance: 11 mm. The analyzed
elements were Si, Al, Fe, Mg, Mn, Ti, Ca, Na, and K. The system was calibrated with a
variety of synthetic oxide and natural silicate standards. The reproducibility of the standard
analyses was approximately 1%, except for Na, which had a reproducibility of 1.5%.

4. Results
4.1. Alteration Petrography

The former petrography described by [24] was slightly modified in the light of our
observations. In this sense, samples CP-4A 1640, 1790, and 1940 presented orthopyroxenes
suggesting a more andesitic lava flow. Samples CP-4A 2340 and CP-6A 860 were cuttings
from andesitic to dacitic rocks, suggesting that they were at the transition between andesitic
lavas and dacitic formations.

A pervasive alteration was observed in all samples with a moderate to intense inten-
sity. This alteration pattern was particularly well-expressed away from zones of circula-
tion. Smectite was observed as the replacement of orthopyroxenes in the andesitic lavas
(Figure 2a). In shallow samples (above 800 m MD), smectite was associated with zeolites,
hematite, and carbonates (calcite and ankerite).
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Figure 2. Mineral associations representative of pervasive alteration (a—d) and fracture-controlled
alteration (e-h). Observations conducted by SEM in thin sections of cuttings fixed in epoxy in CP-4A
and CP-6A wells. Cal: calcite, Chl: chlorite, Cpt: clinoptilolite, Crr: corrensite, Ep: epidote, Hem:
hematite, Ill: illite, Opx: orthopyroxen, Pl: plagioclase, Sm: smectite, Qtz: quartz, Zeo: zeolite.
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In CP-6A, zeolites with a reflection peak at 8.95-8.96 A in the oriented XRD corre-
sponded to the heulandite-clinoptilolite group (Figure 3). However, chemical analyses
were closer to heulandite (Table S1 Supplementary Materials). Chloritic minerals mainly
replaced magmatic ferromagnesian minerals and the vitreous matrix (Figure 2b). In deep
samples below 1500 m MD, especially in CP-4A, chloritic minerals were observed in as-
sociation with titanite and epidote (Figure 2c). Sometimes epidote precipitates in small
needle-shaped crystals inside chlorite. Epidote is iron-rich with Ps > 0.30 and exhibited
chemical heterogeneity evidence in zonation observed under SEM back-scattered electrons
(Figure 2c and Table S2). Green minerals were observed in all the shallow as well as deep
samples associated with quartz micrograins as microvacuoles, vesicles and vug fillings
as well as in total replacement of the magmatic minerals. They are Fe,K-rich clays from
the celadonite—glauconite group (Figure 2d). Chemical analyses showed that celadonite
occured in the deepest sample at 2600 m MD in CP-4A, whereas in the shallowest samples

at 560 and 980 m MD in CP-6A, the high tetrahedron charge indicated minerals closer to
glauconite (Table S3) [42,43].
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Figure 3. X-ray diffractograms of EG-saturated oriented powder (<5 um clay fraction). (a) Samples
1590, 1990, 2190, 2440, 2550, 2615, and 2640 in CP-4A well. Samples 2550 and 2615 were located inside
the FZ associated with negative T anomaly. (b) Samples 590, 800, 980, 1160, 1245 (upper FZ associated
with positive T anomaly), 1290, 1310 (lower FZ associated with negative T anomaly), and 1430 in
CP-6A well. Cel: celadonite, Chl: chlorite, C-Crr: chlorite-corrensite mixed layers, Crr: corrensite,
Glt: glauconite, IlI: illite, I-S: illite-smectite mixed layers, Sm: smectite, Qtz: quartz, Zeo: zeolites.

A fracture-controlled alteration event was superimposed on the previous pervasive
alteration (Figure 2e). It was very destructive and the primary minerals or the secondary
minerals from the pervasive alteration were strongly replaced in the zones of fluid circula-
tion at 2600 m MD in CP-4A and 1240 and 1320 m MD in CP-6A. It was characterized by
illitic minerals that seemed to precipitate together with chlorite +/— carbonates, mainly
calcite but also sometimes dolomite (Figure 2f,g). Coprecipitation of illite and chlorite
suggests the occurrence of at least one other generation of chlorite than the one observed

previously in association with epidote and titanite (Figure 2c,e-h).
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4.2. Depth-Related Distribution of Clay Minerals

The relative proportions of the clay minerals observed were also estimated from peak
areas in the XRD patterns (Figure 3). The higher the area of the peak, the most abundant
that clay mineral. When mixed layers such as I-S and/or C-Crr were identified after
EG-saturation, the complex peaks were deconvoluted in Gaussian curves using the Fityk
software. This deconvolution was made in the 7-11 °26 domain for the illitic minerals
(Figure 4a). The illitic peak was decomposed with at least two peaks related to I-S R3;
the first one with d-spacing around 10.1-11.4 A and a second one, more intense, with
d-spacing around 9.55-10 A. Sometimes, a third peak of pure illite was added at 10 A to the
decomposition. Due to a very low intensity of the reflection patterns, it was not possible
to apply the deconvolution of the chloritic peak on the 16-21 °26 domain as proposed
by [44] for all the samples and, thus, was mainly performed on the 10-14 °20 domain
(Figure 4b,c). After deconvolution of the 10-14 °26 domain in EG patterns, the corrensite
peak was between 7.63 and 7.85 A, the C-Crr one was between 7 and 7.9 A, and the chlorite
one between 7.07 and 7.12 A (Figure 4b). For chloritic minerals in the CP-4A well, the
relative proportion was defined as %Chl = area Chl / (area Chl + area C-Crr + area Crr) after
deconvolution of the peaks (Figure 5).

10A

(a)

e
e

°26
} — |-SR3peak 1 — Crmr
— lI_IS R3 peak 2 p—— 8;1?"
1245 —— Data e Model

1290

°28

Figure 4. Deconvolution of the X-ray diffractograms of EG-saturated oriented powder (<5 pm clay
fraction). (a) Illitic peak (7-11 °20 domain) of the samples CP-6A 1245 (upper FZ associated with
positive T anomaly), 1290 (edges of FZ), and 1310 (lower FZ associated with negative T anomaly).
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III: illite, I-S: ordered illite /smectite mixed layer. (b) Deconvolution of the chloritic peak (10-14°26
domain) of the samples CP-4A 1590 (corrensite dominant), 1990 (C-Crr dominant), and 2440 (chlorite
dominant). Chl: chlorite, Crr: corrensite, C-Crrl: chlorite-corrensite mixed layer. (¢) Deconvolution
of the chloritic peak (16-21 °20 domain) of the sample CP-4A 1590.
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Figure 5. Relative proportion of clay mineral with depth estimated from EG-saturated XRD patterns
within the CP-4A well with a close-up of the FZ shown on the right. The temperature profile was
measured 2 % months after drilling operations. Depth is expressed in m (measured depth). I-S R3 and
C-Crr positions are expressed in Angstrom. Sm: smectite, I-S: illite/smectite mixed layers, Ill: illite,
C-Crr: chlorite/corrensite mixed layers, Crr: corrensite, Chl: chlorite.

The proportion of illite in the I-S was estimated thanks to the position of peak 2 after
deconvolution; the closer the peak is from the theoretical position of illite (10 A), the higher
the proportion of illite inside the I-S (Figure 4a). In Figures 5 and 6, the I-S R3 position is
the difference between the position of the peak 2 after deconvolution and the theoretical
position of illite (10 A). As the I-S R3 position was comprised between 0.03 and 0.36 A, the
proportion of illite inside the I-S R3 was estimated between 100% and 90% [45].

The proportion of chlorite in the C-Crr was estimated thanks to the position of the
C-Crr peak; the closer the peak is from the theoretical position of chlorite (7.1 A), the higher
the proportion of chlorite inside the C-Crr. In Figures 5 and 6, the C-Crr position is the
difference between the position of the C-Crr peak after deconvolution and the theoretical
position of chlorite (7.1 A), comprised between 0.03 and 0.46 A.
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Figure 6. Relative proportion of clay mineral with depth estimated from EG-saturated XRD patterns
within CP6A well with a close-up of the FZ shown on the right. The temperature profile was measured
4 months after drilling operations. I-S R3 and C-Crr positions are expressed in Angstrom. I-S R1
are expressed in percentage of illite comprised between 60 and 80%. Depth: Measured Depth (m),
TVD: True Vertical Depth, Litho: Lithology, TS: Thin Section, Sm: smectite, I-S: illite/smectite mixed
layers, Ill: illite, C-Crr: chlorite/corrensite mixed layers, Crr: corrensite, Chl: chlorite.

4.2.1. Trioctahedral Clays Related to Pervasive Alteration

The trioctahedral sequence (Sm-Crr-C-Crr-Chl) was clearly visible in CP-4A (Figure 3a).
The smectite was identified with a high reflection peak between 16.7 and 17.3 A and a
lower intensity of other reflection peaks in EG patterns (Figure 3a). The proportion of
chloritic minerals increased with depth and temperature (Figure 5). The relative proportion
of corrensite gradually decreased with depth when the C-Crr increased. Corrensite barely
disappeared in the deepest part of the well where chlorite was more abundant, especially
inside the FZ. Below 1900 m MD, the C-Crr peak shifted towards the chlorite position
(7.1 A), traducing an increase in the chloritic component at the expense of the corrensite
one in the C-Crr (Figure 5). The trioctahedral sequence was obliterated from 2530 to 2620 m
MD, the zone of circulation, but was dominating again below 2620 m MD.

This trioctahedral sequence was also visible in CP-6A, especially above 880 m MD, far
from the permeable FZs (Figures 3 and 6). Inside the permeable FZs, the trioctahedral clays
were obliterated by dioctahedral ones. In these samples, pure chlorite (without corrensite
and C-Crr) was still observed in trace amounts.

4.2.2. Dioctahedral Clays Related to Fracture-Controlled Alteration

The dioctahedral sequence (I-S R1-1-S R3-Ill) was clearly visible below 890 m MD
in CP-6A (Figure 3b). With increasing depth and temperature, the dioctahedral sequence
from I/S Ri to I/S R3 to pure illite (without I-S detected) was clearly observed below 890 m
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MD. Transition from I-S R1 rich in smectite (60 to 80%) to I-S R3 rich in illite (>90%) was
observed around 980 m MD and the pure illite was abundant below 1190 m MD (Figure 6).
Locally, the percentage of illite in the I-S R3 increased slowly in the vicinity of both FZs
with a maximum illitic component at 1245 and 1310 m MD, whereas the minimum was
observed at 1290 m MD in between both FZs (Figure 4a). Pure illite disappeared at the
depth of the lower FZs (associated to the negative T anomaly) and reappeared again below
1340 m MD (Figures 4a and 6).

Dioctahedral clays (illite and I-S R3 with illite >90%) also dominated the permeable
FZ associated with the T anomaly from 2530 to 2620 m MD in the CP-4A well (Figure 3a).
Inside the FZ, I-S R1 and R3 and abundant pure illite were observed above 2600 m MD, the
depth of the fracture. Below 2600 m depth, the amount of I-5 R3 and pure illite decreased,
whereas R1 was no longer observed. Inside the I-S R3, the highest percentage of illite was
observed in the vicinity of the fracture, and the illitic component decreased far from the
fracture (Figure 5).

4.3. Crystal Chemistry of Clay Minerals

The average structural formulas of smectite observed in samples CP6A 560 & 860
are given in Table S4. All the smectites were trioctahedral, i.e., saponite, with XFe ratios
(Fe/(Fe + Mg)) between 0.2 and 0.5, probably relative to the chemistry of the mineral that
they were replacing (Figure 7a).

The average structural formulas of corrensite observed in samples CP-4A 1640 and
2340 and CP-6A 560 are provided in Tables 54 and S5. The interlayer charge was between
0.23 and 0.49, an octahedral occupancy between 5.10 and 5.57 a.p.f.u., and a Si/(Si + Al)
ratio >0.6.

The average structural formulas of C-Crr observed in samples CP-4A 1790, 1940, 2140,
and 2550 are provided in Table S5. They presented a lower interlayer charge than the pure
corrensite (without C-Crr detected) and a higher octahedral occupancy. The enrichment of
Fe suggested an increase in the chloritic layers in the mineral that tended to increase with
depth as was also observed with the XRD patterns (Figure 7a).

The average structural formulas of chlorite observed in samples CP-4A 2340, 2550,
and 2600, and CP-6A 860, 980, 1190, 1220, 1250, 1310, 1370, 1400, and 1430 are provided in
Tables 54 and S5. They differed from the corrensite by a lower interlayer charge (between
0.01 and 0.3 a.p.f.u), a higher octahedral occupancy (>5.70), and by a lower Si/(Si + Al) ratio
(<0.60). Two types of chlorite were distinguished based on XFe ratio (Figure 1). The Fe-Mg
chlorite with 0.2 < XFe < 0.5 were observed in association with corrensite and C-Crr in
replacement of all ferromagnesian magmatic minerals. These chloritic minerals are related
to the pervasive alteration. The Fe-chlorite with 0.55 < XFe < 0.80 precipitate mainly with
illitic minerals in veins. Sometimes, they were observed in replacement of Fe-Mg chlorite
and corrensite from the pervasive alteration as in sample CP-4A 2340 in Figure 1b. This
second generation of Fe-chlorite is related to the argillic alteration developed in the FZ.
When they coprecipitated with illitic minerals, the interlayer charge was slightly higher
due to contamination. Some measurements of chlorite are in between both.

The chemical analyses of illitic minerals (I-5 R1, I-S R3, and illite) did not present major
variations with depth and in both wells (Table 56). The interlayer charge was between 0.70
and 0.90 for I-S and higher than 0.90 for pure illite.
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Figure 7. (a) Plot of the structural formulae of trioctahedral clays in a diagram of XFe versus Si for CP-
4A and CP-6A wells (XFe = Fe/(Fe + Mg). The average structural formula for each sample is presented
in S1. In this figure, all the samples are represented with a relative structure containing 14 oxygen
atoms and assuming that the total iron content was composed of Fe?*. Theoretical compositions of
clinochlore, chamosite, corrensite, and saponite are provided for reference. (b) SEM observations of
Fe-chlorite from the fracture-controlled alteration superimposed to the Fe-Mg chlorite and corrensite
from the pervasive alteration.

5. Discussion
5.1. Clay Signature of the Hydrothermal Alteration

Petrographic observations suggested at least two hydrothermal alterations:
A pervasive alteration associated with two mineralogical assemblages:

o Saponite + heulandite—clinoptilolite £+ hematite £ carbonates (calcite + ankerite) observed as
the replacement of primary minerals as well as of the vitreous matrix in the shallowest
samples. Heulandite—clinoptilolite showed thermal stability up to 200 °C [46,47].

o  Corrensite—Fe-Mg chlorite + epidote + titanite + quartz + hematite observed as the replace-
ment of primary minerals as well as of the vitreous matrix in the deepest samples of
the reservoir.

This propylitic alteration is very common during cooling of magmatic intrusive bodies

resulting from interactions between igneous minerals with stagnant fluids in pores or
microcracks [48,49]. In the context of the andesitic volcanism, it is mainly dominated
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by trioctahedral clays and is representative of hydrothermal alteration in inactive flow
regimes [8]. More locally, green Fe K-rich clays from celadonite-glauconite group + quartz
were observed as the replacement of primary minerals as well as filling open spaces such
as microvacuoles, microfractures, and vesicles in the reservoir. These green Fe K-rich clays
are poorly characterized by the literature and could result from late hydrothermal fluids.
The occurrence of minerals such as celadonite, iron-rich epidote, and hematite in which
iron is essentially in the ferric state is indicative of crystallization in oxidizing conditions.
The chemistry of chloritic minerals is rock-dominated during propylitic alteration and they
are preferentially magnesium-rich (i.e., Fe/Fe + Mg < 0.5) because they incorporate iron
essentially at the ferrous state under oxidizing conditions [50-52].

A fracture-controlled alteration marked by illite + I-S + Fe-chlorite + carbonates (mainly
calcite). This alteration was superimposed on the previous one and was particularly intense
in the proximity of fractures. This mineral’s assemblage was widely developed in zones of
active flow regime structurally controlled by fracture networks at 200 °C < T <300 °C [8,48].
With our study, we can hypothesize that this hydrothermal association is probably the
alteration signature of present-day circulations of the reservoir geothermal fluids within
the CP geothermal system. In the future, it could be interesting to study the chemical
equilibrium of the dioctahedral clays with the geothermal fluid at the downhole measured
temperatures to confirm this assumption. Minerals precipitate directly from the fluid and
their chemistry is controlled by the fluid’s [19,52,53]. Contrary to the chlorite from the
propylitic event, chlorites from the argillic event crystallized under reducing conditions
and are Fe-rich. Carbonates suggest a relatively high CO2 content in the geothermal fluid.
In this sense, the steam fraction was not analyzed in CP-6, but in the nearby wells, the CO,
content comprised between 2.18 and 3.5 mmol/mol [33].

All these minerals can crystallize in the present-day temperature observed in the wells
(circa 250 °C). The propylitic alteration probably started before but continues even if, locally
in the permeable levels, hydrothermal minerals that crystallized directly from the fluid
obliterate the propylitic minerals.

5.2. Towards a Conceptual Model of the Deep Fluid Circulations

The interpretation of the propylitic alteration associated with the active part of the
reservoir and fracture distribution proposed by [6,34] is too simplistic. Our results revealed
a high heterogeneity in terms of alteration mineralogy that underlines the dynamics of
the fluid. The CP-6A well, located inside the graben, in the hot core of the reservoir, was
dominated by the dioctahedral sequence with a relative proportion of illitic component that
increased in the vicinity of the FZs (Figure 8a). The CP-4A well, located at the peripheral
limit of the geothermal system, was dominated by the trioctahedral sequence, from saponite
to chlorite, including corrensite and C-Crr, influenced by the regional geothermal gradient
(Figure 8a). However, the same intense illitization was observed in the deep permeable FZ
of the well. Although no discharge fluid samples have been analyzed yet for the CP-4A
well, the similarity in alteration mineral assemblages and chemical homogeneity of the clay
minerals supports the theory of a common fluid source and suggests that the graben fault
can behave as a conduit for the geothermal fluid (Figure 8b). The proximity of both wells
to each other (circa 2 km between the bottoms of the wells) and the injectivity index of
CP-4A confirms a good connection to the deep geothermal reservoir. However, the sudden
decrease in the isotherms and the dominance of propylitic alteration in CP-4A suggests
limited fluid circulations outside the graben restricted to a few FZs compared to the center
of the graben.
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Figure 8. (a) Clay signature of the deep fluid circulations in Cerro Pabellon (CP) wells. (b) Conceptual
model of the CP geothermal system after [4,6,7,33]. Isotherms, structures, and fluid circulations
are schematically represented and updated with our results in the CP-4A and CP-6A wells. The
large-scale faults are from the structural model of [24] and the fractured core of the reservoir follows
the trace of the low resistive anomaly in the 3D magnetotelluric model from [34]. The depth of the
magmatic heat source is from [54].

Deep and hot geothermal fluid (>250 °C) ascends through a widely distributed fracture
system connected to highly dipping NW-striking normal faults. The degassing processes
and intense leaching of the host volcanic rocks that probably occurs at depth lead to an
increase in solutes in the geothermal fluid [32,33]. In a high F/R ratio environment such as
a permeable fracture, geothermal fluid becomes strongly oversaturated in K, promoting
the crystallization of illitic minerals. Illitic minerals are widely described in the literature as
potential indicators of actual circulations [52,55,56]. At the FZ scale, I-S R3 (illite > 90%)
was observed at the depth of the main drains, whereas illite was more abundant in the
altered walls of the fracture (above the drain for CP-4A and on both sides of the drains for
CP-6A). These local variations could be linked to local variations in the physico-chemical
conditions in FZs. Indeed, abrupt changes in the flow regime inside the fluid channels
can lead to the explosive nucleation of small clay crystallites and promote the occurrence
of heterogeneous mineral assemblages, such as I-S. This conceptual model of circulations
should be consolidated by alteration studies in other wells of the geothermal system but
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also integration of the chemical composition of its fluids. If fracture distribution and fluid
dynamics seem to be dominant factors of the alteration, observations in other wells of the
field could also help to understand the influence of the graben fault or geomechanics of the
host rocks.

6. Conclusions

As the CP reservoir is an active system, it presents a high heterogeneity in terms of
alteration mineralogy. At least two main stages of hydrothermal alteration were identified
in the CP-4A and CP-6A wells. A pervasive alteration, dominated by trioctahedral clays
and calcosilicates, was observed far from the permeable FZ in replacement of primary
minerals. It was an intense fracture-controlled event dominated by illitic minerals (I-S R3
with ill > 90% and illite), Fe-chlorite, and calcite that crystallized directly from fluid in the
FZs. This alteration is superimposed on the previous one and can be highly destructive.

Pervasive and fracture-controlled alterations could occur synchronously, but, locally,
the fluid dynamics led to replacement of the minerals from propylitic alteration. The
dioctahedral sequence was mainly expressed in CP-6A, in the hot core of the reservoir
inside the graben, where the fluid circulations are more intense, whereas the trioctahedral
sequence was mainly expressed in CP-4A, outside the graben. However, in both wells, the
FZs that channel the ascending fluid were associated with a strong illitization. This specific
clay signature observed in high F/R ratio environment is a good indicator of present-day
fluid circulations, suggesting one unique fluid circulating and the permeable behavior of
the graben fault.

These first original results from the deep mineralogy in CP-4A and CP-6A provide
the opportunity to understand deep circulations in the CP geothermal system and are very
helpful for interpreting the active zone and present-day productivity of the reservoir. More-
over, they underline the importance of studying clay minerals for geothermal prospections
for the future evolution of the CP but also for other Andean geothermal systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min12101244/s1, Table S1. Calculation of structural formula of
zeolites at 560 m depth in CP-6A well, Table S2. Calculation of structural formula of epidote at various
depths in CP-4A well, Table S3. Calculations of structural formulae of green Fe K-rich clays from
celadonite-glauconite group at various depths in CP-4A and CP-6A wells [57], Table S4. Calculations
of structural formulae of trioctahedral clays at various depths in CP-6A wells, Table S5. Calculations
of structural formulae of trioctahedral clays at various depths in CP-4A wells, Table S6. Calculations
of structural formulae of some illitic minerals at various depths in CP-4A and CP-6A wells.
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