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This study focuses on hydrothermal alteration in the geothermal reservoir of Cerro
Pabellon (Andean Cordillera, Northern Chile). It is based on CP2A and CP5A production
wells drilled above a local normal fault and presenting unlike hydraulic properties.
Cuttings from 300 to 1555 m depth were sampled and analyzed using X-ray diffraction

(XRD) to observe distribution of hydrothermal minerals and crystal chemistry variations
of clays (fraction <5 um). Then, scanning electron microscopy coupled with energy
dispersive spectroscopy (SEM-EDX) allowed to perform microanalysis of hydrothermal
minerals. These results highlight a mineral assemblage that was not observed before,
composed of adularia+ Ba-rich feldspar +feathery quartz+ chalcedony + calcium
arsenates +illite. They are characteristics of high-temperature hydrothermal alteration
in epithermal settings and are restricted to shallow permeable fracture zones

of the active part of the reservoir. Another fracture-controlled event related to a typical
illitization is observed in all permeable fracture and fault zones of the geothermal
system. This multi-event alteration seems strongly controlled by the eastern graben
fault and the associated interconnected fracture network.

Ercilla 803, Santiago, Chile

2 University of Poitiers, CNRS
UMR7285, IC2MP, HydrASA, Bat
B8, Rue Albert Turpain, TSA51106,
F-86073 Poitiers Cedex 9, France
3 ENEL Green Power Chile

and Andean Countries. Av,, Santa
Rosa 76, Santiago, Chile

Keywords: Geothermal reservoir, High-enthalpy system, Low-sulfidation epithermal
system, Clay minerals, Hydrothermal alteration, Cerro Pabellon, Chile, Andean Cordillera

Introduction

Hundreds of inferred and assessed geothermal areas in strong spatial and genetic rela-
tionships with the Quaternary volcanism and regional tectonic structures were identi-
fied along the Andean Cordillera (Aravena et al. 2016; Morata et al. 2021; Veloso et al.
2019). Main geothermal systems occur in the Central Andean Volcanic Zone (CAVZ)
(14-28°S) where several geothermal exploration and exploitation projects were devel-
oped in the Chilean side. The most advanced exploration programs have been carried
out at Colpitas, Surire, Puchuldiza, Pampa Lirima, Irruputuncu—Olca, and El Tatio-La
Torta where geochemical, geological, and geophysical surveys were conducted (Agu-
irre et al. 2011; Aravena et al. 2016; Arcos et al. 2011; Cumming et al. 2002; Reyes
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et al. 2011). MT campaigns, gas and water discharges surveys, and sometimes drilling
of exploratory wells allow to assess the occurrences of geothermal resources (Legault
et al. 2012; Tassi et al. 2010; Vidal et al. 2021). Although the Andean Cordillera rep-
resents one of the most attractive geothermal developments in the world, it remains
also one of the largest undeveloped. The reason of the poor geothermal activity and
development in Chile is mainly due to regulatory, political, and economic barriers
and not the absence of geothermal resources. The recent citizen campaign Chao Car-
bon striving for a complete decarbonization by 2030 and recent policies for energy
generation pointing to a 100% renewable matrix by 2050 give a new opportunity for
the geothermal development in Chile (Morata et al. 2021). Geothermal energy is one
of the best compromises in terms of low CO, emissions among the renewable energy
sources. However, the increase of geothermal energy leans on minimizing the eco-
nomic risks and thus, a better understanding of geothermal resources.

A better understanding of geothermal resources relies on direct access to the deep res-
ervoir that remains limited with only few wells that intersect circulating hot fluids. Thir-
teen wells were drilled in the Cerro Pabellon (CP) geothermal field, located at 4500 m
a.s.], ~100 km northeast of Calama city (Antofagasta region, Northern Chile), near the
Chile-Bolivia border. Since 2017, Geotérmica del Norte (GDN), a joint venture between
Enel Green Power Chile and ENAP (Chilean National Oil Company) has exploited
the unique commercial geothermal plant in South America with a power capacity of
81 MWe (two binary units of 24 MWe each one and additional 33 MWe expanded dur-
ing 2022) (Cappetti et al. 2021).

This unique access to deep geothermal reservoir has been documented from a pet-
rographic and mineralogical study of cuttings from CP wells (Maza et al. 2018; Vidal
et al. 2022). Vidal et al. (2022) concluded that fractured zones that channel the ascending
hot fluid were associated with a strong illitization superimposed over trioctahedral clay
minerals from a previous propylitic alteration. Such a clay signature observed inside and
outside of the Pabelloncito graben structure suggests a similar source for hydrothermal
fluids which circulate in the fracture network related to border graben faults. As clay
minerals are very sensitive to temperature, F/R ratio, time, nature of hydrothermal flu-
ids, and fluid state among other factors, they are qualitative indicators to understand the
geodynamics of deep circulations (Flexser 1991; Inoue and Kitagawa 1994; Patrier et al.
1996; Vésquez et al. 2016).

However, up today there is no published work focused on structural control of the gra-
ben border faults which exert a major structural control on deep fluids upwelling. The
present paper is based on cuttings samples from CP5A and CP2A wells, both intersect-
ing the graben border fault but presenting different productivity index. A mineralogical
characterization of hydrothermal alteration with petrographic observations, X-Ray dif-
fraction, and chemistry analysis was done in order to identify the geodynamics of deep
circulations. The alteration signature will be compared to previous results from CP4A
and CP6A wells. These original results aim to discuss the influence of graben faults on
present-day productivity of the reservoir. They will help to better understand the hydro-
thermal flow in a deep Andean reservoir and strengthen the confidence for future geo-

thermal developers in Chile.
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The Cerro Pabelldn geothermal system

Within the regional compressional regime related to the subduction of the Nazca
Plate under the South American Plate, several local extensional features is observed
with a Pliocene-extensional phase. Discovered in 1999 (previously referred as the
‘Apacheta geothermal project’ by Urzda et al. 2002), the CP geothermal system
is located inside a graben structure called the Pabelloncito graben associated to
a NW-striking normal fault system (Fig. 1b). The N'W tectonic trend is commonly
observed in the CAVZ acting as structural weakness for hydrothermal and magmatic
manifestations (Giordano et al. 2013; Godoy et al. 2014; Tibaldi et al. 2009; Veloso
et al. 2019). The geology of the area has been widely described by Rivera et al. (2021).
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Fig. 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
Aravena et al. (2016). The image used in the background is from ESRI. The red square is the studied area, also
detailed in (b) Map of Cerro Pabellén (CP) geothermal wells with main normal faults and morphological
lineaments (dashed line). CP5A and CP2A wells, in red, present samples analyzed in this study. The trace AB
through the production well, CP5A, and the shallow water well, PAE-1, is presented in (c) Schematic profile
with isotherms data after Urzua et al. (2002), simplified geology, and traces of the intersected fracture and
fault zones (FZs) are from Rivera et al. (2021) and Baccarin et al. (2021). Conceptual model of fluids is from
Giudetti and Tempesti (2021); Taussi et al. (2019); Urzda et al. (2002); and Vidal et al. 2022)
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Exploration and deep wells drilled at CP are unique witnesses of the geothermal
reservoir and confirmed occurrences of permeable fault and fracture zones (FZs) acting
as preferential pathways for geothermal fluid (Baccarin et al. 2021; Vidal et al. 2022). The
study of hydrothermal alteration in CP4A and CP6A wells evidenced a great spatial and
temporal heterogeneity of alteration within in the deep reservoir (Vidal et al. 2022). At
least two different styles of alteration were identified: (1) A weak to moderate pervasive
alteration style which is characterized by little obliteration of the original textures and
by replacement of most of the original rock-forming minerals by trioctahedral clays
(saponite, corrensite, chlorite—corrensite mixed layers (C-Crr), and Fe-Mg chlorite),
calc silicates (epidote, titanite, zeolites), and less frequently clays from celadonite-
glauconite group. (2) A fracture-controlled alteration style which is characterized by
a strong destruction of the original textures and in which both original rock-forming
minerals and minerals from pervasive alteration have been dissolved and replaced by
illite + illite—smectite mixed layers (I-S)+ Fe- chlorite 4+ carbonates (mainly calcite). As
an active system, dynamic of fluids leads to an heterogeneous alteration; the dioctahedral
sequence is mainly expressed in CP6A well, in the /0t core inside the graben, whereas the
trioctahedral sequence is mainly expressed in CP4A well, outside the graben. However,
illitic minerals and more particularly I/S R3 ml (ill >90%) are observed as clay signature
for FZs in both wells inside and outside the graben suggesting a unique source for fluids
circulating in the reservoir (Fig. 1c).

Secondary minerals from the two aforementioned alteration events were encountered
in core samples from reservoir part of PexAP-1 exploration well, in addition to adularia,
pyrite, and chalcopyrite (Maza et al. 2018). In this exploration well, a thick clay cap was
also identified with variable amounts of smectite (montmorillonite—beidellite), RO to R3
I-S, chlorite—smectite mixed layers, corrensite, and C-Crr. This thick clay cap guarantees
the sealing of the reservoir preventing surficial hydrothermal manifestations inside the
graben structure (Maza et al. 2018; Taussi et al. 2019). However, superheated fumaroles
displaying high temperatures in a range of 108—119 °C, and a fossil alteration zone with
pervasive hydrothermal alteration was observed at~ 5,000-5,200 m a.s.l. on the top of
the Apacheta-Aguilucho Volcanic Complex at the NW of the graben (Tassi et al. 2010;
Urzta et al. 2002) (Fig. 1b). Others warm springs with temperature around 23 °C were
observed around 17 km SW of the power plant location (Urzda et al. 2002). These fuma-
rolic activities are associated with acidic sulfate to argillic alteration with kaolinite, opal
CT, alunite, smectite, I-S, and illite (Maza et al. 2021a, 2021b).

The fluid circulating in the CP reservoir is a typical Na-K-Cl geothermal fluid with
high solutes content and low gas content (Giudetti and Tempesti 2021). However, the
fluid sampling occurs in surface and fluid probably suffered degassing that led to an
increase of solutes compared to the deep reservoir. Regarding gases, CO, is the domi-
nant species, whereas H, and CH, are strongly depleted. The recalculated pH at res-
ervoir conditions is between 5 and 6.2. 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. The actual
geochemical conceptual model-based 8D- §'%0 isotopes and *C and 3H ages suggest
infiltration of meteoric waters that migrate from the recharge zone to the geothermal
reservoir interacting with volcanogenic host rocks at high temperatures (>250 °C) and
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mixed with a possible magmatic water (Fig. 1c) (Giudetti and Tempesti 2021; Morata
et al. 2019). Scrubbing processes of the ascending fluids could occur within the deep
reservoir as suggested by typical magmatic gases, i.e., SO, and HCI, detected in super-
heated fumaroles in the Apacheta-Aguilucho Volcanic Complex and not detected in the
geothermal fluid (Tassi et al. 2010). However, the relations in time and space between
the geothermal fluid and the acidic fluids observed in the fumaroles are still uncertain
and require further geochemical studies.

Shallow discontinuous water bodies were identified during drilling operations by GDN
correlating MT survey below the Pabelloncito graben (Fig. 1c) (Urzua et al. 2002). Water
wells in the area reported high temperature and bubble gas. In the eastern margin of the
graben, a shallow water well named PAE-1 (Fig. 1) produces a wispy flow of steam with a
measured temperature of 88 °C, around the boiling point at 4500 m a.s.l. The condensate
sample from this well highly depleted in 8§'%0 suggests multiple boiling and condensa-
tion processes at shallow depths (Urzua et al. 2002).

Wells of the study

The 3D thermal model of the CP reservoir shows a dome shape of the isotherms (Fig. 1c)
(Baccarin et al. 2021). The apex of the thermal dome marks the center of the upflow zone
of the geothermal fluid in the NW edge of Pabelloncito graben. Production wells from
platforms CP-1, CP-5, and CP-6, drilled in the hot core of the reservoir, present great
productivity. However, the productivity of CP-5 platform results from shallower perme-
able levels (400-700 m depth) compared to other wells of the hot core (1200-2200 m
depth). Moreover, permeable FZs have been identified in andesitic lavas, while they
are mainly located in tuffs in other wells (Baccarin et al. 2021). Production wells from
CP-2 platform located at the northern limit of the thermal dome. The present study
focuses on two production wells drilled between 2015 and 2017 during development
stage intersecting the major graben fault: CP5A well drilled at the apex of the reservoir
upflow zone, and CP2A well drilled in the northern margin of the upflow zone.

The well CP5A was drilled vertically until 1936 m depth above the eastern border fault
of the graben. The temperature was acquired only until 600 m where it reaches 220 °C
(Fig. 2). A permeable FZ was identified at 447 m depth, in andesitic lavas, with total mud
losses during drilling and a negative temperature (T) anomaly in the T profile. However,
the injectivity index of this FZ is low (Rivera et al. 2018). Partial mud losses were also
observed at 525 m depth even if the structural model of Baccarin et al (2021) does not
identify permeable FZ at this depth. A permeable FZ at 700 m depth is identified as
the main structure responsible of the major injectivity (circa 7 m3/h/bar) (Rivera et al.
2018). Total mud losses occurred at 1000 m depth making collect of cuttings impossible
below this depth. The graben border fault was intersected at this depth according to the
structural model of Rivera et al. (2021). Production test of the well revealed a total fluid
flow rate of 305 t/h with a title of vapor of 18% (Rivera et al. 2018).

On the northern margin of the thermal dome, temperature decreases gradually
below the CP-2 platform. Wells from CP-2 platform were drilled where the eastern
border fault divides in three strands. The CP2A well was drilled vertically above the
median strand of the fault until 2500 m depth (Fig. 1b). The temperature acquired
ten months after drilling operations reaches circa 245 °C at 1800 m depth (Fig. 3).
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Fig. 2 Lithology, mud losses, measured injectivity index, permeable fracture and fault zones (FZ),
temperature profile, and vertical distribution of hydrothermal minerals in CP5A well. Temperature profile

was measured one year after drilling operations. The thickness and depth of the FZs are deduced from clay
signature and thus are constrained by the sampling. Relative proportions of hydrothermal minerals are
interpreted from EG-saturated XRD patterns (<5 um clay fraction). Di-clays proportion is the percentage of
dioctahedral clay minerals (essentially illite and I-S) in the clay material. I-S R1 are expressed in percentage of
smectite comprised between 60 and 90%. C-Crr chlorite/corrensite mixed layers, Crr corrensite, Chl chlorite, /l/
illite, I-S illite—smectite mixed layers, Sm smectite, Zeo zeolites. Depth is expressed as Measured Depth

The temperature profile was not acquired below due to cement plug. The northern
strand of the border fault is probably intersected at 1530 m depth in the dacitic tuffs.
It is the main inflow of the well with an injectivity index of 10 m3/h/bar. Partial mud
losses were also observed at 925 m depth in the andesitic lavas at the top of the
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Fig. 3 Lithology, mud losses, measured injectivity index, permeable fracture and fault zones (F2),
temperature profile, and vertical distribution of hydrothermal minerals in CP2A well. Temperature profile

was measured 10 months after drilling operations. The thickness and depth of the FZs are deduced from

clay signature and thus are constrained by the sampling. Relative proportions of hydrothermal minerals are
interpreted from EG-saturated XRD patterns (<5 pm clay fraction). Di-clays proportion is the percentage of
dioctahedral clay minerals (essentially illite and I-S) in the clay material. I-S R1 are expressed in percentage of
smectite comprised between 70 and 90%. C-Crr chlorite—corrensite mixed layers, Crr corrensite, Ch/ chlorite, /Il
illite, I-S illite—smectite mixed layers, Sm smectite. Depth is expressed as Measured Depth

convection. Production test of the well revealed a total fluid flow rate of 190 t/h with

a wellhead pressure of 8 bar and a title of vapor of 7%.

In the present study, a special attention was paid to these two wells CP5A and
CP2A because they both intersect the graben border fault. The tectonic control
of the northern border fault on the characteristics of the hydrothermal alteration
(alteration intensity, texture, and mineralogy) has been evaluated to explain the dif-
ference of productivity between both wells. If border fault was intersected in dacitic
and lithic tuffs, both wells also intersect permeable FZs in andesitic lavas and this

sampling will allow to discuss the lithological control on the hydrothermal flow.

Page 7 of 22
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Analytical methods

Petrographic investigations were carried out in 4 thin sections in CP5A well at 445, 470,
550, and 700 m depth (Fig. 2), observed under polarized microscope and scanning elec-
tron microscopy (SEM). Three thin sections were observed in CP2A well at 1400, 1530,
and 1540 m depth, observed with same methodology (Fig. 3). As cutting samples present
an average size between 0.5 and 2 mm, spatial resolution is low and textural relations
between minerals are hardly observed.

Identification of clays and associated minerals was conducted by X-ray diffraction on
the less than 5 um fraction of the cutting material. Sampling was done in the reservoir
zone marked by convection zone in the temperature profile. In CP5A well, 39 samples
of cuttings were collected from 300 to 1000 m depth. The sampling was concentered
around two FZ identified as permeable at 447 and 700 m depth. Samples below 1000 m
depth were not available due to total loss of circulations. In CP2A well, 28 samples of
cuttings from 890 to 1555 m depth were collected. The sampling was concentered at the
top of reservoir zone around 900 m depth where partial mud losses occurred and around
the main permeable FZ around 1530 m depth. Samples far from permeable zones in
andesitic lavas and lithic tuffs were also selected as reference materials.

Cuttings samples were immersed in distilled water in the absence of preliminary
grinding, and then disaggregated by ultrasonic treatment to properly disperse the
clay particles in suspension. Oriented powders were prepared from sedimentation
of the<5 pum grain size clay separate of the suspension on glass slides. Clay minerals
were identified by X-Ray Diffraction (XRD) of air-dried and ethylene—glycol (EG)-
saturated oriented powders carried out on a Bruker D8 Advance diffractometer (CuKa«
radiation, 40 kV, 40 mA). The analytical conditions were as follows: angular domain:
2.5-30° 26; step increment: 0.025 20; and counting time per step: 3 s. Processing of
the diffractometers was conducted using Match! Software (Crystal Impact). The clay
minerals were identified according to Brindley and Brown (1980) (Fig. 4a and b). When
mixed layers (I-S and/or C-Crr) were identified after EG saturation, the complex peaks
between 7 and 10°20 and 11 and 13°20 were deconvoluted in Gaussian curves according
to Lanson (1997) using the Fityk software (Wojdyr 2010). However, their study showed
that consistent results can be obtained from different diffraction systems and numerical
processing programs.

Details about the deconvolution method are explained in Vidal et al. (2022). The rel-
ative proportion of clay minerals species was evaluated from the area of the Gaussian
curves after decomposition of the complex XRD peaks obtained for ethylene—glycol
(EG)-saturated oriented powders (Fig. 4c):

A) The percentage of dioctahedral clay minerals in the bulk clay material (named Di-clay
proportion in Figs. 2 and 3) was estimated from the areas of Gaussian curves. It con-
sists in the following ratio: (area I-S+ area Ill)/(area I-S+ area lll+ area Chl+ area
C-Crr—+area Crr).

B) The variation in relative proportion of illitic minerals, smectite, and zeolite was
evaluated from the intensity of major XRD peaks: The higher the peak intensity,
the higher the proportion of the mineral in the fine-grained fraction (Figs. 2 and 3).
Regarding the clay minerals of the corrensite—chlorite series, the relative proportion
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Fig. 4 X-ray diffractograms of EG-saturated oriented powder (<5 um clay fraction) a samples 350, 430, 445,
465, 480, 500, 550, 600, 670, 690, 700, 715, 725, and 850 in CP5A well b samples 900, 950, 1050, 1100, 1150,
1250, 1400, 1500, 1530, and 1550 in CP2A well. XRD in purple is associated to FZ ¢ close-up on deconvolution
of illitic peak for sample CP5A725 and of chloritic peak for sample CP5A465. Ch/ chlorite, C-Crr chlorite—
corrensite mixed layers, Crr corrensite, lllillite, I-S illite—smectite mixed layers, Sm smectite, Qtz quartz, Zeo:
zeolites

of discrete chlorite intimately mixed with the clay minerals of the corrensite—chlorite
series was calculated after peak deconvolution between 11 and 13°26, following the
ratio: %Chl=area Chl/(area Chl+ area C-Crr+ area Crr).

C) The percentage of illite component in the I-S mixed layers was estimated thanks
to the position of the peak of I-S located between those of illite (dyy;) and smectite
(dgoy), after decomposition of the complex peak between 7 and 10°26 that occurs in
the XRD pattern of EG-saturated oriented preparation. The closer the peak is from
the theoretical position of illite (10 A), the higher is the proportion of the illite com-
ponent in the I-S mixed layer. In Figs. 2 and 3 I-S R3 position corresponds to the
difference of d-spacing between the position of the peak of I-S R3 identified after
deconvolution and the theoretical position of illite (10 A). As it is comprised between
0.01 and 0.2 A, the proportion of illite component within I-S is higher than 90%
(Moore and Reynolds 1997).

The proportion of chlorite component within C-Crr mixed-layer minerals is estimated
from the position of the C-Crr peak after deconvolution which may range from that of
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discrete corrensite (7.75 A) to that of discrete chlorite (7.1 A) with as the amount of chlo-
rite increases from 0 to 100% within the C-Crr mixed layer. The closer the peak is from
the theoretical position of chlorite (7.1 A), the higher is the proportion of chlorite in the
C-Crr. The difference between the position of the peaks of C-Crr mixed-layer minerals
and chlorite (determined after deconvolution) is named C-Crr position in Figs. 2 and 3.
The 0.36-0.07 A range of variation of C-Crr peak position so determined for all the ana-
lyzed samples indicates a variation from 50 to 90% in percentage of chlorite component
in the C-Crr mixed layer.

Chemical compositions of primary and secondary minerals were acquired on thin
sections of CP5A and CP2A wells using a SEM JEOL JSM-IT500 SEM equipped with a
BRUKER lynxeye EDS associated with SPIRIT software at the IC2ZMP laboratory at the
University of Poitiers. 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 natu-
ral silicate standards. The reproducibility of the standard analyses is approximately 1%,
except for Na, which had a reproducibility of 1.5%.

Alteration petrography

All samples collected in CPA5 and CPA2 wells show evidence of hydrothermal alteration
involving the two main alteration styles (i.e., moderate pervasive alteration and fracture-
controlled alteration) previously identified on the basis of petrographic and mineralogi-
cal criteria in CP4A and CP6A wells (Vidal et al. 2022).

Pervasive alteration has been observed everywhere, but it has been strongly obliterated
by the fracture-controlled alteration close to the FZs. Pervasive alteration is particularly
well expressed in the andesitic lavas and lithic tuffs located away from the main FZs.
Regarding the clay mineralogy, pervasive alteration is characterized the replacement of
the most of the original rock-forming mafic minerals (pyroxenes, volcanic glass, biotite)
and, at a lesser degree, of igneous feldspars by a great variety of trioctahedral clay
species ranging from saponite to chlorite through corrensite and chlorite—corrensite
mixed layers. Such a variability in trioctahedral clay species may be observed both at
the single sample scale (Fig. 5) and at the well scale (Figs. 2 and 3). Saponite is observed
preferentially in replacement of orthopyroxenes (Fig. 5a) as well as the fine-grained
material of the groundmass in the andesitic rocks, likely as replacement of volcanic glass
in which it may be replaced by chloritic minerals (Fig. 5b). Chloritic minerals consist in
intimate mixture of various proportions of chlorite, corrensite, and/or C-Crr and may
be observed everywhere as replacing all types of mafic rock-forming minerals as well as
infilling of dissolution voids (Fig. 5¢, d and e). The fact that chloritic minerals may replace
saponite in the altered pyroxenes or in the groundmass suggests that the trioctahedral
clay minerals may have occurred sequentially during the progress of the pervasive
alteration. Quartz, titanite, needle-shaped hematite, and calcite (Fig. 5e and f) are the
most common non-clay minerals which crystallized in association with the trioctahedral
clay minerals. Epidote has been uniquely observed near the bottom of CP2A well (below
1400 m depth). Numerous inclusions of arsenic minerals were observed in calcite and
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Chl'mnls

Ti

Fig. 5 SEM micrographs of volcanic rocks affected by pervasive hydrothermal alteration in both CP2A and
CP5A wells of the CP geothermal system. a Igneous orthopyroxene (Opx) partly replaced by smectite (Sm)
and quartz (Qtz) in altered andesitic tuffs sampled at 1400 m depth in CP2A well. b Groundmass replaced

by quartz coexisting with chloritic minerals (Chl mnls) and minor smectite in altered andesitic lava sampled
at 470 m depth in CP5A well. ¢ Igneous clinopyroxene (Cpx) partly replaced by corrensite (Crr) and hematite
(Hem) in altered andesitic lava sampled at 470 m depth in the CP5A well. d Mafic mineral of andesitic tuff
(likely pyroxene) totally replaced by smectite, chlorite (Chl), calcite, and titanite (Ti) in altered andesitic lava
sampled at 700 m depth in CP5A well. e Groundmass replaced by chloritic minerals, calcite, quartz, and minor
titanite in altered andesitic tuffs sampled at 1400 m depth in CP2A well. f Groundmass replaced by corrensite,
smectite, and quartz and by calcite with numerous inclusions of calcium-arsenic-bearing minerals (Ca-As
mnls) in altered andesitic lava sampled at 470 m depth in CP5A well

quartz associated with trioctahedral clays, just below a fractured zone located at 470 m
depth in CP5A well (Fig. 5f).

Fracture-controlled alteration is particularly developed close to the FZs, but it may be
also observed locally farther, particularly in the dacitic tuffs, in superimposition over the
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previously described pervasive alteration. Close to the major FZs, intense alteration is
characterized by the destruction of the original texture of volcanic rocks due to the com-
plete dissolution of the original igneous minerals (excepting quartz in dacitic rocks) and
the cementation of the open spaces (cracks and dissolution voids) by potassic minerals
essentially which nature and crystal chemical composition may have change with time.

The fracture-controlled alteration is clearly multi-event in the upper FZs between
440 and 550 m depth of CP5A well, where adularia precipitated in a first alteration
stage was then partly replaced by K-rich phyllosilicates during a later alteration stage.

During the first alteration stage, the precipitation of adularia was massive, as
microcrystalline aggregates in groundmass, and direct deposition from solutions
into open spaces where it forms rhombic crystals (Fig. 6a and b). Quartz and calcite
are frequently associated with adularia everywhere, whereas secondary albite
was observed uniquely in replacement of igneous plagioclases. Specific texture of
hydrothermal minerals in veins, such as flamboyant and feathery quartz, crustiform-
collomorph bands, including quartz or chalcedony and adularia and blade shape
calcite (Fig. 6¢ and d), are typical of precipitation from boiling fluids. Chemical
zoning observed in rhombic crystals of adularia at the wall of open spaces (Fig. 6e)
is indicative of periodic increase in Ba for K substitution in the crystal lattice during
their crystal growth.

The second alteration stage is characterized by extensive crystallization of clay min-
erals of the illite group. In the altered rocks, illite and I-S were observed as infillings of
open spaces that persisted after the earlier deposition of adularia and quartz (Fig. 6f),
as replacement of igneous and hydrothermal feldspars and igneous biotite (Fig. 6g)
and as veinlets infilling and wall rock alteration along microcracks. Minor amounts of
chlorite have been observed in association with illite in vug infillings (Fig. 6f).

Adularia did not occur in the main FZs crosscut at greater depth in CP2A well.
Alteration is characterized by destruction of the original texture of rocks as a result
of the development of a vein network in strongly fractured rocks which suffered the
dissolution of most of the igneous minerals and the secondary minerals of the earlier
pervasive alteration (excepting quartz) and their replacement by illitic minerals, asso-
ciated with quartz, calcite, and minor chlorite (Fig. 6h).

(See figure on next page.)

Fig. 6 SEM and optical microscope micrographs of volcanic rocks affected by fracture-controlled alteration
in CP2A and CP5A wells of the CP geothermal system. a Massive crystallization of adularia (Adl) with minor
albite (Alb) in altered dacitic tuffs sampled close to a major FZ at 445 m depth in CP5A well. SEM observations
in backscattering mode evidence chemical zoning in K-feldspars related to solid solution between adularia
and celsian (Ba-rich Adl). b Quartz (Qtz) and adularia veinlets in strongly altered dacitic tuffs sampled at

445 m depth in CP5A well with later illitization (Il) of adularia and deposition of hematite (Hem) in the wall
rock. ¢ feathery texture of quartz crystallized in veins with calcite and adularia in strongly altered dacitic
tuffs sampled at 445 m depth in CP5A well d Radial pattern of adularia needles typical of the flamboyant
texture as fracture infillings in the dacitic tuffs sampled at 445 m depth in CP5A well. e Chemical zoning
related to Ba for K substitution in outer part of adularia crystals at the wall of the open spaces in the strongly
altered dacitic tuffs sampled at 445 m depth in CP5A well. f Late crystallization of illite (Ill), chlorite (Chl), and
hematite (Hem) after deposition of adularia and quartz in the strongly altered dacitic tuffs sampled at 445 m
depth in CP5A well. g Dissolution of adularia crystals followed by crystallization of illitic clay minerals in the
dacitic tuffs sampled at 550 m depth in CP5A well. h Quartz-hematite veinlets with intense alteration in wall
rock consisting in the replacement of andesitic tuffs by illitic minerals and carbonates (calcite with minor
inclusions of dolomite), close to a major FZ at 1540 m in CP2A well
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Fig. 6 (Seelegend on previous page.)

Farther from main FZs, the fracture-controlled alteration is characterized by
weak to moderate replacement of feldspars (phenocrysts and groundmass) by illitic
minerals, calcite, and minor quartz.
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Vertical distribution of hydrothermal minerals

According to petrographic observations most of trioctahedral clay minerals (ie.,
saponite, corrensite, mixed chlorite—corrensite layers, and chlorite) identified in both
wells occurred as alteration products from a pervasive alteration (excepting small
amounts of chlorite that may be related to fracture-controlled alteration, as shown in
Fig. 6F). From XRD mineral identification in both wells (Figs. 2, 3, and 4), it appears that
(1) minerals of trioctahedral clay series are present throughout (although they are less
abundant in areas where pervasive alteration has been strongly obliterated by fracture-
controlled alteration), and (2) several mineral types of the trioctahedral clay sequence
coexist at any depth. Therefore, regarding the pervasive alteration, there is no clear evi-
dence of depth- or temperature-related variation in the mineralogy of the clay miner-
als. For instance, saponite has been identified in presence of chlorite, corrensite, and/or
C-Crr in many samples collected at depth between 300 and 1400 m. At the most one can
note a rough trend to decreasing content of the highly expandable minerals (saponite,
corrensite) in the total amount of trioctahedral clays with increasing depth (Fig. 4). The
fact that chlorite is the predominant type trioctahedral clay minerals in rocks in which
illitic minerals predominate (Figs. 2 and 3), suggesting that this chlorite is related to frac-
ture-controlled alteration (as shown in Fig. 6f). In highly illitized samples of the main
producing drain of the FZ crosscut between 1500 and 1550 m depth in CP2A well, the
amount of chloritic minerals is too small to allow their identification by XRD.

Clays of the dioctahedral sequence are products of the fracture-controlled altera-
tion and consist uniquely in K-bearing minerals (i.e., I-S and discrete illite). I-S R1 (with
smectite between 60 and 80%) were identified mainly at shallow depths, above 400 m
depth in CP5A well. These mixed-layer minerals are particularly abundant above the top
of the fluid convective zone where temperature is lower than 200 °C (Fig. 2). They are
scarcely observed below in association with I-S R3 (Figs. 2 and 3). I-S R3 (with ill > 90%)
and illite are closely associated in both CP5A and CP2A wells in depths where a very
weak thermal gradient is observed traducing convective heat transfer. In CP5A well, the
percentage of dioctahedral clays in bulk clay material is particularly high (higher than
50%) in the FZ as well as in lithic tuffs intersected below 720 m depth (Fig. 2). In CP2A
well, the highest percentages of dioctahedral clays were observed in the FZs and also in
the lithic tuffs next to 1300 m depth (Fig. 3).

Zeolites from with heulandite-clinoptilolite group according to a reflection peak at
8.95-8.96 A in the oriented XRD are scarcely observed above 600 m depth of CP5A well.
They are a minor alteration minerals that were not observed by petrographic and chemi-

cal microanalyses.

Chemistry of hydrothermal minerals
Chemical analyses of hydrothermal minerals conducted on thin sections of CP5A and
CPA2 wells are presented in Additional file 1.

Most of the trioctahedral smectites have a chemical composition which agree with that
of high-charge saponite, with interlayer charge ranging from 0.5 to 0.8 per O;, (OH),,
and XFe ratio (Fe/(Fe+ Mg)) ranging between 0.12 and 0.37 likely related to the chemis-
try of the mineral that they are replacing (Additional file 1: Table S1). The small amount
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of chemical analyses which differ by a lower interlayer charge coupled with octahedral
occupancy higher than 3 atoms are indicative of intimate mixture of saponite with minor
amounts of chloritic minerals (Fig. 5b).

The compositional field of the chloritic minerals analyzed in both wells is wide and
spread over clay species from corrensite to chlorite through C-Crr (Fig. 7a). From a
crystallochemical point of view, corrensite-to-chlorite transition is marked by a strong
increase of the iron content at the expense of the magnesium content in the octahedral
sheets; XFe increases from 0.1 to 0.47 from corrensite to chlorite (Additional file 1:
Tables S2, S3 and Fig. 7a).

The chemical compositions of chlorite are very homogeneous throughout CP5A and
CP2A wells (Additional file 1: Table S3). In contrast to what was observed in CP6A and
CP4A wells, no Fe-rich chlorite (XFe >50) was analyzed in association with illite (Fig. 7a)
(Vidal et al. 2022). The chemical composition of the few chlorites analyzed in samples
of CP5A well in which illite replaced adularia is similar of chlorite from the pervasive
alteration.

The chemical composition of illitic minerals which are related to fracture-controlled
alteration in both wells agree with those of mixture of I-S and illite (Additional file 1:
Table S4). The interlayer charge of these clay minerals is essentially satisfied by potassium
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Fig. 7 a Plot of structural formulae of trioctahedral clays in a diagram of XFe versus Si for CP5A and CP2A
wells (XFe = Fe/(Fe + Mg). The average structural formulae are presented in Additional file 1: Tables S1, S2,
S3.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 Fe2 +. Theoretical compositions of clinochlore,
corrensite, and saponite are provided for reference. b Chemical compositions of K-rich and Ba-rich feldspars
at 445 m depth in CP5A well plotted in a Na—K-Ba ternary diagram. Representative analyses are described in
Table 1. Theoretical compositions of adularia and celsian are given for reference (crosses). ¢ representative
SEM-EDS spectrum of calcium arsenate mineral observed at 470 m depth in CP5A well
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and varies from less than 0.7 to more than 0.9 according to the relative amounts of illite
vs I-S. There is no evidence of depth-related compositional variation in illitic minerals.
The particularly high interlayer charges (0.90-1) observed in illitic minerals which
replace adularia at 445 and 470 m depth in CP5A well are likely due to the persistence of
adularia impurities within the clay material (Fig. 6g).

Chemical microanalyses conducted on adularia crystals in the wall of open spaces
of strongly altered dacitic tuffs at 445 m depth in CP5A well (Fig. 6e) reveal compo-
sitional variations between 100% adularia (Si;Al;K;Og4) and 75% adularia—25% celsian
(Siy75Al; 55K 75Bag 550g) (Table 1 and Fig. 7b).

Chemical compositions of inclusions of arsenic minerals observed at 470 m depth in
CP5A well (Fig. 5f) indicate a Ca/As ratio of 2/3 which is characteristic of minerals of
the calcium arsenate group Cas(AsO,), nH,O (with #=0-11) as reported in literature
(Majzlan et al. 2014).

Discussion

These results of hydrothermal alteration in CP5A and CP2A wells evidence a high het-
erogeneity as already noticed in CP4A and CP6A wells (Vidal et al. 2022). Moreover,
original results from CP5A and CP2A allow us to identify, at least, three distinct hydro-
thermal events, spatially and temporary superimposed. A fracture-controlled event
related to boiling processes was not evidenced previously and suggests a strong control
of the eastern border fault on reservoir productivity. However, this control remains at
the South of Pabell6n dome.

A multi-event hydrothermal alteration

Pervasive alteration event

A pervasive alteration associated to trioctahedral clays (saponite, corrensite, C-Crr,
and Fe—Mg chlorite) + hematite+ calcite is observed in all samples of CP5A and CP2A
wells but is well expressed far from FZs. Zeolites from heulandite-clinoptilolite group
are scarcely observed in CP5A well. Epidote is observed at the bottom of CP2A well
underlining a hotter old temperature of the geothermal field that is probably cooling
far from main permeable structures. This pervasive alteration was already observed in
CP4A and CP6A wells (Vidal et al. 2022). It is a propylitic alteration very common during

Table 1 Representative structural formulas for Ba-rich K-feldspar (Fsp) and adularia (Adl) at 44 5 m
depth in CP5A well

%atom Ba-rich Fsp Adl
Si 2.74 3.01
Al 1.27 0.99
K 0.74 0.99
Ba 023 0.00
Fe’* 0.00 0.00
Mg 0.00 0.00
Ti 0.00 0.00
Mn 0.00 0.00
Na 0.04 0.01

Ca 0.00 0.00
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cooling of magmatic intrusive bodies resulting from interactions between igneous
minerals with stagnant fluids of diverse in pores or microcracks (Lowell and Guilbert
1970; Thomasson and Kristmannsdottir 1972). In the context of andesitic volcanism, it is
mainly dominated by trioctahedral clays and is representative of hydrothermal alteration
in inactive flow regimes (Beaufort et al. 1990). Occurrences of hematite in which iron is
essentially in the ferric state is indicative of crystallization in oxidizing condition. 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 (Beaufort et al. 1992; L6pez-
Munguira et al. 2002; Mas et al. 2006).

Fracture-controlled event related to illitization

A fracture-controlled event is mostly associated to a strong illitization. In fact, the same
mineralogical paragenesis illite+1-S R3 (ill>90%)+ carbonates (mainly calcite) + chlo-
rite in minor amount is observed in all permeable FZs of CP5A and CP2A wells. Mor-
phology of clays observed in permeable FZs suggests abrupt changes in the flow regime,
such as mixing of geothermal fluids that lead to explosive nucleation of small clay crys-
tallites, and promotes occurrences of heterogeneous mineral assemblages, such as I-S.
This alteration event is related to near neutral K-rich fluid ranging from 200 °C to 300 °C
with high CO, content as known in the present geothermal reservoir and confirmed
by the presence of calcite as hydrothermal precipitated phase. This clay signature is the
same than the one already observed in CP4A and CP6A wells (Vidal et al. 2022). How-
ever, chlorite is less abundant in FZs of CP5A and CP2A wells and Fe-rich composition
was not clearly observed.

Fracture-controlled event related to boiling processes
Another fracture-controlled event is dominated by adularia + Ba-rich feldspar+ silica
polymorphs (quartz, chalcedony)+ calcium arsenates+-calcite+ illite. It was observed
in shallow permeable FZs of CP5A well, that are possibly at a liquid/steam interface at
about 4100 m a.s.l, i.e., 400 m depth (Baccarin et al. 2021). Adularia, blade shape cal-
cite, quartz, chalcedony, and their flamboyant, feathery, and crustiform-collomorph tex-
tures suggest boiling processes that were already mentioned in PAE-1 well (Urzua et al.
2002). Calcium arsenates are also observed at 470 m depth. These hydrothermal par-
ageneses are common in low-sulfidation epithermal deposits reported in the literature
(Dong et al. 1995; Dong and Morrison 1995; Patrier et al. 2013; Rowland and Simmons
2012; Simmons and Browne 2000). Boiling is inferred to be the most common depo-
sitional mechanism of these minerals that grow under conditions of high supersatura-
tion in response to rapidly changing conditions at temperatures. At the end of boiling
processes, when pressure increases and pH decreases, illite with a very high interlayer
charge (close to mica) can locally and temporarily precipitate until another boiling event
occurs. The fact that these minerals assemblages are observed in CP5A well could be
linked to the intersection of the graben border fault that allows unimpeded fluid upflow.
These three alteration events can be spatially and temporarily superimposed. The
propylitic alteration probably started before but continues even if locally in the perme-
able levels, a multi-event fracture-controlled alteration occurred erratically. Minerals
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parageneses precipitate under different states of pressure, pH, f,, and temperature one
after the other and can strongly obliterate previous hydrothermal former minerals. Clay
parageneses are observed together everywhere in the reservoir and do not follow a con-
tinuous evolution with depth and temperature. They seem more influenced by kinetics
than temperature evolution in the reservoir as already observed by Berger et al. (2018),
Robinson et al. (2002), and Escobedo et al. (2021) among others.

Structural control of the graben fault

Our observation of boiling process is clearly restricted to the major upflow zone of the
reservoir above the eastern border fault south of the Pabell6n dome. It suggests that the
eastern border fault acts as a preferential pathway for unimpeded fluid flow. However,
its control seems limited to south of the Pabelléon dome as mineralogical indicators are
very different at the north. In CP2A well, the permeability of the northern strand inter-
sected between 1500 and 1555 m depth was likely reduced by an intense illitization. The
actual fluid circulation seems restricted at 1530 m depth. This hypothesis is supported
by the absence of mud losses and relatively low injectivity index. Moreover, the median
strand of the fault might be intersected around 1100 m depth as in the twin well CP2
located few meter away with the same vertical trajectory (Baccarin et al. 2021). Clay pat-
tern suggests a significant amount of dioctahedral clays between 1100 and 1300 m depth
and evidence of permeability does not allow to infer where the median strand was inter-
sected in CP2A well.

This heterogeneity in terms of permeability and fluid flow along a fault zone was
already described in the literature (Caine et al. 2010; Faulkner et al. 2011; Vidal et al.
2017). A fault structure observed at seismic scale is in reality often divided over several
strands that act as individual slip surfaces at sub-seismic scale. Such a complex archi-
tecture might be reservoir-reservoir juxtapositions across individual fault strands that
behave as combined conduit-barrier (Faulkner et al. 2010). Fluid flow around a fault
zone can be dominated not only by a small number of fractures interconnected in the
surrounding damage zone but also by the nature and amount of secondary deposits,
such as phyllosilicates, that can sealed potential pathways for fluid (Caine et al. 1996).

Abundance of dioctahedral clays in tuffs compared to lavas could suggest a lithological
control. Because of their primary porosity, tuffs are better candidates for fluid circula-
tions than welded lavas. However, even outside the graben, in tuffs intersected by CP4A
well, the trioctahedral sequence is dominant away from permeable FZs. Thus, hydro-
thermal alteration seems more influenced by permeable FZs that channelized fluid cir-
culations than primary porosity.

The present study improves the conceptual model previously proposed in the litera-
ture of the CP geothermal field. Illitization is considered as permeability signature of
actual fluid circulations in the fracture network developed inside and outside the gra-
ben (Vidal et al. 2022). Original results from CP5A and CP2A wells not only confirm
this observation but also highlight a specific signature of the eastern border fault. The
epithermal deposits at shallow FZs suggest unimpeded fluid circulations under boil-
ing context that support the important productivity index observed in CP5A well.
These epithermal deposits are not observed at the north of Pabellon dome where
the illitization is dominant in CP2A well suggesting clogging of natural permeability
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of the fault and supporting the low productivity index of the well. Thus, the eastern
border fault is spatially and temporarily heterogeneous. It is a complex structure that
clearly influences the geodynamics of actual hydrothermal circulations and the geom-
etry of the hot core of the reservoir.

Conclusion

Fluid circulations of CP reservoir are channelized by a wide fracture network connected
to the eastern border fault. The latter controls the narrow thermal plume promoting
focused vertical fluid flow at south of the Pabellén dome. Hydrothermal fluids that have
circulated or actively circulate undergo abrupt oversaturation conditions that are con-
ductive to two phenomena:

— Boiling and epithermal deposits (adularia, Ba-rich feldspar, feathery quartz, chalced-
ony, and calcium arsenates) evidenced in the shallow FZs of the reservoir,

— Mixing of fluids with contrasting temperatures and distinctive illitization (I-S R3
with ill >90% and illite) observed in all permeable FZs of the reservoir.

Moreover, a pervasive alteration dominated by trioctahedral clays are observed away
from FZs. Superimposition of these alteration processes produce inherent heterogeneity
of hydrothermal deposits and complex evolution of hydrothermal flow paths. At north
of the Pabellon dome, hydrothermal activity collapsed in response to intense illitiza-
tion which plugged the permeable fault zone. As exploitation of the geothermal system
leans on well-connected fracture network providing sufficient permeability, the study of
hydrothermal alteration should be extended to other wells in order to characterize at
best the hydrothermal flow at the CP geothermal field.
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Additional file 1: Chemistry of clay minerals in CP5A and CP2A wells Table S1. Structural formula of saponite at
470 and 700 m in CP5A well and at 1400 m depth in CP2A well. n.a. number of analyses; an. ave.: analytical average;
s.d.: standard deviation. OCT: octahedral occupancy; INTCH: interlayer charge;. The formulas are normalized to 11

0 atoms and total Fe is considered as Fe?™. Table S2. Structural formula of corrensite and C-Crr mixed layers at 470
and 700 m depth in CP5A well and C-Crr mixed layers at 1400 m depth in CP2A. n.a.: number of analyses; an. ave.:
analytical average; s.d.: standard deviation. OCT: octahedral occupancy; INTCH: interlayer charge;. The formulas

are normalized to 25 O atoms and total Fe is considered as Fe?™. Table S3. Structural formula of chlorite at 445

and 700 m depth in CP5A well and 1400, 1530 and 1540 m depth in CP2A well. n.a.: number of analyses; an. ave.:
analytical average; s.d.: standard deviation. OCT: octahedral occupancy; INTCH: interlayer charge;. The formulas are
normalized to 14 O atoms and total Fe is considered as Fe?*. Table S4. Structural formula of illitic minerals at 445 m,
470 m, 550 m and 700 m depth in CP5A well and 1530 and 1540 m depth in CP2A well. n.a.: number of analyses; an.
ave. analytical average; s.d.: standard deviation. OCT: octahedral occupancy; INTCH: interlayer charge;. The formulas
are normalized to 11 O atoms and total Fe is considered as Fe’™.
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