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ABSTRACT 

The chemical composition, textures and mineral associations of pyrite provide key information that 

help elucidate the evolution of hydrothermal systems. However, linking the compositional and 

micro-textural features of pyrite with a specific physico-chemical process, e.g., boiling versus non-

boiling, remains elusive and challenging. In this study we examine pyrite geochemical and micro-

textural features and relate these results to pyrite-forming processes at the active Cerro Pabellón 

Geothermal System (CPGS) in the Altiplano of the northern Chile. We integrate electron 

microprobe analysis (EMPA) and laser ablation inductively coupled plasma mass spectrometry 

(LA-ICP-MS) data with micro-textural observations of pyrite and associated gangue minerals 

recovered from a ~500 m long drill core that crosscuts the argillic, sub-propylitic and propylitic 

alteration zones of the CPGS. Additionally, we carried out a Principal Component Analysis (PCA) 

in order to inspect and understand the main data structure of the pyrite geochemical dataset. The 

concentrations of precious metals (Au and Ag), metalloids (As, Sb, Se, Bi and Tl), and base and 

heavy metals (Cu, Co, Ni and Pb) in pyrite from the CPGS are significant. Among the elements 

analyzed, As, Cu and Pb are the most abundant with concentrations that vary from a few parts per 



  

million (ppm) to wt% levels (up to 4.4 wt% of As, 0.5 wt% of Cu and 0.2 wt% of Pb). Based on 

contemporaneous gangue mineral associations and textures, the mechanisms of pyrite precipitation 

in the CPGS were inferred. Pyrite formed during vigorous boiling is characterized by relatively high 

concentrations of As, Cu, Pb, Ag and Au and lower concentrations of Co and Ni compared to pyrite 

formed under different conditions. These anhedral to euhedral pyrite grains display zones with a 

porous texture and abundant mineral micro- to nano-inclusions (mainly galena and chalcopyrite) 

indicating a formation by rapid crystallization. In contrast, pyrite formed under gentle boiling (more 

gradual cooling and less abrupt physico-chemical variations than in vigorous boiling) to non-boiling 

conditions is characterized by a higher concentration of Co and Ni, and relatively low 

concentrations of As, Cu, Pb, Ag and Au. Texturally, these pyrites form aggregates of euhedral and 

pristine pyrite crystals with scarce pores and mineral inclusions suggesting formation under steadier 

physico-chemical conditions. Our results show that pyrite can not only record the chemical 

evolution of hydrothermal fluids, but can also provide critical information related to physico-

chemical process such as boiling and phase separation. Since boiling of aqueous fluids is a common 

phenomenon occurring in a variety of pyrite-forming environments, e.g., active continental and 

seafloor hydrothermal systems, and porphyry Cu-epithermal Au-Ag deposits, pyrite compositional 

and textural features are a valuable complement for discriminating and tracking boiling events in 

modern and fossil hydrothermal systems. 

 

1. INTRODUCTION 

In the last decades, several studies have shown that the composition and micro-textures of 

pyrite are valuable complements to other geochemical information used to elucidate the evolution 

of hydrothermal systems (Wells and Mullens, 1973; Fleet et al., 1989; Cook and Chryssoulis, 1990; 

Reich et al., 2005; Large et al., 2009; Muntean et al., 2011; Deditius et al., 2014; Gregory et al., 

2016; Tardani et al., 2017). Pyrite is a ubiquitous and abundant sulfide in ore deposits, and several 

geochemical studies have highlighted its role as a major Au-bearing phase and scavenger of metals 

and metalloids. Most notably, pyrite has been used as a geochemical tracer in a wide variety of 

hydrothermal ore deposits including orogenic, sediment-hosted Carlin-type, epithermal Au deposits, 

volcanic-massive sulfide (VMS), porphyry Cu and iron-oxide apatite (IOA) deposits (Cook and 

Chryssoulis, 1990; Fleet et al., 1993; Huston et al., 1995; Simon et al., 1999; Vaughan and Kyin, 

2004; Reich et al., 2005, 2006, 2013, 2016; Large et al., 2009, 2014; Cook et al., 2009a; Deditius et 

al., 2009a,b, 2011, 2014; Koglin et al., 2010; Franchini et al., 2015; Gregory et al., 2015a; Deditius 

and Reich, 2016; Tanner et al., 2016; Keith et al., 2018). These studies have provided not only a 



  

better understanding of metal speciation and partitioning during mineral precipitation, but also have 

illustrated how physico-chemical processes drive changes in trace element distributions during 

superimposed events, including hydrothermal alteration, metamorphism and/or associated 

deformation (Large et al., 2007; Cook et al., 2009a; Thomas et al., 2011; Reich et al., 2013; 

Deditius et al., 2014; Steadman et al., 2015; Meffre et al., 2016). 

A plethora of studies have shown that pyrite can host appreciable concentrations of Au, Ag, 

Cu, Pb, Zn, Cd, Mn, Co, Ni, As, Sb, Se, Te, Hg, Tl and Bi. Additionally, it has been noted that 

metal and metalloids can occur as structurally-bounded elements or forming micro- to nano-scale 

mineral inclusions within pyrite (Reich et al., 2005; Deditius et al., 2008, 2009a,b, 2011, 2014; 

Deditius and Reich, 2016). Since pyrite composition is strongly influenced by environmental 

conditions, its geochemical signature reflects the selective partitioning of elements during pyrite 

growth and ultimately, the composition and physico-chemical nature of the ore-forming fluids 

and/or marine pore waters (e.g., Deditius et al., 2009a, 2014, Reich et al., 2013; Gregory et al., 

2014, 2015a; Large et al., 2014, 2015; Tardani et al., 2017). Furthermore, the significant diversity 

of textural features in pyrite has been investigated in detail. A large amount of our current 

knowledge derives predominantly from textural interpretations in orogenic Au systems (Large et al., 

2007, 2009; Cook et al., 2013; Gregory et al., 2016), sediment-hosted Au deposits (Large et al., 

2014, 2015), VMS (Maslennikov et al., 2009, 2017; Genna and Gaboury, 2015; Wohlgemuth-

Ueberwasser et al., 2015; Keith et al., 2016; Melekestseva et al., 2017; Soltani Dehnavi et al., 

2018), porphyry-Cu (e.g., Reich et al., 2013; Franchini et al., 2015) and epithermal Au-Ag deposits 

(e.g., Franchini et al., 2015; Tanner et al., 2016; Kouhestani et al., 2017; Sykora et al., 2018). These 

studies have shown that pyrite textures can record physico-chemical conditions during precipitation, 

such as supersaturation or near-equilibrium crystallization, as well as post-formational events, i.e., 

deformation, dissolution-reprecipitation and recrystallization processes (Cook et al., 2009a). 

Recently, the well documented variations in chemistry and texture of pyrite have been 

linked to changes in fluid composition related to abrupt changes in P-T-X conditions (e.g., Peterson 

and Mavrogenes, 2014; Tanner et al., 2016; Sánchez-Alfaro et al., 2016; Tardani et al., 2017). 

However, the controls over the pyrite composition and distribution of trace elements are not well 

understood. For example, the presence of finely spaced multiple growth zones in pyrite has been 

interpreted as the result of intermittent excursions of magmatic vapor, changes in internal 

overpressure and/or externally-forced disturbances such as earthquakes, which can dramatically 

affect the composition of hydrothermal fluids. Also, processes such as cooling, fluid mixing and 

boiling have been invoked to explain the compositional variability of pyrite. However, linking the 



  

chemical and textural features of pyrite with a single physico-chemical process remains 

unconstrained and challenging, in part, due to the scarcity of pyrite data in shallow crustal 

circulation systems such as geothermal systems and epithermal Au-Ag deposits, where boiling is a 

common mechanism of sulfide and Au precipitation. In these systems, pyrite is widely distributed 

and can be associated with different types of hydrothermal alteration assemblages formed at various 

temperatures, under boiling and non-boiling conditions (Simmons et al., 2005; Libbey and 

Williams-Jones, 2016; Tardani et al., 2017). 

Pyrite is by far the most common sulfide in active geothermal systems including Salton Sea 

in California (Skinner et al., 1967; McKibben and Elders, 1985; McKibben et al., 1988a,b; Hulen et 

al., 2004), Rotokawa, Ngawa and Broadlands-Ohaaki in New Zealand (Krupp and Seward, 1987, 

Cox and Browne, 1995, Simmons and Browne, 2000), Kirishima and Yanaizu-Nishiyama in Japan 

(Shoji et al., 1989, 1999), Baranskiy and Pauzhetka in Russia (Rychagov et al., 2000, 2009), Los 

Azufres in Mexico (González-Partida, 2001), Mataloko in Indonesia (Koseki and Nakashima, 

2006a,b); Joaquina in Guatemala (Libbey et al., 2015), Reykjanes in Iceland (Libbey and Williams-

Jones, 2016) and Tolhuaca in Chile (Tardani et al., 2017). Despite its ubiquitous occurrence, 

geochemical data of pyrite have been reported only for a few geothermal systems (Shoji et al., 

1989, 1999; Koseki and Nakashima, 2006a,b: Rychagov et al., 2009; Libbey and Williams-Jones, 

2016; Tardani et al., 2017). These studies have mostly focused on the use of pyrite geochemistry to 

explore the geological and hydrogeochemical evolution of each particular system, which are 

mediated to a large extent by the nature and physico-chemical properties of the mineralizing fluids 

(e.g., temperature, pH, physical state and chemical composition) and host rocks (e.g., permeability 

and whole-rock chemical composition). Hence, detailed information about textural features of 

pyrite from active continental geothermal systems is limited, and links to its geochemical signature 

have not been explored. This is of utmost importance because pyrite from young and active 

geothermal systems shows fewer growth zones and/or chemical oscillations associated with discrete 

boiling and fluid mixing events (Tardani et al., 2017), which provide crucial information to interpret 

the reported complex zoning of pyrite in ore deposits (e.g., Reich et al., 2013; Tanner et al., 2016). 

This is mostly due to the fact that pyrite in ore deposits records a time-integrated sequence of fluid 

flow episodes, hindering the accurate identification of major precipitation events. 

Here we examine the relation between pyrite geochemistry and micro-textures in order to 

constrain the pyrite-forming processes at the active Cerro Pabellón Geothermal System (CPGS) in 

the Altiplano of the northern Chile. The CPGS hosts a high-enthalpy metal-rich geothermal system 

that has been drilled to ~2 km depth, offering a unique opportunity to evaluate the impact of 



  

physico-chemical conditions on pyrite compositional and textural features, principally the impact of 

phase-change processes, e.g., boiling, and associated variations in parameters such as temperature, 

pH and fluid composition. We integrate micro-analytical data with micro-textural observations of 

pyrite and associated gangue minerals recovered from a ~500 m long drill core that crosscut the 

argillic, sub-propylitic and propylitic alteration zones of the CPGS. The major, minor and trace 

element contents of pyrite were determined using a combination of electron microprobe analysis 

(EMPA) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). 

Additionally, we performed a Principal Component Analysis (PCA) to inspect and understand the 

main data structure of the pyrite geochemical dataset. This statistical analysis confirms that the 

geochemical features of pyrite are strongly dependent on the depositional conditions at the CPGS. 

Our data provide an explanation for the observed compositional differences between different pyrite 

types, and relate specific pyrite-bearing assemblages to vigorous boiling and gentle- to non-boiling 

mineralization events.  

 

2. GEOLOGICAL BACKGROUND 

The Cerro Pabellón Geothermal System (CPGS), formerly known as the Apacheta 

Geothermal System (Urzúa et al., 2002), is an active geothermal system located 105 km from the 

city of Calama and 55 km from the El Tatio Geothermal Field, in northern Chile (Fig. 1A). The 

high-enthalpy CPGS was discovered by Codelco in 1998 during drilling of a shallow water 

exploration well (PAE-1; Urzúa et al., 2002). Currently, the CPGS geothermal resource is being 

harnessed by the 48 MW Cerro Pabellón Geothermal Power Plant (ENEL Green Power-ENAP joint 

venture), the first geothermal power plant in South America, which began operation in 2017. 

The CPGS is located within the Central Volcanic Zone (CVZ) of Chile, and is associated 

with the Altiplano-Puna Volcanic Complex (APVC; de Silva, 1989). A magmatic, high-temperature 

heat source has been proposed for the CPGS, based on petrological, geophysical and fluid 

geochemistry evidence (Urzúa et al., 2002; Aguilera et al., 2006, 2008; Tassi et al., 2009, 2010; 

Piscaglia, 2012). The geology of the area is dominated by the Apacheta-Aguilucho Volcanic 

Complex (AAVC, Mercado et al., 2009; Piscaglia, 2012), dacitic domes (Chac Inca and Pabellón) 

and rhyolitic, dacitic and andesitic lava flows (Fig. 1B). The AAVC is located west of Pampa 

Apacheta, a flat-floored valley where the Cerro Pabellón Power Plant is located. The Pabellón 

Dome was emplaced over the trace of the northern fault of the NW-SE-trending Pabelloncito 

Graben, which also hosts the main zone of the geothermal system. The only visible geothermal 



  

surface manifestations are two high-temperature fumaroles and bubbling pools, which occur near 

the summit of the Apacheta volcano (Fig. 1C). 

The geology of the area was first described by Ramírez and Huete (1981), and the evolution 

of the Apacheta-Aguilucho Volcanic Complex was studied by Mercado et al. (2009) and Piscaglia 

(2012). The Plio-Pleistocene Apacheta volcano is characterized by andesitic to rhyolitic lava flows 

and pyroclastic deposits, whereas the Pleistocene Aguilucho volcano is mainly represented by 

dacitic lava flows. The last manifestation of volcanism in the area corresponds to the Chac-Inca and 

Pabellón dacitic domes (80-130 ka based on 
40

Ar/
39

Ar dating; Renzulli et al., 2006). The CPGS is 

hosted in an andesitic to dacitic volcanic sequence, which comprises hydrothermally altered lava 

flows, volcanic breccias and tuffs (GDN, 2011). Hydrothermal alteration in the system is profuse. 

Urzúa et al. (2002) reported that argillic alteration associated with the Apacheta fumaroles is the 

only superficial alteration associated with the active geothermal system at depth. Based on XRD 

mineralogy, petrographic observations and SEM-EDX analyses of samples from two boreholes 

(PEXAP-1 and CP-1, Fig. 1B, C and D), Maza et al. (2018) recognized three main hydrothermal 

alteration assemblages in the system, from top to bottom: argillic, sub-propylitic and propylitic 

alterations (Fig. 1D). The argillic zone is characterized by a pervasive alteration represented by 

smectite, zeolites, hematite, calcite and silica. The sub-propylitic alteration zone is dominated by 

corrensite + chlorite, with albite, quartz, calcite, hematite, stilbite and laumontite. Finally, the 

propylitic alteration zone is characterized by illite + chlorite, with epidote, titanite, albite, adularia, 

quartz, calcite, pyrite and chalcopyrite.  

A 400-m thick low-resistivity layer, detected by a magnetotelluric (MT) geophysical 

survey, has been interpreted as the cap-rock of the geothermal system (Fig 1C; Urzúa et al., 2002). 

Maza et al. (2018) proposed that this impermeable seal layer comprises argillic- and subpropylitic-

altered rocks. This could explain the absence of well-developed hydrothermal alteration in rocks 

above this clay-cap, and the scarcity of geothermal surface expressions, allowing to define the 

CPGS as a blind geothermal field. 

 

2. SAMPLES AND METHODS 

Twenty representative samples from the argillic, sub-propylitic and propylitic alteration 

zones of the CPGS were selected at different depths from the PEXAP-1 drill core (561.4 m; Fig. 

1D). Each sample was inspected and characterized using polarized light and scanning electron 

microscopy techniques. A subset of eight representative pyrite-bearing samples was selected for 



  

subsequent sulfide compositional analysis (samples BA20, BA21, BA27, BA30, BA31, BA33, 

BA34 and BA48, Fig. 1D). 

2.1 SEM, EMPA and LA-ICP-MS methods 

Scanning electron microscopy (SEM) observations were carried out at the Andean 

Geothermal Centre of Excellence (CEGA), Universidad de Chile, using a FEI Quanta 250 SEM 

equipped with secondary electron (SE), energy-dispersive X-ray spectrometry (EDS), backscattered 

electron (BSE) and cathodoluminescence (CL) detectors. The analytical parameters were: spot-size 

set to 1 - 3 μm, accelerating voltage of 15 keV, beam intensity of 80 µA, and a working distance of 

~10 mm. For SEM-CL observations, the methodology proposed by Frelinger et al. (2015) was 

followed.  

Electron microprobe analysis (EMPA) of pyrite grains was performed using a CAMECA 

SX100 microprobe equipped with five wavelength-dispersive spectrometers at the Lunar and 

Planetary Laboratory, University of Arizona. Operation conditions were: fully focused beam, 40 

degrees take-off angle and beam energy of 15 keV. The beam current was 40 nA for spot analyses 

and 80 nA for WDS X-ray maps. No evidence of beam damage of pyrite grains was detected during 

analysis. Elements were acquired using the following analyzing crystals: LLIF for Fe Kα, Co Kα, 

Ni Kα, Cu Kα and Zn Kα; TAP for As Lα and Se Lα; PET for S Kα, Te Lα and Pb Mα; and LPET 

for Ag Lα, Sb Lα, Au Mα and Bi Mβ. The standards used included natural and synthetic metals, 

sulfides, arsenides, tellurides and selenides. Counting time (peak) was 20 s for Fe Kα, Co Kα, Ni 

Kα, Cu Kα, Zn Kα, Au Mα and Bi Mβ; 30 s for S Kα, Ag Lα, Sb Lα and Te Lα; 40 s for Pb Mα; 

and 50 s for As Lα and Se Lα. The same (peak) counting time was used for total background 

readings. Mean detection limits ranged from 0.02 to 0.05 wt% for most analyzed elements. Matrix 

corrections were performed using the PAP method (Pouchou and Pichoir, 1991). 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) spot analyses 

were acquired on selected pyrite grains. LA-ICP-MS analyses were undertaken using a 193 nm ArF 

excimer laser (Photon Machines Analyte 193) coupled to a quadrupole ICP-MS (Thermo Fisher 

Scientific iCAP Q) at the Mass Spectrometry Laboratory of the Andean Geothermal Center of 

Excellence (CEGA), Universidad de Chile. Prior to each analysis session, the ICP-MS was tuned by 

ablating a NIST SRM 610 glass reference material, to ensure acceptable levels of plasma robustness 

(i.e., 
238

U
+
/
232

Th
+
 between 0.95 – 1.05), oxide production (ThO

+
/Th

+
 <0.5%) and double-charged 

production (
22

M
+
/
44

Ca
++

 <0.01%). Ablation was carried out using a laser pulse frequency of 4 Hz, 

an energy density of ~1.5 J/cm
2
, and a spot size of 30 µm in most cases. The laser spot size was 



  

reduced to 20 µm when analyzing small grains, or to avoid ablating visible mineral inclusions. Pure 

He was used as carrier gas. Each spot was ablated for 30 s following 30 s of gas background 

collection. The following isotopes were monitored: 
34

S, 
51

V, 
52

Cr, 
53

Cr, 
55

Mn, 
57

Fe, 
59

Co, 
60

Ni, 
63

Cu, 

65
Cu, 

66
Zn, 

69
Ga, 

72
Ge, 

73
Ge, 

75
As, 

77
Se, 

82
Se, 

95
Mo, 

97
Mo, 

107
Ag, 

109
Ag, 

111
Cd, 

115
In, 

118
Sn, 

120
Sn, 

121
Sb, 

123
Sb, 

125
Te, 

182
W, 

197
Au, 

202
Hg, 

205
Tl, 

206
Pb, 

207
Pb, 

208
Pb and 

209
Bi, considering a total 

quadrupole sweep time of 0.55 s. The calibration procedure considered both external and internal 

standard calibration (Longerich et al., 1996). The MASS-1 pressed synthetic sulfide reference 

material (Wilson et al., 2002) was used as the primary standard, and total Fe concentrations 

obtained previously by EMPA were used as the internal standard. Additionally, the GSE-1G glass 

reference material (Jochum et al., 2005) was employed as secondary standard for quality control. 

External standard measurements were performed at the beginning and at the end of each analysis 

round of 20 spot analyses. Data integration and reduction was carried out using the Iolite
TM

 (v. 2.5) 

data reduction software (Paton et al., 2011). Caution was taken in the interpretation of irregular 

signal profiles attributed to mineral or fluid inclusions, or unstable signals produced when ablating 

thin mineral grains or grain rims. However, and considering that the minimum particle size 

detectable during LA-ICP-MS profiling was ~500 nm, it is possible that in some cases nanometer-

sized mineral inclusions affected the overall signal. Additionally, it is important to note that the 

MASS-1 reference material may contain some heterogeneities, most notably for Au (Wilson et al., 

2002). Therefore, LA-ICP-MS depth profiles of the MASS-1 reference material were thoroughly 

inspected before calibration to avoid introducing Au heterogeneities, and MASS-1 readings were 

made in duplicates, each time. Therefore, it is expected that the impact of these Au heterogeneities 

in our data is negligible. 

2.2 Statistical analysis 

Principal Component Analysis (PCA) was used for a better understanding and interpretation 

of the pyrite compositional data, including the statistical relationships between the analyzed 

elements and their variance. Prior to PCA, the probability distribution of each variable (i.e., each 

analyzed element) was inspected, and a centered log-ratio (CLR) transformation (Aitchison, 1986) 

was applied afterwards to every variable that approximated to a log-normal distribution (in this 

case, all considered variables). This procedure overcomes the effects of inherent “closure” of 

compositional data, i.e., fixed totals of 100 wt% or 10
6
 ppm, and approximates each variable to a 

normal distribution, which is required for PCA (see Reimann et al., 2008). After CLR 

transformation, data was standardized via calculation of Z-values. A Varimax rotation procedure 

(Kaiser, 1958) of the principal components was used to improve interpretability of the results. 



  

Rotated PCA solutions are shown via biplots (Gabriel, 1971) where the loadings of each 

principal component (PC), i.e., the relation between the PCs and the original variables (element 

concentrations) are represented by arrows. The scores of each PC, i.e., the relation between the PCs 

and each original data point (individual analysis), are represented by points. The loading of each PC 

is related to how much a PC explains a variable. High loadings (closer to 1 or -1) indicate that the 

PC is highly related to the variable. Arrows in biplots indicate, simultaneously, the loadings related 

to a certain variable on the two PCs considered for each biplot. On the other hand, scores result 

from the orthogonal projection of each data point onto the extracted PCs. Points in biplots show the 

scores related to a certain individual analysis on both PCs. 

The number of principal components extracted for each PCA was determined as the 

minimum number of components that explains at least 80% of the total variance of the dataset. 

Whenever censored data was incorporated into a PCA procedure (i.e., compositional data below 

detection limit), it was explicitly indicated. In these cases, such data was replaced by half of the 

detection limit for that element. Nevertheless, only parameters with less than 10% of censored data 

were considered for PCA. Additionally, scatterplots of raw compositions are used to visualize some 

of the results. Scatterplots are intended to show unusual structure patterns and how ratios between 

variables behave in the dataset, and are not used here for assessing correlation between raw 

composition data. Therefore, when correlation coefficients are shown within scatterplots, they are 

presented as referential values only. 

3. RESULTS 

3.1 Sulfide mineral phases 

The main sulfide minerals in the analyzed samples are pyrite, chalcopyrite, galena and 

acanthite (Figs. 2 and 3). Locally, minor chalcocite, covellite, bornite and Cu-bearing sulfosalts 

were identified. Sulfides are scarce in the upper section of the drill core, which corresponds to the 

clay-cap zone of the system (Fig. 1D). In this zone, only minor chalcocite and covellite were 

observed, exclusively within amygdales of the volcanic host rock. No pyrite or chalcopyrite were 

detected in samples from this zone. A sharp increase in the sulfide abundance was noticed at ~490 

m depth, associated with a change in the hydrothermal alteration mineral assemblage from sub-

propylitic to propylitic. Pyrite and chalcopyrite are abundant in this portion of the drill core, with 

galena and acanthite identified in some samples (Figs. 3C and D). Bornite and Cu-bearing sulfosalts 

occur only as minor phases associated with chalcopyrite, especially in the deepest portion of the 

drill core (>548 m depth), where pyrite is absent. 



  

Pyrite, the dominant sulfide in the CPGS, is present as euhedral to anhedral disseminated 

grains, occurring within or adjacent to veinlets, and to a lesser extent in amygdales and vugs, and as 

a replacement mineral of primary magnetite (Fig. 3B). Chalcopyrite also occurs in veinlets and in 

amygdales, as well as disseminated in the host rock. Chalcopyrite is mainly associated with late 

(pyrite-free) calcite veinlets, and to a lesser extent, with late quartz + adularia + (pyrite) veinlets, 

where it precipitated within open spaces after pyrite formation. 

A distinct feature of pyrite and chalcopyrite grains from the CPGS is the ubiquitous 

presence of micrometer-sized mineral inclusions. These inclusions are observable under polarized 

reflected light and SEM and consist mainly of galena (Fig. 2A, C, D, and Fig. 3A, B), chalcopyrite 

(Fig. 2C), and acanthite (Fig. 3A). Additionally, a few Cu-Sb-As-bearing inclusions were detected 

in some chalcopyrite grains. The presence and nature of inclusions was also inferred by inspection 

and analysis of the time vs. intensity LA-ICP-MS depth profiles (see Discussion section). 

3.2 Pyrite groups 

Pyrite from the CPGS can be classified based on its association with different veinlet 

generations and gangue minerals (Figs. 4 and 5). Three main groups are recognized: Group I is 

characterized by pyrite that is mainly associated with colloform silica + Fe-oxide crustiform bands 

(Fig. 4A). The silica has Fe impurities detected by SEM-EDS analyses, and a red jasper-like 

appearance in hand sample. Group II is characterized by pyrite associated with crustiform bands of 

colloform silica + mosaic (jigsaw) quartz and zoned quartz + sub-rhombic adularia veinlets (Fig. 

4B, C and D). In Group III, pyrite is exclusively associated with zoned quartz + sub-rhombic 

adularia veinlets (Fig. 4E and F). In some cases, quartz developed comb-like textures when 

crystallized in open spaces. There is no apparent change in veinlet abundance with depth in the 

analyzed core. These three pyrite groups occur simultaneously within the same section of the 

analyzed drill core. 

Based on veinlet cross-cutting criteria, a relative sequence can be established for these 

pyrite groups (Fig. 5). The colloform silica + Fe-oxide banding that characterizes Group I predates 

Groups II and III, whereas the zoned quartz + adularia veinlets of Group II postdate the colloform 

silica + mosaic quartz events of the same group. The zoned quartz + sub-rhombic adularia veinlets 

of Group III are similar to the latest veinlet event of Group II. Thus, Group III and the late event of 

Group II appear to be synchronous. Therefore, from the earliest to the latest event, pyrite groups are 

paragenetically arranged as I, II and III, with a partial temporal overlap between Groups II and III. 



  

Despite identification of two different events in Group II, it is difficult to accurately associate the 

pyrite mineralization with exclusively one of these. 

A late, post-Group III event of base- and precious metal sulfide mineralization was 

observed in the studied samples (Fig. 3C, D and Fig. 4E). This event, characterized by chalcopyrite, 

galena and acanthite, is closely associated with rhombic calcite precipitation in open spaces, and it 

is considered the latest mineralization event recognized in the propylitic alteration zone (Fig. 5). 

This event is best represented in sample BA-20, which marks the transition between the sub-

propylitic and propylitic alteration zones (~490 m depth). 

3.3 Textural features of pyrite groups  

Pyrite from Groups I, II and III, i.e., pyrite-I,-II and -III, respectively, display the following 

distinct textural characteristics: 

Pyrite-I occurs as elongated and relatively large (500 µm - 1 mm) anhedral to euhedral 

grains and aggregates, usually in close relation with adjacent colloform silica and Fe-oxide bands 

(Fig. 2 and Fig. 4A). The main feature of pyrite-I is its porous texture, represented by areas with 

clustered pores and abundant mineral inclusions, and areas of pristine pyrite, without visible 

inclusions or pores (Fig. 2A and C). Pores are commonly filled with Si-bearing phases. The porous 

textures of some pyrite grains from this group resemble sieve or corrosion-like textures. Irregular 

fractures are observed in some grains, and in some fractured areas, chalcopyrite and clustering of 

galena inclusions are noticed (Fig. 2D). It is common to observe pyrite aggregates with irregular 

rims at the contact with Fe-oxides or silica-rich colloform bands, and sharp, straight pyrite rims on 

the opposite side (Fig. 2B and 4A), suggesting that pyrite growth started from the irregular edge and 

developed perpendicular to banding. 

Pyrite-II grains are subhedral to euhedral (10 – 200 µm; Fig. 3A and B) with some showing 

zones with abundant pores and mineral inclusions, similar to those described in pyrite-I. These areas 

are located preferentially in the cores of pyrite grains, whereas the external zones of the same grains 

are generally pristine, with scarce pores and inclusions (Fig. 3A and B). Some pyrite grains from 

this group have irregular fractures, but not to the same degree as in pyrite-I. 

Pyrite-III displays isolated to clusters of subhedral to euhedral crystals, characterized by 

morphologies dominated by cubic and pyritohedral shapes, with sizes between 20 and 500 µm (Fig. 

3C, D and Fig. 4E, F). Pyrite grains from this group have scarce pores or no porosity at all, are less 

fractured that pyrite-I and II, and are usually surrounded by late chalcopyrite, galena and/or 

acanthite. 



  

3.4 Chemical composition of pyrite 

All EMPA and LA-ICP-MS analyses are reported in Appendices A and B, respectively, 

whereas statistical parameters for the dataset are shown in Figure 6. It is important to note that 

analyses were performed on clean pyrite areas with no visible mineral inclusions. However, and 

considering that discrete nano-inclusions and/or clusters of mineral nanoparticles are not fully 

resolvable by LA-ICP-MS during depth profiling, it is likely that some analyses may have been 

affected by the ablation of mineral inclusions within pyrite (i.e., irregular, “spiky” profiles). 

Therefore, and in order to evaluate this effect, the entire dataset is displayed in Figure 6 as white 

boxes, whereas inclusion-free LA-ICP-MS analyses are shown in grey, i.e., those analyses that did 

not show any visible evidence of mineral inclusions (e.g., flat profiles). Additionally, concentrations 

determined by EMPA are higher than those determined by LA-ICP-MS due to the higher detection 

limit of the EMP analyses. Moreover, EMPA data for Zn, Te and Au are possibly affected by 

mineral nano- to micro-inclusions, explaining the discrepancy between EMPA and LA-ICP-MS 

data for these elements. 

Inspection of the entire LA-ICP-MS database reveals that pyrite from the CPGS is enriched 

in minor and trace elements, where Cu, Pb, As and Ag reach maximum concentrations of >1 wt%. 

However, concentrations of the aforementioned elements are highly variable, in particular for Pb 

and Ag, spanning five orders of magnitude from sub- ppm values to >1 wt%. Au concentrations are 

also high, reaching up to 179 ppm with a median concentration of 1.7 ppm. It is likely that some 

minor and trace element concentrations measured in pyrite are influenced by the presence of 

mineral sub-micron inclusions. This seems to be more evident for Pb, Au and Ag, where maximum 

concentrations can be up to two orders of magnitude higher than in the inclusion-free data (Fig. 6).  

Overall, the inclusion-free data are consistent with the total database (Fig. 6, gray boxes). 

Pyrite from the CPGS is characterized by high concentrations of As, Cu and Pb, with up to ~4.4, 

~0.5 and ~0.2 wt%, respectively. These elements were detected in almost all analyzes (Fig. 6 and 

Appendix B). As shows the highest median concentration of all the analyzed elements, 0.10 wt%. 

Co, Ni, Sb, Se and Ag were also detected in most analyses, showing concentrations spanning three 

to four orders of magnitude, and maximum values of 0.05, 0.12, 0.09, 0.11 and 0.10 wt%, 

respectively. Among the elements showing the lowest concentrations, Bi, Au and Tl were detected 

in more than a half of the analyzes, reaching maximum concentrations of 39, 14 and 62 ppm, 

respectively. Zn, Hg and Te were detected in a few grains, with concentrations <1000 ppm for Zn, 

<100 ppm for Hg and <10 ppm for Te. V, Cr, Mn, Ge and W were detected in less than half of the 

analyzes. Among these elements, Mn shows the highest concentration, reaching a maximum of 242 



  

ppm, whereas the remaining elements show concentrations of less than 30 ppm. Ga, Sn, Mo, Cd and 

In have concentrations below 10 ppm, with the exception of Cd that displays a maximum of 36 

ppm. 

Minor and trace element concentrations in pyrite groups 

In order to avoid the potential chemical bias introduced by mineral inclusions, only the 

inclusion-free data were used to differentiate pyrite Groups I, II and III (Fig. 7). In all groups, As is 

present in the highest concentration, however, major compositional differences arise between these 

groups, especially between pyrite-I and -III. 

Pyrite-I displays the highest median concentrations of Cu, Pb, As, Au and Ag, and the 

lowest median for Ni and Co contents (yellow boxes in Fig. 7). In contrast, pyrite-III shows the 

highest median Ni concentration, a Co median concentration higher than in pyrite-I, and the lowest 

median of Cu, Pb, As, Sb, Bi, Au, Ag and Tl concentrations (white boxes in Fig. 7). Pyrite-II has 

the highest median for Sb, Bi and Tl, high Co concentrations similar to pyrite-III and intermediate 

median concentrations for the other analyzed elements (blue boxes in Fig. 7). Se concentrations are 

similar in all groups. It is important to note that the concentration range of the analyzed elements, 

i.e., maximum and minimum values, can be similar between pyrite groups. However, the 

concentration distribution can significantly vary, as evidenced by, e.g., Cu (median concentration of 

Cu is higher in pyrite-I than in pyrite-II and III, but the concentration range is similar in all three, 

Fig. 7). 

Pyrite WDS X-ray maps 

The WDS X-ray maps for selected elements in pyrite grains are shown in Figures 8, 9 and 

10.  

Pyrite-I grains show a distinct compositional zoning, where As-Cu-rich growth bands 

alternate with As-Cu-poor zones (Figs. 8B and C). The most external growth zone of these pyrite 

grains is depleted in these elements. The As-Cu rich zones are well-defined in pristine pyrite areas 

and are more diffuse in porous and inclusion-rich areas (e.g., Fig 8D and E). Additionally, As-poor 

zones with abundant chalcopyrite inclusions are observed (Fig. 8A, B and C), and in a single grain 

from this pyrite group, a thin Co-rich band was detected between an As-rich zone and the As-

depleted outermost rim. 

Pyrite-II grains have a different zoning pattern, consisting of well-defined As, Cu and Co 

zones (Fig. 9). All analyzed pyrite grains from this group are characterized by two or three 



  

compositional zones. From core to rim, these are: (a) Cu-(Co)-rich zones with relatively moderate 

contents of As; (b) As-rich, Co-poor zones, with relatively moderate contents of Cu; and (c) rims 

depleted in both As and Cu, similar to the outermost rims in pyrite-I grains (Fig. 8). Zone (a) may 

be absent (Fig. 9E), while zone (b) and depleted rims (c) are common in all mapped grains from this 

group. Zone (a) may show, in turn, zoning where As and Cu are geochemically decoupled (Fig. 9J 

and K). The grain shown in Figure 9E-H corresponds to a particular case where Cu zoning is not 

detected and As is enriched in the core. This grain corresponds to a pyrite-II subgroup which is 

associated with the highest concentrations of As, Sb and Hg in the pyrite-II dataset, coupled with 

the highest Sb/Pb ratios as shown in the elemental scatter plots (Fig. 11F). Furthermore, a thin Co-

enriched band between zones (b) and (c) was identified in some grains (e.g., Fig. 9H). The galena 

inclusions shown in Figure 9I are almost completely contained in compositional zone (a). Zones (b) 

and (c) are also characterized by sharp outlines. 

In contrast, the WDS X-ray maps of pyrite-III grains (Fig. 10) do not display well-defined 

compositional zoning patterns such as the observed for As in pyrite-I and II grains. As is 

homogeneously low in pyrite-III, whereas the high Cu and Co zones are mainly related to later 

interstitial galena and acanthite, minerals which are relatively enriched in both metals (Fig. 10). 

Elemental scatter plots 

Elemental concentration scatter plots for Co-Ni, Co-Cu, Co-As, Au-As, Cu-As, Sb-Pb, Ag-

Pb, Bi-Sb and Tl-Sb are shown in Figure 11, considering only inclusion-free data. Co displays a 

positive correspondence with Ni (Fig. 11A), with almost all Co/Ni ratios between 0.1 and 10, and 

most commonly between 1 and 10. Co/Ni ratios for pyrite-III display a more scattered pattern than 

the other two groups, and correspond to the lowest Co/Ni ratios of the dataset. The Co/Ni ratios of 

pyrite-I are slightly higher than in the other groups. Co shows a scattered pattern when plotted 

against Cu and As (Figs. 11B and C, respectively). As, on the other hand, shows a weakly positive 

and scattered trend with Au and Cu (Figs. 11D and E, respectively). 

Positive trends were found for Sb-Pb (Fig. 11F), Ag-Pb (Fig. 11G), Bi-Sb (Fig. 11H) and 

Tl-Sb (Fig. 11I), with all of these elements showing similar behavior. The Sb vs. Pb scatter plot 

displays, for almost all samples, a very consistent Sb/Pb ratio that spans the entire concentration 

range of both elements, close to Sb/Pb = 0.1. However, a pyrite-II subgroup deviates and show a 

Sb/Pb >0.5. Pyrites from this subgroup are also relatively enriched in As, Tl and Hg. The higher 

Ag/Pb ratios, on the other hand, correspond, to a great extent, to pyrite-I. Pyrite Bi/Sb ratios are 



  

mainly between 1 and 0.01, and Tl/Sb ratios are mostly between 0.1 and 0.01, with no visible 

differences between veinlet associations. 

4. DISCUSSION 

4.1 Incorporation of metals and metalloids in pyrite 

Analyzed pyrite grains from the CPGS can be classified as “arsenian” in terms of their As 

content reaching up to ~4 wt% (Figs. 6 and 7). WDS compositional maps (Fig. 8B and E, Fig. 9B, F 

and J, and Fig. 10B and F) show that the distribution of As is relatively homogeneous in each pyrite 

zone, suggesting that As is structurally bound within pyrite. The As-Fe-S ternary diagram (Fig. 

12A) and the As vs. S scatterplot (Fig. 12B) suggest that As
-1

 dominantly substitutes for S in pyrite. 

This is confirmed by the flat 
75

As spectrum in depth-profiles shown in Figure 13, which are in 

agreement with a solid solution mode of As incorporation. However, the As-Fe-S ternary diagram 

(Fig. 12A) suggests the (minor) occurrence of As
0
 nano-inclusions (Deditius et al., 2009a) in pyrite-

I and II, a feature previously reported for pyrites from the Tolhuaca Geothermal System, Chile 

(Tardani et al., 2017). There is no clear evidence of the occurrence of As
2+

-pyrite or As
3+

-pyrite in 

the CPGS, nonetheless this cannot be ruled out as data clustering close to stoichiometric pyrite 

composition may hide these substitutional trends (Fig. 12A). In addition, the As-Fe-S ternary 

diagram also indicates that substitution of Fe
2+

 by Me
2+

, where Me represents metallic or similar 

elements, is a major mechanism for incorporation of trace elements (i.e., Cu, Co, Ni, Pb and Ag) in 

pyrite from the CPGS (Figs. 6 and 7).  

The Cu content in pyrite from the CPGS (up to ~1 wt%) is related to two different 

mineralogical forms, which are observable in the WDS X-ray maps (Figs. 8, 9 and 10): (i) 

structurally bound Cu, and (ii) micrometer-sized Cu-bearing inclusions, mainly chalcopyrite. 

Structurally bound Cu is represented in WDS maps by the relatively uniform dark-blue color of 

pyrite grains, and by homogeneously-distributed, higher intensity Cu-bearing zones. The negative 

trend between Cu and Fe (EMPA data, Appendix A) indicates that substitution between Fe
2+

 and 

Cu
2+

 is the most likely mechanism for Cu incorporation into pyrite structure. Cu-bearing inclusions, 

on the other hand, are shown as discrete high-intensity zones in WDS maps (e.g., Fig. 8C and F, and 

Fig. 9K). The Cu-bearing inclusions shown in Figure 8A and C are chalcopyrite, which is the most 

common Cu-sulfide inclusion in pyrite (Reich et al., 2013). Late chalcopyrite precipitated into 

pyrite fractured areas (e.g., lower-right zone, Fig. 8C) can be differentiated from inclusions that are 

visible in the center-left zone of the same map. In addition, galena inclusions also bear appreciable 

Cu (and Co) contents, as suggested by WDS maps (Fig. 8D and F, Fig. 9I and K, and Fig. 10). 



  

Furthermore, the two mineralogical forms of Cu in pyrite can be inferred from LA-ICP-MS depth 

profiles, where structurally bound Cu is inferred from a flat profile (Fig. 13C), and Cu-bearing 

inclusions from spikes in the 
63

Cu signal (Fig. 13D). Cu-bearing inclusions are more common in 

pyrite-I in comparison with the other two groups of pyrite. 

The WDS X-ray maps (Fig. 9D, H and L, and Fig. 10D and H) and the representative 
59

Co 

intensity vs. depth LA-ICP-MS profile (Fig. 13C) show that Co occurs as a structurally bound 

element within pyrite. The strong positive correspondence between Co and Ni suggests that this is 

also the case for Ni (Fig. 11A). Most of the EMPA data for Co and Ni are below detection limits 

and Fe was used as an internal standard for laser ablation measurements, hence a proper evaluation 

of the substitution mechanism of these two elements in the pyrite structure was unfeasible. 

Regardless, it is likely that Co substitutes extensively for Fe in pyrite because both have similar 

ionic radii and a structural affinity exists between pyrite and the CoS2 end-member (Vaughan and 

Craig, 1978; Tossell et al., 1981; Abraitis et al., 2004; Gregory et al., 2015a, b). As pointed out 

above, galena bears appreciable contents of Co (Fig. 10D and H), indicating that Co may also occur 

incorporated in discrete galena inclusions in pyrite, particularly in pyrite-I and II. 

Co/Ni ratios in pyrite from CPGS are between 0.1 and 10 for most analyzed spots, with the 

majority of the data showing Co/Ni between 1 and 10, which is characteristic of pyrite of 

hydrothermal origin (Bajwah et al., 1987; Gregory et al., 2015a; Reich et al., 2016, and references 

therein). Overall, there is a systematic decrease in Co/Ni ratios from pyrite-I to III, with pyrite-II 

displaying intermediate ratios. Compositional data of pyrite groups (Fig. 7) show that this 

difference may be due to an enrichment of Ni with respect to Co from pyrite-I to III. Co and Ni 

concentrations in the CPGS are relatively lower than in other geothermal systems, such as Tolhuaca 

(Tardani et al., 2017), and Mataloko (Koseki and Nakashima, 2006a, b), but similar to Kirishima 

(Shoji et al., 1989) and Pauzhetka (Rychagov et al., 2009) (Fig. 14). The first two systems have 

been linked to mafic magmatic sources, whereas the volcanic host rocks of Kirishima and 

Pauzhetka have a relatively more felsic composition, being dominantly andesitic in Kirishima, and 

andesitic to dacitic in Pauzhetka. This suggests that the hydrothermal system associated with the 

CPGS is possibly linked to a relatively more felsic source, which agrees with the dominant andesitic 

to dacitic compositions of the volcanic products that characterize the host rock of the CPGS. 

Pb is an abundant trace element in pyrite from the CPGS, i.e., up to ~0.2 wt% and ~9 wt% 

considering inclusion-free data vs. the entire dataset, respectively. Pb occurs dominantly as 

micrometer-sized galena inclusions in all three pyrite groups, as evidenced in BSE images (e.g., 

Figs. 2C and D, 3A and B, 9I and 13A) and in some LA-ICP-MS depth-profiles (Figs. 13B and E). 



  

In depth-profiles, galena inclusions feature coupled peaks of 
208

Pb and 
209

Bi, commonly associated 

with 
107

Ag. This observation is consistent with positive correspondences between Pb, Ag, Bi and Sb 

(Fig. 11F, G and H). However, Pb can also occur as a structurally bound element or incorporated as 

nanometer-sized inclusions that are not resolved by LA-ICP-MS, as evidenced by a flat 
208

Pb profile 

(Fig. 13F). A high concentration of structurally bound Pb is associated with high concentrations of 

As, Sb, Tl and Hg in solid solution (Fig. 13F). The incorporation of Sb and other large anions might 

promote the incorporation of Pb into the pyrite structure in a similar way as As promotes the 

incorporation of Au (Reich et al., 2005) in pyrite, or the incorporation of Cu and Ag into sphalerite 

via coupled substitution associated with In
3+

 or Sb
3+

 (Cook et al., 2009b). 

The median concentration of Au and Ag in pyrite from the CPGS (1.7 ppm for Au and 86 

ppm for Ag) is notoriously higher (up to one order of magnitude) than in pyrite from other 

geothermal systems, such as Tolhuaca (Tardani et al., 2017) and Reykjanes (Libbey and Williams-

Jones, 2016). The incorporation of Au into pyrite is favored by the structural distortion or by 

superficial effects caused by the incorporation of cationic or anionic As in pyrite (Simon et al., 

1999; Palenik et al., 2004; Deditius et al., 2008, 2014). The solubility curve defined by Reich et al. 

(2005) for Au in arsenian pyrite illustrates the strong control of As on this element, and show that 

Au can occur as either a structurally bound element (Au
+1

) or forming Au
0
 nanoparticles. 

Furthermore, it has been shown that the higher concentrations of Au in pyrite are commonly related 

to the presence of Au-bearing inclusions (Reich et al., 2005; Deditius et al., 2014; Gregory et al., 

2015a). On the other hand, Ag can be incorporated into pyrite as solid solution via substitution of 

Ag
+
 for Fe

2+
 or constituting nano-inclusions of native Ag, electrum, sulfides and sulfosalts within 

pyrite grains (Huston et al., 1995; Abraitis et al., 2004; Deditius et al., 2011).  

At the CPGS, Au and Ag are incorporated into pyrite as both solid solution and mineral 

inclusions. Ag is associated with different types of inclusions, observable using BSE imaging and 

by the inspection of the 
107

Ag and 
197

Au signal intensities in LA-ICP-MS depth-profiles (Fig. 13). 

The inclusions have variable compositions including Ag-S (Fig. 13A), Ag-Cu (Fig. 13A), Au-Ag 

(Fig. 13B) and Au-Ag-(Cu-Se) (Fig. 13E), and Ag-bearing galena (Fig. 13B). Ag-Au-(Cu-Se)-

bearing inclusions probably correspond to acanthite, as supported by the WDS compositional maps 

of Figure 10, which show relatively higher concentrations of Cu in acanthite in relation to the 

adjacent pyrite. The incorporation of Ag as solid solution is suggested by the flat 
107

Ag intensity 

response shown in the LA-ICP-MS depth-profiles (Fig. 13C and F). Au, as noted above, occurs as 

solid solution and also as Au-Ag-bearing inclusions in pyrite. Au-As analyses (inclusion-free LA-

ICP-MS data only) plot under the Au solubility curve defined by Reich et al. (2005) (Fig. 11D), 



  

suggesting that Au in the analyzed spots occurs dominantly as a structurally bound element. This is 

also supported by the relatively flat 
197

Au spectrum in the depth-profile (Fig. 13C). 

4.2 Interpretation of pyrite and gangue minerals textures 

Studies in geothermal systems and epithermal Au-Ag deposits have shown that pyrite can 

display a large variety of textures, including brecciated, colloform, porous, fibrous and inclusion-

rich textures (e.g., Deditius et al., 2009a, b; Franchini et al., 2015; Tanner et al., 2016; Kouhestani 

et al., 2017). In the CPGS, pyrite grains show several of these textures and morphologies, including 

porous and inclusion-rich zones, and brecciated subhedral to euhedral pyrite grains (Figs. 2 and 3). 

Additionally, gangue minerals associated with pyrite, i.e., silica phases, adularia and calcite, can 

provide key information for the interpretation of the sulfide-forming conditions. In this section, the 

textural features are interpreted and physico-chemical conditions, including fluid boiling, cooling 

and/or mixing, are inferred for each pyrite group. 

Pyrite I (vigorous boiling): These pyrites have the highest concentrations of As, Au, Ag, Cu and Pb 

of all analyzed pyrites at the CPGS, and are relatively depleted in Co and Ni (Fig. 7). The close 

association of elongated pyrite aggregates with adjacent colloform silica bands suggests that pyrite-I 

formation was synchronous with the development of silica and Fe-oxide banding. The presence of 

colloform silica, the dominant silica texture in this group, suggests rapid supersaturation of the 

hydrothermal fluid with respect to amorphous silica, compatible with multiple and vigorous boiling 

events (cf. Fournier, 1985; Dong et al., 1995; Moncada et al., 2012; Rusk, 2012). This is further 

supported by early, broken and small rhombic adularia crystals incorporated into late calcite 

veinlets in sample BA-33 (Pyrite-I), indicating that previous to carbonate precipitation, protracted 

boiling conditions were dominant during the formation of pyrite-I (cf. Reed and Spycher, 1985; 

Dong and Morrison, 1995). The clustered mineral inclusions and pores described in pyrite-I grains 

also point to boiling processes. These textural features are similar to those described at the 

Dongping Au deposit, China and the Chah Zard epithermal Au-Ag deposit, Iran (Cook et al., 2009a; 

Kouhestani et al., 2017). Cook et al. (2009a) suggested that areas of clustered pores and telluride 

inclusions in pyrite from Dongping were formed by a coupled dissolution-reprecipitation process 

triggered by a percolating fluid under fluctuating fO2 and fS2 conditions. A similar mechanism may 

be responsible for the porous, inclusion-rich zones in pyrite-I from the CPGS, since considerable 

variations in physico-chemical parameters (e.g., in fO2 and fS2, Williams-Jones et al., 2009) are 

expected during multiple vigorous-boiling events. 



  

Pyrite-II (vigorous boiling to gentle/non-boiling): These pyrites have intermediate concentrations of 

As, Au, Ag, Cu and Pb in comparison with the other two groups of pyrite from the CPGS, and 

higher concentrations of Co and Ni compared with pyrite-I (Fig. 7). Pyrite-II textures shares some 

similarities with pyrite-I. The areas of clustered inclusions and pores found in the cores of some 

pyrite-II grains suggest that, as for pyrite-I, physico-chemical conditions during pyrite core 

formation were highly fluctuating. In contrast, the inclusion-free, clean pyrite rims are consistent 

with steadier physico-chemical conditions. Pyrite-II is associated with colloform and mosaic quartz 

veinlets, and late zonal quartz + sub-rhombic adularia. The colloform and mosaic (jigsaw) textures 

of quartz in this pyrite group are also linked to supersaturation with respect to amorphous silica, 

compatible with vigorous boiling of the parental hydrothermal fluid. In contrast, the presence of 

zonal quartz and sub-rhombic adularia is related to slower crystallization kinetics and slight 

supersaturation with respect to quartz and adularia. Considering that adularia is strongly associated 

with boiling (Browne, 1978; Dong and Morrison, 1995), it is likely that this late event of zonal 

quartz + sub-rhombic adularia was formed as a result of non-vigorous, gentle boiling conditions 

transitioning to non-boiling conditions. In summary, the formation of pyrite-II is compatible with a 

shift from vigorous boiling to gentle- and non-boiling conditions. 

Pyrite-III (gentle boiling/non-boiling): These pyrites have the lowest concentrations of As, Au, Ag, 

Cu and Pb of all analyzed pyrites at the CPGS, and are relatively enriched in Co and Ni, with Co 

concentrations similar to pyrite-II (Fig. 7). The formation of pyrite-III was related to gentle boiling 

transitioning to non-boiling conditions, as evidenced by the presence of zonal quartz + sub-rhombic 

adularia veinlets. Pyrite-III is characterized by euhedral to subhedral cubic and pyritohedron 

morphologies, which are consistent with direct precipitation from a hydrothermal fluid in open 

spaces under relatively steady physico-chemical conditions. This interpretation is also supported by 

the scarcity of areas with clustered pores and inclusions, and by the homogeneous size of pyrite 

aggregates, suggesting a slower growth. The scarcity of visible mineral inclusions may be related to 

precipitation of pyrite from a fluid undersaturated with respect to inclusion-forming metals, such as 

Pb, Ag and Au. This is consistent with the lower concentrations of Pb, Ag, Au and As in pyrite-III 

(Fig. 7). Pyrite-III was followed by a late event of chalcopyrite, galena, acanthite and rhombic 

calcite precipitation in open spaces and fractures. The formation of rhombic calcite is compatible 

with slow kinetics of crystallization and linked to non-boiling conditions (Simmons and 

Christenson, 1994; Moncada et al., 2012). This late stage mineralization might have been related to 

mixing of cold, descending CO2-rich waters with hotter, rising hydrothermal fluids, leading to 

subsequent base and precious metals precipitation. This is the proposed mechanism responsible for 

the formation of bonanza ores in carbonate-base metal-Au systems (e.g., Corbett and Leach, 1998), 



  

which shares several similarities with the late chalcopyrite-galena-acanthite-calcite mineralization 

in the CPGS. In summary, the close association of pyrite-III with the late base- and precious-metal 

sulfide precipitation stage suggests that these events represent the waning stages of boiling in the 

studied zone, before its complete cessation.  

As an explanatory note, and acknowledging the fact that fluid inclusion studies can provide 

unequivocal evidence of boiling (Bodnar et al., 1985), we argue that the geochemical, mineralogical 

and textural features reported here strongly suggest that  boiling conditions prevailed during pyrite 

formation in the CPGS. Additionally, it is important to note that the textural and chemical features 

of pyrite formed during boiling and reported here, may vary between different hydrothermal 

environments. For example, in VMS deposits, similar porous textures reported in pyrite are 

attributed to high-pressure, non-boiling conditions (e.g.: Maslennikov et al., 2009). Therefore, 

textural and geochemical studies of pyrite should be always accompanied by a detailed geological 

and mineralogical characterization of the ore-forming environment. 

4.3 Processes controlling pyrite geochemistry 

Several studies have shown that a wide variety of elements can be incorporated into pyrite 

from hydrothermal fluids. Structurally-bound incorporation of metals and metalloids can be 

enhanced by the presence of As in the growing pyrite surface, leading to efficient chemisorption 

and destabilization of metal complexes (Maddox et al., 1998; Rickard and Luther, 2007; Deditius et 

al., 2014; Reich et al., 2005, 2013, 2016). Furthermore, addition of metals by local supersaturation 

of metals, triggered by redox effects on pyrite surfaces (Mikhlin et al., 2011), is linked to the 

formation of nano- to micro-inclusions of sulfides and native metals (Reich et al., 2006, 2011; 

Deditius et al., 2011; Hough et al., 2011). This has led to several studies that show how the 

chemical composition of pyrite can be used to track changes in the evolving hydrothermal fluid 

(Deditius et al., 2009b, 2014; Reich et al., 2005, 2013, 2016; Tardani et al., 2017). 

Different processes have been invoked to explain the variability or changes in the 

composition of pyrite-forming fluids. In the high-temperature porphyry environment, major 

compositional changes can be achieved during phase separation of a magmatic-hydrothermal 

supercritical fluid, owing to selective metal and metalloid partitioning between a low density, 

vapor-rich fluid and a high density hypersaline liquid (Kouzmanov and Pokrovski, 2012; Reich et 

al., 2013). In the shallow geothermal and epithermal environments (<1.5 km depth), the mixed 

influence of pyrite-forming fluids and magmatically-derived As-rich vapors have been proposed to 

explain the As-Cu decoupling detected in pyrite grains from certain systems such as in the Pueblo 



  

Viejo, República Dominicana and Yanacocha, Perú high-sulfidation Au-Ag epithermal systems 

(Deditius et al., 2009b) and in the Tolhuaca active geothermal system (Tardani et al., 2017). In 

submarine hydrothermal systems, on the other hand, mixing between hydrothermal fluids and 

oxygenated seawater has been suggested to explain the compositional variability in pyrite from 

black smokers and VMS deposits (Maslennikov et al., 2009; Genna and Gaboury, 2015; Keith et al., 

2016). In the continental geothermal environment, processes such as cooling, fluid mixing and 

boiling have a strong impact on fluid chemistry. The influence of boiling on metal solubility has 

been investigated by several researchers (e.g., Spycher and Reed, 1989; Simmons and Browne, 

2000; Simmons et al., 2016), which have noted a major impact on the depletion of Au, Ag, Pb and 

Cu in the ascending geothermal fluids. Simmons et al. (2016) noted that not every element is 

affected in the same manner by boiling, reporting high concentrations of As, Sb and Tl (among 

others) in fluids that underwent boiling at depth (“boiled waters”). Furthermore, Libbey and 

Williams-Jones (2016) suggested that pyrite composition from the Reykjanes geothermal system is 

controlled, at least in part, by boiling processes, based in the observation that the maximum 

concentrations of pyrite had a clear relation with depth in the system, finding sharp increases in Au, 

Ag and Pb at depth of the current boiling level in the system.  

During boiling in the geothermal and epithermal environment, bubbles of a low-density 

vapor are released from the aqueous fluids at depth. In contrast to other higher-temperature 

environments, the metal transport capacity of the vapor is hindered by its low hydration capacity 

and low density (Pokrovski et al., 2005, 2013; Heinrich, 2007). Because of this, the compositional 

differences between the different pyrite groups at the CPGS cannot be explained by selective vapor-

phase fractionation. Nevertheless, there are elements such as Hg (and As in some cases), that could 

be easily volatilized and concentrated in the vapor phase (Spycher and Reed, 1989; Pokrovski et al., 

2013). Furthermore, the influence of deep and high-temperature As-rich, Cu-poor vapors invading 

the geothermal reservoir cannot be discarded (Migdisov et al., 2014). However, this process does 

not seem likely to explain the chemical features of pyrite at CPGS, mainly because pyrite-I grains 

do not show evidence of As-Cu decoupling (Fig. 8B and C). Furthermore, compositional zoning of 

pyrite (Fig. 8 and Fig. 9) does not resemble the thin, oscillatory zoning found in pyrite from Pueblo 

Viejo and Yanacocha (Deditius et al., 2009b). Therefore, and considering the geochemical and 

textural data presented here, we argue that boiling and cooling processes can be invoked to explain 

the observed geochemical differences between the pyrite groups from the CPGS.  

Both boiling and cooling processes may have a profound effect on metal and metalloid 

solubility in pyrite-forming fluids. In particular, sharp physico-chemical changes are triggered by 



  

boiling processes, including loss of H2S, H2, CO2 and other volatiles to the vapor phase, coupled 

with cooling and pH and fO2 increase (Simmons and Christenson, 1994; Dong and Morrison, 1995; 

Simmons and Browne, 2000; Williams-Jones et al., 2009). Such abrupt changes can lead to 

extensive saturation, thus, the high concentrations of As, Cu, Pb, Ag and Au in pyrite formed under 

boiling may be the result of the preferential incorporation of metals and metalloids from the pyrite-

forming fluids once saturation conditions are met. On the other hand, the relative Co enrichment in 

pyrite formed under gentle boiling and non-boiling conditions could be related to a greater 

sensitivity of Co complexes to physico-chemical changes that are not necessarily associated with 

boiling. It has been shown that cooling may have a dramatic effect on destabilization of Co-chloride 

complexes in hydrothermal fluids. Specifically, a reduction of temperature from 300 to 200°C can 

lead to a decrease in Co solubility by up to two orders of magnitude (Migdisov et al., 2011). Finally, 

differences in the degree of destabilization of metal and metalloid complexes during boiling events 

could produce elemental fractionation and precipitation in different boiling horizons, depending on 

the nature of each complex. In particular, As and other metalloids forming hydroxide complexes in 

solution (e.g., Pokrovski et al., 2013) may be transported further after boiling and destabilized later 

at shallow or distal levels of the system (e.g., Simmons et al., 2016). This could allow the formation 

of the As-Sb-Bi-Tl-rich, Cu-depleted pyrite-II subgroup. 

We further explore the impact of boiling vs. non-boiling processes on pyrite composition by 

performing a principal component analysis (PCA) that provides a general overview of the 

compositional variability in pyrite from the CPGS. This statistical approach has been used 

successfully to understand trace element concentrations in pyrite from sedimentary environments 

(e.g., Gregory et al., 2015a). In our analysis, six elements were considered: Co, Ni, As, Cu, Pb and 

Ag, as these elements have the highest variance and were detected in most spot analyses (Figs. 6 

and 7). 

We took advantage of the synthesis capability of biplots to show our PCA results (Fig. 15). 

Biplots can simultaneously display two selected Principal Components (PC, x and y axes of the 

plots), the analyzed elements (shown as arrows), the individual spot analyses (shown as points), and 

the relationship between these. This allows visualizing which elements are associated with the 

largest variance, the degree of correlation between the analyzed elements, and how the original 

individual analyses relate to analyzed elements in this multivariate space. The interpretation of 

biplots requires the use of arrow lengths and direction as well as the angles between them. Arrow 

length is related to how much of the total variance of the element is represented by the displayed 

PC. A long arrow (high loadings) indicates that a majority of the variance associated with the 



  

represented element is displayed in the biplot, whereas short arrows (low loadings) indicate that the 

shown PC contains almost no information about the corresponding element. Long arrows aligned 

with a single PC indicate that the variance of the represented element is almost entirely contained in 

that PC. The direction of each arrow is related to the direction in which the concentrations of the 

corresponding element increase, a feature that needs to be coupled with arrow length 

considerations, as explained above, and that is useful to be evaluated together with data points 

(scores). Finally, the angle between arrows is associated with the correlation between the analyzed 

elements. Small angles between arrows (as in near overlapping arrows) indicate a high positive 

correlation and well constrained ratios between elements. Two orthogonal long arrows suggest that 

the represented elements are not correlated, and two opposed long arrows represent a high negative 

correlation and highly variable ratios between these elements. 

Two PCA procedures were carried out (Fig. 15). The first PCA was performed omitting 

below detection limit (BDL) data (Figs. 15A and B), whereas the second considered the BDL data 

by assigning half of the corresponding detection limit (Figs. 15C and D). In both cases, more than 

80% of the variance can be explained with the extraction of three PC. The two PCAs yielded similar 

results, and the main difference is how Pb is related to other variables. Biplots show an evident 

clustering of data by pyrite groups, demonstrating their systematic compositional differences, as 

mentioned above. Pyrite-I data, linked to vigorous boiling, are clustered and associated with the Cu, 

Pb, Ag and As arrows. Pyrite-III data, on the other hand, are linked to gentle boiling or non-boiling 

conditions and cluster on the opposite side of the biplots, associated with Co-Ni maxima. Pyrite-II 

is transitional between pyrite-I and pyrite-III, supporting the idea that, compositionally, this group 

has intermediate characteristics.  

Principal Component 1 (PC1), which corresponds to the horizontal axes in biplots (Fig. 15) 

and explains ~45% of the total variance of the six elements considered, is closely related to Co, Ni, 

Ag and Pb in both PCAs. Specifically, PC1 represents the variation from high Co-Ni, low Ag-(Pb) 

values to high Ag-(Pb), low Co-Ni values. The near overlap of the Co and Ni arrows (Fig. 15) 

indicate that Co and Ni are proportional in the entire dataset, a feature observed in the scatterplot 

shown in Figure 11A. The same is true for Ag and Pb when considering BDL data (Fig. 15D). 

Noting that, in general, pyrite-I data are clustered to the right in the biplots and pyrite-III data are 

concentrated to the left, we infer that the variation represented by PC1 is directly related to a change 

in pyrite depositional conditions, from vigorous boiling to gentle boiling or non-boiling conditions. 

Considering this, and since PC1 is associated with the maximum variance of the dataset, these 

results indicate that high Ag values, in relation to Co and Ni, are key geochemical fingerprints of 



  

pyrite precipitated under vigorous boiling conditions. In contrast, high Co and Ni contents with 

respect to Ag correspond to pyrite formed under gentle boiling or non-boiling conditions.  

PC2, which represents ~22% of total variance, and corresponds to the vertical axes in 

Figure 15A and C, is closely related to Cu in both PCA, and also to Pb when excluding BDL data. 

The Cu arrow is predominantly oriented towards the pyrite-I group, in agreement with the fact that 

higher Cu values are related to vigorous boiling associations. Considering the PCA that includes 

BDL data, the near orthogonality between the Cu arrow and the Ag and Pb arrows suggest that Cu 

variance is almost uncorrelated to Ag and Pb variance. However, this is not the case for the PCA 

that excludes BDL data, where PC2 represents the variation from high Cu, low Pb values to high 

Pb, low Cu values, both end-members linked to vigorous boiling. We suggest then that Cu and Ag-

(Pb) enrichment in pyrite are two compositional end-members, formed by similar processes, i.e., 

vigorous boiling. The processes leading to the development of these end-members are unclear, but 

differences in original fluid composition, as well as differences in how Cu-complexes and Ag-

complexes are destabilized in a vigorous boiling scenario, might account for this observation. 

As, on the other hand, varies almost independently of the main Co vs. Ag boiling trend 

(PC1), and it is closely related to PC3 (~20% of total variance), which corresponds to the vertical 

axes in Figure 15B and D. This metalloid, as shown previously, seems to be relatively enriched in 

pyrite formed under both boiling and non-boiling conditions. 

4.4 Pyrite as a vector to mineralization in low- to intermediate-sulfidation epithermal systems  

The precipitation of Au and Ag in low- to intermediate-sulfidation epithermal systems has 

long been attributed to boiling of metal-rich hydrothermal fluids (Seward, 1989; Spycher and Reed, 

1989; Simmons et al., 2005; Williams-Jones et al., 2009; Pokrovski et al., 2013; Seward et al., 

2014; Moncada et al., 2017). In these systems, Au-Ag mineralization concentrates preferentially in 

veins together with pyrite, adularia and quartz, associated with boiling levels. In this study, we have 

demonstrated that the systematic correlation between trace element chemistry and micro-texture in 

pyrite provides key information related to the physico-chemical evolution of the hydrothermal 

fluids. Since the CPGS can be considered as an active analogue to fossil epithermal Au-Ag deposits 

(Hedenquist and Lowenstern, 1994; Simmons et al., 2005), we explore the potential of using pyrite 

geochemistry as a tracer of boiling, and as a complementary tool to other established methods, i.e., 

fluid inclusions studies and bulk rock geochemistry, to vector towards Au-Ag mineralization.  

First, the Ag/Co ratio of pyrite is proposed here as a discrimination tool between boiling 

and non-boiling zones, as shown by PCA analyses (Fig. 15). Lower Ag/Co ratios characterize pyrite 



  

from gentle boiling to non-boiling zones, whereas higher Ag/Co ratios are expected in pyrite from 

vigorous boiling zones. It is important to note that, since Ag precipitation is dramatically triggered 

by boiling, probably there is no smooth transition in Ag/Co ratios in pyrite between boiling and 

non-boiling horizons. Hence, Ag/Co ratios in pyrite should be used with caution, and for vectoring 

purposes we suggest that Ag/Co ratios may be employed to delimit the lower zone of boiling 

horizons. The use of Ag/Co ratios in pyrite should be complemented with a comprehensive 

characterization of pyrite micro-textures. For example, high Ag/Co ratios that are associated with 

pyrite textures indicating rapid precipitation, i.e., areas of clustered mineral inclusions, high 

porosity, and colloform overgrowths, are suggestive of boiling-dominated conditions during pyrite 

formation. In contrast, low Ag/Co ratios associated with more euhedral morphologies and a scarcity 

of inclusions and pores may reflect slower crystal growth under gentle-boiling to non-boiling 

conditions. 

Secondly, the pyrite Sb/Pb (Fig. 11F), Bi/Pb or Tl/Pb ratios may be used to differentiate 

between boiling horizons and their marginal or shallower areas. Pb is not preferentially transported 

by uprising hydrothermal fluids after boiling in comparison to Sb, Bi and Tl, which can remain in 

solution (Simmons et al., 2016). Relatively high Sb/Pb, Bi/Pb and Tl/Pb ratios (e.g., ≥0.5, ≥0.03 and 

≥0.02, respectively, in pyrite from the CPGS, Fig. 11F) are expected in pyrite formed from fluids 

that underwent boiling at deeper levels (i.e, “boiled waters”), while low to moderate ratios will 

mark vigorous boiling horizons. This discrimination could be useful for vectoring towards ore zones 

laterally and vertically, and for inferring the presence of deeper mineralized veins. Given the fact 

that not all boiling horizons are equally mineralized, ratios between Cu, Ag and Pb could be used 

for discrimination. These results agree with Baker et al. (2006) and Kouhestani et al. (2017), who 

showed the usefulness of Cu/Pb and Pb/Ag ratios in pyrite for vectoring to high-grade Au ore zones 

in low- to intermediate-sulfidation epithermal Au–Ag deposits. 

It is important to note that the same horizon or level within the geothermal system or 

epithermal deposit can contain pyrite formed under both boiling and non-boiling conditions due to 

overlapping of different pyrite mineralization events. For example, pyrite formation environments 

may have undergone telescoping due to caldera collapse or uplift (Sillitoe, 1994). Therefore, 

vectoring tools as proposed above should be used with caution and detailed paragenetic and 

geochronological studies need to be performed to address temporality of the different pyrite-bearing 

assemblages. In addition, multiple mineralization events within a single system can form bonanza 

zones of different grades, depending on the initial concentration of metals in the mineralizing 

hydrothermal fluids, the duration of the event, the focalization of fluids during mineralization and 



  

the efficiency of boiling processes. Therefore, it is fundamental that pyrite geochemical vectoring 

aims also at discriminating between different mineralization events. Lastly, and considering that 

boiling is not the only process capable of leading to economic-grade mineralization in low- to 

intermediate epithermal systems (e.g., cooling and fluid mixing are also relevant processes), the use 

of pyrite as a geochemical vector should categorize which process is more prevalent in the studied 

system, and adapt the interpretation of the proposed elemental ratios. 

 

5. CONCLUDING REMARKS 

Pyrite from the Cerro Pabellón Geothermal System (CPGS) is characterized by significant 

concentrations of base metals (Co, Ni, Cu and Pb), precious metals (Au and Ag) and metalloids (As, 

Sb, Se, Bi, Tl), similar to pyrite from other active geothermal systems. These elements occur in both 

solid solution and as mineral inclusions within pyrite, with galena, chalcopyrite and acanthite being 

the most common mineral inclusions. As, Cu and Co commonly display compositional zoning in 

pyrite grains, although these features are not detectable in every grain. 

The relative temporality of pyrite-bearing assemblages and inferred mechanisms of pyrite 

precipitation in the CPGS were determined based on contemporaneous gangue mineral associations 

and textures. Results indicate that physico-chemical conditions transitioned from an initial phase of 

vigorous boiling to a late event of gentle boiling and non-boiling. Pyrite formed during vigorous 

boiling is characterized by relatively higher concentrations of As, Cu, Pb, Ag and Au, coupled with 

lower concentrations of Co and Ni, and by textures resulting from rapid crystallization, such as 

irregular grain edges and areas of clustered pores and abundant mineral inclusions. Supersaturation 

conditions dominated during crystallization of these pyrites, given the abundance of galena, 

chalcopyrite, and other micro- to nano-sized mineral inclusions. In contrast, pyrite formed under 

gentle boiling to non-boiling conditions is characterized by higher concentrations of Co and Ni, and 

lower concentrations of As, Cu, Pb, Ag and Au. Textures associated with these pyrites, formed 

under slower crystallization kinetics and steady physico-chemical conditions during precipitation, 

include aggregates of euhedral and pristine homogeneously-sized crystals with scarce mineral 

inclusions. 

The geochemistry of pyrite from the CPGS seems to be largely controlled by the 

incorporation of metals and metalloids from the pyrite-forming fluids once saturation conditions are 

met. Therefore, the high concentrations of As, Cu, Pb, Ag and Au in pyrite formed during boiling 



  

may be the result of the abrupt destabilization of metal and metalloid complexes due to abrupt 

physico-chemical changes during boiling. 

Our study shows that pyrite can not only record the chemical evolution of hydrothermal 

fluids, as previously demonstrated by Reich et al. (2013) and Tardani et al. (2017), but also can 

provide critical data related to physico-chemical processes such as boiling and phase separation. 

Since boiling of aqueous fluids is a common phenomenon occurring in a variety of pyrite-bearing 

hydrothermal systems (active continental and seafloor hydrothermal systems, and porphyry Cu-Mo-

(Au) and epithermal Au-Ag deposits, among others), pyrite compositional and textural features are 

a valuable complement for discriminating and tracking boiling events in these systems and 

elsewhere. Particularly, the notable relation between the chemical and micro-textural features of 

pyrite with its formation conditions highlights the potential of using this mineral as a vector to Au-

Ag mineralization in low- to intermediate-sulfidation epithermal systems. 
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FIGURE CAPTIONS 

Figure 1. Location and geological characteristics of the Cerro Pabellón Geothermal System 

(CPGS). (A) Location of the CPGS in relation to other geothermal areas of interest (as indicated by 

Aravena et al., 2016) and relevant ore deposits; (B) Simplified geological map of the Cerro 

Pabellón geothermal field, taken from Maza et al. (2018), showing the location of the PEXAP-1 

drillhole collar (red circle) and the orientation of the cross section shown in C (red dashed line). (C) 

Simplified conceptual model for the CPGS, showing isotherms and magnetotelluric (MT) resistivity 

data, taken from Urzúa et al. (2002). (D) Simplified geological profile of the PEXAP-1 well, 

indicating hydrothermal alteration and zones of the geothermal system as interpreted by Maza et al. 

(2018). The location of the pyrite-bearing samples studied in the present work is also shown. 

 

Figure 2. Polarized reflected light (A) and backscattered electron (BSE) images (B-D) showing 

representative textural features of pyrite from the CPGS (Group I). Pyrite-I occurs as elongated 

grains associated with colloform silica and Fe-oxide bands (A, B). Porous and inclusion (galena and 

chalcopyrite)-rich zones are key textural features of pyrite-I (A-D). These porous zones can be 

elongated, following the facets of the host pyrite grains (A, B); can constitute the core of pyrite 

grains (C); or can be associated with fractured zones in some pyrite grains (D). Pristine pyrite areas 

occur in all of the grains. Late chalcopyrite can be seen in the rims of some pyrite grains (A, C, D) 

and also in the interstitial space between pyrite crystals (D). Cal: calcite; Ccp: chalcopyrite; Py: 

pyrite; Qz: quartz. 

 

Figure 3. Backscattered electron (BSE) (A, B, D) and polarized reflected light (C) images showing 

representative textural features of pyrite from the CPGS (Groups II and III) and late-stage base and 

precious metal sulfides. Pyrite-II grains are euhedral to subhedral and have porous, inclusion-rich 

cores and pristine rims (A, B; inclusions: galena and acanthite). Pyrite-III, in contrast, occurs as 

aggregates of euhedral to subhedral grains with relatively homogeneous sizes and it shows scarce 

porosity and mineral inclusions than pyrite-I and II (C, D). The mineral inclusions shown in (D) 

precipitated after pyrite deposition, in the interstities between pyrite grains. The late base and 

precious metal sulfide mineralization event consists of chalcopyrite followed by galena + acanthite. 

Usually, this assemblage is adjacent to previous pyrite grains (C, D). A minor mode of occurrence 

of pyrite from the CPGS is shown in (B), where it is found replacing ilmenite lamellae in Ti-



  

magnetite. Ac: acanthite; Adl: adularia; Cal: calcite; Ccp: chalcopyrite; Gn: galena; Ilm: ilmenite; 

Mag: magnetite; Py: pyrite; Qz: quartz. 

 

Figure 4. Backscattered electron (BSE) and cathodoluminiscence (SEM-CL) images showing 

pyrite from CPGS in association with different veinlets; veintlet generations are arranged from the 

earliest (A) to the latest (E-F). (A) Pyrite from Group I (pyrite-I), associated with colloform silica + 

Fe-oxide crustiform bands; (B) Gangue minerals association for pyrite from Group II (pyrite-II), 

showing crustiform bands of colloform silica, mosaic quartz and later zoned quartz+sub-rhombic 

adularia; (D-E) (depicting the same area) Pyrite-II, associated with colloform silica and later zoned 

quartz; (E-F) (depicting the same area) Pyrite from Group III (pyrite-III), associated with sub- to 

euhedral, zoned quartz + sub-rhombic adularia. The brighter spots within colloform silica in (A) are 

due to the presence of Fe-oxides. Adl: adularia; Cal: calcite; Ccp: chalcopyrite; Chl: chlorite; Mag: 

magnetite; Py: pyrite; Qz: quartz. 

 

Figure 5. Simplified paragenetic sequence of the CPGS for samples used in this study, highlighting 

the relative temporality of the groups of pyrite and their association with gangue minerals, and the 

late base- and precious metal sulfide mineralization event recorded in the samples. 

 

Figure 6. Concentration plot for minor and trace elements in pyrite from the CPGS (samples BA20, 

BA21, BA27, BA30, BA31, BA33 and BA34). EMPA and LA-ICP-MS spot analysis data are 

included and shown as yellow-segmented lines and boxplots, respectively. Data are plotted in parts 

per million (ppm) on a vertical logarithmic scale. For boxplots, white color represents all available 

LA-ICP-MS data (n=264), while gray boxes represent inclusion-free data only (n=118). In each 

boxplot, minimum, median and maximum concentrations are marked, and the number of analyses 

above detection limit for each element is displayed inside of each box. The horizontal segmented 

line marks the mean detection limit (mdl) of EMP analyses for all elements. 

 

Figure 7. Concentration boxplot for selected minor and trace elements in pyrite from Groups I, II 

and III. Only inclusion-free LA-ICP-MS spot analysis data were considered (n = 118). Yellow 

boxes represent pyrite-I, which corresponds to pyrite associated with bands of colloform silica and 

Fe-oxides (n = 35); blue boxes represent pyrite-II, associated with crust-like bands of colloform 



  

silica, mosaic quartz and late zoned quartz + sub-rhombic adularia (n = 56); and white boxes 

represent pyrite-III, associated with zoned quartz + sub-rhombic adularia veinlets (n = 27). Data are 

plotted in parts per million (ppm) on a vertical logarithmic scale. In each boxplot, minimum, 

median and maximum concentrations are marked, and the number of analyses above detection limit 

for each element is shown as a number inside each box. 

 

Figure 8. Representative micro-textures and chemical zonations of pyrite-I (Group I) from the 

propylitic alteration of the CPGS. Sample: BA33. (A and D): backscattered electron (BSE) images. 

(B, C, E and F) Qualitative, wavelength dispersive spectrometry (WDS) X-ray maps of the same 

grains shown in the BSE images. (B and E) As (Lα) maps; (C and F) Cu (Kα) maps. The WDS 

maps show zonations of As (Lα) and Cu (Kα); white arrows in (B) and (C) highlight zones where 

As and Cu concentrations are coupled. Cu (Kα) distributions in (C) and (F) show discrete 

chalcopyrite inclusions, and additionally in (C), late chalcopyrite in fractures of pyrite grains. A 

color scale bar is shown for each WDS map. Ccp: chalcopyrite; Gn: galena; Py: pyrite. 

 

Figure 9. Representative microtextures and chemical zonations of pyrite-II (Group II) from the 

propylitic alteration of the CPGS. Samples: BA21 (first and second row) and BA31 (third row). (A, 

E, and I) backscattered electron (BSE) images showing pyrite grains. All other images are 

qualitative wavelength dispersive spectrometry (WDS) X-ray maps of areas shown in the BSE 

images. (B, F, and J) As (Lα) maps; (C, G, and K) Cu (Kα) maps; (D, H, and L) Co (Kα) maps. The 

WDS maps show zonation of As (Lα), Cu (Kα) and Co (Kα). Cu (Kα) distributions in (C) and (K) 

show discrete inclusions of chalcopyrite. Discrete galena and chalcopyrite inclusions are visible in 

the BSE images. A color scale bar for intensity is shown in each WDS map, and selected EMP 

analyses for As and Cu are included as reference (red crosses). Ccp: chalcopyrite; Gn: galena; Py: 

pyrite. 

 

Figure 10. Representative micro-textures and chemical zonations of pyrite-III (Group III) from the 

propylitic alteration of the CPGS. Sample: BA20. (A and E) backscattered electron (BSE) images 

showing pyrite grains. All other images are qualitative wavelength dispersive spectrometry (WDS) 

X-ray maps of areas shown in the BSE images. (B and F) As (Lα) maps; (C and G) Cu (Kα) maps; 

(D and H) Co (Kα) maps. The WDS maps show relatively homogeneous concentrations of As (Lα), 



  

Cu (Kα) and Co (Kα) in pyrite, and highlight the relatively higher concentration of Cu and Co in 

galena and achantite in relation to pyrite. Ac: acanthite; Ccp: chalcopyrite; Gn: galena; Py: pyrite.  

 

Figure 11. Elemental concentration scatterplots in pyrite from the CPGS (inclusion-free LA-ICP-

MS data only, n = 118): (A) Co vs. Ni; (B) Co vs. Cu; (C) Co vs. As; (D) Au vs. As; (E) Cu vs. As; 

(F) Sb vs. Pb; (G) Ag vs. Pb; (H) Bi vs. Sb; (I) Tl vs. Sb. In (A), (F), (G), (H) and (I), the dashed 

lines represent different elements ratios for reference. The dashed curve in (D) represents solubility 

limit of Au as a function of As concentrations, as determined by Reich et al. (2005). All 

concentrations are in parts per million (ppm). 

 

Figure 12. As-Fe-S composition of pyrite from the CPGS. Only EMPA data were considered. n = 

264. (A) Ternary diagram showing the As-Fe-S composition of pyrite. Five different trends show 

substitution of (i) As for S (As
1-

-pyrite); (ii) As
0
 nanoinclusions (Deditius et al., 2009a); (iii) As

2+
 

for Fe (As
2+

-pyrite, Qian et al., 2013); (iv) As
3+

 for Fe (As
3+

-pyrite, Deditius et al., 2008); and 

divalent metals (Me
2+

) substituting isovalently for Fe. The composition for As
2+

-pyrite (after Qian 

et al., 2013; Deditius et al., 2014) was calculated based on the assumption of ideal occupancy of S 

(66.66 mol %). The dashed gray arrow marks a trend, parallel to the As
0
 nano-inclusions trend, 

displayed by a subgroup of the dataset. This deficiency in S and Fe concentration is interpreted as 

the presence of As
0
 nano-inclusions. (B) As vs. S scatterplot, showing the inverse correspondence 

between these elements in pyrite from the CPGS. Yellow circles: pyrite-I, blue symbols: pyrite-II, 

and white circles, pyrite-III. Correlation coefficients are also shown (rP = Pearson, rS = Spearman). 

 

Figure 13. Representative LA-ICP-MS depth-concentration profiles (time vs. intensity) of selected 

isotopes in pyrite from the CPGS. (A) Backscattered electron (BSE) image of a pyrite grain in 

sample BA20, showing the location of spot analysis BA20-6-6 (30 µm). (B) (Pyrite-III) Depth-

concentration profile of spot analysis BA20-6-6, where the presence of individual galena and Au + 

Ag mineral particles (or a cluster) are identified by coupled 
208

Pb and 
209

Bi, and 
107

Ag and 
197

Au 

peaks, respectively. (C) (Pyrite-II) Flat signal for the investigated isotopes suggests incorporation as 

solid solution into pyrite or nanoparticles not resolved in the LA-ICP-MS depth-concentration 

profiles. (D) (Pyrite-I) Cu-bearing inclusions as seen in depth profiles, together with an Au-Ag-

bearing inclusion. (E) (Pyrite-III) Ag-Se-bearing inclusions as seen in depth profiles. In this case, it 

occurs together with Ag and galena inclusions. (F) (Pyrite-II) flat signals for the isotopes 



  

represented, including Tl and Hg signals. In (C), the slight increase in 
107

Ag and 
197

Au intensities 

with time may be related to a higher concentration of Ag and Au in depth. 

 

Figure 14. Plot of Co and Ni concentrations in pyrite from the CPGS and other active geothermal 

systems. Data symbols for CPGS samples are the same as used in Figure 11. 

 

Figure 15. Biplots for Varimax-rotated Principal Component Analysis (PCA) of CLR-transformed 

pyrite concentrations. Only inclusion-free LA-ICP-MS data on Co, Ni, As, Cu, Ag and Pb were 

used. Bottom and left axes in every plot display the loadings of the Principal Components (PC), 

which are to be read considering the arrows (analyzed elements). The percentage shown on the axes 

represents the total variance explained by that component. Top and right axes show the scores of the 

PCs, which are associated to the points (individual analyses). (A) and (B) shows PCA performed 

without data below detection limit, and (C) and (D) shows a PCA where data below detection were 

replaced for a concentration equal to half of the detection limit. In both PCA, more than 80% of the 

total variance can be represented with the extraction of three PCs. (A and C) PC1 vs. PC2; (B and 

D) PC1 vs. PC3. In each biplot, the pyrite genetic interpretation is given (vigorous boiling vs. gentle 

boiling to non-boiling conditions). The * symbol denotes that the variables considered here were 

log-transformed and standardized (calculation of Z-values) prior to PCA, as described in the 

Methodology section, and do not correspond to raw compositional data. 
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