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FLUJO DE METALES EN UN SISTEMA DE FALLA REGIONAL DE INTRA ARCO: 
NUEVAS PERSPECTIVAS A PARTIR DEL ESTUDIO DE LA FALLA LIQUIÑE-OFQUI, 
SUR DE CHILE. 

La combinación de un análisis estructural a escala regional junto con una extensa base de 
datos de isótopos de helio, nitrógeno y carbono, composición química y composición de metales 
traza en manifestaciones volcánicas/geotermales en la parte norte y central de la Zona Volcánica 
Sur de Chile, revela el rol de las fallas y estructuras en la circulación de fluidos y en el transporte 
de metales. Las variaciones regionales en la razones isotópicas 3He/4He, d13C-CO2 y d15N son 
consistentes con los datos reportados de 87Sr/86Sr en lavas a lo largo del segmento estudiado, los 
que están fuertemente controlados por la distribución espacial del Sistema de Falla Liquiñe-Ofqui 
(LOFS), que corresponde a una falla transcurrente de intra-arco, y del Sistema de Fallas Oblicuas 
al Arco (ALFS), que consiste en un conjunto de fallas transpresivas de rumbo NO. La terminación 
norte del LOFS muestra las signaturas de 3He/4He más primitivas, mientras que en las otras partes 
de la región las signaturas de isótopos de helio son controladas por la mezcla entre el 3He de 
derivación mantélica y el 4He de origen cortical, por asimilación magmáticas en la fuente de los 
fluidos o por contaminación cortical durante la tránsito de los fluidos en la corteza. Ha sido 
compilada una base de datos de elementos traza (metales base, metales preciosos y metaloides), 
tomando muestras de fumarolas y aguas termales, donde han sido analizados los isótopos de helio, 
carbono y nitrógeno. Contrastar las concentraciones de elementos traza con las razones de isótopos 
de helio ha permitido determinar que los contenidos de metales en fluidos hidrotermales son el 
resultado de un fuerte control estructural que condiciona la partición selectiva de estos elementos. 
Las concentraciones más altas de metales base (e.g. Cu, Co, Ni, Pd), provenientes de la lixiviación 
de la roca caja, se han encontrado en manifestaciones controladas por estructuras NO, mientras que 
a lo largo del LOFS, las altas vías de permeabilidad permiten el rápido ascenso de metales 
transportados desde el sistema profundo en fase vapor (e.g. As, Sb, Ge).  

El sistema geotermal de alta entalpía Tolhuaca (TGS), ubicado en la parte norte del LOFS 
se estudió en detalle con el fin de evaluar el desacoplamiento entre Cu y As. Para este fin han sido 
analizadas una serie de muestras de pirita provenientes de un sondaje de 1km de largo para 
determinar el contenido de metales traza (e.g. Cu, As, Co, Sb, etc.) y los patrones de zonación de 
dichos metales dentro de los granos de este sulfuro. Se ha logrado detectar zonaciones en la pirita 
de la zona de alteración argílica somera, donde bordes ricos en Cu (Co) y núcleos deprimidos en 
As se alternan con bordes deprimidos en Cu (Co) y núcleos ricos en As. Estos datos de 
microanálisis se contrastaron con datos químicos de inclusiones fluidas en vetas de cuarzo (altas 
razones Cu/As) y fluidos del pozo geotermal (bajas razones Cu/As), que muestran una clara 
correspondencia entre las concentraciones relativas de Cu y As en los fluidos hidrotermales y las 
zonaciones químicas de la pirita. Estas observaciones proporcionan evidencia directa de captura 
selectiva de los metales en la pirita como resultado de los cambios en la composición del fluido de 
formación del mineral, debido probablemente a la separación de un fluido de una sola fase en un 
vapor de baja densidad y una salmuera más densa, capaz de fraccionar Cu y As. 
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METAL FLUXING IN A LARGE-SCALE INTRA-ARC FAULT SYSTEM: INSIGHTS 
FROM THE LIQUIÑE-OFQUI FAULT SYSTEM, SOUTHERN CHILE. 

The combination of regional-scale structural analysis and structural background 
recompilation with a comprehensive dataset of helium, nitrogen and carbon isotope analyses, along 
with chemical and trace metals composition of volcanic/geothermal manifestations in the northern 
and central part of Southern Volcanic Zone of Chile unravel the role of faults and structures on 
fluid circulation and metal transport. The regional variations in 3He/4He, d13C–CO2 and d15N values 
are consistent with 87Sr/86Sr ratios in lavas reported for the studied segment, which in turn are 
controlled by the spatial occurrence of the Liquiñe-Ofqui Fault System (LOFS), an intra-arc strike-
slip fault and the Arc-oblique Long-lived Basement Fault System (ALFS), a set of transpressive 
NW-striking faults. The northern ‘‘horsetail” transtensional termination of the LOFS shows 
uncontaminated MORB-like 3He/4He signatures, whereas in the other parts of the region, helium 
isotope ratios of hydrothermal systems are affected by addition of 4He, derived by magmatic 
assimilation of country rocks or contamination during the passage of the fluids through the upper 
crust. The mixing degree is related with the structural features, with the most contaminated values 
associated with NW-striking faults. A comprehensive dataset of base, precious metals and 
metalloids have also been compiled, taking samples in exactly the same fumaroles and thermal 
waters where helium, carbon and nitrogen isotope ratios have been constrained. By contrasting 
metals concentrations with helium isotope ratios permitted to determine that metals enrichment in 
hydrothermal fluids is the result of a strong structural control that conditions selective elemental 
partitioning, enhancing base metals (e.g Cu, Co, Ni, Pd) concentration along oblique, NW-striking 
ALFS structures by leaching of host rocks, whereas. along the main LOFS, the high vertical 
permeability pathways allow rapid fluxing of metals transported from the deep seated system by 
magmatic vapor (e.g., As, Sb, Ge). These contributions furnish new insights towards the knowledge 
about the impact of tectonics on magmatic degassing, fluid migration and metal flux in active arc 
settings, and provide a new interpretation that explains the spatial variations of helium, nitrogen 
and carbon isotopes in thermal fluids in the region and metal partition in different stress regime 
along a long-lived intra-arc fault system.  

The high enthalpy, metal-rich active Tolhuaca Geothermal System (TGS) in the northern 
part of the LOFS was studied in detail in order to assess the decoupling between Cu and As. Here 
a set of pyrite samples from a 1km drillhole have been analyzed to determine the trace metals (e.g. 
Cu, As, Co, Sb, etc.) contents and the zonation patterns of such metals within the mineral grains. 
Well-developed zonations were detected in pyrite from the shallow argillic alteration zone, where 
Cu(Co)-rich, As-depleted cores alternate with Cu(Co)-depleted, As-rich rims. These 
microanalytical data were contrasted with chemical data of fluid inclusion in quartz veins (high 
Cu/As) and borehole fluids (low Cu/As) reported at the TGS, showing a clear correspondence 
between Cu and As concentrations in pyrite-forming fluids and chemical zonation in pyrite. These 
observations provide direct evidence supporting the selective partitioning of metals into pyrite as 
a result of changes in ore-forming fluid composition, most likely due to separation of a single-
phase fluid into a low-density vapor and a denser brine, capable to fractionate Cu and As. 
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It is the privilege of early youth to live in advance of its days in all the beautiful continuity of 
hope which knows no pauses and no introspection. One closes behind one the little gate of mere 
boyishness and enters an enchanted garden. Its very shades glow with promise. Every turn of the 
path has its seduction. And it isn’t because it is an undiscovered country. One knows well enough 

that all mankind had streamed that way.  
It is the charm of universal experience from which one expects an uncommon or personal 

sensation—a bit of one’s own. 
One goes on recognizing the landmarks of the predecessors, excited, amused, taking the hard luck 

and the good luck together—the kicks and the half-pence, as the saying is—the picturesque 
common lot that holds so many possibilities  
for the deserving or perhaps for the lucky. 

 
Joseph Conrad – “The Shadow Line” 
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Chapter 1. Introduction 
 

There is a general agreement that fault-related fracture systems, due to its high permeability, 
play a key role as host structures for geothermal systems and hydrothermal mineralization (Sibson, 
1996, 2001; Rowland, 2004; Rowland & Simmons, 2012). There are several examples worldwide 
where regional-scale fault systems control volcanism and hydrothermal activity, promoting the 
development of geothermal systems and/or the formation of epithermal Au-Ag deposits (e.g., 
Taupo Volcanic Zone in New Zealand, and the Cretaceous Atacama Fault System in northern 
Chile). 

However, few studies have focused on determining how regional-scale structures control 
the composition of hydrothermal fluids from their magmatic source to the shallow geothermal 
environment (Kennedy et al., 1997; Kennedy and van Soest, 2005; Karlstrom et al., 2013), and 
how structural meshes influence chemical transport under variable permeability conditions. Such 
information is of utmost relevance since fluid flow and mineral precipitation play a key role in 
promoting the development of high enthalpy geothermal reservoirs and hydrothermal ore deposits. 
Although there is consensus that volcanism and hydrothermal activity are largely controlled by the 
regional scale tectonic stress field and the architecture of, e.g., a volcanic arc, there is still limited 
information on how the shallower hydrothermal fluids are connected with the deep magmatic 
sources, and how metals and volatiles are selectively partitioned. 

This thesis aims to unravel the interplay between active regional-scale structures, the 
circulation of hydrothermal fluids and their link with the parental magmas. In particular, it focuses 
on disentangling the role of structures on the overall fluxing of metals and volatile species in a 
subduction-related volcanism setting. To achieve this goal, the main questions addressed here are: 
(1) How does the structural context affects the helium, nitrogen and carbon isotope signatures in a 
large-scale, active intra-arc fault system? (2) Does the stress partitioning in a long-lived fault 
system affect the chemical and isotopic signature of hydrothermal fluids discharged along the fault 
zone? and (3) Can these processes explain the occurrence of hydrothermal systems endowed with 
different metals, along a particular segment of the volcanic arc? 

In order to answer these relevant questions, it is necessary to unravel if the structural setting 
exerts a fist-order control on hydrothermal fluid composition by, e.g., conditioning residence times 
of parental magmas, and influencing the kinetics of magmatic fluid interaction with the host rocks 
during ascent. The Andean Cordillera of Central-Southern Chile is a perfect natural laboratory to 
test this hypothesis. In this region, the relationship between tectonics and volcanism is the result of 
interaction between the crustal structures of the basement and the ongoing regional stress field 
(Pritchard et al., 2013). As pointed out by several studies, magmatism and volcanism, as well as 
geothermal activity in the region are spatially associated with tectonic features (e.g. Lara et al., 
2006; Cembrano and Lara, 2009; Sánchez et al., 2013). In particular, in the Southern Volcanic Zone 
(SVZ) between 37° and 46°S, the volcanic and geothermal activity is partially controlled by the 
~1000 km long, NNE-striking intra-arc dextral strike-slip Liquiñe-Ofqui Fault System (LOFS), and 
by the NW-SE Arc-oblique Long-lived Basement Fault System (ALFS). Many geothermal surface 
manifestations and shallow fumarolic emissions are spatially related to stratovolcanoes and fault 
segments associated with both fault systems. 

In the following pages, I provide a summary of this thesis that includes results of a regional-
scale study conducted in the segment of the Southern Volcanic Zone between the 37° and 41°S, 
and a more local scale study focusing on the Tolhuaca Geothermal System, located in the same 
segment. The followed approach was multidisciplinary, and involved the integration of 



2 
 

geochemical and isotopic data with updated geological and structural information for the region.  

The role of the Liquiñe-Ofqui Fault System (LOFS) and of the Arc-oblique Long-lived 
Basement Fault System (ALFS) on magma degassing, hydrothermal fluid flow and fluid 
compositions was studied along a segment of Southern Volcanic Zone (between 37° and 41°S). A 
combined approach of regional-scale structural analysis of active geothermal areas with isotopic 
geochemistry of helium, nitrogen and carbon measured in fumaroles and thermal waters allowed 
to identify that the first order control on helium, carbon and nitrogen isotopes signatures in the 
region is largely dominated by the degree of crustal assimilation of the magmatic sources, which 
is in turn controlled by the LOFS and ALFS. The most primitive signatures are related to the NNE-
striking LOFS, whereas the isotopic signatures of gases in thermal manifestations along the arc-
oblique, NW-striking ALFS, show a higher degree of crustal contamination. Considering the fact 
that the ALFS inhibit vertical fluid permeability due to its misorientation with respect to the 
prevailing regional stress field, the 3He/4He, δ13C–CO2 and δ15N data record crustal contributions 
related to increased fluid/rock interaction and higher residence times. 

The compilation of a conceptual model of fluid circulation along the segment was crucial 
to assess how the different structural orientations of the main and subsidiary faults affect metal 
transport under variable vertical permeability conditions. A comprehensive dataset of base (Cu, Co, 
Ni, Mo, Pb, etc.), precious metals (Au, Ag and PGE’s) and metalloids (As, Sb, Ge and Te) was 
obtained from fumaroles and thermal water samples where helium, carbon and nitrogen isotope 
ratios were also determined. When metal concentrations are contrasted with helium isotope ratios, 
Has been concluded that despite acid leaching of host rocks plays a relevant role in metal 
enrichment of the thermal waters (i.e., low, crustal Rc/Ra values correlate with high Ca, Mg, K, 
Ba, Sr, Co, Ni, Cu, Cd, Rh and Pd), metals such as Mo, W, Ti and Pb and metalloids such as B, As, 
Sb and Ge are most likely sourced from the deep magmatic system, and transported to the shallow 
geothermal environment by low density vapors (i.e., high, primitive Rc/Ra values correlate with 
high. Mo, W, Ti, Pb, As, Sb and Ge). These two different trends of enrichment are the result of a 
strong structural control that conditions selective elemental partitioning, enhancing water-rock 
interaction and metal leaching along oblique, NW ALFS structures (e.g Cu, Co, Ni, Pd). In contrast, 
the high permeability along the main LOFS allows rapid fluxing of metals transported by magmatic 
vapor (e.g., As, Sb). 

These regional-scale studies allow constraining the controls on magma degassing, 
hydrothermal fluid flow and metal transport in the studied segment. However, it is necessary to 
explore the effects of chemical partitioning within an active hydrothermal system where anomalous 
concentrations of metals and metalloids are present. An excellent location to lead such a study is 
the Tolhuaca Geothermal System (TGS), a young active geothermal system controlled by NW-
trending reverse fault, located in the northern termination of the LOFS. Furthermore, the TGS has 
been drilled down to ~3 km depth, abundant pyrite has been found both in deep propylitic zone and 
in shallow argillic zone and present-day well fluids carry metals and metalloids including Cu, Au 
and As among others (Sánchez-Alfaro et al., 2016).   

By contrasting the trace element composition and micro-textures of pyrite at the TGS with 
previously published fluid inclusion and borehole data, has been provided evidences that selective 
partitioning of metals and metalloids into pyrite is most likely the result of changes in fluid 
composition. Pyrite from shallow argillic zone present well–developed zonations with Cu(Co)-
rich, As-depleted cores, corresponding to Cu-rich, As-depleted paleofluid, whereas the As-rich 
Cu(Co)-depleted pyrite rims, correspond to the As-rich, Cu-depleted borehole fluids. These 
changes are most likely related to excursions of single-phased, magmatically derived vapors that 
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are further separated into a low-density vapor and dense brine capable of selectively scavenging 
Cu and As. These results are in agreement with how observed at regional scale, where Cu and As 
decoupling is connected with the different structural direction controlling the hydrothermal fluid 
of the Southern Volcanic Zone of Chile. Arsenic (i.e. correlated with primitive Rc/Ra) is likely 
transported by vapor phase up to the surface and associated with NE LOFS structures, permitting 
high vertical permeability of circulating fluids, whereas Cu (i.e. correlated with lower Rc/Ra ratios) 
remain confined to the deeper parts of the hydrothermal systems with the dense brine and in shallow 
thermal springs his enrichment is related with leaching of host rocks along NW ALFS structures, 
promoting high residence time of fluids in the crust. 
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Chapter 2: Exploring the structural controls on helium, nitrogen and carbon 
isotope signatures in hydrothermal fluids along an intra-arc fault system. 

 

Abstract 

There is a general agreement that fault-fracture meshes exert a primary control on fluid flow 
in both volcanic/magmatic and geothermal/hydrothermal systems. For example, in geothermal 
systems and epithermal gold deposits, optimally oriented faults and fractures play a key role in 
promoting fluid flow through high vertical permeability pathways. In the Southern Volcanic Zone 
(SVZ) of the Chilean Andes, both volcanism and hydrothermal activity are strongly controlled by 
the Liquiñe-Ofqui Fault System (LOFS), an intra-arc, strike-slip fault, and by the Arc-oblique 
Long-lived Basement Fault System (ALFS), a set of transpressive NW-striking faults. However, 
the role that principal and subsidiary fault systems exert on magma degassing, hydrothermal fluid 
flow and fluid compositions remains poorly constrained. In this study we report new helium, carbon 
and nitrogen isotope data (3He/4He, δ13C-CO2 and δ15N) of a suite of fumarole and hot spring gas 
samples from 23 volcanic/geothermal localities that are spatially associated with either the LOFS 
or the ALFS in the central part of the SVZ. The dataset is characterized by a wide range of 3He/4He 
ratios (3.39 Ra to 7.53 Ra, where Ra=(3He/4He)air), δ13C-CO2 values (−7.44‰ to −49.41‰) and 
δ15N values (0.02‰ to 4.93‰). The regional variations in 3He/4He, δ13C-CO2 and δ15N values are 
remarkably consistent with those reported for 87Sr/86Sr in lavas along the studied segment, which 
are strongly controlled by the regional spatial distribution of faults. Two fumaroles gas samples 
associated with the northern “horsetail” transtensional termination of the LOFS are the only 
datapoints showing uncontaminated MORB-like 3He/4He signatures. In contrast, the dominant 
mechanism controlling helium isotope ratios of hydrothermal systems towards the south appears 
to be the mixing between mantle-derived helium and a radiogenic component derived from, e.g., 
magmatic assimilation of 4He-rich country rocks or contamination during the passage of the fluids 
through the upper crust. The degree of 4He contamination is strictly related with the faults 
controlling the occurrence of volcanic and geothermal systems, with the most contaminated values 
associated with NW-striking structures. This is confirmed by δ15N values that show increased 
mixing with crustal sediments and meteoric waters along NW faults (AFLS), while δ13C-CO2 data 
are indicative of cooling and mixing driving calcite precipitation due to increased residence times 
along such structures. Our results show that the structural setting of the region exerts a fist-order 
control on hydrothermal fluid composition by conditioning residence times of magmas and thus 
promoting cooling/mixing of magmatic vapor, and therefore, must be taken into consideration for 
further geochemical interpretations. 

 
Introduction 

In arc settings, helium isotopes have been successfully used, coupled with stable isotopes 
of carbon and nitrogen data, to constrain mantle heterogeneities and mechanisms of volatile 
recycling (Sano and Marty, 1995; Sano and Williams, 1996; Fischer et al., 1998, 2002; Sano et al., 
2001). Subduction zones represent one of the preferential escape routes for primordial 3He from 
the mantle, and previous studies have emphasized the role of the mantle wedge in dominating the 
helium budget in the great majority of cases (Hilton et al., 2002). Furthermore, it has been shown 
that participation of other contributors to the arc volatile inventory – i.e., the subducting slab and/or 
arc crust - can be traced using the isotopic composition of noble gases such as 3He/4He ratios and 
stable isotopes of carbon and nitrogen (Sano and Marty, 1995; Sano and Williams, 1996, Fischer 
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et al., 1998, 2002; Sano et al., 2001). Such studies have proved critical to constrain the relative 
mantle vs. subducted sediment contributions on the isotopic signature of hydrothermal fluids, as 
well as the degree of contamination by upper crustal rocks. Despite these significant advances, very 
few studies have focused on deconvolving the regional scale structural and tectonic controls 
affecting the composition of deep-seated fluids during the separation from the magmatic source 
and the passage through the crust (Kennedy et al., 1997, Kennedy and van Soest, 2005, Karlstrom 
et al., 2013). In particular, the local scale control of interconnected faults and associated fractures 
(fault-fracture meshes; Sibson, 1996) on fluid flow in geothermal and hydrothermal systems has 
been largely studied over the past twenty years (Sibson, 1994; Sibson, 1996; Manning and 
Ingebritsen, 1999; Sibson and Rowland, 2003; Fairley and Hinds, 2004; Micklethwaite and Cox, 
2004; Rowland and Sibson, 2004; Blenkinsop, 2008; Graf and Thierrien, 2009; Micklethwaite et 
al., 2010; Baker et al., 2010; Faulkner et al., 2010; Cox, 2010; Gudmundsson et al., 2010; Rowland 
and Simmons, 2012). These studies have improved our understanding about the structural factors 
controlling fluid flow, and have provided crucial information to refine conceptual models of the 
local fault-fracture hydraulic architecture in geothermal and hydrothermal systems.  

The goal of this study is to unravel the regional scale structural controls on the isotopic 
composition of subduction-related magmatic gas, from its source to their pathway toward the 
surface. Our aim is to assess the nature of the link among fault-fracture meshes, magmatic 
degassing, crustal assimilation and fluid mixing processes taking place in the upper crust, that affect 
the composition of hydrothermal fluids discharged along principal and subsidiary structures of a 
regional scale, intra-arc strike slip fault. Considering the fact that tectonic activity defines the 
nature, geometry and kinematics of fault-fracture networks, a better understanding of the structural 
pattern and its link with the chemical evolution of fluids may give significant insights into the 
processes governing the dynamics of hydrothermal systems associated with such large-scale crustal 
structures.  

The Andean Cordillera of Central-Southern Chile is a perfect natural laboratory to test this 
hypothesis. In this region, the relationship between tectonics and volcanism is the result of 
interaction between the crustal structures of the basement and the ongoing regional stress field 
(Pritchard et al., 2013). As pointed out by several studies, magmatism and volcanism, as well as 
geothermal activity in the region are spatially associated with tectonic features (Hildreth, 1988; 
Lopez-Escobar, 1995; Hauser, 1997; Pérez, 1999; Sepúlveda et al., 2004; Lara, 2006; Cembrano & 
Lara, 2009; Alam et al., 2010; Lahsen et al., 2010; Sánchez et al., 2013). In particular, in the 
Southern Volcanic Zone (SVZ) between 37° and 46°S, the volcanic and geothermal activity is 
partially controlled by the ~1000 km long, NNE-striking intra-arc dextral strike-slip Liquiñe-Ofqui 
Fault System (LOFS), and by the NW-SE Arc-oblique Long-lived Basement Fault System (ALFS). 
Many geothermal surface manifestations and shallow fumarolic emissions are spatially related to 
stratovolcanoes and fault segments associated with both fault systems (Fig. 2.1).  
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Figure 2.1. Geologic and structural map of the central part the Southern Volcanic Zone (SVZ) in southern Chile. 
Solid and dashed lines represent main and secondary faults from Potent (2003), Melnick et al. (2006), Lara et al. 
(2006), Cembrano & Lara (2009), Sánchez et al. (2013) and Pérez-Flores et al. (2014). Blue circles and red 
diamonds represent the location of thermal springs and fumaroles samples, respectively. White triangles represent 
the main stratovolcanoes of the region. Sigma 1 (σ1) represent the maximum regional stress field. CAFS: Copahue-
Antiñir Fault System, LOFS: Liquiñe-Ofqui Fault System, ALFS: Arc-oblique Long-lived Fault System. Stress 
fields for the distinct fault segments are modified from Sánchez et al. (2013) and Pérez-Flores et al. (2014).   
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Previous geochemical surveys conducted in this region have recognized a wide range of 
3He/4He ratios in volcanic/geothermal fluids, suggesting mixing between mantle helium and the 
radiogenic helium sourced from country rocks (Hilton et al., 1993; Ray et al., 2009, Dobson et al., 
2013). However, these studies have focused either on orogen-scale controls on noble gas 
compositions, or have addressed the local structural controls in individual geothermal systems 
(Sepúlveda et al., 2007; Agusto et al., 2013). In this study we present a comprehensive dataset of 
helium, nitrogen and carbon isotope analyses from a suite of about 20 volcanic fumaroles and 
thermal springs between the 37° and 41°S. The gas samples were collected from fumaroles in active 
volcanic systems and thermal springs that are closely spatially associated with both the LOFS and 
the ALFS. Based on new and unpublished mapped structures and as a up-to-date structural 
background in the region (Potent, 2003; Melnick et al., 2006; Lara et al., 2006; Cembrano & Lara, 
2009; Pérez-Flores et al., 2014), we highlight the role of LOFS and ALFS on fluid circulation and 
provide a new interpretation that explains the spatial variations of helium, nitrogen and carbon 
isotopes in thermal fluids in the Central Southern Volcanic Zone of Chile.  
 

Geological and structural setting 

The Southern Volcanic Zone (SVZ) of south-central Chile lies between 33°S and 46°S (Fig. 
2.1). Along with the Central Volcanic Zone (CVZ, 14ºS-28ºS) and the Austral Volcanic Zone (AVZ, 
49°S-55°S), it constitutes a three-segment active arc that comprises the Chilean Andes (Parada et 
al., 2007; Stern et al., 2007).  

The Andean region examined in this study is about 450 km-long (37°-41°S), and forms part 
of the central and southern segments of the Southern Volcanic Zone (SVZ) (Fig. 2.1). In this region, 
the current geodynamic setting is characterized by slightly oblique convergence between the Nazca 
and South American plates at a rate of ca. 7–9 cm/year that has prevailed for the last 20 Ma 
(Angermann et al., 1999; Somoza and Ghidella, 2005). The basement of the volcanic arc, in the 
northern portion of this segment at 39°S, is made up of extensive outcrops of the Meso–Cenozoic 
volcano–sedimentary rocks of the Cura Mallin and Cola de Zorro formations, which are locally 
intruded by Mio–Pliocene plutons (Charrier et al., 2002). South of 39°S, recent volcanic edifices 
are built directly onto Meso–Cenozoic plutonic rocks of the Patagonian Batholith. Crustal thickness 
underneath the volcanic arc decreases from 50 km at 33°S to 35 km at 46°S, with an accompanying 
decrease in the average altitude of the main cordillera, from 5000 m to less than 2000 m (Tassara 
and Yáñez, 2003).  

The structural setting of the studied segment in Figure 2.1 is dominated by the Liquiñe-
Ofqui Fault System (LOFS), a NNE-striking, intra-arc transpressional dextral strike-slip fault 
system that extends between 37°S and 46°S, and associated with ENE-striking second-order intra-
arc anisotropies (Cembrano et al. 1996, 2000; Folguera et al. 2002; Adriasola et al. 2006; Rosenau 
et al. 2006). The ENE-striking structures have been recognized as extensional fractures most likely 
formed under relatively low differential stress (Lavenu and Cembrano 1999; Cembrano and Lara 
2009). Conversely, the arc oblique WNW-striking long-lived basement fault system (ALFS) is 
severely misoriented with respect to the prevailing stress field, and has been interpreted as crustal 
weaknesses associated with pre-Andean faults reactivated as sinistral-reverse strike–slip faults 
during the development of the arc (Cembrano and Moreno 1994; López-Escobar et al. 1995; Lara 
et al. 2006; Melnick et al. 2006; Rosenau et al. 2006; Glodny et al. 2008; Lange et al. 2008). 

The volcanism in the segment is represented by stratovolcanoes and monogenetic cones, 
many of which are spatially associated with the LOFS or ALFS. Their composition is mainly 
basaltic-andesitic with minor dacitic-rhyolitic occurrences. The stratovolcanoes and/or 
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monogenetic cones exhibit mostly primitive magmatic signatures, and are related to secondary 
structures forming NE-trending volcanic alignments which are directly related to the current dextral 
transpressional tectonic regime (Lara et al. 2006; Cembrano and Lara 2009). In contrast, the 
volcanic activity spatially related to the ALFS comprises WNW-trending volcanic alignments, 
where mostly stratovolcanoes occur. These include a wide range of compositions, with some 
centers having erupted only rhyolitic products in historical times. Because of their misorientation 
with respect to the prevailing stress field, the WNW-striking faults require supralithostatic 
magmatic pressures to become active (see Lara et al., 2004, 2006; Cembrano and Lara 2009).  

The northern segment of the LOFS (37.5-39 °S) is characterized by transtensional 
deformation and shows an accommodation zone individuated by fault splays and graben formation. 
At 37.5 °S, the interaction of the Liquiñe-Ofqui fault and the Copahue-Antiñir fault results in a 
NE-striking transitional zone (Melnick et al., 2006). At 38°S, the N–S to NNE-striking LOFS bends 
eastward and decomposes into a series of NE-striking extensional and transtensional fault splays 
that form an arrangement characterized by a “horsetail”-like geometry (Potent and Reuther, 2001; 
Rosenau et al., 2006). These types of structures have long been recognized to play a key role as 
host structures and high-permeability flow paths for geothermal systems and hydrothermal 
mineralization (Sibson, 1994; Sibson, 1996; Rowland & Sibson, 2004; Rowland & Simmons, 
2012). 
 

Sampling and analytical techniques 

Gas samples were collected from fumaroles in active volcanic systems, water samples were 
taken from bubbling hot springs and thermal water springs in geothermal areas. Fumarole gases 
were sampled using a titanium tube, inserted into the fumarole or vent, and connected to a 
condenser and a water separator, to force water condensation. The dry gas obtained was collected 
in pre-evacuated alkaline glass containers with vacuum valves at both ends. Water and bubbling 
gas from hot springs were sampled in double valve, pre-evacuated alkaline glass containers, using 
pure silicone tubes connected to an inverted funnel and a manual pump. Dissolved gases from 
thermal water samples were extracted using a glass bottle under vacuum in the extraction line. Both 
methods for volcanic gases and water spring/bubbling gases are exhaustively described in Sano 
and Fischer (2013). 

The 3He/4He ratios were measured using a noble gas mass spectrometer (Helix-SFT) at the 
Atmosphere and Ocean Research Institute (AORI), University of Tokyo, Japan. The 4He/20Ne ratios 
were measured using a quadrupole mass spectrometer. Helium and neon were separated using a 
cryogenic trap operated at 40 K (see Sano and Wakita, 1988). The measured 3He/4He ratios were 
calibrated against atmospheric helium. Experimental errors of 4He/20Ne and 3He/4He ratios are 
about 0.5% and 1% at 1σ, respectively (Sano et al., 2008). Assuming that the Air Saturated Water 
(ASW) neon content is significantly higher than in mantle and crustal gases, the R/Ra can be 
corrected for the presence of atmospheric helium using the 4He/20Ne ratio of the sample (Craig et 
al., 1978). The error calculation for air corrected helium was performed using the procedure 
described in Sano et al. (2006). 

The 𝛿 𝐶#$  and 𝛿 𝑁	
  #' values of gas samples were measured using a conventional gas source 
mass spectrometer (IsoPrim100, Isoprime Ltd.) at AORI. All values were corrected for blanks that 
represent 0.2% of the measurement contribution (Barry et al., 2012). The error of the delta values 
is the propagated error of the isotopic measurement of N and C in the sample, the standard and the 
blank, assumed at 1σ. The carbon isotopic composition was measured in CO2 and CH4 gaseous 
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component and is expressed in delta notation as: 

 

𝛿#$𝐶 = 𝐶#$ 𝐶#)
*+,-./

𝐶#$ 𝐶#)
012

− 1 ×1000 

 
The nitrogen isotopic composition is given by: 

 

𝛿#'𝑁 = 𝑁#' 𝑁#7
*+,-./

𝑁#' 𝑁#7
+89

− 1 ×1000 

 

The chemical composition (He, CH4, N2, O2, Ar, H2S and CO2) of sampled gases was 
measured using a quadrupole mass spectrometer at AORI, by comparing peak heights of the sample 
with those of standard gases. Experimental errors were estimated to be about ±10% by repeated 
measurements of standard samples. The blank for each component was significantly lower 
compared to the sample signals.  

 

Results 
Table 1 and Table 2 present the chemical composition and isotopic data (R/Ra, 4He/20Ne, 

air-corrected 3He/4He (Rc/Ra) ratios, δ15N, δ15NC, δ13C–CO2 and δ13C–CH4 values) of gas samples 
from 23 volcanic/geothermal localities, including 5 fumaroles, 7 bubbling gas and 11 hot springs 
(water-dissolved gas). In the tables, samples are sorted in latitudinal order and labeled with a 
sample name and with an ID label, from 1 to 23, from north to south. Furthermore, and for the sake 
of simplicity, we will refer to samples as fumarole gas and hot spring gas samples. Figure 2.1 shows 
sample locations and their association with the main structural features of the LOFS and ALFS.  
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Gas composition 

All five fumarole gas samples are dominated by CO2, representing at least the 80% of the 
total gas in each sample. For the hot spring gas, the samples AV (5), PE (6), VA (11), QC (14), PA 
(16), CO (18), TR (19), CH (20), AC (22) and RU (23) are dominated by N2, while the others are 
dominated by CO2, with the exception of the CH4-dominated TT (2) sample. Methane was also 
detected in all other samples, with six of them showing concentrations that are higher than 1%. The 
reduced sulfur compound H2S was detected in seven samples. The five fumarole gas samples 
present the highest H2S concentrations, while PE (6) and PM (4) are the only two hot spring gas 
where H2S concentrations are detectable. 

The majority of fumarole and hot spring gas samples have O2 contents lower than 5%, with 
the exception of four samples (AV (5), RB (13), PU (21) and RU (23)). Three of these samples (RB 
(13), PU (21) and RU (23)) have N2/O2 close to the air ratio, of 3.73, suggesting a significant 
atmospheric contamination. In contrast, the helium isotope composition was not strongly affected 
by atmospheric helium in these three samples, suggesting that the contamination has probably 
happened during analysis. The 4He/20Ne ratios are 1.57, 1.37 and 4.20 respectively, at least four 
times higher than the air ratio (0.33).  

In Figure 2.2, the inert (He and Ar) and nearly inert (N2) gas compositions are plotted in a 
ternary diagram, and used as a source indicator for the origin of volatile components (after 
Giggenbach and Goguel, 1989; Giggenbach, 1992; Giggenbach and Poreda, 1993). The N2/Ar ratio 
of the samples varies between 38.73 and 544.73. All samples, with the exception of sample PL (7), 
roughly fit a mixing trend between arc-derived fluids (“Arc-type sediments”) and a second end-
member comprised between the atmospheric value (“Air”) and the Air-Saturated Water value 
(“ASW”). The presence of atmospheric gases in the mixture is visible in Figure 2.2, and is 
consistent with previously published data by Ray et al. (2009) for the region. Fumarolic outlier gas 
sample PL (7), instead, shows a mantle-fluid affinity with atmospheric (air) contribution. 

The CO2/3He ratios were calculated from CO2/He and 3He/4He ratios for each sample. The 
CO2/3He ratios for water-dissolved gases and bubbling gases cover an exceptionally wide range 
between 116.01 × 109 (CU (8)) and 5.08 × 105 (AV (5)) (Fig. 2.3). More than half of the samples 
show CO2/3He ratios lower than MORB (2.0±1.0×109; Marty and Jambon, 1987) and global arc-
like values (1.5±1.1 × 1010; e.g. Sano and Williams, 1996), in agreement with previous data for the 
region (e.g., Ray et al., 2009). All fumarolic gas samples range from 17.78 × 109 (NC (1)) to 1.56 
× 109 (PL (7)), and are included in the global arc average field (with the exception of sample PL 
(7) plotting in the MORB field). The hot spring samples PM (4) (57.83 × 109) and CU (8) (116.01 
× 109) are the only ones exceeding the global arc average value. 

 

He, N and C isotope composition 
The helium, carbon and nitrogen isotope compositions of thermal manifestations along the 

SVZ of south-central Chile are highly variable and are not directly correlated with their distance 
from stratovolcanoes. In contrast, as shown in Figure 2.4, the helium, carbon and nitrogen isotopic 
ratios show remarkably similar latitudinal tendencies, analogous to the trend of 87Sr/86Sr ratios in 
lavas of principal stratovolcanoes in the segment. Along-arc variations in strontium isotope 
composition of volcanic rocks are indicative of variable degrees of crustal contamination, most 
likely due to intracrustal assimilation (Hickey-Vargas et al., 1989; Hildreth and Moorbath, 1988), 
and/or source region contamination by subducted continental components (Stern, 1991; Kay et al., 
2005). The observed variations in helium, carbon and nitrogen isotopes along the studied segment 
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do not seem to correlate with crustal thickness (Moho depth is represented by the red line in Figure 
2.4), but rather with the regional distribution of NE- and NW-striking faults (Figs. 2.1 and 2.4). 
This observation is in agreement with the fact that these structures play a first order control on the 
migration and storage of magmas along the SVZ, as studied by Lara et al. (2006) and Cembrano 
and Lara (2009). 

 

3He/4He ratios 
The air-corrected 3He/4He ratios (Rc/Ra), given as multiples of the present-day atmospheric 

ratio (Ra=1.382 × 10−6; Sano et al., 2013; Mabry et al., 2013), range from 3.68 Ra to 7.67 Ra (Table 
2). The northern part of the studied segment (~37.5-38.5ºS) shows the widest range of Rc/Ra 
values, (Fig. 2.4). The highest values were found in two fumarolic gas samples (LM (3) and PL 
(7)) associated with the transtensional “horsetail” structure in the northern part of the LOFS. High 
ratios were also found, from north to south, in two bubbling gas samples (PM (4) and CU (8)), in 
a fumarolic gas sample from the Tolhuaca volcano (JM (9)), and in the bubbling gas sample BB 
(12), associated with the Sollipulli volcano. Rc/Ra values are also high in the southern part of the 
studied area, where three hot spring gas samples (PU (21), AC (22) and RU (23)), close to Puyehue-

Figure 2.2. Ternary plot of the relative N2, He and Ar contents of SVZ fumaroles (red diamond) and hot spring (blue 
circles) gas samples. The end-member components, i.e., mantle, arc-type, air and Air Saturated Water (ASW) are 
shown for comparison. 
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Cordon Caulle and Casablanca volcanoes, reach MORB-like values. Accordingly, lavas from 
stratovolcanoes associated with these high Rc/Ra fumaroles and thermal springs show lower 
strontium isotope ratios (87Sr/86Sr) reflecting a low degree of crustal contamination of these 
magmatic volatile sources (Fig. 2.4).  

In contrast, the central part of the studied segment, (~38.5°-40°S), as well as the 
northernmost limit at the Nevados de Chillán volcano (~37ºS), show lower helium ratios and a 
narrower distribution of Rc/Ra values, ranging between 5.42 ± 0.01 Ra and 3.68 ± 0,10 Ra. The 
stratovolcanoes associated with these manifestations present higher values of 87Sr/86Sr ratio in 
lavas, indicating a higher crustal assimilation of the deep magmatic system. 

 
Carbon isotopes (δ13C–CO2) 

The measured δ13C–CO2 values range from -7.44 ± 0.14‰ to -49.41 ± 0.28‰ (Table 2; Fig. 
2.4). Fumarolic gases have the higher values, ranging between -7.44 ± 0.14‰ and -9.75 ± 0.14‰. 
LM (3) and PL (4) samples, in particular, have MORB-like (-6.5 ± 2.2‰; e.g., Sano and Marty, 
1995) and high temperature volcanic gas (-5.5 ± 2.2‰; e.g. Sano and Marty, 1995; Sano and 
Williams, 1996) signatures. Hot spring gas samples range between -11.87 ± 0.14‰ and -49.41 ± 
0.28‰, except for one sample that has more affinity to a fumarolic gas-like signature (sample CU 
(8), -7.44 ± 0.14‰).  

 
In agreement with Rc/Ra and 87Sr/86Sr trends, the stable isotopes of carbon (δ13C–CO2) 

show a regional distribution where the highest (heaviest) values are restricted to the northernmost 

Figure 2.3. CO2/3He versus He concentration plot of SVZ fumaroles (red diamonds) and hot-spring (blue circles) gas 
samples. Global arc average (1.5±1.1 × 1010; e.g. Sano and Williams, 1996) and MORB (2.0±1.0×109; e.g. Marty and 
Jambon, 1987) fields are shown. 
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and southernmost parts of the studied segment. The central part of studied region shows lighter 
carbon signatures. The lightest value (-49.41‰) corresponds to the bubbling gas sample PA (16) 
and is coincident with a very low CO2/3He value (6.1 x 106) and with the second lowest Rc/Ra 
value in the region (3.78 Ra). 

 
Nitrogen isotopes (δ15N) 

The δ15N values range from 0.02 ± 0.20‰ to 4.93 ± 0.20‰, in agreement with subduction-
zone signatures (-5‰ to +7‰; Fischer et al., 2002; Hilton et al., 2002). The highest δ15N values 
occur in the northern part and the southernmost part of the studied region. The highest δ15N values, 
in particular, were measured in the fumarole gas sample LM (3) and the bubbling gas sample PM 
(4), which are both associated with the Copahue volcano in the northernmost “horsetail” 
termination of the LOFS. In contrast, all thermal springs in central part of the segment, between 
38.5°S and 40°S (and the fumarole gas sample NC (1)) show δ15N ratios near 0‰.  
 

Discussion 
The isotope data of fumaroles and bubbling gas samples presented here show that fluids in 

the studied segment are characterized by a wide spectrum of Rc/Ra, δ15N, δ13C–CO2 and CO2/3He 
values. As shown in Figure 2.4, the isotopic compositions are highly variable along the studied area 
and can be correlated with strontium isotope data in the region. In particular, the northern and 
southern parts of the studied region are characterized by more primitive helium (Rc/Ra), carbon 
(δ13C–CO2) and nitrogen (δ15N) values (Fig. 2.4). This trend is reversed in the central part of the 
segment (~38.5°-40°S), where Rc/Ra, δ13C–CO2 and δ15N values are lower and may be related to 
secondary processes taking place in the shallow crust.  

Figure 2.4. (a) Digital elevation model of the central part of the Southern Volcanic Zone in southern Chile. White 
triangles represent main stratovolcanoes of the segment. Red diamonds and blue circles represent the location of 
fumarole and hot spring gas samples, respectively. Solid and dashed lines show simplified faults and lineations from 
Potent (2003), Lara et al. (2006), Cembrano & Lara (2009), Sánchez-Alfaro et al., (2013) and Pérez-Flores et al., 
2014; (b) 87Sr/86Sr ratios of lavas from stratovolcanoes of SVZ. Data compiled from Deruelle et al. (1983), Davidson 
et al. (1987), Gerlach et al. (1988), McMillan et al. (1989), Hickey-Vargas et al. (1989) and Varekamp et al. (2006). 
The red line represents the depth of the MOHO from Tassara et al. (2006); (c) Latitudinal variation of corrected 
3He/4He (Rc/Ra) ratios; (d) Latitudinal variation of δ13C-CO2; (e) Latitudinal variation of δ15N. 
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In the following sections we discuss the possible fractionation processes affecting the 
helium, nitrogen and carbon isotopic signatures in the region. We evaluate the effects of crustal 
contamination and meteoric fluid mixing on magmatic volatile compositions during the migration 
towards the surface, and we explore the link between these processes and the structural/tectonic 
framework of the region (LOFS and ALFS). 

 
Crustal assimilation and contamination 

Crustal contamination can modify the 3He/4He, CO2/3He ratios and δ15N, δ13C–CO2 values 
through the addition of radiogenic 4He, N2 and CO2 from crustal rocks (Sano et al., 1998). In the 
SVZ, previous studies have pointed out that the main control on the measured 3He/4He values is 
related to a combination of near surface magmatic degassing and crustal contamination of degassed 
magmas (Hilton et al., 1993, 2002; Ray et al., 2009). However, the aforementioned studies did not 
address the potential effects of regional and/or local structures on crustal contamination and 
magmatic degassing. Therefore, the impacts of volcano-tectonic associations on R/Ra variability 
remain to be tested. 

As shown in Figure 2.5, the 3He/4He ratios (R/Ra) of analyzed samples in the studied area 
range between 3.40 Ra and 7.53 Ra. All the fumarole and hot springs gas samples are significantly 
higher than purely crustal values (~0.05 Ra; e.g. Morrison and Pine, 1955), indicating that the 
whole segment receives a significant contribution of mantle-derived helium. We calculate that at 
least 45% of helium in the gas phase is derived from the mantle, representing the baseline of the 
whole segment (Fig. 2.5). From Figure 2.5, it is evident that well-defined data point clusters may 
be indicative of variations in the degree of crustal contamination, i.e., coinciding with the different 
structures that control the volcanic/geothermal manifestations in the region.  For example, the two 
fumarole gas samples in Copahue (LM (3)) and Pelehue (PL (7)) show the highest R/Ra ratios (7.48 
Ra and 7.53 Ra, respectively) and are the only samples fitting the MORB field (8±1 Ra; after Farley 
& Neroda, 1998; Graham, 2002). These samples are characterized by very low degrees of crustal 
contamination (Fig. 2.5), and are associated with two fault splays located in the northernmost 
“horsetail” termination of the LOFS (Fig. 2.1). In addition, two hot springs samples (PM (4) and 
CU (8)) that are associated with the aforementioned fumaroles samples also exhibit high 3He/4He 
values at 6.16 Ra and 5.89 Ra, respectively. Mixing models show additions of crustally derived He 
that range between 20% and 25% (Fig. 2.5).  

The fumarole gas sample JM (9), the three bubbling gas BB (12), AC (22), RU (23) and the 
water-dissolved gas sample PU (21), also present high 3He/4He ratios (6.77 to 4.89 Ra, Table 2). 
Also, the fumarole gas sample at “Las Sopas”, associated with Cordón-Caulle volcano, fit within 
the same range, with a 3He/4He ratio of 6 Ra (Sepúlveda et al., 2007). As shown in Figure 2.5, these 
samples are characterized by ~15-25% of contamination with crustal helium. All these intermediate 
to high R/Ra emissions, as shown in Figure 2.1, are associated with volcanoes that are controlled 
by NE-striking extensional faults (e.g., Sollipulli volcano), or by the intersection between NE- and 
NW-striking faults (Tolhuaca and Puyehue-Cordon Caulle volcanoes). The aforementioned 
analysis strongly suggests that R/Ra values in fumaroles and hot springs in the studied area are 
influenced by crustal contamination processes that are at least partially controlled by regional 
and/or local structures. In the next paragraphs we use δ15N, δ13C–CO2 data and mixing models to 
provide further evidence to support this assumption. 
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In Figure 2.6, the δ15N is plotted with N2/He (a) and N2/Ar (b) ratios. Nitrogen contribution 

end members from sediments (δ15N = +7‰; N2/He = 1.05 × 104), MORB (δ15N = -5‰; N2/He = 
1.5 × 102) and air/ASW (δ15N = 0‰ and N2/He = 1.49 × 105) are reported in Fig. 2.6a (from Sano 
et al., 1998; Ozima & Podosek, 2002; Fischer et al., 2002; Clor et al., 2005). The mixing curves 
are defined as: 

𝛿#'𝑁:;* = 𝐴×	
  𝛿#'𝑁+89 + 𝑀×𝛿#'𝑁?@AB + 𝑆×𝛿#'𝑁*/D 

1 (𝑁) 𝐻𝑒):;* =𝐴 (𝑁) 𝐻𝑒)+89 +	
  𝑀 (𝑁) 𝐻𝑒)?@AB + 𝑆 (𝑁) 𝐻𝑒)*/D 

𝐴 +𝑀 + 𝑆 = 1 
 

where obs, air, MORB and sed refer to the observed values of air, MORB and sediments,  
respectively, while A, M and S are the fractions of air, MORB and sediments, respectively. 

 

Figure 2.5. R/Ra versus 4He/20Ne plot of SVZ fumaroles (red diamonds) and hot springs (blue circles) gas samples. 
The end-member MORB, crust, Air and Air-Saturated Water (ASW) are reported. Dashed lines represents the 
calculated mixing curves between crustal contamination degrees of 15%, 25%, 35%, 45% and 55%, and the Air/ASW 
endmember. 
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According to the literature, the N2/He values for volcanic arc samples typically range 
between 1000 and 10,000, with lowest and highest values reported at 101 and 24,899, respectively 
(Giggenbach and Corrales, 1992; Giggenbach and Glover, 1992; Giggenbach and Poreda, 1993; 
Fischer et al., 2002; Clor et al., 2005). These values are significantly higher than those observed in 
MORBs (N2/He ~150; Sano et al., 2001).  

 

The percentage of sediments in the mixture for almost all the samples varies between 88% 
and 97%, in agreement with gas data from the Copahue volcano (Agusto et al., 2013). Sample PL 
(7) at Pelehue deviates the general trend, accordingly with the He-N2-Ar diagram in Figure 2.2, 
and shows a more pronounced MORB signature with only a 55% contribution from the sediments 

Figure 2.6. Measured δ15N (‰) versus N2/He (a) and N2/Ar (b) plots of SVZ fumaroles (red diamonds) and hot spring 
(blue circles) gas samples. In (a), MORB (−5‰, 1.5 × 102), sediments (+7‰, 1.05 × 104) and air (0‰, 1.489 × 105) 
values are reported (Sano et al., 2001; Fischer et al., 2002; Ozima and Podosek, 2002). Dotted lines reflect air addition 
to a mixture of mantle and sediment end-members (solid line), with percentages representing the amount of sediments 
in this mixture. 
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endmember. This signature is also confirmed by the corrected 3He/4He ratio with the highest value 
in the region (7.67 Ra) representing a MORB-like signature (Figs. 2.4 and 2.5). 

It is noteworthy to mention that at least part of this nitrogen can be also derived from crustal 
sources such as shallow or deeply buried sediments and added to fluids during their migration 
towards the surface (Mitchell et al., 2010). However, it is difficult to obtain precise information 
about crustally derived nitrogen because the N2/He ratios of our samples are fractionated by air 
contamination. Despite these limitations, we calculate the fraction of sediment-derived and 
MORB-derived nitrogen using the following relation (e.g. Fischer et al., 2002):  

 

𝛿#'𝑁I = 1 − 𝑓0/D 𝛿#'𝑁?@AB +	
  𝑓*/D𝛿#'𝑁0/D 

𝑓?@AB + 𝑓0/D = 1 
 

where δ15Nc, δ15NMORB, δ15NSed are the corrected, MORB (−5 ± 2‰) and sediments (+7 ± 
4‰) δ15N values (Sano et al., 2001; Ozima and Podosek, 2002; Table 2). fMORB and fsed are the 
fractions of MORB-derived and sediment-derived nitrogen, respectively. In Figure 2.7, the 
calculated δ15Nc values were plotted as a function of Rc/Ra ratios. The air-corrected nitrogen values 
range between 1.60 (sample PL (7)) and 6.64 (sample PE (6)) and fit in the mixing line between 
MORB and sediments.  Samples PL (7), LM (3), PM (4), JM (9) and AC (22) show a nitrogen 
contribution that is mainly a mixing between the mantle wedge and the subduction sediments in 
variable amounts, in agreement with Figure 2.6a. In contrast, samples NC (1), TT (2), AV (5), PE 
(6), BT (10), VA (11), CO (18), TR (19), as also suggested by their lower Rc/Ra ratios, are most 
likely related to a significant contribution of nitrogen coming from shallow crustal sediments and 
from a deep crustal source (more than 10%). These samples showing noticeable crustal nitrogen 
additions are correlated with the highest 87Sr/86Sr ratios in their host volcanoes (Fig. 2.4), and those 
occurring the northern portion of the studied region are also associated with faults that are 
misoriented for reactivation. 

Crustal contamination also contributes to the variation of δ13C–CO2 values and CO2/3He 
ratios observed in SVZ volcanic/geothermal fluids, as presented in Figures 2.3 and 2.4. The crustal 
contaminant has a δ13C value between +6 to −28‰ (Faure, 1986; Oehlert and Swart, 2014) and a 
CO2/3He ratio between 1012 and 1014 (Sano and Marty, 1995; Hoefs, 2009). In Figure 2.8, δ13C 
values are plotted along air-corrected 3He/4He (Rc/Ra) ratios for all the fumarole gas and hot spring 
samples. Helium and carbon isotopes show a clear positive correspondence. Two samples LM (3) 
and PL (7) show MORB-like signature consistent with a deep source for carbon. All the other 
fumarole gas samples (NC (1), JM (9), BT (10)) and four hot spring gas samples (PM (4), CU (8), 
VA (11), RB (13)) fall in a mixing field between MORB and crustal sediments, showing an 
important contribution of carbon from crustal sediments (Fig. 2.8). All the other bubbling gas and 
water-dissolved gas samples plot outside the mixing trend and show fractionation with relative loss 



22 
 

of the heavier isotope that correlates with radiogenic 4He addition. 

 
The CO2/3He ratios (e.g., Fig. 2.3) are lower than global arc average in most of the hot 

springs samples, with a minimum value at 5.08×105. Those low CO2/3He values and the carbon 
isotope fractionation trend observed in the region seem to be controlled by secondary processes 
affecting the magmatic/hydrothermal systems, and that can drive the relative loss of CO2 and a 
decrease in the δ13C values (e.g., Fig. 2.8). Magmatic degassing and calcite precipitation may be 
responsible for such modifications on the isotopic composition of carbon; in fact, Ray et al. (2009) 
hypothesized that these two processes are currently affecting geothermal emissions in the SVZ, 
with a stronger influence in the volatile-poor, hot-spring samples. As suggested by the 
correspondence between Rc/Ra values and δ13C and CO2/3He ratios (Fig. 2.8), magmatic degassing 
and calcite precipitation may be linked to increased residence times of fluids and crustal 
assimilation of the magmatic source (magmatic degassing). Therefore, it is likely that structurally-
controlled vertical permeability exerts a significant role in modulating residence (and thus reaction) 
times of migrating fluids, conditioning their geochemical and isotopic signature through degassing 
or mixing with meteoric water (leading to calcite precipitation). These two processes will be 
discussed more precisely in further sections. 

Figure 2.7. δ15Nc (‰) versus Rc/Ra plot of SVZ fumaroles (red diamonds) and hot springs (blue circles) gas samples. 
The MORB (−5 ± 2‰, 8 ± 1 Ra; Marty and Humbert, 1997; Sano et al., 2001) and sediments (+7 ± 3‰ and 0.05 Ra; 
Sano et al., 2001) end-members are shown. Dashed lines represent mixing between MORB and sediments. 
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Mixing with meteoric fluids 
As reported in previous studies (e.g., Sánchez et al., 2013), mixing with meteoric waters is 

one of the main processes affecting the chemical and isotopic signature of hydrothermal fluids in 
the SVZ. This process impacts the 3He/4He and δ15N values by the addition of radiogenic 4He and 
N2, directly from atmospheric gases or from air-saturated water (ASW). 

 

In Figure 2.5, the R/Ra ratios are plotted along with 4He/20Ne ratios. The 3He/4He values 
are indicative of mixing between a MORB-like gas source, with addition of radiogenic 4He by 
crustal contamination and air/air-saturated water (ASW). Bubbling gas and water-dissolved gas 
from hot springs samples in the southern part of the study area (38.5°-40°S), and the fumarole gas 
sample NC (1) (Nevados de Chillan volcano in the northernmost part of the study area, Figs. 2.1 
and 2.4) show in general a higher degree of contamination by air/ASW. Samples NC (1), VA (11), 
RB (13), QC (14), ME (15), PA (16), PF (17), CO (18), TR (19), CH (20) fall in a range between 
6% and 20% of meteoric fluids in the mixture. Samples CU (8), PU (21) and RU (23), from the 
northern and southern part of the segment also fall within the same range. Samples PU (21) and 
RU (23), as commented above, have probably undergone direct air contamination during sampling. 
All other fumaroles and hot springs gas samples from the northern (37.5°-38.5°S) and southern 
(41°-42°S) segments present a degree of contamination that is significantly lower (< 5%).  

As we showed in the previous section, the N2/He and N2/Ar ratios in fumaroles and thermal 
fluids in the studied area cover an exceptionally wide range between 767.52 and 6.7 × 104, and 

Figure 2.8. Air-corrected 3He/4He ratios versus δ13C–CO2 plot of SVZ fumaroles (red diamonds) and hot spring (blue 
circles) gas samples. Crustal sediments (+6 to −28‰, 0.05 Ra; Faure, 1986, Oehlert and Swart, 2014) and MORB 
(−6.5 ± 2.2‰, 8 ± 1 Ra; Marty et al., 1989, Farley & Neroda, 1998) fields are reported. Dashed line represent the 
lower limit of mixing field between MORB and crustal sediments. 
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544.73 and 38.73 respectively. These ratios, when plotted along with δ15N in Figure 2.6a and b, 
show significant mixing with the atmospheric component. In Figure 2.6b, datapoints show a wider 
dispersion in the mixing with air-derived nitrogen. The hot springs samples between 38.5°S and 
40°S and the fumarole gas sample NC (1) show the highest degree of contamination by Air/ASW 
(Fig. 2.6b), in agreement with helium isotope data shown in Figure 2.5. 

Within a hydrothermal system, gas separation has the potential to fractionate both the gas 
ratio (CO2/3He) and the δ13C-CO2 value (Giggenbach and Poreda, 1993; Barry et al., 2013). The 
observed CO2/3He ratios in gas and water are different and consistent with gas separation. Helium 
is preferentially partitioned into the gas phase, whereas the more soluble CO2 is concentrated in 
the aqueous liquid. This physical process produces an increase of CO2/3He in residual water and 
can induce isotopic fractionation of 13C/12C ratios towards lower δ13C-CO2 values (Vogel et al., 
1970). As shown in Figure 2.3, two bubbling gas samples (PM (4), CU (8)) show higher CO2/3He 
values (5.78 × 1010 and 11.6 × 1010) compared with their associated fumaroles in the Copahue and 
Pelehue geothermal areas (LM (3), PL (7). These values suggest He loss or CO2 addition from local 
sediments. Furthermore, sample CU (8) has a δ13C–CO2 value (-7.75‰) within the range of arc 
fumarolic gases (Sano and Marty, 1995), while PM (4) show a lower value (-11.87‰). Both 
samples have an Rc/Ra ratio of 6.23 (PM (4)) and 6.69 (CU (8)) suggesting only a minor degree of 
crustal contamination. Therefore, the high CO2/3He ratios may reflect both crustal contamination 
and/or vapor liquid partitioning processes, in close relation with the local scale fault-fracture 
meshes controlling the permeability in the Copahue and Pelehue geothermal systems (see Fig. 2.1). 

 

Degassing and calcite precipitation 
Figures 2.3 show that more than half of the hot spring gas samples present low CO2/3He 

ratios, in comparison to fumarole samples. This observation, also reported in previous studies in 
the SVZ (e.g., Ray et al., 2009), is suggestive of CO2 loss from the magmatic/hydrothermal system 
(Giggenbach and Poreda, 1993). Ray et al. (2009) proposed two mechanisms that can possibly 
explain the low CO2/3He ratios observed in SVG samples: (1) Magma degassing and (2) CO2 loss 
driven by calcite precipitation. In the next paragraphs we evaluate these two processes for the 
studied segment.  

Degassing of an andesitic-basaltic magma can produce a decrease in CO2/3He in residual 
melt as well as the δ13C values (Javoy et al., 1978; Hilton et al., 1998). For the He–CO2 elemental 
fractionation, the fractionation factor (α) is defined as (CO2/3He)vap/(CO2/3He)melt, i.e.,  the inverse 
ratio of the solubility of He and CO2 in the parental melt. For a tholeiitic melt, α is ~2.35 (Hilton 
et al., 1998). A preferential loss of CO2 occurring during melt degassing will cause a decrease in 
the CO2/3He ratio for the gas remaining in the melt, and a simultaneously decrease in the δ13C 
values of the residual CO2 (isotopic fractionation factor proposed is −4‰ corresponding to α: 0.996 
Javoy et al., 1978).  

Two models of degassing have been proposed: batch equilibrium (closed system) and 
Rayleigh distillation (open system). For these two models we assume an initial CO2/3He of 11.95 
× 109 and a δ13C value of −8.95‰, corresponding to the average CO2/3He and δ13C values of the 
four fumarole gas samples falling in the volcanic-arc field in Figure 2.3. By using the Rayleigh 
distillation equation, CO2/3Heresidual=(CO2/3Heinitial)×F(α − 1)/α, we calculate that the system would 
have needed to undergone a complete loss of CO2 to achieve the lower CO2/3He ratios measured in 
our samples (i.e., CO2/3He=5.08 × 105). Moreover, all our samples that have suffered a relative loss 
of CO2 are below the Rayleigh distillation degassing curve in Figure 2.9 (labeled “Rayleigh”). 
Therefore, it is likely that this process does not explain the low CO2/3He ratios observed in the 
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studied segment. Similarly, we tested a case of batch equilibrium degassing using the equations  
δ13Cresidual=δ13Cinitial + (1−F)×1000ln(α) , and CO2/3Heresidual=(CO2/3Heinitial)×F(α − 1)/α (after Javoy et 
al., 1978; Ray et al., 2009). As shown in Figure 2.9, the batch degassing curve does not fit our data 
(labeled “Batch”). With this particular mode of degassing, the minimum possible values for 
CO2/3He and δ13C are 5.0 × 108 and −13‰, respectively (Fig. 2.9).    

Consequently, and in agreement with previous studies by Ray et al. (2009) in the SVZ, we 
dismiss magmatic degassing as a viable process to explain the lower-than-arc-average CO2/3He 
values in our samples. Another alternative mechanism to explain such low CO2/3He values is CO2 
loss by calcite precipitation, occurring during cooling/mixing history of the hydrothermal system 
(e.g., Hilton et al., 1998). Fractionation between CaCO3 and CO2 gas can be calculated 
theoretically, and the temperature dependence for C soluble species with respect to CaCO3 is well 
constrained (Bottinga, 1969). At temperatures less than 192 °C, calcite is enriched in 13C relative 
to residual CO2, thus the fractionation factors are −3‰ at 100 °C and −10‰ at 25 °C (Chacko et 
al., 2001). However, at temperatures greater than 192 °C, calcite is depleted in 13C relative to 
residual CO2 and the fractionation factor is around 0‰ (Sano and Marty, 1995; Ray et al., 2009, 
Barry et al., 2014). In Figure 2.9, the plotted CO2/3He and δ13C-CO2 values illustrate the potential 
effect of calcite precipitation at two different temperatures, 25 °C and 192 °C (dashed lines). Our 
samples fall in a field defined by these two lines, showing that the low CO2/3He and δ13C-CO2 
values measured in the studied samples can be explained by precipitation of calcite at various 
temperatures between 25 and 192 °C, as also previously proposed by Ray et al. (2009). 
Furthermore, evidence of calcite precipitation is present in several outcrop-scale dilational jogs 
along master and subsidiary faults of the LOFS (e.g., Pérez-Flores et al. 2014). The only two hot 
spring samples that do not fit this trend are BB (12) and PF (17). These samples were possibly 
subjected to hydrothermal degassing processes before calcite precipitation; therefore, these two 
samples may mark a starting point for the calcite precipitation lines which can be defined, as a first 
approximation, between the global arc-average and samples PM (4) and CU (8). 
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Conceptual model of fluid circulation  
By combining the volcano-tectonic association of the studied segment of the SVZ (Table 

2.3) with the helium, carbon and nitrogen isotope data presented in this study, a conceptual model 
that summarizes fluid circulation in the central part of SVZ is presented in Figure 2.10.  

The northern termination of the LOFS is characterized by a well-developed “horse-tail”-
like accommodation zone (Fig. 2.1). The associated accommodation zone of such fault 
architectures, as asserted by many authors (Sibson, 1994; Sibson, 1996; Kim et al., 2004, Rowland 
& Sibson, 2004; Rowland & Simmons, 2012), promote high vertical permeability and have long 
been recognized to play a key role as host structures focusing increased fluid flow in 
geothermal/hydrothermal systems. In the northern part of the studied segment (Figs. 2.1 and 2.10), 
the fumarole sample LM (3) and the hot spring sample PM (4) are associated with the Copahue 
geothermal area, which is set on a “pull apart” like basin, formed by the interplay of the LOFS and 
the Copahue-Antiñir Fault System (CAFS) (Melnick et al., 2006; Fig. 2.1; Sánchez et al. 2013). A 
few tens of kilometers towards the south, the occurrence of fumarole sample PL (7) in the Pelehue 
area and the hot spring sample CU (8) in Coyuco is controlled by a series of NE-striking extensional 
and transtensional faults that are located east of the main volcanic arc (Fig. 2.1). There are no 
recognized volcanic centers close to these two thermal manifestations, which seem to be controlled 
directly by the fault splays of the LOFS (Fig. 2.1). The fumaroles gas samples LM (3) and PL (7), 
both labeled as “a” in Figure 2.10, show MORB-like 3He/4He ratios indicating primitive sources 

Figure 2.9. CO2/3He versus δ13C–CO2 plot of SVZ fumaroles (red diamond) and hot springs (blue circles) gas samples 
compared to MORB (2 × 109, −6.5 ± 2.2‰; Marty et al., 1989; Sano and Marty, 1995; Sano and Williams, 1996), 
organic sediments (−30 ± 10‰, 1 × 1013; Sano and Marty, 1995; Hoefs, 2009) and marine limestone (1 × 1013; 0 ± 
2‰; Sano and Marty, 1995; Hoefs, 2009). Dashed lines represent trajectories for CO2 loss by calcite precipitation at 
a temperature of 25 °C (fractionation factor = −10‰) and 192 °C (fractionation factor = 0‰). The starting point is 
CO2/3He =11.95 × 109 and a δ13C = −8.95‰. The vertical arrow represent the direction for hydrothermal degassing 
process. Rayleigh distillation and batch equilibrium curves are also shown.  
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and no significant degrees of crustal contamination (Figs. 2.4, 2.5). Despite this common feature, 
carbon and nitrogen isotope data point to two completely different signatures for these two systems. 
CO2/3He, δ13C-CO2 (Fig. 2.9) and δ15N values (Fig. 2.6a) show a typical volcanic arc signature for 
LM (3) sample. Carbon and nitrogen signatures most likely originated, in this case, by mixing 
between mantle and sediments derived from the slab, with almost no contribution from continental 
crust and mixing with meteoric water. In contrast, the PL (7) sample displays a predominant 
MORB-like carbon signature and a lower nitrogen contribution from the slab than all the other 
samples (55%, Fig. 2.6a), with no nitrogen addition from the continental crust. This signature 
appears consistent with the retro-arc location of the fumarolic field of Pelehue, 20 km far from the 
closest known eruptive center, and almost 50 km eastward from the present-day location of the 
active volcanic arc. Water-dissolved gas samples PM (4) and CU (8), also spatially associated with 
the horse-tail northern termination of the LOFS, are the only two samples affected by hydrothermal 
degassing and show more crustal additions of helium, nitrogen and carbon with respect to the 
fumaroles LM (3) and PL (7). The carbon isotope signatures indicate that these hot springs have 
suffered a vapor-liquid separation and partial gas-phase loss, suggesting that crustal contamination 
processes are more easily perceived in such volatile-poor samples. These are among the least 
contaminated samples in the whole region, with air-corrected 3He/4He ratios ranging between 6 
and 7.  

Further south, in the central part of the studied segment (“b”, Figure 2.10), fumaroles and 
hot springs are spatially associated with stratovolcanoes controlled by transtensional NE-striking 
faults (e.g., Sollipulli volcano; Fig. 2.1) or by the intersection between NE- (LOFS) and NW-
striking transpressive faults (ALFS) (e.g., Tolhuaca and Cordon Caulle volcanoes; Fig. 2.1, 2.10). 
These volcanic systems show a higher degree of crustal contamination, with 87Sr/86Sr ratios higher 
than lavas related to volcanoes in the northernmost part of the segment (“a”, Fig. 2.10).  The 
associated thermal manifestations in this area are also characterized by a minor degree of crustal 
contamination of their magmatic source(s). As shown in Figure 2.4, the Rc/Ra ratios in samples 
JM (9), BB (12), PU (21), AC (22) and RU (23) are among the highest in the region (Rc/Ra~6-7) 
and correlate with low 87Sr/86Sr ratios in their host stratovolcanoes. The nitrogen isotope signature 
suggests mixing between MORB and sediments, with minor contribution from continental crust 
(Fig. 2.8). CO2/3He and δ13C-CO2 show the typical volcanic-arc signature for fumarole sample JM 
(9), whereas the water-dissolved gas samples are slightly affected by CO2 loss and δ13C-CO2 
fractionation for calcite deposition (Fig. 2.9). 
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Finally, the case “c” in Figure 2.10 represent all those fumaroles and hot springs associated 
with stratovolcanoes that are controlled by pure transpressive NW-striking faults (Nevado de 
Chillan, Villarica and Mocho-Choshuenco volcanoes; Fig. 2.1, presenting the highest degrees of 
crustal contamination (NC (1), BT (10), VA (11), RB (13), QC (14), ME (15), PA (16), PF (17), 
CO (18), TR (19), CH (20)) and the hot springs spatially related with  transpressional fault-fracture 
zones that do not permit a high fluids permeability (TT (2), AV (5), PE (6)).  

 
The hot springs located between Villarica and Mocho-Choshuenco volcanoes (Fig. 2.5, and 

Fig. 2.6a, b) also show the highest degree of mixing with meteoric water. As also hypothesized by 
Sánchez et al. (2013), most of these thermal springs are associated with the main traces of the 
LOFS that, due to their high permeability, allow a deeper circulation of the meteoric fluids, further 
increasing the dilution process in this already humid and rainy region. The CO2/3He and δ13C-CO2 
indicate a significant loss of CO2 and 13C for calcite precipitation in almost all the case “c” samples, 
except for fumaroles gas samples NC (1) and BT (10) and hot spring gas samples VA (11) and RB 
(13) (Fig. 2.7). As discussed in section 5.4, the CO2 loss driven by calcite precipitation correlates 
with 3He/4He ratios. This trend shows how calcite precipitation may be enhanced by high residence 

Figure 2.10. Block model showing the structurally-controlled fluid circulation model proposed for the studied segment 
of the Southern Volcanic Zone. Black and red dashed lines represent the LOFS and ALFS, respectively. Fumaroles and 
hot springs are represented along with their relation to volcanic edifices and structural settings. Blue and red arrows 
represent the mixing between deep and meteoric fluids. Sigma 1 (σ1) represent the maximum regional stress field. 
Helium ratios (Rc/Ra) ranges are shown in the upper left. 
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time of hydrothermal fluids along the LOFS; this process can occur during the cooling/mixing 
history of the hydrothermal system that increase the reaction time with country rock and the cooling 
of magmatic vapor, and/or by mixing with cold and shallow infiltrating waters.  

 
Concluding remarks 

Our combined isotopic, geochemical and structural data indicate that the NNE-striking 
intra-arc, strike-slip Liquiñe-Ofqui Fault System (LOFS) and the NW-striking Arc-oblique Long-
lived Basement Fault System (ALFS) exert a fundamental control on the helium, nitrogen and 
carbon isotope signature of thermal manifestations in the Chilean Andes between ~37-41ºS. In this 
segment of the Southern Volcanic Zone (SVZ), thermal fluids are characterized by a wide range of 
3He/4He, CO2/3He, δ13C-CO2 and δ15N values. We explain these variations by linking the 
geochemical data of gas in fumaroles and thermal spring water, to a wider geological context that 
includes the regional distribution of fault-fracture meshes and the isotopic variation of source 
magmas. 

 The first order control on helium, carbon and nitrogen isotopes signatures observed 
in the studied segment seems to be largely dominated by the degree of crustal assimilation of the 
magmatic sources, which is in turn controlled by the LOFS and ALFS. As shown in Figure 2.4, the 
air-corrected 3He/4He, δ13C-CO2 and δ15N fumarole gas data show a strong correspondence with 
the 87Sr/86Sr ratios of lavas from hosting volcanic systems. The thermal spring gas data also show 
a similar correspondence, although partly masked by secondary processes. Our observations also 
indicate that the magmatic sources of hydrothermal fluids in the region are highly variable at the 
regional scale, and more primitive signatures are most likely transmitted to the shallow 
volcanic/geothermal environment along the NNE-striking LOFS.  

In contrast, the isotopic signatures of gases in thermal manifestations along the arc-oblique, 
NW-striking ALFS, show a higher degree of crustal contamination. Considering the fact that the 
ALFS inhibit vertical fluid permeability due to its misorientation with respect to the prevailing 
regional stress field, the 3He/4He, δ13C-CO2 and δ15N data records crustal contributions related to 
increased fluid/rock interaction and higher residence times.  

Whereas the ALFS promote the formation of long-lived, more evolved high-enthalpy 
hydrothermal reservoirs (e.g., Tolhuaca geothermal field), the LOFS allow a higher vertical 
permeability of hydrothermal fluids from more primitive, MORB-like magmatic sources. These 
large-scale structures are effective loci for enhanced fluid flow, providing a “background” 3He/4He 
signal in the area that exceeds by far the crustal helium signature of 0.05 Ra. This crustal-scale 
fault system also promote the deep circulation of meteoric fluids, as occurring for thermal springs 
between 38.5°S and 40°S, that partially masks the deep δ13C-CO2 and δ15N signatures due to 
shallow processes such as mixing with meteoric water and calcite precipitation.  
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Chapter 3. Large-scale structural controls on metal fluxing in active margins: 

insights from the Liquiñe-Ofqui intra –arc faults systems, SVZ, Chile.  
 
Abstract 

In the present contribution we provide the first dataset of trace elements in geothermal 
systems of Southern Volcanic Zone of Chile. The aim of this study is to unravel the structural 
control on transport of metals and metalloids in hydrothermal fluids associated with the Liquiñe-
Ofqui Fault System (LOFS), a NNE-trending, intra-arc, dextral strike-slip fault and with the Arc-
oblique Long-lived Basement Fault System (ALFS), a series of sinistral transpressive NW-SE 
trending faults, controlling the volcanism and geothermal activity in southern Chile. The sampled 
fluids included hot springs and fumarole condensates, where major anions and cations; base and 
precious metals (PGE’s, Ag, Au) and metalloids (B, As, Sb, Ge, Te) contents have been measured. 
The surface geothermal waters have been divided into two groups based on their pH, temperature 
and chemical composition: acid-sulfate waters and neutral chlorine waters. The former have the 
highest concentrations of K, Ca, Ba, Al, Fe, Mn, Co, Ni, Cu, Zn, V, Cr, Sc, Ti, Cd, Y, Zr, Pb, La, 
Ce, Th and U, whereas neutral-chlorine waters present the highest concentrations of elements such: 
Na, Mg, B, As, Li, Cs, Rb, Sr, Mo, Sb, Ge, Te, W, Ag, Au, Ru, Rh, Pd, Ir and Pt. Trace elements 
concentrations have been contrasted with air-corrected helium isotope ratios (Rc/Ra) measured in 
water-dissolved gas and fumarole gas in the exact same emissions. In acid sulfate waters metals as 
Ca, Mg, K, Sr, Ba, Co, Ni, Cu, Cd, Rh and Pd show negative correspondence with Rc/Ra, 
suggesting that its concentration in thermal fluids is dominated by rock leaching, whereas for B, 
As, Sb, Ge, Mo, W, Ti, Pb and Zr, showing a positive correlation with Rc/Ra, a significant amount 
of them may come directly from the deep magmatic system, where after deep boiling, can be 
transported by the low density vapor up to the shallow geothermal domain. These two different 
trends of enrichment in acid-sulfate waters are the result of a strong structural control that 
conditions selective elemental partitioning, enhancing water-rock interaction and metal leaching 
along oblique, NW ALFS structures (e.g., Ni, Co, Cu, Pd among others). In contrast, the high 
permeability settings along the main LOFS allow rapid fluxing of metals transported by magmatic 
vapor (e.g., As, Sb, Mo, Ge etc.). In neutral-chlorine waters geochemistry is mainly dominated by 
shallow processes as mixing with meteoric fluids and mineral precipitation and most of the main 
and trace elements plots in these waters don’t show a clear correlation or display a weak positive 
correspondence with Rc/Ra ratios. It suggests that dilution and removal processes are more 
efficient in those contexts where the higher residence time of geothermal fluids in the crust increase 
the reaction time with country rock and the mixing with cold and shallow infiltrating water. In both 
acid-sulfate and neutral-chlorine waters has also been found also found exceptionally high amounts 
of PGE’s, with concentrations ranging from 6.00 to 18.00 ppt for Ru, 0.70 to 142.00 ppt for Rh, 
0.15 to 1.99 ppb for Pd, 4.00 to 9.00 ppt for Ir and 1.20 to 1.60 ppt for Pt. The PGE’s anomaly is 
restricted to the northern part of studied region, with maximum Pd and Rh concentrations localized 
in Tolhuaca Geothermal System. The origin of this anomaly may be linked with the interaction of 
the uprising hydrothermal fluids with ultramafic bodies that exhumed through the subduction 
channel, were emplaced in the basement of the present volcanic arc.  
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Introduction 
In convergent margins, high-enthalpy geothermal systems and epithermal precious and base 

metal deposits are closely associated with each other, and both are genetically linked with active 
volcanism, shallow magmatic reservoirs and overlying hydrothermal circulation cells (Hedenquist 
and Aoki, 1991; Hedenquist et al., 1993; Einaudi et al., 2003; Sillitoe and Hedenquist, 2003). There 
are numerous evidences reported in the literature documenting significant flux of volatiles and ore-
forming metals from magmatic-hydrothermal systems (Richards, 2011; Pokrovski et al., 2013). In 
fact, in some active geothermal systems (e.g., Rotokawa in New Zealand or Lihir Island in Papua 
New Guinea) well fluids carry important concentrations of precious and base metals, reaching 23 
ppb of Au, 2.4 ppm of Ag and 19.8 ppm of Cu, among other metals (Simmons et al., 2016). These 
young, active and metal-rich systems can lead to the formation of giant hydrothermal deposits 
through a combination of sustained metal flux and efficient metal precipitation (Simmons and 
Brown, 2006). 

Ore deposits form in the crust when specific factors such as distinct tectonic configurations, 
focused fluid flow and/or reactive host rocks are met to enhance the overall metal concentration 
(Richards, 2013). Volcanic arc magmas can transport metals from the mantle and from subducted 
oceanic crust and sediments to the Earth’s upper crust and eventually to the surface (Johnson et al., 
2013). During ascent and degassing, some metals partition from the magma into a hydrosaline fluid 
and/or supercritical magmatic vapor phase. This behavior is evident from experimental studies and 
from analyses of coexisting melt and fluid inclusions (e.g., Heinrich et al., 1999; Pokrovski et al., 
2002, 2005; Williams-Jones and Heinrich, 2005; Zajacz et al., 2011; Pokrovski et al., 2013). 
Furthermore, several studies have reported chemical analyses of base (Cu, Co, Ni, Zn, etc.) and 
precious (Au, Ag) metals and metalloids (As, Sb) in volcanic fumaroles, hot springs and deep 
geothermal reservoir fluids (Bernard et al., 1990; Allard et al., 2000; Africano et al., 2002; Aiuppa 
et al., 2003; Zelenski et al., 2013; Ballantyne and Moore, 1988; McKibben et al., 1990; Brown et 
al., 1996; Simmons and Brown, 2007; Simmons, et al., 2016a,b; Aiuppa et al., 2000a,b; 
Kaasalainen and Stefánsson, 2012; Kaasalainen et al., 2015). Despite these fundamental 
contributions, the origins of giant hydrothermal ore deposits are enigmatic since the concentrations 
of metals, and more particularly, the flow rates of ore-forming fluids are still poorly quantified. 
Furthermore, in compressional and extensional settings, shallow magmatic reservoirs and their 
overlying hydrothermal circulation cells are strongly controlled by structural meshes that permit 
fluids migration. 

The control of fault-fracture meshes on fluid flow in geothermal and hydrothermal systems 
is important and has been vastly studied over the past ten to fifteen years (e.g. Manning and 
Ingebritsen, 1999; Cox et al., 2001; Sibson and Rowland, 2003; Fairley and Hinds, 2004; 
Micklethwaite and Cox, 2004; Rowland and Sibson, 2004; Blenkinsop, 2008; Graf and Thierrien, 
2009; Micklethwaite et al., 2010; Baker, et al., 2010; Cox, 2010; Gudmundsson et al., 2010; 
Rowland and Simmons, 2012). These studies have improved our understanding about the structural 
factors controlling fluid flow, and have provided crucial information to refine conceptual models 
of fault/fracture hydraulic architecture in geothermal and hydrothermal systems. Despite these 
fundamental contributions, our understanding of elemental fluxing in the upper crust is still limited 
(Richards, 2011; Pokrovski et al., 2013; 2014), and the structural control on metal transport in 
hydrothermal systems remains poorly constrained in active continental margins (Cox et al., 2001; 
Rowland and Simmons, 2012).  

In the Andean Cordillera of Central-Southern Chile, the nature of the relationship between 
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tectonics and volcanism is the result of interaction between the crustal structures of the basement 
and the ongoing regional stress field (Pritchard et al., 2013). Between 37° and 46°S, the volcanic 
and geothermal activity is controlled by the NNE-trending, 1,000 km long Liquiñe-Ofqui Fault 
System (LOFS) and by the NW-SE Arc-oblique Long-lived Basement Fault System (ALFS) 
(Cembrano and Lara, 2009; Perez-Flores et al., 2016). Previous studies have revealed how fault-
fracture systems, belonging to both LOFS and ALFS, control the degree of magmatic evolution 
and crustal assimilation of volcanic systems in the segment (Cembrano and Lara, 2009). 
Furthermore, several geothermal surface manifestations and shallow fumarolic emissions are 
spatially related to stratovolcanoes and fault segments associated with both fault systems (Sánchez 
et al., 2013). In a recent study, Tardani et al. (2016) provided key evidence for significant regional-
scale structural controls on the isotopic composition of subduction-related magmatic gas. By 
determining the helium, nitrogen and carbon isotope signature of thermal fluids discharged along 
the seismically active Liquiñe-Ofqui Fault System (LOFS) in southern Chile, a ~1000 km long 
intra-arc, strike-slip fault, Tardani et al. (2016) show that the structural setting of the region exerts 
a fist-order control on hydrothermal fluid composition by conditioning residence times of magmas 
and thus promoting cooling/mixing of magmatic vapor. 

Despite the abundance of studies describing the geothermal activity and volcanism in the 
region (Hilton et al., 1993; Cembrano and Lara, 2009; Ray et al., 2009; Dobson et al., 2013; Lahsen 
et al., 2015; Tardani et al., 2016), very few data are currently available on the concentrations of 
dissolved  metals and metalloids in thermal fluids from southern Chile, and the structural controls 
that the LOFS and ALFS exert on them remains unknown. In one of these very few studies, 
Sánchez-Alfaro et al. (2016b) reports high metal concentrations in the deep reservoir fluids of the 
Tolhuaca Geothermal System (Au: 1.6 µg/kg, Ag: 0.018 µg/kg, Cu: 0.07 µg/kg and Zn: 7.5 µg/kg), 
although it is not clear how the different structural orientations of the main and subsidiary faults 
affect metal transport under variable permeability conditions and degrees of mixing with meteoric 
water. Such information is crucial to better understand how metals are fluxed from the upper crust 
to the surface, and to improve our knowledge on how metals are efficiently concentrated or 
dispersed into the environment.  

In this study we present the first comprehensive survey of major and trace metal 
concentration data from shallow thermal waters and volcanic gas condensates, spatially related 
with both LOFS and ALFS. The reported elements include noble metals (Au, Ag and platinum-
group elements, PGE), base metals (Al, Fe, Mn, Co, Ni, Cu, Zn, V, Cr, Sc, Ti, Mo, Cd, Y, Zr and 
Pb), metalloids (B, As, Sb and Ge), rare earth elements (REE), actinides (U and Th) and alkali and 
alkaline earth metals (Li, Cs, Rb, Ba and Sr) Results from this study, when combined with recently 
published helium, nitrogen and carbon isotope data, reveal that geothermal waters and volcanic 
fumaroles of the Southern Volcanic Zone (SVZ) show anomalous concentrations of trace metals, 
including high Cu, Co, Zn, As, Sb and PGE’s, strongly correlate with major faults and fractures, 
suggesting that local and regional tectonics may exert a first-order control on metal fluxing and 
degassing in active margins. 

 
Geological setting 

The Andean region examined in this study is about 450 km-long (37°-41°S), and forms part 
of the central and southern segments of the Southern Volcanic Zone (SVZ) (Fig. 3.1). In this region, 
the current geodynamic setting is characterized by slightly oblique convergence between the Nazca 
and South American plates at a rate of ca. 7–9 cm/year that has prevailed for the last 20 Ma 
(Angermann et al., 1999; Somoza and Ghidella, 2005). The basement of the volcanic arc, in the 
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northern portion of this segment at 39°S, is made up of extensive outcrops of the Meso–Cenozoic 
volcano–sedimentary rocks of the Cura Mallin and Cola de Zorro formations, which are locally 
intruded by Mio–Pliocene plutons (Charrier et al., 2002). South of 39°S, recent volcanic edifices 
are built directly onto Meso–Cenozoic plutonic rocks of the Patagonian Batholith. Crustal thickness 
underneath the volcanic arc decreases from 50 km at 33°S to 35 km at 46°S, with an accompanying 
decrease in the average altitude of the main cordillera, from 5000 m to less than 2000 m (Tassara 
and Yañez, 2003).  

The structural setting of the studied segment in Figure 3.1 is dominated by the Liquiñe-
Ofqui Fault System (LOFS), a NNE-striking, intra-arc transpressional dextral strike-slip fault 
system that extends between 37°S and 46°S, and associated with ENE-striking second-order intra-
arc anisotropies (Cembrano et al., 1996, 2000; Folguera et al., 2002; Adriasola et al., 2006; Rosenau 
et al., 2006). The ENE-striking structures have been recognized as extensional fractures most likely 
formed under relatively low differential stress (Lavenu and Cembrano, 1999; Cembrano and Lara, 
2009). Conversely, the arc oblique WNW-striking long-lived basement fault system (ALFS) is 
severely misoriented with respect to the prevailing stress field, and has been interpreted as crustal 
weaknesses associated with pre-Andean faults reactivated as sinistral-reverse strike–slip faults 
during the development of the arc (Lopez-Escobar et al., 1995; Lara et al., 2006; Melnick et al., 
2006; Rosenau et al., 2006; Glodny et al., 2008; Lange et al., 2008). 

Stratovolcanoes and monogenetic cones, many of which are spatially associated with the 
LOFS or ALFS, represent the volcanism in the segment. Their composition is mainly basaltic-
andesitic with minor dacitic-rhyolitic occurrences. The stratovolcanoes and/or monogenetic cones 
exhibit mostly primitive magmatic signatures, and are related to secondary structures forming NE-
trending volcanic alignments which are directly related to the current dextral transpressional 
tectonic regime (Lara et al., 2006; Cembrano and Lara, 2009). In contrast, the volcanic activity 
spatially related to the ALFS comprises WNW-trending volcanic alignments, where mostly 
stratovolcanoes occur. These include a wide range of compositions, with some volcanic centers 
having erupted only rhyolitic products in historical times. Because of their misorientation with 
respect to the prevailing stress field, the WNW-striking faults require supralithostatic magmatic 
pressures to become active (see Lara et al., 2004, 2006; Cembrano and Lara, 2009).  

The geological and structural map of the studied region (Figure 3.1) shows the location of 
the main stratovolcanoes, geothermal areas, and fault systems. The geothermal areas are spatially 
correlated to fault systems, and some of them, in the northern part, occur in the flank of active or 
dormant stratovolcanoes, presenting also fumarole emissions associated (RV, CR, OM, Nevado de 
Chillan vn.; LM, LMM, AF, Copahue vn.; JM, Tolhuaca vn.; BT, Sierra Nevada vn.; red diamonds 
in Fig. 3.1). PL is the only water sample associated with fumarolic activity but not occurring in 
proximity of volcanic centers (Fig. 3.2a). As discussed by Tardani et al. (2016) it is controlled by 
one of the fault sprays comprises the ”horsetail” -like northern termination of LOFS. The thermal 
springs reported as blue circles in Figure 3.1 are relatively low temperature thermal waters (Fig. 
3.2b and c) and just few of them are spatially associated with stratovolcanoes (e.g. AV, PM, VA, 
PA, ER), the others emerge from fractures in plutonic rocks or sediments overlying them and are 
spatially related with LOFS and ALFS. 
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 Figure 3.1. Geologic and structural map of the central part the Southern Volcanic Zone (SVZ) in southern Chile, 
modified from Tardani et al., (2016). Blue circles and red diamonds represent the location of thermal springs and 
fumaroles samples, respectively. White triangles represent the main stratovolcanoes of the region. Sigma 1 (r1) 
represent the maximum regional stress field. CAFS: Copahue-Antiñir Fault System, LOFS: Liquiñe-Ofqui Fault 
System, ALFS: Arc-oblique Long-lived Fault System. Stress fields for the distinct fault segments are modified from 
Sánchez et al. (2013) and Pérez-Flores et al. (2016). 
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Samples and methods 

Thirty hot spring water samples and fourteen fumarole condensate samples were collected 
from geothermal surface manifestations in the studied area between 2013 and 2015 (Fig. 3.1). In 
situ measurement techniques used in this study (temperature and pH), and the ionic balance 
computation have been done follow reported methodologies by Giggenbach and Goguel (1989). 

Water samples were filtered through a 0.45 µm filter (cellulose acetate) into pre-cleaned 
high density polythene bottles. Samples for major cations and trace elements analysis were 
collected into high density polythene bottles and acidified with HNO3 (Merck Suprapur®) 4N, 1 
ml to 100 ml sample. Fumarole condensates where collected following the methodology by 
Arnórsson et al. (2006). The steam was condensed by passing it through a glass serpentine, cooled 
with ice and the condensate gathered in pre-cleaned high density polythene bottles.  

Major anions (Cl-, SO4
2-, F-, Br-, and NO3-) were determined using ion chromatography (IC, 

Dionex ICS 2100) while major cations (Na+, K+, Ca2+, and Mg2+) were determined using atomic 
absorption spectrophotometry (AAS, Perkin-Elmer Pinaacle 900F), at the Andean Geothermal 
Center of Excellence (CEGA) Laboratories, Universidad de Chile. SiO2 contents were analyzed by 
Portable Photometer (Hanna HI96705), and HCO3

-/CO3
2- contents were analyzed by Volumetric 

Titration using Giggenbach and Goguel (1989) method. Trace metals contents were analyzed in 
ACTLABS laboratories using a sector field ICP MS (Element 2 from Thermo). Sample preparation 
for PGE’s analysis has been conducted with 5ml sample solution + 5ml of matrix solution (0.6 M 
HCl) spiked with 0.1ml of internal standard (10ppb In). As external standards were used solutions 

Figure 3.2. Pictures of geothermal field of Pelehue, PL (a), and the thermal springs of Pucon Mahuida, PM (b) and 
Malleco, MA (c). 
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with 10ppt, 25ppt, 50ppt, 100ppt and 250ppt PGE’s concentrations. The 18O/16O and D/H isotopic 
ratios (δ18O and δD ‰ V-SMOW) were determined at Laboratoire de Géochimie des Isotopes 
Stables (Geotop-UQAM), Université du Québec à Montréal.  

For this study, our database is complemented with previously published helium isotope 
rations recently published by Tardani et al. (2016). A selection of water and condensate sample 
used in this study was duplicated, and 3He/4He ratios were measured along with nitrogen and 
carbon isotopes ratios (d15N, d13C).  

 
Results 

Major and trace element composition of geothermal water 
The major and trace element composition of surface geothermal water in the studied 

segment of the Southern Volcanic Zone are given in Tables 3.1 and 3.2, respectively. The 
temperatures of the sampled waters ranges from 36 to 93 °C, the pH is between 2.20 and 9.30, and 
total dissolved solids between 120 and 3600 ppm. Based on the major element composition, pH, 
temperature and Cl/SO4 ratio, the thermal waters are qualitatively categorized into two groups: (1) 
NaCl waters, and (2) steam-heated acid-sulfate waters (Fig. 3.3).  Figure 3.4 shows a concentration 
plot for major elements in geothermal waters and Figure 3.5 shows bivariate plots for major 
species. NaCl-rich waters present neutral to alkaline pH values and elevated Cl concentrations that 
correlate with Na (Fig. 3.5a), with other dominant elemental species including F (0.14-3.67 ppm), 
HCO3 (21.30-1550.00 ppm), CO3 (0.60-10.10 ppm), NO3 (0.10-6.56 ppm), Br (0.14-2.19 ppm) and 
Ca (5.04-172.00 ppm) (Table 3.1, Fig. 3.4). In general, calcium and Mg concentrations increase 
with increasing HCO3 contents (Figs. 3.5c and d). In contrast, steam-heated acid-sulfate waters 
have pH values below 4, and have relatively high dissolved SO4 (174.00-2258.00 ppm). These 
waters are also characterized by relatively high concentrations of SiO2 (79.00-370.00 ppm), Ca 
(2.34-105.40 ppm), K (0.50-26.60 ppm) and Mg (1.88-52.00 ppm) (Table 3.1). Magnesium and K 
show a positive trend with SO4 (Fig. 3.5b and c), whereas Ca doesn’t show a clear correspondence 
with the oxidized sulfur specie (Fig. 3.5d).  

The concentration of trace elements of thermal springs range from the ppt level to several 
ppm (Table 3.2, Figs. 3.6, 3.7). Concentrations of alkali metals (Li, Cs, Rb) vary between 2.17 ppb 
and 2.78 ppm for Li, 0.53–596 ppb for Cs, and 1.29–331 ppb for Rb (Fig. 3.6a). The highest 
concentrations of Li, Cs and Rb are associated with neutral-chlorine waters, and increase with 
increasing Cl concentrations in a trend similar to Na and K (Fig. 3.8a, b and c). Barium and Sr 
range between 0.46–181.00 ppb and 27.40 ppb to 2.82 ppm, respectively (Fig. 3.6a). Barium is 
higher in acid-sulfate waters and its concentration increases with SO4 content (Fig. 3.8d). In neutral 
chlorine waters, barium shows a correspondence with HCO3 (Fig. 3.8e), similar to Ca and Mg (Fig. 
3.5c and d). Strontium is present in higher concentrations in neutral chlorine waters and shows a 
slightly positive trend with Cl (Fig. 3.8f).  

The concentrations of the metalloids B, As, Sb, Ge and Te, range from 2.76 ppb to 72.60 
ppm B, 1.20 ppb to 3.92 ppm As, 0.01 to 11.10 ppb Sb, 0.16 to 14.60 ppb Ge, and 1 to 40 ppt Te. 
Boron, As, Sb and Ge increase with increasing Cl (Fig. 3.8g, h, i and j), and their concentration is 
highly pH-dependent (Kaasalainen and Stefánsson, 2012).  
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Highest concentrations of these elements are commonly associated with neutral chlorine 
waters. Concentrations of base metals including Al, Fe, Mn, Co, Ni, Cu, Zn, V and Cr show a wide 
variation (Fig. 3.6a and Table 3.2). Aluminum varies between 4.10 ppb to 56.00 ppm, Fe between 
1.00 ppb to 519.00 ppm, Mn between 0.09 ppb to 2.69 ppm, Co between 2.00 ppt to 39.20 ppb, Ni 
between 0.02 to 100.00 ppb, Cu between 0.09 to 83.10 ppb, Zn between 2.20 ppb to 1.48 ppm, V 
between 0.11 to 198.00 ppb, and Cr between 0.01 to 57.10 ppb. All these elements invariably reach 
the highest concentrations in the steam-heated acid-sulfate waters, and at the highest SO4 
concentrations (Fig. 3.9a, b, c, d, e, f, g, h and i).  

Figure 3.3. T vs pH (a), Cl/SO4 vs pH (b) and T vs Cl/SO4 plots of thermal waters of Southern Volcanic Zone of Chile. 
Based on their physico-chemical composition and formation mechanism, geothermal waters may be divided into acid-
sulfate waters (red diamonds) and neutral-chlorine waters (blue circles). 
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The metals Sc, Ti, Mo, Cd, Y, Zr, Pb and W are generally very low (sub ppb) in thermal 
springs, although the maximum concentrations measured in geothermal waters of SVZ are within 
the range of 10’s of ppb (Fig. 3.6b and Table 2). Maximum concentrations for Sc is 31.40 ppb, 
16.70 ppb for Ti, 24.60 ppb for Mo, 0.42 ppb for Cd, 0.31 ppb for Zr, 41.90 ppb for Y, 1.10 ppb for 
Pb, and 66.80 ppb for W. The highest concentration of Sc, Ti, Cd, Y, Zr and Pb were detected in 
steam-heated acid-sulfate waters (Fig. 3.6b), and Sc, Ti, Y and Zr show a positive correspondence 
with SO4 (Fig. 3.10a, b, c and d). In contrast, the maximum concentrations of molybdenum and W 
were found in neutral-chlorine waters (Fig 3.6b), and both metals correlate positively with Cl 
contents (Fig. 3.10e and f). Lanthanum, Ce, Th and U concentrations vary between 1.00 ppt and 
11.40 ppb for La, 3.00 ppt and 14.60 ppb for Ce, 1.00 ppt and 2 ppb for Th, and 1.00 ppt and 1.69 
ppb for U. The highest concentrations of these elements were measured in acid-sulfate waters (Fig. 
3.6b). Figure 3.10g-i shows bivariate plots for La, Ce and U, respectively, all showing a positive 
correspondence with SO4. 

 

Finally, the concentration of precious metals vary from sub-ppt to ppb levels (Table 3.3, 
Fig. 3.7). Silver and Au concentrations range between 5.00 and 120.00 ppt, and 0.10 and 1.30 ppt, 
respectively. It is noteworthy to mention that appreciable concentrations of Platinum Group 
Elements (PGE) were detected in selected geothermal water samples. For example, ruthenium, Ir 
and Pt concentration reach few tens of ppt. In contrast, palladium and Rh display higher 
concentrations, i.e., between 15.00 and 1990.00 ppt (Pd), and between 0.70 and 142.00 ppt (Rh). 

Figure 3.4. Concentration plot for major chemical species in acid-sulfate waters (red diamonds) and neutral-
chlorine waters (blue circles) of Southern Volcanic Zone of Chile. Data are plotted in parts per million (ppm) on 
a vertical logarithmic scale. For each element, average concentrations are shown together with maximum and 
minimum values, and with outliers (red cross). 
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Rhodium displays a positive correlation with SO4 (Fig. 3.11a), whereas Pd does not show an 
evident correspondence with SO4 or Cl anionic species (Fig. 3.11b and c). 

 
Trace element geochemistry of fumarole condensates 

The trace element composition of the 13 steam vent discharge samples is listed in Table 3.4 
and shown in Figure 3.12. Most elements occur at sub-ppb levels, with the exception of As, B, Al, 
Mn, Ba, Rb, Sr, Fe, Ni, Zn, Ti, V, Cr and Pb. Among these, boron and Al show the highest 
concentrations, up to 7.07 and 1.52 ppm, respectively.  

Figure 3.5. Elemental correlation diagrams of Na-Cl (a), Mg-SO4 (b), K-SO4 (c), Ca-SO4 (d), Ca-HCO3 (e) and Mg-
HCO3 (f) in acid-sulfate waters (red diamonds) and neutral-chlorine waters (blue circles) of Southern Volcanic Zone 
of Chile. R-squared (R2) values are shown for every plot. 
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Precious metal concentrations (Ag, Au and PGE’s) occur at ppt levels (Table 4). Apart from 
Au (0.10 ppt), palladium and Ir show the highest concentrations, reaching few tens of ppt (Table 
4). The major component concentrations of these fumarole condensates were previously reported 
by Tardani et al., 2016 and occur at sub-ppm levels, with the exception of Na and Ca that reach 
1.52 and 1.67 ppm, respectively.   

 
Hydrogen and oxygen stable isotope data 

Stable isotopes in water (δ 18O, δD) are useful tracers to identify the origin of the geothermal 
fluids and the secondary processes (e.g. boiling, mixing, water–rock interaction) affecting the 
thermal waters (Arnórsson, 2000). In SVZ, δ18O and δD values range from -12.40 ‰ to -0.65 ‰ 
and from -87.60 ‰ to -43.80 ‰, respectively. In the δD versus δ18O diagram (Figure 3.13), the 
neutral-chlorine waters (blue circles) lie on the global meteoric water line (GMWL; Craig 1963), 
whereas the acid-sulfate waters show a shift towards more positive values of δ18O and δD respect 
to the GMWL, in an hypothetical mixing line with Andesitic Waters (Giggenbach and Soto, 1992). 

 

Table 3.3 . Precious metals composition of surface geothermal waters in Southern Volcanic Zone of Chile
Sample ID Sample Name Location Ag Au Ru Rh Pd Ir Pt

ppt ppt ppt ppt ppt ppt ppt
1 RV Nevado de Chillan Vn. 50.00 n.d. n.d. 28.10 367.00 n.d. n.d.
2 CR Nevado de Chillan Vn. 20.00 n.d. n.d. 2.40 192.00 n.d. n.d.
3 OM Nevado de Chillan Vn. 11.00 n.d. n.d. n.d. 181.00 n.d. n.d.
4 TT Trapa Trapa n.d. 0.10 n.d. 1.40 n.d. 5.00 n.d.
5 AF Copahue Vn. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
6 LMM Copahue Vn. 20.00 n.d. n.d. 5.10 322.00 n.d. 1.10
7 LM Copahue Vn. 30.00 0.30 n.d. n.d. 15.00 n.d. n.d.
8 PM Pucon Mahuida 120.00 0.40 6.00 34.80 220.00 9.00 2.60
9 AV Termas del Avellano n.d. 0.40 n.d. 28.40 150.00 4.00 1.20
10 PE Termas de Pemehue 30.00 0.80 18.00 142.00 1990.00 n.d. n.d.
11 PL Pelehue 20.00 n.d. n.d. 5.60 92.00 n.d. n.d.
12 CU Termas de Coyuco 14.00 n.d. n.d. n.d. n.d. n.d. n.d.
13 MA Termas Malleco 5.00 1.30 n.d. 0.90 150.00 n.d. n.d.
14 JM Tolhuaca Vn. 20.00 n.d. n.d. 3.20 1220.00 n.d. n.d.
15 BT Sierra Nevada Vn. 30.00 n.d. n.d. 5.30 202.00 n.d. n.d.
16 VA Agua de la Vaca 13.00 0.10 n.d. n.d. n.d. n.d. n.d.
17 BB Termas de Balboa 84.00 n.d. n.d. 1.50 n.d. n.d. n.d.
18 RB Termas de Rio Blanco 34.00 0.20 n.d. 2.50 n.d. n.d. n.d.
19 QC Termas Quimey-Có 35.00 n.d. n.d. n.d. n.d. n.d. n.d.
20 ME Parque Termal Menetùe 33.00 n.d. n.d. 2.40 n.d. n.d. n.d.
21 SL Termas de San Luis 26.00 0.20 n.d. 1.70 n.d. n.d. n.d.
22 PA Termas de Palguin 30.00 0.20 n.d. 0.80 n.d. n.d. n.d.
23 ER Termas El Rincón 25.00 0.20 n.d. n.d. n.d. n.d. n.d.
24 PF Eco Termas Pellaifa 60.00 n.d. n.d. 0.70 n.d. n.d. n.d.
25 CO Termas de Coñaripe 71.00 0.40 n.d. 1.30 n.d. n.d. n.d.
26 TR Termas de Trafipan 38.00 0.10 n.d. 1.00 n.d. n.d. n.d.
27 CH Termas de Chihuio n.d. n.d. n.d. n.d. n.d. n.d. n.d.
28 PU Termas de Puyehue 21.00 0.10 n.d. n.d. n.d. n.d. n.d.
29 AC Termas de Aguas Calientes 8.00 0.20 n.d. n.d. n.d. n.d. n.d.
30 RU Termas de Rupanco 24.00 n.d. n.d. n.d. n.d. n.d. n.d.
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Figure 3.6. Concentration plot for trace elements in acid-sulfate waters (red diamonds) and neutral-chlorine waters 
(blue circles) of Southern Volcanic Zone of Chile. Data are plotted in parts per billion (ppb) on a vertical logarithmic 
scale. For each element, average concentrations are shown together with maximum and minimum values, and with 
outliers (red cross). 
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Discussion 

In the following section we discuss the main geochemical features of geothermal fluids in 
the studied segment, and we focus on exploring the relation between the trace element 
concentrations and the structural features associated with the LOFS and ALFS. For this purpose, 
we compare the trace element database presented above with helium isotope data (3He/4He) 
recently reported by Tardani et al. (2016). In this segment of the Southern Volcanic Zone (SVZ), 
thermal fluids are characterized by a wide range of 3He/4He ratios (3.39 Ra to 7.53 Ra, where Ra 
= (3He/4He)air) that are strongly controlled by the regional distribution of fault-fracture meshes and 
the variation of source magma compositions. The first-order control on helium isotopes signatures 
of thermal fluids in the studied segment is the degree of crustal assimilation of the magmatic 
sources, which is governed by the LOFS and ALFS spatial distribution (Tardani et al., 2016).  
Furthermore, as reported by (Tardani et al., 2016), mixing with meteoric waters is a relevant 
processes affecting the chemical and isotopic composition of hydrothermal fluids in the studied 

Figure 3.7. . Concentration plot for precious metals in acid-sulfate waters (red diamonds) and neutral-chlorine waters 
(blue circles) of Southern Volcanic Zone of Chile. Data are plotted in parts per trillion (ppt) on a vertical logarithmic 
scale. For each element, average concentrations are shown together with maximum and minimum values, and with 
outliers (red cross). 
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segment of the SVZ. Mixing with meteoric fluids is particularly relevant in the neutral-chlorine hot 
springs located between Villarica and Mocho-Choshuenco volcanoes (Fig. 3.1). Within this region, 
most of the neutral-chlorine thermal waters are associated with the main traces of the LOFS that, 
due to their high vertical permeability, allow a deeper circulation of the meteoric fluids, further 
increasing the dilution process in this already humid and rainy region. Our δD and δ18O isotope 
data (Fig. 3.13) are in agreement with the aforementioned studies. All neutral-chlorine water 
samples (blue circles) lie on the Global Meteoric Water Line (GMWL), showing a significant 
meteoric contribution for H and O. In contrast, the acid-sulfate waters (red diamonds in Fig. 3.13) 
plot between the GMWL and the andesitic water field (grey box, after Giggenbach and Soto, 1992), 
displaying a variable mixing degree between waters of magmatic and meteoric derivation. In 
sections 5.1 and 5.2, we discuss the controls on trace element composition of acid-sulfate waters 
and neutral chlorine waters, respectively.  

Figure 3.8. Elemental correlation plots for Li-Cl (a), Cs-Cl (b), Rb-Cl (c), Ba-SO4 (d), Ba-HCO3 (e), Sr-Cl (f), B-Cl 
(g), As-Cl (h), Sb-Cl (i) and Ge-Cl (j) in in acid-sulfate waters (red diamonds) and neutral-chlorine waters (blue circles) 
of Southern Volcanic Zone of Chile. R-squared (R2) values are shown in each plot. 
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Structural controls on degassing: acid-sulfate water composition  

Figures 3.14 and 3.15, show the concentrations of SiO2, alkali, alkaline earth metals, heavy 
metals, PGEs and metalloids of acid-sulfate waters, plotted as a function of Rc/Ra (air-corrected 
3He/4He) ratios measured in the exact same samples, and previously reported by Tardani et al. 
(2016) and Roulleau et al. (2016).  

 

In general, the highest concentrations of SiO2, Ca, Mg, K, Ba, Sr, Co, Ni, Cu, Cd, Rh and 
Pd correlate with lower He isotopes ratios, i.e., a dominant crustal component (Fig. 3.14). This 
observation suggests that the occurrence of these elements is associated with higher degrees of 
evolution/crustal assimilation of the parental magmas, and/or with increased water-rock 
interaction.  As described by Tardani et al. (2016) for the studied segment, the degree of crustal 
contamination (4He addition) is related with the faults controlling the occurrence of volcanic and 
geothermal systems, with the most contaminated values associated with NW-striking structures. In 
contrast, B, As, Sb, Ge, Mo, W, Ti, Pb and Zr show the opposite trend, i.e., high concentrations are 
related with higher He ratios (Fig. 3.15). This trend suggests that the aforementioned elements are 
related to less evolved magmas, and/or their occurrence may be modulated by high permeability 
pathways that enhance vertical fluids circulation, inhibiting reaction (and hence neutralization) 
with wall rocks. According to Tardani et al. (2016), the higher 3He/4He ratios are associated with 
the northern “horsetail” like termination of the LOFS and with NNE-trending transtensional 

Figure 3.9. Elemental correlation plots for Al-SO4 (a), Fe-SO4 (b), Mn-SO4 (c), Co-SO4 (d), Ni-SO4 (e), Cu-SO4 (f), 
Zn-SO4 (g), V-SO4 (h) and Cr-SO4 (i) in in acid-sulfate waters (red diamonds) and neutral-chlorine waters (blue 
circles) of Southern Volcanic Zone of Chile. R-squared (R2) values are shown in each plot. 
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structures of the LOFS.  

 

However, and despite the fact that water-rock interaction and fluid leaching has a significant 
control on trace metal composition of surface thermal waters, the elements concentration vs. Rc/Ra 
plots presented in Figures 3.14 and 3.15 suggest that other processes may be fractionating, e.g., 
base metals and PGEs from metalloids in steam heated acid-sulfate waters. This observation is 
summarized in Figure 3.16, where Cu/As ratios of the acid sulfate waters are plotted against He 
isotope data, represented by Rc/Ra values (Fig. 3.16). The Cu/As ratios show a negative correlation 
with the Rc/Ra values, i.e., high Cu/As ratios are related with low, “crustal” He signatures while 
lower Cu/As ratios are associated with higher, “mantle-like” He values. As reported by Tardani et 
al. (2016), the regional variations in 3He/4He ratios are remarkably consistent with those reported 
for 87Sr/86Sr in lavas along the studied segment, which in turn are strongly controlled by the regional 
spatial occurrence of transpressive (ALFS) and transtensive (LOFS) faults.  

The two processes that more likely affect trace element fractionation in hydrothermal fluids 
are the degree of magmatic evolution and the timing of separation of a magmatic vapor from the 
silicate melt; however, magmatic/hydrothermal fluid circulation can be significantly impacted by 
the tectonic activity and structural architecture of the upper crust, in particular in this seismically 
regions (e.g., Sánchez-Alfaro et al., 2016b).  

Figure 3.10. Elemental correlation plots for Sc-SO4 (a), Ti-SO4 (b), Y-SO4 (c), Zr-SO4 (d), Mo-Cl (e), W-Cl (f), La-
SO4 (g), Ce-SO4 (h) and U-SO4 (i) in acid-sulfate waters (red diamonds) and neutral-chlorine waters (blue circles) 
of Southern Volcanic Zone of Chile. R-squared (R2) values are shown in each plot. 
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In the northern segment of our study area (Copahue volcano geothermal area, Fig. 3.1), 
samples LM and LMM show mantle-like helium signatures (Tardani et al., 2016; Roulleau et al., 
2016), whereas the AF sample has an Rc/Ra ratio of about 5 (Roulleau et al., under review). The 
geothermal fields of the Copahue volcano, despite the wide range of Rc/Ra ratios reported in the 
surface fluids, have been supposed that are fed by the same magmatic source (Agusto et al., 2013; 
Roulleau et al., under review). These differences are attributed to the upper crust structures that 
promote or inhibit the vertical migration of fluids and the reaction with host rock affect helium 
isotope signature (Roulleau et al., under review). Within this context, the thermal springs LM, 
LMM and AF shows very different Cu/As ratio, of about 0.2 for the first two, whereas the latter 
show a ratio of about 20 (Table 2; Fig. 3.16). These data strongly suggest that the fractionation of 
base metals and metalloids in this system (e.g., Cu and As) may be related with the uprising of 
magmatic vapor through the upper crust, after the separation from the parental mafic magma. 

Figure 3.11. Elemental correlation plots for Rh-SO4 (a), Pd-SO4 (b) and Pd-Cl (c), in acid-sulfate waters (red 
diamonds) and neutral-chlorine waters (blue circles) of Southern Volcanic Zone of Chile. R-squared (R2) values are 
shown in each plot. 
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Volatile exsolution, during magma ascent and cooling, is a continuous process starting at 
depth with the exsolution of the relatively insoluble CO2 (Lowenstern, 2001; Wallace, 2005; 
Blundy et al., 2010). However, the bulk of the magmatic water content exsolves relatively rapidly 
as the magma approaches its solvus, at depths of ~5–10 km, depending on magma composition and 
water content (Richards, 2011, 2015 and references therein). During this process, both metals and 
metalloids (e.g., Cu and As, for which robust experimental data are available) partition into a low-
chlorine vapor phase, relative to a silicate magma (Zajacz et al., 2011). Besides chlorine contents, 
sulfur concentrations are also relevant, playing an important role in the complexation of Cu and 
other base metals in magmatic vapors at P–T conditions characteristic of felsic plutons and related 
hydrothermal systems, whereas for metalloids (i.e., As), vapor phase affinity is enhanced by the 
availability of hydroxyl complexes (Heinrich et al., 1999; Simon et al., 2006; Zajacz et al., 2011; 
Pokrovski et al., 2013). In contrast, mafic magmas generally release magmatic volatiles that contain 
lower concentration of Cl and may have relatively high sulfur concentrations available to for the 
early separation a magmatic vapor capable to scavenge Cu from silicate melt (Williams-Jones and 
Heinrich, 2005; Stelling et al., 2008).  

 

Magmatic vapors, formed in these systems by separation from the parental silicate magma, 
could separate into a saline brine and vapor, a process that could take place during the upward 
migration through the upper crust (Heinrich et al., 2004). The vapor-liquid partition coefficients 
compilation published by Pokrovski et al. (2013) for surface geothermal springs, show that 
elements such as B and Pb have the highest vapor affinity, while As, Sb and W also exhibit among 
the highest logPv/l values. Furthermore, Planer-Friedrich et al. (2006) have recognized in low 
temperature (< 60 °C) geothermal springs of Yellowstone Park that high volatilities of some 
metalloids may also be due to the formation of particular compounds as methyl-chloride species 
such as (CH3)2AsCl, (CH3)3As, (CH3)2AsSCH3, and CH3AsCl2.  

Figure 3.12. Concentration plot for trace elements in fumarole condensates (white diamonds) associated with acid-
sulfate waters of Southern Volcanic Zone of Chile. Data are plotted in parts per billion (ppb) on a vertical logarithmic 
scale. For each element, average concentrations are shown together with maximum and minimum values, and with 
outliers (red cross). 
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These species may predominate over major inorganic forms (As(OH)3) and may be 
responsible for high As concentrations in the gas phase.  

 
In Figure 3.17, we plotted the arithmetic mean of partition coefficients between the vapor 

and liquid phase (KD = Cvapor/Cliquid) calculated in eight samples (RV, CR, OM, LMM, LM, PL, JM; 
Table 5) where we have collected in the same point both steam condensate and thermal water 
samples. Our empirical vapor/liquid partition coefficients are in good agreement with those 
published by Pokrovski et al. (2013) for Kamchatka geothermal springs and reported as grey bars 
in Fig. 3.17. Just for W our data are slightly higher than what reported by Pokrovski et al. (2016). 
It is relevant to note that those elements that positively plot with Rc/Ra in Figure 3.17, i.e., display 
logPv/l values close to unity (B, As, Mo and Ti) and higher than 1 (Sb, W, Pb, Zr and Ge), indicating 
a marked vapor affinity. At the contrary those metals that show a negative correlation with Rc/Ra 
also display a Kd<1 (e.g. Ca, Mg, K, Ba, Sr, Cu, NI, Co, Cd, Rh and Pd)  This suggests that in acid-
sulfate waters, the concentrations of Ca, Mg, K, Ba, Sr, Co, Ni, Cu, Cd, Rh and Pd are mainly 
controlled by reaction with host rocks during hydrothermal fluids ascent, whereas B, As, Sb, Ge, 
Mo, W, Ti, Pb and Zr may be sourced directly from the deep-seated magma chambers and 
transported towards the geothermal environment by a vapor phase. 

 

Neutral-chlorine waters 
Similarly to the previous analysis, the concentrations of SiO2, and selected major and trace 

elements in neutral-chlorine waters are plotted vs. Rc/Ra (Fig. 3.18). Silica concentration and Na, 
K, Ca, Mg, B, Rb, Ba, Ni, Cu and Pb concentrations show a positive correspondence with Rc/Ra 
values, whereas As, Sr, Co and Mo do not a clear trend. In general, the concentration data of neutral-
chlorine waters present a higher dispersion that the sulfate waters when plotted against Rc/Ra ratios 
(Figs. 3.14 and 3.15). These features suggest that that the chemistry of chlorine-neutral waters is 
heavily modulated by secondary water-rock interaction processes that deplete selected species (e.g. 
base metals) by removal due to mineral precipitation or incorporation/adsorption into secondary 

Figure 3.13. δ18O-δD plot of acid-sulfate waters (red diamonds) and neutral-chlorine waters (blue circles) of 
Southern Volcanic Zone of Chile. Data of neutral-chlorine waters from Sánchez et al. (2013) are reported (Green 
circles). Global Meteoric Water Line (GMWL; Craig, 1963) and Andesitic Water box (Giggenbach and Soto, 1992) 
are shown for comparison. 
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Elements such Ca, Mg, Ba and Sr can be removed by incorporation into minerals, such as 

carbonates, and possibly in major alteration minerals such as epidote and zeolites (Kaasalainen and 
Stefánsson, 2012). Calcite precipitation is a common mechanism described in neutral-chlorine 
thermal waters of Southern Volcanic Zone, and has been recognized as the main cause of δ13C 
fractionation of dissolved CO2 and of unusual CO2/3He variability in dissolved gas samples , (Ray 
et al., 2009; Tardani et al., 2016). In Figure 3.19, the concentrations of Ca, Mg, Ba, and Sr are 
plotted with CO2/3He ratios of exactly the same neutral-chlorine waters, from Tardani et al. (2016) 
and Roulleau et al. (2016). The positive correspondence of all four elements with CO2/3He ratios 
suggest that calcite precipitation is one of the main processes controlling alkaline-earth metal 
composition of shallow thermal springs in the studied area.  

Elements such As, Sb, Mo, Al, Fe, Mn, Co, Ni, Zn, Cd, Cu, Pb, Cr, V, Zr and W may be 

Figure 3.14. Air-corrected, helium isotopes ratios (Rc/Ra) plotted with concentrations of SiO2 (a), Ca (b), Mg (c), K 
(d), Sr (e), Ba (f), Co (g), Ni (h), Cu (i), Cd (j), Rh (K) and Pd (l) in acid-sulfate waters (red diamonds) of Southern 
Volcanic Zone of Chile. R-squared (R2) values are shown in each plot. 
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easily extracted from the fluid into Al and Fe oxi-hydroxides and/or clays, and/or incorporated into 
Fe(Cu) sulfides and sulfates, whereas SiO2 may precipitate as quartz or amorphous silica. In 
neutral-chlorine waters, many of these metals may not be present at concentrations high enough to 
form pure phases, but may be incorporated into major oxides and hydroxides, silicates, sulfides, 
carbonates and clay minerals (Simmons and Browne, 2000; Reyes et al., 2002; Abraitis et al., 2004; 
Markússon and Stefánsson, 2011; Kaasalainen and Stefánsson, 2012; Libbey and Williams-Jones, 
2016). Therefore, and as proposed by Tardani et al. (2016), it is likely that mineral precipitation 
and increased water-rock interaction had controlled the composition of neutral chloride waters, as 
result of cooling/mixing processes that have affected the hydrothermal systems increasing the 
reaction time with country rock and the cooling of magmatic vapor, and/or by mixing with cold 
and shallow infiltrating water.  

 
Shallow dilution processes by meteoric water are also affecting neutral-chlorine waters in 

the Southern Volcanic Zone of Chile (Sánchez et al., 2013; Tardani et al., 2016). As shown in Figure 
3.13, the δ18O and δD isotopic signatures of thermal waters, lie on the GMWL and are mainly 
dominated by meteoric fluid sources. In Figure 3.20, concentrations of metals such Na, Ca, Li, Sr, 
Mn, Cu, Zn, Cd and Ti are plotted along with 4He/20Ne ratios measured in dissolved gas samples 
collected in the same thermal waters where trace metals analysis have been conducted and already 
published by Tardani et al. (2016) and Roulleau et al. (2016). The 4He/20Ne ratio is a proxy 
indicative of contamination by air of volcanic/geothermal fluid. Air have a fixed 4He/20Ne ratio of 

Figure 3.15. Air-corrected, helium isotopes ratios (Rc/Ra) plotted with concentrations of B (a), As (b), Sb (c), Ge (d), 
Mo (e), W (f), Ti (g), Pb (h) and Zr (i) in acid-sulfate waters (red diamonds) of Southern Volcanic Zone of Chile. R-
squared (R2) values are shown in each plot. 
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0.33, whereas hydrothermal fluid present usually higher values due to lack of 20Ne in the magmatic 
source. The positive correspondence between concentrations and 4He/20Ne ratios suggest that metal 
contents in neutral-chlorine waters are significantly controlled by dilution of thermal waters in the 
shallow crustal level. 

 

 

Figure 3.16. Air-corrected, Helium isotopes ratio (Rc/Ra) plotted with Cu/As ratio in acid-sulfate waters (red 
diamonds) of Southern Volcanic Zone of Chile. R-squared (R2) value is shown. 

Figure 3.17. Diagram representing the partition coefficients between vapor and liquid, calculated for each datapoint 
which was possible to take water and condensate sample in the same place. Data are plotted on a vertical logarithmic 
scale. For each element is shown the arithmetic mean of partition coefficients calculated for single datapoints. Grey 
bars represent the partition coefficients vapor-liquid from Pokrovski et al. (2013)  
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Figure 3.18. Air-corrected, helium isotopes ratios (Rc/Ra) plotted with concentrations of SiO2 (a), Na (b), K (c), Ca 
(d), Mg (e), B (f), As (g), Rb (h), Ba (i), Sr (j), Co (k), Ni (l), Cu (m), Mo (n) and Pb (o) in neutral-chlorine waters (blue 
circles) of Southern Volcanic Zone of Chile. R-squared (R2) values are shown in those diagrams where trend line has 
been calculated. 
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Anomalous PGE concentrations in thermal waters: a pre-enriched basement?  

The measured concentrations of PGEs in acid sulfate, neutral chlorine waters and fumarole 
condensates are unusually elevated (Table 3 and 4, Figs. 3.7 and 3.12), and may provide additional 
insight on the metal sources and processes controlling metal concentrations and distribution in 
thermal waters of the studied segment. Figures 3.21 to 3.25 show the spatial distribution of 
concentrations of Ru, Rh, Pd, Ir and Pt, respectively, in thermal springs along the LOFS in the 
Southern Volcanic Zone of Chile. Of the six PGEs, Pd and Rh are the most anomalous. The contents 
of Pd, the most mobile element among the PGEs, are high and range between 0.01 and 2.00 ppb. 
Rhodium concentrations are also relatively elevated ranging between 0.001 and 0.150 ppb. 
Ruthenium, Pd, Ir and Pt concentrations are above detection only in the northern part of the studied 
region, in an area between the Copahue and Sierra Nevada volcanoes. Rhodium, instead, is also 
detectable in the central part of studied region, near Villarica volcano, but with concentrations in 
thermal waters two orders of magnitude lower than the northern part of the segment.  

 

 

Figure 3.19. CO2/3He ratios plotted with concentrations of Mg (a), Ca (b), Ba (c) and Sr (d) in neutral-chlorine 
waters (blue circles) of Southern Volcanic Zone of Chile. R-squared (R2) values are shown in each plot. 
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PGE concentration data in geothermal waters worldwide are scarce. Similar Pd and Rh 
concentrations have been reported in deep, high temperature (300°C), high salinity (19-25% TDS) 
brines at the Salton Sea geothermal system (up to 2.0 ppb Pd and 0.5 ppb Rh; McKibben et al., 
1990) and in mud pots in Mutnovsky volcano in South Kamchatka, where the temperatures of 
fumarolic emissions range between 150°C and 570°C (up to 2.2 ppb Pd and 0.13 ppb Rh; 
Bortnikova et al., 2008). Our data in fumarole condensates are also relatively high for low 
temperature gas emissions (<100 °C).  Zelenski et al. (2013) also PGE’s contents in high 
temperature fumaroles (1084 °C) in Erta Ale volcano in Ethiopia reported Pt content of about 0.5 
ppb and Os contents of 0.27 ppb in the gas phase. Platinum and Rh were found just in the 
sublimates, whereas Ru and Ir are not reported in any phase. Our Pt data are about 1 ppt, thousand 
times lesser than how reported for Erta Ale, but we could determine also Pd (20.00 ppt), Ir (13.00 
ppt) and Rh (1.40 ppt) in the gas condensate. Ruthenium is below the detection limit. 

 
Palladium and Rh concentrations from the studied springs were plotted along Rc/Ra He 

ratios in Figure 3.14 (K and L, respectively). The observed trends are similar to those for alkali, 
alkaline-earth and transitional metals (Fig. 3.14), suggesting that fluid-rock interaction during 
ascent is the most probable cause of Pd enrichment in thermal springs. Considering that anomalous 
(ppb levels) Pd and Rh concentrations are likely related to a PGE-rich mafic source of mantle 
affinity, PGE enrichment of thermals fluids from the studied area might require PGE-rich source 
rocks of mafic affinity. 

Figure 3.20. 4He/20Ne ratios plotted with concentrations of Na (a), Ca (b), Li (c), Sr (d), Mn (e), Cu (f), Zn (g), Cd (h) 
and Ti (i) in neutral-chlorine waters (blue circles) of Southern Volcanic Zone of Chile. R-squared (R2) values are shown 
in each plot. 
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The basement in the northern portion of the studied region (north of 39°S) is composed 
mainly by Meso–Cenozoic volcano-sedimentary rocks (Cura Mallín and Cola de Zorro), above 
which basaltic to rhyolitic volcanic edifices are constructed. These units are intruded by 
granidioritic plutons of Mio-Pliocene age (Charrier et al., 2002). South of 39°S, the basement is 
dominated by the Meso–Cenozoic plutonic rocks of the Patagonian Batholith. Therefore, potential 
source rock units for PGEs would be restricted to the most primitive lavas of Miocene to Holocene 
volcanoes around which thermal springs occur (Fig. 3.1). However, bulk-rock geochemical 
analysis conducted in lavas of the main volcanic centers in the region (i.e., Copahue, Callaqui, 
Lonquimay and Tolhuaca volcanoes) have revealed low PGEs contents, i.e., below 1 ppb 
(Appendix A1). The low PGE contents of these mafic volcanic rocks preclude a scenario where the 
elevated PGE concentrations found in geothermal fluids can be attributed to leaching due to water-
rock interaction. 

A more probable source of PGEs in thermal fluids may be related to hidden ultramafic 
bodies that have been documented to occur between 38°-40°S (Salazar, 2015; see Figs 3.21 to 
3.25). These chromite-bearing ultramafic orebodies have been described by González-Jiménez et 
al. (2016) at La Cabaña, Recent analyses conducted in chromitites from these ultramafic bodies 
have reveal significant amounts of PGEs (up to 347 ppb total) and Au (up to 24 ppb), present as 
inclusions of platinum-group minerals (PGM) and alloys, as well as native gold. The PGM 
identified include native osmium, laurite (RuS2), irarsite (IrAsS), osarsite (OsAsS), omeiite 
(OsAs2) and Pt–Fe alloys. González-Jiménez et al. (2016) proposed is that these exhumed 
ultramafic bodies were emplaced into the sediments of the Paleozoic accretionary prism after 
transport throughout the subduction channel. Many of these bodies were emplaced into the upper 
crust and currently forming part of the basement beneath the present volcanic arc (e.g., Voipire, 
Madre de Dios).  Although more detailed studies are needed, it is likely that the anomalous 
concentrations of PGEs in thermal fluids, in particular Pd (ppb levels), are related to increased 
leaching of PGEs from hidden ultramafic bodies or blocks. 
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Figure 3.21. Digital elevation model of the central part of the Southern Volcanic Zone in southern Chile with regional 
distribution of Ru concentrations in part per trillion (ppt), in acid-sulfate waters (red diamonds) and neutral-chlorine 
waters (blue circles). White triangles represent main stratovolcanoes of the segment. Solid and dashed lines show 
simplified faults and lineations from Lara et al. (2006), Cembrano and Lara (2009), Sánchez et al. (2013) and Pérez-
Flores et al., 2016. Green squares represent ultramafic bodies of southern Chile from Salazar (2015). Aq.: Antiquina, 
L.C.: La Cabaña, Gb.: Gorbea, Qt.: Quitratue, Vp.: Voipire, P.B.: Palo Blanco, M.B.: Morro Bonifacio, L.U.: Los 
Ulmos.   
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Figure 3.22. Digital elevation model of the central part of the Southern Volcanic Zone in southern Chile with regional 
distribution of Rh concentrations in part per trillion (ppt), in acid-sulfate waters (red diamonds) and neutral-chlorine 
waters (blue circles). White triangles represent main stratovolcanoes of the segment. Solid and dashed lines show 
simplified faults and lineations from Lara et al. (2006), Cembrano and Lara (2009), Sánchez et al. (2013) and Pérez-
Flores et al., 2016. Green squares represent ultramafic bodies of southern Chile from Salazar (2015). Aq.: Antiquina, 
L.C.: La Cabaña, Gb.: Gorbea, Qt.: Quitratue, Vp.: Voipire, P.B.: Palo Blanco, M.B.: Morro Bonifacio, L.U.: Los 
Ulmos.   
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Figure 3.23. Digital elevation model of the central part of the Southern Volcanic Zone in southern Chile with regional 
distribution of Pd concentrations in part per billion (ppb), in acid-sulfate waters (red diamonds) and neutral-chlorine 
waters (blue circles). White triangles represent main stratovolcanoes of the segment. Solid and dashed lines show 
simplified faults and lineations from Lara et al. (2006), Cembrano and Lara (2009), Sánchez et al. (2013) and Pérez-
Flores et al., 2016. Green squares represent ultramafic bodies of southern Chile from Salazar (2015). Aq.: Antiquina, 
L.C.: La Cabaña, Gb.: Gorbea, Qt.: Quitratue, Vp.: Voipire, P.B.: Palo Blanco, M.B.: Morro Bonifacio, L.U.: Los 
Ulmos.   
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Figure 3.24. Digital elevation model of the central part of the Southern Volcanic Zone in southern Chile with regional 
distribution of Ir concentrations in part per trillion (ppt), in acid-sulfate waters (red diamonds) and neutral-chlorine 
waters (blue circles). White triangles represent main stratovolcanoes of the segment. Solid and dashed lines show 
simplified faults and lineations from Lara et al. (2006), Cembrano and Lara (2009), Sánchez et al. (2013) and Pérez-
Flores et al., 2016. Green squares represent ultramafic bodies of southern Chile from Salazar (2015). Aq.: Antiquina, 
L.C.: La Cabaña, Gb.: Gorbea, Qt.: Quitratue, Vp.: Voipire, P.B.: Palo Blanco, M.B.: Morro Bonifacio, L.U.: Los 
Ulmos.   
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Figure 3.25. Digital elevation model of the central part of the Southern Volcanic Zone in southern Chile with regional 
distribution of Pt concentrations in part per trillion (ppt), in acid-sulfate waters (red diamonds) and neutral-chlorine 
waters (blue circles). White triangles represent main stratovolcanoes of the segment. Solid and dashed lines show 
simplified faults and lineations from Lara et al. (2006), Cembrano and Lara (2009), Sánchez et al. (2013) and Pérez-
Flores et al., 2016. Green squares represent ultramafic bodies of southern Chile from Salazar (2015). Aq.: Antiquina, 
L.C.: La Cabaña, Gb.: Gorbea, Qt.: Quitratue, Vp.: Voipire, P.B.: Palo Blanco, M.B.: Morro Bonifacio, L.U.: Los 
Ulmos.   
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Concluding remarks and further implications 

This study presents major and trace element concentrations of thermal springs that occur 
along the Liquiñe-Ofqui Fault Zone in the Southern Volcanic Zone, Chile. Acid-sulfate waters, 
formed by condensation and mixing of steam with meteoric waters, show the highest 
concentrations of metal and metalloid species including K, Ca, Mg, Ba, Al, Fe, Mn, Co, Ni, Cu, 
Zn, V, Cr, Sc, Ti, Cd, Y, Zr, Pb, La, Ce, Th and U. Neutral-chlorine waters, considered to represent 
aquifer fluids that have undergone boiling and subsequently mixed with meteoric water in the 
shallower part of the crust, present the highest concentrations of F, Cl, Br, NO3, 
carbonates/bicarbonates, as well as Na, B, As, Li, Cs, Rb, Sr, Mo, Sb, Te, Ge and W. In both acid-
sulfate and neutral-chlorine waters, PGE concentrations are elevated, in particular Pd (>1 ppb) and 
Rh (0.15 ppb). In order to constrain metal sources and processes, our major and trace element 
database was combined with previously published He isotope (Rc/Ra) and stable isotope (delta C, 
N) data obtained the exact water samples. The results for acid-sulfate waters show that despite that 
acid leaching of host rocks plays a role in metal enrichment (i.e., low, crustal Rc/Ra values correlate 
with high Ca, Mg, K, Ba, Sr, Co, Ni, Cu, Cd, Rh and Pd), metals such Mo, W, Ti and Pb and 
metalloids such as B, As, Sb and Ge are most likely to be directly sourced from the deep magmatic 
system and transported to the shallow geothermal environment by low density vapors (i.e., high, 
primitive Rc/Ra values correlate with high. Mo, W, Ti, Pb, As, Sb and Ge). These two different 
trends of enrichment of acid-sulfate waters are the result of a strong structural control that 
conditions selective elemental partitioning, enhancing water-rock interaction and metal leaching 
along oblique, NW ALFS structures (e.g., Ni, Co, Cu, Pd among others). In contrast, high vertical 
permeability along the main LOFS allow rapid fluxing of metals transported by magmatic vapor 
(e.g., As, Sb, Mo, Ge etc.) 

Neutral-chlorine water chemistry, in contrast, is mostly dominated by shallow processes 
including mixing with meteoric fluids and mineral precipitation. Most of the major and trace 
element data of these waters do not show a clear correlation with Rc/Ra ratios (or display a weak 
positive correspondence). This is interpreted that dilution by meteoric fluids and precipitation 
processes are dominant, leading to a “loss” of metals concentrations by (co)precipitation and 
dilution. These removal processes are enhanced in low permeability settings, where the higher 
residence time of geothermal fluids in the crust increase the reaction time with country rock and 
the cooling of reservoir waters, by mixing with cold and shallow infiltrating water.  

A particular feature of both acid-sulfate and neutral chlorine is the elevated PGE tenor, 
especially in the northern part of the studied region (north of 39°S). Although PGE’s contents are 
relatively high in almost all the thermal springs between 37° and 39°S, the highest concentrations 
of Pd and Rh in water are related with the thermal springs PE and JM (Tolhuaca volcano), 
controlled by a NW ALFS structures and its origin is likely associated with leaching of host rocks 
(negative correspondence between Pd and Rh with Rc/Ra).  Between 38°-40°S have been 
documented various outcrops of ultramafic bodies that have been proposed that were emplaced 
into the sediments of the Paleozoic accretionary prism after transport throughout the subduction 
channel. These bodies are the most suitable source of PGEs in thermal fluids, which by acid 
leaching of hidden bodies beneath the volcanic arc may be enriched in PGE’s during the ascent 
through the upper crust.  

Our study reveals a strong structural control on metal fluxing along the Liquiñe-Ofqui fault 
in Southern Volcanic Zone of Chile. The two main structural features controlling the volcanism 
and geothermal activity in the region i.e. transtensional NE-trending LOFS and transpressive NW-
trending ALFS, control the occurrence of base and precious metals and metalloids in hydrothermal 



68 
 

fluids. Highest concentrations of base metals (e.g. Cu, Co, Ni) are associated with NW ALFS 
controlled thermal springs, whereas those thermal springs spatially associated with NE LOFS show 
the highest concentrations of metalloids (e.g. As, Sb) and metals as Pb, W, Ti and Zr. 

This study conducted in active hydrothermal system may shed new light on metals partition 
and hydrothermal ore deposit distribution along long lived fault structures. For example in the 
Atacama Fault System, a 1000 km sinistral fault cutting across the Chilean Coastal Cordillera, 
which are associated the origin of many ore deposit of northern Chile, the IOCG-IOA deposits 
occur mainly along the main track, whereas porphyry Cu-Au deposits occur along secondary NW-
trending structures. 
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Chapter 4: Cu-As decoupling in an active geothermal system: a link between 

pyrite and fluid composition 
 

Abstract 

Over the past few decades several studies have reported that pyrite hosts appreciable 
amounts of trace elements which commonly occur forming complex zoning patterns within a single 
mineral grain. These chemical zonations in pyrite have been recognized in a variety of 
hydrothermal ore deposit types (e.g., porphyry Cu-Mo-Au, epithermal Au deposits, iron oxide–
copper–gold, Carlin-type and Archean lode Au deposits, among others), showing in some cases 
marked oscillatory alternation of metals and metalloids in pyrite growth zones (e.g., of Cu-rich, 
As-(Au, Ag)-depleted zones and As-(Au, Ag)-rich, Cu-depleted zones). This decoupled 
geochemical behavior of Cu and As has been interpreted as a result of chemical changes in ore-
forming fluids, although direct evidence connecting fluctuations in hydrothermal fluid composition 
with metal partitioning into pyrite growth zones is still lacking. In this study, we report a 
comprehensive trace element database of pyrite from the Tolhuaca Geothermal System (TGS) in 
southern Chile, a young and active hydrothermal system where fewer pyrite growth rims and 
mineralization events are present and the reservoir fluid (i.e. ore-forming fluid) is accessible. We 
combined the high-spatial resolution and X-ray mapping capabilities of electron microprobe 
analysis (EMPA) with low detection limits and depth-profiling capacity of secondary-ion mass 
spectrometry (SIMS) in a suite of pyrite samples retrieved from a ~1 km drill hole that crosses the 
argillic (20 to 450 m) and propylitic (650 to 1000 m) alteration zones of the geothermal system. 
We show that the concentrations of precious metals (e.g., Au, Ag), metalloids (e.g., As, Sb, Se, Te), 
and base and heavy metals (e.g., Cu, Co, Ni, Pb) in pyrite at the TGS are significant. Among the 
elements analyzed, arsenic and Cu are the most abundant with concentrations that vary from sub-
ppm levels to a few wt. % (i.e., up to ~5 wt. % As, ~1.5 wt. % Cu). Detailed wavelength-dispersive 
spectrometry (WDS) X-ray maps and SIMS depth vs. isotope concentration profiles reveal that 
pyrites from the TGS are characterized by chemical zoning where the studied elements occur in 
different mineralogical forms. Arsenic and cobalt occur as structurally bound elements in pyrite, 
Cu and Au in pyrite can occur as both solid solution and submicron-sized particles of chalcopyrite 
and native Au (or Au tellurides), respectively. Pyrites from the deeper propylitic zone do not show 
significant zonation and high Cu-(Co)-As concentrations correlate with each other. In contrast, 
well-developed zonations were detected in pyrite from the shallow argillic alteration zone, where 
Cu(Co)-rich, As-depleted cores alternate with Cu(Co)-depleted, As-rich rims. These 
microanalytical data were contrasted with chemical data of fluid inclusion in quartz and calcite 
veins (high Cu/As ratios) and borehole fluids (low Cu/As ratios) reported at the TGS, showing a 
clear correspondence between Cu and As concentrations in pyrite-forming fluids and chemical 
zonation in pyrite. These observations provide direct evidence supporting the selective partitioning 
of metals into pyrite as a result of changes in ore-forming fluid composition, most likely due to 
separation of a single-phase fluid into a low-density vapor and a denser brine, capable of 
fractionating Cu and As. 

 

Introduction 
Sulfide minerals are common in many active geothermal systems worldwide, including 

Salton Sea in California (Skinner et al., 1967; McKibben and Elders, 1985; McKibben et al., 1988a, 
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b; Hulen et al., 2004), Rotokawa, Ngawha 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), Mataloko in Indonesia (Koseki and Kazuo, 2006; 
Koseki and Nakashima, 2006), Joaquina in Guatemala (Libbey et al., 2015) and Reykjanes in 
Iceland (Libbey and William Jones, 2016). Among sulfides, pyrite is ubiquitous in geothermal 
systems although most studies have focused on their metal-rich fossil counterparts (i.e., ore 
deposits). Mineral chemistry studies of pyrite in hydrothermal ore deposits, including Carlin-type 
and Archean lode Au deposits, porphyry Cu deposits, epithermal Au-Ag deposits and iron oxide–
copper–gold deposits (IOCG), among others, have pointed out that this sulfide is a major host of 
metals and metalloids such as Au, Ag, Cu, Pb, Zn, Co, Ni, As, Sb, Se, Te, Hg, Tl, and Bi (Cook and 
Chryssoulis, 1990; Fleet et al., 1993; Huston et al., 1995; Simon et al., 1999; Large et al., 2009; 
Palenik et al., 2004; Vaughan and Kyin, 2004; Reich et al., 2005, 2006; Barker et al., 2009; Cook 
et al., 2009; Deditius et al., 2009a,b, 2011, 2014; Sung et al., 2009; Koglin et al., 2010; Ulrich et 
al., 2011; Peterson and Mavrogenes, 2014; Steadman et al., 2015; Gregory et al., 2016; Reich et 
al., 2016; Tanner et al., 2016). These studies have also provided analytical and spectroscopic 
evidence showing that the incorporation and micro-textural distribution of these elements is 
complex in pyrite, occurring in both solid solution and/or as metal nanoparticles or nano-inclusions 
forming chemically-heterogeneous growth and sector zones. This variation in the chemical 
composition of pyrite has been used to elucidate the chemical evolution of hydrothermal systems 
and ore deposits at various scales (Muntean et al. 2011), but also been evaluated as a vectoring tool 
in mineral exploration (Baker et al., 2006; Belousov et al., 2014; Franchini et al., 2015; Gregory et 
al., 2016; Soltani Dehnavi et al., 2015). More recently, trace element contents in marine sulfides, 
particularly pyrite, are being used to answer some fundamental questions about the evolution of 
the Earth's ocean-atmosphere system, including how nutrient trace element cycles relate to 
geodynamic cycles, biological evolution and mass extinction events (Large et al., 2014, 2015a, b; 
Gregory et al., 2015a, b; Long et al., 2015). 

Recent studies have reported complex oscillatory growth and sector zoning in pyrite from 
hydrothermal ore deposits where elements such Cu, Au and As are preferentially enriched and show 
a decoupled geochemical behavior (Deditius et al., 2008, 2009, 2011; Reich et al., 2013). Arsenic-
rich zones containing Au, Ag, Sb, Te, and Pb, can alternate with Cu-rich zones with significantly 
lower concentrations of these elements, and barren pyrite zones with no other elements. These 
chemical zoning features have been related to selective partitioning of metals into pyrite as the 
result of physico-chemical changes in the ore-forming fluids (Deditius et al., 2009; Peterson and 
Mavrogenes, 2014; Reich et al., 2013, 2016). Furthermore, in low-temperature sedimentary 
environments, recent studies have shown that diagenetic pyrite formed within the anoxic sediments 
can record the composition of pore water, which is generally enriched in heavy metals (Berner et 
al., 2006, 2013; Gregory et al., 2014). 

In particular, the presence of finely spaced multiple growth zones in pyrite where Cu and 
As are geochemically decoupled provide evidence that the composition of shallow hydrothermal 
systems can be affected intermittently and repetitively by vapors, probably from underlying 
magmas (Deditius et al., 2009; Reich et al., 2013). However, direct observations linking the 
alternating metal concentrations in pyrite zonations and the chemical evolution of the ore-forming 
fluid are still lacking. Furthermore, in active geothermal systems very few studies report trace metal 
concentrations in pyrite (Reykjanes geothermal system; Libbey & William-Jones, 2016), and no 
data linking sulfide composition, paleofluid and present-day fluid chemistry are currently available. 
Such information is relevant and is feasible to obtain in a young, active geothermal system where 
fewer mineralization events are present, pyrite show fewer growth zones and/or chemical 
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oscillations, and the reservoir fluid (i.e. ore-forming fluid) is accessible. This evidence is crucial to 
interpret the reportedly complex zoning of pyrite in fossil hydrothermal systems. 

In this paper we report a comprehensive major and trace element database of pyrite from 
the active Tolhuaca Geothermal System (TGS) in the Andes of southern Chile, a high enthalpy 
geothermal reservoir that has been drilled down to ~3 km depth, but it is not affected by geothermal 
production or re-injection (Melosh et al., 2012; Sánchez-Alfaro et al., 2016a). At the TGS fine-
grained pyrite is abundant, present-day geothermal fluids carry metals and metalloids including 
Cu, Au and As, among others, and paleofluid compositions are also available from fluid inclusions 
studies (Sánchez-Alfaro et al., 2016a). Therefore, the TGS provides an excellent opportunity to 
link the chemical and textural features of pyrite with paleofluid and borehole fluids composition 
data. In situ concentrations of precious metals (e.g., Au, Ag), metalloids (e.g., As, Sb, Se, Te) and 
base and heavy metals (e.g., Cu, Co, Ni, Pb) were measured using a combination of electron 
microprobe analysis (EMPA) and secondary-ion mass spectrometry (SIMS) in a suite of well 
constrained pyrite samples retrieved from a ~1 km drill core. Furthermore, we correlated our pyrite 
trace element data with geochemical data of present-day borehole fluids samples and LA-ICP-MS 
analyses of fluid inclusion assemblages hosted in paragenetically-linked quartz and calcite veins 
from Sánchez-Alfaro et al. (2016a). By integrating these three sources of data, i.e., elemental 
concentrations in pyrite, fluid inclusion data and borehole fluid chemistry, we provide evidence 
that fluctuations in the trace element budget of pyrite are directly linked to changes in hydrothermal 
fluid composition resulting from episodic inputs of magmatic vapor and/or phase separation (or 
boiling) of a single-phase hydrothermal fluid.  

 
Geological background  

In the Andean Cordillera of the central-southern Chile, hydrothermal systems occur in close 
spatial relationships with active volcanism as well as with major seismically active fault systems 
(Cembrano and Lara, 2009). In southern Chile, geothermal features are spatially related with the 
Liquiñe-Ofqui Fault System and with the NW-trending Arc-oblique Long-lived Basement Fault 
System (Sánchez et al., 2013; Tardani et al., 2016). The active TGS is located in the northern 
termination of the Liquiñe-Ofqui Fault System (Fig. 4.1) and is spatially associated with both NE- 
and NW-striking faults. 

The Tolhuaca volcano is a glacially scoured composite stratovolcano of late-Pleistocene to 
Holocene age that rises ~900 m over a Miocene volcano-sedimentary rock basement (Lohmar et 
al., 2012; Thiele et al., 1987). In the summit, several NW-trending aligned craters with different 
preservation states indicate a migration of the volcanic activity from the SE towards the NW (Thiele 
et al., 1987). Lavas are predominantly basaltic andesites and andesites, with minor presence of 
basalts and dacites (Thiele et al. 1987, Lohmar et al., 2012). The latest eruptive phases occur in the 
NW portion of the volcanic edifice and correspond to a ~2 km long NW-trending fissure and a 
pyroclastic cone. The Tolhuaca volcano is likely to be related to the ALFS, which provides the 
suitable conditions for the development of magma reservoirs and magma differentiation 
(Cembrano and Lara, 2009, Pérez-Flores et al., 2016). 

The TGS is located in the northwest flank of the Tolhuaca volcano and is characterized by 
several surficial thermal manifestations including fumaroles, boiling pools and hot springs (Fig. 
4.1). Geothermal exploration campaigns have revealed the existence of a high-enthalpy reservoir 
in the system (Melosh et al., 2010, 2012). Two slim holes (Tol-1 and Tol-2) and two larger diameter 
wells (Tol-3 and Tol-4) were drilled down to 2117 m vertical depth (Fig. 4.1). Temperature logging 
and fluid samples suggest the presence of a geothermal reservoir at c.a. 1.5 km depth, at liquid-
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saturated conditions with temperatures up to 300 °C and a relatively high meteoric water 
component (Melosh et al., 2012). The main reservoir is overlain by a steam heated aquifer at 
shallow depths that reaches up to 160 °C and controls the chemical nature of most of the hot springs 
(Melosh et al., 2010, 2012). 

 
Figure 4.1. Geological map of the Tolhuaca Geothermal System (TGS), modified from Aravena et al. (2016) and 
Sánchez-Alfaro et al. (2016a). The main geologic units, structures, surface thermal features and geothermal well 
locations, as well as the schematic cross section, were modified from Sánchez-Alfaro et al. (2016a). Simplified lithology 
of the Tol-1 well and hydrothermal alteration zones were taken from Melosh et al. (2010; 2012) and Sánchez et al. 
(2013). Depth location is indicated for pyrite-bearing samples PFI-2, PFI-3, PFI-26, PFI-39, PFI-41 and PFI-45. 
LOFZ: Liquiñe Ofqui Fault Zone; ALFS: Arc-oblique Long-lived Basement Fault System. 
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The different geologic units, observed in the Tol-1 drill core material, are mainly lavas and 
related breccias, volcanoclastic and minor tuffs (Fig. 4.1). Hyaloclastites and pillow breccias also 
occur at different levels in the Tol-1 core (Lohmar et al., 2012; Sánchez-Alfaro et al., 2016a). Based 
on thin section petrography and X-ray diffraction (XRD) analyses of the Tol-1 core, three alteration 
zones were defined: 1) an upper zone of argillic alteration (20 to 450 m); 2) an intermediate zone 
with sub-propylitic alteration (450 to 650 m); and 3) a deeper zone of propylitic alteration (≥ 650 
m) (Fig. 4.1) (Melosh et al., 2012). Lohmar et al. (2012) and Sánchez-Alfaro et al. (2016a) 
characterized argillic alteration facies by Fe-oxides + chlorite + calcite + clay + quartz + pyrite 
(+apatite), whereas the mineral assemblages in high temperature propylitic facies are composed of 
chlorite + epidote + calcite + pyrite + quartz + zeolites.  

Melosh et al. (2012) and Sánchez-Alfaro et al. (2016a) recognized four stages (S1 to S4) of 
hydrothermal alteration in the TGS. The S1 stage represents an early heating event characterized 
by precipitation of iron oxides, quartz, and chalcedony as a result of widespread boiling and 
flushing. An episode of pervasive hydrothermal alteration of the volcanic and volcaniclastic rocks 
defines the S2 stage, where low temperature (<200 °C) argillic alteration assemblages (smectite; 
illite/smectite; interlayered chlorite/smectite, pyrite, calcite and chalcedony/amorphous silica) 
developed at the shallower levels (<670 m), while propylitic alteration assemblages (chlorite, 
epidote, quartz, calcite and pyrite) were formed under higher temperature (≥250 °C) conditions in 
the deep upflow zone (>700 m). Between the S2 and S3 stages, a low-permeability clay cap 
composed of chlorite and smectite was formed, separating the deep part of the system (propylitic 
alteration) from the shallower one (argillic alteration) (Fig. 4.1). The S3 stage was characterized 
by an increase in magmatic heat that promoted hydro-fracturing and brecciation of the clay-cap. 
The homogenization temperature data from fluid inclusions indicate diffuse boiling in the upper 
and lower zones. Finally, the S4 stage reveals a phase of fluid mixing and gentle boiling.  

 

Samples and methods 
Six representative pyrite-bearing samples from the argillic and propylitic alteration zones 

were selected (PFI-2, PFI-3, PFI-26, PFI-39, PFI-41, and PFI-45) from different depths of the drill 
core, as shown in Figure 4.1. Scanning electron microscope (SEM) observations were undertaken 
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 of 1-3 µm, an accelerating voltage of 10-20 keV, a beam intensity of 80 µA, and a 
working distance of 10 mm. 

Pyrite is present as euhedral or sub-euhedral disseminated grains (<1 mm) at the TGS, 
occurring in millimeter-sized monomineralic veinlets and in micrometer-sized crystals in the rim 
of veins of amorphous silica and Fe-oxides (Fig. 4.2). Pyrite is generally fine-grained in the deeper 
propylitic zone (<30 µm). In the sub-propylitic zone (clay cap), pyrite is almost absent and is 
replaced by minor chalcopyrite and bornite. Minor amounts of sphalerite and galena are also 
identified. For detailed descriptions of the alteration and mineralization assemblages at Tolhuaca, 
the reader is referred to Sánchez-Alfaro et al. (2016a). 

Electron microprobe analysis (EMPA) of pyrite grains (152 spot analyses total) was 
performed using a field-emission gun JEOL 8530F hyperprobe equipped with five wavelength-
dispersive spectrometers at the Center for Microscopy, Characterization and Analysis (CMCA), 
University of Western Australia in Crawley, WA. Operating conditions were 40 degrees take-off 
angle and beam energy of 20 keV. The beam current was 50 nA, and the beam was fully focused. 
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Elements were acquired using the following analyzing crystals: LiF for Fe Kα, Au Lα, Te Lα, Cu 
Kα, Ni Kα, Zn Kα and Co Kα; PETJ for S Kα, Ag Lα, and Cd Lα; PETH for Sb Lα, and Pb Mα; 
and TAP for As Lα and Se Lα. The standards employed were commercially available metals, 
oxides, sulfides, selenides, and tellurides. Counting time was 20 seconds for S Kα and Fe Kα, 60 
seconds for Cu Kα, Ni Kα, Zn Kα, and Co Kα, 80 seconds for Se Lα and Te Lα, 100 seconds for 
As Lα, Sb Lα, and Pb Mα, 120 seconds for Ag Lα and Cd Lα, and 200 seconds for Au Lα. Mean 
atomic number background corrections were employed throughout (Donovan and Tingle, 1996). 
Unknown and standard intensities were corrected for dead time and the ZAF algorithm was used 
for matrix absorption (Armstrong, 1988). On-peak interference corrections were applied as 
appropriate (Donovan et al., 1993). Detection limits ranged from 0.006 wt. % for Sb to 0.032 wt. 
% for Au.  

Wavelength-dispersive spectrometry (WDS) X-ray maps were acquired using the 
calibration set up described above. Detection limit maps were acquired for these elements and 
applied as the minimum cut-off values. Map acquisition utilized a 100 nA beam current with 2 x 2 
µm pixel dimension and 40 msec dwell time per pixel. Data were processed using the Calcimage 
software package and output to Surfer® for further processing and enhancement.  

Additionally, 152 secondary-ion mass spectrometry (SIMS) spot analyses were acquired on 
individual pyrite grains from selected samples from the argillic and propylitic alteration zones 
(Table 4.2). SIMS analyses were performed at the Advanced Mineral Technology Laboratories 
(AMTEL) in London, Ontario, using a Cameca IMS-3f ion microprobe. Secondary ions monitored 
were 63Cu, 65Cu, 75As, 78Se, 80Se, 107Ag, 109Ag, 121Sb, 123Sb, 128Te, 130Te, and 197Au. In addition, the 
major sulfide-matrix constituent isotopes, 56Fe and 34S were monitored. A 10 kV and 8 nA primary 
Cs+ beam source was used for measurements, with a 4.5 kV accelerating voltage used for the 
negative secondary ions. The analytical spot size of the primary beam was ~25 µm; depth of 
analysis was 3.5-7.0 µm. Mineral standards used were produced experimentally by implanting a 
known dosage of the element of interest into the pyrite matrix using the Tandetron accelerator at 
the University of Western Ontario, Canada.  The detection limits were ~0.03 ppm for Au, 3 ppm 
for As, 0.1 ppm for Cu, 0.02 ppm for Ag, 0.2 ppm for Sb, 0.01 ppm for Te, and 0.1 ppm for Se. For 
depth-concentration profiles, the minimum detectable size of sub-micron mineral inclusions was 
500 nm at a 5 sec counting time. Thus, if more than one nanoparticle or inclusion is intercepted 
simultaneously, they register as a single particle in the depth profile. 

 
Results 

Representative EPMA and SIMS analyses of pyrite are reported in Tables 4.1 and 2, 
respectively. A summary of the trace elements concentrations in pyrite is presented in Figure 4.3. 
Back-scattered electron (BSE) images and quantitative WDS X-ray maps of representative samples 
from the shallow argillic alteration zone (PFI-2 and PFI-3) are shown in Figure 4.4, while Figure 
4.5 displays WDS X-ray maps of pyrite grains from the deeper propylitic alteration zone (PFI-39 
and PFI-41). Although no marked vertical variation in the trace element concentrations was 
generally observed in pyrite from the TGS, the average concentrations of some metals (Cu, Co, Pb, 
,and Ni) and metalloids (As, Sb, Te) are slightly higher in the shallower argillic alteration zone  
(first 250 m of the drillcore).  
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Pyrite from the TGS is characterized by high concentrations of As, Pb and Cu, up to ~5 wt. 

%, ~2 wt. % and ~1.5 wt. %, respectively (Fig. 4.3). Cobalt and Sb contents are also relatively high 
and vary from 200 ppb to ~1 wt. % and from ~300 ppb to ~0.5 wt. %, respectively, spanning five 
orders of magnitude in concentration. Arsenic, Cu and Co show distinct zoning in the shallower 
argillic alteration zone (Fig. 4.4). WDS X-ray maps indicate that arsenic is enriched in the rims of 
pyrite crystals and depleted in the center (Fig. 4.4b, f, i, l and o), while Cu and Co show the opposite 
distribution with the highest concentrations found in the pyrite cores (Fig. 4.4c, d, g, j, k, m, n, p 
and q). WDS X-ray maps of fine-grained pyrite from the deeper, propylitic alteration zone (Figs. 
5a-f) do not display the well-defined zonation patterns observed in pyrite grains from the argillic 

Figure 4.2. Backscattered electron (BSE) images showing representative textural relationships of pyrite-bearing 
samples from the TGS. Pyrite occurs as disseminated grains (A, B, C, E, F) and in silica veinlets (C, D), and is mainly 
associated with Fe-oxide (A) and chalcopyrite (E). Chalcopyrite inclusions in pyrite are visible in selected grains (F). 
Py: pyrite; FeOx: Fe-oxide; Zeo: zeolite; Ab: albite, Cpy: chalcopyrite. The red line (F) shows an EMPA traverse (see 
table 4.1, sample PFI-39, datapoints 44a T3). 
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alteration zone samples. Only one pyrite grain from the propylitic zone shows As-enriched cores 
(Fig. 4.5a), although these higher concentrations do not correlate with increased Cu or Co (Fig. 
4.5b and c).  

Concentrations of Au in pyrite are detectable using SIMS. Only one data point was detected 
by EPMA with a concentration of 1500 ppm (Table 4.1). SIMS data show Au values that vary 
between 10 ppb to ~10 ppm. Silver concentrations range between 70 ppb and ~400 ppm, with one 
data point reaching ~0.5 wt. %. Cadmium, Ti and Se contents of pyrite range from 200 and 160 
ppm, and 30 ppb, respectively, to maximum concentrations within the range of 1000’s of ppm. 
Nickel and Te concentrations vary between ~60 to 600 ppm, and ~10 ppb to 500 ppm, respectively.  

 
Discussion 

Mineralogical incorporation of metals and metalloids in pyrite from the TGS 
Pyrite from the TGS can be classified as “arsenian” in terms of its As contents (i.e., up to 5 

wt. % levels), which is also in agreement with the high As concentrations documented in the well 
fluids and thermal springs (up to 25 ppm; Sánchez-Alfaro et al., 2016a). The generally 
homogeneous distribution of As in pyrite, as detected by WDS X-ray maps (Figs. 4.4b, f, i, l, o and 
Figs. 4.5a and d), strongly suggests that As is structurally bound (solid solution), even if the As-
Fe-S ternary diagram in Figure 4.6 suggests minor presence of As0. Correlation plots showing As-
S and As-Fe inverse trends (Figs. 4.7a and b) and the ternary diagram of Figure 4.6 does not show 
a conclusive trend of As substitution at the TGS, and it is likely that As1-, As2+ and As3+ ionic 
species are present (Deditius et al., 2008; 2014; Qian et al., 2013). No significant clustering 
distribution of As are observed in WDS maps, where As is markedly enriched in the pyrite rims 
(Figs. 4.4b, f, i, l and o). Also, no noticeable differences in As speciation are observed in pyrite 
from the shallower or deeper zones, as suggested using SIMS depth profiling, where each 
successively deeper layer of the material is analyzed as a function of time. The flat 75As depth 
profile in Figure 4.8b strongly suggests that As is mainly incorporated within the pyrite structure. 

The high Cu concentrations (up to ~2 wt. %) measured by EMPA are related to two 
dominant mineralogical forms of Cu, as observed on SIMS depth profiles: (i) structurally bound 
Cu, and (ii) as micro- to nano-sized inclusions of chalcopyrite (Figs. 4.8c and d). Both forms of Cu 
can also be observed in the elemental maps in Figures 4.4d, g, k, n and q, and in Figures 4.5c and 
f. Structurally bound Cu is distributed homogeneously, forming the light blue-colored areas usually 
restricted to the core of the pyrite crystals, which contrasts with the dark-blue, low-Cu background 
(Fig. 4.4d, g and k, WDS maps).  

The elemental plot in Figure 4.7c shows a negative correspondence between Cu and Fe 
(R2=0.60), suggesting that Cu2+ ⇔ Fe2+ as a possible substitution, although the precise mechanism 
of Cu incorporation cannot be deduced (Shimazaki and Clark, 1970; Schmid-Beurmann and Bente, 
1995). It is likely that most of the structurally bound Cu replaces Fe in octahedral sites, which may 
be due to considerable distortion of the pyrite symmetry by the presence of other elements such as 
As, Sb or Co (Radcliffe and McSween, 1969; Bayliss, 1989).  
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Table 4.1. Representative EPMA Analyses (wt %) of Pyrite from the Tolhuaca Geothermal System. Detection limits 
(DL) are shown in wt. %. 

   S WT%   Fe WT%  Co WT%  Cu WT%   Ni WT%   Pb WT% Ti WT%   As WT%  Sb WT%  Se WT%   Te WT%  Au WT%  Ag WT%  Cd WT%    TOTAL
DL 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.02
PFI-2
p1-1 50.83 45.07 0.01 0.03 b.d. 0.03 b.d. 2.72 0.01 b.d. b.d. b.d. b.d. b.d. 98.75
p1-2 51.67 44.70 0.01 b.d. 0.01 0.02 b.d. 3.93 0.02 0.01 b.d. b.d. b.d. 0.03 100.47
p3-1 52.18 44.42 0.11 0.02 0.04 0.11 b.d. 2.35 0.01 0.01 b.d. b.d. 0.02 0.03 99.30
p2-1 51.37 44.62 b.d. b.d. b.d. 0.03 b.d. 2.95 0.01 b.d. b.d. b.d. b.d. b.d. 99.09
p5-1 53.16 44.51 0.10 0.33 0.02 0.24 b.d. b.d. 0.01 b.d. b.d. b.d. 0.03 0.04 98.43
p4-1 53.16 44.88 0.02 0.47 b.d. 0.10 b.d. 0.30 b.d. b.d. b.d. b.d. 0.02 b.d. 98.99
p8-1 53.09 45.01 0.10 0.09 0.01 0.17 b.d. 0.50 0.02 0.03 b.d. b.d. 0.02 b.d. 99.13
p8-2 51.79 43.93 0.05 0.36 0.01 0.08 b.d. 0.43 b.d. b.d. b.d. b.d. b.d. 0.02 96.70
p8-3 53.09 44.52 0.06 0.05 0.01 0.08 b.d. 0.15 b.d. b.d. b.d. b.d. 0.02 0.02 98.02
p8-4 52.78 43.90 0.02 0.06 b.d. 0.04 b.d. 0.89 b.d. b.d. b.d. b.d. 0.02 0.04 97.75
p7-1 50.01 45.23 0.11 0.03 0.06 0.06 b.d. b.d. 0.01 b.d. 0.04 b.d. b.d. b.d. 95.60
p7-2 52.79 45.47 b.d. 0.14 b.d. 0.02 b.d. b.d. 0.01 b.d. 0.05 b.d. b.d. b.d. 98.58
p7-3 53.54 45.17 0.01 0.03 b.d. b.d. b.d. 0.33 b.d. b.d. b.d. b.d. 0.03 0.02 99.13
p6-1 50.17 43.53 0.04 0.33 b.d. 0.16 b.d. 4.88 0.03 0.04 0.04 b.d. b.d. b.d. 99.26
PFI-3
p3-1 52.76 44.82 0.06 0.08 b.d. 0.15 b.d. b.d. 0.01 0.01 b.d. b.d. b.d. b.d. 97.92
p3-4 51.67 44.27 b.d. 0.24 b.d. 0.07 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 0.02 96.31
p4-1 52.15 44.94 0.24 0.06 0.03 0.07 b.d. 0.08 0.02 b.d. b.d. b.d. 0.02 b.d. 97.67
p4-2 52.07 44.88 0.06 0.08 b.d. 0.12 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 0.02 97.29
p4-3 51.46 44.55 0.04 0.11 b.d. 0.19 b.d. b.d. 0.01 b.d. b.d. b.d. 0.02 b.d. 96.43
p4-4 51.74 45.04 0.05 0.03 b.d. 0.06 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. 96.98
p4-5 51.27 44.20 0.18 0.12 0.02 0.15 b.d. b.d. 0.02 b.d. b.d. b.d. 0.02 b.d. 96.04
p1-2 51.60 44.95 0.18 0.09 0.02 0.07 b.d. b.d. 0.01 b.d. b.d. b.d. 0.02 b.d. 96.97
p1-4 51.95 45.84 0.03 0.13 0.01 0.06 b.d. 0.19 0.01 b.d. b.d. b.d. b.d. b.d. 98.26
p1-5 51.16 45.46 0.01 0.03 b.d. 0.01 b.d. 0.86 0.02 b.d. b.d. b.d. b.d. b.d. 97.58
p2-4 51.29 45.59 0.04 0.06 b.d. 0.03 b.d. 0.07 0.02 b.d. b.d. b.d. b.d. b.d. 97.12
p2-5 52.03 45.74 0.03 0.08 b.d. 0.02 b.d. 0.06 0.01 b.d. b.d. b.d. b.d. b.d. 98.00
p2-7 51.08 44.78 0.10 0.04 b.d. 0.17 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. 96.20
p2-8 51.72 45.25 0.06 0.10 b.d. 0.04 b.d. 0.19 0.02 b.d. b.d. b.d. b.d. b.d. 97.43
p5-2 51.55 45.42 0.06 0.09 b.d. 0.08 b.d. 0.08 0.01 b.d. 0.05 b.d. b.d. b.d. 97.38
p5-5 51.79 44.66 0.07 0.08 b.d. 0.12 b.d. b.d. 0.01 b.d. b.d. b.d. 0.02 b.d. 96.82
p7-1 50.01 44.39 0.05 0.07 b.d. 0.07 b.d. 0.53 0.02 0.01 b.d. b.d. b.d. b.d. 95.17
p7-4 51.49 45.44 b.d. 0.20 b.d. 0.03 b.d. 0.11 0.02 b.d. b.d. b.d. b.d. b.d. 97.33
p7-5 51.93 45.06 0.03 0.07 b.d. 0.02 b.d. 0.29 0.02 b.d. b.d. b.d. 0.02 b.d. 97.47
PFI-39
8a 53.76 45.45 0.03 b.d. b.d. b.d. b.d. b.d. 0.01 0.04 b.d. b.d. 0.03 0.07 99.38
9a 52.54 45.95 0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 98.54
10a 53.32 46.24 0.08 b.d. b.d. b.d. b.d. 0.16 b.d. b.d. b.d. b.d. b.d. 0.04 99.85
12a 54.75 46.52 0.04 0.10 b.d. b.d. b.d. 0.12 b.d. b.d. b.d. b.d. 0.03 0.05 101.62
19a 52.56 45.37 0.05 b.d. b.d. b.d. b.d. 0.06 b.d. b.d. b.d. b.d. b.d. 0.04 98.08
24a 54.01 46.63 0.04 b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 0.04 100.72
26a 54.08 46.17 0.04 b.d. b.d. b.d. b.d. 0.15 b.d. b.d. b.d. b.d. 0.02 0.04 100.49
29a 52.75 45.96 0.05 b.d. b.d. 0.06 b.d. 1.77 0.02 b.d. b.d. b.d. 0.02 0.03 100.65
30a 53.73 46.07 0.10 b.d. b.d. 0.03 b.d. 0.18 b.d. b.d. b.d. b.d. 0.02 0.04 100.18
31a 54.37 46.80 0.07 b.d. b.d. 0.02 b.d. 0.04 0.01 b.d. b.d. b.d. b.d. 0.03 101.34
32a(T1) 53.25 46.93 0.06 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 100.27
32a(T1) 53.03 46.59 0.08 b.d. b.d. 0.03 b.d. 0.22 b.d. b.d. b.d. b.d. b.d. 0.03 99.99
32a(T1) 53.73 46.79 0.07 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 100.62
32a(T1) 54.25 46.87 0.06 b.d. b.d. b.d. b.d. 0.04 b.d. b.d. b.d. b.d. b.d. 0.03 101.25
32a(T1) 53.63 46.74 0.07 b.d. b.d. 0.06 b.d. 0.66 0.01 b.d. b.d. b.d. b.d. 0.04 101.20
32a(T1) 53.67 46.71 0.06 b.d. b.d. 0.02 b.d. 0.05 b.d. b.d. b.d. b.d. 0.02 0.03 100.56
32a(T1) 53.40 46.61 0.07 b.d. b.d. 0.04 b.d. 0.35 b.d. b.d. b.d. b.d. b.d. 0.04 100.50
33a 52.52 46.50 0.08 b.d. b.d. 0.03 b.d. 0.13 b.d. b.d. b.d. b.d. b.d. 0.04 99.28
34a(T2) 53.18 46.25 0.11 b.d. b.d. 0.05 b.d. 0.21 b.d. b.d. b.d. b.d. 0.02 0.05 99.88
34a(T2) 53.62 46.67 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 100.36
34a(T2) 53.56 46.75 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 0.05 100.42
34a(T2) 53.24 46.39 0.06 b.d. b.d. b.d. b.d. 0.06 b.d. b.d. b.d. b.d. 0.02 0.04 99.81
36a 53.80 46.50 0.04 b.d. b.d. 0.02 b.d. 0.25 0.01 b.d. b.d. b.d. b.d. 0.04 100.67
39a 53.85 46.41 0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.05 100.34
40a 53.80 46.17 0.04 0.01 b.d. 0.01 0.02 0.03 0.01 0.01 b.d. b.d. 0.03 0.05 100.18
41a 52.64 46.12 0.04 0.02 b.d. b.d. 0.07 b.d. b.d. b.d. b.d. b.d. b.d. 0.04 98.92
42a 53.56 46.15 0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 0.04 99.81
44a(T3) 53.51 46.64 0.06 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 100.25
44a(T3) 53.00 45.89 0.07 1.58 b.d. 0.05 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 0.03 100.64
44a(T3) 53.72 46.87 0.07 0.06 b.d. 0.04 b.d. b.d. b.d. b.d. b.d. b.d. 0.02 0.04 100.81
44a(T3) 52.95 46.64 0.08 b.d. b.d. 0.03 b.d. 0.03 b.d. b.d. b.d. b.d. b.d. 0.02 99.74
44a(T3) 52.80 45.99 0.07 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 98.91
44a(T3) 53.25 46.34 0.05 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 99.69
45a(T4) 52.84 46.01 0.06 0.02 b.d. 0.02 b.d. 1.19 0.03 b.d. b.d. b.d. 0.02 0.04 100.22
45a(T4) 51.77 44.93 0.05 0.05 b.d. 2.04 b.d. 1.17 0.02 b.d. b.d. b.d. b.d. 0.04 100.07
45a(T4) 51.38 45.23 0.04 b.d. b.d. 1.34 b.d. 1.32 0.02 b.d. b.d. b.d. b.d. b.d. 99.33
46a(T5) 53.95 46.40 0.05 b.d. b.d. b.d. b.d. 0.39 b.d. b.d. b.d. b.d. 0.02 0.05 100.85
46a(T5) 53.98 46.51 0.04 b.d. b.d. b.d. b.d. 0.36 b.d. b.d. b.d. b.d. 0.02 0.04 100.95
46a(T5) 53.83 46.81 0.04 b.d. b.d. b.d. b.d. 0.26 0.01 b.d. b.d. b.d. 0.02 0.04 101.01
46a(T5) 53.32 46.44 0.05 0.04 b.d. 0.02 b.d. 0.22 0.01 b.d. b.d. b.d. b.d. 0.04 100.14
46a(T5) 53.79 46.97 0.11 b.d. b.d. 0.02 b.d. 0.43 0.01 b.d. b.d. b.d. b.d. 0.04 101.38
46a(T5) 53.33 46.66 0.07 b.d. b.d. 0.02 b.d. 0.36 0.01 b.d. b.d. b.d. b.d. 0.03 100.47
46a(T5) 53.48 46.75 0.07 b.d. b.d. b.d. b.d. 0.26 0.01 b.d. b.d. b.d. b.d. 0.03 100.60
47a 53.42 45.71 0.14 b.d. b.d. b.d. 0.06 0.62 0.03 b.d. b.d. b.d. 0.02 0.04 100.04
49a 53.09 46.26 0.19 b.d. b.d. b.d. 0.04 0.98 0.01 b.d. b.d. b.d. b.d. 0.03 100.60
50a 52.97 46.82 0.07 b.d. b.d. b.d. b.d. 0.62 0.03 b.d. b.d. b.d. b.d. 0.03 100.53
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PFI-41
1b(T1) 54.46 46.43 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 0.04 101.02
1b(T1) 54.16 46.69 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 0.06 100.98
1b(T1) 54.05 46.92 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 101.04
1b(T1) 53.72 46.75 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 100.55
1b(T1) 53.68 46.69 0.04 b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 0.03 100.44
1b(T1) 53.44 46.63 0.04 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 100.15
1b(T1) 53.43 46.72 0.05 b.d. b.d. 0.01 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 0.02 100.24
2b 53.87 46.48 0.04 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 100.45
4b 54.09 46.77 0.05 b.d. b.d. 0.02 b.d. b.d. b.d. b.d. b.d. b.d. 0.02 0.04 100.99
5b 53.53 46.43 0.08 b.d. b.d. 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 100.11
6b 53.51 46.42 0.03 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 100.02
7b 53.53 46.59 0.04 b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 0.03 100.20
8b 53.90 46.13 0.04 b.d. b.d. b.d. b.d. 0.37 b.d. b.d. b.d. b.d. 0.03 0.05 100.51
9b 54.08 46.56 0.04 b.d. b.d. b.d. b.d. 0.12 b.d. b.d. b.d. b.d. 0.03 0.04 100.87
10b 52.95 46.24 0.05 b.d. b.d. b.d. b.d. 0.55 0.01 b.d. b.d. b.d. b.d. 0.04 99.82
11b 53.07 46.24 0.08 b.d. b.d. 0.04 0.15 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.58
12b 54.51 46.40 0.06 b.d. b.d. b.d. 0.08 0.16 0.01 b.d. b.d. b.d. 0.03 0.03 101.27
13b 52.68 45.70 0.04 b.d. b.d. b.d. 0.06 0.10 b.d. b.d. b.d. b.d. 0.02 0.03 98.63
14b 53.62 46.71 0.06 b.d. b.d. 0.02 0.12 b.d. b.d. b.d. b.d. b.d. 0.02 0.03 100.57
15b 53.61 46.47 0.05 b.d. b.d. 0.02 0.07 0.13 b.d. b.d. b.d. b.d. b.d. 0.03 100.38
16b 53.69 46.26 0.11 b.d. b.d. 0.02 0.13 b.d. b.d. b.d. b.d. b.d. b.d. 0.03 100.24
17b 52.41 45.62 0.11 b.d. b.d. 0.02 0.11 0.10 0.01 b.d. b.d. b.d. b.d. 0.03 98.42
20b 53.40 46.28 0.05 b.d. b.d. 0.04 0.04 b.d. 0.01 b.d. b.d. b.d. b.d. 0.02 99.84
21b 53.25 45.92 0.04 b.d. b.d. 0.02 0.06 0.22 0.01 b.d. b.d. b.d. 0.02 0.04 99.57
22b 53.72 46.17 0.08 b.d. b.d. b.d. 0.20 0.14 0.01 b.d. b.d. b.d. 0.03 0.03 100.38
23b 53.15 46.28 0.04 b.d. b.d. 0.02 0.02 0.06 b.d. b.d. b.d. b.d. b.d. 0.03 99.61
24b 52.56 45.69 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 0.03 98.33
25b 52.81 45.78 0.04 b.d. b.d. b.d. 0.05 0.02 b.d. b.d. b.d. b.d. b.d. 0.03 98.72
27b 53.54 45.85 0.09 0.02 0.03 0.05 0.14 0.60 0.04 0.50 0.11 0.15 0.48 0.60 102.28
30b 53.44 45.84 0.07 b.d. b.d. b.d. 0.04 0.02 0.01 b.d. b.d. b.d. 0.03 0.04 99.47
31b(T2) 53.60 46.66 0.03 b.d. b.d. 0.02 b.d. 0.24 0.01 b.d. b.d. b.d. b.d. 0.03 100.60
31b(T2) 53.35 46.37 0.04 0.21 b.d. 0.12 b.d. 0.61 b.d. b.d. b.d. b.d. 0.02 0.04 100.76
31b(T2) 52.59 45.89 0.04 0.23 b.d. 0.13 b.d. 0.24 b.d. b.d. b.d. b.d. b.d. 0.03 99.14
31b(T2) 53.28 46.43 0.04 0.14 b.d. 0.09 b.d. 0.23 b.d. b.d. b.d. b.d. b.d. 0.03 100.23
31b(T2) 53.12 46.49 0.04 b.d. b.d. 0.07 b.d. 0.46 b.d. b.d. b.d. b.d. 0.02 0.04 100.23
31b(T2) 53.70 46.46 0.04 0.17 b.d. 0.05 b.d. 0.45 b.d. b.d. b.d. b.d. 0.02 0.04 100.92
31b(T2) 53.17 46.77 0.05 b.d. b.d. 0.03 b.d. 0.41 b.d. b.d. b.d. b.d. b.d. 0.02 100.45
31b(T2) 52.62 46.59 0.09 b.d. b.d. 0.16 b.d. 0.18 b.d. b.d. b.d. b.d. b.d. 0.03 99.67
31b(T2) 53.18 46.34 0.10 b.d. b.d. 0.13 0.14 0.08 b.d. b.d. b.d. b.d. b.d. 0.03 100.01
31b(T2) 52.78 45.82 0.04 1.34 b.d. 0.26 0.07 0.24 b.d. b.d. b.d. b.d. b.d. 0.04 100.59
31b(T2) 52.31 46.77 0.03 b.d. b.d. b.d. b.d. 0.17 b.d. b.d. b.d. b.d. b.d. 0.03 99.31
32b(T3) 53.59 46.60 0.04 b.d. b.d. b.d. b.d. 0.35 b.d. b.d. b.d. b.d. b.d. 0.03 100.61
32b(T3) 53.82 46.56 0.04 b.d. b.d. b.d. b.d. 0.23 b.d. b.d. b.d. b.d. b.d. 0.04 100.68
32b(T3) 53.71 46.50 0.04 b.d. b.d. 0.01 b.d. 0.19 b.d. b.d. b.d. b.d. b.d. 0.03 100.49
32b(T3) 53.45 46.22 0.04 b.d. b.d. 0.02 b.d. 0.34 b.d. b.d. b.d. b.d. b.d. 0.04 100.12
32b(T3) 52.30 45.10 0.03 0.13 b.d. 0.05 0.26 0.23 b.d. b.d. b.d. b.d. 0.02 0.04 98.17
32b(T3) 53.19 46.30 0.04 b.d. b.d. 0.01 0.02 0.01 b.d. b.d. b.d. b.d. b.d. 0.04 99.61
32b(T3) 53.19 46.45 0.06 b.d. b.d. 0.02 0.02 0.16 b.d. b.d. b.d. b.d. b.d. 0.03 99.93
32b(T3) 53.69 46.42 0.05 b.d. b.d. 0.04 0.02 0.17 0.01 b.d. b.d. b.d. b.d. 0.04 100.44
PFI-45
33b(T4) 52.66 45.91 0.04 b.d. b.d. 0.02 b.d. 0.23 0.01 b.d. b.d. b.d. 0.02 0.04 98.92
33b(T4) 53.44 46.61 0.05 b.d. b.d. b.d. 0.11 0.27 b.d. b.d. b.d. b.d. 0.02 0.03 100.53
33b(T4) 53.27 45.62 0.05 b.d. b.d. 0.04 0.76 0.15 b.d. b.d. b.d. b.d. 0.03 0.05 99.97
33b(T4) 54.95 46.49 0.04 b.d. b.d. b.d. b.d. 0.20 b.d. 0.02 b.d. b.d. 0.05 0.06 101.80
34b 53.34 46.20 0.03 b.d. b.d. b.d. 0.02 0.13 b.d. b.d. b.d. b.d. b.d. 0.04 99.77
35b 53.40 45.63 0.05 b.d. b.d. 0.01 0.41 0.17 b.d. b.d. b.d. b.d. 0.02 0.05 99.75
36b 55.01 46.38 0.03 b.d. b.d. b.d. b.d. 0.15 b.d. b.d. b.d. b.d. b.d. 0.04 101.62
40b 53.85 46.36 0.05 b.d. b.d. b.d. b.d. 0.38 b.d. b.d. b.d. b.d. 0.02 0.06 100.71
41b(T5) 53.06 46.30 0.03 b.d. b.d. 0.01 b.d. 0.50 0.01 b.d. b.d. b.d. b.d. 0.03 99.95
41b(T5) 52.29 45.78 0.03 b.d. b.d. b.d. b.d. 0.29 b.d. b.d. b.d. b.d. 0.03 0.05 98.46
41b(T5) 52.26 45.63 0.03 b.d. b.d. b.d. b.d. 1.23 0.01 b.d. b.d. b.d. 0.03 0.05 99.24
41b(T5) 53.23 45.56 0.03 b.d. b.d. 0.02 b.d. 1.46 0.02 0.02 b.d. b.d. 0.03 0.06 100.42
41b(T5) 53.24 46.18 0.03 b.d. b.d. b.d. b.d. 1.09 0.01 b.d. b.d. b.d. 0.02 0.04 100.62
41b(T5) 53.15 46.19 0.03 b.d. b.d. b.d. b.d. 1.20 b.d. b.d. b.d. b.d. 0.03 0.06 100.65
41b(T5) 53.42 45.75 0.03 b.d. b.d. b.d. 0.07 0.74 b.d. b.d. b.d. b.d. 0.03 0.06 100.11
41b(T5) 53.09 45.86 0.03 b.d. b.d. b.d. b.d. 1.12 b.d. b.d. b.d. b.d. 0.02 0.06 100.19
41b(T5) 53.48 45.47 0.03 b.d. b.d. b.d. b.d. 0.60 b.d. b.d. b.d. b.d. 0.03 0.05 99.66
42b(T6) 53.73 46.41 0.03 b.d. b.d. b.d. b.d. 0.12 b.d. b.d. b.d. b.d. 0.02 0.04 100.35
42b(T6) 53.80 46.35 0.04 b.d. b.d. b.d. b.d. 0.14 b.d. b.d. b.d. b.d. b.d. 0.03 100.35
42b(T6) 53.77 46.19 0.03 b.d. b.d. 0.02 b.d. 0.02 0.01 b.d. b.d. b.d. 0.02 0.03 100.08
42b(T6) 53.09 46.15 0.03 b.d. b.d. b.d. b.d. 0.83 0.01 b.d. b.d. b.d. b.d. 0.04 100.16
42b(T6) 53.12 46.29 0.03 b.d. b.d. b.d. b.d. 0.48 b.d. b.d. b.d. b.d. b.d. 0.03 99.95
42b(T6) 53.40 46.13 0.03 b.d. b.d. b.d. b.d. 0.29 b.d. b.d. b.d. b.d. b.d. 0.03 99.88
42b(T6) 51.87 46.20 0.04 b.d. b.d. b.d. b.d. 0.50 b.d. b.d. b.d. b.d. b.d. b.d. 98.61

Table 4.1. Continue. 
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Au (ppm) Ag (ppm) Co (ppm) Cu (ppm) As (ppm) Sb (ppm) Se (ppm) Te (ppm)
DL 0.14 0.38 0.28 0.55 1.62 5.45 0.05 0.30
PFI-2
01pyc131 0.40 2.21 10.3 444 24 b.d. 0.15 b.d.
01pyc133 b.d. 3.74 116 1123a 226 22.7 b.d. b.d.
01pyc135 b.d. 2.26 34.2 277 1132 36.2 b.d. b.d.
01pyc138 b.d. 10.5 274 21 16347 6.33 0.53 b.d.
01pyc139 b.d. 4.05 141 837 384 23.5 b.d. b.d.
01pyc140 b.d. 2.21 114 1091 206 13.8 0.15 b.d.
01pyc142 b.d. 6.33 105 553 14729 45.3 0.08 b.d.
01pyc144 0.17 6.53 101 472 11242 16.9 3.43 b.d.
01pyc148 b.d. 3.13 223 420 4535 34.0 b.d. b.d.
01pyc150 b.d. 10.6a 14.6 234 21647 35.0 0.95 b.d.
01pyc151 0.16 b.d. 13.4 71.4 244 b.d. b.d. b.d.
01pyp129 b.d. 1.25 73.3 862 839 22.4 0.10 b.d.
01pyp130 0.25 4.18 705 1425 158 7.98 0.13 b.d.
01pyp132 b.d. 7.20 261 1165 9887 58.4 0.48 b.d.
01pyp134 b.d. 10.4 426 5980 11565 88.0 0.43 b.d.
01pyp136 b.d. 6.98 457 3112 235 12.0 0.18 b.d.
01pyp137 b.d. 8.16 1173 2950 824 10.8 0.40 b.d.
01pyp141 b.d. b.d. 1220 2243 288 b.d. b.d. b.d.
01pyp143 b.d. 7.77 653 2175 11187 71.1 0.40 b.d.
01pyp145 0.17 10.7 1544 2847 4484 47.6 1.70 b.d.
01pyp146 b.d. 4.72 247 1988 834 25.2 0.13 b.d.
01pyp147 b.d. 4.96 222 1490 2248 34.7 0.30 b.d.
01pyp149 b.d. 4.08 92.4 809 2246 55.7 b.d. b.d.
PFI-3
01pyc01 0.15 4.6 182 274.0 2136 24.9 1.33 1.35
01pyc06 3.58 30.9 5.7 3354.0 136 68.4 1.20 22.50
01pyc07 b.d. 1.04 243 422.0 1193 9.9 0.85 b.d.
01pyc08 b.d. 1.82 247 471.0 2805 41.0 0.55 b.d.
01pyc15 b.d. 3.45 423 1124.0 1893 54.8 1.18 b.d.
01pyc18 b.d. b.d. 3.4 4.5 12.50 b.d. 14.30 0.88
01pyc19 b.d. 2.66 239 196.0 5355 28.9 2,68a 0.33
01pyc22 b.d. 3.45 117 654.0 988 57.5 0.43 0.58
01pyc23 b.d. 1.44 136 323.0 3615 22.0 0.63 b.d.
01pyp02 0.15 3.51 900 2202.0 2925 81.9 2.70 b.d.
01pyp04 b.d. 4.84 406 1405.0 1505 59.4 3.20 0.90
01pyp05 15.4a 5.54 6 3572.0 158 10.2 1.58 13.80
01pyp09 0.24 5.24 1055 3928.0 1817 94.1 5.93 0.30
01pyp10 0.43 5.66 669 1708.0 1963 80.9 2.45 0.58
01pyp12 0.26 4.86 823 5155.0 1303 76.3 3.03 b.d.
01pyp13 b.d. 1.78 199 1335.0 2727 74.4 0.88 1.08
01pyp14 b.d. 1.51 720 1202.0 2907 55.8 3.90 b.d.
01pyp16 4,63a 1.32 7.9 4962.0 31.7 b.d. 1.60 0.60
01pyp17 b.d. 3.86 1292 3184.0 2440 44.6 2.38 b.d.
01pyp20 b.d. 1.52 304 461.0 4058 57.5 0.13 b.d.
01pyf03 0.28 7.54 120 296.0 672 40.9 0.75 1.55
01pyf11 b.d. 0.62 142 805.0 517 20.3 1.98 b.d.
01pyf21 0.19 2.35 147 448.0 490 29.5 0.83 0.38
PFI-26
01pyc104 b.d. b.d. 59.9 13.7 1346a b.d. 2.28 b.d.
01pyc117 b.d. b.d. 168 186.0 834 b.d. 5.58 0.30
01pyc119 b.d. b.d. 62.5 22.0 568 6.0 28,20a 6.78
01pyc122 b.d. b.d. 13.4 85.4 278 b.d. 12.20 1.13
01pyc127 b.d. 1.01 9.8 134.0 1670 49.6 1.03 b.d.
01pyp100 b.d. b.d. 22.7 22.6 19.40 b.d. 34.60 b.d.
01pyp101 b.d. 0.61 47.6 33.7 1035 b.d. 18.70 b.d.
01pyp105 b.d. 1.87 53.8 24.3 115 b.d. 24.50 1.30
01pyp113 b.d. 0.8 1117a 45.6 2033 19.5 2.00 b.d.
01pyp114 b.d. b.d. 40.8 30.7 402 b.d. 24.50 b.d.
01pyp115 b.d. 0.83 18.0 21.3 1923 8.88 7.28 b.d.
01pyp116 b.d. 0.51 43.3 30.5 651 b.d. 13.60 b.d.
01pyp118 b.d. 0.75 49.8 58.7 1155 b.d. 23.50 b.d.
01pyp120 b.d. b.d. 73.3 17.7 131 b.d. 34.90 1.80
01pyp121 b.d. 0.54 43.6 38.9 1299 8.30 7.15 b.d.
01pyp123 b.d. 0.48 24.7 42.0 142 b.d. 17.40 0.70
01pyp126 0.20 2.52 561 149.0 3429 85.6 6.73 0.35
01pyp128 0.26 5.25 81 112.0 883 23.3 26.90 4.90
01pyf98 b.d. 0.85 84.6 35.7 211 12.65 15.20 b.d.
01pyf99 b.d. b.d. 79.5 62.7 64.1 b.d. 20.60 b.d.
01pyf102 b.d. b.d. 89.3 49.5 299 11.08 19.20 1.68
01pyf103 b.d. b.d. 75.9 62.1 97.5 9.93 28.30 1.03
01pyf106 0.19 1.64 21.9 41.7 2196 15.33 1.05 b.d.
01pyf107 0.50 10.1 260 169.0 886 32.2 28.40 6,88a
01pyf109 0.17 0.51 175 157.0 451 9.58 10.60 1.23
01pyf110 b.d. 0.65 140 68.4 420 b.d. 15.30 b.d.
01pyf111 b.d. b.d. 99 56.3 469 12.9 15.30 1.88
01pyf112 b.d. 2.62 352 383.0 886 46.2 15.00 1.35
01pyf124 b.d. 0.51 147 235.0 193 13.8 9.63 1.10
01pym108 0.77 8.42 978 892.0 1099 118.0 12.50 6.98
01pym125 0.33 4.41 659 403.0 985 117.0 14.10 3.85

Table 4.2. Secondary Ion Mass Spectrometry (SIMS) Analyses of Au, Ag, Co, Cu, As, Sb, Se and Te in Pyrite from the 
Tolhuaca Geothermal System. Detection limits (DL) are shown in ppm. 
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PFI-41
01pyc24 b.d. b.d. 21.7 38.2 234 b.d. 0.13 b.d.
01pyc25 0.39 1.42 10.7 5.7 2792 b.d. 2.33 1.03
01pyc36 0.60 b.d. 149 2.5 133 b.d. 3.90 3.03
01pyc40 0.26 2.19 25.7 44.5 1535 112.0 1.28 b.d.
01pyc54 0.28 5.67 b.d. 3.6 11298 b.d. 1.83 b.d.
01pyp27 0.41 10.6 51.2 26.3 4441 99.1 2.00 3.83
01pyp28 0.52 4.31 210 55.4 3533 232.0 2.78 b.d.
01pyp30 0.15 2.13 276 102.0 1162 208.0 1.25 b.d.
01pyp38 0.54 3.05 192 115.0a 4058 262.0 1.95 0.30
01pyp39 0.33 2.36 89.8 38.7 3124 156.0 2.13 b.d.
01pyp43 b.d. 1.27 317 53.4 1140 266.0 1.98 b.d.
01pyp49 0.14 1.05 87.2 58.7 857 174.0 2.18 b.d.
01pyp50 0.58 3.92 29.7 117.0 5355 6.18 6.98 b.d.
01pyp56 b.d. 2.03 217 94.7 1250 263.0 2.48 b.d.
01pyf26 b.d. b.d. 257 67.8 5754 b.d. b.d. b.d.
01pyf29 0.44 4.82 315 161.0 3735 89.9 0.68 0.70
01pyf31 0.23 2.67 114 111.0 789 154.0a 0.88 b.d.
01pyf32 b.d. b.d. 287 163.0 730 b.d. b.d. b.d.
01pyf33 0.27 1.79 111 74.3 1616 33.3 0.45 b.d.
01pyf34 0.36 8.95 353 126.0 1082 57.3 0.58 1.43
01pyf35 0.46 3.54 219 196.0 2240 46.1 1.05 b.d.
01pyf37 1.27 6.6 1317 381.0 8390 178.0 5.98 b.d.
01pyf41 b.d. b.d. 42.2 59.5 2715 b.d. b.d. b.d.
01pyf42 0.58 8.1 46.4 62.9 1938 62.2 1.08 7.15
01pyf44 0.47 6.04 633 273.0 3152 162.0 2.85 b.d.
01pyf45 0.27 3.88 218 289.0 3924 328.0 1.70 b.d.
01pyf46 0.35 2.24 207 84.9 1174 28.5 0.63 b.d.
01pyf47 0.25 1.56 83.1 35.5 1508 88.2 1.10 b.d.
01pyf48 0.38 5.32 127 62.9 336 26.1 0.13 1.00
01pyf51 0.47 5.31 323 272.0 4851 104.0 3.90 b.d.
01pyf52 0.35 4.83 361 75.9 6742 77.3 0.73 b.d.
01pyf53 b.d. 0.51 84.1 39.5 714 12.5 0.23 b.d.
01pyf55 b.d. 1.53 133 36.7 1910.0a b.d. 0.68 b.d.
PFI-45
01pyc57 b.d. 5,12a 1.1 25.5 10617 265.0 0.05 b.d.
01pyc75 b.d. 3.49 50.4 50.2 5659 22.0 b.d. b.d.
01pyc92 b.d. 5.59 7.5 22.2 10764 25.5 b.d. b.d.
01pyc94 b.d. 6.32 9.1 37.2 11223 83.2 0.13 b.d.
01pyc95 b.d. 3.58 19.8 29.8 7192 24.4 0.13 b.d.
01pyp59 b.d. 3.92 2.2 41.8 6971 44.6 0.13 b.d.
01pyp62 b.d. 1.89 21.7 18.2 3131 6.28 0.45 b.d.
01pyp70 b.d. 3.06 35.0 21.3 6379 6.9 0.68 b.d.
01pyp72 0.15 6.14 13.8 43.9 12718 41.1 0.98 b.d.
01pyp74 b.d. 1.83 17.2 18.3 4357 6.05 1.83 b.d.
01pyp78 b.d. 2.74 b.d. 61.1 5387 86.4 b.d. b.d.
01pyp79 0.14 8.85 22.0 37.2 15756 58.2 0.75 b.d.
01pyp83 b.d. 6.69 1.4 4.8 12968 171.0 b.d. b.d.
01pyp85 b.d. 3.67 25.0 29.7 6446 17.5 0.63 b.d.
01pyp86 b.d. 1.47 35.0 18.2 3002 b.d. 0.45 b.d.
01pyp90 b.d. 3.52 21.1 17.5 6377 12.2 1.00 b.d.
01pyf60 b.d. 7.14 196 105.0 10874 74.7 1.08 b.d.
01pyf63 0.15 5.91 87.7 116.0 8952 119.0 1.53 b.d.
01pyf64 b.d. 6.33 69.2 111.0 7983 47.4 1.15 b.d.
01pyf65 0.37 6.09 26.2 108.0 8741 80.4 1.15 b.d.
01pyf67 b.d. 1.39 103 54.2 2195 11.7 0.45 b.d.
01pyf69 0.16 5.74 49.4 46.1 9277 44.3 0.95 b.d.
01pyf71 b.d. 1.39 80 46.3 2443 19.5 0.33 b.d.
01pyf76 b.d. 2.53 74.3 77.2 2298 48.3 0.83 b.d.
01pyf80 b.d. 4.81 36.8 42.0 7464 13.3 1.78 b.d.
01pyf89 b.d. 3.04 127 63.7 6123 38.7 0.23 b.d.
01pyf91 b.d. 9.04 398 136.0 12162 139.0 1.20 b.d.
01pyf96 b.d. 4.56 42.2 57.7 8296 44.9 0.60 b.d.
01pyf98 b.d. 0.85 84.6 35.7 211 12.7 15.20 b.d.
01pym58 b.d. 3.20 50.7 148.0 1899 b.d. 5.15 b.d.
01pym61 0.33 11.02 507 698.0 5186 34.4 13.10 b.d.
01pym66 b.d. 2.94 105 276.0 3420 27.9 19.50 b.d.
01pym68 b.d. 7.50 36.5 70.7 15395 75.9 0.48 b.d.
01pym73 b.d. 4.17 55.8 171.0 2952 47.3 5.68 b.d.
01pym77 0.17 6.72 70.2 361.0 5661 40.2 25.00 b.d.
01pym81 0.23 3.79 31.0 158.0 1632 14.1 1.98 b.d.
01pym82 b.d. 3.37 44.3 159.0 6637 59.4 4.75 b.d.
01pym84 0.16 4.07 49.6 120.0 7587 4604.0 1.38 b.d.
01pym87 0.16 8.32 102 108.0 10171 50.7 0.70 0.50
01pym88 0.36 5.12 38.6 278.0 2321 16.7 12.80 b.d.
01pym93 0.33 9.50 29.3 293.0 4295 29.8 17.80 1.45
01pym97 0.30 3.25 68.2 170.0 2019 23.8 3.15 b.d.

Table 4.2. Continue 

a: Samples (and elements) that were depth-profile using SIMS 
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Micro- to nano-sized Cu-bearing inclusions occur as scattered discrete particles and blebs 

along the growth zones (Fig. 4.4d, k, n and Fig. 4.5c; yellow-to-red-colored). The size of the 
particles is less than 5 µm, and they occur as individual inclusions and/or as aggregates of abundant 
micrometer- to submicrometer-sized particles. The occurrence of the two mineralogical forms of 
Cu in pyrite in the TGS is confirmed by SIMS depth profiling. In Figure 4.8c and d, depth–
concentration profiles are presented for the pyrite matrix isotopes (56Fe, 34S) and copper (63Cu). 
When Cu is present in solid solution (structurally bound), the depth–concentration profile of 63Cu 
is flat (Fig. 4.8c, 1100 ppm Cu), whereas at higher concentrations the spiky 63Cu profile confirms 
the presence of individual particles or clusters of particles of 500 nm in size (Fig. 4.8d, ~100 ppm 
Cu). Previous experimental studies have pointed out that the solid solution of CuS2 in FeS2 is 
thermodynamically unstable in nature and the solubility of Cu in FeS2 decreases considerably with 
temperature (from 4.5 mol% Cu at 900 °C to ~0.6 mol% Cu at 700 °C, at 45 kbar; Shimazaki and 
Clark, 1970; Schmid-Beurmann and Bente, 1995). However, the solubility of Cu in pyrite has not 
been determined at the lower temperatures relevant for most hydrothermal systems (e.g., <500 °C). 
Analogously to Reich et al. (2005), it may be suggested that the incorporation of As could influence 
Cu incorporation in both solid solution and as Cu-bearing nanoparticles in pyrite (Reich et al., 
2013). At the TGS, Cu and As concentrations do not show a correspondence (Fig. 4.7d), and the 
micrometric chalcopyrite inclusions are found associated with both low and high As-bearing 
concentration zones. At very low temperatures (i.e., sedimentary settings) Cu is incorporated within 
the pyrite structure at low concentrations (ppm levels), while Cu-bearing microinclusions at present 
at higher concentrations (wt % levels; Gregory et al., 2015a). Factor analysis has shown that Cu is 
associated with large cations that disrupt the pyrite structure enhancing Cu incorporation.  
However, it likely that the total concentration of the metals in fluids play a key role on Cu 
incorporation into pyrite as evidenced in studies such as Gregory et al. (2015a). 

As shown in Tables 4.1 and 4.2 and Figure 4.3, cobalt concentrations in pyrite are variable, 
ranging from hundreds of ppb to thousands of ppm. Despite the fact that the plot of Co-Fe in Figure 
4.7e does not show a clear correlation trend, the SIMS depth profile (Fig. 4.8a) and WDS X-ray 

Figure 4.3. Concentration plot for minor and trace elements in pyrite (samples PF-2, PF-3, PF-26, PF-39, PF-41 and 
PF-45). Pyrite data from argillic and propylitic alteration zones are identified by black circles and open squares, 
respectively. Data are plotted in parts per million (ppm) on a vertical logarithmic scale. For each element, median 
concentrations measured by EPMA (solid lines) and SIMS (segmented lines) are shown together with maximum and 
minimum values. Outliers are shown as red crosses. The horizontal dotted line is the mean detection limit (mdl) of 
EPMA analysis for all elements (~100 ppm). 
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maps (Fig. 4.4c, j, m and p) suggest that cobalt in the studied pyrites is in solid solution. This is in 
agreement with the fact that Co extensively substitutes for Fe in pyrite, due to the similar ionic 
radii of Co2+ and Fe2+, and that the CoS2 endmember adopts the pyrite structure (Vaughan and 
Craig, 1978; Tossell et al., 1981, Abraitis et al., 2004, Gregory et al., 2015a, b).  

Figure 4.4. Representative microtextures and chemical zonations of pyrite from the (shallow) argillic alteration zone 
of the Tolhuaca Geothermal System. Samples: PFI-2 (a, b, c, d, e, f and g) and PFI-3 (h, i, j, k, l, m, n, o, p and q). (a), 
(e) and (h): backscattered electron (BSE) image showing pyrite (Py) crystals. (b), (c), and (d): quantitative wavelength 
dispersive spectrometry (WDS) X-ray maps of area in (a) for As (Ka), Co (Ka), and Cu (Ka), respectively. (f) and (g) 
show WDX maps of area in (e) for As (La) and Cu (Ka), respectively. (i), (j) and (k) show WDX maps of area in (h) for 
As (La), Co (Ka), and Cu (Ka), respectively. (l) and (o); (m) and (p); and (n) and (q) show WDX maps of disseminated 
pyrite grains for As (La), Co (Ka), and Cu (Ka), respectively. Quantitative WDX maps for As (La) Co (Ka), and Cu 
(Ka) show zonations of these metals. Cu (Ka) distributions in (d), (k) and (n) show discrete inclusions of chalcopyrite. 
A color scale bar for concentration (in wt %) is shown for each WDS map. Py: pyrite. 
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WDS X-ray maps in Figure 4.4c, j, n, p, show that chemical zoning of Co, like Cu, is 
spatially correlated to cores and/or thin bands within pyrite crystals. The positive correspondence 
between Co and Cu in Figure 4.7f supports the hypothesis that these two metals may be included 
in pyrite in similar mineralogical form. The relatively high Co concentrations (up to ~0.2 wt. %) 
and high Co/Ni ratios between 1 and 10 in pyrite from the TGS (Fig. 4.9a) are indicative of a 
magmatic-hydrothermal origin associated with a greater mafic affinity (Large et al., 2009; Koglin 
et al., 2010; Reich et al., 2016), in agreement with the composition of the lavas from Tolhuaca 
volcano, which have mainly basaltic to andesitic compositions (Sánchez-Alfaro et al., 2016a). 

 
Apart from the base metals, precious metals (Au, Ag) concentrations in the studied pyrite 

are at least one order of magnitude higher when compared to pyrite from other active geothermal 
systems (Libbey and William-Jones, 2016), ranging from 10’s of ppb to 10’s of ppm for Au and 
from 10’s of ppb to 1000’s of ppm for Ag (Tables 4.1 and 4.2). Gold and silver incorporation into 
pyrite structure is favored by the substitution of anionic or cationic As, due to a structural distortion 
and/or decrease in the size of pyrite grains, increasing the surface/volume ratio (e.g., Simon et al., 
1999; Palenik et al., 2004; Deditius et al., 2008, 2014). Several different incorporation mechanisms 
for Au and As have been proposed for pyrite. The most validated model involves the coupled 
substitution of cationic Au for Fe in distorted octahedral sites and anionic As for S in tetrahedral 
sites (Simon et al., 1999). It is relevant to note that the highest concentrations of Au in pyrite are 
usually related to the presence of Au-bearing micro- to nano-sized inclusions and clusters of Au 
nanoparticles (Reich et al., 2005; Deditius et al., 2014, Gregory et al., 2015a; Gregory et al., 2016). 

 As shown in Table 4.2 and Figure 4.3, SIMS data show Au concentrations in pyrite that 
varies between 10 ppb and ~10 ppm. Only one EMPA data point reported in Table 4.1 shows Au 
concentration of 1500 ppm. In Figure 4.9b, most Au–As analyses plot below the solubility limit 
defined by Reich et al. (2005), suggesting that Au occurs as structurally bound ions (Au1+). Only 

Figure 4.5. Representative microtextures and chemical features of pyrite from the deep (propylitic) alteration zone. 
Samples: PFI-39 (a, b, c) and PFI-41 (d, e, f). (a) and (d) show quantitativeWDX maps for As. (b) and (e) show maps 
for Co (Ka). (c) and (f) show WDX maps for Cu (Ka). Cu (Ka) distribution in (c) shows discrete inclusions of 
chalcopyrite. Color scale bars for concentration (in wt %) are shown. Py: pyrite. 
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three data points plot above the As-dependent solubility limit, indicating the presence of 
nanoparticles of native Au0 and/or Au-tellurides. Although SIMS depth–concentration profiles do 
not confirm the presence of nanoinclusions (Fig. 4.8e and f), the occurrence of nanoparticles 
smaller than the SIMS depth-profiling detection capabilities (<500 nm) is possible, and higher 
concentrations of Au (e.g., >10 ppm) measured by EMPA and SIMS may be related to micro- to 
nano-sized Au-bearing mineral particles. The similar incorporation behavior of Au and Te, both as 
solid solution or gold-telluride, is also assessed by the positive correlation between Au and Te, 
shown in Figure 4.9c. 

 

As shown in Tables 4.1 and 4.2 and summarized in Figure 4.3, the measured Ag content of 
pyrite varies between ~70 ppb and 5000 ppm. Previous studies have shown that Ag is widely 
present in pyrite in both solid solution (replacing Fe2+ as Ag+) and/or forming micro and nano-sized 
Ag-sulfide and sulfosalt inclusions (Abraitis et al., 2004, Deditius et al., 2011). At the TGS, SIMS 
depth profiles show that Ag occurs in both mineralogical forms. In Figure 4.10a and b, depth–
concentration profiles are presented for 109Ag. The flat profile in Figure 4.10a (at 11 ppm Ag) 
support the presence of Ag in solid solution, whereas the spiky 109Ag profile confirms the presence 
of individual particles or clusters of Ag-bearing particles <500 nm in size (Fig. 4.10b, 5 ppm Ag). 
The generally positive trend between Ag and Au (Figure 4.9d) suggests a similar incorporation 
behavior of these two metals, as documented in previous studies (e.g., Reich et al., 2010). 
Furthermore, Ag-As data points in Figure 4.9e show two groups at higher (~200 ppm) and lower 
(<100 ppm) Ag contents. The lower Ag concentration group display a positive correspondence with 
As, while the high-Ag concentrations do not vary with As contents, showing a line parallel to the 
Y axis. These data, in addition to SIMS depth profiles in Figure 4.10a and b, suggest that Ag 
incorporation into pyrite is dependent on As and follow a similar behavior than Au (Reich et al., 
2005, 2013, Deditius et al., 2014). 

Figure 4.6. Ternary diagram showing the As-Fe-S composition of pyrite in the Tolhuaca Geothermal System. Five 
different trends show substitution of (i) As for S (As1- - pyrite; green arrow); (ii) As0 nano-inclusions (As0 red arrow); 
(iii) As2+ for Fe (As2+ -pyrite; light green arrow); (iv) As3+ for Fe (As3+-pyrite; orange arrow); and (v) divalent metals 
Me2+ for Fe (blue arrow). The composition of As2+-pyrite (after Qian et al., 2013, Deditius et al., 2014) was calculated 
based on the assumption of ideal occupancy of S (66.66 at.%). n = 2924. 
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All other trace elements measured in pyrite at the TGS (e.g. Pb, Ni, Ti, Sb, Se, Te, Cd) also 
occur in relatively high amounts, e.g., 100-ppm levels for Ni and Te, 1000-ppm levels for Ti, Sb, 
Se and Cd, and up to wt. % levels for Pb. Lead may be incorporated in solid solution by the 
substitution of Pb2+ for Fe2+, as suggested by the negative relation shown in the elemental plot of 
Figure 4.9f. However, the high concentrations of Pb (up to 2 wt. %) may also be attributed to the 
presence of sub-micron sized Pb-bearing inclusions, most likely galena (Griffin et al., 1991; Huston 
et al., 1995; Abraitis et al., 2004; Pacevski et al., 2012, Gregory et al., 2015a). Tellurium and Se 

Figure 4.7. Elemental correlation plots of (a) As vs. S, (b) As vs. Fe, (c) Cu vs. Fe, (d) Cu vs. As, (e) Co vs. Fe, and (f) 
Co vs. Cu. Black diamonds, open diamonds, open squares, open triangles, black circles and open circles represents 
pyrite samples PFI-2, PFI-3, PFI, 26, PFI, 39, PFI, 41 and PFI-45, respectively. R2 values are shown. 
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are likely hosted in solid solution, as shown in the flat SIMS profiles (Figs. 4.10c and d), although 
the presence of micro- or nano-inclusions cannot excluded. In fact, the SIMS depth profiles in 
Figure 4.10e and f indicate that Se is probably incorporated in pyrite as both solid solution and Se-
bearing mineral inclusions.  

Figure 4.8. SIMS depth-concentration profiles (time vs. intensity) of trace elements in pyrite from Tolhuaca 
Geothermal System. Spiky profiles for 63Cu reflect the presence of individual nanoinclusions or clusters of mineral 
nanoparticles (colored circles and ovals), whereas 59Co, 75As, and 197Au show a more homogeneous (solid-solution) 
distribution. Major sulfide-matrix constituent isotopes, 56Fe and 34S, were monitored during each run (top). Vertical 
intensity scale is in counts per second (cps); horizontal (depth) scale is in micrometers (µm). 
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Figure 4.9. Elemental correlation plots of (a) Co vs. Ni, (b) Au vs. As, (c) Te vs. Au, (d) Ag vs. Au, (e) Ag vs. As and (f) 
Pb vs. Fe. Black diamonds, open diamonds, open squares, open triangles, black circles and open circles represents 
pyrite samples PFI-2, PFI-3, PFI, 26, PFI, 39, PFI, 41 and PFI-45, respectively. Solid lines in (a) represent Co/Ni=1 
and Co/Ni=10. The  curve in (b) is the As-dependent solubility of Au in pyrite as determined by Reich et al. (2005). R2 
values are shown. 
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Figure 4.10. SIMS depth-concentration profiles (time vs. intensity) of trace elements in pyrite from the TGS. Spiky 
profiles for 109Ag, and 80Se reflect presence of individual nanoinclusions or clusters of mineral nanoparticles (colored 
circles and ovals), whereas 130Te and 123Sb show a more homogeneous (solid-solution) distribution. Major sulfide-
matrix constituent isotopes, 56Fe and 34S, were monitored (top). Vertical intensity scale is in counts per second (cps); 
horizontal (depth) scale is in micrometers (µm). 
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Cu-As decoupling in the TGS: linking pyrite chemistry with paleofluid and borehole fluid 
composition 

The trace element geochemistry of pyrite has proven useful in accessing the history of 
complex processes undergone by a single sample. In magmatic-hydrothermal settings, pyrite has 
been used to fingerprint ore sources, vector towards mineralization and infer changes in fluid 
composition (e.g., Franchini et al., 2014; Mukherjee and Large, 2016). Similar observations are 
reported in lower temperature sedimentary environments where pore waters progressively enrich 
in trace elements as they desorb from organic matter, resulting in a sequential enrichment of trace 
elements in pyrite with increasing sediment depth (Huerta-Diaz and Morse, 1994; Gregory et al., 
2014). 

Abrupt changes in As and Cu concentrations in pyrite growth zones have been observed in 
the Pueblo Viejo and Yanacocha high sulfidation Au-Ag deposits (Deditius et al., 2009). Arsenic-
rich zones, also enriched in Au, Ag, Sb, Te, and Pb, alternate with Cu-rich zones with significantly 
lower concentrations of these elements and barren pyrite zones with no other elements. In situ trace 
element and sulfur isotope (δ34S) data by Peterson and Mavrogenes (2014) in pyrite at the Porgera 
Au deposit in Papua New Guinea uncovered a stratigraphy of repeated high-Au negative δ34S and 
low-Au positive δ34S zones, recognized with a 3 µm spot size laser ablation, within individual 
pyrite crystals present in the highest grade gold event. These zonations are less likely to reflect 
changes in substitutional mechanisms of As and Cu into pyrite forming from a fluid of constant 
composition, and chemical and isotopic data provide strong evidence pointing to sharp variations 
in the pyrite-forming fluid composition (Deditius et al., 2009; Kouzmanov et al., 2010).  

In high-temperature hydrothermal settings, these abrupt chemical changes have been 
interpreted as the result of mixing between the pyrite-forming fluids and magmatic vapors, the 
latter capable to geochemically decouple As and Cu during its separation from the parental magma 
(Deditius et al., 2009). Indeed, although it has been observed that both As and Cu partition into the 
magmatic vapor, they respond differently to P-T-X conditions of the system, especially in terms of 
ligands (Cl and S) availability (Heinrich et al., 1999, 2004; Pokrovski et al., 2002, 2005; Williams-
Jones et al., 2002; Williams-Jones and Heinrich, 2005; Simon et al., 2006, 2007; Pokrovski et al., 
2013). Magmatic vapors, formed by direct separation from the parental silicate magma, may remain 
a single phase or separate into a brine and a lower density vapor, a process that can take place more 
than once during the upward migration of the magmatic vapor (Heinrich, 2004, 2005). These phase 
separation processes are capable of fractionating As and Cu in the porphyry-epithermal 
environment. Pokrovski et al. (2005; 2013) compiled experimental data of vapor-liquid partition 
coefficients between 300 and 450 °C for various metalloids, base and precious metals. They 
determined that As partitions preferentially into the low density, low salinity vapor phase than Cu 
which has a higher affinity for the high-density saline brine. This selective metal partitioning has 
been extensively reported in experiments and fluid inclusion studies in ore deposits, from the 
deeper magmatic-hydrothermal porphyry roots to the shallower epithermal domain (Kouzmanov 
and Pokrovski, 2012, and references therein).  

For most hydrothermal systems it remains difficult to determine how the compositions of 
hydrothermal fluids change with time and how those changes affect the precipitation of ore 
minerals, including pyrite (Rusk et al., 2008). Several studies have reported LA-ICP-MS data of 
fluid inclusions from porphyry systems (e.g., Heinrich et al., 2005; Audetat et al., 2008), epithermal 
Au(-Ag) deposits (e.g., Pudak et al., 2009), and from fluid inclusions hosted in sulfide ore minerals 
(e.g., Wilkinson et al., 2009; Kouzmanov et al., 2010). All these studies have reported significant 
variations in metal concentrations related to chemical fluctuation of hydrothermal ore fluids. 
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Despite such evidence, a direct correlation between chemical changes in ore-forming fluids and 
the trace metal chemical zonations recorded in pyrite (e.g. Cu, As, Co, Au, Sb, Ni) remains to be 
confirmed beyond trace element analyses of the sulfide phase (Large et al., 2009; Deditius et al., 
2009; Thomas, 2011; Reich et al., 2013, 2016; Peterson and Mavrogenes, 2014; Deditius et al., 
2014; Steadman, 2015; Gregory et al., 2016).  

By combining our EMPA/SIMS pyrite data with 1) LA-ICP-MS analyses of fluid inclusion 
that are paragenetically linked in calcite/quartz veins, and 2) borehole fluid chemical data at the 
TGS, we provide evidence that the observed zonations in pyrite are likely related to chemical 
changes in the pyrite-forming hydrothermal fluid. Borehole fluids in the TGS have trace metal 
contents that are broadly similar to those measured in the Taupo Volcanic Zone in New Zealand 
and in the active Lihir gold deposit in Papua New Guinea (Simmons and Browne, 2000; Simmons 
et al., 2016a, b; Sánchez-Alfaro et al., 2016b). Furthermore, and unlike pyrites from ore deposits 
that commonly show multiple growth bands and complex oscillatory zoning patterns, pyrite in the 
shallow argillic zone of the TGS presents the advantage of having only two growth zones as 
observed in the WDS X-ray maps (Figures 4.4 and 4.11).  

 

Figure 4.11. Combination of pyrite data (WDS X-ray maps) with LA-ICP-MS analyses of fluid inclusions in pyrite-
bearing veins and borehole fluids chemical data at the TGS, The panels (a) and (b) show a pyrite grain from the argillic 
zone that contains a Cu-rich, As-poor core (P1), and an As-rich, Cu-poor rim (P2). The panels (c) shows the Cu/As 
ratio of fluid inclusions (red circles) and borehole fluids samples (green circles), respectively, reported by Sánchez-
Alfaro et al. (2016a). The Cu-rich, As-poor pyrite core (P1) correlates with the high Cu/As ratios measured in fluid 
inclusions in calcite-quartz-pyrite veins. Conversely, As-rich and Cu-poor pyrite rims (P2) correlate with the low 
Cu/As and ratio measured in the present-day borehole fluids. 
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The fluid inclusions data used in this study were reported by Sánchez-Alfaro et al. (2016a). 
In particular, the LA-ICP-MS data were obtained in fluid inclusion assemblages observed in pyrite-
bearing, calcite/quartz veins retrieved from the shallower part of the drillcore (first 400 m), which 
represents the upwelling paleo-hydrothermal fluid. In contrast, the present-day borehole fluid 
composition (measured using ICP-MS) is likely to represent the resulting fluid after the 
condensation of a low-density vapor that separated from a magmatic-hydrothermal fluid sourced 
in the deeper parts of the hydrothermal system. This distinction allows us to correlate the 
composition of paleo- and present-day fluids with measured concentrations of trace metals in cores 
and rims of pyrite in the shallow argillic zone, which are the only pyrite grains that show clear 
zonation patterns. 

As shown in Figure 4.11a and b, we will refer in the following discussion to the pyrite 
growth zones as P1 for pyrite cores, and P2 for the pyrite rims. Copper-arsenic ratios of pyrite cores 
(red) and rims (green) are compared in Figure 4.11c with the Cu/As ratios of fluid inclusion (red 
circles) and borehole fluids samples from the TGS (green circles). The textural and chemical data 
in Figure 4.11 point that a Cu-rich, As-depleted fluid was involved in pyrite core formation (P1), 
followed by a late-stage low-Cu and high-As fluid was related to the precipitation of pyrite rims 
(P2). In the same way, the comparison between (present-day) borehole fluids and fluid inclusion 
data reveals significant differences. Fluid inclusions are Cu-rich but poor in As (Cu/As~1) while 
borehole fluids are rich in As, but Cu-poor (Cu/As~10-3). According to Sánchez-Alfaro et al. 
(2016a), simple boiling models cannot explain the aforementioned differences in fluid chemistry 
because non-volatile elements such as Cu and As remain in the liquid phase during boiling 
(Kd=Cvapor/Cliquid, KAs=0.001-0.01; KCu< 10-3; KNa<10-3) under epithermal conditions (100<T<280 
°C; Pokrovski et al., 2013). In Figure 4.11, the relatively high-Cu, low-As concentrations in fluid 
inclusions (Cu/As~1, Fig. 4.11c) can be paragenetically linked to the formation of the Cu-rich, As-
depleted pyrite cores (Cu/As~1-10, Fig. 4.11c). In contrast, the As-rich, Cu-depleted pyrite rims 
(Cu/As~0.1-0.01, Fig. 4.11c) correlate with the high-As and low Cu concentrations measured of 
borehole fluids (Cu/As~10-3, Fig. 4.11c) at the TGS. These observations strongly suggest that the 
zonations reported in pyrite from TGS are the result of a compositional change of the pyrite-
forming hydrothermal fluid during continuous pyrite precipitation. 

EMPA data and WDS X-ray maps also show that pyrite cores are significantly enriched in 
Co (up to 4 wt. %). Unfortunately, no experimental partitioning data are available for Co, and 
Sánchez-Alfaro et al. (2016a) do not report Co concentrations in fluid inclusion or borehole fluids. 
However, and as shown by Pokrovski et al. (2013), most base metals present a marked affinity for 
a high-density saline brine; therefore it is reasonable to assume that Co may display a similar 
behavior than Cu (see maps in Fig. 4.4c, j, m and p). 

The pyrite core precipitation stage P1 at Tolhuaca was most likely related to Cu(Co)-rich 
supercritical magmatic vapors that segregated during a stage of magmatic diking and sill intrusion 
as reported for the TGS. The episodic separation of these magmatic vapors produced fluid 
overpressure conditions inducing fracturing and brecciation of the low permeability clay-cap, as 
observed by Sánchez-Alfaro et al. (2016a). This magmatically derived single-phase fluid ascended 
and following phase separation (or boiling) (Sánchez-Alfaro et al., 2016b), precipitated pyrite 
(cores) with high concentrations of Cu and Co, in both the deep and shallower parts of the TGS. 
Pyrite in the argillic (shallower) zone hosts higher concentrations of Cu and Co than pyrite in the 
propylitic (deeper) zone (Fig. 4.3; Tables 4.1 and 4.2). This may be due to the neutralization of acid 
hydrothermal fluids in the upper argillic zone, as proposed by Sánchez-Alfaro et al. (2016a), 
producing a concomitant decrease of metal solubility in the fluid phase. 
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During a later phase of evolution of the TGS (P2), the fluid pressure was lower than the 
lithostatic pressure and the clay-cap acted as a low-permeability barrier (Sánchez-Alfaro et al., 
2016a). Phase separation took place in the deeper part of the system, partitioned the 
magmatic/hydrothermal fluid into a low-density vapor and high-density brine capable of 
fractionating Cu (and Co) and As. During this phase, only the As-rich vapor was able to migrate 
upwards, reaching the dominantly-meteoric aquifer in the argillic zone and possibly contracting 
into an As-rich hydrothermal fluid that precipitated the As-rich, Cu(Co)-poor pyrite rims, over the 
previously formed Cu(Co)-rich, As-depleted cores (Fig 4.4f, g, i, k, o and q). The Cu(Co)-rich, As-
poor brine, on the other hand, remained in the deep (propylitic) part of the system where it 
continued precipitating pyrite with similar Cu, Co and As concentrations as the pyrite core 
deposited during P1 phase. In the sub-propylitic zone, the local accumulation of the brine, now 
blocked by the low permeability barrier or clay-cap, may have triggered local supersaturation of 
Cu in the fluid phase with the consequent deposition of chalcopyrite and bornite instead of pyrite 
as the main sulfide phase.  

Our results are in agreement with recent studies discussed by Simmons et al. (2016a, b) in 
the Taupo Volcanic Zone, New Zealand, where significant amounts of metals are reported in 
geothermal fluids. The authors report that boiled chloride waters are strongly depleted in Cu, Pb, 
Ag, Au, and Te, because these metals deposit in sharp response to gas loss and cooling in the well. 
In contrast, As, Sb, and other metals and metalloids are measurably less depleted in boiled waters, 
making them available to form metal anomalies at shallow depths (Simmons et al., 2016a, b). 

The precipitation of Cu minerals might have also been reached locally in the argillic zone 
during the P2 phase. As previously documented, kinetic effects can trigger the formation of micro 
to nano-particulate inclusions of chalcopyrite that co-precipitate with pyrite during rim formation 
(Fig. 4.4k and n). (Deditius et al., 2011; Reich et al., 2011). Therefore, Cu-bearing nanoparticle 
nucleation in pyrite might be, in this case, favored by the high As concentration on the mineral 
surface, or electrochemical effects as it has been previously proposed for precious and base metals 
(e.g., Au, Ag, Pb and Zn) (Oberthur et al., 1997; Abraitis et al., 2004; Mikhlin et al., 2007, 2011). 

 
Concluding remarks 

Our EMPA–SIMS database show that significant concentrations of base and heavy metals 
(e.g., Cu, Co, Ni, Pb), precious metals (e.g., Au, Ag) and metalloids (e.g., As, Te, Se, Sb) are hosted 
in pyrite at the Tolhuaca Geothermal System. Detailed WDS X-ray maps and SIMS depth vs. 
isotope concentration profiles reveal that pyrites in the shallower argillic zone in the TGS are 
characterized by two chemically distinct zones where Cu(Co) and As are geochemically decoupled, 
while pyrites in the deeper part of the system (propylitic zone) do not display significant textural 
or chemical zonations.  

When contrasting Cu-As contents in pyrite cores and rims with LA-ICP-MS fluid inclusion 
data and borehole fluids composition (Sánchez-et al., 2016) in the TGS, we provide evidence that 
selective partitioning of metals and metalloids into pyrite is most likely the result of changes in 
fluid composition. The aforementioned changes are interpreted as being related to excursions of 
single-phased, magmatically-derived vapors that are further separated into a low-density vapor and 
dense brine capable of selectively scavenging Cu and As. During the first stage of pyrite formation 
(P1), fracturing of the impermeable clay-cap resulted in the formation of Cu(Co)-rich, As-depleted 
pyrite cores in both the deep and shallower parts of the TGS. This stage preceded the formation of 
As-rich Cu(Co)-depleted pyrite rims (P2) in the shallower (argillic) part of the system. Although 
the absolute timing between these two main (and consecutive) pyrite formation events is yet to be 
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constrained, the high As and low Cu contents of the present-day borehole fluids suggest that the 
late-stage, pyrite-forming fluids were compositionally similar to the present-day fluid in the 
Tolhuaca deep reservoir. 

The results presented in this study show that significant variations in fluid composition may 
be related to abrupt changes in the P-T-X conditions at the TGS. However, experimental studies 
and more observations in natural systems are needed to assess the precise nature of the triggers 
leading to such changes – i.e., magmatic input of metal rich fluids, system overpressure, and 
externally-forced perturbations such as earthquakes (e.g., Cox and Ruming, 2004; Peterson and 
Mavorgenes, 2014, and Sánchez-Alfaro et al., 2016b). Finally, results from this work confirm that 
pyrite composition and micro-textures are valuable complements to other geochemical tools used 
to investigate the evolution of hydrothermal systems. 
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Chapter 5. Conclusions 

 
The results presented in this thesis provide new insights on the interplay between structures, 

fluid composition and metal transport in hydrothermal systems. In particular, this thesis contributes 
to better understand the role of large-scale fault systems on magma degassing and hydrothermal 
fluid circulation, the structural control on metal transport in hydrothermal fluids, and metal and 
metalloid partitioning due to vapor-brine separation from a magmatic vapor. 

This study focused on the segment between 37° and 41°S of the SVZ, and combined 
regional-scale sampling of thermal fluids with a structural study along the LOFS and ALFS 
domains. The isotopic (helium, carbon and nitrogen) data of fumaroles and thermal waters reveal 
that the structural segments associated with the Liquiñe-Ofqui fault system (LOFS) and with the 
long-lived basement fault systems (ALFS) are controlling the circulation and the composition of 
hydrothermal fluids. This approach allowed to identify four volcano-tectonic domains presenting 
different helium, nitrogen and carbon isotope compositions, based on the degree of crustal 
contamination and mixing with meteoric waters. Furthermore, it is observed that the geothermal 
manifestations related to the two main fault systems (LOFS and ALFS) are also characterized by a 
different trace metal/metalloid signature. 

The regional variations in 3He/4He, δ13C–CO2 and δ15N values (3.39 Ra to 7.53 Ra, -7.44‰ 
to -49.41‰ and 0.02‰ to 4.93‰, respectively) are remarkably consistent with those reported for 
87Sr/86Sr in lavas along the studied segment (from 0.737 to 0.742), which are strongly controlled 
by the regional spatial distribution of faults. The two fumaroles gas samples PL and LM associated 
with the northernmost ‘‘horsetail” transtensional termination of the LOFS are the only datapoints 
showing uncontaminated MORB-like 3He/4He signatures (7.67 Ra and 7.52 Ra, respectively). 
Towards the south, the dominant mechanism controlling helium isotope ratios of fumaroles and 
thermal springs (3.68 Ra to 6.97 Ra) appears to be the mixing between mantle-derived helium and 
a radiogenic component derived from magmatic assimilation of 4He-rich country rocks or 
contamination during the passage of the fluids through the upper crust. The degree of 4He 
contamination is strictly related with the faults controlling the occurrence of volcanic and 
geothermal systems, and the most contaminated values associated with NW-striking structures 
(3.68 Ra to 5.42 Ra). This is confirmed by δ15N values that show increased mixing with crustal 
sediments and meteoric waters along NW faults (AFLS), while δ13C–CO2 data are indicative of 
cooling and mixing driving calcite precipitation due to increased residence times along such 
structures. 

The trace elements concentrations in surface thermal waters were contrasted with the 
helium isotope ratios (Rc/Ra) measured in the exact same emissions. In the acid sulfate waters 
metals as Ca, Mg, K, Sr, Ba, Co, Ni, Cu, Cd, Rh and Pd show negative correspondence with Rc/Ra, 
suggesting that its concentration in thermal fluids is dominated by rock leaching. In contrast, B, 
As, Sb, Ge, Mo, W, Ti, Pb and Zr show a positive correlation with Rc/Ra. This is interpreted as a 
deep magmatic source for these elements, which are transported upwards to the shallow geothermal 
domain by low density vapors after deep phase-separation or boiling. These two different trends of 
enrichment of acid-sulfate waters are the result of a strong structural control that conditions 
selective elemental partitioning, enhancing water-rock interaction and metal leaching along 
oblique, NW-striking ALFS structures (e.g. Cu, Co, Ni, Pd etc.). In contrast, the high permeability 
regime along the main LOFS allow rapid fluxing of metals transported by magmatic vapors (e.g., 
As, Sb etc.). The geochemistry of neutral-chlorine waters is mainly dominated by shallow 
processes as mixing with meteoric fluids and mineral precipitation controlling the metal contents 
of these waters. The weak positive correspondences of some metals with Rc/Ra suggest that these 
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removal processes are more efficient in NW ALFS structures where the higher residence time of 
geothermal fluids in the crust increase the reaction time with country rock and the mixing with cold 
and shallow infiltrating waters.  

The geochemical decoupling of Cu and As was studied in detail at the active Tolhuaca 
Geothermal System (TGS), a high enthalpy, metal-rich hydrothermal system associated with a NW-
striking structure in the northern termination of the LOFS. This metals-rich system provided the 
opportunity to contrast the trace element composition of a suite of pyrite samples retrieved from a 
~1 km drill hole, with chemical composition of present-day fluids and paleofluids trapped in fluid 
inclusions. Well-developed zonations were detected in pyrite from the shallow argillic alteration 
zone, where Cu(Co)-rich, As-depleted cores alternate with Cu(Co)-depleted, As-rich rims. 
Contrasting these results with chemical data of fluid inclusion in quartz veins (high Cu/As) and 
borehole fluids (low Cu/As) reported at the TGS, a correspondence between Cu and As 
concentrations in pyrite-forming fluids and chemical zonation in pyrite is clear. These observations 
provide direct evidence supporting the selective partitioning of metals into pyrite as a result of 
changes in ore-forming fluid composition, most likely due to separation of a single-phase fluid into 
a low-density vapor and a denser brine, capable to fractionate Cu and As.  

These results remark how observed at regional scale, where Cu and As fractionate with 
different structural features controlling the volcanism and thermal emissions occurrence in the 
Southern Volcanic Zone of Chile. Arsenic (i.e. correlated with primitive Rc/Ra) is transported by 
vapor phase from the deep magmatic domain up to the surface and the highest concentrations are 
associated with NE LOFS structures, permitting high vertical permeability of circulating fluids. In 
contrast Cu (i.e. correlated with lower Rc/Ra ratios) remain probably confined to the deeper parts 
of the magmatic/hydrothermal systems due to his affinity with the dense brine and the shallow 
thermal springs enrichment observed in surface emissions is related with leaching of host rocks, 
especially along NW ALFS structures, promoting high residence time of fluids in the crust. 

The interpretation regarding the effects of structural features on the circulation and 
composition of geothermal/hydrothermal fluids in the Southern Volcanic Zone may be applicable 
in other fault systems worldwide and the study of active hydrothermal systems may lead to new 
interpretations regarding metals partition and hydrothermal ore deposits distribution along long-
lived fault structures. In fact, the occurrence of a differential metal distribution in fossil 
hydrothermal systems associated with regional scale faults have been long time observed. For 
example in the Atacama Fault System, a 1000 km sinistral fault, which are associated the genesis 
of many ore deposit of northern Chile, a differential occurrence of ore deposits related with 
different stress directions has been recognized, where the Iron Oxide Apatite (IOA) deposits 
commonly occur along the main track of the fault, whereas the Iron Oxide Copper-Gold (IOCG) 
deposits, are mainly associated with secondary NW-trending structures.   
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