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Abstract 

San Francisco de los Andes is a small, tourmaline breccia-hosted Bi–Cu–Au deposit in the 

Frontal Cordillera, Argentina. The San Francisco de los Andes district is spatially and temporally 

related to the Permian Tocota Pluton, part of the Colangüil Batholith. The Tocota Pluton is a post-

orogenic intrusive complex formed after partial melting of continental crust, triggered by a mafic 

underplate. Its high-K, calc-alkaline signature relates to minimum melting at relatively low PH2O. The 

youngest granitoid, the Rosados Granite, has features common of hypersolvus granite including a 

leucogranite composition with biotite (but no hornblende), accessory muscovite, and orthoclase with 

perthitic textures. The geochemical evolution of the granitoids documents a transition between an arc-

related to an extensional geodynamic setting. Distinctive geochemical signatures of post-orogenic 

magmatism in the Tocota Pluton include depletion in Eu, Sr and La (i.e., non-adakitic compositions), 

and absence of strongly fractionated rocks (i.e., strong LREE enrichment and HREE depletion), which 

relate to the presence of plagioclase (± clinopyroxene – amphibole) as residual phases in restite during 

partial melting of a felsic source rock. Low water contents in the Tocota Pluton derive from partial 

melting of biotite from the original felsic source. Younger diorite and andesitic dikes represent 

admixtures of mafic magma with felsic melt, whereas the very scarce basaltic dikes material derived 

from the mafic underplate intruded along joints. New U–Pb zircon ages show that the Tocota Pluton 

was the first intrusion of the post-orogenic Permo-Triassic magmatic cycle in the Colangüil Batholith. 

The La Fragüita Granodiorite has U–Pb zircon ages of 282.5 ± 2.8 to 275.2 ± 2.8 Ma, older than 

previously documented ages for the Tocota Pluton. The Rosado Granite yielded U–Pb zircon ages of 

272.8 ± 1.6 to 271.2 ± 2.2 Ma, whereas diorite and andesitic dikes are 268.0 ± 3.4 and 265.3 ± 1.9 

Ma, respectively. The new U–Pb zircon ages are to some extent comparable to those from the San 

Rafael block, Cordillera del Viento, Elqui–Limarí and Chollay batholiths in Chile and the Central 

Peruvian batholiths. Tourmaline is an accessory magmatic mineral in the Leoncito Tonalite and 

Rosados Granite, and hydrothermal cement in breccias and veins. U–Pb zircon age from a coarse-

grained tourmaline vein yielded 266.0 ± 3.5 Ma. The Middle-upper Permian tourmaline-cemented 

breccias and veins at San Francisco de los Andes are genetically related with granitoids of the Tocota 

Pluton, and represent mineralization formed prior to the rupture of Gondwana.  

The San Francisco de los Andes breccia complex crops out in a region characterized by 

Paleozoic sedimentary and igneous rocks, and unconsolidated Quaternary sediments. It has a 

magmatic-hydrothermal origin, based on breccia facies, their internal organization, and moderate- to 

high-temperature cement. Stage 1 quartz has a late-magmatic origin based on high Ti, low Ge, and 

TitaniQ temperatures between 524 and 648°C at 3 kbar. Stage 1-rim quartz is the hydrothermal 

overgrowth with high Ga, low Ti, lower TitaniQ temperatures; comparable to hydrothermal quartz 
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from stages 2, 3a and 4a breccia cement and veins. Likewise, B isotopic compositions from stage 1 

tourmaline from granite-hosted, tourmaline – quartz aggregates (-26.5 to -25.5 ‰) contrast with stage 

1-rim hydrothermal tourmaline overgrowth (-15.4 ‰), which is equivalent to stage 2, 3a and 4a 

hydrothermal tourmaline breccia cement and veins (-14.9 to -9.7‰). The large δ11B variation (i.e., -

26.5 to -9.7‰) reflects mixing of different boron sources and isotope fractionation during magmatic 

degassing and crystallization of the host Rosados Granite. Non-marine evaporates were likely present 

during magma generation due to partial melting of preexisting sialic crust, or were assimilated during 

magma ascent. The coalescence of two breccia pipes is inferred based on the ‘figure 8’ geometry of 

the breccia complex, and major differences in mineral assemblages, metal assays, mineral 

composition and elements substitution mechanisms in mineral phases in each domain. During the 

final stage of crystallization of the Tocota Pluton, a magmatic-hydrothermal fluid was exsolved and 

trapped under a granitic carapace. Hydrostatic pressure built up under the impermeable barrier until it 

exceeded the lithostatic pressure and the tensile strength of the surrounding host rocks; leading to gas 

expansion, causing brecciation resulting in a column of broken sedimentary and igneous rocks (SE 

domain). Violent release of pressure triggered phase separation into a vapor phase and a dense brine. 

The vapor was enriched in light lithophile elements (particularly B), steam and HCl. Due to having 

low relative density, vapor upwelling occurred right after brecciation, whereas the dense brine 

remained in the base of the breccia column, close to the magmatic source. This weakly acidic fluid 

was responsible for quartz – illite – tourmaline alteration, and tourmaline – quartz cementation. The 

brine precipitated sulfides and sulfosalts. A deeper seated blast reamed out the NW conduit soon after 

the SE pipe had already been cemented. Similar moderate-temperature minerals and additional late-

stage, low-temperature galena and sphalerite cemented the NW breccia pipe.  

The Late Miocene to Early Pliocene Rio Blanco-Los Bronces district of Central Chile is the 

largest accumulation of copper on planet Earth, with over 200 Mt of copper contained within a series 

of tourmaline- and biotite-cemented breccias and related vein stockworks. The La Americana, Sur-

Sur, Cerro Negro and Las Areneras sectors exhibit classic alteration and mineralization assemblages 

typical of porphyry systems. Deep stage 1 potassic (± sodic) alteration grade upwards and laterally 

outwards to stage 2 propylitic alteration, both stages occur at the district-scale. Stage 3 phyllic 

alteration is intimately related with the formation of tourmaline ± quartz-cemented breccias. Stage 4 

mineral assemblages have cemented breccias and infilled C veins. Stage 4 fluids evolved from Fe-

oxide stable and reducing (i.e., H2S predominant; La Americana and Areneras) to more oxidized 

fluids that precipitated anhydrite (i.e., HSO4
-, SO4

2- or SO2 predominant; La Americana, Cerro Negro 

and Areneras), and finally back to reduced conditions that stabilized sulfides (i.e., H2S predominant; 

La Americana, Cerro Negro and Areneras). Stage 5 (i.e., tourmaline-altered, matrix-rich breccias and 

veins), and stage 6 (D veins) caused sericite and intermediate argillic alteration. Stage 7 produced 
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carbonate-bearing E veins, which formed from low temperature, epithermal fluids. La Americana, 

Sur-Sur and Cerro Negro are well-mineralized areas, whereas Las Areneras is a weakly mineralized to 

barren sector. Hydrothermal tourmaline breccia cement and veins yielded δ11B values between -5.6 

and 6.2‰, comparable to nearby Cenozoic volcanic rocks and data from other porphyry Cu deposits. 

Boron is interpreted to be extracted from upwelling fluids related to the subducting slab and overlying 

sediments, ultimately derived by fluids from oceanic crust altered by seawater. These interpretations 

are consistent with adakitic compositions for the subduction-related San Francisco Batholith 

responsible for the formation of the giant Rio Blanco-Los Bronces district. 

At the regional scale, processed ASTER imagery has proven highly effective at mapping 

lithologies, hydrothermal alteration assemblages and individual hydrothermal minerals in a large area 

surrounding San Francisco de los Andes in the Argentinean Frontal Cordillera. Argillic and phyllic 

alteration assemblages were identified in areas spatially and genetically related with epithermal and 

porphyry deposits. Furthermore, ASTER imagery highlighted potential exploration targets for 

economic mineralization to the west of the already identified mineral deposits.  

At the district scale, tourmaline chemistry show potential as an innovative tool to aid mineral 

exploration. It has the potential to both vector towards the ore center and assess the fertility of an area. 

Tourmaline chemistry from the San Francisco de los Andes district is a significantly better guide to 

mineralization than whole rock geochemistry, providing proximal and distal indicators of 

mineralization. In the Rio Blanco-Los Bronces district, tourmaline chemistry varies as a function of 

depth. At higher elevations, tourmalines are enriched in Fe, Ca, As, Sr, Mn, Zn, Ba and Pb in 

mineralized areas (e.g., La Americana and Sur-Sur). A povondraite component was identified in 

tourmalines from both districts. Oxidized and highly saline fluids are required to form povondraite 

compositions, which are the type of hydrothermal fluids responsible for the formation of many 

mineralized systems. Contrasting tourmaline compositions from mineralized and barren systems are 

explained here by preferential partition in the Y-site based on elements availability from the original 

hydrothermal fluids. The Y-site in tourmaline is mainly filled by R2+ cations (i.e., Fe2+, Mg2+, Mn2+). 

If there is still available space, transition metals (e.g., Cu2+, Zn2+, Ni2+, Co2+) partition into the Y-site. 

Those ore-bearing hydrothermal fluids are highly enriched in Cu (and Zn), thus preferentially 

partition into the Y-site leaving little to no space for Co or Ni. Conversely, tourmalines from barren 

hydrothermal fluids lack Cu and Zn, thus enriched in Ni and Co. Furthermore, if there is available 

space in the Y-site after Ni and Co replacement, Ti4+ may also partition into the tourmaline structure 

(only tourmalines from Las Areneras are enriched in Ni, Co and Ti). Antimony and As are pathfinder 

elements enriched in ore-related tourmalines. Some of the most effective fertility indicators proposed 

in this study are: Sb vs As, Cu / Co vs As, and Cu / Ti vs As. They efficiently distinguish the barren 
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Las Areneras area from the mineralized Sur-Sur, La Americana, and San Francisco de los Andes 

deposits, and also from the Cadia East porphyry Cu–Au deposit in Australia. 
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Chapter 1 – Introduction 

This thesis presents a series of five draft manuscripts aimed to improve the current 

knowledge of the tectonic setting, magmatism evolution, hydrothermal alteration and ore-forming 

fluid history of two mineralized breccia-dominated districts in the South American Andes: the San 

Francisco de los Andes Bi–Cu–Au district and the giant Rio Blanco-Los Bronces porphyry Cu–Mo 

district. San Francisco de los Andes is the largest accumulation of Cu hosted in a hydrothermal 

breccia system in Argentina (Cardo et al., 2008). It contains high grade ore, but is only a small 

breccia-hosted deposit. Conversely, the Rio Blanco-Los Bronces district of central Chile is the 

largest accumulation of copper on planet Earth, with over 200 Mt Cu contained within a series of 

tourmaline- and biotite-cemented breccias and related vein stockworks (e.g., Toro et al. 2012). La 

Americana, Cerro Negro and Las Areneras are the three sites studied for this thesis, which define a 

north-trending transect across the Rio Blanco district. The Sur-Sur sector has also been considered 

as it transitions south to La Americana. Because magmatic-hydrothermal Bi deposits are poorly 

documented compared to classic Cu–Mo, and Cu–Au systems, this thesis provides insights into the 

contrasts between these two tourmaline breccia-hosted mineralized systems, their processes of 

formation and guidance for exploration at both the regional- and district-scale. 

1.1 Aims of this PhD study  

The major aims of the current PhD thesis are: 

• To complete a comprehensive comparative study that documents the tectonic settings, 

magmatic histories, geology, hydrothermal alteration and mineralization of the San 

Francisco de los Andes Bi–Cu–Au breccia-hosted deposit in Argentina, and three sectors 

within the giant Rio Blanco-Los Bronces Cu–Mo district in Chile (i.e., La Americana     

± Sur-Sur, Cerro Negro and Las Areneras), 

• To determine brecciation mechanisms responsible for the formation of mineralized 

tourmaline-cemented breccia systems in the two districts, 

• To constrain hydrothermal fluids compositions, their sources and evolution in both 

districts, evaluate mechanisms that triggered ore deposition, and provide genetic models 

for the formation of the San Francisco de los Andes breccia complex and the La 

Americana, Cerro Negro and Las Areneras prospects,  

• To highlight exploration implications at both the regional- and the district scale based on 

ASTER satellite image processing techniques and tourmaline chemistry; The latter is 

based on a robust comparative study of hydrothermal tourmalines from San Francisco de 

los Andes and Rio Blanco-Los Bronces (coupled with tourmaline data from the giant 
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Cadia East porphyry deposit in Australia) to determine whether tourmaline trace element 

chemistry can be used to discriminate different mineralization styles, evaluate fertility of 

an area, differentiate deposit sizes, and produce a series of vectors that allow the ore 

deposits to be detected over greater distances that can be observed from whole rock 

geochemistry. 

1.2 Thesis outline 

Chapter 1 presents the main aims of this project and an outline of the current PhD thesis. It 

includes a concise description of the location of, and access to the San Francisco de los Andes 

mine and Rio Blanco-Los Bronces district. It also provides a summary of the mining history and 

previous work conducted at both study sites. Chapter 1 also presents a comprehensive literature 

review on hydrothermal breccias, which focusses on the intrinsic problems of describing these 

complicated rocks, and the current state of available genetic and scarce non-genetic classification 

schemes. 

Chapter 2 is a regional-scale, remote sensing study of a 3,600 km2 area on the eastern flank 

of the Andean Cordillera, using ASTER (Advanced Spaceborne Thermal Emission and Reflection 

Radiometer) image processing techniques. This part of the Frontal Cordillera includes the San 

Francisco de los Andes district. The area contains Siluro-Devonian to Neogene sedimentary and 

igneous rocks, and unconsolidated Quaternary sediments. Epithermal and porphyry-related ore 

deposits are associated with various types of hydrothermal alteration assemblages. Short-wave 

infrared (SWIR) and thermal infrared (TIR) ASTER data have been used to characterize geological 

features on this portion of the Frontal Cordillera. Red-green-blue band combinations, band ratios, 

logical operators, mineral indices and principal component analysis have been applied to identify 

rock types and hydrothermal alteration zones. These techniques are used to enhance geological 

features, in particular to contrast different lithologies and zones with high concentrations of 

argillic, phyllic, propylitic alteration mineral assemblages and silicic-altered rocks. Portable short 

wave infrared spectrometry is also used in hand specimens to validate the capability of ASTER to 

identify hydrothermal alteration assemblages. Field control areas are used to evaluate the accuracy 

of minerals detected by ASTER processing techniques, and thus allow mapping the same 

mineralogy where pixels have similar information. Chapter 2 aims to show how ASTER 

processing techniques can be a valuable mapping tool for geological reconnaissance of a large area 

of the Argentinean Frontal Cordillera. 

Chapter 3 is a district-scale geological, geochemical and geochronological study of the 

Permian Tocota Pluton in the Argentinean Andes. The San Francisco de los Andes district is 

spatially related to the Tocota Pluton. Field mapping and U–Pb zircon geochronology are used to 
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constrain relative and absolute ages of different facies of the Tocota Pluton. A robust set of 

geochemical data have been generated to enhance understanding of the geochemical evolution of 

the Tocota Pluton, resolve its complex geodynamic tectonic setting, and assess its fertility. Chapter 

3 aims to document whether hydrothermal alteration and Bi–Cu–Au mineralization in the San 

Francisco de los Andes district is temporally and genetically related to the Tocota Pluton. In this 

chapter, the geochemical data from the Tocota Pluton is also compared to new geochemical data 

generated for this PhD study from the Miocene San Francisco Batholith in central Chile. The San 

Francisco intrusive complex is responsible for the formation of a cluster of giant Cu deposits at Rio 

Blanco-Los Bronces (e.g., Warnaars et al., 1985; Serrano et al., 1996; Vargas et al., 1999; Skewes 

et al., 2003; Frikken et al., 2005). Both intrusive complexes are spatially associated with 

mineralized tourmaline-cemented breccias, inviting comparisons of their petrogenesis. 

Chapter 4 is a deposit-scale study of San Francisco de los Andes. The chapter documents 

complex Bi–Cu–Au–As–Fe–Zn–Pb–Ag mineral assemblages, which includes sulfides, sulfosalts, 

tellurides and native elements, as well as supergene oxides, hydroxides, arsenates, sulfates, 

carbonates and secondary sulfides and sulfosalts. The geometry of the ore body, breccia facies and 

paragenetic sequence of the San Francisco de los Andes breccia complex are described and 

discussed. This chapter is based on field work, macroscopic and microscopic sample descriptions, 

coupled with detail analytical work (i.e., EMP and LA-ICP-MS analyses). Metal assays and trace 

elements analyses of quartz, pyrite, arsenopyrite, bismuthinite, cosalite, galena and associated 

sulfides, sulfosalts and tellurides have been conducted in order to better understand ore-bearing 

fluids across the breccia complex. A thermodynamic model for Bi ± Cu species is also presented. 

Chapter 4 aims to document diagnostic breccia features and infer their origins. It also intends to 

record ore-bearing fluid compositions, their temperature ranges, evolution with time, and constrain 

S2 and Te2 fugacity values for the mineralizing solutions. The San Francisco de los Andes breccia 

complex has been defined previously as a ‘xenothermal’ deposit (cf. Lindgren, 1933). An up-to-

date genetic model for the breccia complex is presented here. This chapter provides useful insights 

to help understand breccia genesis throughout the district, and to assist in the exploration for new 

mineral resources.  

Chapter 5 is a district-scale study of Rio Blanco-Los Bronces in central Chile. This giant 

porphyry Cu–Mo district has been studied previously by numerous scientists due to its 

anomalously high copper concentrations (e.g., Warnaars et al., 1985; Serrano et al., 1996; Vargas 

et al., 1999; Frikken, et. al. 2005; Deckart et al., 2005, 2010, 2013; Piquer et. al., 2015). In the past 

decade, new prospects of interest have been discovered outside of the already known mineralized 

areas in the Rio Blanco-Los Bronces district (e.g., Toro et al., 2012). Chapter 5 documents the 

paragenetic sequences, and geologic – hydrothermal evolution of La Americana (south), and the 
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newly discovered prospects Cerro Negro (centre) and Las Areneras (north). None of these sites has 

been studied in detail previously, and so their mineralization and hydrothermal alteration 

assemblages have been documented in this chapter. Detailed descriptions of hydrothermal 

alteration and mineralization are provided for each prospect. Based on the new data set, together 

with information provided by CODELCO (Corporación Nacional del Cobre de Chile), the origin of 

each system and its fertility are discussed. Chapter 5 addresses whether hydrothermal alteration 

and mineralization in each study site are related to one another, or they are individual hydrothermal 

systems that have coalesced within the giant Rio Blanco-Los Bronces district.   

Chapter 6 focuses on assessing the application of tourmaline chemistry as a tool for 

vectoring and fertility assessments in the two mineralized breccia districts from the Andean 

Cordillera (i.e., the giant Rio Blanco-Los Bronces porphyry-related Cu–Mo, and the small San 

Francisco de los Andes Bi–Cu–Au districts). Hydrothermal alteration typically affects larger areas 

than the ore deposit itself, but distal alteration does not always show significant whole rock 

geochemical anomalies that could aid the detection of the ore deposit. Chapter 6 tests the 

sensitivity of tourmaline trace element chemistry as a tool for far-field detection of these ore 

deposits and its efficiency to record information about the evolution, location, size and fertility of 

hydrothermal systems. Boron isotopic compositions in tourmaline are used to help contrast 

different tourmaline generations and to identify the most likely sources of B in tourmalines. 

Chapter 7 is the final chapter of this PhD thesis. It provides a genetic model for the San 

Francisco de los Andes breccia complex, and implications for the genesis of mineralization at La 

Americana, Cerro Negro and Las Areneras, summarizing the major findings and conclusions 

throughout this PhD study. Chapter 7 also highlights main exploration implications at both the 

regional- and the district scale, and provides recommendations for future research. 

1.3 Study sites: San Francisco de los Andes and Rio Blanco-Los Bronces 

1.3.1 Location and access 

The San Francisco de los Andes mine (30° 50´ 08´´S; 69° 35´ 58´´W) is located on the 

eastern flank of the Frontal Cordillera, San Juan province, Argentina (Fig. 1.1). The Frontal 

Cordillera is a geological province on the eastern flank of Cordillera de los Andes that extends 

from La Rioja to southern Mendoza (Fig. 1.1). The San Francisco de los Andes mine is located 7 

km north of the Castaño river, and 29 km northwest from Villanueva village (Fig. 1.1). Altitude of 

samples collected in the vicinities of the mine site range between 2,500 and 3,100 meters above sea 

level. Route No 412 is located westward Frontal Cordillera and eastward Precordillera, along the 

N-oriented Rodeo – Calingasta – Uspallata valley. Route No 412 connects the towns of Calingasta, 
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Figure 1.1: Location map of the San Francisco de los Andes and Rio Blanco-Los Bronces districts based on 

a mosaic of Landsat 7 images from Google Earth™. Key ore deposits, localities, routes, and outlies of 

Argentinean provinces and Chilean regions are included. Distinctive hills are highlighted green, including: 

Cerro Colina (5,385 masl; Mendoza – Santiago; Frontal Cordillera), Aconcagua (6,962 masl; Mendoza; 

Principal Cordillera), Mercedario (6,770 masl; San Juan; located in the boundary between Principal and 

Frontal Cordillera), Cerro de la Majadita (6,280 masl; San Juan; Principal Cordillera), and Cerro del Toro 

(6,168 masl; San Juan – III Region; Principal Cordillera). 
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 Villa Corral, Villanueva and Bella Vista. Only the southern half of this road is sealed. The mine 

site can only be accessed by four-wheel-drive vehicles due to the poor-quality of the gravel roads. 

Approximately 29 km from Villanueva, on the way to Bella Vista, is the turn off to the mine site. 

The first half of this road is roughly west-directed and straight, as it crosses the Quaternary alluvial 

fan system produced by the erosion of the Frontal Cordillera. The second half of the road to San 

Francisco de los Andes mine is winding as it is located within the eastern margins of the Frontal 

Cordillera, and transects several dry creek channels. 

The Rio Blanco-Los Bronces district (33° 8' 20'' S; 70° 16' 40'' W: Los Bronces open pit 

mine coordinate) is located on the west side of the Andes, on the Principal Cordillera, within the 

limit of Santiago Metropolitan and Valparaiso Regions, central Chile (Fig. 1.1). The district is 

located 50 km northeast from Santiago, and 45 km southeast from Los Andes, in the headwaters of 

the Rio Blanco river at elevations between 3,000 and 4,800 meters above sea level (Vergara and 

Latorre, 1984; Warnaars et al., 1985). To access the Rio Blanco-Los Bronces district from 

Santiago, route no 57 is taken to Los Andes (northward), then  route No 60 to Rio Blanco 

(westward), and finally road E-767 to the mine sites (southward, parallel to the Rio Blanco river). 

Access is by paved mine roads. 

1.3.2 Mining history and previous work  

1.3.2.1 San Francisco de los Andes  

The San Francisco de los Andes mine is the main ore deposit within the San Francisco de 

los Andes Bi–Cu–Au district. This district extends 30 km north along the Frontal Cordillera and 

also contains the Amancay, Cortadera, La Fortuna, Mikrokleia, Rodophis, Tres Magos and Flor de 

los Andes mineralized breccias, among others (Cardó et al., 2008). The San Francisco de los Andes 

deposit hosts the largest bismuth concentration in a hydrothermal breccia body in Argentina (Cardó 

et al., 2008). The orebody is characterized by a complex Bi–Cu–Au–As–Fe–Zn–Pb–Ag mineral 

assemblage, including sulfides, sulfosalts and native elements, as well as supergene arsenates, 

sulfates, carbonates, oxides and hydroxides hosted in a small tourmaline-cemented breccia 

complex (Testa et al., 2016). The ore deposit was mined sporadically between the 1940s and the 

1980s. A total of 112 tons of bismuth concentrate was produced and 2,420 tons of ore with 3 – 6% 

Cu and 1.2 – 4.5 % Bi (Angelleli, 1984; Cardó et al., 2008). In 1990, Aguilar Mining Company 

estimated a resource of  >  0.16 Mt, with 5.4 g/t Au, 77 g/t Ag, 0.9 % Cu, 0.15 % Bi, 0.4 % Pb and 

0.1% Zn for the 35 m thick ‘enriched zone’. Although the vertical extent of the breccia pipe is 

unknown, Aguilar Mining Company identified a shallow (20 – 25 m) hypogene zone comprising 

sulfide and sulfosalt minerals with average grades of 1.32 g/t Au, 65.5 g/t Ag, 0.55 % Cu, 0.02 % 

Bi, 0.38 % Pb and 0.61 % Zn (Lencinas, 1990). 
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The San Francisco de los Andes breccia complex has a wide and complicated range of 

minerals. Several mineralogical studies of supergene phases have previously been conducted (e.g., 

Bedlivy and Llambías, 1969; Bedlivy et al., 1969, 1972; Malvicini, 1969; Bedlivy and Mereiter, 

1982). The most comprehensive study of San Francisco de los Andes was conducted by Llambías 

and Malvicini (1969). Chapters 2, 3, and 4 include detailed reviews of previous work at the 

regional-, district- and deposit scales respectively. Appendix 1 contains an additional article written 

based on information collected during this PhD study. It provides an overview on supergene 

minerals at San Francisco de los Andes weathering zone, and focuses on bismoclite, documenting 

the first occurrence of this phase in a magmatic-hydrothermal breccia and its usefulness as an 

indicator phase in mineral exploration.  

1.3.2.2 Rio Blanco-Los Bronces  

Copper mineralization in the Rio Blanco-Los Bronces district was first discovered in 1864. 

Massive chalcopyrite outcrops, covered partially by snow, were recognized in the headwaters of 

the San Francisco river (Warnaars et al., 1985; Baeza, 1990; Toro et al., 2012). Small-scale, 

manual exploitation of high-grade ore (i.e., 25 % Cu) took place during the 1870s and 1880s. The 

Rio Blanco-Los Bronces district has been mined since then. A summary of the district’s mining 

history, based on Irarrazaval et al. (2010) and Toro et al., (2012), is provided in Chapter 5. Copper 

and Mo are currently being extracted by Anglo American Sur at Los Bronces open-pit mine, and 

by CODELCO at Río Blanco block-cave mine and the Sur-Sur open mine pit (e.g., Frikken et al., 

2005; Toro et al., 2012). The Río Blanco-Los Bronces district has a total resource exceeding 200 

Mt of copper, and is the largest known Cu deposit on Earth (Toro et al., 2012). 

The earliest comprehensive studies of the mineralized breccias at Rio Blanco-Los Bronces 

were conducted by Warnaars et al. (1985) and Serrano et al. (1996). Vargas et al. (1999) and 

Frikken et al. (2005) were the first studies that documented mineralogical zonation in the Sur-Sur 

breccia complex at Rio Blanco. The geology, hydrothermal alteration and mineralization of the 

Donoso breccia at Los Bronces were documented by Skewes et al. (2003). Kusakabe et al. (1990), 

Vargas et al. (1999) and Frikken et al. (2005) conducted fluid inclusion studies on hydrothermal 

cement from the Río Blanco, Sur-Sur, and La Americana areas, whereas Holmgren et al. (1988) 

and Skewes and Holmgren (1993) on breccia cement from Los Bronces. Río Blanco-Los Bronces 

has been the subject of several stable isotopic investigations (including sulfur and lead; e.g., 

Kusakabe et al., 1984, 1990; Tosdal and Munizaga , 1996; Frikken et al., 2005), and 

geochronological studies (e.g., Deckart et al., 2005, 2013; Frikken et al., 2005; Toro et al., 2012; 

Piquer et al., 2015). Strontium and Nd isotopic compositions of rocks and minerals from the Río 

Blanco-Los Bronces district were conducted by Serrano et al. (1996), Skewes and Stern (1996), 
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and Hollings et al. (2005). More detailed information on previous studies of Rio Blanco-Los 

Bronces is included in Chapter 5. 

1.4 Breccias in hydrothermal systems 

Because this thesis deals with several tourmaline-cemented breccia complexes, a review of 

breccia nomenclature and classification schemes is presented here to provide clarity regarding the 

terminology applied to breccias in this thesis.   

1.4.1 Breccias characteristics and terminology 

In general terms, a breccia is a rock where broken fragments of minerals and/or rocks are 

held together by any type of infill material; these may or may not derive from the original broken 

fragments. Over the past two centuries, numerous types of breccias have been documented and 

discussed across various fields in the geological sciences (e.g., igneous and metamorphic 

petrology, sedimentology, structural geology, economic geology). Volcanic, magmatic, 

sedimentary, tectonic and hydrothermal breccias are the major genetic classes of breccias. Section 

1.4 focuses specifically on hydrothermal breccias in order to provide context for descriptions and 

interpretations of breccias from San Francisco de los Andes and Rio Blanco-Los Bronces.  

A hydrothermal breccia can be broadly defined as any coarse-grained clastic aggregate 

formed, or cemented, by hydrothermal processes, irrespective of fluid sources, phases or 

compositions (Davies et al., 2000, 2008a,b). Hydrothermal breccias can be subdivided into various 

types based on genetic or descriptive criteria. The available classifications in literature differ 

widely (e.g., Table 1.2). This is because key terms associated with breccia nomenclature have been 

used inconsistently and with conflicting meaning in the ore geology literature. Those which are 

relevant to the current study are defined here, according to the descriptive scheme proposed by 

McPhie et al. (1993) for volcanic rocks, and breccia terminology based on Sillitoe (1985; 2010) 

and Davies et al. (2000, 2008a,b). 

The two main breccia components are clasts and infill. The material filling the space 

between clasts (infill) is divided here into matrix and cement. A clear distinction is made between 

these two terms as they may cause some confusion, and have been misused in the past. Cement is 

often neglected as a distinctive component, or maybe inappropriately included as part of the matrix 

of a breccia (e.g., Baker et al., 1986; Taylor and Pollard, 1993, Corbett and Leach, 1998). In a 

similar manner, the presence of vugs in breccias can be commonly overlooked or unreported. The 

terminology of key breccia components used in this thesis are defined as follow: 
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Clast: Coarse-grained clastic material larger than 2 mm. The terms monomict or polymict breccias 

are based on the variety of clast compositions in breccias: monomict – one clast type, polymict      

– more than two clasts types. 

Matrix: Fine-grained clastic material with a grain size less than 2 mm. The matrix of a breccia 

accumulates in the open spaces between clasts. It can consist of lithic, crystal, vein and/or cement 

fragments.  

Cement: Crystalline material filling the spaces between breccia clasts. The breccia cement can 

either precipitate from aqueous fluids or magma, resulting in hydrothermal cement (i.e., gangue     

± ore minerals) or igneous cement respectively.  

Vugs: Open spaces between breccia clasts. Vugs can either be primary or secondary, the latter 

typically due to leaching of phenocrysts or soluble cements.  

In an attempt to describe breccias in a systematic and complete manner, Table 1.1 has been 

compiled to summarize the key features that have been noted when describing breccias. This table 

is based on concepts proposed by various authors (i.e., Sillitoe, 1985; 2010; Baker et al., 1986; 

Taylor and Pollard, 1993; Corbett and Leach, 1998; Davies et al., 2000, 2008a,b). Key features 

have been gathered and organized based on three different scales of observation: hand-specimen, 

outcrop and breccia complex scale. At the hand-specimen scale, it is of vital importance to record 

the key characteristics of each breccia component, such as grainsize, morphology, orientation, 

texture, composition, alteration, mineralization, sorting, grinding, transport, and evidence for 

rebrecciation (Table 1.1). At the outcrop scale, descriptions should focus on the relationship 

between those components, recording the internal organization of breccias. Ideally, the relative 

proportion of breccia components should be quantify, the clast abundance and distribution 

recorded, and any massive, graded or stratified internal structure documented. In addition, the 

presence of post-brecciation features is best noticed when studying an outcrop (Table 1.1). Finally, 

when considering the breccia complex as a whole, it is necessary to pay attention to its overall 

geometry and facies architecture (Table 1.1). 

1.4.2 Breccia classification 

For the untrained eye, breccias may appear as simple rocks that are easy to study, but they 

commonly present major problems, particularly when trying to describe and classify them. This 

type of rocks can record a simple or complex history. The latter being where multiple stages of 

brecciation have occurred. Breccias can be formed at the Earth’s surface or subsurface by one or 

numerous geological processes, and are commonly found in any geological environment where 

brittle deformation occurs. 
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Table 1.1: Key features that should be documented in hydrothermal breccias. The content of this table is 

based on selected literature (i.e., Sillitoe, 1985, 2010; Baker et al., 1986; Taylor and Pollard, 1993; Corbett 

and Leach, 1998; Davies et al., 2000; 2008a,b), but organized and modified with personal criteria for the 

current study. This descriptive chart was used to document breccia types from the San Francisco de los 

Andes and Rio Blanco-Los Bronces districts. When possible, each entrance of this table should be 

completed. Particularly, when describing the internal organization of breccias, it is important to quantify as 

many characteristics as possible, such as percentage of components and clast : infill ratio (C:I). For the 

current study, various descriptive terms were quantified: A range of C:I values were attributed to commonly 

used terms for clast abundance; Conversely, C:I values only represent estimated limits for clast distribution 

terms, as some exceptions may apply 

Breccia features Description 

Components 

Clasts 

Grainsize > 2 mm 

Morphology 
e.g., angular, subangular, subrounded, rounded, faceted, tabular, 
equant, etc. 

Orientation/position e.g., irregular, horizontal, subvertical, vertical, etc. 

Color Any 

Composition 
Monomict or polymict; derived from lithic, crystal, vein, breccia or 
juvenile fragments, among others 

Alteration Pre-, syn- or post-brecciation alteration and type 

Sulfide replacement e.g., disseminated, massive replacement 

Sorting Well, moderately to poorly sorted 

Angularity Well, moderately to poorly ground; rounded to angular 

Degree of transport 
Well, moderate or poor; It is a  function of morphology, angularity 
and sorting 

Rebrecciation If applicable 

Matrix 

Grainsize Sand-sized matrix (2-1/16 mm) to mud-sized matrix (< 1/16 mm) 

Color Any 

Composition Derived from lithic, crystal, vein fragments, among others 

Texture e.g., bedded, laminated, banded, foliated, massive, etc. 

Cement 

Thickness Any 

Shape Regular (e.g., between tabular clasts) or  irregular 

Color Any 

Ore mineralogy Percentage and type 

Gangue mineralogy Percentage and type 

Texture e.g., massive, cockade,  drusy, crustiform, colloform, etc. 

Vugs 

Size Any 

Nature Primary or secondary 

Surface Clean, stained, drusy 

Internal 
organization 

Relative proportion 
Clast : infill ratio 
100% Infill = (X % matrix) + (Y % cement) + (Z % vugs) 

Clast abundance 
Clast-supported (C:I  > 7:3) 
Cement- or matrix-supported (C:I  < 7:3) 

Clast distribution 
In-situ or jigsaw-fit (C:I  > 8:2) 
Clast-rotated (C:I  < 8:2) 
Chaotic (C:I  << 8:2) 

Massive or graded Any 

Stratification If applicable 

Post 
brecciation 

activity 

Fracturing or veining If applicable 

Mineralization If applicable 

Hydrothermal alteration If applicable 

Geometry of the breccia body e.g., pipe, funnel, dike, vein, bed, tabular, irregular, etc. 
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Over the last 200 years, breccias have been studied by many geologists. These have been 

classified by many schemes in order to facilitate description and communication. Currently there is 

no single approach for undertaking this complicated task. Several genetic and descriptive 

classification schemes have been proposed in the literature, and the most relevant works are 

reviewed in the followings two sub-sections. Given the wide variety of breccias types, only ore-

related breccias are considered, with particular focus on hydrothermal breccias.  

1.4.2.1 Genetic classification of breccias 

During the late 19th and early 20th century, several ore-related breccias were identified, 

documented and possible origins proposed (e.g., Cornwall, England, Hunt, 1887; Au–Ag mines of 

Custer County, Colorado, USA, Emmons, 1896; Locke, 1926; Walker, 1928; Emmons, 1938). A 

more comprehensive view of mineralized breccias developed over the last 50 years (e.g., Bryner, 

1961; Richard, 1969; Mayo, 1976).  

Most of the mineralized breccia nomenclature schemes currently available in the literature 

are based entirely or partly on genetic terms (e.g., Sillitoe, 1985, 2010; Baker et al., 1986; 

Laznicka, 1988; Taylor and Pollard, 1993; Corbett and Leach, 1998). Table 1.2 compares several 

nomenclature schemes proposed by the previous authors, and highlights equivalent terms between 

these classification schemes wherever possible.  

Sillitoe (1985) discussed problems with the available genetic classifications for ore-related 

breccias. He stressed the lack of a comprehensive genetic classification scheme in the literature, 

and highlighted that the selection of most genetic terms to describe breccias were commonly 

loosely or erroneously used (e.g., gas fluxion, steam blast, hydrofrac, etc.). A descriptive 

classification would ideally be diagnostic of the origin of breccias. However, the subjectivity of 

many of the parameters used in previously available classification schemes (e.g., Wright and 

Bowes, 1963; Kents, 1964; Bryner, 1968) inhibited reliable and systematic classifications of ore-

related breccias. This was partly because many of the genetic assumptions required for an accurate 

classification lack field evidence (Sillitoe, 1985). 

Sillitoe (1985) proposed a genetic classification for ore-related breccias from 

volcanoplutonic arcs (Table 1.2). He focused on breccias formed in subsurface environments by 

hypogene processes and considered the overlap between intrusive, volcanic and hydrothermal 

processes. His genetic subdivisions were based on the role of magma and/or aqueous fluids 

responsible for brecciation (except for tectonic breccias). Subsequent subdivisions were based on 

ore deposit type. The key aspects of this classification, as originally proposed by Sillitoe (1985), 

are summarized as follows. 
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Table 1.2: Comparative table for ore-related breccia categories used in genetic classification schemes proposed by Sillitoe (1985), Baker et al. (1986), Taylor and Pollard 

(1993), Corbett and Leach (1998) and Sillitoe (2010). Note that not every breccia category has an equivalent term in each genetic classification; likewise some of the 

corresponding terms are not perfect matches. Sillitoe (1985) and Corbett and Leach (1998) included additional categories for those primary non-hydrothermal breccias 

Breccia type Geometry 
Breccia classification 

Sillitoe (1985) Baker et al. (1986) Taylor and Pollard (1993) Corbett and Leach (1998) Sillitoe (2010) 

Ore-related 
hydrothermal 

breccias 

Pipe-like 
(and dike-

like) 
geometry 

Magmatic-hydrothermal Hypabyssal 

Mostly push up                            
(locally fall down and 

break up) 

Magmatic hydrothermal Magmatic-hydrothermal 

Hydromagmatic 
(including 

hydrovolcanic) 

Phreatic  (porphyry 
level) 

(pebble dikes mentioned 
as a facies of 

hypabyssal breccias) 

(pebble dikes mentioned as a 
facies of magmatic 

hydrothermal breccias) 
Phreatic (porphyry level) 

Phreatic 
(epithermal level) 

Hydrothermal eruption Phreatic 
Phreatic (epithermal 

level) 

Phreatomagmatic 
Maar volcanoes 

diatremes 
Phreatomagmatic Phreatomagmatic 

x Fault-related Mostly break up ~ Dilational x 

Any 
geometry 
(including 
pipe-like) 

Amagmatic-hydrothermal? x Any x x 

x x Mostly push up 
Magmatic hydrothermal 

injection 
x 

x x 
Fall down 

Dissolution x 

x x Hydrothermal collapse x 

Primary non-
hydrothermal 

breccias 

Magmatic (including volcanic) 
x x 

Magmatic (including intrusive 
or contact and collapse 

breccias) 
x 

x x Volcanic x 

Intrusion x x 
(mentioned as a variety of  

magmatic breccias) 
x 

Tectonic x x Tectonic x 
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1- Magmatic-hydrothermal breccias: Those formed by the escape of hydrothermal fluids 

from magma chambers, regardless of the original nature of the fluids (magmatic, meteoric, 

connate, or oceanic).  

2- Hydromagmatic breccias: Both hydromagmatic and hydrovolcanic breccias, are formed 

by the interaction of a magmatic system and a foreign source of water. The hydromagmatic 

breccias are subdivided into two categories: 

2a- Phreatomagmatic breccias: Those formed by a direct interaction between 

magma and the external source of water.  

2b- Phreatic breccias: Those formed by an indirect interaction between magma and 

the external source of water, by means of magmatic heat.  

3- Magmatic and volcanic breccias: Those formed by fragmentation and eruption of magma 

from subsurface chambers. 

4- Intrusion breccias: Those formed by subsurface passive movement of magma, causing 

mechanical fragmentation and assimilation of wall rocks.  

5- Tectonic breccias: Those formed by tectonic processes, regardless of the presence of 

water. 

6- Amagmatic-hydrothermal breccias: Those formed by hydrothermal fluids (e.g., 

meteoric, connate, etc.) unaffected by magmatic processes. 

At the same time as Sillitoe (1985)’s work, a genetic classification for hydrothermal 

breccias with pipe-like geometries was proposed by Baker (1984), and later extended by Baker et 

al. (1986; Table 1.2). According to Baker (1984) and Baker et al. (1986), the formation of a breccia 

pipe at different depths (or at a specific depth by different mechanisms), will result in a series of 

diagnostic textures. Breccia pipes can then be broadly classified based on a combination of those 

diagnostic features. The updated genetic classification proposed by Baker et al. (1986) is based on 

Baker (1984), and includes an additional category for fault-related breccia pipes: 

1- Hypabyssal breccia pipes: Small to large bodies formed between 0.5 and 2 km below the 

surface, by volatile-rich fluids escaping from a crystallizing melt.  

2- Maar volcanoes-diatremes: Large bodies formed at < 0.5 km below the surface, by an 

explosive eruption caused by the interaction of cool groundwater and an ascending magma. 

3- Hydrothermal eruption breccia pipes: Small bodies formed at < 0.3 km below the 

surface, by the explosive release of steam, from confined superheated boiling water. No 

direct magmatic contribution is required.  

4- Fault-related breccias pipes: Small to medium-sized vertical bodies formed at any depth 

within brittle regime, due to faulting. 
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Baker et al. (1986) stressed that it is unwise to use genetic terms to name a specific breccia 

facies, as this facies could have been formed by many processes. A combination of breccia facies 

can then be named with a genetic term, as the process of formation becomes evident.  

Laznicka (1988) reviewed and compiled numerous breccias types of various origins, 

regardless of their petrographic division. He focused on breccias that hosted metallic ores, and their 

environment of formation or association. He proposed the following genetic classification based on 

the main process occurring during brecciation: gravity, dynamic (earthquake and explosion), low 

duration (hydraulic- and strain-controlled), volume change and chemical processes. Laznicka 

(1988) provides a robust dataset on worldwide breccias, and helped to bridge the gap between the 

established divisions of petrology and metallogeny. 

Just as the literature provides various breccia nomenclatures and classification schemes, 

some of them complex and confusing, numerous mechanisms of brecciation have been also 

proposed to explain fragmentation (Table 1.3). Taylor and Pollard (1993) provided a simple 

classification for breccias, avoiding poorly defined, intricate genetic and textural terms (Table 1.2). 

They subdivided breccias within three super groups:  

1- Fall down breccias: Those formed by any process causing collapse. This variety is rare 

(e.g., collapse breccias in limestone environments). 

2- Push up breccias: Those formed by any process of forceful intrusion. This variety is very 

common (e.g., magmatic-hydrothermal, phreatomagmatic, phreatic breccia pipes). 

3- Break up breccias: Those formed by any process that caused breaking, with only limited 

clast transport. This variety is extremely common (e.g., local shattered breccias adjacent to 

most breccia styles, fault breccias). 

Taylor and Pollard (1993)’s approach has the advantage of simplicity, which focus on key 

aspects of breccia description at different scales. This apparently straightforward classification 

implies genetic terminology, and can only be used as an early reconnaissance tool. Given the 

general nature of this classification, some exceptions are likely to occur, where certain breccias 

cannot be precisely classified. Taylor and Pollard (1993) noted that this approach requires further 

development. 

Corbett and Leach (1998) noted that breccias need to be classified so that their importance 

with regards location within a hydrothermal system can be identified. They stressed the importance 

of using descriptive terms to document textural variations and breccia facies during the initial 

stages of an investigation. The combination of these descriptive data might lead to the development 

of a genetic model and thus genetic terminology may apply. The usage of early genetic



   C
h

ap
te

r 1
 –

 In
tro

d
u

ctio
n

     
 

 
 

1
5

 

Table 1.3: Summary of some of the brecciation mechanisms and related processes responsible for the formation of ore-related hydrothermal breccias. This table is mainly 

focused on pipe-like, funnel-like or dike-like geometries. Note that some of the proposed theories of brecciation (*) are no longer considered feasible in recent literature 
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Explosive 
brecciation 

Catastrophic brittle failure of the carapace of a crystalizing magma and overlaying rock column occurs 
when the hydrostatic pressure exceeds the lithostatic pressure and tensile strength of the host rock 
(Burnham, 1979). Brecciation, caused by violent release of volatile-rich fluids, may or may not breach 
the surface. Decreasing depth of emplacement and increasing size of the magmatic body tend to 
promote  explosive venting and increase the size of the resulting crater (Baker et al., 1986) 

An explosive hydrothermal origin was early proposed by authors such as Emmons (1938), Kents 
(1964), Warnaars et al (1985). *Based on the last two authors, super-heated magmatic-hydrothermal 
solutions turn into jets of steam as they ascended close to surface, due to decreasing confining 
pressure, producing ‘burst breccias’ 

Non-
explosive 

brecciation 

*Collapse of host rocks above a volatile-rich reservoir (Norton and Cathles, 1973).  Aside from water, 
volatiles such as B, F, P, Cl and CO2 may assist this mechanism (e.g., Pichavant, 1979) 

The dissolution action of hydrothermal fluid is responsible for 'hydrothermal collapse breccias' (Sillitoe 
and Sawkins, 1971) 

The volatile-rich phase must  escape (e.g., along fractures) or contract (e.g., due to cooling) to provide 
the necessary space to enable brecciation due to collapse of the host rocks (Baker et al., 1986) 

Volatiles trapped during melt crystallization might boil due latent heat, causing overpressure and 
hydraulically fracturing the surrounding rocks, resulting in stockwork veining (e.g., Burnham, 1979). 
Hydraulic fracturing increases permeability, and thus rapid evacuation of the residual volatiles, initiating 
rebrecciation (e.g., Norton, 1982). Sillitoe (1985) considered brecciation occurs due to magmatic fluids 
expanding as they escape from a cooling stock, in agreement with Burnham (1979) model 

Fluidization 

A gas or liquid phase may transport clasts upwards through the center of a pipe-like structure and 
down along the margins, defining a fluidized cell (e.g., Reynolds, 1954; Woolsey et al., 1975) 

Host rock above the initial void in the upper portion of the intrusion may collapse and form a breccia 
column.  The fluidized cell may also collapse (e.g. due to volatile depletion) and thus fail to explosively 
breach the surface. Conversely, the fluidized cell may be sustained by a differential pressure through 
the pipe (e.g., volatiles escaping to surface along fractures) promoting rebrecciation and milling (Baker 
et al., 1986) 

If a fluidized cell is active, downwarding meteoric water and fluid mixing might cause magmatic-
hydrothermal breccia to explosively breach the surface (e.g., Grant et al., 1980). This mechanism might 
produce a typical maar volcano, masking the initial hypabyssal origin 



   C
h

ap
te

r 1
 –

 In
tro

d
u

ctio
n

     
 

 
 

1
6

 

Table 1.3: Continuation 
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hydrothermal 

breccias 
Shape 
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Phreato-
magmatic 
eruption or 

hydro-volcanism  

Phreatomagmatic eruption (e.g., Lorenz, 1975; Sillitoe, 1985; 2010) or hydro-volcanism (e.g., 
Sheridan and Wohletz, 1983) is an explosive eruption produced when downwarding 
groundwater within fractures violently interacts with an intruding magma.  The meteoric water 
is heated up to boiling point and eventually flashes to steam. The eruption ejects pyroclastic 
material, steam and water. There is a direct relationship between the water:magma ratio and 
the energy of the eruption (e.g., Lorenz, 1975; Sheridan and Wohletz, 1983; Sillitoe, 1985) 

After the first eruption, the enlarged fissure full with wall rock debris, is refilled with water. 
Subsequent individual eruptions cause the original vent to propagate out and downwards. As 
long as there is a constant supply of water and magma an eruption cycle is established. 
Conversely, a dry vent may be intruded by magma (e.g., plugs, sills, dikes, ring dikes; Baker 
et al., 1986) 

Fluidization 

Bellow several hundred meters in the vent, explosive brecciation is inhibited and fluidization 
may occur. Superheated steam under pressure escapes up along fractures and occasionally 
through the breccia pipe, maintaining the fluidized cell active (e.g., Cloos, 1941, Lorenz, 
1975; Sillitoe, 1985; Baker et al., 1986). Fluidization may not directly enlarge the vent, but 
promotes subsidence along ring faults (Lorenz, 1975) 
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Boiling 

Superheated steam is explosively released when water is contained at shallow levels under 
an impermeable barrier. There is no direct linkage with a magmatic source, more likely a 
deep igneous source provided the required energy to cause the hydrothermal eruption. This 
energy is stored as heat in hot meteoric water and transferred close to surface by circulating 
groundwaters (e.g., Muffler et al., 1971; Phillips, 1973; Sillitoe, 1985; Nelson and Giles, 1985; 
Hedenquist and Henley, 1985; Baker et al., 1986) 

Pressure increases boiling point of water, and thus allows temperature as high as 250°C to 
be achieved at shallow depth (e.g., Muffler et al., 1971; Baker et al., 1986) 

Confined system caused by an impermeable level (e.g., caprock, opaline silica horizon, 
paleosinter) leads to energy build up until it is released resulting in hydrothermal explosion 
breccias (e.g., Baker et al., 1986) 

Hydrothermal cement may lead to self-sealing of the system, followed by hydraulic fracturing. 
Cycles of re-cementation, overpressuring and explosive release are common in the lower 
section of the hydrothermal system (e.g., Sillitoe, 1985) 

Unconfined system: hydrothermal fluid within normal faults accumulates pressure, when  it 
exceeds the sum of lithostatic pressure and rock tensile strength the fault will propagate, 
leading to geyser eruptions and phreatic breccia formation (e.g., Baker et al., 1986) 
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Table 1.3: Continuation 

Ore-related 
hydrothermal 

breccias 
Shape 

Diameter 
(m) 

Vertical 
extent 

Depth of 
formation 

Origin Brecciation mechanisms and related processes 
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Single fracture 
faulting  

Movement along  an irregular fault surface (e.g., bend) in steeply-dipping faults  

Multiple fracture 
faulting 

Wedge adjustment in steeply-dipping faults  

Fault intersections in steeply-dipping faults. Reactivation may occur due to tectonic activity  

Block shuffle at fault intersections with wedge adjustment in steeply-dipping faults  

Block shuffle caused by multiple faulting within a single fault (e.g., due to an ascending 
intrusive) in steeply-dipping faults   

Block shuffle due to refraction cymoid looping of fractures, as they propagate along units of 
contrasting competency. This mechanism may occur in fractures with any orientation 
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terminology may result in loss of vital information as some relevant breccia features might not 

have been recorded (Corbett and Leach, 1998). 

 Corbett and Leach (1998) classified breccias in two large groups: primary, non-

hydrothermal breccias (i.e., magmatic, volcanic and tectonic breccias) and ore-related 

hydrothermal breccias (Table 1.2). The latter are subdivided into seven categories based on their 

environment of formation. The first three breccia types (magmatic-hydrothermal, phreatomagmatic 

and phreatic breccias) agree with the terminology proposed by Sillitoe (1985), based on crustal 

level of emplacement and relationship to porphyry source rocks. The additional four breccia types 

proposed by Corbett and Leach (1998) are: magmatic-hydrothermal injection (formed by hydraulic 

injection of mineralized magmatic fluids), hydrothermal collapse (formed by collapse of cool acid 

barren fluids during the retrograde phase of porphyry development), dilational (formed in 

competent rocks with open space structures) and dissolution (formed by dissolution of soluble 

materials or dolomitization) breccias. These require considerable understanding of the causative 

genetic phenomena to be applied accurately.  

For the current study, the genetic classification scheme proposed by Sillitoe (2010) is 

adopted. This is a simplified approach based on Sillitoe (1985), where hydrothermal breccias 

associated with porphyry Cu deposits were divided into three groups: magmatic-hydrothermal, 

phreatomagmatic and phreatic breccias (Figs. 1.2 to 1.10). Phreatic breccias were subdivided into 

two; those occurring at porphyry level, and those associated with the shallow epithermal levels 

(Table 1.2). Sillitoe (2010) provided a concise, accurate, overall approach towards breccias that is 

appropriate for this thesis. The inferred mechanisms of formation, distinctive textural features, 

timing and type of mineralization for each ore-related breccia category of Sillitoe (2010) are 

summarized in the following paragraphs, supplemented by additional insights from other authors 

where appropriate. Table 1.3 summarizes alternative mechanisms of formation proposed by 

various authors for each type of ore-related breccia. Table 1.4 lists the most diagnostic textural 

features and breccia facies for each category, and is organized based on the crustal level where 

these features occur, highlighting mineralization that may be associated with each facies.
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Table 1.4: Breccia facies and characteristic features present in magmatic-hydrothermal, phreatomagmatic and phreatic breccias based on: (1) Sillitoe (1985; 2010), (2) 

Baker et al. (1986) and (3) Corbett and Leach (1998). This table is subdivided according to the location where each feature is likely to be found within the breccia column. 

Note that some of the breccias facies and characteristic features are not present in every breccia body 

  

Location 
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the pipe 
Breccia facies and characteristic features mineralization 
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Upper 
portion 

Fractures cutting the wall rock above the breccia column2 May host high grades of porphyry or high sulfidation-style mineralization  

Shatter breccia (jig-saw-fit breccia in the uppermost section of a blind breccia 
pipe)1,2,3 

May host high grades of porphyry-style mineralization  

Collapse breccia (clast-rotated, angular-clast-supported breccia; grading downward 
from the shatter breccias)1,2,3 

May host high grades of porphyry-style mineralization  

Pebble breccia dikes (fine-grained-matrix-cemented breccia with rounded polymict 
clasts)2 ,3, ~ phreatic breccias at porphyry Cu level1 

Rarely mineralized. Commonly late-stage, post-brecciation barren bodies cutting 
stockwork-like porphyry mineralization 

Wall rock clasts are common, intrusive and juvenile clasts are rare2 Commonly barren 

Middle 
portion 

The core of the breccia pipe is characterized by rock flour breccias1, ~ mill breccias 
(fine-grained-matrix-cemented breccia with rounded to subangular polymict clasts)2, 
~ Intrusion breccias3 

Barren 

Wall rock fractures on the margins of the breccia pipe1,2,3: 

May host high grades of porphyry-style mineralization  

a- Pre-brecciation hydraulic fractures2, ~Magmatic-hydrothermal injection breccias3  

b- Syn-brecciation concentric sheeted fractures2,3 

c- Both type of fractures produce imbricated angular clasts, grading from vertical to 
horizontal orientations (from margins to core)2,3 

Lower 
portion 

Stockwork mineralization hosted in wall rock and/or intrusive carapace1,2,3 May be mineralized 

Tourmaline-cemented breccias with decompressive shock texture2 and: 

May be mineralized 
a- Tabular and wedge-shaped clasts 

b- Concentrically exfoliated clasts 

c- Decompressive shock texture occur in the middle portion of the pipe3 

Multi-episodic breccia with early tourmaline-cemented breccia clasts2 May be mineralized 

Juvenile clasts1 Barren 

Endogenous dome3 Barren 

Mosaic breccias3 May be mineralized 

Wall rock and intrusive clasts are common2 Breccias may contain pre-brecciation, porphyry-style, mineralized clasts 
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Table 1.4: Continuation 

  

Location 
within 

the pipe 
Breccia facies and characteristic features mineralization 

P
h

re
a
to

m
a
g

m
a
ti

c
 b

re
c
c
ia

s
 

Surface 

Tuff ring (massive breccias (> 10 m thick) interbedded with fine-grained ash to lapilli-
sized tuff beds (1 m thick))1,2,3 

Barren 

Tuff cone (thicker, unstratified, near-vent deposits, characterized by massive 
breccias)2   

Barren 

Lake sediments deposited in the maar crater1,2,3 Barren 

Interbedded lake sediments and breccias1,2,3 Barren 

Upper 
vent 

Interbedded coarser epiclastic breccia layers and tuffaceous siltstones2,3 Barren 

Crumble breccias surrounding endogenous domes which had intruded the 
contemporary surface2 

Barren 

Subsidence of large blocks into the pipe causes disruption of layers2, ~ collapsed 
blocks3 

Barren 

Ring faults causes large blocks of wall rock and overlaying pyroclastic debris to slide 
downslope2  

Barren 

Breccias product of sheared zones on the base of the sliding ring-fault blocks2  Barren 

Slump folds (inner portion)2 Barren 

Vent breccia1,2,3 Barren 

Middle 
vent 

Vent breccia2 (~diatreme breccias including tuffisite3):  

Barren 

a- Massive- to crudely-layered-breccias 

b- Large wall rock and tuff ring blocks may be suspended  

c- Gross scale stratification to unstratified, with different clast and matrix sizes and 
compositions 

d- Internal structures are absent 

e- Steeper dipping beds with increasing depth 

f- Permeable margins and fractured competent host rock May host low or high sulfidation epithermal mineralization 

Lower 
portion 

Breccia facies with evidences of fluidization more pronounced: Barren 

e.g., Small well-rounded clast, fine-gained matrix supported, dike-like breccias2,       
~ milled matrix fluidized breccia exploits structure3 

Rarely mineralized (e.g., post-brecciation, Au–Zn–Pb mineralization at Mt. 
Leyshon, Queensland) 

Multi-phase intrusive bodies: dikes and domes intruding the vent breccia2,3  Barren 
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Table 1.4: Continuation 

  

Location 
within 

the pipe 
Breccia facies and characteristic features mineralization 

P
h

re
a
ti

c
 b

re
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s
 (

e
p
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h

e
rm

a
l 
le

v
e
l)

 

Surface 

Fallout apron or debris ring (poorly sorted, large angular blocks, matrix-supported 
breccias). The main difference with crater breccias is the presence of internal 
bedding structures2,3 

Barren 

Travertine/sinter which may contain plant fragments1,2,3 Barren (distal sinters) to anomalously high metal values (proximal sinters) 

Late fill of lacustrine sediments3 Barren 

Upper 
vent 

Collapse breccia above the cuprock (due to acid leaching, not related to 
hydrothermal eruptions)2  

Barren 

Crater breccia (massive breccia lacking internal bedding structures)2, the sallow level 
of eruption breccias may include sinter blocks and logs3  

Barren (may include pre-brecciation mineralized clasts) 

Lower 
vent 

Multiepisodic breccias (angular clasts cemented by epithermal gangue minerals)2,3 Low sulfidation, adularia-sericite, Au–Ag mineralization 

Pre-brecciation stockwork veining (below the impermeable level or base of the 
hanging wall)2 

Different from porphyry-type mineralization (i.e., thicker and crustiform banding) 

Brecciated epithermal veins (potential feeder structure)2 Low sulfidation, adularia-sericite, Au–Ag mineralization 

Banded, sheeted fissure veins3 Low sulfidation, adularia-sericite, Au–Ag mineralization 
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(i) Magmatic-hydrothermal breccias  

Magmatic-hydrothermal breccias are fractured rocks produced by the release of 

overpressured magmatic fluids from a crystalizing intrusion in a magmatic-hydrothermal system 

(Sillitoe, 1985; 2010; Table 1.3). These breccias are typically steep, pipe-like to irregular, and 10s 

to 100s meters in diameter. The breccia bodies are filled with clasts, hydrothermal cement and/or 

rock-flour matrix (Sillitoe, 1985; 2010; Fig. 1.2).  Close to the breccia margins, the upper and 

middle sections of magmatic-hydrothermal breccias are characterized by angular, tabular clasts 

with abundant hydrothermal cement and minor matrix (Fig. 1.2). Both the outer shell of the 

breccias column, and the sheeted fractures in the wall rock surrounding it, represent areas of 

maximum permeability (Sillitoe, 1985; 2010; Baker et al., 1986; Corbett and Leach, 1998; Table 

1.4; Figs. 1.2 and 1.3a). Conversely, toward the inner part of the pipe, more rounded-clasts, matrix-

rich breccias are common with chaotic clast distributions (Sillitoe, 1985; 2010; Baker et al., 1986; 

Corbett and Leach, 1998; Table 1.4; Figs. 1.2 and 1.4a). Igneous cement and/or juvenile clasts may 

occur near the root of the system, proximal to the magmatic fluid source (Hunt et al., 1983; Corbett 

and Leach, 1998; Sillitoe, 2010; Figs. 1.2, 1.3d and 1.4f). Coarse-grained pegmatoidal patches are 

diagnostic of the base of magmatic-hydrothermal breccia pipes (Sillitoe, 2010; Fig. 1.2). This type 

of breccia lacks tuffaceous material, a diagnostic feature in phreatomagmatic breccias (Sillitoe, 

2010). 

Magmatic-hydrothermal breccias are commonly blind, and typically form in the deeper 

parts of porphyry Cu systems (Sillitoe, 1985; 2010; Baker et al., 1986; Corbett and Leach, 1998). 

Not every porphyry deposit has magmatic-hydrothermal breccias (e.g., Chuquicamata, Chile; 

Ossandon et al., 2001), whereas others are dominated by them (e.g., Rio Blanco-Los Bronces, 

Chile; Serrano et al., 1996; Frikken et al, 2005). There are many documented examples of 

mineralized magmatic-hydrothermal breccias (e.g., Kidston, Australia; Baker and Andrews, 1991; 

Mt. Leyshon, Australia; Orr, 1995; San Cristobal, Chile; Egert and Kasaneva, 1995; Figs. 1.3 and 

1.4). This type of breccia is typically intermineralization in timing, such that overprinting and 

rebrecciation processes are common (Sillitoe, 2010). Potassic-altered, biotite – magnetite               

– chalcopyrite-cemented breccias are interpreted to represent an early stage of alteration and 

mineralization, diagnostic of deeper levels in porphyry Cu systems (e.g., Vargas et al., 1999; 

Frikken et al, 2005). Conversely, sericite-altered, quartz – tourmaline – specularite – chalcopyrite  

– pyrite-cemented breccias develop at higher levels (e.g., Vargas et al., 1999; Frikken et al, 2005). 

An advanced argillic assemblage may be present in the uppermost level, as a result of a late 

overprinting event (Sillitoe, 2010). 
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Figure 1.2: Generalized model of magmatic-hydrothermal breccias or hypabyssal breccia pipe. Diagnostic 

features and breccia facies from this type of breccias are illustrated. Figure modified after Baker et al. (1986). 
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Figure 1.3: Magmatic-hydrothermal breccias. a. Tourmaline breccia, Wheal Remfry, Cornwall, UK: Note 

the sheeted fractures filled with tourmaline (left), and  imbricated clasts – slabby breccias (right; Kirwin, 

2006). b. Sheeted fracture zone, Wheal Remfry pipe, Cornwall, UK (Kirwin, 2006). c. Crackle breccia or 

shatter breccia, Wheal Remfry pipe, Cornwall, UK (Kirwin, 2006). d. Igneous breccia, El Teniente, Chile: 

Angular clasts of ‘Teniente Mafic Complex’ cemented by quartz – feldspar (Spencer et al., 2015). e. 

Tourmaline – molybdenite-cemented breccia, El Teniente, Chile (Spencer et al., 2015). 
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Figure 1.4: Magmatic-hydrothermal breccias. a. Tourmaline breccia, El Salvador, Chile (Delgertsogt, 2014). 

b. Tourmaline breccia, Quebrada Carrizalillo, Atacama, Chile (Griem, 2006). c.-d. ‘Main coarse-grained 

breccia pipe facies’ and ‘mineralized Mt. Leyshon breccia’, Mt. Leyshon, Queensland, Australia (Lisowiec 

and Morrison, 2013). e. Ring fractures associated with a breccia pipe at Sombrero Butte, Arizona, USA 

(Eichenlaub, 2007). f. Mineralized andesite clasts in a porphyry-cemented breccia at the Qiyugou magmatic-

hydrothermal breccia pipe, Henan Province, China (Li et al., 2012). 
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(ii) Phreatomagmatic breccias 

This type of breccia pipe forms when an ascending hot magma, depressurized and possibly 

exsolving volatiles, encounters and interacts with cold groundwater (rapidly superheated to steam), 

producing an explosive eruption and associated brecciation (e.g., Lorenz, 1975; Baker et al., 1986; 

Corbett and Leach, 1998; Lorenz et al., 2017). Table 1.3 lists additional mechanisms of 

phreatomagmatic brecciation that have been proposed in literature.  

Diatremes and their overlying maar volcanos are the results of phreatomagmatic eruptions, 

and many authors have used these terms as synonyms (e.g., Cloos, 1941; Lorenz, 1975). Diatremes 

are actually large-scaled, funnel-shaped volcanic vents formed by phreatomagmatic eruptions, and 

filled with breccias (Fig. 1.5). Diatremes may lie beneath maar volcanoes or be partly eroded so 

that they are exposed at surface (Lorenz, 1985, 1986; Baker et al., 1986; Cas and Wright, 1987; 

Sillitoe, 2010). Their diameter close to surface may be > 1 km, and vertical extents in porphyry and 

epithermal environments are commonly < 2 km, including root zones and feeder dikes (Lorenz, 

1986; Lorenz and Kurszlaukis, 2007; Sillitoe, 2010; Fig. 1.5). A maar volcano is the surface 

manifestation of a diatreme, a crater commonly filled with water, pyroclastic debris and lake 

sediments (Baker et al., 1986; Corbett and Leach, 1998; Sillitoe, 2010; e.g., Victoria, Australia; 

Figs. 1.5 and 1.6). A narrow ring of brecciated host rock and juvenile volcanic material, ejected 

during the explosion and accumulated as base-surge fallout deposits, surrounds each maar volcano 

(e.g., Fisher and Waters, 1970; Baker et al., 1986; e.g., Victoria, Australia; Figs. 1.5 and 1.6). The 

terms ‘tuff rings’ and ‘tuff cones’ were loosely used to define these low-rimmed structures. 

According to Sheridan and Wohletz (1983), tuff cones have high topographic profiles and steep 

external slope (due to the greater cohesion of wet ash), whereas tuff rings are characterized by low 

profiles and gentle outer slopes (cf. Kurszlaukis and Lorenz, 2017). Maar volcanoes are more 

commonly surrounded by tuff rings rather than tuff cones (Sheridan and Wohletz, 1983; Corbett 

and Leach, 1998; Sillitoe, 2010).   

Diatremes are filled by volcaniclastic material, wall rock clasts of various sizes, tuff ring 

blocks, and charcoal fragments that collapsed into the vent (Baker et al., 1986; Corbett and Leach, 

1998; Figs. 1.5 and 1.7). Their most distinctive facies are polymict, centimeter-sized, rounded-, 

well-polished clasts, fine-grained-matrix-supported breccias (Lorenz, 1973; Davies et al., 2008a,b; 

Sillitoe, 2010; Fig. 1.7b-g). The presence of juvenile clasts is a key feature to detect the root zones 

of a diatreme and to document a direct magmatic contribution during fragmentation (Corbett and 

Leach, 1998; Lorenz and Kurszlaukis, 2007; Davies et al., 2008a,b; Figs. 1.5 and 1.7f). 

Phreatomagmatic breccias commonly result in recessive topography, except where late plugs 

intruded the vent (Corbett and Leach, 1998; Sillitoe, 2010; Fig. 1.5; Table 1.4). 



   C
h

ap
te

r 1
 –

 In
tro

d
u

ctio
n

     
 

 
 

2
7

 

 

Figure 1.5: a. Generalized model of phreatomagmatic breccias – maar volcano/diatreme. Diagnostic features and breccias facies from this type of breccias are illustrated. 

Figure modified after Baker et al. (1986). b. Schematic diagram that represents the growth of a maar-diatreme volcano in four stages (modified after Lorenz et al. 2017). 

Shock waves produced during phreatomagmatic explosions fragment the country rocks forming an explosion chamber and, to lesser extent the surrounding country rocks. 

A series of phreatomagmatic explosions produced  several explosion chambers, which formed the irregular-shaped root zone. Growth of diatreme and the maar crater is 

caused by downward penetration of the root zone and consequent collapse phases, which result in a larger and deeper diatreme-maar crater (Lorenz 2003; Lorenz et al. 

2017).  
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Figure 1.6: Maar volcanoes from Victoria, Australia. a. Red Rock lookout (Colac): surface outline of two 

diatreme vents, the smaller crater is the product of a younger phreatomagmatic explosion that rimed out; note 

the partially eroded tuff rings. b. Lake Bullenmerri: lake covering the diatreme vent with a tuff apron ring 

surrounding it (left side). c. Tower Hill Maar: the upper level is a ‘dry’ basaltic scoria deposit with bombs, 

and the lower level is a ‘wet’ ash deposit with accretionary lapilli (base-surge deposit).  Photographs taken in 

December 2010 during a field trip to Victoria, Australia.  
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Figure 1.7: a. Phreatomagmatic eruption seen from a boat stationed about 500 metres from the 100 m wide 

vent on Anak Krakatau, Indonesia (November 2007). Note the car-sized incandescent bomb that falls on the 

right (www.swisseduc.ch). b. Braden Breccia: a polymict rock-flour-rich breccia with chalcopyrite clasts at 

El Teniente, Chile (Spencer et al., 2015). c. Sericite-altered, matrix-rich Braden Breccia crosscut by 

tourmaline veins. The Braden Breccia is the main phase of volcanic-hydrothermal brecciation (Cannell et al., 

2007). d. Large clast of tourmaline-cemented breccia in the Braden breccia, which provides evidence that 

magmatic-hydrothermal brecciation preceded volcanic-hydrothermal brecciation (Cannell et al., 2007). e. 

Pyrite >> chalcopyrite clast hosted in a diatreme breccia at Letpadaung, Myanmar (Kirwin, 2006). f. Ragged 

rhyolite juvenile clasts in fine- to medium-grained polymict breccia with mudstone clasts (Tepu breccia, 

Kelian, Indonesia; Davies et al., 2008). g. Fine-grained matrix-supported breccia with juvenile clasts (wispy 

and blocky rhyolite clasts) and fragments of carbonized wood (Tepu breccia, Kelian, Indonesia; Davies et al., 

2008). h.-i. Remnant of a carbonized tree in upright position and fossilized leaf in ash fall deposits at the 

Lagunas Norte high-sulfidation epithermal Au deposit, northern Peru (Cerpa  et al., 2013). j.-k. Accretionary 

lapilli at Kelian, Indonesia and  Lihir Island, Papua New Guinea (Davies et al., 2008; Blackwell et al., 2014). 
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In porphyry environments, diatremes are commonly late-mineralization, barren breccias 

that typically cut earlier porphyry Cu mineralization (e.g., Braden, El Teniente, Chile; Camus, 

2003; Fig. 1.7b-d). Porphyry-style Cu mineralized clasts may be incorporated within the breccia 

vent. Phreatomagmatic breccias may precede Au mineralization in low to intermediate sulfidation, 

carbonate-base metal epithermal systems (e.g., Kelian, Indonesia; Davies et al., 2008a,b; Acupan, 

Philippines; Cooke and Bloom, 1990; Cooke et al., 1996; Fig. 1.7f-g) and high sulfidation Au 

mineralization associated with older, deeper porphyry Au–Cu systems (e.g., Far Southeast-

Lepanto, Philippines, Hedenquist et al., 1998; Yanacocha, Peru, Turner, 1997). Post-brecciation, 

high-sulfidation Au and Au–Cu mineralization is commonly concentrated along the margins of the 

diatreme, or within fractured competent host rocks, where permeability is higher (Corbett and 

Leach, 1998).  

(iii) Phreatic breccias 

Phreatic breccias (or meteoric-hydrothermal breccias) can be subdivided into two 

categories based on the level of formation and its relationship with magma (Table 1.3). Pebble 

dikes (or uncommonly sills and irregular larger bodies) are the result of cool ground water flashing 

as it approaches magma at deeper levels of the crust (Sillitoe, 2010; Table 1.3; Figs. 1.2 and 1.10e-

g). At shallow levels, steep, tabular to irregular breccia bodies are formed by violent release of 

steam, after vapor pressure build-up under impermeable layers (Sillitoe, 1985; 2010; Fig. 1.8). This 

category occurs close to the surface and no direct magmatic contribution is required (Table 1.3; 

Fig. 1.8). Phreatic breccias at the epithermal level are equivalent to hydrothermal eruption breccia 

pipes as defined by Baker et al. (1986; Table 1.2). 

The first category of phreatic breccias, best represented by pebble dikes, are commonly 

polymict, rounded- to subrounded-clast, fine-grained matrix-supported breccias (Sillitoe, 2010; 

Figs. 1.2 and 1.10e-g). The elevated degree of transport and grinding of clasts are consistent with 

their poor angularity; these dikes are the result of fluidization processes (Baker et al., 1986; Corbett 

and Leach, 1998; Sillitoe, 2010). Pebble dikes with > 1 km of vertical clast transport have been 

documented at Tintic (Morris and Lovering, 1979). 

The second category of phreatic breccias forms by fluid confinement close to surface (Fig. 

1.8). This mechanism of formation can be observed in active geothermal fields (e.g., Orakei 

Korako, Wairakei, Waiotapu geothermal fields, North Island, New Zealand; Hedenquist and 

Henley, 1985; Figs. 1.9 and 1.10a-d). This type of phreatic breccia is commonly represented by 

silicified, angular- to subrounded-clast, chalcedony – quartz – alunite – barite – pyrite – enargite-

cemented, clast- to matrix-supported breccias (Sillitoe, 2010). Clasts in phreatic breccias in 

shallow epithermal environments may derive from the silicified seal, and commonly experience
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Figure 1.8: Generalized model of phreatic breccias at epithermal levels (hydrothermal explosion breccias). Diagnostic features and breccias facies from this type of 

breccias are illustrated. Figure modified after Baker et al. (1986) and Corbett and Leach (1998). Note that the vertical scale is exaggerated in order to emphasize vertical 

features. 

 

 

 



Chapter 1 – Introduction 

32 
 

 

Figure 1.9: Examples of modern systems where phreatic breccias form. a.-c. Orakei Korako active 

geothermal area with its fault-stepped sinter terraces, Taupo Volcanic Zone, New Zealand. c. Note the cross 

section of the silica sinter structure next to a boiling pool. d. Wairakei geothermal field, New Zealand:  a 

large fragment of a fossilized tree trunk hosted in amorphous silica sinter. Photographs taken in June 2013 

during a field trip to the North Island, New Zealand.  

more restricted transport compared to pebble dikes in shallow porphyry environments (Figs. 1.8 

and 1.10d). Rebrecciation due to self-sealing of the impermeable layer by silicification is a 

distinctive process occurring in these phreatic breccias (Baker et al., 1986; Corbett and Leach, 

1998; Sillitoe, 2010). 
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Figure 1.10: a.-c. Waiotapu active geothermal field. a. The Champagne Pool is a hot water spring formed by 

a 700 year old phreatic explosion; it has a carrot shape with steep sides and 62 meters deep. The orange 

colored-edge contains As and Sb sulfur compounds rich in Au and Ag (Hedenquist and Henley, 1985). b. 

Silica sinter. c. Mud pool formed by oxidation of sulfides (exsolved gases from geothermal fluids) at surface, 

which result in highly acidic fluids that produce advanced argillic alteration. d. Phreatic breccia with ‘slabby 

oatmeal texture’: quartz vein clasts cemented by quartz, with vugs covered by fine-grained crystalline quartz. 

Photographs taken in June 2013 during a field trip to the North Island, New Zealand. e.-g. Pebble dikes at the 

Tintic mining district, Utah, USA. e. Pebble dike at near-vertical dip, note alteration staining associated with 

the dike (Johnson, 2014). f. Close-up of pebble dike with a finer margin and coarser interior. Clasts are 

dominantly quartzite with minor shale, carbonate, and igneous rocks (Johnson, 2014). g. Pebble dike cutting 

Paleozoic carbonate against bedding. Note laminated reaction margin, clast roundness, variety of clast sizes, 

and fracturing in adjacent carbonate (Johnson, 2014). Pebble dikes are formed during phreatic expansion of a 

superheated boiling fluid as it convects from depth to the surface, carrying brecciated rock debris with it. 

Roundness of clast increases during transport. Heat to drive pebble dike emplacement was provided by 

monzonite porphyry intrusion (Johnson, 2014). 
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Pebble dikes, similar to magmatic-hydrothermal breccias, normally do not breach the 

surface. Conversely, phreatic breccias at shallow levels may reach the surface, resulting in breccia 

aprons surrounding subaerial eruptive vents, similar to the larger-scaled phreatomagmatic breccias 

but lacking juvenile clasts (e.g., Hedenquist and Henley, 1985; Sillitoe, 2010; Figs. 1.2 and 1.8). 

Pebble dikes and magmatic-hydrothermal breccias exhibit very contrasting features, whereas 

textures from shallow phreatic and phreatomagmatic breccias may be obliterated by post-

brecciation advanced argillic alteration (e.g., Pascua-Lama; Sillitoe, 2010). 

Pebble dikes, and related breccias, typically form at porphyry Cu levels and commonly 

transition to porphyry intrusions (e.g., Tintic and Toquepala; Farmin, 1934; Zweng and Clark, 

1995; Fig. 1.2). Because these usually have a late-mineralization timing, they are commonly 

unaltered and barren (Sillitoe, 2010).  

Phreatic breccias triggered by fluid confinement usually form at epithermal levels, with no 

direct linkage to porphyry intrusions (Fig. 1.8). These breccias typically have an 

intermineralization timing and are intimately developed with lithocaps in high-sulfidation 

epithermal Au ± Ag ± Cu deposits (e.g., Choquelimpie, Chile; Gropper et al., 1991). Anomalously 

high Hg values in sinters adjacent to the eruption breccia have been documented in low sulfidation 

epithermal Au mines and prospects (e.g., McLaughlin, USA; Tosdal et al., 1993; Puhipuhi, New 

Zealand; White, 1986; Brown, 1989; Fig. 1.8). Gold-rich sheeted veins commonly host the bulk of 

the mineralization, and can be overlain by eruption breccia facies (e.g., McLaughlin, USA; 

Sherlock et al., 1995).  

1.4.2.2 Descriptive, non-genetic classification of breccias  

Despite genetic classifications providing useful subdivisions for mineralized breccia 

systems, it is first necessary to identify and describe breccias with non-genetic terms, avoiding 

misleading or inappropriate genetic interpretations. During the early stages of investigation, it is 

most appropriate to follow a systematic descriptive approach that focuses on characteristic features 

of the breccias, rather than using ambiguous names where breccia origins are implied. Breccia 

nomenclature based on systematic descriptive data stand the test of time, whereas genetic terms 

may not as scientific knowledge evolves. Despite many authors highlighting the importance of 

descriptive nomenclature (e.g., Corbett and Leach, 1998), breccia literature mainly focuses on 

genetic classifications, with little to no attention towards a systematic, non-genetic, descriptive 

classification. 

Although Laznicka (1988) proposed a genetic classification for breccias, he did provide a 

descriptive approach for them. He defined a Universal Rudrock Code to classify fragmented and 
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mixed rocks, free of genetic interpretations. He emphasized the need to focus on facts rather than 

hypotheses.  

A more recent, non-genetic, descriptive classification for breccias associated with 

epithermal and porphyry systems was proposed by Davies et al. (2000). Their four-step scheme 

focuses on collection of descriptive data first, and a final genetic interpretation based on Sillitoe 

(1985). 

i. Step 1: Breccias are systematically described according to their geometry, grainsize, 

components, internal organization and alteration. The ideal combination of descriptive 

names includes these five features hyphenated as compound adjectives. They are 

preferentially organized backwards, starting from alteration to geometry (e.g., illite-altered, 

polymict clast-supported breccia pipe). 

ii. Step 2: Breccias are assigned to distinctive facies. This step allows the division of a single 

breccia body into several units. 

iii. Step 3: Breccia facies are grouped into facies associations. Individual facies are combined 

based on spatial, textural, mineralogical or economic features.  

iv. Step 4: Genetic interpretations, based on the previous non-genetic framework, are made. 

The graphic genetic classification proposed by Davies et al. (2000; Fig. 1.11) is a 

modification of Sillitoe (1985)’s approach. They considered most breccias are the result of 

one or more fragmentation mechanisms (i.e., magmatic, volcanic, tectonic and 

hydrothermal), regardless of the depth of formation. They proposed a rhombic diagram 

where each apex represents an end member breccia type, produced by one of the 

fragmentation mechanisms (Fig. 1.11). Each of these breccias can be subdivided into 

several categories.  Furthermore, hybrid breccias are the result of the overlap of 

fragmentation processes (Fig. 1.11). 

The use of non-genetic classification schemes, similar to that proposed by Davies et al. 

(2000), helps to avoid confusing nomenclature. These simple and straight-forward classifications 

are easy to understand by non-specialists, as they merely describe the rock characteristics, rather 

than naming breccias based on the interpreted process of formation. In the following chapters of 

this thesis, breccias are first described with non-genetic, descriptive terms based broadly on Davies 

et al. (2000)’s scheme. Genetic interpretations of breccias are ultimately provided based on the 

descriptive data. 
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Figure 1.11: Genetic classification of breccias after Davies et al. (2000). The rhombic diagram highlights 

that more than one process is commonly involved during breccia formation, resulting in hydride breccias. 

One of the most relevant features shown in this diagram is the common overlap between mechanisms of 

brecciation, which highlights the fact that genetic terminology is usually applied inconsistently.
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Chapter 2 – Lithology mapping and hydrothermal alteration 

mineral targeting in epithermal, porphyry and breccia-hosted 

deposits in the Andean Cordillera, Argentina: using ASTER 

imagery and principal component analysis 

2.1 Introduction 

Base and precious metals cannot be detected by remote sensing, but the widely developed 

hydrothermal alteration minerals associated with some ore deposits can. Certain diagnostic group 

of hydrothermal minerals, such as clays, phyllosilicates, sulfates and carbonates, can be identified 

based on their spectral signatures, with diagnostic features mainly in the shortwave infrared 

(SWIR) portion of the electromagnetic spectrum (Hunt, 1977; Hunt and Ashley, 1979; Crowley 

and Vergo, 1988; Clark et al., 1990). Iron oxides and hydroxides normally have lower reflectance 

in the visible region and higher reflectance in the near infrared wavelengths, making the visible and 

near infrared (VNIR) portion of the spectrum critical for the study of these minerals (Hunt and 

Salisbury, 1974; Hunt, 1977). 

Lithology and mineral mapping using satellite imagery has been conducted successfully 

since the first Landsat satellite was launched in 1972. Landsat-8 was launched in February 2013 

with two instruments: the reflective band Operational Land Imager (OLI) sensor and the Thermal 

Infrared Sensor (TIRS; Markham et al., 2015). Although Landsat TM/ETM+ and Landsat 8 

OLI/TIRS have the capability of detecting ferric oxides and hydroxides, OH-bearing minerals and 

carbonate-rich alteration zones, they cannot identify specific minerals. Four out of 11 bands of 

Landsat 8 record energy from the VNIR portion of the electromagnetic spectrum where hematite, 

goethite and jarosite’s diagnostic features occur. Only two bands have the capability of recording 

information from the SWIR range where minerals such as alunite, kaolinite, dickite, pyrophyllite, 

zunyite, montmorillonite, illite, muscovite, chlorite, epidote and calcite exhibit their diagnostic 

features (Loughlin, 1991; Nielsen et al., 1995; Knight and Kvaran, 2014;  Fig. 2.1).  

The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) is a 

sensor on-board the EOS/Terra platform launched by NASA in 1999. ASTER consists of three 

separate instrument subsystems, each of which operates in a different spectral region. Three 

spectral bands cover the VNIR, six bands cover the SWIR, and five bands cover the thermal 

infrared (TIR) portion of the electromagnetic spectrum (Fig. 2.1). The spatial resolution varies 

depending on the subsystem: VNIR has a resolution of 15 m, SWIR 30 m and TIR 90 m (Abrams 

and Hook, 1995; Fujisada, 1995; Yamaguchi et al., 1999, 2001; Abrams, 2000; Abrams et al., 
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2002). It is the first multispectral spaceborne sensor able to discriminate OH-bearing minerals from 

the SWIR region (Abrams and Hook, 1995). 

 

Figure 2.1: Electromagnetic spectrum comparing ASTER and Landsat (ETM+ and OLI/TIRS) bands. The 

spatial resolution for bands in the visible and near infrared (VNIR), short-wave infrared (SWIR), and thermal 

infrared (TIR) are specified for each sensor. The vertical dashed line represents the end of the visible light.  

Figure based on (Kaab et al., 2002; Barsi et al., 2014; Knight and Kvaran, 2014; Irons et al., 2016). 

 

Detailed image processing has been undertaken of an ASTER scene from north-western 

San Juan province, Argentina, which covers part of the eastern flank of the Frontal Cordillera (Fig. 

2.2). This geological province, on the eastern side of the Andean Cordillera, extends from northern 

San Juan province to southern Mendoza province. The scene covers a 3600 km2 area between 

latitude 30° 29' 22.49"S and 31° 8' 47.37"S and longitude 69° 15' 9.01"W and 70° 3' 58.69"W. A 

portion of the study area, close to the Castaño River, was previously studied from a remote sensing 

perspective. The hydrothermal alteration was characterized using Principal Component Analysis to 

Landsat TM imagery (Delendatti, 2003). In this manuscript, the hydrothermal alteration 

characterization is expanded, and lithologic mapping of a larger area using ASTER imagery is 

provided. ASTER has three times more SWIR bands, and five times more TIR bands than Landsat, 

enhancing the capability for specific mineral detection and lithologic characterization. 

The aim of this study is to map the spatial distribution of different types of lithologic units, 

hydrothermal alteration assemblages and individual minerals on an area of the eastern flank of the 

Argentinean Frontal Cordillera with various epithermal, porphyry and breccia-hosted deposits. It is 

intend to improve and provide additional information to the lithology presented in the geological 

map drawn for this study (based only on published maps and new information collected during 

field work). It is also aimed to document the dominant hydrothermal alteration types affecting the 
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area, and the distribution of characteristic hydrothermal minerals, as both are key features from an 

ore deposit perspective. 

 

Figure 2.2: Map of San Juan province (left) and Argentina (right). The shaded square represents the area of 

the ASTER scene used for the current study. The crossed hammers symbol indicates the location of San 

Francisco de los Andes mine. 

 

This study has conducted different ASTER image processing techniques, and has 

discarded those images which provided little or no additional information. The results of those 

images with apparently useful information are compared to assess whether they provide 

comprehensive and accurate information, based on knowledge of the area and field verification. To 

extract the most useful spectral information from the ASTER bands, and thus characterize 

geological features, different types of image processing techniques were applied: 1- Red-green-

blue (RGB) band combinations, 2- band ratios and logical operators, 3- Ninomiya’s indices and 4- 

principal component analysis (PCA). This work confirms that ASTER imagery processing is a 

valuable tool for mapping different lithological units otherwise difficult to distinguish with the 

available Landsat images or aerial photos. The distribution of hydrothermal assemblages and key 

hydrothermal alteration minerals associated with epithermal and porphyry mineralization in the 

study area has been interpreted. Several areas westward of the known ore deposits yielded similar 

hydrothermal alteration, suggesting that new ore deposits may be found in those areas. These are 

potential targets that may be worth exploring in the future. 
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2.2 Geology 

Sedimentary and igneous rocks crop out in the study area. The ASTER image can be 

divided geologically into three equal elongated areas parallel to the vertical limits of the scene (e.g. 

Fig. 2.5). The western and central areas contain Siluro-Devonian to Tertiary sedimentary and 

igneous rocks which correspond to the oriental flank of the Andean Cordillera. The eastern area 

mainly contains modern sediments that have been deposited in the N-trending Calingasta               

– Uspallata Valley between the Frontal Cordillera (W) and the Precordillera (E).  

The oldest unit, San Ignacio Formation, is a sequence of Siluro-Devonian limestone, 

dolomite and marly-limestone intercalated with shales representing a shallow-water carbonate 

platform (Pothe et al., 1987; Rodrı́guez Fernández et al., 1996b). These rocks have been affected 

during the culmination of the Famatinian orogenic cycle by the late Devonian Chanic Phase 

(Ramos et al., 1984, 1986; Heredia et al., 2002). The Gondwanic overthrust sequence is 25 to 70 m 

thick with minor outcrops south of Castaño River, around the San Ignacio mine (Rodrı́guez 

Fernández et al., 1996b; Fig. 2.3). The Siluro-Devonian age was attributed based on spore types 

found in the marly facies (Pothe et al., 1987). 

The Agua Negra Formation is a sequence of upper Carboniferous to lower Permian shales, 

sandstones, conglomerates and limestones (Aparicio, 1969; Polanski, 1978; Rodríguez Fernández 

et al., 1996a; Fig. 2.3). These are the only rocks preserved from the Gondwanic orogenic cycle 

(Heredia et al., 2002). The Carboniferous sediments were deposited in a back arc basin with deltaic 

system grading to open marine conditions while the Permian sequence in a retroarc foreland basin 

(Ramos, 1988; Rodrı́guez Fernández et al., 2002). The 2000 m-thick sedimentary sequence is 

unconformably overlying the San Ignacio Formation (Rodrı́guez Fernández et al., 1996b). The 

upper Carboniferous to lower Permian age was determined based on fossil plants (Rhacopteris 

ovate and Gondwanidium platinum) and marine invertebrate (Cancrinella sp. and Orthoceras sp.) 

assemblages (Aparicio, 1969). 

The Permian Tocota Pluton intruded the Agua Negra Formation (Fig. 2.3) and is the 

southernmost extension of the Colangüil batholith (Llambías and Sato, 1990, 1995; Sato et al., 

1990). The Tocota Pluton is elongated N-S and has a rough centripetal zonation with the younger 

and more acidic facies toward the center. It has been subdivided into the Leoncito Tonalite, 

Fragüita Granodiorite and Rosados Granite; dykes are also associated with this pluton and are 

roughly oriented N-S (Rodrı́guez Fernández et al., 1996a; b). The post-orogenic extensional Tocota 

pluton has Rb–Sr ages ranging between 269.1 ± 1 and 267.2 ± 1 Ma, based on primary biotite        

– whole rock pairs (Llambías and Sato, 1995). 
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Figure 2.3: Geological map of the study area based on Rodriguez Fernandez et al. (1996), Espina et al. (1998), Heredia el al. (2002), Cardo and Diaz (2005) and field verification across the San Francisco de los Andes district. 
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The Permo-Triassic volcano-sedimentary Choiyoi Group unconformably overlies the Agua 

Negra Formation (Fig. 2.3). It accumulated during a rifting event associate with normal faulting 

caused by the beginning of the rupture of Gondwana, and its thickness decreases eastwards due to 

the Tocota Pluton horst (Rodrı́guez Fernández et al., 1996b). The Choiyoi Group has been divided 

into three units: The Castaño Formation is a Permian sequence with polymict orthoconglomerate 

intercalated with agglomerates, tuffs, and andesitic flows. Sandstones and siltstones with volcanic 

components, andesites and minor rhyodacites to rhyolites are common in the middle levels. 

Limestones with chert nodules intercalated in the volcanic facies characterize the upper levels 

(Rodrı́guez Fernández et al., 1996b). The presence of collapse calderas has been documented to the 

south of the Castaño River (Fig. 2.3), representing the Choiyoi Group’s volcanic edifice roots 

located on top of buried magmatic chambers. They correlate with the exposed Tocota Pluton to the 

north of the river (Llambías and Sato, 1990; Sato et al., 1990).  

The Vega de los Machos Formation is the middle unit of the Choiyoi Group (Fig. 2.3) and 

consists of andesites, breccias, agglomerates, andesitic tuffs, ignimbrites and minor latites and 

dacites (Caballé, 1986b; Rodrı́guez Fernández et al., 1996b; Vallecillo et al., 2010). A lower 

Permian age is based on a 289 ± 19 Ma Rb–Sr whole rock isochron age (Sato and Llambías, 1993) 

and a 288 ± 5 Ma K–Ar age in plagioclase (Cegarra et al., 1998; Espina et al., 1998). Two middle 

Triassic 243.8 ± 5 and 234.6 ± 4.5 Ma K–Ar ages were reported by Rodrı́guez Fernández et al. 

(1996) from an unspecified mineral. 

El Palque Formation is the upper member of the Choiyoi Group. It is an acidic volcanic 

sequence with mainly rhyolitic and rhyodacitic flows, ignimbrites, agglomerates and tuffs (Caballé, 

1986b; Rodrı́guez Fernández et al., 1996b; Vallecillo et al., 2010). A 1500 m-thick sub-horizontal 

rhyolitic flow is exposed as a triangular outcrop between the San Francisco and Las Leñas River 

(Fig. 2.3). El Palque Formation age ranges from 267 ± 5 Ma to 233 ± 10 Ma (Rapalini and Vilas, 

1996; Cegarra et al., 1998; Espina et al., 1998; Vallecillo et al., 2010).  

The Mesozoic Intrusives are a series of plutonic to subvolcanic igneous bodies associated 

with the Choiyoi Group (Rodrı́guez Fernández et al., 1999; Heredia et al., 2002). Las Vizcachas 

granodiorite and an andesite porphyry are the largest Mesozoic intrusives exposed in the study area 

(Fig. 2.3). The Granitic Intrusives are a group of Triassic granites, leucomicrogranites and rhyolitic 

porphyries (Cegarra et al., 1998). The Manrique pluton is the only Granitic Intrusive outcropping 

in the area of interest (Fig. 2.3). In this study, the Triassic Granitic Intrusives are considered part of 

the Mesozoic Intrusives. 

A Triassic andesite porphyry has intruded the Choiyoi Group, particularly the Vega de los 

Machos and Castaño formations (Espina et al., 1998; Heredia et al., 2002; Fig. 2.3). The genetic 
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relationship with the Manrique granitic pluton to the south is not clear, because profuse 

hydrothermal alteration masks the contact between both Mesozoic intrusives (Cegarra et al., 1998). 

 Las Vizcachas granodiorite is a N-trending plutonic body to the northwest of the andesite 

porphyry (Fig. 2.3). This Mesozoic intrusive complex ranges from tonalite to granite, with mafic 

enclaves and rhyodacite to basalt xenoliths (Heredia et al., 2002). It has intruded the Choiyoi 

Group (Vega de los Machos and Castaño Formation) and is covered by the Tertiary Melchor 

Group volcanic rocks to the north.  A 200 ± 7 Ma K–Ar age determined on an unspecified mineral 

provides an early Jurassic age for Las Vizcachas granodiorite (Rodrı́guez Fernández et al., 1996b). 

Pearce tectonic setting discrimination diagrams indicate that this unit formed in a calc-alkaline 

continental magmatic arc (Heredia et al., 2002). 

Las Vizcachas Formation is a 300 to 400 m-thick package of massive andesitic flows with 

minor agglomerates and lithic tuffs that unconformably overlain the Castaño and Vega de los 

Machos Formation. This sequence is unconformably overlain by Puntas Negras Formation 

(Caballé, 1986a; Rodrı́guez Fernández et al., 1996b; Cardó and Díaz, 2005; Fig. 2.3). The only 

available absolute age from andesite yielded a 255 ± 5 Ma K–Ar whole rock age (Cegarra et al., 

1998). This upper Permian age is controversial and inconsistent with relative ages. Rodrı́guez 

Fernández et al. (1996; 1999) considered Las Vizcachas Formation either Jurassic or Oligocene-

Miocene in age, based on its stratigraphic position between the Choiyoi Group and the Melchor 

Group. Las Vizcachas Formation is more likely to be Tertiary as it has only been affected by 

Andean compressive tectonics. The strong unconformity separating the Choiyoi Group from Las 

Vizcachas Formation appears to reflect the fossilization of the prior extensional period (Rodrı́guez 

Fernández et al., 1999; Heredia et al., 2002; Cardó and Díaz, 2005). 

The Miocene Melchor Group can be divided into two units: the lower volcaniclastic Puntas 

Negras Formation and the upper sedimentary Rio Mondaca Formation (Rodrı́guez Fernández et al., 

1996a; b; Fig. 2.3). Heredia et al. (2002) included Las Vizcachas Formation as the youngest unit of 

the Melchor Group. There is no exposure of the Rio Mondaca Formation in the study area.   

The middle Miocene Puntas Negras Formation is a 1500 to 2000 m-thick sequence of 

tuffs, ignimbrites, pyroclastic flows, agglomerates and lapilli. The pyroclastic materials are 

commonly intercalated with basaltic, andesitic, dacitic and rhyolitic flows (Rodrıǵuez Fernández et 

al., 1996b; Cardó and Díaz, 2005; Fig. 2.3). The volcaniclastic sequence is unconformably 

underlain by the Vizcachas Formation, Vizcachas Granodiorite, Choiyoi Group and Tocota Pluton 

(Rodrı́guez Fernández et al., 1996b).  The middle-upper part of Punta Negra Formation yielded 

K/Ar ages of 15.6 ± 1.3 Ma and 13.4 ± 2 Ma (unspecified mineral, Rodrı́guez Fernández et al., 



Chapter 2 – ASTER imagery and principal component analysis 

   44 
 

1996b). Dykes that crosscut the Paleozoic to Cenozoic units are temporally related to the rhyolitic 

facies of the Puntas Negras Formation (Rodrı́guez Fernández et al., 1996b; Fig. 2.3). 

Lomas del Campanario Formation is a Miocene sequence of ignimbrites, andesites, tuffs, 

agglomerates, conglomerates and sandstones up to 950 m thick (Cardó and Díaz, 2005; Fig. 2.3). 

Wetten (1975a; b) divided this unit into a lower agglomerate-rich section containing andesites, 

dacites, tuffs and volcanic bombs; and an upper conglomerate-rich section with cross-bedding and 

intercalated diatomite layers. Lomas del Campanario Formation unconformably overlies the 

Tocota Pluton to the west. Most of this unit accumulated on the eastern foothills of Frontal 

Cordillera (Fig. 2.3). 

The late Neogene Olivares Group can be divided into two units. The late Miocene to 

Pliocene Olivares Formation is a series of andesitic basalts and basaltic andesites (Rodrı́guez 

Fernández et al., 1996b, 1999; Fig. 2.3). The 300 m-thick massive flows are unconformably 

underlain by Puntas Negras Formation and were intruded by dacitic to rhyodacitic bodies 

(Rodrı́guez Fernández et al., 1996b, 1999). The upper part of the Olivares Group is La Puentecilla 

Formation, a 600 m-thick sedimentary sequence of conglomerates, litharenites and siltstones. The 

late Miocene to Pliocene La Puentecilla Formation corresponds to alluvial fans shed from the 

active Andean orogenic front. They unconformably overlie the Olivares Formation (Rodrı́guez 

Fernández et al., 1996b, 1999; Fig. 2.3). 

2.3 Ore deposits, geochemical anomalies and hydrothermal alteration zones  

Mineralized deposits in the study area include the Pb–Zn–Ag veins of the Castaño Viejo 

district, the low sulfidation epithermal Au–Ag deposits of the Castaño Nuevo district, the breccia 

hosted Bi–Cu–Au mineralization of the San Francisco de los Andes district and the As-rich Tocota 

district. Several discrete ore bodies and geochemical anomalies are also located on the eastern 

flank of the Frontal Cordillera. The most important are the El Retamal porphyry Cu–Mo–Au 

deposit, the Las Timbirimbas Ag–Au geochemical anomaly and the Fe-rich El Leoncito-Morterito 

district (Fig. 2.3). 

The Castaño Viejo district is a polymetallic vein system located to the south of the Castaño 

River (Fig. 2.3). The base metal-rich veins have an approximate E-trend and are hosted in Permo-

Triassic volcaniclastic rocks, only San Nicolas and Animas veins are particularly enriched in 

silver. To the north, the silver-rich San Ignacio vein system (2 – 6 kg/t Ag) and neighboring veins 

have variable orientations and are mainly hosted in Paleozoic sedimentary rocks. The inferred and 

indicated reserves at Castaño Viejo are 0.8 Mt @ 3 – 9% Pb, 1 – 7.4% Zn, 114 – 507 g/t Ag, < 1% 

Cu and < 2 g/t Au. (Secretaria Minera de la Nación in Cardó, 1999).  
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In the center and south of the district, the polymetallic veins are hosted in the Permo-

Triassic Castaño Formation (base of the Choiyoi Group). To the north, the mineralized structures 

crosscut the Carboniferous Agua Negra Formation and locally the Siluro-Devonian San Ignacio 

Formation as well as the Permo-Triassic San Ignacio rhyodacite.  The most common ore minerals 

are argentiferous galena, sphalerite, chalcopyrite, chalcocite, covellite, tetrahedrite as well as 

pyrite. Carbonates and quartz constitute the main gangue minerals (Rodrı́guez Fernández et al., 

1996b; Cardó, 1999).  

To the east of the N-trending cluster of Triassic rhyolitic dykes, there is a distinctive NNE 

hydrothermal alteration zone. The 10 km long and 6 km width alteration domain extends from 

Venezuela Hill to El Retamal (Fig. 2.3).  This zone is characterized by silicic, pyritic and sericitic 

alteration proximal to the vein system and distal propylitic alteration (Cardó, 1999). Geochemical 

assays from Secretaria Minera de la Nación identified several Cu and Mo anomalies.  To the north, 

west and south of Castaño Viejo district, alteration zones with consistent Cu, Mo, Pb and Zn 

geochemical anomalies were documented by González Amorín et al. (1969). 

The Castaño Nuevo district is located 7 km downstream from Las Timbirimbas (Fig. 2.3). 

Castaño Nuevo is a high grade, low sulfidation epithermal Au–Ag vein system explored by Troy 

Ltd until July 2017 (Troy, 2017). Quartz – adularia with late amethyst and very low sulfide 

contents define the vein system. Argentinean government records indicate an average grade of 20 

g/t Au (Troy, 2014). 

Between 1890 and the 1950s, three veins were exploited at Castaño Nuevo. Dios Protége is 

a NNE-trending vein over 370 m long and up to 3 m wide. It is likely to extend to the north across 

the Castaño River. The NW-trending St Agustin vein system is located 700 m west of Dios 

Protége. It has been mined over 150 m strike, with widths of 1 – 3 m and an unknown mining 

depth.  Southwest from St Agustin is the San Pedro vein, which has limited historical mining 

(Hedenquist, 2012; Troy, 2014). 

 In December 2009, Troy Resources Argentina Ltd acquired 100% legal right over this 

project. They have conducted detailed geological mapping, surface rock sampling, diamond 

drilling and airborne radiometric and magnetics surveying. Ten recent assays indicate gold grades 

with values below 10 g/t Au except for a 15 cm sample containing 27 g/t Au. The gold-silver ratio 

is about 1:1 at Castaño Nuevo (Troy, 2014; 2017). 

The quartz vein systems are associated with argillic and silicic alteration zones to the 

south. According to Troy Resources Limited’s website, these large zones of argillic alteration and 

silicification represent hot spring-style hydrothermal alteration which occurred at the paleosurface, 
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implying a shallow epithermal level.  The entire district including the quartz vein system to the 

north and the hydrothermal alteration to the south, occur within an area of 2.5 km x 2.5 km.   

The San Francisco de los Andes district extends for over 30 km to the north of Castaño 

River (Fig. 2.3). Magmatic-hydrothermal tourmaline-cemented breccia pipes and veins are 

spatially associated with the Tocota Pluton. The Bi–Cu–Au mineralized structures are hosted 

within the pluton and adjacent sedimentary rocks of Agua Negra Formation.  The San Francisco de 

los Andes district has numerous mineralized breccias and veins that can be grouped into three 

domains: southern, central and northern domain.    

The southern domain includes the San Francisco de los Andes mine as well as Amancay, 

Cortaderas, Esmeralda, Pingo, Martina Chapanay and La Fortuna-Chorillo. The San Francisco de 

los Andes is the largest Bi deposit hosted in a hydrothermal breccia in Argentina (Cardó et al., 

2008) and is probably the largest Bi deposit in the country. It is characterized by complex Bi–Cu   

–Pb–Zn–Mo–As–Fe–Ag–Au mineralization, including native elements, sulfides, and sulfosalts 

(Bedlivy and Llambías, 1969; Llambías and Malvicini, 1969; Malvicini, 1999; Testa et al., 2010; 

Testa and Cooke, 2011). The deposit was sporadically mined between the 1940s and the 1980s. 

Production reached 112 tonnes of ore and bismuth concentrates as well as 2420 tons of mineral 

with 3 – 6 % Cu and 1.2 – 4.5 % Bi (Angelelli, 1984). In 1990 Aguilar Mining Company estimated 

a resource of 0.15 Mt with 5% Cu, 1.2% Bi, 200 g/t Ag for the 35 m thick supergene zone. 

Although the total depth of the breccia pipe is unknown, they identified a hypogene zone with 

grades of 0.8 % Cu, 0.6 % Bi, 80 g/t Ag, 4 g/t Au at depths between 35 and 80 m (Lencinas, 1990). 

Regional hydrothermal alteration around the tourmaline breccia pipes is characterized by 

scarce millimetre-thick epidote veins with associated chlorite. Tourmaline, magnetite and K-

feldspar occur as veins or replacement in more restricted areas. Illitic and silicic alteration is 

restricted to areas next to the breccia bodies or veins.  

The central domain comprises the Los Tres Magos, Mary, Santa Barbara, Larry, 

Mirkokleia, Rodophis, San Roque and Flor de los Andes deposits. Los Tres Magos mine is located 

11.5 km NNW from San Francisco de los Andes mine. The geological features of this area are 

similar to the ones in San Francisco de los Andes, with tourmaline-bearing quartz veins and aplitic 

dykes crosscutting the granodiorite and sedimentary units. The mineralization hosted in the 

granodiorite occurs as supergene Bi- and Fe-arsenate coatings (Cardó et al., 2008). Kaolinite-rich 

argillic altered granodiorite associated with the Tres Magos deposit was documented by Angelelli 

(1984). 
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The Northern domain includes the Dos Amigos and Ranqueles mines, and is comparable 

with the As-rich Tocota district described by Wetten (1999). This mining district is located on the 

eastern limit of Frontal Cordillera, 5 km east of Tocota town (Fig. 2.3). The most important mines 

of the district include Krammer and Colo-Colo, close to Tocota, as well as Ranqueles and 

Chimborazo in the northern part of the district (Wetten, 1999).  

As-rich veins in the district were mined between 1943 and 1952. Cu–As–Co-rich 

supergene minerals were the principal ores extracted. The average grades ranged between 20% and 

30% As (Kittl and Bellio, 1946). Considering only the principal mineralized structures, the minable 

reserves are more than 37500 tons, equivalent to 5000 t As (Kittl and Bellio, 1946). The As 

production for 1943 and 1944 was 1050 t and 850 t As respectively (Angelelli, 1984). 

Mineralized structures are hosted in Agua Negra Formation and locally close to the contact 

with Tocota Pluton. There are three mineralized structures: 1- arsenopyrite, pyrite, quartz, 

tourmaline-rich sub-vertical veins commonly striking E, 2- a NW-trending quartz – tourmaline-

cemented breccia dyke and 3- small tourmaline-cemented breccia outcrops associated with the vein 

system (Machuca et al., 1994). The veins system is sub-vertical and strikes E, to a lesser extent NE 

and NW. The lens-like orebodies are 5 – 60 cm width and no more than 50 m depth. The NW-

trending breccia dyke is 10 to 30 m thick and 1300 m long whereas the small breccia outcrop are a 

few meters long (Machuca et al., 1994; Wetten, 1999). 

Common hypogene minerals in the vein system are pyrite, chalcopyrite, Co-rich-

arsenopyrite, pyrrhotite, marcasite, cassiterite, sphalerite, gold, quartz and tourmaline. Supergene 

minerals include covellite, chalcocite, digenite, arsenates, jarosite and goethite (Kittl and Bellio, 

1946; Seguí, 1987; Wetten, 1999). The NW-trending breccia dyke contains quartz, tourmaline, 

arsenopyrite, jarosite, hematite and supergene copper minerals (Wetten, 1999). The maximum gold 

content in the vein system is 5 g/t and in the breccia facies 0.34 g/t (Kittl and Bellio, 1946; Wetten, 

1999). 

The hydrothermal alteration in the Tocota district ranges from moderate to low intensity.  

Potassic, phyllic, local intermediate argillic and more regional propylitic zones were described by 

Wetten (1999). Lara et al. (1993) linked the NW-trending breccia dyke with blind copper porphyry 

deposits. Induced polarization (IP) prospecting was carried out, and detected a geophysical 

anomaly that was interpreted to be related to a buried mineralized porphyry body (Machuca et al., 

1994). Three concentric hydrothermal zones with subtle and gradual limits can be determined close 

to Krammer. Strong quartz – sericite – jarosite-rich phyllic alteration in the center grades outwards 

to an Intermediate alteration and distal epidote – chlorite-rich propylitic alteration (Machuca et al., 

1994). 
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The El Retamal district is located to the north of Castaño River, after the confluence of 

Atutia River and San Francisco River (Fig. 2.3). The hydrothermal alteration zone covers 7 km2 

and represents the NNE extension of the Castaño Viejo alteration system.  The Leoncito 

Granodiorite and Agua Negra Formation are regionally altered to sericite. Strong silicic alteration 

clusters and very localized potassic alteration are common, but less abundant than the sericitic 

alteration (Pezzutti and Carullo, 1982). The quartz – tourmaline alteration was overprinted by late 

stage illite, quartz, pyrite, jarosite, goethite and traces of hematite (Delendatti, 2003). 

A total of 600 m of diamond core drilling was performed by Secretaria de Mineria de la 

Nacion between 1980 and 1984. Two out of six drill holes contain high grade intervals with Au 

grades of 6 g/t between 90 and 120 m in DDH-Qs1; and 2 g/t between 30 and 50 m in DDH-Qs2. 

 El Retamal exhibits porphyry-style mineralization, with supergene copper sulfates and 

hypogene molybdenite identified at the surface (Quebrada Seca), and hypogene chalcopyrite, 

molybdenite and pyrite detected at depth, both disseminated and in veinlets. Bornite, chalcocite, 

aresnopyrite and marcasite are less abundant, and disseminated native gold is rare but has been 

documented as 5 – 20 micron crystals in drill core samples (Donnari, 1982). 

The Las Timbirimbas district is located along the Castaño river banks, downstream from 

El Retamal and upstream from Castaño Nuevo (Fig. 2.3). The andesites, tuffs and rhyodacites from 

Choiyoi Group are moderately altered to sericite, secondary quartz and jarosite. This hydrothermal 

alteration is superimposed on early formed tourmaline veins (Delendatti, 2003). According to Rojo 

(1982), Las Timbirimbas region has geochemical and geophysical anomalies, but only scarce 

mineralization has been detected (quartz, pyrite and sulfates).  

The El Leoncito-Morterito district is located to the eastern foothills of Olivares Cordillera 

and defines a 7 km x 3 km mineralized corridor (Wasterdahl, 1957; Ruiz and Riveros, 1966; Fig. 

2.3). Iron mineralization is hosted in NW-trending quartz – tourmaline-rich veins that crosscut the 

Leoncito Tonalite. Twenty-nine veins were documented in the district, the main ore-bearing veins 

are up to 600 m long and 7 m thick (Tuccillo, 1971; Rodrı́guez Fernández et al., 1996b). The 

common ore is titaniferous magnetite with illmenite, martite and scarce pyrite intergrowths, as well 

as decimeter-wide hematite-rich veins (Llambías and Malvicini, 1966). The highest iron grades for 

the three main structures range from 58% to 67% Fe (Dawson, 1960). 
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2.4 Methodology 

2.4.1 Image pre-processing techniques 

An ortho-rectified ASTER image derived from level 1A data, without radiometric 

corrections, was provided by Servicio Geológico Minero Argentino (SEGEMAR). The scene was 

acquired on March 19, 2004 and was radiometric corrected using Abrams et al. (2002) equation:  

Radiance bi = (DN value bi -1)*Radiometric conversion coefficient bi               (1.1) 

Radiometric conversion coefficients for each band bi were obtained from the metadata file 

of the scene (conversion coefficients for each band respectively in W/m2*sr*μm are: b1 = 2.25, b2 

= 1.89, b3N = 1.15, b3B = 1.15, b4 = 0.2174, b5 = 0.0696, b6 = 0.0625, b7 = 0.0597, b8 = 0.0417, 

b9 = 0.0318, b10 = 0.006882, b11 = 0.00678, b12 = 0.00659, b13 = 0.005693, b14 = 0.005225). 

The radiometric corrected bands were combined in two images, one for VNIR and SWIR bands 

(resampled to 15 m using nearest neighbor algorithm) and another for TIR bands (90 m resolution). 

The VNIR-SWIR image was atmospherically corrected using the module fast line-of-sight 

atmospheric analysis of spectral hypercubes (FLAASH) in ENVI 4.8. FLAASH uses MODTRAN4 

radiation transfer models for the calculations (ENVI, 2009). Atmospheric parameters (i.e., total 

water vapor and CO2 concentrations) for the date of the scene acquisition were obtained from AIRS 

products, provided by the Goddard Earth Sciences Data and Information Services Centre (GES 

DISC, NASA). A mid-latitude summer (MLS) atmospheric model and 30 km visibility were used 

as parameters in the model. After the atmospheric correction, the resulting unit of the new imagery 

was percentage of reflectance. A visual inspection of the spectral profiles for vegetation and 

minerals showed considerable improvement after the atmospheric correction. 

2.4.2 Image processing techniques 

Multiple techniques were applied to identify rock types, alteration assemblages and 

alteration minerals from the ASTER image: 1- RGB band combinations, 2- band rationing and 

logical  operators, 3- Ninomiya’s indices and 4- principal component analysis using raw imagery in 

digital number values. 

2.4.3 SWIR portable instruments 

Data collected with portable instruments used for measuring SWIR spectra were used in 

this study to validate the results obtained by ASTER image processing techniques (field 

verification). The ASTER images presented in this article were compared against published and 

new field spectroscopy data from specific sites at El Retamal, Las Timbirimbas, Castaño Nuevo, 
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Castaño Viejo and San Francisco de los Andes district. Spectra from two types of portable SWIR 

spectrometers were considered:  

1- Spectra published by Delendatti and Bastías (2001) and Delendatti (2003) collected with 

PIMA-SP™ for the Castaño area. This instrument was made by Integrated and Spectronics Pty. 

Ltd., Australia. It measures signals from 1,300 to 2,500 nm wavelength. Despite PIMA having a 

circular window of 1 cm diameter, the measured area is a strip of 1×0.2 cm. To produce a spectrum 

it takes approximately 25 seconds to measure a spot and 25 additional seconds to measure an 

internal standard (Chang and Yang, 2012). Delendatti and Bastías (2001) published a series of 

reflectance PIMA spectrum for the most commonly detected hydrothermal mineral associations at 

El Retamal. Delendatti (2003) expanded the available reference data with reflectance SWIR 

spectrum for pure minerals and minerals associations at El Retamal, Las Timbirimbas, Castaño 

Nuevo and Venezuela Hill.  

2- Over 600 air-dry, visually homogenous samples were measured every 500 meters 

(approximately) across the San Francisco de los Andes district with TerraSpec™. This instrument 

was made by Analytical Spectral Devices, Inc. (ASD), USA and purchased in 2007 by CODES, 

University of Tasmania. TerraSpec collects data in a wider range (from 350 to 2,500 nm) and from 

a larger area (2.5-cm diameter circle) than PIMA. The measurement time in TerraSpec depended 

on the darkness of each sample. The analyzed samples were medium to dark colored, as no sample 

had a strong argillic, or sericitic alteration. The recommended measurement time it 4 to 6 s (light-

colored samples), 6 to 10 s (medium-colored samples), and 10 to 20 s (dark samples; Chang and 

Yang, 2012).The optimization and white balance were conducted every 20 minutes approximately. 

Typically three to four spots were measured on flat surfaces to consider any heterogeneity in the 

sample. The obtained minerals spectrums collected with TerraSpec were interpreted with The 

Spectral Geologist™ (TSG) software version 7.  

The SWIR profiles from pure species and mineral assemblages were compared to the 

laboratory spectra of every relevant mineral resampled to ASTER bandpasses after Mars and 

Rowan (2006), Baldridge et al. (2009) and Pour and Hashim (2012). 

2.5 Results: ASTER Spectral and Spatial Processing 

The original raw ASTER data was corrected according to the specific requirements for 

each of the four processing methods applied for this study: 1. RGB band combinations, 2. band 

ratios and logical operators, 3. Ninomiya’s indices and 4. principal component analysis. 

 As a general rule, Fe-oxides are mainly detected by bands 1 and 3. Al–OH bearing 

minerals such as clay minerals, alunite, muscovite and illite exhibit absorption features in bands 5 
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and 6. Fe–OH mineral species such as jarosite and/or Fe-muscovite are detected by band 7, 

whereas Mg–OH mineral species such as chlorite, epidote and/or carbonates (CO3) are detected by 

band 8 (Di Tommaso and Rubinstein, 2007; Fig. 2.4). In terms of alteration zones, a phyllic zone 

rich in illite – muscovite yields a strong Al-OH absorption coinciding with ASTER band 6. An 

argillic zone characterized by kaolinite and alunite collectively exhibits a secondary Al-OH 

absorption feature corresponding with ASTER band 5. A propylitic zone with epidote, chlorite and 

calcite displays absorption features coinciding with ASTER band 8 (Dalton et al., 2004; Mars and 

Rowan, 2006; Rowan et al., 2006; Pour and Hashim, 2012; Fig. 2.4). 

 

Figure 2.4: Spectral signature of selected hydrothermal minerals resampled to ASTER bandpasses (modified 

after Pour and Hashim, 2012). Band 5, 6 and 8 highlight kaolinite – alunite-rich argillic, mica-rich phyllic 

and epidote – calcite – chlorite-rich propylitic alteration zones (respectively). 
 

2.5.1 RGB band combinations 

RGB color composite band combinations provide a fast and expeditious method to detect 

the main lithological and hydrothermal alteration units. Band color composites such as 321, 731 

and 468 among others provide a rough guide to distinguish different geological features from a 

given area.  
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Although the 321 band combination is used widely for vegetation, soil and drainage 

studies, it can also give an approximate lithology estimate (Rowan and Mars, 2003; Marquetti et 

al., 2004, 2005; Amer et al., 2010; Fig. 2.5). This band operation has been used to distinguish 

lithologic units and hydrothermal alteration zones associated with porphyry related ore deposits in 

San Juan Cordillera; successfully highlighting the location of El Pachon, Los Pelambres, La Coipa 

and Los Altares (Pérez et al., 2007). The RGB 321 band combination effectively located ore 

deposits in northern San Juan province such as Veladero Norte, Veladero Sur, Lama, Jagüelito, 

Vicuñita, Difunta Correa, Los Despoblados, Cerro Alumbre, La Ortiga  and Guanaco Zonzo 

(Marquetti et al., 2003). The 321 ASTER color composite is spectrally equivalent to the 432 and 

543 color composite for Landsat TM/ETM+ and Landsat OLI/TIRS imagery respectively.  

 

Figure 2.5: RGB 321 color composite image [left]. San Francisco de los Andes district [middle]: Tocota 

pluton (orange brown), Loma del Campanario (white). Castaño area [right]: argillic-phyllic and silicic 

alteration (whitish color). 
 

The 731 ASTER band combination is a useful tool for identifying different lithological 

units, morphologies and structures (Abdeen et al., 2001; Fig. 2.6). It is ideal for the study of dry 

and desert areas, but can also be applied to wetlands. It is commonly used for geological and 

agricultural studies. This ASTER band combination successfully distinguished granitic rocks from 

the Wadi Kid metamorphic belt in the Arabian – Nubian shield, Egypt (Gad and Kusky, 2007). The 

731 composition produces an image with similar colors of the targets on the scene and is 

comparable to 742 and 753 for Landsat TM/ETM+ and OLI/TIRS respectively.  

The RGB 468 SWIR band combination can be used as a hydrothermal alteration indicator 

(e.g., Haroni and Lavafan, 2007; Boloki and Poormirzaee, 2009; Ghulam and Amer, 2010; Nouri et 

al., 2012; Alimohammadi et al., 2015; Fig. 2.7). Alteration halos surrounding the Infiernillo 

porphyry copper deposit, Mendoza, Argentina, and the propylitic and phyllic alteration zones in 

Qom province, Central Iran, have been mapped using the 468 SWIR combination (Di Tommaso 
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and Rubinstein, 2007; Feizi and Mansuri, 2012). The 468 ASTER band combination has no 

equivalent in Landsat TM/ETM+ or OLI/TIRS. Landsat SWIR Band 7 collects data in a broad 

portion of the electromagnetic spectrum (2.064 – 2.345 µm: Landsat 7 and 2.107 – 2.294 µm: 

Landsat 8), the same interval where ASTER SWIR bands 5 to 8 acquire information (5 to 7 when 

considering Landsat 8; Fig. 2.1). 

 

Figure 2.6: RGB 731 color composite image [left]. San Francisco de los Andes district [middle]: Tocota 

pluton (greenish grey), Loma del Campanario (bluish white), Agua Negra Formation (reddish maroon), Tres 

Magos alteration zone (white). Castaño area [right]: argillic-phyllic alteration (light blue), silicic alteration 

(pink orange), Manrique Pluton and rhyolitic dykes (light brown). 

 

 

Figure 2.7: RGB 468 color composite image [left]. San Francisco de los Andes district [middle]: Tocota 

pluton (light green), Loma del Campanario (whitish green), Agua Negra Formation (dark green), Tres Magos 

alteration zone (whitish pink), Colo-Colo Krammer alteration zone (pink). Castaño area [right]: argillic-

phyllic alteration (pink), silicic alteration (white to light blue), Manrique Pluton and rhyolitic dykes (greenish 

blue). 
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Figure 2.5 to 2.7 show how ASTER band combinations highlighted the location of felsic 

units such as the Tocota Pluton, Lomas del Campanario, El Palque rhyo-dacites, Manrique Pluton 

and the rhyolitic dykes, which can be easily distinguished from the mafic and sedimentary rocks on 

the ASTER scene (also compare with lithologic units in the geological map in Figure 2.3). The 

hydrothermal alteration associated with Castaño Viejo district as well as other zones were also 

highlighted with these RGB band combinations. The RGB 468 image is the most comprehensive 

combination as it can be clearly differentiated argillic-phyllic alteration (pink) form silicic 

alteration (white), particularly in the Castaño Nuevo district. It was the only RGB band 

combination able to highlight the location of Krammer and Colo-Colo hydrothermal alteration 

zone (Fig. 2.7). 

2.5.2 Band Ratios and Logical Operators 

Selected band ratios and logical operators proposed in literature have proven to be useful 

to map specific geological features.  Rowan and Mars (2003) developed the 2/1 VNIR ASTER 

ratio to detect the distribution of pixels with intense Fe3+ absorption, in the granitoids and gneisses 

in the Mountain Pass, California. This ratio expresses the reflectance decrease in band 1 relative to 

band 2, associated with ferric-iron absorption due to hematite – goethite-rich units (Rowan and 

Mars, 2003). Several studies have applied this VNIR band ratio with satisfactory results (e.g., 

Rowan et al., 2005; van der Meer et al., 2012, 2014).  

Xu et al. (2004) recognized hydrothermal alteration zones around epithermal gold deposits 

in the north-eastern part of Laizhou region, China. They applied the 4/6 SWIR ASTER ratio to 

highlight the presence of clay minerals. 

Rowan (2002) studied a porphyry copper-rich metallogenic belt in western Pakistan using 

Level 2 surface reflectance ASTER data without cross talk correction. He mapped sericite-rich 

phyllic zones using the (5+7)/6 band math operation, and the argillic zones rich in alunite and/or 

kaolinite using (4+6)/5 (in Hewson, 2002). Both logical operations have been applied successfully 

to detect illite, muscovite and/or smectite-rich zones and alunite, kaolinite and/or pyrophyllite-rich 

zones respectively (e.g. Rowan and Mars, 2003; Kalinowski and Oliver, 2004; Marquetti et al., 

2004; Jenkins and Poynton, 2008; Amer et al., 2010; van der Meer et al., 2012, 2014; Pazand et al., 

2013). 

Pérez et al. (2007) used the RGB 4/5, 4/6, 4/7 band combination to highlight the 

hydrothermal alteration associated with El Pachón, Altares and La Coipa (San Juan province, 

Argentina) and Los Pelambres (Chile). This combination was applied in the Bajo La Alumbrera-

Andalgalá area (Cerro Atajo and Filo Colorado) in Catamarca province, and in the El Infiernillo 

porphyry deposit in Mendoza province, Argentina (Marquetti et al., 2004; Di Tommaso and 
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Rubinstein, 2005, 2007). More recently, hydrothermal alteration zones from various porphyry 

copper deposits in Iran were successfully detected using this RGB band ratio combination (Pour 

and Hashim, 2011; Alimohammadi et al., 2015). 

The RGB 4/6, 4/7, 3/1 color composite band ratios proved to be a useful combination for 

lithologic discrimination in the San Rafael Massif, Mendoza province, Argentina. It highlighted 

passive margin deposits in green; the volcanic rocks of the lower and upper sections of the Choiyoi 

Group in blue; and the alteration halo in pyroclastic rocks around the Infiernillo porphyry deposit 

in yellow and brown yellow (Di Tommaso and Rubinstein, 2007). 

The 2/1 VNIR ratio developed by Rowan and Mars (2003) successfully differentiated 

felsic igneous rocks from mafic and sedimentary rocks in the study area (Fig. 2.8; also compare 

with lithologic units in the geological map in Fig. 2.3). In the upper left corner of Figure 8, the 

rhyolitic to rhyodacitic flows and ignimbrites from El Palque Formation are colored white, 

contrasting with the Olivares basalts that are colored dark grey. The felsic Puntas Negras 

Formation and the overlying mafic Olivares Formation exhibit the same characteristics. In the 

lower right side, the Manrique granitic pluton and N-trending rhyolitic dykes are highlighted in 

bright colored pixels. The elliptical outcrop on top of the pluton is a roof pendant of the Vega de 

los Machos Formation (Fig. 2.8).  

 

Figure 2.8: The 2/1 band ratio is a good lithology discriminator for igneous rocks based on silica content. 

Mafic units are colored dark, whereas felsic units brighter. It does not provide major information regarding 

hydrothermal alteration, only areas with a moderate to strong silicic alteration (e.g., Castaño Nuevo and 

Venezuela Hill). 



Chapter 2 – ASTER imagery and principal component analysis 

   56 
 

The 4/6 SWIR ratio used by Xu et al. (2004) effectively enhanced the clay response in the 

study ASTER scene (Fig. 2.9), as OH-bearing minerals exhibits high reflectance in band 4 and low 

reflectance in band 6.  

 

Figure 2.9: The 4/6 band ratio is a good hydrothermal alteration discriminator; it highlights argillic and 

phyllic alteration in bright colors. It does not provide information regarding lithologic units or areas with 

silicic alteration. 
 

The resulting image from the (5+7)/6 math operation based on Rowan (2002) did not 

provide a good indicator for phyllic alteration. However, it successfully highlighted the muscovite-

rich siltstones from Agua Negra Formation and only local hydrothermally altered phyllic zones 

(Fig. 2.10; compare with lithologic units in the geological map in Fig. 2.3). The (4+6)/5 operation 

provided an accurate hydrothermal alteration indicator with detailed areas where it is likely to find 

alunite, kaolinite, pyrophyllite and illite (Fig. 2.11). 
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Figure 2.10: The (5+7)/6 operation differentiates the sedimentary rocks of Agua Negra Formation from the 

darker Tocota Pluton and El Palque Formation. The Loma del Campanario Formation exhibits darker colors 

than the alluvial fans. 
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Figure 2.11: The (4+6)/5 operation is particularly useful as it highlights and distinguish the hydrothermally 

altered mica-rich and clay-rich units from the sedimentary mica-rich facies of Agua Negra Formation. 

 

The (4x7)/(8x8) operation with a linear enhancement was developed for this study. It is the 

only operation which identified the location of the Puntas Negras (W), El Palque (NW) and Lomas 

del Campanario (NE) formations in dark shades (Fig. 2.12; also compare with lithologic units in 

the geological map in Fig. 2.3). The resulting image broadly highlighted OH-bearing alteration 

zones (bright pixels) and the more local silicified zones in the Castaño Nuevo district (dark pixels; 

Fig. 2.12). 
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Figure 2.12: The (4x7)/(8x8) operation was developed for this study. It provides meaningful information to 

differentiate both lithologic units as well as different hydrothermal alteration types. The resulting image is 

consistent with the hydrothermal alteration map for the Castaño Nuevo area proposed by Troy Resources Ltd 

(Troy, 2014). This fact helps validate its efficiency.  
 

The RGB color composite image of band ratios 4/5, 4/6 and 4/7 applied by (Marquetti et 

al., 2004; Di Tommaso and Rubinstein, 2005, 2007) has proven to be a useful tool for recognizing 

regional argillic-phyllic alteration zones and local silicic alteration in the Castaño Nuevo district 

(Fig. 2.13). Clay- and mica-rich zones are highlighted in white to light blue colors near the known 

ore deposits as well as in apparently barren rocks (Fig. 2.13). A clay alteration zone is recognizable 

at the base of El Palque rhyolitic flows, and has affected the underlying Vega de los Macho 

Formation (Fig. 2.13). Other areas with intense argillic and phyllic alteration can be distinguished 

to the west, mainly in the Choiyoi Group. The maroon color at Castaño Nuevo reflects intense 

silicic alteration (Fig. 2.13). 
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Figure 2.13: The RGB 4/5, 4/6, 4/7 band combination represents a good discriminator of lithologic units 

(compare with the geological map in Fig. 2.3) and alteration types. It differentiates the hydrothermal clays 

and micas (bluish white) from the mica- and clay-rich facies of Agua Negra Formation (greenish tones). 

 

A new RGB band ratio combination that successfully outlined significant geological 

features in the study area has been developed. The RGB combination of band ratios 4/5, 4/7 and 

3/1 with a linear stretch of 2% contrast displays an enhanced image that effectively differentiates 

the composition of lithologic units and the type of hydrothermal alteration (Fig. 2.14). All the felsic 

units and silicified areas are shown in blue whereas the phyllic and argillic alteration zones are 

highlighted in yellow. The intermediate volcanic to sub-volcanic rocks are shown in green, as are 

the Paleozoic and Mesozoic sedimentary units, whereas the basaltic lavas are dark green (Fig. 2.14; 

also compare with lithologic units in the geological map in Fig. 2.3). The proposed RGB band ratio 
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combination is similar to 4/6, 4/7, 3/1 used by (Di Tommaso and Rubinstein, 2007), and gives 

better results for the study area. 

 

Figure 2.14: The enhanced 4/5, 4/7, 3/1 band combination with a linear stretch of 2% contrast was 

developed for the study area. It provides major information about geological features of the area; it 

differentiates mafic and felsic igneous rocks, sedimentary units, argillic-phyllic alteration as well as silicic 

alteration. 
 

2.5.3 Ninomiya’s indices 

Ninomiya (2003)  defined a stabilized vegetation index with ASTER VNIR data, as well as 

several mineralogical indices using ASTER SWIR bands. The VNIR and SWIR indices have 

traditionally been applied to ASTER level 1B radiance at the sensor data without atmospheric 

corrections (e.g., Ninomiya, 2003a, 2004). Zhang and Pazner (2007) applied principal component 

analysis to SWIR Ninomiya’s indices to highlight alteration zones south of the Chocolate 
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Mountains, California, USA. In the current study, atmospherically corrected ASTER data provided 

improved results (Figs. 2.15 – 2.17).  

The diagnostic spectral features of vegetation are very high reflectance in band 3, very low 

in band 2 and higher in band 1. OH-bearing minerals, mainly kaolinite, alunite and 

montmorillonite, are characterized by an absorption feature in band 6, resulting in high reflectance 

in band 4 and 7 and relatively low reflectance in band 6. Kaolinite has also an absorption feature in 

band 5, whereas alunite has absorption features in both band 5 and 8. Calcite is characterized by a 

strong and clear absorption feature in band 8 and a weak peak in band 5 (Ninomiya, 2003a). 

The OH-bearing minerals index (OHI), kaolinite index (KLI), alunite index (ALI) and 

calcite index (CLI) are defined as follow (Ninomiya, 2003a):  

OHI = (band7/band6)*(band4/band6)  

KLI = (band4/band5)*(band8/band6) 

ALI = (band7/band5)*(band7/band8) 

CLI = (band6/band8)*(band9/band8) 

Ninomiya (2004) revised the OH-bearing minerals index (OHI), noting that both 

montmorillonite and the mica group have deep and sharp absorption features in band 6. He 

considered that OHI was suitable for detecting this group of hydroxyl minerals and renamed it 

OHIa. A second group of OH-bearing minerals, including pyrophyllite, exhibits a deep and sharp 

absorption feature in band 5, therefore Ninomiya (2004) defined a new OH-bearing minerals index 

(OHIb) as: 

OHIb = (band7/band5)*(band4/band5) (Ninomiya, 2004) 

Kaolinite and alunite define a third group that has absorption features in bands 5 and 6. 

Both OHIa and OHIb are useful tools for detecting these hydroxyl bearing alteration minerals.  

Ninomiya and Fu (2002) proposed three indices for lithologic mapping using multispectral 

ASTER TIR remote sensing data. These are the Quartz Index (QI), Carbonate Index (CI) and bulk 

SiO2 content Index (SI):    

QI = (band11/band10)/(band11/band12) 

CI = band13/band14 

SI = band12/band13 
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The three lithologic indices were defined using Level-3A data without atmospheric 

corrections, which is radiometrically equivalent to the Level-1B radiance at the sensor data. The 

TIR indices have successfully proved their capability of mapping different geological units (e.g., 

Ninomiya, 2002, 2003b; c, 2004; Ninomiya and Fu, 2002, 2010; Ninomiya et al., 2005). Rockwell 

and Hofstra (2008) applied QI and CI using ASTER Level-2 surface emissivity (Level-2B04) data 

to identify quartz and carbonates in northern Nevada, USA. Similar ASTER derived mineralogical 

indices using TIR data have been proposed to delineate quartz and mafic minerals contests for 

particular case studies (e.g., Guha and Kumar, 2016). 

Quartz is characterized by high emission in band 11 as a result of the clear absorption 

features in bands 10 and 12. Alkali (K- and Na-rich) feldspar exhibits much lower emission in 

band 11 as a consequence of a strong spectral peak in band 12. The QI is not strictly an identifier 

of quartz in rocks as it is strongly affected by the presence of alkali feldspar (Ninomiya, 2004).  

As the bulk SiO2 content decreases, TIR emission for silica and silicate minerals and rocks 

shifts to longer wavelengths (Ninomiya, 1995). The band 12 to band 13 ratio for igneous rocks (or 

any other silicate rock) increases as the bulk SiO2 content decreases (Ninomiya, 2003b). This band 

ratio can be used to roughly distinguish felsic from mafic rocks. Carbonate and sulfate minerals 

can also be detected with ASTER thermal infrared data. Calcite and dolomite have an absorption 

feature in band 14 whereas gypsum has a very strong absorption feature in band 11 resulting in 

much higher emission in bands 10 and 12 (Ninomiya, 2003b).  

The OHIa is a better and more useful index than OHIb for detecting alteration in the study 

area. The sericitic alteration zones described by Delendatti (2003) in the Castaño River area are 

consistently detected by OHIa (Fig. 2.15).  The areas where it is more likely to find phyllosilicates 

are highlighted in white colors and correspond to the Castaño Viejo NNE alteration zone that goes 

from Venezuela Hill to El Retamal and the more restricted Castaño Nuevo alteration zone (Fig. 

2.15). To the north of Castaño River, the phyllosilicate-rich zones associated with El Retamal, Las 

Timbirimbas, Tres Magos, Krammer and Colo-Colo are highlighted white (Fig. 2.15). 

In the OHia image (Fig. 2.15) only the lower and intermediate section of Choiyoi Group 

exhibit an evident mica-rich hydrothermal alteration. The Castaño Formation hosts the ore deposits 

and hydrothermal alteration associated to Castaño Viejo and Nuevo. The Vega de los Machos 

Formation shows OH-bearing alteration patches, even though no ore deposit is known to be 

associated with them. 

The white outline surrounding El Palque Formation in Figure 15 highlights the area of 

intermediate volcanic rocks from Vega de los Machos Formation that have been hydrothermally 
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altered to phyllosilicates. The light grey pixels between El Palque rhyolites and the Tocota Pluton 

mainly represent phyllosilicate-rich siltstones facies of Agua Negra Formation. 

 

Figure 2.15: OH-bearing minerals index image (OHIa), the white zones represent areas where it is more 

likely to find phyllosilicates [left]. Tres Magos, Krammer and Colo-Colo alteration zones [middle]. The 

Castaño Viejo NNE alteration zone (including El Retamal and Las Timbirimbas) and the more restricted 

Castaño Nuevo alteration zone [right]. 
 

According to the Troy Ltd website (Troy, 2014) and Delendatti (2003), the Castaño Nuevo 

area has fine grained siliceous alteration located south of the Au–Ag bearing quartz veins and north 

of the main argillic-phyllic alteration in the district. Figure 2.15 highlights these strongly silicified 

areas in dark shades. 

The KLI (Fig. 2.16) has yielded similar responses to the OHIa (Fig. 2.15). This behavior is 

due to kaolinite, which is part of the third group of OH-bearing minerals with absorption features 

in bands 5 and 6. Most of the pixels classified as kaolinite in Figure 16 are likely to be muscovite 

or illite, as they have a more regional and abundant distribution, whereas kaolinite is mainly found 

in the Castaño Nuevo district. 

The ALI (Fig. 2.17) displays a homogenous area with bright pixels at Venezuela Hill but 

very diffuse elsewhere in the Castaño Viejo region, Castaño Nuevo and Las Timbirimbas. At El 

Retamal, the spectral response to the ALI was very poor (Fig. 2.17). According to Delendatti 

(2003) Venezuela Hill is the only target where alunite is abundant enough to be commonly 

detected by Portable Infrared Mineral Analyzer, this fact is consistent with ALI results.   

Calcite is not an abundant mineral in any of the geological units of the study area. This is 

reflected in the CLI image, which has no geological meaning.  
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Figure 2.16: Kaolinite index image (KLI), the white zones represent areas where it is more likely to find 

kaolinite [left]. Tres Magos, Krammer and Colo-Colo alteration zones [middle]. The Castaño Viejo NNE 

alteration zone (including El Retamal and Las Timbirimbas) and the more restricted Castaño Nuevo 

alteration zone [right].  
 

 

Figure 2.17: Alunite index image (ALI). The areas more likely to contain alunite are Tres Magos and 

Krammer [middle], and Venezuela Hill [right].   
 

When considering the three ASTER TIR indices proposed by Ninomiya and Fu (2002), QI 

effectively discriminates the Tocota Pluton from the Agua Negra sedimentary rocks (Fig. 2.18). 

The different felsic facies from the Tocota Pluton contain abundant quartz and alkali feldspar, so 

the QI is relatively low producing the shades of dark grey in Figure 18. The sedimentary facies of 

Agua Negra Formation contain little or no alkali feldspar, resulting in very bright areas in Figure 

18. The western, northern and southern limit of the Tocota pluton are sharply defined, making this 

index a very effective mapping tool. The contacts between the Tocota Pluton and Agua Negra 
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Formation are not clear in other satellite images or aerial photos, even the geological map has 

simplified boundaries (Fig. 2.3).  

 

Figure 2.18: Quartz index image (QI). This ASTER TIR image is particularly usefully for detailed mapping 

of the limits of the Tocota Pluton and Lomas del Campanario. 
 

The north-eastern and south-eastern limit of the Tocota Pluton is covered by thick 

unconsolidated Quaternary gravel deposits accumulated at the base of the Andes (Fig. 2.18). The 

gravels are rich in quartz but poor in alkali feldspar, resulting in a light color contrasting with the 

dark pixels of the Tocota Pluton. The eastern limit of the pluton is covered by the Lomas del 

Campanario andesite to dacite ignimbrites and tuffs (Fig. 2.18; also compare with lithologic units 

in the geological map in Fig. 2.3). These volcaniclastic rocks have a similar shade of grey to the 

Tocota Pluton making these units difficult to discriminate based on tonality (Fig. 2.18). The main 
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feature which distinguishes both units is the rough texture of the Permo-Triassic igneous rocks 

against the smoother texture of the Miocene volcaniclastic rocks (Fig. 2.18).  

Both CI and SI were also calculated with the available ASTER TIR data. The CI is of little 

use as carbonate rocks, with calcite or dolomite, are very scarce in the study area. The SI response 

has no geological meaning and has therefore been discarded.   

2.5.4 Principal Component Analysis  

Topographic shading and albedo effects at the surface affect the radiant spectral flux 

measured by a remote sensor (Crósta et al., 2003).  Principal component analysis (PCA) is a robust 

statistical method that is used to suppress irradiance effects that dominate all bands, as a 

consequence the spectral reflectance is enhanced and geological features can be accentuated 

(Crósta et al., 2003).  

Pearson (1901) invented PCA, whereas Hotelling (1933) independently developed and 

named this method. It is based on a statistical transformation where an original set of data is 

reorganized following the greatest variability axes generating non-correlated components. The 

eigenvalues are a set of quantities defining the lengths of the principal axes and measuring the 

variability of the data. Eigenvectors are another set of data defining the direction of each axis and 

the correlation between the principal components (PC) and the original bands. The spectral 

properties from land cover, such as rocks, soils and vegetation responsible for the statistical 

variance recorded into each PC are indicated by the sign and magnitude of eigenvector loadings 

(Loughlin, 1991; Pazand et al., 2013). 

Feature-oriented principal component selection (FPCS) is a technique developed by Crosta 

and Moore (1989) to map iron oxides and hydroxides related to sulfide ore bodies using Landsat 

TM. The ‘Crosta technique’ is an improvement of the FPCS method proposed by Loughlin (1991) 

that has been successfully used for mineral targeting. It applies PCA to specific Landsat TM band 

sets in order to avoid mapping undesired features like vegetation and making sure that the spectral 

information of alteration minerals would be mapped into a single principal component (PC). The 

Crosta technique has become a standard tool for hydrothermal alteration mapping using Landsat in 

regions with sparse or no vegetation and exposed bedrock such as the South American Cordillera 

(Crósta et al., 2003). This method has been effectively applied for mineral exploration (e.g., 

(Bastianelli et al., 1993; Davidson et al., 1993; Ruiz-Armenta and Prol-Ledesma, 1998; Souza 

Filho and Drury, 1998; Tangestani and Moore, 2001, 2002; Carranza and Hale, 2002; Delendatti, 

2003; Liu et al., 2013). 
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Crósta et al. (1996) and Prado and Crósta (1997) calculated PCs for high spectral 

resolution data to create mineral abundance maps. They effectively estimated the distribution of 

hydrothermal alteration minerals associated with gold mineralization in greenstone belt rocks using 

24-band Geoscan data covering the VNIR, SWIR and TIR spectrum. Crósta et al. (2003) applied 

PCA for the first time to ASTER imagery mapping alunite, illite, kaolinite + smectite and kaolinite 

in the Los Menucos epithermal gold prospect, Patagonia, Argentina. They selected four subsets of 

ASTER bands according to the characteristic spectral features of each group (Table 1). The PC that 

contains the target spectral information shows the highest eigenvector loadings from the ASTER 

band subset but with opposite signs (Loughlin, 1991; Crósta et al., 2003). Key hydrothermal 

alteration minerals have been successfully detected using this technique on ASTER imagery (e.g., 

Crósta et al., 2003; Xu et al., 2004; Boloki and Poormirzaee, 2009; Pazand et al., 2013). 

Table 2.1: ASTER band subsets for alunite, illite, kaolinite + smectite and kaolinite 

 Hydrothermal alteration minerals 

 Alunite Illite Kaolinite + smectite Kaolinite 

ASTER  

bands 

1 1 1 1 

3 3 4 4 

5 5 6 6 

7 6 9 7 
 

The four groups of minerals listed in Table 2.1 were analyzed by PCA, but only kaolinite, 

kaolinite + smectite and alunite exhibit patterns consistent with other techniques, and have 

geological significance. The eigenvector matrix in Table 2.2 shows the four PCs for kaolinite. 

Based on Loghlin (1991)’s and Crosta et al. (2003)’s criteria, PC4 contains the target information 

and enhances the presence of kaolinite.  

Table 2.2: Eigenvector statistics for ASTER bands 1, 4, 6, and 7. PC4 shows a greater spectral contrast 

between bands thus minimizing the response from minerals other than kaolinite 
 

EIGENVECTOR PC1 PC2 PC3 PC4 

B1 0.305 0.562 0.548 0.538 

B4 0.841 -0.241 0.207 -0.436 

B6 -0.326 0.484 0.385 -0.714 

B7 -0.303 -0.624 0.712 0.099 
 

Principal component 4 has a high and positive loading from band 1 (0.538) and a high and 

negative loading from band 6 (-0.714; Table 2.2). The grey scale PC4 image exhibits dark areas 

with low DN values, these pixels most likely represent kaolinite. The information contained in 

every pixel was therefore multiplied by -1 to obtain an inverted PC4 image where kaolinite is 

displayed as bright pixels (Fig. 2.19). 
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Based on previous field studies, coupled with the current interpretations of band operators 

and Ninomiya’s indices, the bright pixels in Figure 2.19 are inferred to highlight areas rich in OH-

bearing minerals, and not just kaolinite. The dark areas in Castaño Viejo are interpreted to 

represent strongly silicic-altered rocks (Fig. 2.19). The dark regions near Venezuela Hill could be 

secondary quartz-enriched areas, or simply silica-rich facies in the andesitic porphyry (Fig. 2.19). 

 

Figure 2.19: Negated principal component 4 for bands 1, 4, 6 and 7 (kaolinite). 
 

The inverted PC4 for bands 1469 (kaolinite + smectite; Fig. 20) shows similar areas as the 

negated PC4 for bands 1467 (kaolinite; Fig. 2.19). The brighter colors match the areas where is 

most likely to find kaolinite + smectite but there are many areas with bright pixels where illite is 

present instead of kaolinite or smectite. The silicic-altered areas in Castaño Viejo and the silica-

rich facies in Venezuela Hill are more evident with this PC. Felsic units such as the Manrique 

Pluton or the N-trending rhyolitic dykes are highlighted in dark grey tones in both Figure 19 and 

20 (compare with lithologic units in the geological map in Fig. 2.3). 

 

Figure 2.20: Negated principal component 4 for bands 1, 4, 6 and 9 (kaolinite and smectite). 
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Principal component 3, calculated for bands 1357 (alunite), detected smaller areas with 

hydrothermal alteration (Fig. 2.21). The large NNE-trending hydrothermal alteration in the Castaño 

Viejo district is no longer evident in this image, with only a bright cluster of pixels located close to 

Venezuela Hill. Another white cluster is located on the west flank of the Tocota Pluton around the 

Tres Magos mine (Fig. 2.21). The OH-bearing hydrothermal alteration zones in Krammer and 

Colo-Colo are not highlighted in Figure 2.21 due to alunite absence. 

 

Figure 2.21: Principal component 3 for bands 1, 3, 5 and 7 (alunite). 
 

2.6 Discussion: Field verification  

RGB band combinations, band ratios and math operators have provided estimations of the 

hydrothermal alteration assemblages and lithologies in the study area. Ninomiya’s indices and 

Principal Component Analysis produced clear mineral abundance images that showed those areas 

most likely to contain key hydrothermal alteration minerals. The results obtained after processing 

ASTER imagery were compared against published and new field spectroscopy data collected from 

field verification sites. The most characteristic PIMA spectra for El Retamal, Las Timbirimbas, 

Castaño Nuevo and Venezuela Hill are shown in Figure 2.22.   

One of the most important issues in mineral and alteration mapping is the fact of mixed 

pixels, which are extremely common in hydrothermally altered areas. When working with ASTER 

data this is a common problem that affects the result (particularly dealing with the TIR subsystem 

which has a 90 m spatial resolution and to a lesser extent SWIR with 30 m). The spectra presented 

in Figure 2.22 confirm the presence of alteration mineral assemblages and thus the existence of 

mineral admixtures. 
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Figure 2.22: Most common PIMA spectrums obtained from El Retamal, Las Timbirimbas, Castaño Nuevo 

and Venezuela Hill area (after Delendatti, 2003). The abbreviations for single minerals and mineral 

assemblages on each spectrum correspond to: Illite or sericite (S), tourmaline (T), jarosite (J), kaolinite (K), 

silica (Si), and alunite (Al). 
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The Ninomiya’s indices (Fig. 2.15, 2.16 and 2.17) are in agreement with the mineral 

assemblages detected by PIMA. The OH-bearing minerals index (OHIa), highlighted the existence 

of mica group minerals, and produced an image with bright pixels at El Retamal, Las Timbirimbas, 

Castaño Nuevo and Venezuela Hill among other regions (e.g. Tres Magos) on the study scene (Fig. 

2.15). The PIMA results confirmed the abundance of illite or sericite (S) in those four control areas 

(Fig. 2.22). Although there is no available PIMA or TerraSpec analyses for the Krammer and Colo-

Colo areas, this region exhibits potassic, propylitic and phyllic alteration zones (Wetten, 1999). 

Concentric porphyry-like alteration zones with a strong jarosite-weathered, quartz – sericite           

– pyrite core, grading to an intermediate alteration and outer propylitic alteration associated with 

quartz – tourmaline-cemented breccias were described by Machuca et al. (1994). In Figure 2.15 

two evident phyllic zones with clear boundaries can be delineated in the Krammer and Colo-Colo 

areas. The southernmost zone coincides with the jarosite-weathered quartz – sericite – pyrite core 

mapped by Machuca et al. (1994). 

The kaolinite index detected the same areas as OHIa, more restricted. Although some of the 

bright pixels in the scene are a response to the presence of kaolinite, others are due to muscovite-

illite. Castaño Nuevo is the only area from the five control areas analyzed where kaolinite was 

consistently detected by PIMA (Fig. 2.22). The remaining four areas have sericite or illite with 

jarosite as the most common alteration assemblage, frequently associated with tourmaline.  

Kaolinite has characteristic absorption features at band 5 (2.145 – 2.185 µm) and band 6 (2.185     

– 2.225 µm), but only the last absorption is diagnostic for mica group minerals. Jarosite has a 

strong absorption feature in band 7 (2.235 – 2.285 µm), where kaolinite has a diagnostic reflection, 

and so jarosite is not responsible for any interference. 

Tourmaline group minerals have four absorption features between 2.150 and 2.400 µm. 

The exact positions vary considerably depending on the major mineral chemistry, thus wavelength 

positions are indicators of tourmaline species.  The first peak, 2.200 µm, shifts due to Y-site 

substitution in the tourmaline lattice (Bierwirth, 2008). It is generally detected by band 6, but Na-

rich tourmaline elbaite has an absorption peak as low as 2.173 µm. This feature would be detected 

by band 5 and potentially cause muscovite – illite + elbaite assemblage to be misinterpreted as 

kaolinite. Neither the PIMA studies performed by Delendatti and Bastías (2001) or Delendatti 

(2003) detected 2.200 µm peak values low enough to be elbaite. Detailed tourmaline chemical 

analyses and TerraSpec analyses performed in samples from the San Francisco de los Andes 

district proved that most of the tourmaline species are Fe-rich tourmalines: schorl, and Mg-rich 

tourmalines: dravite (Chapter 6). 
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 Most of the pixels classified as kaolinite are likely to be muscovite – illite with mineral 

admixtures. The phyllosilicate alteration minerals have a more regional and abundant distribution, 

whereas kaolinite is mainly found in the Castaño Nuevo district (Fig. 2.16 and 2.22). There are no 

available PIMA-TerraSpec data and barely any references on the Bi–Cu Tres Magos mine. 

Angelelli (1984) described kaolinitization of Tocota granodiorite in the mineralized areas which is 

consistent with the kaolinite index results, where a bright cluster of pixels is located close to the 

Tres Magos mine (Fig. 2.16). 

The alunite index showed a noticeable cluster of bright pixels in the Venezuela Hill area 

(Fig. 2.17). This is the only control area where alunite was consistently detected by PIMA studies 

(Delendatti, 2003; Fig. 2.22). There is another clear bright cluster to the west of Tocota pluton 

close to the Tres Magos mine (Fig. 2.17). Although this area is particularly highlighted with ALI, it 

is also detected by OHIa and KLI. Despite alunite shows a clear absorption feature in band 5, mica 

group minerals exhibit the same behaviors in band 6 and kaolinite in both bands. The presence of 

more than one mineral species cause interferences with Ninomiya’s indices. No SWIR 

spectroscopy is available for this area but the hydrothermal alteration is probably a mixture of 

clays and phylosilicates.  

Principal component analyses for kaolinite (1467) and kaolinite + smectite (1469) yielded 

results consistent with the Ninomiya OHIa and KLI (compare Figs. 19 – 20 and Figs. 15 – 16). In a 

similar manner, PCA for alunite (1357) highlighted the same areas detected by ALI (compare Fig. 

2.21 and 2.17). Ninomiya’s indices are simple mathematical operations, whereas PCA is a statistic 

method to transform a set of multidimensional correlated variables into a set of linearly 

uncorrelated variables. Even though both techniques are based on completely different mathematic 

and statistical procedures they exhibit a remarkably similar behavior for a given mineral or group 

of minerals.  The Ninomiya’s indices and PCA results are also in agreement with the minerals 

detected by PIMA and TerraSpec, providing qualitative evidence to support the efficacy of the 

method. 

Principal component analysis for alunite yielded much localized areas where alunite 

occurs, compared to kaolinite. Despite PCA for kaolinite and kaolinite + smectite showed 

contrasting results with PCA for alunite (Figs. 2.19 – 2.21), common zones with bright pixel in the 

three images are locally detected. Considering the spectral features of alunite and kaolinite are 

different in ASTER bands, those unique bright areas represent zones where sub-pixel mixing has 

occurred. 

Although OH-bearing-minerals such as illite and kaolinite could be detected with 

TerraSpec in the San Francisco de los Andes district, their abundances are not high enough to be 
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detected by the ASTER sensor. The phyllic and argillic alteration produced around the magmatic-

hydrothermal breccia pipe is not intense enough to be identified by ASTER SWIR subsystem. In 

contrast, the phyllic and argillic hydrothermal alteration assemblages produced by epithermal (and 

locally porphyry-related) fluids are broad and abundant enough to be detected. At Castaño Viejo, 

El Retamal, Las Timbirimbas, Venezuela Hill, Castaño Nuevo, Krammer, Colo-Colo, and Tres 

Magos clays and phyllosilicates are the main constituent over areas larger than 15x15 meters and 

30x30 meters, and are thus detectable with VNIR and SWIR ASTER subsystems. 

2.7 Conclusions  

Image processing techniques are a powerful and cost effective tool applicable during the 

first stage of mineral exploration. For this reason the usage of multispectral sensors, such as 

ASTER and Landsat, has become an additional procedure during the exploration stage for those 

mining companies with qualified specialists. For the past years, image processing techniques by 

themselves (or combined with other techniques such as airborne gravimeter and magnetic survey 

data) have led to successfully finding new ore deposits. 

ASTER image processing of large areas has the ability to effectively discriminate smaller 

targets where it is possible to find mineral deposits. It is critical to understand that interpreted 

hydrothermal alteration zones may not be real, so field verification is essential. When field data is 

not available, it is recommended to only consider interpreted alteration zones when having 

consistent results after applying several processing methods. The fact that an alteration zone is 

confirmed does not guarantee that the area is not barren or has metal concentrations high enough to 

make it economic for mining.  For an interdisciplinary team or a specialist with a comprehensive 

knowledge of remote sensing and geology, ASTER processing techniques constitute a simple and 

effective method to map lithologic units and detect hydrothermal alteration assemblages that may 

be related to economic ore deposits.  

In the current study, processed ASTER imagery has proven highly effective at mapping 

hydrothermal alteration zones and lithologies in a section of the Argentinean Frontal Cordillera. 

Although RGB band combinations, band ratios and math operators are good tools for obtaining a 

general idea of the geological features in an area, Ninomiya’s indices and PCA were the techniques 

that provided the best and more comprehensive results regarding the occurrence of particular 

hydrothermal minerals. 

The RGB 321, 731 and 468 band combinations best detected the location of felsic units 

(i.e., Tocota pluton, Lomas del Campanario, El Palque rhyodacites, Manrique Pluton and the 

rhyolitic dykes), which contrast with mafic and sedimentary rocks. These color composite images 
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roughly detected the hydrothermal alteration affecting the Castaño Viejo, and other zones (El 

Retamal, Las Timbirimbas, Castaño Nuevo and Tres Magos). The RGB 468 image is the most 

comprehensive band combination as it detected argillic-phyllic and silicic alteration, particularly in 

the Castaño Nuevo district. The RGB 468 color composite image was the only band combination 

able to detect the location of Krammer and Colo-Colo hydrothermal alteration zones.  

The 2/1 VNIR band ratio proved to be a good lithology discriminator for igneous rocks 

based on silica content. It differentiated felsic igneous rocks (i.e., El Palque  and Puntas Negras 

Formations, the Manrique granitic pluton and N-trending rhyolitic dykes) from mafic (i.e., Olivares 

basalts, Vega de los Machos Formation roof pendant on top of the Manrique Pluton) and 

sedimentary rocks (i.e., Agua Negra Formation). The 15 m spatial resolution for bands in the 

VNIR portion of the electromagnetic spectrum in much higher than SWIR and TIR. This is the 

reason why the rhyolitic dykes are best mapped with the 2/1 ratio.  It is important to consider that 

in order for these dykes to be detected their width must be larger than the pixel size. The 2/1 VNIR 

band ratio did not highlight argillic and phyllic alteration, but yielded brighter color in those areas 

with a moderate to strong silicic alteration (e.g., Castaño Nuevo and Venezuela Hill). Conversely, 

the 4/6 SWIR ratio is a good hydrothermal alteration discriminator, which enhanced the clay 

response. It highlighted argillic and phyllic alteration but did not provide information regarding 

lithologic units or areas with silicic alteration. The 4/6 SWIR ratio may lead to wrong 

interpretations as areas rich in non-hydrothermal clays and/or micas (e.g., sediments from the 

floodplain adjacent to the Castaño River) are also highlighted.  

The (5+7)/6 operation did not provide information regarding phyllic alteration. However, it 

highlighted the mica-rich siltstones from Agua Negra Formation and only local hydrothermally 

altered phyllic zones. It also differentiated the aforementioned sedimentary rocks from the Tocota 

Pluton, El Palque and Lomas del Campanario formations. Conversely, the (4+6)/5 operation was 

particularly useful to distinguish the hydrothermally altered mica-rich and clay-rich units from the 

sedimentary mica-rich facies of Agua Negra Formation. It represents an accurate hydrothermal 

alteration indicator which collectively showed those areas where it is likely to find alunite, 

kaolinite, pyrophyllite and/or illite. 

The (4x7)/(8x8) operation was developed for this study. It is the only operation which 

clearly identified the location of the Puntas Negras, El Palque, Lomas del Campanario and Las 

Vizcachas formations. This image broadly highlighted OH-bearing alteration zones and the more 

local silicified zones in the Castaño Nuevo district. The (4x7)/(8x8) operation produced one of the 

most useful images for the current study, as it provided abundant information to differentiate not 

only lithologic units, but also hydrothermal alteration types within only one image. 
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The RGB 4/5, 4/6, 4/7 band combination proved to be a useful alteration type 

discriminator (and roughly distinguished lithologic units). This image recognized the regional 

argillic-phyllic alteration zones across the ASTER scene, and the local silicic alteration in the 

Castaño Nuevo district. It distinguished those hydrothermal clays and micas from the Agua Negra 

Formation’s clay- and mica- rich facies. 

The RGB band ratio combination 4/5, 4/7 and 3/1 has been developed for this study site, 

which best outlined significant geological features, effectively differentiating lithologic units and 

types of hydrothermal alteration. It differentiated mafic (i.e., Olivares Formation) and felsic (i.e., 

Manrique and Tocota intrusive bodies and Las Vizcachas, Puntas Negras and El Palque 

formations) igneous rocks and sedimentary unit (Agua Negra Formation). The 4/5, 4/7, 3/1 RGB 

combination distinguished argillic-phyllic as well as silicic alteration. 

The Ninomiya’s indices helped to isolate the areas where certain alteration minerals are 

present, and highlighted hydrothermal alteration zones. The OH-bearing minerals index image 

(OHIa) proved to be a more useful index than OHIb for detecting alteration in the study area. 

Those brighter pixels represent areas where it is more likely to find phyllosilicates. These are the 

large Castaño Viejo NNE alteration zone (from Venezuela Hill to El Retamal-Las Timbirimbas), 

and the more restricted Castaño Nuevo, Tres Magos, Krammer and Colo-Colo alteration zones. 

The strongly silicified areas at Castaño Nuevo, north of the main argillic-phyllic alteration were 

displayed in dark shades. The white outline surrounding El Palque Formation is the hydrothermally 

altered intermediate volcanic rocks of Vega de los Machos Formation. Both the phyllosilicate-rich 

siltstones facies and hydrothermal patches of Agua Negra Formation were detected by OHIa. 

The kaolinite index image (KLI) yielded similar results to those of OHIa due to kaolinite 

being part of the third group of OH-bearing minerals with absorption features in bands 5 and 6. 

Most of the pixels classified as kaolinite are likely to be muscovite or illite (with minor admixtures 

of kaolinite). The phyllosilicates have a regional and more abundant distribution, whereas kaolinite 

is mainly concentrated in the Castaño Nuevo district, as proven by PIMA. Only those areas with 

hydrothermal phyllosilicates (± kaolinite) were detected by KLI. Conversely, the primary 

phyllosilicate-rich siltstones facies of Agua Negra Formation were not. 

The alunite index image (ALI) showed strong responses at Venezuela Hill, Tres Magos 

and Krammer. These are the areas more likely to contain abundant alunite. This assertion was 

supported based on field verification at Venezuela Hill and extrapolated to Tres Magos and 

Krammer due to similar pixel information. Those diffuse bright pixels elsewhere in the Castaño 

Viejo region, Castaño Nuevo and Las Timbirimbas were interpreted as minor contents of alunite 
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(with clays and phyllosilicate admixtures). At El Retamal, the spectral response to the ALI was 

very poor.  

From the three ASTER TIR indices proposed by Ninomiya and Fu (2002), the quartz index 

image (QI) proved to be very effective for detailed mapping of the limits of the Tocota Pluton and 

Lomas del Campanario. It is the only image which effectively discriminated the Tocota Pluton 

from the Agua Negra sedimentary rocks, with sharply defined limits. These contacts are not 

evident in any other satellite images or aerial photos, and are merely simplified boundaries in 

geological maps, making QI a very effective mapping tool for the study area. The Lomas del 

Campanario andesite to dacite ignimbrites and tuffs have a slightly lighter shade of grey compared 

to that of the Tocota Pluton. Conversely, the intrusive body has a rough texture, whereas the 

volcanic unit has a smoother texture, which assists in distinguishing both units. 

The negated principal component 4 for bands 1, 4, 6 and 7 is intended to detect areas with 

kaolinite, whereas the negated PC4 for bands 1469, kaolinite + smectite. In the study area, both 

images highlighted zones rich in OH-bearing minerals (particularly micas with or without kaolinite 

admixtures). These results are consistent with those interpretations of the band operators, 

Ninomiya’s indices and field studies. Both PCs were particularly useful to detect those areas with 

strongly silicic-altered rocks (i.e., Castaño Viejo), silica-rich facies near the Venezuela Hill, and 

felsic units (i.e., Manrique Pluton and the N-trending rhyolitic dykes). Principal component 3, 

calculated for bands 1357, was a valuable tool to detect alunite. The regional hydrothermal 

alteration was undetected, and only those areas with high contents of alunite were successfully 

highlighted (i.e., Venezuela Hill and Tres Magos). 

In conclusion, in the San Francisco de Los Andes breccia-hosted Bi–Cu–Au mining 

district, very scarce illite, kaolinite and alunite were detected. Although epidote - chlorite veinlets 

are widely distributed in this region, their density is not high enough to be detected by ASTER. In 

contrast, clay- and phyllosilicate-rich alteration assemblages identified near the margins of the 

Castaño River and further south are spatially and genetically related with well-known epithermal 

and porphyry deposits. Regions with similar spectral responses were detected to the north of 

Castaño River (e.g. Tres Magos, Krammer and Colo-Colo) and to the left side of the ASTER 

scene. Those areas westward of the mining districts discussed in this article showed no 

correspondence with any known ore deposit, highlighting potential exploration opportunities to the 

west of the already identified mineral deposits.  

In this study, the usage of a new logical operation (i.e., (4x7)/(8x8)), and RGB band ratio 

combination (i.e., 4/5, 4/7, 3/1) are proposed, as both significantly highlighted not only the 

hydrothermal alteration affecting the area, but also the different lithologies outcropping in Frontal 
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Cordillera. Based on the available literature, they have not been used in the past. They are tools 

that should be useful in future studies as both images provide robust lithologic and alteration 

information within a single image. As aforementioned, ASTER imagery processing is confirmed as 

a valuable tool for mapping lithological units, otherwise difficult to distinguish with the available 

Landsat images or aerial photos. The distribution of key hydrothermal alteration minerals and 

assemblages associated with known deposits can be effectively detected, and exploration targets 

for potential economic mineralization highlighted. 
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Chapter 3 – Geology, geochronology and geochemistry of the 

Tocota Pluton, Frontal Cordillera, Argentina — Mineralization 

and hydrothermal alteration preceding the rupture of 

Gondwana 

3.1 Introduction 

The Permian Tocota Pluton is a 192 km2 N-trending granitic to tonalitic elliptical body that 

intruded the Carboniferous sedimentary sequence of Agua Negra Formation in San Juan province, 

Argentina (Figs. 3.1 and 3.2). The Tocota Pluton is the southernmost phase of the Colangüil 

Batholith (Fig. 3.1), a group of intrusions that extend along the Frontal Cordillera from central to 

north San Juan province, close to the border with La Rioja province. Previous studies documented 

the geology of the intrusive complex and geodynamic setting of the Colangüil Batholith (e.g., 

Llambías and Sato, 1990, 1995). The early intrusions of the Colangüil magmatic complex were 

emplaced in a volcanic arc setting, whereas the late intrusions formed under an extensional regime 

that promoted post-orogenic magmatism (Llambías and Sato, 1990, 1995).  

Field mapping and U–Pb zircon geochronology have been undertaken to constrain the 

relative and absolute ages of different facies of the Tocota Pluton, and to compare them with 

previous geochronological data from the Colangüil Batholith (Linares and Llambías, 1974; Sato 

and Kawashita, 1988; Llambías and Sato, 1995; Rodrı́guez Fernández et al., 1996b). The current 

study documents the absolute time of emplacement of the Tocota Pluton and its temporal 

relationship with the San Rafael Orogenic Phase. The ages provided in this study are the first U–Pb 

zircon ages for the Tocota Pluton.  

A robust set of geochemical data has been generated to enhance understanding of the 

geochemical evolution of the Tocota Pluton. These data are used to clarify its complex geotectonic 

setting and assess its fertility. In an effort to resolve uncertainties about its geotectonic 

environment and its potential to generate mineralization, the Tocota Pluton is compared to the new 

geochemical data from the Miocene San Francisco Batholith in Chile collected for this PhD study 

(Fig. 3.3). The younger intrusion is well-established as a product of arc magmatism and 

subduction-related processes, and was responsible for the formation of a cluster of giant Cu 

deposits at Rio Blanco-Los Bronces (e.g., Skewes et al., 2003; Frikken et al., 2005; Toro et al., 

2012). Both intrusive complexes are associated with mineralized tourmaline-cemented breccia 

pipes and dikes. This article presents evidence that mineralization and hydrothermal processes in 
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and close to the Tocota Pluton are genetically related to the pluton, and formed immediately before 

the rupture of Gondwana.  

 

Figure 3.1: Geological maps of: a. the Colangüil Batholith (modified after Llambías and Sato, 1990, 1995), 

and b. the Tocota Pluton (modified after Rodríguez Fernández et al., 1996a; b). Abbreviations: Carb = 

Carboniferous, Perm = Permian. 
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Figure 3.2: Geological maps of the Tocota Pluton close to the San Francisco de los Andes mine, based on 

new field data and Llambías and Malvicini (1969). Numbers in white boxes summarize U–Pb zircon ages 

obtained for the study area. White circles are the locations where samples were taken. 
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Figure 3.3: Geological maps of the Rio Blanco-Los Bronces district and locations of the three study areas: 

La Americana, Cerro Negro, and Las Areneras. Numbers in white boxes are available ages, and black circles 

are the locations where samples were taken (based on unpublished CODELCO maps and Piquer et al., 2015). 
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3.2 Methodology  

3.2.1 Sample collection 

A total of 113 igneous and sedimentary rock samples, as well as breccias and veins, were 

collected from the surface of the San Francisco de los Andes district. Samples from the Tocota 

Pluton include the Amancay Granodiorite, Chorrillos Granodiorite Porphyry, Chorrillos 

Microgranodiorite, unnamed diorite facies, and related andesitic and basaltic dikes (Fig. 3.2). 

Sandstones and siltstones from the Agua Negra Formation were also collected (Fig. 3.2). All 

samples collected with their corresponding coordinates and descriptions are listed in Appendix 3.1. 

A total of 184 drill hole samples from the San Francisco Batholith and Farellones 

Formation, as well as breccias and veins, were collected from La Americana (south), Cerro Negro 

(center) and La Areneras (north) areas of the Rio Blanco-Los Bronces district (Fig. 3.3). The 

Cascada Granodiorite is the most abundant and representative phase of the San Francisco Batholith 

in the south-central part of the district, whereas the Rio Blanco Granodiorite is characteristic of the 

central-north area (Fig. 3.3). The Cascada Granodiorite phase was analyzed from specimens 

collected from La Americana and Cerro Negro sector, whereas the Rio Blanco Granodiorite from 

Cerro Negro and Las Areneras area (Fig. 3.3). All samples collected, their coordinates and 

descriptions are listed in Appendix 3.1. 

3.2.2 Macroscopic and microscopic description 

Samples underwent several stages of analyses and measurements, from field descriptions 

with hand lens, to more detailed studies in the lab (including staining and stereoscopic microscope 

examination). Surface samples from the San Francisco de los Andes district were cut with a 

diamond blade tile saw in order to have a smooth surface to better describe their macroscopic 

textural features. Cut surfaces of selected rock samples were etched with hydrofluoric acid and 

dipped into a solution of sodium cobaltinitrite (Na3Co(NO2)6). Areas stained yellow are K-bearing 

feldspar. Similarly, HCL-etched surfaces were treated with barium chloride (BaCl2), rinsed, and 

dipped in potassium rhodizonate (C6K2O6). Plagioclase, other than pure Na plagioclase, are stained 

red by barium rhodizonate (Bailey and Stevens, 1960). Mineral phases, percentages and 

characteristic textures were determined using both hand specimens and thin sections. A Nikon 

E600 POL binocular petrographic microscope with ×5, ×10, ×20 and ×50 objective lenses as well 

as ×10 ocular lenses was used to carry out the petrographic study. 
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3.2.3 Geochronological methods 

Nine rock samples from different units of the Tocota Pluton (with contrasting 

compositions and textures) and one highly pure, very coarse-grained tourmaline vein were selected 

for U–Pb zircon dating. The samples were crushed using a hydraulic press, milled in a Cr-steel mill 

and finally sieved to achieve the desired fine-sand grainsize. Zircons were separated in a gold pan, 

no heavy liquid or Frantz isodynamic magnetic separator was used. Hand-picked zircons were 

selected under a microscope and mounted in epoxy for U–Pb dating. 

U–Pb zircon geochronology analysis was conducted at CODES, University of Tasmania 

by means of laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). A 

Resonetics RESOlution System equipped with a Coherent COMPex Pro ArF Excimer was used. 

The laser operates with a 193 nm wavelength in a Laurin Technic ablation cell. The ablated zircons 

were subsequently analyzed by an Agilent 7500cs quadrupole ICP mass spectrometer. 

In order to remove any superficial contamination, each analysis was pre-ablated with five 

laser pulses, followed by 30 seconds analyzing the blank gas or background. Zircons were ablated 

using a spot size of 32 µm for 30 seconds at 5 Hz and ∼2 J/cm2. Between 14 and 16 spot analyses 

were collected per sample, in order to have enough data if any analyses needed to be filtered out 

and discarded. Only seven out of the ten selected samples were analyzed successfully. Two 

samples from the Leoncito Tonalite (Amancay Granodiorite) and one from the basaltic dikes could 

not be dated due to a lack of zircons. Appendix 3.2 provides the full dating results, together with 

plots of the U–Pb data for each sample. 

3.2.4 Geochemical methods  

Major, minor and trace element data were generated for 255 samples. Sample preparation 

for whole rock chemical analysis was undertaken at the Acme Laboratories in Santiago, Chile. 

Geochemical analyses were conducted at the Acme Laboratories in Vancouver, Canada. Major 

element concentrations were analyzed using a Jarrel Ash AtomComp Model 975/Spectro Ciros 

Vision inductively coupled plasma emission spectrograph. Trace elements were determined using a 

Perkin-Elmer Elan 6000 or 9000 inductively coupled plasma mass spectrometer. Detection limits 

reported are < 0.04 wt. % (major elements), < 0.5 ppm (most of the trace elements), and 0.05 ppm 

(rear earth elements). 

A suite of 104 samples from the San Francisco de los Andes district was analyzed for 

major, minor and trace element compositions. These included 60 igneous rocks from the Tocota 

Pluton, 24 sedimentary rocks from the Agua Negra Formation, and 20 hydrothermal breccias and 

veins related to the Tocota Pluton (Appendix 3.1; e.g., Fig. 3.4). An additional suite of 151 rocks 
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from the Rio Blanco-Los Bronces district was analyzed for comparative purposes, including 68 

samples from the San Francisco Batholith, 31 from the Farellones Formation and 52 mineralized 

rocks (i.e., breccias, stockworks, and veins; Appendix 3.1; e.g., Fig. 3.4). Evaluation, presentation 

and interpretation of the aforementioned geochemical data were undertaken using the ioGAS 

software (REFLEX). 

 

Figure 3.4: Whole rock geochemical data screening procedure for igneous rocks from: a. the Tocota Pluton 

and b. the San Francisco Batholith. Selection criteria for acceptable analyses is based on: LOI values < 3.5 

wt. % (after Loucks, 2014), and analyses plotting within the least altered box (after Large et al., 2001). c. 

Sedimentary rock from the Agua Negra Formation with LOI values > 4 wt. % were discarded. All data are 

listed in Appendix 3.1. 

The 60 whole rock analyses from igneous rocks from the Tocota Pluton have been 

screened for the effects of hydrothermal alteration or weathering. The primary screening method 
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was to plot analyses on the AI vs CCPI box plot to detect least altered samples and discard those 

which have been compromised due to moderate to strong hydrothermal alteration (after Large et 

al., 2001). A secondary filtering tool was based on Loucks' (2014) selection criteria for acceptable 

analyses, where only samples which yielded loss on ignition (LOI) values < 3.5 wt.% were used 

for subsequent geochemical classifications. After screening the whole rock dataset, only 48 

analyses were considered for interpretation of major, minor and trace elements from the Tocota 

Pluton (Fig. 3.4a; Appendix 3.1). Filtered analyses represent igneous rock samples with 

hydrothermal alteration less than 10% by volume. The same screening procedure of the Rio 

Blanco-Los Bronces dataset left a total of 69 igneous rocks from La Americana, 23 from Las 

Areneras and 7 from Cerro Negro (Fig. 3.4b; Appendix 3.1). These were used to compare and 

contrast with the Tocota Pluton dataset.  

A total of 21 filtered whole rock analyses from Agua Negra Formation were used to 

classify the sedimentary rock types and evaluate their provenance signature. From a total of 24 

analyses, three were discarded due to high LOI values (> 4 wt. %; Fig. 3.4c; Appendix 3.1). The 20 

chemical analyses from hydrothermal breccias facies and veins were only used here as indicator of 

grades across the San Francisco de los Andes district (Appendix 3.1). 

3.3 Geology 

3.3.1 Geological setting of the Tocota Pluton  

The Agua Negra Formation is a sequence of Paleozoic sedimentary rocks that define the 

basement of the study area (Figs. 3.1 and 3.2; Polanski, 1978). This unit was deposited in the 

Upper Carboniferous to Lower Permian, based on fossil plants and marine invertebrates found in 

two fossil beds (Aparicio, 1969). Further palynological analysis carried out by Busquets et al. 

(2002) documented palynomorphs that accumulated during the Upper Carboniferous. The Agua 

Negra Formation consists of a sequence of shales, sandstones, conglomerates and limestones 

(Rodrı́guez Fernández et al., 1996a; b; Busquets et al., 2002). The sedimentary rocks cropping out 

in the study area are mainly shales and sandstones (Fig. 3.5a-b).  

The Agua Negra Formation was strongly deformed during the Famatinian and Gondwanic 

orogenic cycle. The formation can be divided in two tectonostratographic units: a pre-orogenic and 

a syn-orogenic sequence separated by a clear erosional unconformity. The Carboniferous – Lower 

Permian pre-orogenic sequence formed when the Frontal Cordillera occupied a backarc position 

(Ramos, 1988; Rodrı́guez Fernández et al., 2002). This unit evolved due to east to west 

propagation of a deltaic system from the Precordillera and Pampean ranges to the Frontal 

Cordillera (Busquets et al., 2002; Rodrı́guez Fernández et al., 2002). As the systems prograded 



Chapter 3 – Tocota Pluton 
 

 

87 
 

westward, open marine conditions were more likely to be encountered (Rodrı́guez Fernández et al., 

2002). 

The Permian syn-orogenic sequence exhibits a clear change in sediment source, with a 

western provenance likely due to the uplift of the volcanic arc and Famatinian basement 

(Rodrı́guez Fernández et al., 2002). Evidence is provided by volcanic and Famatinian sedimentary 

pebbles in conglomerates. Stromatolithic pebbles are interpreted to relate to the cannibalization of 

the early foreland sedimentary basin. During Permian times, the Frontal Cordillera had a 

geotectonic setting consistent with a retroarc foreland basin (Busquets et al., 2002; Rodrı́guez 

Fernández et al., 2002). The syn-orogenic sequence formed during the Gondwanic Orogeny, and 

the current vertical to steeply, eastward dipping orientations of the Agua Negra Formation relate to 

deformation during the San Rafael Orogenic Phase, the culmination of the Gondwanic orogenic 

cycle (Ramos, 1988). 

3.3.2 Tocota Pluton  

The Tocota Pluton is the southernmost extension of the Colangüil Batholith. This 

meridional batholith consists of numerous, elongated, north-trending plutons (Fig. 3.1). The Tocota 

Pluton is one of five plutons that define the Las Piedritas Granodiorite. This unit was emplaced 

during the beginning of Permo-Triassic magmatism. The Las Piedritas Granodiorite is considered 

to be an early post-orogenic unit that was emplaced after the San Rafael Orogenic Phase, following 

Carboniferous arc-related magmatism (Llambías and Sato, 1990, 1995). 

The N-trending Tocota Pluton is compositionally zoned, becoming younger and more 

acidic towards its center. The pluton is divided into three units: Leoncito Tonalite, La Fragüita 

Granodiorite and Rosados Granite (Fig. 3.1b; Rodrı́guez Fernández et al., 1996a; b). In the vicinity 

of the San Francisco de los Andes mine, the regional units Leoncito Tonalite, La Fragüita 

Granodiorite and Rosados Granite have local names originally documented by Llambías and 

Malvicini (1969). The Amancay Granodiorite is equivalent to the Leoncito Tonalite, the Chorrillos 

Granodiorite Porphyry to the La Fragüita Granodiorite, and the Chorrillos Microgranodiorite to the 

Rosados Granite (Figs. 3.1b and 3.2; Table 3.1). Two limited and isolated granite outcrops with 

coarse-grained, radiating tourmaline crystals to the west of the San Francisco de los Andes mine, 

are also considered part of the Rosados Granite (Figs. 3.1b and 3.2). Figures 3.1 and 3.2 combine 

and summarize the available information mapped previous, and include the new field data 

collected during the current study. 

The Leoncito Tonalite is the oldest igneous unit of the Tocota Pluton. It roughly defines an 

outer shell of the pluton (Fig. 3.1b). The Leoncito Tonalite intruded the steeply dipping 
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Table 3.1: Summary of petrographic characteristics of the main intrusive units of the Tocota Pluton 

              

Unit Subunit Equivalent unit 
Modal 

mineralogical 
composition 

Grain 
size 

Texture 
Phenocrysts 
proportion 

% qz Megacryst 
Ground- 

mass  
Granular % pl Megacryst 

Ground- 
mass  

Granular 

Chorrillos  
Granodiorite 

Porphyry 
La Fragüita 

Granodiorite 
granodiorite, 

(granite) 
cg -mg 

porphyritic, 
(allotriomorphic-
hypidiomorphic 

granular)  

pl > qz, kf 35-25 
++ ah; 

poikilitic: 
oikocrysts 

+ ah-sh; 
graphic 

x 40-50 
+ sh-ah; 

scallope to 
poikilitic 

++ eh; 
poikilitic: 

chadacrysts;  
x 

Chorrillos  
Micro- 

granodiorite 
Rosados 

Microgranite 

leucogranite, 
(leoco-

granodiorite) 
fg 

allotriomorphic 
granular 

(porphyritic) 
qz > pl > kf 40-35 (++ ah) 

(+ ah; 
interstitial, 
graphic) 

ah ~ 25 (+ sh) 
(++ ah; 

interstitial, 
graphic) 

sh-eh 

Amancay  Granodiorite 
Leoncito 
Tonalite 

 tonalite and 
granodiorite, 

(granite) 
mg-fg  

hypidiomorphic
allotriomorphic 

granular 
(porphyritic) 

pl > bt, hbl  30-20  
(+ ah-sb; 
poikilitic: 

oikocrysts) 
(++ ah-sh) ah 35-45 (++ sh-ah) 

(+ eh; 
poikilitic: 

chadacrysts) 
sh-eh 

    
     Accessory/ trace minerals  

% kf Megacryst Groundmass  Granular % Mafics bt hbl aug tm ms ap ru zi ti py ma Enclaves 

~ 20  x 
++ ah-sh; 
graphic 

x ~ 10 
++ ah 

grain or 
clusters 

++ 1-3 mm 
phen 

sh-ah 
grain 

x x + x + x + + 
Tonalitic-granodioritic 
porphyritic  enclaves 

30-25 (+ ah-sb) 
 (++ ah-sh; 

perthite) 
anh 

perthitic 
< 5 

+ ah grain 
or clusters 

x x ++ + + x + x + + 
Partially granitized inclusions 

of the country rock  

~ 20 
(+ ah-sb; 
poikilitic: 

oikocrysts) 
(++ ah-sh) 

anh 
perthitic 

< 15 
++ sh-ah 
grain or 
clusters  

++ ah-sh 
grain or 

clusters; ah 
poikilitic 

ah-sh 
grain 

++ x + + + + + + 
mg-fg granodioritic-dioritic 

enclaves 

qz = quartz; pl = plagioclase; kf = K-feldspars; bi = biotite; hbl = hornblende; aug = augite; tm = tourmaline; ms = muscovite; ap= apatite; ru = rutile; zi = zircon; ti = titanite; py = pyrite; 

ma = magnetite; cg = coarse-grained (> 5 mm); mg = medium-grained (5–1 mm); fg = fine-grained (< 1 mm); eh = euhedral; sh =  subhedral;  ah = anhedral; ++ = dominant; + = abundant; 

x = absent;  ( ) = less common
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sedimentary rocks of Agua Negra Formation and has modal mineralogical compositions consistent 

with granodiorites to minor tonalities and granites. This unit has a medium- to fine- grained, 

hypidiomorphic granular texture; with some areas locally porphyritic (Fig. 3.5c-d). The Leoncito 

Tonalite is characterized by plagioclase ˃ orthoclase, quartz, biotite and/or hornblende with minor 

augite (Fig. 3.5d). The most common accessory minerals are apatite, rutile, zircon, titanite and 

opaque minerals (pyrite ± magnetite). Tourmaline (schorl) is a very distinctive accessory mineral 

despite not always being present in the analyzed samples. This unit is characterized by the presence 

of medium to fine grained granodioritic – dioritic enclaves (Table 3.1). 

The La Fragüita Granodiorite is located towards the core of the pluton and intruded both 

the Leoncito Tonalite and the Agua Negra Formation (Fig. 3.1b). Most of the samples analyzed 

have modal mineralogical compositions of granodiorite and minor granites. La Fragüita 

Granodiorite has a porphyritic texture, grading locally to a medium-coarse-grained allotriomorphic 

– hypidiomorphic granular texture (Fig. 3.5e-h). The characteristic rock-forming minerals are 

quartz and plagioclase  ˃ orthoclase, with biotite and/or hornblende and very rare augite (Fig. 3.5f-

h). The most common accessory minerals are apatite, zircon and opaque minerals (pyrite                

± magnetite). Tonalitic to granodioritic porphyritic enclaves are common in the La Fragüita 

Granodiorite (Table 3.1).  

The Rosados Granite or Rosados Microgranite is approximately located in the center of the 

Tocota pluton. It intruded the Leoncito Tonalite, La Fragüita Granodiorite and the Carboniferous 

sedimentary rocks (Fig. 3.1b). The Rosados Granite is characterized by abundant felsic minerals 

and very minor mafic minerals. Based on its modal composition it is classified as leucogranite with 

minor leucogranodiorite. They exhibit a fine-grained allotriomorphic granular to local porphyritic 

textures (Fig. 3.6a-d). These rocks contain abundant quartz, orthoclase ˃ plagioclase, and minor 

biotite as the only mafic mineral (Fig. 3.6b-d). The accessory minerals are apatite, zircon and 

opaque minerals (pyrite ± magnetite). This is the only unit with primary muscovite (˂1%; Fig. 

3.6d) and similar to the Leoncito Tonalite, tourmaline is a common accessory mineral. A local but 

very distinctive feature of the Rosados Granite is the presence of radiating tourmaline crystals that 

are commonly associated with quartz and locally K-feldspar (Fig. 3.6a-c; Table 3.1).  The two 

confined and isolated outcrops to the west of the San Francisco de los Andes mine contain coarse-

grained tourmaline, locally concentrated in ˃ 5 cm radiating euhedral crystal clusters with 

associated quartz (Figs. 3.2 and 3.6a).  

Small, localized diorite bodies have been documented close to San Francisco de los Andes 

mine intruding the Tocota Pluton granitoids and sedimentary rocks of Agua Negra Formation. The 

diorites are grey-colored, with bluish-green tints and have a phaneritic and speckled, medium- to  
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Figure 3.5: a. Dark grey siltstone with sandstone layers where quartz is recrystallized. b. Light orange-

brown, fine-grained sandstone. c.-d. Leoncito Tonalite : Medium-grained, hypidiomorphic granular texture, 

locally porphyritic. The modal composition is plagioclase ˃ quartz > K-feldspar > biotite + hornblende, with 

tourmaline as a characteristic accessory mineral. e.-h. La Fragüita Granodiorite: Porphyritic texture with 

characteristic plagioclase  phenocrysts. Felsic minerals (qz and pl ˃ kfs) are more abundant than mafic 

minerals (bt and/or hbl). Note the tonalitic porphyritic enclave (e.). Abbreviations: qz = quartz; pl = 

plagioclase; kfs = K-feldspars; bi = biotite; hbl = hornblende; tm = tourmaline; ms = muscovite; il = illite; ep 

= epidote; // = parallel nicols; + = crossed nicols. 
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Figure 3.6: a.-d. Rosado Granite: fine-grained allotriomorphic granular texture, locally porphyritic. Note the 

abundance of felsic minerals (qz, kfs and pl) relative to mafic minerals (bt, locally altered to chl – py), the 

presence of large radiating tourmaline crystals, and local primary muscovite. e.-f. Diorite with phaneritic and 

speckled, medium-grained size texture, locally porphyritic with plagioclase and augite – hornblende 

phenocrysts. Note the plagioclase-rich groundmass. g. Andesite dikes have a porphyritic texture with fine-

grained plagioclase phenocrysts (± aug and hbl) host within aphanitic and glassy groundmass (partially 

altered to ep, ca, chl). h. Basaltic dike crosscutting the Rosados Granite. Abbreviations: qz = quartz; pl = 

plagioclase; kfs = K-feldspars; bi = biotite; hbl = hornblende; aug = augite; tm = tourmaline; ms = 

muscovite; ep = epidote; ca =  calcite; chl = chlorite; py = pyrite; // = parallel nicols; + = crossed nicols. 
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fine-grained size texture, locally porphyritic (Fig. 3.6e-f). The unnamed diorite is mainly composed 

of plagioclase, biotite, hornblende (and local pyroxene), with minor amounts of quartz and K-

feldspar (Fig. 3.6f). Based on the Michel-Levy method, plagioclase extinction angles were 

measured to estimate their composition: phenocrysts are consistently labradorite to andesine and 

the finer grains in the groundmass are andesine. Common accessory minerals are zircon, apatite, 

titanite, magnetite, ilmenite, and pyrite. 

Basic and intermediate dikes crosscut the Tocota Pluton granitoids, they have steeply 

dipping N-, NW- and E- orientations. They are generally one to tens of meters wide, but rarely can 

exceed that thickness. The andesite dikes have an aphanitic to porphyritic textures with 

plagioclase, augite ± hornblende. Magnetite, zircon, apatite, ilmenite, biotite and K-feldspar are 

common accessory minerals (Fig. 3.6g). Basaltic dikes have aphanitic to porphyritic textures, with 

plagioclase, olivine and augite and less than 20 % quartz (Fig. 3.6h). These intermediate and basic 

dikes commonly have a glassy or aphanitic groundmass.  

Several hydrothermal alteration assemblages have affected the Tocota Pluton and Agua 

Negra Formation. They are best developed in the Leoncito Tonalite and the two restricted 

exposures of the Rosados Granite west of San Francisco de los Andes, and have more restricted 

occurrences in the La Fragüita Granodiorite eastward from the mine.  

Propylitic alteration is the most widespread hydrothermal alteration assemblage in the 

study area. It is best developed in the Tocota pluton, affecting the three felsic units, and also 

diorites and andesitic – basaltic dikes. Within the felsic rocks, epidote generally occurs as 2 – 3 

mm-thick veinlets (locally ˃ 1 cm epidote – quartz veins) and up to 1 cm clusters replacing original 

plagioclase and mafic minerals (Fig. 3.7a). Propylitic alteration is better developed in the local 

dioritic bodies compared with the granitoids. Epidote-rich aggregates have preferentially 

developed in dioritic to tonalitic enclaves hosted in the granitoids. Epidote is commonly associated 

with chlorite, which has partially replaced mafic minerals (particularly biotite and hornblende), and 

rarely with calcite. The basic and andesitic dikes are generally strongly altered to calcite, chlorite  

± pyrite, and epidote due to their higher concentrations of mafic minerals (Fig. 3.7b).   

Tourmaline alteration is best developed in the Rosados Granite and to a lesser extent in the 

Leoncito Tonalite. Traces of tourmaline are very scarce to absent in the La Fragüita Granodiorite. 

Tourmaline ± quartz alteration is widespread in the study area and is not restricted to aureoles 

around the intrusions. It has affected the Tocota Pluton and nearby sedimentary rocks. Tourmaline 

– quartz veins that range from one to tens of centimeters thick, tourmaline radiating crystals and 

clusters occur in the granitoids of the Tocota Pluton and locally in the Agua Negra Formation (Fig. 
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3.7c). Tourmaline-cemented breccias are common in the San Francisco de los Andes district, and 

tourmaline alteration is strongly developed closer to these breccia pipes (Fig. 3.7d). 

Phyllic alteration is intimately associated with tourmaline alteration (e.g., Fig. 3.7c), 

particularly close to the tourmaline-cemented breccia pipes. Strong quartz – illite-rich and 

tourmaline alteration only occurs next to the tourmaline – quartz-cemented breccia pipes and veins 

(Fig. 3.7e).  

Potassic alteration locally occurs in sedimentary rocks. It is best developed in the Rosados 

Granite and the Leoncito Tonalite (Fig. 3.7f-g). Near San Francisco de los Andes mine, the 

potassic metasomatism produced by the Amancay granodiorite was more intense than that 

produced by the Chorrillos granodiorite porphyry (Fig. 3.7g).  

Weathering has affected all surface samples to a minor extent. Hematite and limonite 

staining is a fairly common feature affecting the Tocota Pluton, particularly the Chorrillos 

Granodiorite Porphyry (La Fragüita Granodiorite; Fig. 3.7h). These secondary iron minerals have 

either pervasively stained the igneous rock or formed halos around veins that previously contained 

sulfides. The original sulfides were most likely pyrite, due to the presence of pseudomorphic cubic 

shapes of iron oxides and oxyhydroxides (i.e., boxworks). 

The Tocota Pluton is spatially and temporally related to several mineralized structures, 

including Bi-Cu-Au tourmaline – quartz-cemented breccia pipes and veins (e.g., Fig. 3.8; Chapter 

4). These structures cut the sedimentary rocks of Agua Negra Formation and different igneous 

facies of the Tocota Pluton. Surface expression of mineralization is much localized and presence of 

10 to 100 m diameter mineralized tourmaline – quartz-cemented breccia pipes could potentially be 

the uppermost portion of a buried mineralized porphyry system, as documented in numerous 

studies (e.g., Sillitoe, 1985; Skewes, 1992; Serrano et al., 1996; Vargas et al., 1999; Frikken et al., 

2005; Sillitoe, 2010). 

Textural characteristics of tourmaline – quartz-cemented breccias At San Francisco de los 

Andes are consistent with magmatic-hydrothermal breccias (Chapter 4). Clasts have oriented 

tabular shapes, providing evidence for minimal clast transport, and abundant hydrothermal cement 

with minor rock flour matrix. Similar features have been observed in the Miocene tourmaline-

cemented breccia cluster in the giant Rio Blanco-Los Bronces district (Toro et al., 2012). Copper 

and Mo mineralization at Rio Blanco-Los Bronces is hosted in tourmaline-cemented breccia pipes 

and dikes, and related porphyry veins and stockworks which have derived from the crystalizing 

San Francisco Batholith (e.g., Skewes et al., 2003; Frikken et al., 2005; Toro et al., 2012). 
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Figure 3.7: a. Granodiorite: epidote (core) and chlorite (rim) pseudomorph after biotite. b. Basaltic dike: 

Complete replacement of mafic phenocrysts and groundmass for calcite, chlorite and pyrite. c. Coarse-

grained tourmaline – quartz vein in the Rosado Granite and fine-grained tourmaline vein in siltstone with a 

quartz –  illite halo. d.-e. Pervasive tourmaline (d.), and illite – quartz (e.) replacement of the sedimentary 

host rock of the breccia complex. f. Early pervasive K-alteration crosscut and obliterated by late illite – 

quartz halos around tourmaline veinlets in siltstone. g. Rosado Granite: Complete K-feldspar replacement of 

groundmass and selective replacement of plagioclase phenocrysts. h. Granodiorite porphyry:  Early 

magnetite vein crosscut by epidote ± pyrite veins with hematite stained halos. Abbreviations: qz = quartz; pl 

= plagioclase; kfs = K-feldspars; ep = epidote; chl = chlorite; ca = calcite;  py = pyrite; tm = tourmaline; il = 

illite; hm = hematite; ma = magnetite; + = crossed nicols. 
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Figure 3.8: a.-b. Tourmaline-cemented breccias (a.), and chalcopyrite – arsenopyrite – pyrite-cemented 

breccias (b.) from the San Francisco de los Andes breccia complex. c.-e. Coarse-grained tourmaline vein. 

Note the large radiating tourmaline crystal aggregates cementing the vein. Abbreviations: cp = chalcopyrite; 

ap = arsenopyrite; py = pyrite. 

3.3.3 San Francisco Batholith 

The San Francisco Batholith is located in central Chile, 40 km NE from Santiago city. This 

late Miocene granodiorite-dominated igneous complex is approximately 200 km2, with U–Pb 

zircon ages ranging between 16.4 ± 0.2 and 8.4 ± 0.2 Ma (Toro et al., 2012). The San Francisco 

Batholith has intruded the Miocene volcanic and volcaniclastic rocks of the gently folded Abanico 

Formation (Ma, U–Pb zircon ages) and sub-horizontal Farellones Formations (22.7 ± 0.4 to 16.8   
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± 0.3 Ma, U–Pb zircon ages; Warnaars et al., 1985; Vergara et al., 1988; Serrano et al., 1996; 

Vargas et al., 1999; Frikken et al., 2005; Toro et al., 2012; Piquer et al., 2015). The San Francisco 

Batholith is a fertile, arc-related, igneous complex responsible for the formation of the Rio Blanco-

Los Bronces district (Skewes et al., 2003; Frikken et al., 2005). This high-grade, Co-Mo porphyry 

systems is the world’s largest copper accumulation on planet Earth, with over 200 Mt Cu (Toro et 

al., 2012). 

In the Rio Blanco-Los Bronces district, the San Francisco Batholith can be divided into 

three main phases: Río Blanco Granodiorite, Cascada Granodiorite and diorite. (i) The Río Blanco 

Granodiorite ranges in composition from granodiorite to tonalite. This phase has a phaneritic 

texture, medium- to coarse-grainsize (> 3 mm) with plagioclase > quartz ≥ K-feldspar ≥ mafic 

minerals (biotite and amphibole).  The Río Blanco Granodiorite has yielded an 11.96 ± 0.40 Ma U 

–Pb zircon age, 11.22 ± 0.35 Ma Ar–Ar hornblende age and 11.59 ± 0.08 Ma Ar–Ar biotite age 

(Deckart et al., 2005; Frikken et al., 2005; Toro et al., 2012). (ii) The Cascada Granodiorite has 

mainly a granodioritic composition, with local quartz-monzonite, monzodiorite and aplite facies. 

This phase has a phaneritic, hypidiomorphic texture with 2 – 3 mm plagioclase, biotite and 

amphibole phenocrysts host within a fine-grained, quartz – feldspar groundmass. The Cascada 

Granodiorite yielded a 8.40 ± 0.23 Ma U–Pb zircon age (Deckart et al., 2005; Frikken et al., 2005; 

Toro et al., 2012). (iii) The third phase of the San Francisco Batholith is the diorite, which has an 

allotriomorphic texture with 1 – 2 mm, fine-grained, plagioclase, amphibole, biotite and minor 

quartz.  Diorite has yielded 8.19 ± 0.16 Ma and 8.16 ± 0.45 Ma U–Pb zircon ages (Deckart et al., 

2005; Frikken et al., 2005; Toro et al., 2012). 

3.4 Geochronology 

3.4.1 Previous work 

Magmatism in the Colangüil Batholith began at 328.7 ± 1.2 Ma with the emplacement of 

the Carboniferous arc-related Tabaquito Granodiorite, before the San Rafael Orogenic Phase 

(Llambías and Sato, 1995). Intrusive activity continued after the San Rafael Orogenic Phase, with 

the emplacement of numerous post-orogenic plutons. They have Rb–Sr ages ranging between 

271.7 ± 1 and 253.9 ± 1.2 Ma and can be grouped into six units with decreasing age: Las Piedritas 

Granodiorite, Tres Quebradas Rhyolite, Los Puentes Granite, Los Lavaderos Granite, Las Opeñas 

Granite and Agua Blanca Granite (Llambías and Sato, 1995; Figs. 3.1 and 3.9; Table 3.2). The six 

LA-ICP-MS U–Pb zircon ages obtained by Sato et al. (2015) provide the first U–Pb ages for the 

Frontal Cordillera. They analyzed one andesite sample from the Choiyoi Group (272.8 ± 3.4), and 

five samples from the Colangüil Batholith including: The Las Piedritas Granodiorite (i.e., Los 

Leones Pluton: 278.8 ± 3.9, Agua Negra Pluton: 271.9 ± 2.4, Romo Pluton: 259.1 ± 2.4), Los 
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Puentes Granite (i.e., Conconta Pluton: 252.5 ± 1.9) and Agua Blanca Granite (i.e., Chita Pluton: 

259.7 ± 4.7 Ma; Figs. 3.1 and 3.9; Table 3.2). 

Table 3.2: Summary of available geochronological data for different units of the Colangüil Batholith after 

Llambías and Sato (1995). Ages documented by *Linares and Llambías (1974), **Sato and Kawashita 

(1988), and ***Rodriguez Fernandez et al. (1996a) are also included. The most recent U–Pb ages reported 

by Sato et al. (2015) are listed in the right column. The most robust and consistent dataset correspond to the 

Rb–Sr ages for the primary biotite-whole rock pair provided by Llambías and Sato (1995). Only one primary 

muscovite-whole rock pair was used for the Las Opeñas S-type granite. Some of the Rb–Sr whole-rock 

isochron ages are inconsistent with the relative ages of the different units, and preference is given here to 

primary micas-whole rock pairs. The Rb–Sr whole-rock isochron age provided by Sato and Kawasahita 

(1988), and K–Ar ages of Linares and Llambías (1974) and Rodriguez Fernandez et al. (1996a) have greater 

errors and uncertainty than the primary mica-whole rock pairs 

Unit Plutons 
Size 
Km2 

Sam. 
type 

87Rb/87Sr 
age (Ma) 
Min-WR 

pair 

Initial 87Rb/87Sr 
87Rb/87Sr 
age (Ma) 

WR isocona 
87Rb/87Sr 

K/Ar age 
(Ma) 

U/Pb 
age 
(Ma) 

Agua 
Blanca 
Granite 

Chita 22 
WR?   247 ± 15** 

0.7045 ± 
0.0031** 

  

zrc      259.7 ± 
4.7 

Agua 
Blanca 

24 -       

Las 
Opeñas 
Granite 

Las Opeñas 102 

bt 253.9 ± 1.2 0.71296 ± 0.00442     

bt 255.7 ± 1.1 0.71083 ± 0.00434     

ms 258.0 ± 1.2 0.70987 ± 0.00258     

WR   247.9 ± 1.4 
0.71626 

± 0.00013 
  

Choiyo 
Group: 
Dikes 

-  WR   247.6  ± 3.0 
0.70811 

± 0.00052 
  

Los 
Lavaderos 

Granite 

Los 
Lavaderos 

39 WR   258.7  ± 1.9 
0.70716 

± 0.00045 
  

Los 
Puentes 
Granite 

El Fierro 413 

bt 256.2  ± 1.2 0.70918  ± 0.00091     

bt 256.9  ± 1.1 0.70766  ± 0.00091     

WR   274.2  ± 3.2 
0.70544 

± 0.00064 
  

Los 
Puentes 

330 
bt 248.7  ± 1.3 0.71039  ± 0.00054     

bt 256.9  ± 1.3 0.70766  ± 0.00049     

Conconta 96 zrc      252.5 ± 
1.9 

Tres 
Quebradas 

Rhyolite 

Subvolcanic 
body 

7        

Las 
Piedritas 
Grano-
diorite 

Las 
Piedritas 

472 

bt 250.9  ± 1.0 0.70620  ± 0.00011     

bt 253.3  ± 1.1 0.70526  ± 0.00012     

bt 260.0  ± 1.1 0.70635  ± 0.00010     

bt 262.1  ± 1.1 0.70620  ± 0.00012     

bt 263.4  ± 1.1 0.70632  ± 0.00012     

WR   255.9 ±  37.5 
0.70645 

± 0.00053 
  

Romo 18 
bt 264.1  ± 1.1 0.70600  ± 0.00013     

zrc      259.1 ± 
2.4 

Tocota 192 

bt 267.2  ± 1.0 0.70545  ± 0.00038     

bt 267.7  ± 1.0 0.70517  ± 0.00038     

bt 268.8  ± 1.0 0.70593  ± 0.00035     

bt 269.1  ± 1.0 0.70550  ± 0.00026     

WR   259.2 ±  28.2 
0.70582 

± 0.00040 
  

?     283 ± 15*  

?     299 ± 10***  

Agua Negra 12 zrc      271.9 ± 
2.4 

Los Leones 15 

bt 268.2  ± 1.0 0.70411  ± 0.00023     

bt 271.7  ± 1.0 0.70484  ± 0.00020     

bt 271.7  ± 1.0 0.70484  ± 0.00018     
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 zrc      278.8 ± 
3.9 

Choiyoi 
Group: 

Andesites 
-  

WR   289.2 ±  19.3 
0.70752 

± 0.00030 
  

zrc      272.8 ± 

3.4 

Tabaquito 
Grano-
diorite 

Tabaquito 896 

bt 271.7  ± 1.0 0.70493  ± 0.00025     

bt 325.8  ± 1.2 0.70524  ± 0.00030     

bt 326.1  ± 1.2 0.70567  ± 0.00037     

bt 328.7  ± 1.2 0.70646  ± 0.00021     

Sam. type = sample type, Min = mineral, WR = whole rock, bt = biotite, ms = muscovite, zrc = zircon, and 

‘?’ = unspecified mineral 

 

 

 

Figure 3.9: Geochronological data from the Colangüil Batholith, Frontal Cordillera, Argentina. This Figure 

includes the current U–Pb zircon ages and those reported by Linares and Llambías (1974), Sato and 

Kawashita (1988), Llambías and Sato (1995), Rodriguez Fernandez et al. (1996a), and Sato et al. (2015). 

Abbreviation: LLG = Los Lavaderos Granite. All data are listed in Appendix 3.2. 
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The Las Piedritas Granodiorite is the oldest post-orogenic unit of the Colangüil Batholith, 

marking the beginning of the Permo-Triassic magmatic cycle at 271.7 ± 1.0 Ma (Llambías and 

Sato, 1995). Las Piedritas Granodiorite constitutes > 26 % of the Colangüil Batholith outcrops and 

consists of five main plutons, from north to south: Las Piedritas, Romo, Agua Negra, Los Leones 

and Tocota (Fig. 3.1).  

The Tocota Pluton constitutes > 7 % of the Colangüil Batholith (Llambías and Sato, 1992, 

1995). A sample from La Fragüita Granodiorite yielded a K–Ar(whole rock)  age of 299 ± 10 Ma 

(Rodrı́guez Fernández et al., 1996b), whereas a sample from Quebrada de Tocota (unspecified 

unit) yielded a K–Ar(whole rock) age of 283 ± 15 Ma (Linares and Llambías, 1974). Both results are 

older than the more precise, 269.1 ± 1 to 267.2 ± 1 Ma Rb–Sr (biotite-whole rock) ages reported by 

Llambías and Sato (1990, 1992, 1995) for the Tocota Pluton (Fig. 3.9; Table 3.2). These Rb–Sr  

ages only overlap within the analytical uncertainty of the K–Ar age documented by Linares and 

Llambías (1974; Fig. 3.9).  

3.4.2 U–Pb zircon dating  

Based on the new U–Pb zircon ages, the oldest unit analyzed is the La Fragüita 

Granodiorite, which ranges between 282.5 ± 2.8 and 275.2 ± 2.4 Ma (Fig. 3.9; Table 3.3). These 

results suggest a minimum duration of 7.3 ± 5.2 m.y. for emplacement of the La Fragüita 

Granodiorite. The younger Rosados Microgranite ranges between 272.8 ± 1.6 and 271.2 ± 2.2 Ma. 

These samples were collected from several km apart, but they have yielded a narrow U–Pb zircon 

age interval, with overlapping uncertainties (Figs. 3.2 and 3.9; Table 3.3).  

A coarse-grained tourmaline vein, close to the San Francisco de los Andes mine, with 

abundant > 5 cm long radiating tourmaline crystals (i.e., Stage 2, Chapter 4) provided a valuable 

opportunity to date accessory hydrothermal zircons (Fig. 3.8c-e). Zircons collected from the 

tourmaline aggregate yielded very consistent ages with no apparent zonation or presence of older 

cores. They have a U–Pb age of 266 ± 3.5 Ma, which is comparable to the intermediate units 

(diorite and andesitic dikes), and is younger than the granitoids (Fig. 3.9; Table 3.3). This absolute 

age agrees with field relationships where tourmaline veins and tourmaline breccia pipes have cut 

the sedimentary units and granitoids. Only minor younger analysis showed disturbed U–Pb during 

analysis (Appendix 3.2), containing high U and Th, as well as high common Pb interpreted as Pb 

loss and thus not considered. 
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Table 3.3: New U–Pb zircon dating results for felsic facies of the Tocota Pluton, and associated units. Their 

corresponding age, error and number of analyses considered per sample are listed below. All data are 

presented in Appendix 3.2 

 

Unit 
Equivalent 

unit 
Sample U–Pb Zircon Age (Ma) 

Number 
of 

Analyses 
MSWD Probability 

Andesitic dike - SF11FT001 265.3 ± 1.9 9 0.69 0.7 

Tourmaline vein - SF12-024 266.0 ± 3.5 10 1.9 0.043 

Diorite - SF11CW0122 268.0 ± 3.4 7 1.6 0.14 

Amancay Rosados 
Granite 

SF11MB217 271.2 ± 2.2 14 1.5 0.12 

Chorrillos 

SF12-012 272.8 ± 1.6 15 1.06 0.39 

La Fragüita 
Granite 

SF11MB210 275.2 ± 2.4 11 1.7 0.082 

SF11CW109 282.5 ± 2.8 6 0.35 0.88 

MSWD = mean square of weighted derivate 

 

3.5 Whole Rock Geochemistry  

3.5.1. Tocota Pluton host rock 

Filtered whole rock geochemical data from unmineralized and least altered sedimentary 

rocks of Agua Negra Formation are plotted on Figure 3.10. The classification of terrigenous 

sandstones and shales after Herron (1988) is based on ferromagnesian mineral stability 

(Fe2O3/K2O) and sediment maturity (SiO2/Al2O3). Analyses show apparent depletion in 

ferromagnesian minerals and feldspar and/or clay-rich immature sediment signature (Fig. 3.10a). 

The provenance discrimination diagram, modified after Roser and Korsch (1988), is used to 

evaluate the source of the rocks analyzed (Fig. 3.10b). This diagram distinguishes between 

sediments with primary mafic, intermediate, felsic igneous provenance and quartzitic sedimentary 

provenance. Figure 3.10b shows a consistent sedimentary provenance for the Agua Negra 

Formation.  

3.5.2 Tocota Pluton  

The geochemical data from the Tocota Pluton, generated for this study, are plotted on 

Figure 3.11.  Figure 3.11a shows the total alkali vs silica (TAS) diagram for plutonic rocks of the 

Tocota Pluton (Cox et al., 1979; Wilson, 1989). Dikes have also been plotted in order to include 

the entire igneous rock suite, so as to allow magma series to be discriminated. Granites, 

granodiorites, diorites and andesitic dikes belong to the sub-alkaline series (Fig. 3.11a). The TAS 

diagram shows that silica compositions for felsic rocks range from 62.5 to 72.5 wt. %, with no 

compositional gap. 
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Figure 3.10: Filtered geochemical data from Agua Negra Formation. a. Classification diagram for 

terrigenous shales and sandstones (after Herron, 1988). b. Provenance signature discrimination diagram for 

sedimentary rocks (modified after Roser and Korsch, 1988). The discrimination function for the modified 

classification uses Al2O3, TiO2, Fe2O3T, MgO, CaO and K2O, but Na2O is not considered. X axis = 0.607 * 

Al - 1.773 * Ti + 0.76 * Fe - 1.5 * Mg + 0.616 * Ca - 1.224 * K - 9.09; Y axis = 0.445 * Ti + 0.07 * Al - 0.25 

* Fe - 1.142 * Mg + 0.438 * Ca + 1.426 * K - 6.861. All data are listed in Appendix 3.1. 

 

Classification of igneous rocks from the Tocota Pluton based on the R1 – R2 diagram of de 

la Roche et al. (1980, Fig. 3.11b) are consistent with those given by the TAS diagram (Fig. 3.11a). 

Figure 3.11b uses all of the major cations, not only alkalis and silica. The R1 – R2 diagram is 

particularly useful when a rock has undergone moderate to strong potassic, sodic and/or silicic 

alteration, as use of the TAS diagram may lead into an inappropriate rock classification. The least 

altered data set used in this study show no major difference between both classification schemes 

(Fig. 3.11a-b). 

The sub-alkaline magmatic series is plotted on the alkalis (Na2O + K2O) – Fe oxides (FeO      

+ Fe2O3) – Mg oxide (MgO) ternary diagram in order to distinguish magmatic differentiation 

trends (Fig. 3.12). Geochemical data show a clear calc-alkaline trend for the Tocota Pluton (Fig. 

3.12). The Tocota Pluton granites, granodiorites, diorites and andesitic dikes are consistently 

classified as high-K, calc-alkaline rocks based on Figure 3.13.  
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Figure 3.11: a. Total alkalis – silica diagram (after Cox et al., 1979; adapted by Wilson, 1989) for igneous 

rocks from the Tocota Pluton. The curved black line separates alkaline from sub-alkaline rocks. b. R1 – R2 

chemical variation diagram (after Roche et al., 1980) for plutonic rocks from the Tocota Pluton. The 

composition of selected mineral phases (Or: orthoclase, Ab: albite, Hd: hedenbergite, Fo: forsterite and An: 

anortite) are shown, this allows comparison of modal and chemical data. Andesitic dikes are plotted on both 

diagrams. All data are listed in Appendix 3.1.  
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Figure 3.12: Alkali – FeO Total – MgO diagram for sub-alkaline igneous rocks. The blue and red curves 

represent the boundaries between calc-alkaline and tholeiitic fields after Irvine and Baragar (1971) and Kuno 

(1968), respectively. All data are listed in Appendix 3.1. 

 

Figure 3.13: The K2O vs SiO2 classification for igneous rocks of the Tocota Pluton and related dikes (after 

Peccerillo and Taylor, 1976). Peccerillo and Taylor (1976) divided the volcanic rocks from sub-alkaline 

series based on K2O and SiO2 concentration. The terms low-K, medium-K and high-K were proposed by Le 

Maitre et al. (1989) to qualify basic to felsic volcanic rocks, these fields are limited by the solid purple lines. 

These names roughly coincide with the tholeiite series (low-K), calc-alkaline series (medium-K) and high-K 

calc-alkaline series (high-K). The shaded bands subdivide the three subalkaline series and shoshonite series 

as proposed by Rickwood (1989), based on Peccerillo and Taylor (1976); Ewart (1982); Innocenti et al. 

(1982); Carr (1985); and Middlemost (1985). All data are listed in Appendix 3.1. 
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Compositional differences for igneous units can be highlighted based on alumina 

saturation in igneous rocks (after Barton and Young, 2002; Fig. 3.14). The Amancay Granodiorite 

(Leoncito Tonalite) and Chorrillos Microgranodiorite (Rosados Granite) are weakly to strongly 

peraluminous. Conversely, samples from the Chorrillos Granodiorite Porphyry (La Fragüita 

Granodiorite) are metaluminous, with only 3 out of 24 analyses plotting on the weakly 

peraluminous field. Likewise, diorite and andesitic dikes are metaluminous. Only one diorite and 

two andesitic dikes plot as peraluminous (Fig. 3.14).  

 

Figure 3.14: Alumina saturation in igneous rocks of the Tocota Pluton and related dikes (after Barton and 

Young, 2002). All data are listed in Appendix 3.1. 

 

Variation diagrams, particularly Harker diagrams, exhibit a clear linear correlation 

between silica and major oxides (Fig. 3.15). A strong negative correlation is evident when plotting 

Al2O3, Fe2O3, CaO, MgO, TiO2, P2O5 and MnO against silica (Fig. 3.15a-g). The Na2O vs SiO2 

variation diagram shows no obvious pattern but when considering granitoids only, a positive 

negative correlation between oxides can be detected (Fig. 3.15h). Conversely to the previous major 

elements, K2O – SiO2 plot shows a strong positive correlation for the whole data set (Fig. 3.14i). 

Concentrations of Cr2O3 are very low, with no major changes or particular trend when plotted 

against silica contents (Fig. 3.15j). 
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Figure 3.15: Harker variation diagram of major oxides for felsic to intermediate plutonic rocks of the Tocota 

Pluton and related andesitic dikes. All data are listed in Appendix 3.1. 
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The only minor and trace elements that have a very strong negative correlation with silica 

are V and Sc (Fig. 3.16a-b). The general trends for Sr and Li are also negatively correlated with 

silica, but diorite and andesitic dikes show a positive correlation of these elements with increasing 

SiO2 (Fig. 3.16c-d). Rubidium exhibits contrasting behavior with V and Sc, in that it has a very 

strong positive correlation with silica (Fig. 3.16e). Barium has relatively constant concentrations in 

every samples analyzed from the Tocota Pluton (Fig. 3.16f).  

 

Figure 3.16: Variation diagram of selected trace elements for felsic to intermediate plutonic rocks of the 

Tocota Pluton and related andesitic dikes. All data are listed in Appendix 3.1. 

 

Actinides, such as Th and U, exhibit an apparent positive correlated with silica (Fig. 3.17a-

b). The Chorrillos granodiorite porphyry has higher values of Th and U than the general trend, thus 

producing a greater dispersion when considering the entire data set in a scatter plot (Fig. 3.17a-b).  

Lanthanum, Ce, Pr, Nd, Sm and Eu show positive correlations with SiO2 for intermediate units, and 

negative correlations for granitoids (Fig. 3.17c-h). Light lanthanides have a comparable trend 
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pattern with Sr and Li, although the geochemical data are more scattered (Fig. 3.16c-d). From Gd 

to heavier lanthanides, the slope of intermediate units changed and a general negative correlation 

with silica is detected throughout the whole data set (Fig. 3.18a-h).  Heavy rare earth elements 

have a greater dispersion of data than V and Sc, but display similar trends negatively correlated 

with silica (Fig. 3.16a-b).   

 

Figure 3.17: Variation diagram of selected actinides and light lanthanides for felsic to intermediate plutonic 

rocks of the Tocota Pluton and related andesitic dikes. All data are listed in Appendix 3.1. 
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Figure 3.18: Variation diagram of lanthanides (Gd  –  Lu) for felsic to intermediate plutonic rocks of the 

Tocota Pluton and related andesitic dikes. All data are listed in Appendix 3.1. 
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3.6 Discussion   

3.6.1 Regional correlations  

 Hervé et al. (2014) studied the Early Permian to Late Triassic Elqui-Limarí and Chollay 

batholiths of the Chilean Frontal Cordillera between 28° and 31 °S. These batholiths are spatially 

and temporally equivalent to the Colangüil Batholith in Argentina. Based on 10 SHRIMP zircon 

crystallization ages, coupled with 11 U–Pb zircon ages, they documented an episodic intrusion 

history with four magmatic pulses for the Chilean batholiths: Early Carboniferous (330 – 326 Ma); 

Early Permian (301 – 284 Ma); Late Permian to Middle Triassic (264 – 242 Ma); and Late Triassic 

(225 – 215 Ma). The Early Carboniferous pulse represents subduction-related magmatism along 

the margin of Gondwana, after the Chilenia microplate collision. Based on O and Lu–Hf isotopic 

data on zircon from Elqui batholith, Hervé et al. (2014) proposed that the Early Permian rocks 

were emplaced in a subduction-related magmatic arc and are crustally-derived magmas; whereas 

the Late Permian-Triassic rocks formed in an extension-related environment, after exhumation and 

uplift, from more mantle-like compositions. These findings are consistent with the magmatic 

evolution of the Colangüil Batholith and its evolving tectonic setting. 

 Hervé et al. (2014) could not correlate their data with the Argentine Frontal Cordillera, 

because no U–Pb zircon ages had been published previously for the Frontal Cordillera of San Juan      

– Mendoza. Further south, in the San Rafael block, U–Pb zircon ages range between 281 and 251 

Ma (Rocha-Campos et al., 2011; Domeier et al., 2012). South of San Rafael, in the Cordillera del 

Viento, Neuquén an extended magmatic history with three main pulses with U–Pb zircon ages of 

328 – 325 Ma, 304 – 281 Ma and 198 – 196 Ma were recorded by Suárez et al. (2012). Hervé et al. 

(2014) correlated these events in Cordillera del Viento with those recorded in the Elqui–Limarí and 

Chollay batholiths and the Late Paleozoic – Early Mesozoic batholiths from central Peru, even 

though the Late Permian to Triassic pulses were not recorded. The new U–Pb zircon ages 

presented in this PhD study, which range from 282.5 ± 2.8 to 271.2 ± 2.2 Ma for the granitoids, 

and from 268 ± 3.4 to 265.3 ± 1.9 Ma for the intermediate units (Table 3.3), are comparable to 

those from the San Rafael block. Consistently, the five U–Pb zircon ages for the Colangüil 

Batholith reported by Sato et al. (2015) range from 278.8 ± 3.9 to 259.7 ± 4.7 are also comparable 

to those from the San Rafael block. 

The San Rafael Orogenic Phase was recognized in the Argentine Frontal Cordillera and the 

San Rafael block (Llambías and Sato, 1990; López Gamundí, 2006; Rocha-Campos et al., 2011). 

Mpodozis and Kay (1992) correlated the mid-Permian major deformation event in Chile with the 

San Rafael Orogenic Phase, resulting in the uplift and exhumation of the older units of the Elqui–

Limarí Batholith. Hervé et al. (2014) proposed that the 301 – 284 Ma magmatic event occurred 
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shortly before the San Rafael Orogenic Phase, consistent with the subsequent more extensional 

tectonic regime. When subduction along the Pacific Gondwana margin stopped, considerable 

amounts of juvenile basaltic magmas were intruded, partially melting the base of the crust and 

producing silicic magmas. These melts were emplaced along the Chilean and Argentine Frontal 

Cordillera during the Late Permian and Triassic (Mpodozis and Kay, 1992). Based on the available 

U–Pb geochronological data, the Colangüil magmatism is equivalent to the magmatic activity in 

the San Rafael block. Despite slight differences in age, it is also comparable to the magmatism in 

Cordillera del Viento (Argentina), Elqui–Limarí and Chollay batholiths (Chile) and the Central 

Peruvian batholiths. 

The Choiyoi Province is likely the most noticeable feature along the Late Paleozoic 

continental margin of southwestern Gondwana (Sato et al., 2015). The Choiyoi magmatism in 

Argentina occurred in the Frontal Cordillera, Precordillera and San Rafael Block between the early 

Permian San Rafael Orogenic Phase and the Triassic extensional Huarpica Phase (Sato et al., 

2015). The possible source for the widespread ash fall deposits interlayered with sedimentary 

sequences in the adjacent Gondwana basins are generally considered to be derived from the 

Choiyoi volcanic rocks (Sato et al., 2015). The Choiyoi magmatism is the Argentine Frontal 

Cordillera is deified by the early volcanic rocks of the Choiyoi Group and the six main units of the 

Post-orogenic Colangüil Batholith (i.e., Las Piedritas Granodiorite, Tres Quebradas Rhyolite, Los 

Puentes Granite, Los Lavaderos Granite, Las Opeñas Granite, Aguas Blancas Granite; Sato et al., 

2015; Fig. 3.1). Based on the ages of the Choiyoi magmatism in Argentina compared with the ages 

from volcanogenic levels identified in the coeval Gondwana basins, Sato et al. (2015) proposed the 

most likely sources for the interlayered volcanic deposits. They considered that the proximal to 

distal volcanogenic events dated in the Paganzo basin (320 – 296 Ma) have probably derived from 

both the Frontal Cordillera region and local sources. 

During the Carboniferous, subduction of a proto-Pacific oceanic plate under Gondwana 

developed a magmatic arc (Nasi et al., 1985; Kay et al., 1989;). The Tabaquito Granodiorite is the 

oldest and only unit of the Colangüil Batholith that intruded under this geodynamic regime 

(Llambías and Sato, 1995; Fig. 3.1). During the Permian, the San Rafael Orogenic Phase caused 

folding and thrusting that thickened the continental crust (Caminos, 1979; Azcuy and Caminos, 

1987). Strong evidence for crustal thickening is provided by the regional San Rafael erosional 

surface, which extends across the whole Argentine Frontal Cordillera (Llambías et al., 1993; 

Llambías and Sato, 1995). Permo-Triassic magmatism in the Colangüil Batholith began with the 

intrusion of Las Piedritas Granodiorite (Fig. 3.1). According to Llambías and Sato (1995), the Las 

Leonas Pluton is the first post-orogenic intrusion, with  a Rb–Sr age of 271.7 ± 1 Ma. Based on the 

geochronological data presented in this study, the Tocota Pluton is now recognized as the first 
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post-orogenic intrusion of the Colangüil Batholith, with U–Pb zircon ages ranging from 282.5       

± 2.8 to 275.2 ± 2.4 for the La Fragüita Granodiorite (Fig. 3.9; Table 3.3). Therefore, the Tocota 

Pluton marks the beginning of the new extensional geodynamic regime in Frontal Cordillera, San 

Juan.  

The post-orogenic character of the Permo-Triassic magmatism in the Colangüil Batholith 

is implied by the intrusion of granitoids though deformed structures, and because the Romo Pluton 

crosscut the erosional surface and intruded the basal sediment layers of the Choiyoi Group 

(Llambías and Sato, 1995). In the study area, the Tocota Pluton intruded the steeply dipping 

sedimentary sequence of Agua Negra Formation.  

 Llambías and Sato (1995) constrained the age of the San Rafael Orogenic Phase to be 

between the end of sedimentation, at approximately 280 Ma, and the oldest absolute age for the 

Las Piedritas Granodiorite (271.7 ± 1 Ma). The end of sedimentation and beginning of the San 

Rafael Orogenic Phase was inferred based on a stratigraphic age. This age overlaps with the oldest 

U–Pb ages between 282.5 ± 2.8 and 275.2 ± 2.4 for the La Fragüita Granodiorite. Llambías and 

Sato (1995) proposed that the early-stage, post-orogenic Las Piedritas Granodiorite intruded 

approximately 10 m.y. after the San Rafael Orogenic Phase. Geochronological data from this study 

would indicate either an earlier start for the orogenic phase, or that the La Fragüita Granodiorite 

was emplaced during the development of this orogenic phase. The latter is unlikely as no syn-

tectonic magmatic fabrics were documented to support this hypothesis; Furthermore, the Tocota 

Pluton intruded the steeply dipping Agua Negra Formation deformed after the San Rafael Orogenic 

Phase. The granitic units of the Colangüil Batholith that were emplaced after the Las Piedritas 

Granodiorite (between 20 and 33 m.y. after the San Rafael Orogenic Phase) are considered late-

stage, post-orogenic units (Llambías and Sato, 1995). Based on the U–Pb zircon ages obtained for 

the Tocota Pluton, coupled with those provided by Sato et al. (2015) for the Los Leones, Agua 

Negra and Romo plutons, the magmatic evolution and emplacement of the Las Piedritas 

Granodiorite is interpreted to have started in the southern area of the Colangüil Batholith (i.e., 

Tocota Pluton) and propagated northwards (Figs. 3.1 and 3.9). Additional U–Pb zircon data from 

the northernmost Las Piedritas Pluton are required to evaluate whether this hypothesis is applicable 

to the far-north end unit of the Las Piedritas Granodiorite. 

3.6.2 Geodynamic setting  

Based on Figure 3.10b, the sedimentary rocks intruded by the Tocota Pluton have a 

sedimentary provenance. This result is consistent with the interpreted pre-orogenic, deltaic – 

marine system and the cannibalization of the pre-orogenic sequence during the San Rafael 

Orogenic Phase, as proposed by Rodriguez Fernandez et al. (2002) and Busquets et al. (2002). The 
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Tocota Pluton granitoids intruded after the San Rafael Orogenic Phase, which terminated 

Carboniferous subduction and arc magmatism. Post-orogenic granitoids were emplaced 

immediately before the rifting of Gondwana. Due to this complicated geodynamic setting, new 

geochemical data set are used to compare and contrast the unclear geodynamic setting in Argentina 

with the well-studied, subduction-related setting in Chile. 

Granitoids are divided here according to the S.I.A.M. classification scheme of Chappell 

and White (1974, 2001). Granitoids from the Tocota Pluton and San Francisco Batholith (i.e., La 

Americana, Las Areneras and Cerro Negro) plot within the field of orogenic M-, I- and S-type 

granitoids in the orogenic vs anorogenic discrimination diagrams proposed by Whalen et al. (1987) 

(Fig. 3.19). Based on major element contents in the y axis, no evident difference between 

fractionated and unfractionated granitoids can be made (Fig. 3.19a-e). Further distinctions can only 

be noted when considering discrimination diagrams based on minor and trace elements (Fig. 3.19f-

h). High values of Y, Nb, Ce and Zr are distinctive of A-type granitoids and good discriminators 

from most orogenic M-, I and S-types granitoids (Whalen et al., 1987). The Tocota Pluton 

granitoids have higher Y, Nb and Ce concentrations than the San Francisco Batholith, interpreted 

as an evidence of the transition between the arc-related, I-type granitoids and rift-related, A-type 

granitoids associated with the rupture of Gondwana (Fig. 3.19f-h). The same geochemical 

signatures have been detected in other intrusive complexes in the Colangüil Batholith by Llambías 

and Sato (1995). 

Figure 3.20 subdivides the orogenic granitoids into I- or S-types (after Chappell and 

White, 1974, 2001). I-type granitoids can be related to continental margin subduction zones, have 

high Ca and Na concentrations, are metaluminous to peraluminous, and contain hornblende and 

titanite. They are genetically related to  melting processes of deep crustal igneous rocks, 

characterized by a source rocks poor in Rb with initial Sr isotope ratios < 0.708 (White and 

Chappell, 1983; Whalen, 1985; Clarke, 1992; Winter, 2001).  Conversely, S-type granitoids occur 

in regional metamorphic terranes, they have lower Ca and Na concentrations and higher Al 

contents. Biotite is a common mafic mineral but the granitoids do not contain hornblende. 

Muscovite, cordierite and garnet are distinctive accessory minerals in this type of granitoid, 

providing a peraluminous signature. S-type granitoids are the product of partial melting of 

metasediments with high Rb in the source rocks and initial Sr ratios > 0.710 (White and Chappell, 

1983; Whalen, 1985; Clarke, 1992; Winter, 2001). Most samples from the Permian Tocota Pluton 

(Leoncito Tonalite and La Fragüita Granodiorite) and the Miocene San Francisco Batholith have I-

type signatures (e.g., presence of hornblende, and titanite as an accessory phase; Fig. 3.5f). Some 

samples from the Tocota Pluton (Rosado Granite) have characteristics of S-type granitoids (e.g., 

absence of hornblende and presence of accessory muscovite; e.g., Fig. 3.6d). 
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Figure 3.19:  Anorogenic (A-type) vs orogenic (I-S-M-type) discrimination diagrams for granitoids based on 

major and trace elements, after Whalen et al. (1987). The A-type granite field continues up to 10,000 * 

(Ga/Al) = 10. All data are listed in Appendix 3.1.  
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Figure 3.20: Discrimination diagrams for I-, and S-type granitoids (after Chappell and White, 1974, 2001). 

All data are listed in Appendix 3.1.    

The K2O vs Na2O discrimination diagram (Fig. 3.20a; after Chappell and White, 1974) 

highlights the higher Na and lower K content common in I-type granitoids and the opposite 

behavior for the S-type granitoids. Most of the data from the Tocota Pluton plot within the I-type 

field, and are comparable to those samples from the San Francisco Batholith (Fig. 3.20a). The 

majority of the analyses from the Tocota Pluton are grouped tightly in the I-type field, close to the 

S-type granitoids field (Fig. 3.20a). Two out of the three samples that plot in the in the S-type field 

have tourmaline as an accessory mineral and were collected from the muscovite-bearing Rosados 

Granite. Chappell and White (2001) reviewed the boundary between I- and S-type granitoids and 

noted possible overlap of data close to this boundary. This can readily explain the minor scattered 

data from the San Francisco Batholith plotting in the S-type field, close to the its boundary (four 

samples; Fig. 3.20a). Relationships between Ca and Fe can be a powerful discriminator between I- 

and S- type granitoids (Chappell and White, 1974, 2001). I-type granitoids tend to have higher 
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CaO concentrations at a given total Fe content (Fig. 3.20b). In contrast with Figure 3.20a, all data 

set from the Tocota Pluton plot in the I-type field, similar to the I-type San Francisco Batholith. 

Only minor outliers (two samples) from the San Francisco Batholith plot close to the S-type field 

(Fig. 3.20b). 

Peraluminous granitoids have a molecular ratio Al2O3 / (Na2O + K2O + CaO) greater than 

one (Shand, 1943). Their excess of alumina, after feldspar formation, is incorporated into Al-

bearing minerals such muscovite (± biotite), cordierite and tourmaline (Clarke, 1981). Samples 

from the tourmaline – muscovite ± cordierite-bearing Rosado Granite (Chorillos 

microgranodiorite) are weakly to strongly peraluminous, consistent with its S-type mineralogy 

(Fig. 3.14). Samples from the hornblende-bearing La Fragüita Granodiorite (Chorillos granodiorite 

porphyry) are metaluminous to weakly peraluminous, thus consistent with an I-type signature (Fig. 

3.14). The Leoncito Tonalite (Amancay granodiorite) has hornblende and titanite, and lacks 

muscovite, thus having a mineralogical assemblage characteristic of an I-type granite. Despite this 

it is weakly to strongly peraluminous; its excess in alumina is attributed to the presence of 

tourmaline as an accessory phase (Fig. 3.14).  

Granitoids from the Tocota Pluton and San Francisco Batholith have been plotted on 

tectonic discrimination diagrams of Pearce et al. (1984) for plutonic rocks containing more than 5 

% of modal quartz (loosely named ‘granites’). The Nb – Y and Ta – Yb discrimination diagrams 

show a consistent positive linear trend, with both intrusive complexes plotting in the volcanic-arc 

granites field (Fig. 3.21a-b). Samples from the Tocota Pluton plot closer to the boundary with the 

within-plate granites field, whereas analyses from the San Francisco Batholith plot closer to the 

center of the volcanic-arc field (Fig. 3.21a-b). Both Rb – (Y + Nb) and Rb – (Yb + Ta) diagrams 

show a similar behavior, albeit with higher dispersion (Fig. 3.21c-d). Tocota Pluton and San 

Francisco Batholith granitoids plot in the volcanic-arc field, close to the boundary with the syn-

collisional field (Fig. 3.21c-d). A few analyses plot on the boundary between these two fields, and 

only two analyses from the San Francisco Batholith plot outside of the volcanic-arc field, very 

close to its boundary (Fig. 3.21c-d). These two samples have been interrogated and have no 

diagnostic features that explain their discrepancy. Furthermore, Figure 3.21c-d are based on Rb, 

which has considerable mobility due to hydrothermal processes (Mukasa and Henry, 1990), but all 

samples compromised by hydrothermal alteration were screened, thus these two samples are 

interpreted here as outliers with no geological significance. Overall, Figure 3.21 highlights 

differences in the geodynamic setting of the Colangüil and San Francisco batholiths. Those 

samples from the Tocota Pluton plot closer to the syn-collisional and within-plate fields, consistent 

with a transition from volcanic-arc to post-orogenic setting, before the rifting of Gondwana. Other 

plutons in the Colangüil Batholith have shown similar trends to the data set presented in this study 
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(Llambías and Sato, 1995). Conversely, samples from the San Francisco Batholith plot closer to 

the center of the volcanic-arc field, in agreement with its well-established volcanic arc, subduction-

related setting (e.g., Hollings et al., 2005).  

 

 

Figure 3.21: Geotectonic discrimination diagram for granitoids (after Pearce et al., 1984). Abbreviations: 

VAG: volcanic-arc granites, SCG: syn-collisional granite WPG: within-plate granites, and ORG: ocean-ridge 

granites. All data are listed in Appendix 3.1.  

 

Yttrium is an incompatible lithophile element that has an affinity for P and F in oxide and 

silicate mineral structures. It forms xenotime (YPO4) and yttrialite ((Y,Th)2Si2O7), but it also 

strongly partitions into mafic rock-forming minerals (i.e., biotite, hornblende and clinopyroxene) 

as well as garnet and various accessory minerals (e.g., apatite, sphene, fluorite, monozaite and 

zircon). Yttrium behaves similarly to Yb and other heavier REE (Gd to Lu), as it has a similar 

electron configuration and ionic radius. In Ca-bearing minerals, Y and the HREE ions commonly 

replace Ca+2 cations. In general, elevated Y and REE concentrations are common in felsic intrusive 

rocks (McLennan, 1999). The stability of mineral phases rich in heavy REEs (e.g., garnet, 

hornblende) in the magmatic source and/or their fractionation from magmas produce extremely 

low Y contents. These features are common in subduction-related, calc-alkaline magmas (e.g., San 

Francisco Batholith).   
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Niobium is a lithophile metallic element which has an identical ionic radius (Nb5+) to 

tantalum (Ta5+), such that these two elements are commonly found together in minerals. Niobium 

and Ta form rare mineral phases, including pyrochlore (Na,Ca)2(Nb,Ta)2O6(OH,F), columbite        

– tantalite (Fe,Mn)(Nb,Ta)2O6 and stibiocolumbite Sb(Nb,Ta)O4. Traces of Nb and Ta also 

partition into rock-forming minerals such as biotite and accessory phases (i.e., zircon, rutile, 

sphene, cassiterite). The ionic substitution of Nb for Zr is common in zircons and Nb5+ for Ti4+ in 

rutile and sphene (Neiva, 1999). High Nb and Ta contents can be produce during late stage 

magmatic differentiation, during post-magmatic alteration. Felsic igneous rocks generally have the 

highest concentrations of Nb and Ta, particularly in alkali F-rich igneous complexes (Pollard, 

1989; Neiva, 1999).  

None of the aforementioned rare REE minerals has been detected in this study, but 

geochemical signatures can still be explained based on rock-forming minerals and associated 

ubiquitous accessory phases. The source rocks responsible for the San Francisco magmatism very 

likely had garnet ± hornblende – pyroxene as stable phases (e.g., Kay, 1978; Hollings et al., 2005). 

This residual mineral assemblage produced those low Y, Yb, Nb and Ta contents typical of the 

subduction-related San Francisco Batholith, such that it plots in the volcanic-arc field (Fig. 3.21). 

Granitoids from the Tocota Pluton also have geochemical signatures of volcanic-arc granitoids. 

Ferromagnesian minerals such as biotite and particularly amphibole are not abundant in the Tocota 

Pluton. As previously explained, Y, Yb, Nb and Ta strongly partition into these phases, thus the 

low abundance of biotite (and lack of hornblende in the Rosado Granite) can help explain an 

additional shift towards the volcanic-arc field (Fig. 3.21). Llambías and Sato (1995) collected a 

limited number of samples for whole rock geochemical analyses in various plutons of the 

Colangüil Batholith. Despite the fact the dataset is not robust enough, they could successfully 

detect the same trends in the geotectonic discrimination diagram for granitoids proposed by Pearce 

et al. (1984). 

Post-orogenic granitoids cannot be discriminated from volcanic-arc and syn-collisional 

granites based on the scheme of Pearce et al. (1984; Fig. 3.21), but they can be differentiated 

according to Harris et al. (1986)’s Hf – Rb – Ta triangular diagram. The analyzed samples from the 

Tocota Pluton plot in both the volcanic arc and late and post-collisional granitoids fields, whereas 

all the analyses from the San Francisco Batholith plot only within the volcanic arc field (Fig. 3.22). 

Based on this discrimination diagram, all of the samples from the Tocota Pluton plot close to the 

boundary between the two fields, consistent with a transition from a volcanic arc to a post-orogenic 

tectonic setting (Fig. 3.22). 
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Figure 3.22: Hf – Rb – Ta geotectonic discrimination diagram for granitoids, after Harris et al. (1986). 

Abbreviations: VAG: volcanic-arc granitoids, SCG: syn-collisional granitoids, LPCG: late- and post-

collisional granitoids, and WPG: within-plate granitoids. All data are listed in Appendix 3.1.    

 

3.6.3 Origin of the Tocota Pluton 

 Llambías and Sato (1995) documented the geochemical variations of different units of the 

Colangüil Batholith: Tabaquito, Las Piedritas, Los Puentes, Los Lavaderos, Las Opeñas, Agua 

Blanca and associated dikes (Fig. 3.1a). Rodrı́guez Fernández et al. (1996b) studied Las Piedritas 

Granodiorite (particularly the Tocota Pluton) during the preparation of the geological map Castaño 

Nuevo. They analyzed a total of 23 samples including: Leoncito Tonalite (10), La Fragüita 

Granodiorite (6) and Rosados Granite (3), as well as andesitic (2), and basaltic (2) dikes. These 

studies proposed two genetically unrelated suites based on SiO2 compositional gap between the 

tonalite – granodiorite and granite, and breaks in selected major element trends in variation 

diagrams (Llambías and Sato, 1995; Rodrı́guez Fernández et al., 1996b).  

 Llambías and Sato (1995) noted a break in silica compositions in the Colangüil Batholith 

from 67 – 70 wt. % SiO2. In a similar manner, Rodrıǵuez Fernández et al. (1996b) documented a 

compositional gap between 68 and 72.6 wt. % SiO2. From 10 analyses of the Leoncito Tonalite, 

Rodrı́guez Fernández et al. (1996b) filtered three analyses out due to high silica content (67.29, 

68.80, 69.31 wt. %) for a tonalite – granodiorite composition; two of these samples plot within the 

compositional gap that Rodrı́guez Fernández et al. (1996b) proposed. The current geochemical data 
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show that no such compositional gap exists (Fig. 3.11a).  Furthermore, elemental trends in 

variation diagrams have no abrupt changes in major and trace element compositions (i.e., Al, Fe, 

Ca, Mg, Ti, Mn, K, V, Sc, Rb; Figs. 3.15 and 3.16). These features are interpreted to indicate that 

granites from the Tocota Pluton have a similar origin and probably evolved from the same magma 

as the tonalites and granodiorites. Fractional crystallization can readily explain the evolution of 

tonalities to granodiorites, but not the formation of leucogranite with contrasting mineralogy (i.e., 

presence of muscovite and absence of hornblende).  

 Rodrı́guez Fernández et al. (1996b) considered their two samples of ‘alkaline’ basaltic 

dikes to be shoshonitic, and their two samples of andesitic dikes to be calc-alkaline, whereas the 

acid rocks high-K, calc-alkaline. Based on these compositional differences and breaks of selected 

major elements in Harker variation diagrams, basaltic and andesitic dikes were attributed to have a 

genetically independent origin, different to that of high-K, calc-alkaline tonalite – granodiorite       

– granite facies. Based on data from this study, andesitic dikes and dioritic bodies have consistent 

compositional trends with felsic units, and are interpreted to be high-K, calc-alkaline rocks as well 

(Figs. 3.13 and 3.15). These intermediate units cannot be considered to be precursors of the 

granitoids that they have intruded. All mafic dikes analyzed in this study were compromised by 

hydrothermal alteration and weathering, and are not considered further in this discussion.  

Rare earth elements are considered to be some of the least soluble trace elements. They are 

relatively immobile during hydrothermal alteration, low-grade metamorphism and weathering 

(Michard, 1989; Bau, 1991). This feature makes REE patterns a useful tool for interpreting the 

original composition of unaltered parental magma, even for weakly altered rocks (Humphries, 

1984). Rare earth element chemistry of a parental magma and the crystal – melt equilibria defines 

the REE pattern of the resulting igneous rocks. Felsic rocks, and to a lesser extent intermediate 

rocks, from the Tocota Pluton exhibit clear negative Eu anomalies (Fig. 3.23a). This feature is 

interpreted to relate to the removal of plagioclase (or K-feldspar) during partial melting of a source 

rock where feldspar remained unmolten. An alternative, but unlikely, explanation for the negative 

Eu anomalies in the Tocota granitoids is the removal of plagioclase due to fractionation 

crystallization of the parental magma. Feldspars largely control Eu anomalies, especially in felsic 

magmas, because divalent Eu is compatible in feldspars, whereas trivalent REE are incompatible 

(Weill and Drake, 1973; Taylor et al., 1981; Taylor and McLennan, 1985; Bau, 1991; Rollinson, 

1993).  

In terms of chondrite-normalized REE chemistry, the main differences between both 

intrusive complexes are the presence of Eu anomalies and the relative enrichment in HREE in the 

Tocota Pluton compared to the San Francisco Batholith, which overall has flatter and less 



Chapter 3 – Tocota Pluton 
 

 

120 
 

differentiated patterns (Fig. 3.22). Samples from Rio Blanco-Los Bronces district have lower 

concentrations of HREE and slightly lower LREE contents, particularly La and Ce (Fig. 3.22a-d). 

Both negative Eu anomalies and the generalized flat REE patterns in the Tocota Pluton are 

distinctive from post-orogenic magmatism (e.g., Rogers and Greenberg, 1990; Jarrar et al., 2003; 

Mohamed and El-Sayed, 2008; Fig. 3.23a). Felsic rocks from the Rio Blanco-Los Bronces district 

are strongly fractionated, with LREE enrichment and HREE depletion, producing a steeper 

negative slope in the chondrite-normalized REE patterns compared to those from the Tocota Pluton 

(Fig. 3.23b-d). A clear indicator of garnet crystallization in the source is extreme HREE depletion 

relative to LREE in basic liquids with large but less extreme effects in felsic liquids. In addition to 

this, presence of hornblende in felsic melts may cause extreme LREE enrichment relative to HREE 

(Green, 1980; Wilson, 1989; Rollinson, 1993; Hollings et al., 2005; Fig. 3.23b-d).  

 

Figure 3.23: Chondrite-normalized REE compositions for granitoids from: a. Tocota Pluton, b. La 

Americana, c. Las Areneras, and d. Cerro Negro. C1 normalization values from Sun and McDonough 

(1989). All data are listed in Appendix 3.1.    

 

MORB-normalized trace element patterns (after Pearce, 1983) from the Tocota Pluton 

strongly resemble those of the San Francisco Batholith, including La Americana, Las Areneras and 

Cerro Negro (Fig. 3.24). There is an overall enrichment in large ion lithophile elements (LILE) 

compared to MORB for both intrusive complexes (Fig. 3.24). Some of the high field strength 

elements (HFSE; Ta, Nb, Zr, Hf and Sm) in the Tocota Pluton are slightly enriched compared to 
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MORB, whereas others are slightly (Y, Yb) to moderately (Sc, Cr) depleted (Fig. 3.24a). A similar 

pattern is detected in samples from the San Francisco Batholith but both Ta – Nb, and Y – Yb have 

lower concentrations compared to the Tocota Pluton (Fig. 3.24b-d). Negative anomalies of Sr, Ba, 

Ta, Nb, and P are common in felsic rocks from both igneous complexes (Fig. 3.24). On the 

contrary, negatives Ti anomalies are only detected in samples from the Tocota Pluton (Fig. 3.24a).  

 

Figure 3.24: MORB-normalized trace element compositions for granitoids from: a. Tocota Pluton, b. La 

Americana, c. Las Areneras, and d. Cerro Negro.  Normalization values from Pearce (1983). All data are 

listed in Appendix 3.1 

 

High LILE/HFSE decoupling is typical of I-type hornblende-bearing granitoids related to 

subduction zones and calc-alkaline hydrous arc magmas (White and Chappell, 1983; Whalen, 

1985; Tatsumi et al., 1986; Clarke, 1992). LILE/HFSE decoupling is more evident in samples from 

the subduction-related San Francisco Batholith, which has slightly stronger Y and Yb depletion 

compared to the Tocota Pluton (Fig. 3.24). Negative anomalies of Ta – Nb, P, and Ti are common 

features in granitoids from this geodynamic setting (Pearce, 1983; Briqueu et al., 1984; Pearce et 

al., 1984). Pronounced negative Nb – Ta, P and particularly Ti anomalies may be also be generated 

in post-orogenic and continental rift environments, due to lithospheric extension (Storey et al., 

1992; Jarrar et al., 2003; El-Sayed, 2006; Yang et al., 2012). Titanium is strongly fractionated into 

Ti-bearing accessory phases, such as ilmenite, titanomagnetite, sphene or rutile (Green, 1980; 

Winter, 2001). The strong negative Ti anomaly in the Tocota Pluton is interpreted as the removal 

of Ti-bearing accessory phases by partial melting, which results in Ti depleted melts. In a similar 
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manner, the negative P anomalies are consistent with the presence of accessory phases such as 

monazite and apatite.  

Trace element abundances in granitoids from the Tocota Pluton and the San Francisco 

Batholith have been normalized to lower continental crust (after Weaver and Tarney, 1984; Fig. 

3.25). The general trace element pattern from both intrusive complexes is apparently similar, with 

Rb, Th and U contents strongly enriched in both districts and a relatively flat pattern (close to 1) 

for the remaining elements (Fig. 3.25). For the Tocota Pluton, most of the remaining elements are 

slightly enriched compared to lower continental crust, except for Sr, P and Zr which are slightly 

depleted (Fig. 3.25a). Conversely most trace elements from the San Francisco Batholith are slightly 

depleted compared to lower continental crust, except for Hf, Ti and Y which are close to 1 and 

sometimes slightly over 1 (Fig. 3.25b-d). 

 

Figure 3.25: Lower continental crust-normalized trace element compositions for granitoids from: a. Tocota 

Pluton, b. La Americana, c. Las Areneras, and d. Cerro Negro.  Normalization values from Weaver and 

Tarney (1984). All data are listed in Appendix 3.1.   

Rubidium, Th and U can be enriched in highly differentiated, late-stage crustal melts, as 

they are less prone to partition into early water-rich liquids. Cations with +3 to +6 charges, such as 

U and Th, are normally subtracted from the melt by crystallization of biotite, amphibole, apatite, 

zircon, monazite, and magnetite. High activity of complexing volatile compounds (B, as well as Cl, 

F and P) can cause these HFS elements to concentrate in late liquid phases, inhibiting partitioning 

into mineral structures (e.g., Pearce, 1982; Pearce et al., 1984; Pohl, 2011). High B contents can 
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modify the properties of acid melts, increasing the solubility of water and decreasing viscosity 

(Pichavant, 1981; Pichavant and Manning, 1984; London, 1997; Thomas, 2002). Out of all of the 

plutons in the Colangüil Batholith, only the tourmaline-rich Tocota Pluton displays significant Rb, 

Th and U enrichment (Llambías and Sato, 1995). Rubidium, Th and U enrichment in the Tocota 

Pluton and San Francisco Batholith is associated with the presence of a significant aqueous fluid 

phase (e.g., Pichavant and Manning, 1984; Fig. 3.25).  

Numerous studies have shown that mafic magma can underplate continental crust, 

providing heat to prompt partial melting (e.g., Soesoo and Nicholls, 1999). A basaltic magma is 

suspected to have been the heat source that triggered partial melting of the continental crust under 

the Tocota Pluton. On regional scale, after the culmination of the Carboniferous subduction under 

the Pacific margin of Gondwana, abundant juvenile basaltic magmas were intruded, partially 

melting the base of the crust, producing silicic melts which were emplaced along the Chilean and 

Argentine Frontal Cordillera during the Late Permian and Triassic (Mpodozis and Kay, 1992).  

The hornblende-bearing Leoncito Tonalite and La Fragüita Granodiorite, and the 

muscovite-bearing Rosado Granite have remarkably similar overall major and trace element 

compositions. Gradual mixing of mafic magma and crustal-derived felsic melts could explain the 

consistent trends of major and selected trace elements against silica, with no abrupt changes in 

composition, between tonalite – granodiorite and granite, (Figs. 3.15 and 3.16). If there were 

significant difference in the sources of these granitoids, evident and dissimilar chemical 

compositions would be expected. In addition to geochemical signatures, some field evidences that 

support the idea of a mafic underplate, which may have led to partial melting and magma mixing, 

are the existence of basaltic dikes and enclaves in granitoids (Figs. 3.5e and 3.6h). Tonalitic 

enclaves are interpreted as restitic material, whereas the scarcer basic to intermediate enclaves are 

taken as evidence of magma mixing (Figs. 3.5e). 

The single component mixing model originally proposed by Chappell and White (1974), 

documented metaluminous, hornblende-bearing, I-type granites derived from tonalitic                    

– granodioritic source and turbidite sequences, and peraluminous, S-type granites from meta-

sedimentary continental crust. Similar to the current study, mixing models which involve various 

source components and partial melting have been proposed to explain the similar geochemical 

signatures of the I-type and S-type granitoids of the Lachlan Fold Belt (e.g., Collins, 1998). 

All granitoids from the Tocota Pluton are interpreted to derive from partial melting of 

continental crust, with different degrees of influence of mixing processes with a basaltic 

underplate. Mixing of felsic melt with mafic magma could explain the I-type chemical and 

mineralogical signatures of the Leoncito Tonalite and La Fragüita Granodiorite. The S-type 
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mineralogical signature of the Rosados Granite is interpreted as a result of more significant 

continental crustal component, where mixing with mafic magma was minimal. No basic-

intermediate enclaves have been detected in the Rosado Granite. Significant contribution of 

basaltic magma and mixing with the crust is interpreted to be responsible for the formation of 

younger andesitic dikes and local dioritic bodies. Conversely, basaltic dikes were formed from 

unmixed mafic magma, derived from a basaltic underplate.  

3.6.4 Fertility 

3.6.4.1 Adakites 

 Defant and Drummond (1990) used the term ‘adakite’ to group a series of intermediate to 

acid volcanic arc rocks with a characteristic geochemical signature. Their major element chemistry 

exhibits SiO2 contents greater than 56 wt. %, Al2O3 greater than or equal to 15 wt. % and MgO 

normally less than 3 wt. %. Characteristic trace elements concentrations in adakites are Sr greater 

than 400 ppm, Y less than 18 ppm, Yb less than 1.9 ppm and isotopic relationship 87Sr/86Sr less 

than 0.7040. 

Adakites are considered to be the product of partially melted hydrated basaltic oceanic 

crust being subducted under eclogite facies conditions where garnet is stable but plagioclase is not 

(Kay, 1978; Defant and Drummond, 1990; Drummond et al., 1996). Magmas in volcanic arcs 

normally originate from the overlying mantle wedge above the subducted oceanic crust, due to 

partial melting caused by hydrous fluids rising from the metamorphosed oceanic basalt released 

from hydrous mineral breakdown (Rapp and Watson, 1995). When young oceanic crust is being 

subducted (i.e., less than 25 million years after its formation), it is warmer than the common plates 

being subducted, and thus induces melting of the subducted metamorphosed basalts, producing 

adakites (Defant and Drummond, 1990).  

When garnet is formed under eclogite metamorphic condition, heavy rare earth elements 

(HREE) will behave compatibly relative to the light rare earth elements (LREE). This produces the 

distinctive high La/Yb ratios (≥ 20) in adakites (Kay, 1978; Defant and Drummond, 1990; 

Drummond et al., 1996; Hollings et al., 2005; Richards, 2011). The absence of plagioclase under 

eclogite conditions explains the Sr undepleted partial melt as Sr partitions preferentially into 

feldspar. Consequently, adakites have high Sr/Y ratios (≥ 20; Richards, 2011). 

Economic interest in adakites relates to the association of adakite-like rocks with porphyry 

Cu and Au deposits (Defant and Kepezhinskas, 2001). High Sr/Y intermediate plutonic rocks were 

linked with porphyry Cu ± Mo ± Au deposits by several scientists (e.g., Baldwin and Pearce, 1982; 

Thiéblemont et al., 1997; Sajona and Maury, 1998; Oyarzun et al., 2001; Mungall, 2002; Reich et 
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al., 2003; Sun et al., 2011; Chiaradia et al., 2012). Porphyry-related intrusions are highly 

fractionated, with consistent differentiation trends from non-adakitic compositions toward adakite-

like rocks with high Sr/Y and La/Yb ratios (Richards and Kerrich, 2007).  

 Richards (2011) disputed the proposed model for adakite-like rocks related to porphyry 

mineralization. He supported an alternative origin, where the metasomatized asthenospheric mantle 

wedge is partially melted and produces the normal, hydrous, oxidized arc magmas by fractionation 

of hornblende ± garnet ± titanite phenocryst assemblages. This alternative origin for ‘adakite-like’ 

rocks has been previously proposed by various authors (e.g., Castillo et al., 1999; Macpherson et 

al., 2006; Chiaradia, 2009; Chiaradia et al., 2009a; b). According to Macpherson et al. (2006) 

adakite-like rocks may be derived from melting of the mantle wedge. The characteristic adakitic 

signature can be attained by two possible mechanisms: 1- fractional crystallization of a garnet-

bearing assemblage from basaltic arc magma, or 2- partial melting of a garnet-bearing basaltic rock 

(Macpherson et al., 2006). In both mechanisms, the fluid-modified mantle generated the basaltic 

precursor which later differentiated in equilibrium with garnet. Any subduction zone can 

potentially generate adakitic magma without slab melting, as long as basalt crystallizes at sufficient 

depth (Macpherson et al., 2006). Adakite-like geochemical characteristics are not only produced by 

fractionation from a normal asthenospheric mantle wedge-derived magmas, but also by 

contamination due to magma interaction with crustal materials in the upper plate lithosphere 

(Richards, 2011). 

Elevated magmatic water content is the primary requirement for fertile arc magmas to 

produce a magmatic-hydrothermal system (Richards, 2011; Loucks, 2014). At deep crustal levels, 

more than 4 wt. % magmatic water content produces abundant amphibole ± garnet fractionation 

but suppresses plagioclase crystallization, resulting in adakite-like rocks that are not a product of 

slab melting (Richards, 2011; Loucks, 2014). Relatively high oxidation states and high sulfur 

fugacity are additional factors required for arc magmas to be fertile, but these are only secondary 

requirements to water availability (Richards, 2011). Adakite-like geochemical signatures and H2O-

bearing phenocrysts are prospective parameters for porphyry-type mineralization, only because 

they indicate high magmatic water concentration. Arc magmas with this signature should not be 

uniquely linked with a slab melting origin and extending this connection to porphyry Cu ± Mo       

± Au genesis is unwarranted (Richards, 2011).  

3.6.4.2 Comparison of fertility of the Tocota Pluton and the San Francisco Batholith  

In order to assess the fertility of the Tocota Pluton and the possibility of being associated 

with underlying porphyry mineralization, the new whole rock data from the Tocota Pluton and the 

fertile San Francisco Batholith have been compared. Three different prospects in the giant Rio 
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Blanco-Los Bronces district are considered: La Americana, Cerro Negro and Las Areneras (Fig. 

3.3). The binary diagrams La/Yb – SiO2, La/Yb – Yb, Sr/Y – SiO2 and Sr/Y – Y, after Richards 

and Kerrich (2007), are the first tool used here to distinguish adakite-like rocks from normal 

andesite – dacite – rhyolite rocks (Figs. 3.26 to 3.29). An additional group of scatter plots with 

fields defined after Loucks (2014) are used to evaluate porphyry Cu prospectivity of the Tocota 

Pluton, relative to the fertile San Francisco Batholith (Figs. 3.30 to 3.32). 

Intermediate to felsic units from the Tocota Pluton consistently have non-adakitic 

compositions with La/Yb ratios ˂ 20. Only two anomalous values plot as adakite-like rocks, but 

very close to the boundary of this field (Fig. 3.26). In contrast, data from Rio Blanco-Los Bronces 

show the differentiation trends documented by Richards and Kerrich (2007) grading from mafic 

non-adakitic compositions toward more felsic adakite-like rocks with high La/Yb ratios. This 

pattern is particularly apparent in samples from La Americana and Las Areneras. Although Cerro 

Negro also exhibits adakitic compositions, this trend is less obvious due to a lack of data (Fig. 

3.26). The La/Yb vs SiO2 binary plot is a useful indicator for fractionation of monazite and allanite 

from felsic magmas (Bea, 1996a; b). Rocks with these accessory minerals are enriched in LREE 

and thus tend to have high La/Yb ratios, such as the samples from the San Francisco Batholith 

(Fig. 3.26).  

 

Figure 3.26: La/Yb vs SiO2 discrimination diagram (after Richards and Kerrich, 2007) for igneous rocks 

from the Tocota Pluton and San Francisco Batholith. Mafic rocks from the Farellones Formation are 

included. All data are listed in Appendix 3.1.   

 

The La/Yb against Yb plot exhibits lower La/Yb values for rocks from the Tocota Pluton, 

due to their relative HREE enrichment (Fig. 3.27). La/Yb ratios are too low to plot in the adakite 

field, but not low enough to plot in the normal andesite – dacite – rhyolite field (Fig. 3.27). 
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Consistent with Richards and Kerrich (2007) and Figure 3.26, samples from Rio Blanco-Los 

Bronces grade from non-adakitic to adakite-like compositions (Figs. 3.26 and 3.27). 

 

Figure 3.27: La/Yb vs Yb discrimination diagram (after Richards and Kerrich, 2007) for igneous rocks from 

the Tocota Pluton and San Francisco Batholith. Mafic rocks from the Farellones Formation are included. a. 

Only granitoids. b. Felsic to mafic rocks. All data are listed in Appendix 3.1.  

 

Both Sr/Y – SiO2 and Sr/Y – Y plots (Figs. 3.28 and 3.29) agree with the La/Yb diagrams 

(Figs. 3.26 and 3.27). Figure 3.28 shows the non-adakitic signature of the Tocota Pluton, and a 

scattered positive correlation from mafic non-adakitic compositions toward more felsic adakite-like 

rocks of the San Francisco Batholith.  Figure 3.29 effectively discriminates the two contrasting 

geochemical signatures of the Tocota Pluton and San Francisco Batholith. The four diagrams imply 

only limited fertility for the Tocota Pluton (Figs. 3.26 to 3.29). Initial 87Sr/86Sr ratios for various 

plutons of the Colangüil Batholith are > 0.7055 (Table 3.2; Llambías and Sato, 1995). These values 

are consistent with non-adakitic magmas derived from partial melting of continental crust. In
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Figure 3.28: Sr/Y vs vs SiO2 discrimination diagram (after Richards and Kerrich, 2007) for igneous rocks 

from the Tocota Pluton and San Francisco Batholith. Mafic rocks from the Farellones Formation are 

included. All data are listed in Appendix 3.1.   

 

Figure 3.29: Sr/Y vs Y discrimination diagram (after Richards and Kerrich, 2007) for igneous rocks from 

the Tocota Pluton and San Francisco Batholith. Mafic rocks from the Farellones Formation are included. a. 

Only granitoids. b. Felsic to mafic rocks. All data are listed in Appendix 3.1. 
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contrast, initial 87Sr/86Sr values < 0.706 are commonly interpreted as mantle-derived magmas 

(Faure, 1986). As noted by Defant and Drummond (1990), adakites have initial 87Sr/86Sr ratios       

< 0.704 (e.g., San Francisco Batholith). 

Key characteristics of a fertile magma responsible for the formation of porphyry and high-

sulfidation copper ore deposits can be detected at the scale of petrochemical provinces (Loucks, 

2014). Strontium and V enrichment and Y and Sc depletion are characteristic geochemical features 

of fertile copper-rich calc-alkalic arc magmatism. The ratios Sr/Y and V/Sc enhance fertile 

magmas signature and aid to discriminate them from ordinary andesitic, dacitic and rhyolitic arc 

magmas (Loucks, 2014). These geochemical signatures are suspected to form during a 5 – 20 m.y. 

compressive stress regime that can trap mantle-derived basaltic magmas close to the Moho 

(Loucks, 2014). Multiple cycles of magma replenishment and fractional crystallization in the 

magmatic chambers accumulate dissolved water, and may explain the characteristic geochemistry 

of calc-alkalic arc magmas responsible for the formation of large magmatic-hydrothermal copper 

deposits (Loucks, 2014). The Sr/Y vs SiO2 binary plot shows a strong negative correlation for 

intermediate to acid (56 – 72 wt. % SiO2) igneous rocks of the Tocota Pluton with Sr/Y values < 30 

(Fig. 3.30). Conversely, intermediate to acid (59 – 70 wt. % SiO2) igneous rocks of the San 

Francisco Batholith exhibit a greater dispersion of data, with no linear trend and higher Sr/Y ratios 

ranging from 20 to 120 (Fig. 3.30). The Tocota Pluton shows a comparable trend with the average 

circum-Pacific arc basalt, basaltic andesite, andesite, dacite and rhyolite proposed by Loucks 

(2014). Based on Sr/Y ratios this igneous complex is regarded as Cu infertile (Fig. 3.30). 

Conversely, samples from La Americana, Las Areneras and Cerro Negro are consistent with the 

results from most Au-poor giant porphyry Cu deposits (e.g. Chuquicamata, Escondida, El Abra, El 

Salvador and Yulong)  which plot at Sr/Y ratios > 40 (mainly > 70), and have SiO2 > 60 wt. %  

(Loucks, 2014; Fig. 3.30). 

 

Figure 3.30: Fertility discrimination diagram based on Sr/Y ratios for rocks from the Tocota Pluton and San 

Francisco Batholith. Fields drawn after Loucks (2014). All data are listed in Appendix 3.1. 
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The V/Sc vs SiO2 binary plot exhibits no evident correlation for intermediate to acid (56    

– 72 wt. % SiO2) igneous rocks of the Tocota Pluton, with V/Sc values between 7.5 and 15 (Fig. 

3.31). Similarly, intermediate to acid (59 – 70 wt. % SiO2) igneous rocks of the San Francisco 

Batholith show a comparable data set with V/Sc ratios values ranging from 7.5 and 15 (particularly 

in Las Areneras and Cerro Negro). Only samples from La Americana yield V/Sc values > 15 (Fig. 

3.31). Samples from the Tocota Pluton are not comparable with the general magmatic 

differentiation trend of igneous suites that are not prospective for Cu-rich ore deposits (the average 

basalt, basaltic andesite, andesite, dacite and rhyolite trend for the late Cenozoic Circum-Pacific 

arcs proposed by Loucks (2014)). Samples from the Tocota Pluton and San Francisco Batholith are 

both comparable to those from Au-poor giant porphyry Cu deposits (Chuquicamata, El Abra, 

Escondida) and giant Au – Cu deposits (Bingham, Batu Hijau, Ertsberg, Bajo de la Alumbrera) 

characterized by V/Sc > 10 as documented by Loucks (2014; Fig. 3.31). Most of the data set from 

both districts plot above the red cutoff line which divides fertile from barren samples as proposed 

by Loucks (2014; V/Sc = 32.5 - 0.385 wt. % SiO2; Fig. 3.31). All intrusive felsic porphyry suites 

with V/Sc > 10 are magmatically fertile, and unambiguously prospective for large Cu (Au) 

deposits (Loucks, 2014). A substantial number of samples from the Tocota Pluton have 

compositions indicating fertility for large Cu (Au) deposits (Fig. 3.31).   

 

Figure 3.31: Fertility discrimination diagram based on V/Sc ratios for rocks from the Tocota Pluton and San 

Francisco Batholith. Fields drawn after Loucks (2014). All data are listed in Appendix 3.1. 

The V/Sc ratio is an independent tool to assess Cu prospectivity of igneous suites that is 

the reason why V/Sc ratios in the Tocota Pluton yield fertile signatures, whereas the Sr/Y ratio 

implies infertile compositions (Figs. 3.30 and 3.31). This contrasting behavior relates to V/Sc 

having a different mineralogical basis than Sr/Y (Loucks, 2014). The V/Sc ratio is fairly resistant 

to disturbance by moderate hydrothermal alteration and is considered an oxygen fugacity proxy. It 

is best used for mafic and ultramafic rocks which are very sensitive to alteration. Both V3+ and Sc3+ 
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are similar in terms of ionic radius and charge. However, the oxidation state of V is sensitive to 

oxygen fugacity whereas Sc is not (Canil, 1997, 1999; Lee et al., 2003, 2005; Li and Lee, 2004; 

Mallmann and O’Neill, 2009). Basic to intermediate rocks from the Tocota Pluton have lower V/Sc 

values compared with La Americana, but similar ratios to Las Areneras and Cerro Negro (Fig. 

3.31). This behavior may imply comparable oxygen fugacities for the Permian magmatism and the 

subduction-related magmatism responsible for the formation of the San Francisco Batholith 

(particularly at Las Areneras and Cerro Negro). Samples from La Americana yield higher V/Sc 

values, interpreted to imply that related igneous rocks formed under conditions with locally higher 

oxygen fugacities (Fig. 3.31).   

A third fertility indicator, based on Al2O3/TiO2 vs SiO2, has been used to assess Cu 

productivity of the Tocota Pluton (Fig. 3.32). Fertile porphyry Cu-related intrusions have higher 

alumina saturation index values and are considerably more aluminous than associated barren 

intrusions and the average basalts, andesites, dacites and rhyolites of continent-margin arcs (Feiss, 

1978; Mason and Feiss, 1979). The suite of intermediate to acid rocks from the Tocota Pluton and 

San Francisco Batholith (La Americana and Las Areneras) exhibits the same trend as the cloud of 

data from Loucks (2014) of volcanic and hypabyssal intrusions (23 – 0 Ma) from the Chilean 

Andes that lack any known significant copper deposits (35 – 46.5°S and 21.2 – 24°S; Fig. 3.32). 

Only two samples from Cerro Negro have the high Al2O3/TiO2 values that are common in giant Cu 

ore deposits (Fig. 3.32). This behavior is explained as the Cu and Cu + Au productive intrusive 

field overlapping with the barren field at low Al2O3/TiO2. The average basalt, basaltic andesite, 

andesite, dacite and rhyolite continental-margin arc trend proposed by Loucks (2014) is a useful 

boundary between the data from the Tocota Pluton and San Francisco Batholith (Fig. 3.32). 

 

Figure 3.32 Fertility discrimination diagram based on Al2O3/TiO2 ratios for rocks from the Tocota Pluton 

and San Francisco Batholith. Fields drawn after Loucks (2014). All data are listed in Appendix 3.1. 
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In summary, the fertile/infertile geochemical signatures of the Tocota Pluton and the San 

Francisco Batholith are listed below: 

Fertility 
Diagrams 

Tocota Pluton San Francisco Batholith 

 
La/Yb 

vs 
SiO2 

(Fig. 3.26) 

● Non-adakitic compositions (La/Yb      ˂ 20) 

● Adakitic compositions (La/Yb > 20) 
● It indicates fractionation of monazite and allanite 
from felsic magmas (Bea, 1996a; b); Rocks with these 
accessory minerals are enriched in LREE and thus 
tend to have high La/Yb ratios 

La/Yb vs Yb 
(Fig. 3.27) 

● Non-adakitic compositions ● Adakitic compositions 

Sr/Y vs SiO2 
(Fig. 3.28) 

● Non-adakitic compositions ● Adakitic compositions 

Sr/Y vs Y  (Fig. 
3.29) 

● Non-adakitic compositions ● Adakitic compositions 

 
Initial 87Sr/86Sr 

ratios 

● Plutons of the Colangüil Batholith have 
87Sr/86Sr > 0.7055 (Table 3.2; Llambías and 
Sato, 1995); These values are consistent with 
non-adakitic magmas derived from partial 
melting of continental crust 

● 87Sr/86Sr < 0.706 are commonly interpreted as 
mantle-derived magmas (Faure, 1986); As noted by 
Defant and Drummond (1990), adakites have initial 
87Sr/86Sr ratios < 0.704 (e.g., San Francisco Batholith) 

Sr/Y vs SiO2 
(Fig. 3.30) 

 
Same plot as Fig. 
3.28 (fields after 
Loucks, 2014) 

● Comparable trend with the average circum-
Pacific arc basalt, basaltic andesite, andesite, 
dacite and rhyolite 
 
● Based on Sr/Y ratios this igneous complex is 
regarded as Cu infertile 

 
● Consistent with the results from most Au-poor giant 
porphyry Cu deposits (e.g. Chuquicamata, Escondida, 
El Abra, El Salvador and Yulong) 
 

 Limited Fertility or Barren Fertile Intrusions 

V/Sc vs SiO2 
(Fig. 3.31) 

● Both intrusive complexes are comparable to those from Au-poor giant porphyry Cu deposits 
(Chuquicamata, El Abra, Escondida) and giant Au – Cu deposits (Bingham, Batu Hijau, Ertsberg, Bajo 
de la Alumbrera) 

 
Al2O3/TiO2 

vs SiO2 
(Fig 3.32) 

● Both intrusive complexes appear to plot on the same field; this area is an overlap of the fertile and 
infertile fields 
● The average basalt to rhyolite continental-margin arc trend proposed by Loucks (2014) limits infertile 
rocks from the Tocota Pluton and fertile rocks from the San Francisco Batholith 

 

Based on fertility diagrams after Richards and Kerrich (2007) and Sr/Y fields after Loucks 

(2014), the Tocota Pluton is interpreted here to be an infertile igneous complex for porphyry Cu 

mineralization. Only Al2O3/TiO2 and V/Sc fertility indicators yielded comparable results between 

both intrusive complexes of different tectonic settings and ages (Figs. 3.31 and 3.32). These two 

plots are not affected by Sr and LREE depletion in felsic melts due to partial melting of continental 

crust, with plagioclase in the restitic material (i.e., Tocota Pluton). Despite the Tocota Pluton 

having some geochemical and geotectonic signatures that could relate to a volcanic setting (Figs. 

3.19 to 3.22), it has a distinctive barren, non-adakitic signature for a subduction-related igneous 

complex (Figs. 3.26 to 3.29). Data from the giant Rio Blanco-Los Bronces district are 

unequivocally prospective for porphyry Cu mineralization; whereas the possibility of the Tocota 

Pluton being associated with any large porphyry-style mineralization can be discarded (Figs. 3.26 

to 3.29). 
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Despite the fact the Tocota Pluton is an infertile intrusive complex for porphyry Cu 

mineralization, it is spatially associated to Bi–Cu–Au mineralization. The San Francisco de los 

Andes deposit and related mineralized tourmaline-cemented, magmatic-hydrothermal breccias and 

veins are spatially related to the Permo-Triassic Tocota Pluton. Further north from San Francisco 

de los Andes, in Salta province, Argentina, the Taca Taca porphyry Cu deposit has been dated 

Oligocene in age and it is surrounded by Permian-Triassic rocks. Studies have correlated the Taca 

Taca porphyry in Salta with the Paleogene porphyry Cu mineralization belt in Chile, suggesting 

widening of the magmatic arc during the Oligocene at this latitude (e.g., Rubinstein et al., 2000). 

Based on both the intermediate geographic location of San Francisco de los Andes and the Permo-

Triassic age of Tocota Pluton, the possibility of a similar age for the mineralization needs to be 

considered. However, no evidence of Paleogene magmatism has yet been recorded in the area to 

support this hypothesis.  

3.7 Conclusions    

The Tocota Pluton formed from a sialic melt after partial melting of continental crust, 

triggered by a mafic underplate. It is interpreted to be a post-orogenic intrusive complex based on: 

a) the abundance of felsic intrusives compared to mafic and intermediate units; b) the younger 

intermediate and basic rocks that are not derived from the older felsic units require magma mixing 

rather than crystal fractionation to explain their origins; c) the high K2O contents and characteristic 

high-K, calc-alkaline composition (e.g., Fig. 3.13), d) the presence of basic – intermediate, and 

tonalitic enclaves which  provide evidence for admixture processes and partial melting, 

respectively; e) the absence of hornblende and presence of perthitic texture in the Rosado Granite 

are characteristic of hypersolvus granites. Most of these characteristics are in agreement with those 

described by Rogers and Greenberg (1990) for post-orogenic granites.  

The high-K, calc-alkaline signature of the Tocota Pluton (Fig. 3.13) is characteristic of 

both Andean-type, arc-related magmatism (e.g., San Francisco Batholith) and Caledonian-type, 

post-orogenic magmatism (e.g., Pitcher, 1987). High K2O contents in the Tocota Pluton are the 

result of minimum melts at relatively low PH2O. The post-orogenic Tocota Pluton has some 

chemical compositions typical of I-type, subduction-related granitoids (i.e., high CaO and Na2O, 

metaluminous to peraluminous signatures; Figs. 3.14 and 3.20). The Leoncito Tonalite and La 

Fragüita Granodiorite are subsolvus granitoids with biotite, hornblende and two feldspars that do 

not have exsolution textures. The youngest granitic facies, the Rosados Granite, is a leucogranite 

with biotite but no hornblende; it has accessory muscovite and cordierite, and perthitic textures in 

orthoclase. These features are common in hypersolvus granites formed from partial melting of 

felsic rocks under low PH2O, affected by a mafic underplate. Low water contents were most likely 
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derived from partial melting of biotite from the original felsic source. Younger diorite and 

andesitic dikes represents admixture of mafic magma with felsic melt, whereas the very scarce 

basaltic dikes material derived from the mafic underplate intruded along joints. Similar to the 

transitional geochemical compositions of granitoids, geotectonic discrimination diagrams 

highlighted a transition between an arc-related and an extensional geodynamic setting, prior to the 

rupture of Gondwana. 

Distinctive geochemical signatures of post-orogenic magmatism in the Tocota Pluton 

include depletion in Eu, Sr and La, and absence of strongly fractionated rocks (i.e., strong LREE 

enrichment and HREE depletion). These signatures relate to the presence of plagioclase                

(± clinopyroxene – amphibole) as residual phases in restite during partial melting of a felsic source 

rock. Its characteristic depletion in Sr and La prompt the non-adakitic compositions of the Tocota 

Pluton, which contrast with Cu fertile subduction-related igneous complexes (e.g., San Francisco 

Batholith).  

New U–Pb zircon ages show that the Tocota Pluton was the first intrusion of the post-

orogenic Permo-Triassic magmatic cycle in the Colangüil Batholith. The La Fragüita Granodiorite 

has U–Pb zircon ages of 282.5 ± 2.8 to 275.2 ± 2.8 Ma (Fig. 3.9; Table 3.3), these ages are older 

than those previously documented in the Tocota Pluton. Conversely, the younger Rosado Granite 

yielded U–Pb  zircon ages of 272.8 ± 1.6 to 271.2 ± 2.2 Ma (Fig. 3.9; Table 3.3), comparable to 

those documented by Llambías and Sato (1995). The younger U–Pb zircon ages obtained from 

diorite and andesitic dikes are 268.0 ± 3.4 and 265.3 ± 1.9 Ma respectively (Fig. 3.9; Table 3.3). 

The new ages for the granitoids and intermediate units are comparable to those from the San Rafael 

block. Despite slight difference in age, the Colangüil magmatism is comparable to those in 

Cordillera del Viento (Neuquén), Elqui–Limarí and Chollay batholiths and the Central Peruvian 

batholiths. 

The post-orogenic intrusive complex was emplaced immediately after the culmination of 

the San Rafael Orogenic Phase, after Carboniferous arc-related magmatism ended. The San Rafael 

Orogenic Phase affected the Agua Negra Formation, producing folds, thrusts and rotating bedding 

to vertical – subvertical N-trending orientations. The strike of bedding is consistent with the 

elongated meridional shaped Colangüil Batholith and particularly the Tocota Pluton, which may 

have facilitated the elongation of the pluton. A joint system with a dominant NW orientation 

developed immediately before the Tocota Pluton was completely crystallized. Andesitic and 

basaltic dikes, tourmaline ± quartz hydrothermal veins and, magmatic-hydrothermal breccias 

utilized these pre-existing joints in both sedimentary and igneous rocks.  
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Tourmaline occurs as a key accessory magmatic mineral in the Leoncito Tonalite and 

Rosados Granite, as magmatic coarse-grained radiating tourmaline crystals in the Rosado Granite, 

and hydrothermal tourmaline in Bi–Cu–Au mineralized breccias and veins. Based on district-scale 

field observations, local crosscutting relationships, and absolute ages, tourmaline – quartz-

cemented breccia pipes and veins are genetically related to, and younger than the granitoids of the 

Tocota Pluton. U–Pb zircon age from a coarse-grained tourmaline vein (266.0 ± 3.5 Ma) is 

consistent with those from intermediate units (268.0 ± 3.4 to 265.3 ± 1.9 Ma; Fig. 3.9; Table 3.3). 

Regional tourmaline-cemented breccias and veins are highly unlikely to be produced by the dioritic 

units as they are infrequent compared to the common granitoids. Field, petrographic, geochemical, 

and geochronologic studies constrain the age of tourmaline-cemented breccia pipes and veins as 

middle-upper Permian, formed prior to the rupture of Gondwana, and its genetic relationship with 

the Tocota Pluton. The possibility that the pluton is underlain by a younger, fertile magmatic 

complex is discarded due to absence of any evidence in favor of this hypothesis. Further 

description on Bi–Cu–Au-bearing magmatic-hydrothermal breccias at San Francisco de los Andes 

and their relationship to the Tocota Pluton are provided in chapters 4 and 7. 
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Chapter 4 – San Francisco de los Andes Bi–Cu–Au deposit, 

Frontal Cordillera, Argentina — Evidence for the coalescence 

of two magmatic-hydrothermal breccia pipes formed by fluids 

with contrasting chemical compositions 

4.1 Introduction 

The San Francisco de los Andes breccia complex (30º 50´ 08´´S; 69º 35´58´´W) is located 

on the eastern flank of the Frontal Cordillera, San Juan province, Argentina (Fig. 4.1a). The Frontal 

Cordillera is a geological province on the eastern flank of the Andes that extends from northern 

San Juan to southern Mendoza province. The San Francisco de los Andes mine is the most 

important ore deposit within the San Francisco de los Andes Bi–Cu–Au district. This district 

extends 30 km north along the Frontal Cordillera (Fig. 4.1b).   

The San Francisco de los Andes district is characterized by sedimentary and igneous rocks 

(Fig. 4.1b). The oldest unit is the Carboniferous Agua Negra Formation, a sequence of marine 

sandstones, shales and siltstones striking north, and dipping steeply eastward. The sedimentary 

rocks have been intruded by the Tocota Pluton, a Permian intrusive complex that ranges from 

tonalite to granite in composition. The San Francisco de los Andes tourmaline – quartz-cemented 

breccia complex is genetically associated to the Tocota Pluton and has cut the Carboniferous 

sedimentary rocks (Fig. 4.1b). The ore deposit is characterized by a complex Bi–Cu–Au–As–Fe    

–Zn–Pb–Ag mineral assemblage, which includes sulfides, sulfosalts, tellurides and native 

elements, as well as supergene oxides, hydroxides, arsenates, sulfates, carbonates and secondary 

sulfides and sulfosalts (Testa et al., 2016; Appendix 1). 

The San Francisco de los Andes deposit is the largest bismuth concentration in Argentina 

hosted in a hydrothermal breccia system (Cardó et al., 2008). The deposit was mined sporadically 

between the 1940s and 1980s. In 1990, Aguilar Mining Company S.A. conducted geologic studies, 

including surface, subsurface and diamond drill core sampling as well as tunnel making and road 

working. Based on a detailed geochemical reconnaissance sampling program of surface exposures 

and sub-surface samples, resource estimations were generated for ores within 200 m from surface.  

The most comprehensive study of the area was conducted by Llambías and Malvicini 

(1969). They based their study on surface samples and the available mining workings at the time. 

They considered San Francisco de los Andes to be a ‘xenothermal’ deposit (cf. Lindgren, 1933) 

and proposed a two-stage process for the formation of the ore body after one single violent 
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explosion: an initial infill stage followed by a replacement stage. Supergene mineralogy of arsenate 

species and secondary luzonite were documented by Bedlivy and Llambías (1969), Malvicini 

(1969), Bedlivy et al. (1972) and Bedlivy and Mereiter (1982).  

 

Figure 4.1: a. Location of the San Francisco de los Andes mine in San Juan province, Argentina. b. 

Simplified geological map of the San Francisco de los Andes district and the location of the most important 

mineralized tourmaline – quartz-cemented breccias and veins of the district (geological map modified after 

Rodriguez Fernandez et al., 1996). 

Despite the available articles and reports focused on the San Francisco de los Andes mine, 

the processes and evolution of the hydrothermal fluids and ore deposition remain mostly 

undocumented. The current study resolves that issue through field work, macroscopic sample 

descriptions, petrographic and chalcographic observations along with detailed analytical work. 

These data are used to document the geometry, breccia facies and paragenetic sequence of the San 
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Francisco de los Andes breccia complex, and characterize the evolution of the hydrothermal fluids 

responsible for its formation. 

Metals assays are used to highlight distinctive geochemical domains within the breccia 

complex. Mineral chemistry analyses are used to aid determine the compositional changes that 

occurred during hydrothermal fluid evolution. Quartz, pyrite, arsenopyrite, bismuthinite, cosalite, 

galena and associated sulfides, sulfosalts and tellurides have been analyzed by means of electron 

microscope (EMP) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-

MS). Based on detailed analytical studies of ore minerals and quartz geothermometry, a 

thermodynamic model for bismuth species has been constructed. It constrains S2 and Te2 fugacity 

values for the mineralizing solutions. The comprehensive dataset collected during the current study 

has been used to revise the origin of the San Francisco de los Andes breccia complex and propose 

an updated model of magmatic-hydrothermal ore genesis, consistent with contemporary literature. 

The proposed two-stage origin implies the coalescence of two individual magmatic-hydrothermal 

breccia pipes formed by fluids with contrasting chemical compositions. Details of this model are 

provided in Chapter 7. 

4.2 Methodology  

4.2.1 Descriptive and qualitative methods  

Hypogene and supergene mineral species at San Francisco de los Andes were determined 

by means of macroscopic, microscopic and X-ray-diffraction (XRD) analyses. A Nikon E600 POL 

binocular petrographic – chalcographic microscope with x 5, x 10, x 20 and x 50 objective lenses 

as well as x 10 ocular lenses was used to identify transparent and opaque minerals. Powder X-ray-

diffraction (XRD) analyses were conducted at the Geology Department, Universidad Nacional del 

Sur, Argentina on a Rigaku D-Max III-C automatic powder diffractometer with Cu Kα radiation 

and graphite monocromator to strip the Kα2 contribution. Each analysis was performed at an 

accelerating voltage of 30 kV and an electric current of 15 mA. The powder XRD data were 

obtained over a 2θ-diffraction-angle range of 3° to 60° with a 0.024° step size and 1 sec. per step 

counting time. 

4.2.2 Metal assay methods  

A geochemical reconnaissance at surface and sub-surface was conducted by Compañía 

Minera Aguilar SA (CMASA) in 1990. A total of 569 samples were collected for metal assays, 

including 301 channel samples (underground and surface) and 268 diamond drill core samples 

(Lencinas, 1990). Underground channel samples were collected perpendicular to the corridor´s 

strike from every wall and ceiling, avoiding contamination and preventing rocks on the floor from 
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mixing with the material being sampled. The trench sizes were about 10 cm wide, 2 cm deep and 

between 2 and 3 m long. Occasionally, the channels’ length was less than 2 m or over 3 m. The 

sampling spacing is approximately 1 m. Two-meter-long channel samples were collected on the 

surface of the breccia complex. Five short diamond drill holes were drilled with a total length of 

421.6 m. Diamond drill core samples had a fixed length of 2 meters. Metal assays were conducted 

at CMASA’s Laboratories in Jujuy, Argentina. Gold, Ag, Cu, Pb, Zn and Bi contents were 

determined by means of atomic absorption spectrophotometry. Measurements were made with a 

Jarrell-Ash 1.5m spectrophotometer with lower detection limits that range from 0.1 ppm for Au, 1 

ppm for Ag to 10 ppm for Cu, Pb, Zn and Bi. A total of 1,706 analyses were generated from the 

samples collected in the main level (246 x 6 elements), and at surface (46 x 5 elements). 

4.2.3 Electron microprobe methods 

Major element chemistry of arsenopyrite, Bi-bearing mineral phases and galena were 

acquired by means of electron microprobe analysis (EMPA). Carbon-coated mounts were analyzed 

on a Cameca SX100 electron microprobe housed at the Central Science Laboratory, University of 

Tasmania, outfitted with five tunable wavelength-dispersive spectrometers (WDS). Operating 

conditions for EMP data acquisition were 40° take-off angle, an accelerating voltage of 20 keV, a 

beam current of 20 nA, and a beam diameter of 2 μm, coupled with the Cameca’s PeakSight 

software (version 3.4). Element concentrations in arsenopyrite were acquired using analyzing 

crystals: (1) LLIF for Bi la, Au la, Fe ka, Cu ka, Zn ka, Co ka, Ni ka, (2) LPET for S ka, Pb ma, (3) 

PET for Sb la, Ag la, Te la, (4) LPET for S ka, Pb ma, (5) PET for Sb la, Ag la, Te la, and (6) TAP 

for Se la, As la. Elements contents in Bi-bearing mineral phases and galena were acquired using 

analyzing crystals: (1) LLIF for Bi la, Au la, Fe ka, Cu ka, Zn ka, (2) PET for Ag la, Te la, Sb la, 

Cd la, (3) LPET for S ka, Pb ma, Mo la, (4) PET for Ag la, Te la, Sb la, Cd la, (5) LPET for S ka, 

Pb ma, Mo la, (6) PET for Ag la, Te la, Sb la, Cd la, and (7) TAP for As la, Se la. 

All standards selected during data collection were from Astimex Scientific Ltd. A linear 

background correction method was used for each element being analyzed. Both, unknown and 

standard intensities were corrected for dead time. The PAP matrix correction method was applied 

using the Cameca mass absorption coefficients. 

4.2.4 Environmental scanning electron microscopy and cathodoluminescence detection 

methods 

Quartz semi-quantitative data and cathodoluminescence images were collected on an FEI 

MLA650 environmental scanning electron microscope (ESEM), housed at the Central Science 

Laboratory, University of Tasmania. The instrument has a tungsten source and three vacuum 
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modes: high vacuum, low vacuum, and environmental (up to 20 torr). It is fitted with FEI detectors 

including Everhardt-Thornley SE, CBS solid state BSE, large field SE (for low vacuum), and 

gaseous SE (for ESEM). The Bruker Quantax Esprit 1.9 EDS system has two XFlash 5030 SDD 

detectors, MnKα 133 eV resolution, and combined throughput up to 800kcps. The ESEM is 

equipped with a Gatan Pana CLF panchromatic cathodoluminescence (CL) detector with RGB 

filters. Quartz analyses were carried out on polished, carbon-coated mounts (~ 20 nm thick) in 

order to prevent surface charging, at an accelerating voltage of 20 kV and beam current of 

approximately 3 nA. The Mineral Liberation Analysis (MLA) software package v3.1 

independently controls the instrument for quantitative phase/mineralogical and textural analysis. 

4.2.5 Laser ablation inductively coupled plasma mass spectrometry methods 

Two sets of instrumentation were used for LA-ICP-MS analyses: (1) a New Wave 213-nm 

solid-state laser microprobe coupled to an Agilent 4500 quadrupole ICP-MS used for sulfide and 

sulfosalts analysis; and (2) a New Wave 193-nm solid-state laser coupled to an Agilent 7500cs 

quadrupole ICP-MS used for quartz analysis. All LA-ICP-MS studies were conducted at CODES 

LA-ICP-MS analytical facility, University of Tasmania. Both laser microprobes have in-house, 

small volume sample chambers of approximately 2.5 cm3. The equipped ablation cell is 

characterized by < 1 s response time and < 2 s wash-out time. Each ablation was conducted in an 

atmosphere of pure He (0.7 l/min). The ablated aerosol was carried by the He gas, which was 

mixed with Ar (1.23 l/min) immediately after the ablation cell. The mix passed through a pulse-

homogenizing device prior its introduction into the torch. 

In order to maximize sensitivity on mid- to high-mass isotopes (i.e., 130 – 240 amu), the 

ICP-MS was optimized daily. Production of both molecular oxide species and doubly charged ion 

species was maintained at < 0.2 %. On account of low production of molecular oxide and doubly 

charged ion, no correction due to potential interfering species was needed to be introduced to the 

analyte signal intensities. Analyses were conducted in the time-resolved mode that involves 

sequential peak hopping through the mass spectrum. 

4.2.5.1 Quantitative multielement analysis  

Quantitative LA-ICP-MS analyses of quartz, pyrite, arsenopyrite, bismuth mineral species 

and galena were conducted using an ablating spot size ranging between 47 and 22 μm.  Laser 

repetition rate was set at 5 Hz, and laser beam energy at the sample was kept at 10.6 J/cm2 for 

quartz analyses, and between 3.5 and 4.5 J/cm2 for sulfides and sulfosalts.  The total 100 s analysis 

time per sample includes 30 s of background measurement (laser off) and a 70 s of sample analysis 

(laser on). Acquisition time was set to 0.02 s for most masses. Shorter acquisition times were set 
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for major elements in silicate (e.g., Mg, Al, Si, Ca, when analyzing sulfides and sulfosalts), and S 

at 0.005 s. Trace elements in silicate (e.g., Zr, Ba, La, Th, U; when analyzing sulfides and 

sulfosalts) and Cd were fixed at 0.01 s. Selenium, Mo, and Ag were measured for 0.1 s, Te for 0.2 

s, and Au for 0.4 s, with a total sweep time of ~1.5 s. Data reduction was undertaken according to 

standard methods after Longerich et al. (1996). Silicon contents in quartz, Fe in pyrite and 

arsenopyrite, Bi in bismuth species, and Pb in galena and were used as internal standards. The 

primary calibration standard used for quartz analysis was ‘NIST 612’; whereas for sulfides and 

sulfosalts ‘STD GL2b2’ was used, which is a Li borate fused glass of pyrite and/or sphalerite 

mixture developed in-house (Danyushevsky et al., 2011). These standards were analyzed twice 

every 1.5 hours with a 100 μm beam size and at 10 Hz to account for the instrument drift. 

The precision of trace element contents measured by LA-ICP-MS is rarely better than 5 % 

(Danyushevsky et al., 2011). Therefore, variations in concentrations in the internal standard of 5 % 

are within the noise. Iron contents in pyrite typically vary less than 5 % of its stoichiometric value 

(i.e., Fe = 45.3 wt. %; Large et al., 2009). On this basis, a fixed value of 45.3 wt. % was used as 

internal standard for pyrite. Due to < 5 % variation in Si content in quartz samples from San 

Francisco de los Andes, the averaged Si value was used as internal standard for quartz. Conversely, 

when dealing with arsenopyrite and galena, measured EMP contents of Fe and Pb were used 

respectively as internal standard. Accurate EMP measurements of Bi concentration were crucial for 

a proper reduction of LA-ICP-MS data of Bi-bearing species, particularly when considering 

minerals that form solid solutions series (e.g., bismuthinite). 

The SILLS (Signal Integration for Laboratory Laser Systems) software, written in 

MATLAB, was used for LA-ICP-MS data reduction and concentration calculation of transient 

Laser Ablation ICPMS signals. Based on visual inspection of each spectrum, an appropriate time 

interval was chosen for data reduction. Any part of a spectrum contaminated by a mineral inclusion 

was avoided, as well as the commencement and conclusion of ablation where concentrations 

commonly changed markedly. 

4.2.5.2 Imaging of pyrite and arsenopyrite 

Trace and minor element compositions of pyrite and arsenopyrite grains from San 

Francisco de Los Andes were mapped using LA-ICP-MS. After selecting the area that defined the 

ablating grid across each sample, sets of parallel lines were ablated with a beam size of 15 or 25 

μm. The larger the crystal and/or growth zones, the larger the beam size. The laser beam size 

determined the spacing between lines, which was kept constant for each map. The lines were 

ablated with a repetition rate of 10 Hz, and rastering set at 15 or 25 μm/s (depending on the spot 

size), which resulted in approximately 5 μm depth of ablation (i.e., 0.5 μm (known depth of 
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ablation by a single shot) multiplied by 10 (number of shots in a single point)). Every position in 

pyrite and arsenopyrite samples was ablated 10 times and their trace element compositions 

contributed to five consecutive pixels in the image, which resulted in a minimum unprocessed 

effective resolution that matched the beam size. Based on Large et al. (2009), every sweep 

recorded in the mass spectrometer forms a separate pixel in the map. One pixel equals 5 μm for a 

~0.2 s sweep time with a 25 μm/s image speed. As described by Cooke et al. (2014), the actual 

resolution of an image also depends on the washout time of the setup, which is a function of 

element concentrations and consequently fluctuates between elements and position. 

The following 29 isotopes were mapped: 24Mg, (27Al), 29Si, 34S, 49Ti, (51V), 53Cr, 55Mn,57Fe, 

59Co, 60Ni, 65Cu, 66Zn, 75As, 82Se, 95Mo, 107Ag, 111Cd, (115In), 118Sn, 121Sb, 125Te,(137Ba), (182W), 

197Au, 202Hg, 205Tl, 208Pb, and 209Bi. Indium and Ba contents were not measured in pyrite grains, 

whereas Al, V and W were not analyzed in arsenopyrite samples. The acquisition time for most 

masses was 0.002 s. In order to improve detection limits, Se was measured for 0.004 s and Ag, Te, 

and Au for 0.04 s. The total sweep time was approximately 0.2 s. A delay of 13 s was used after 

each ablation line in order to allow for cell wash-out. Both background levels and the primary 

sulfide standard (Danyushevsky et al., 2011) were measured before and after each image. To 

minimize the effects caused by redeposition of ablated material, each line was pre-ablated prior to 

the main mapping ablation.  

Most pyrite and arsenopyrite grains were analyzed over a period of 1 to < 3 hs, where 

sensitivity drift was negligible. In order to assess drift, standards were analyzed immediately 

before and after mapping each grain. If necessary images were corrected for drift, which is 

assumed to be linear between the initial and final measurements of standards. Image processing 

involved a five-step procedure (cf. Large et al., 2009). The resulting maps show element 

concentrations as a function of counts per second using a logarithmic color scale.  

4.3 Host rocks 

The San Francisco de los Andes breccia complex is hosted by sedimentary rocks from the 

Agua Negra Formation (Fig. 4.1). The Upper Carboniferous to lower Permian Agua Negra 

Formation is a sequence of 2,000 m-thick shales, sandstones, conglomerates and limestones 

(Aparicio, 1969; Polanski, 1978; Rodríguez Fernández et al., 1996a). The Upper Carboniferous to 

lower Permian age was determined based on fossil plants (Rhacopteris ovate and Gondwanidium 

platinum) and marine invertebrate (Cancrinella sp. and Orthoceras sp.) assemblages (Aparicio, 

1969). These are the only rocks preserved from the Gondwanic orogenic cycle (Heredia et al., 

2002). The Carboniferous sediments were deposited in a back arc basin with deltaic system 

grading to open marine conditions, whereas the Permian sequence in a retroarc foreland basin 
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(Ramos, 1988; Rodrı́guez Fernández et al., 2002). In the studied area, the late Paleozoic Agua 

Negra Formation is mainly sandstones and siltstones, locally interbedded (Fig. 4.2a-c). These rocks 

strike north and are vertical to steeply dipping eastward.  

 

Figure 4.2: Sedimentary and igneous facies. a. Light orange-brown fine-grained sandstone. b. Siltstone with 

quartz vein and weak illite alteration halo. c. Dark grey siltstone with orange-brown fine-grained sandstone 

layers. d. Granodiorite with diorite enclave e. Micro-granodiorite with hematite-stained alteration halo after 

fracture.  
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The Agua Negra Formation was intruded by the Permian Tocota Pluton, the southernmost 

extension of the Colangüil Batholith (e.g., Llambías and Sato, 1990; 1995; Sato et al., 1990). The 

Tocota Pluton is elongated north, and has a rough centripetal zonation with the younger and more 

acidic facies toward the center (Figs. 4.1 and 4.2d-e). It has been subdivided into the Leoncito 

Tonalite, Fragüita Granodiorite and Rosados Granite; dikes are also associated with this pluton and 

are roughly north-trending (e.g., Rodrı́guez Fernández et al., 1996a; b). In the study area, the Agua 

Negra Formation is underlain and surrounded by the post-orogenic, extensional Tocota Pluton. 

These rocks are equivalent to the Amancay and Chorrillos granodiorites documented by Llambías 

and Malvicini (1969) west- and eastward from the San Francisco de los Andes mine respectively 

(Fig. 4.1). 

4.4 Breccia complex 

4.4.1 Breccia terminology 

Key terms associated with breccia nomenclature have been used inconsistently and with 

conflicting meaning in the economic geology literature. Those that are relevant to the current study 

are defined here, following the description scheme proposed by McPhie et al. (1993) for volcanic 

rocks, and breccia terminology based on Sillitoe (1985; 2010) and Davies et al. (2000; 2008). For a 

complete review on available breccia literature see Chapter 1. 

The two main breccia components are clasts and infill. The material that fills the space 

between clasts (i.e., infill) has been divided into matrix and cement. A clear distinction is made 

between matrix and cement, terms that may cause some confusion and have been misused in the 

past, sometimes interchangeably. 

Clast: Coarse-grained clastic material larger than 2 mm. The terms monomict or polymict 

breccias are based on the variety of clast compositions in breccias. At San Francisco de los Andes, 

clasts are homogeneous; they derived only from the sandstone and siltstone host rocks. 

Matrix: Fine-grained clastic material with a grain size less than 2 mm. The matrix of a 

breccia accommodates in the open spaces between clasts. It can be formed of one or a combination 

of crystal, lithic, vein and cement fragments. For the San Francisco de los Andes breccias, matrix is 

not a common feature, and rock flour entirely derived from the sedimentary host rocks and 

grinding of clasts. 

Cement: Crystalline material filling the spaces between breccia clasts. Breccia cement can 

either precipitate from aqueous fluids or magma, resulting in ore-gangue mineral cement or 
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crystalline igneous cement respectively. At San Francisco de los Andes, ore and gangue mineral 

cement is a characteristic feature, and diagnostic of hydrothermal breccias. 

Vugs: Open spaces between breccia clasts. Vugs can either be primary or secondary due to 

alteration. At San Francisco de los Andes, primary vugs are locally documented and secondary 

vugs are less common.  

Hydrothermal breccia: Any coarse-grained clastic aggregate formed, or cemented by, 

hydrothermal processes, despite its fluid source, phase and composition. Hydrothermal breccias 

can be subdivided into various types such as magmatic-hydrothermal, phreatic, phreatomagmatic, 

tectonic breccias, etc., as described by Sillitoe (1985; 2010) and Davies et al. (2000; 2008). The 

current study focuses on magmatic-hydrothermal breccias only. 

Magmatic-hydrothermal breccia: Any hydrothermal breccia product of release of 

overpressured magmatic fluids from a magmatic-hydrothermal system (Sillitoe, 1985, 2010). They 

are steep, pipe-like to irregular breccia bodies filled with hydrothermal cement and/or rock-flour 

matrix. Igneous cement and/or juvenile clasts may occur at the root of the system, near the 

magmatic source. Magmatic-hydrothermal breccias are commonly blind and located in the deeper 

parts of porphyry Cu systems (Sillitoe, 1985, 2010). 

4.4.2 Geometry 

The San Francisco de los Andes breccia complex has an elongated NW-trending elliptical 

shape with a constriction in the middle (Fig. 4.3). Based on underground working, the ‘figure 8’-

shaped outline in plan view can be traced for up to 75 meter below the surface. The consistent neck 

in the middle of the structure divides the breccia complex into two domains: the SE and NW 

domains (Fig. 4.3). 

The horizontal dimensions of the breccia body at three levels in the mine can be seen in 

Figure 4.3a. The elliptical contour at surface is markedly elongated WNW, with a maximum length 

of 67 m (Fig. 4.3a). Fifty meters underground, the SE and NW domains are distinctly larger, and 

double the area mapped on surface. The ‘figure 8’-shaped outline is enhanced and the maximum 

axis is 77 m long NW (Fig. 4.3a). Twenty-five meters under the main level, the maximum length 

of the breccia column is slightly longer (80 meters NW), and the area of both domains is wider. At 

this depth the column of broken rocks resembles two roughly circular breccia bodies that partly 

coalesce, rather than one single elliptical body (Fig. 4.3a). This is the deepest mining level where 

the outline of the breccia body can be fully documented. A block diagram has been drawn based on 

the outline of the breccia complex at surface and underground plan views (Fig. 4.3b).  
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Figure 4.3: a. Plan view of the San Francisco de los Andes breccia complex at surface, main and lower 

mining levels. A fourth panel shows the resulting composite overlay plan view. Locations of drill collars and 

projected drill holes are shown in red. b. Block diagram of the breccia complex, note the consistent 

constriction in the middle of the breccia complex.  

Information available from the 200-m-long diamond drill holes also document a gradual 

increase in length and width with increasing depth, with clear steeply dipping contacts with the 

host rock (e.g., Fig. 4.3). This geometry, along with the slightly tilted inwards contacts, are 

consistent with the upper level of a magmatic-hydrothermal breccia pipe (e.g., Sillitoe, 1985, 

2010). None of the 200-m-long drill holes reached the root of the breccia complex, and the full 

vertical extent of the breccia column remains unknown. 

4.4.3 Breccia facies 

After detailed underground mapping and breccia description, seven key breccia facies have 

been recognized at San Francisco de los Andes breccia complex (Fig. 4.4). Breccias have been 
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Figure 4.4: Plan view of San Francisco de los Andes main mining level, showing characteristic breccia facies mapped on the walls of the underground tunnels. For further 

information about each breccia facies and their features, see Appendix 4.1  
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divided into rim and core facies based on their proximity to the contact with the host rock (i.e., rim 

= outer facies in contact with wall rock; core = inner facies central to the breccia complex). 

Breccia facies in the core of the breccia complex are defined by sub-angular to sub-

rounded sedimentary clasts that are randomly oriented. The breccias are matrix-rich with abundant 

vugs and considerably less hydrothermal cement than the rim facies. Tourmaline and quartz are 

more abundant than sulfides and sulfosalts. The internal organization of the core facies is clast-

rotated to chaotic, poorly stratified and ungraded to massive (Fig. 4.5a-b; Appendix 4.1). 

Breccias on the rim of the breccia complex are characterized by very angular to angular 

tabular sedimentary clasts, which are aligned parallel to each other, and are vertically to steeply 

dipping inwards. These breccias are rich in hydrothermal cement, including tourmaline, quartz and 

various ore minerals. Vugs are uncommon except in specific areas where vugs are a major 

component (vuggy breccia facies). Matrix is absent or very minor. The internal organization of the 

rim facies is typically jigsaw fit to clast-rotated, stratified and ungraded (Fig. 4.5c-d; Appendix 

4.1). Rim facies can be subdivided into six general sub-facies based on their distinctive infill. Local 

variations occur but the general characteristics remain constant. For a detail description of each 

facies see Appendix 4.1. 

Vuggy breccias: These are creamy white, monomict, sandstone- and siltstone- clast-

supported breccias. In the underground tunnels, they are commonly coated and stained by hematite 

and goethite. The vuggy breccias are characterized by abundant vugs (> 90%), minor hydrothermal 

cement (< 9%) and no matrix (< 1%; Fig. 4.5e-g; Appendix 4.1). Tourmaline and quartz cement is 

more abundant than sulfide, the latter mainly represented by pyrite.  

Arsenopyrite-cemented breccias: These are white to creamy grey, monomict, sandstone- 

and siltstone-, cement- to clast-supported breccias. Dark grey to black clasts are a product of 

tourmaline alteration. Arsenopyrite as the major hydrothermal cement is the distinctive 

characteristic of this breccia facies, which also contain pyrite, chalcopyrite, bismuthinite and 

cosalite (Fig. 4.6a-c; Appendix 4.1). Tourmaline and quartz cement is significantly less abundant 

than sulfides and sulfosalts. Vugs and matrix are absent.  

Bismuthinite – cosalite – chalcopyrite-cemented breccias: These are white to cream, 

monomict, sandstone- and siltstone- clast-supported breccias, characterized by bismuthinite, 

cosalite and chalcopyrite, the later with distinctive sphalerite star-like inclusions.  Pyrite, 

arsenopyrite and bornite are a common hydrothermal cement (Fig. 4.6d-g; Appendix 4.1). 

Tourmaline and quartz are considerably less abundant than ore minerals. Vugs occur locally, and 

the breccia facies lacks matrix. 
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Figure 4.5: a.-b. Chaotic breccias with large clasts on the walls of the underground tunnels (a), and polished 

hand sample (b). Note the lack of preferential orientation, contrasting grainsize and sub-angular to sub-

rounded clasts. c.-d. Rim breccia facies in the tunnel walls (c), and polished hand sample (d). Note the 

parallel orientation of tabular clasts with similar grainsize. e.-g. Vuggy-breccias mapped on  the tunnel walls 

(e), and hand samples (f-g). Note the lack of abundant hydrothermal cement and matrix. Fine tourmaline 

needles are partially filling primary vugs, commonly coated by secondary hematite and goethite.  
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Figure 4.6: a. Arsenopyrite-cemented breccia with stage 3a tourmaline needles growing perpendicular from 

clasts. Note the disseminated stage 2 arsenopyrite crystals in the clasts and post-brecciation stage 5 

chalcanthite veinlet. b. Sandstone clast strongly replaced by stage 4b-I arsenopyrite. c. Arsenopyrite – pyrite 

– chalcopyrite-cemented breccia. Compare quartz – illite-altered massive clast and the more abundant 

tourmaline – illite-altered stratified clasts d. Bismuthinite – cosalite-cemented breccia. e. Chalcopyrite – 

bornite – bismuthinite – arsenopyrite-cemented breccia. f. Chalcopyrite – arsenopyrite-cemented breccia 

with post-brecciation chalcanthite vein. g. Bismuthinite – cosalite – chalcopyrite – bornite – pyrite-cemented 

breccia. Abbreviations: tm = tourmaline, qz = quartz, py = pyrite, ap =arsenopyrite, bs = bismuthinite, cp 

=chalcopyrite, bn =bornite, and ch = chalcanthite. 



Chapter 4 – San Francisco de los Andes breccia complex 

152 
 

 

Figure 4.7: a.-b. Galena-cemented breccias in the walls of the underground tunnels (a), and close-up image 

of galena clusters (b). c.-d. Sphalerite – pyrite – quartz-cemented breccia in the tunnel walls (c), and close-up 

image of  hydrothermal cement (d). e.-f. Tourmaline – quartz-cemented breccia with parallel tabular clasts 

(e). Quartz – illite – tourmaline-altered clasts and quartz – tourmaline hydrothermal cement (transmitted 

light, crossed nicols). This picture was taken from the area within the white box in Fig 4.7e. g. Quartz-

cemented breccia with milky quartz cockade texture. Abbreviations: tm = tourmaline, qz = quartz, ill = 

illite, py = pyrite, sp = sphalerite, and gn = galena.  
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Galena-cemented breccias: These are dark grey and whitish grey, monomict, sandstone- 

and siltstone- clast- to cement-supported breccias. These are the only breccia facies where galena is 

a major hydrothermal cement, occurring with abundant pyrite. Sphalerite, arsenopyrite, 

chalcopyrite, bismuthinite, tourmaline and quartz are common, but less abundant cement phases 

(Fig. 4.7a-b; Appendix 4.1). Galena-cemented breccias lack both matrix and vugs.  

Sphalerite-cemented breccias: These are white to creamy white, monomict, sandstone- 

and siltstone- clast, cement-supported breccias. The distinctive feature of these breccias is the 

presence of sphalerite as major hydrothermal cement, along with pyrite, chalcopyrite, bismuthinite 

– cosalite and arsenopyrite. Galena and bornite are only minor components. Quartz, and to a lesser 

extent tourmaline, are significantly more abundant than sulfides and sulfosalts (Fig. 4.7c-d; 

Appendix 4.1). This facies has no matrix or vugs. 

Tourmaline – quartz-cemented breccias: These are white to dark grey, monomict, 

sandstone- and siltstone- clast-supported breccias. These breccias are characterized by the presence 

of tourmaline and quartz cement. The relative abundances of tourmaline and quartz vary. The SE 

domain is tourmaline-rich, whereas the NW domain is generally quartz-rich (Figs. 4.4 and 4.7e-g; 

Appendix 4.1). Consistently, the type and proportion of accompanying sulfides and sulfosalts 

depend on the location within the breccia complex. Pyrite, arsenopyrite and Bi–Cu ores are 

common in the SE domain, whereas Pb–Zn ores with accompanying pyrite, arsenopyrite and Bi     

–Cu ores occur in the NW domain (Fig. 4.7e-g; Appendix 4.1). Vugs and matrix are rarely a 

common infill feature in tourmaline – quartz-cemented breccias.  

4.5 Paragenesis 

The paragenetic sequence from the San Francisco de los Andes breccia complex and 

surrounding area is summarized in Figures 4.8 and 4.9. A total of six main stages were 

documented: two pre-brecciation, two syn-brecciation and two post-brecciation stages. 

4.5.1 Pre-brecciation 

Stage 1: Coarse-grained, radiating tourmaline – quartz aggregates 

This paragenetic stage occurred after the main magmatic stage (i.e., crystallization of rock-

forming minerals) associated with the intrusion of the Tocota Pluton. Stage 1 is characterized by 

two silicate mineral species: (i) Coarse-grained, euhedral, black tourmaline needles cluster together 

as < 5 cm radiating crystals (rarely up to 10 cm), formed after the main magmatic stage (Figs. 4.8 

and 4.10); (ii) Coarse-grained, euhedral to subhedral, translucent to transparent quartz filling void 

spaces after the early-formed tourmaline. Quartz crystals are intergrown with and have overgrown 
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Figure 4.8: Graphic representation of pre-brecciation stages 1 and 2, and syn-brecciation stage 3 in the paragenetic diagram for the San Francisco de los Andes breccia 

complex and its surrounding areas. Only the most abundant and distinctive mineral species were considered. 
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Figure 4.9: Graphic representation of syn-brecciation stage 4, and post-brecciation stages 5 and 6 in the paragenetic diagram for the San Francisco de los Andes breccia 

complex and its surrounding areas. Only the most abundant and distinctive mineral species were considered. 
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tourmaline prisms. They grew outwards from the center of the tourmaline aggregates (Figs. 4.8 and 

4.10). Radiating tourmaline – quartz clusters occur in the Rosados Granite (youngest facies of the 

Tocota pluton) and they are best developed in two outcrops, 700 m (10,000m2) and 350 m (40,000 

m2) NNW from San Francisco de los Andes breccia complex (Fig. 4.1). 

 

Figure 4.10:  a.-b. Stage 1 radiating tourmaline – quartz crystals hosted in the Rosados Granite. c. Stage 1 

tourmaline aggregate with minor quartz overgrowth.  

Stage 2: Pre-breccia, hydrothermal alteration (i.e., veins and stockworks)  

Prior to brecciation, hydrothermal fluids altered the Carboniferous sandstones and 

siltstones and the Permian granitoids. K-feldspar, and to a lesser extent biotite, occur locally in the 

granitic units and in the sedimentary rocks close to the intrusions (Figs. 4.11a and 4.11b). 

Orthoclase ± biotite preferentially developed in sandstones surrounding the Tocota Pluton, with 

only traces of metasomatic orthoclase in the shale facies (Fig. 4.11b). Biotite occurs as clusters or 

veinlets in the sedimentary rocks adjacent to the pluton. 
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Figure 4.11: a. Unstained (left) and K-feldspar stained (right) granite porphyry. Strong K-alteration with 

complete K-feldspar replacement of groundmass and selective replacement of plagioclase phenocrysts.        

b. Unstained (left) and K-feldspar stained (right) siltstone. Early pervasive K-alteration crosscut and 

obliterated by late illite-quartz veinlets. c. Granodiorite porphyry with epidote vein and hematite halo. The 

arrows indicate biotite phenocrysts replaced by epidote (core) and chlorite (rim). d. Granodiorite porphyry 

with epidote clot and biotite phenocrysts replaced by epidote (core) and chlorite (rim). e. Epidote and chlorite 

pseudomorph after biotite in granodiorite (transmitted light, crossed nicols). f. Diorite porphyry with epidote 

vein. Note the halo where epidote and hematite are common. g. Calcite, chlorite and opaque minerals have 

completely replaced mafic phenocrysts in andesitic dike (transmitted light, parallel nicols). The groundmass 

have a consistent  alteration assemblage. Abbreviations: kf = K-feldspar, qz =quartz, ill = illite, ep = 

epidote, chl = chlorite, ca = calcite, py = pyrite, and hm = hematite.  
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Epidote and chlorite co-precipitated after orthoclase and biotite (Fig. 4.8), and defines the 

most distal hydrothermal alteration assemblage. They are best developed in igneous rocks (Figs. 

4.11c-g). Epidote typically occurs as 2 – 3 mm thick veinlets, locally as ˃ 1 cm epidote – quartz 

veins, and also as up to 1 cm clusters replacing primary plagioclase and mafic minerals in the 

pluton (Figs. 4.11c-f). Epidote-rich aggregates developed in dioritic to tonalitic enclaves. Chlorite 

partially replaced biotite (and hornblende, if present), and is best developed as alteration rims to 

primary mafic minerals (Figs. 4.11c-e). Calcite is uncommon; it is rarely intergrown with epidote 

and/or chlorite. Minor mafic and intermediate dikes are generally strongly altered to epidote, 

chlorite and calcite due to their higher concentrations of mafic minerals (Fig. 4.11g). Chlorite has 

partially and selectively replaced shales; it has formed further away from the intrusions than 

epidote. Calcite veinlets are very rare in sedimentary rocks. 

Tourmaline and quartz are widespread throughout the Tocota Pluton. They have affected 

both igneous and sedimentary rocks and commonly occur as coarse-grained (1 – > 10 cm thick) 

tourmaline – quartz veins oriented NW to W (Figs. 4.12a-b).  Tourmaline also occurs as radiating 

crystals and clusters in the granitoids (Fig. 4.12c). In sedimentary rocks, tourmaline veins, 

stockworks, radiating crystals and clusters are common (Figs. 4.12d-g). Locally, tourmaline has 

selectively replaced layers along bedding planes. Sandstones commonly have stronger tourmaline 

alteration than shales (e.g., Fig. 4.12g). Tourmaline is only developed pervasively close to the 

tourmaline-cemented breccias complex and localized breccias across the San Francisco de los 

Andes district. 

Illite is temporally and spatially associated with quartz and tourmaline (Fig. 4.8). Illite       

– quartz halos commonly surround tourmaline veins in both sedimentary and igneous rocks (e.g., 

Fig. 4.12d). Intermittent pulses of hydrothermal fluid have locally produced illite – quartz 

stockworks crosscut by younger tourmaline veins (e.g., Fig. 4.12e). Conversely to tourmaline, illite 

has preferentially altered and replaced shales over sandstones. Illite partially replaced feldspars in 

granitoids, and illite-rich alteration zones are only prominent in sedimentary rocks adjacent to 

intrusions. Strong quartz – illite – tourmaline alteration has affected the wall rocks close to 

tourmaline – quartz-cemented breccias and veins across the San Francisco de los Andes district 

(Fig. 4.1). Locally, sedimentary rocks of Agua Negra Formation that host the San Francisco de los 

Andes breccia complex are moderately to strongly altered to illite and quartz (SE domain; Figs. 4.4 

and 12h) and tourmaline ± illite – quartz (NW domain; Figs. 4.4 and 12i). 

Minor oxides (particularly cassiterite) and sulfides (pyrite and arsenopyrite) locally 

replaced siltstones and sandstones (Figs. 4.8 and. 4.13).  The oxide – sulfide phases are scarce. 

Pyrite and arsenopyrite are more common than cassiterite and occur as small disseminated 
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euhedral cubic and rhombic crystals respectively, within the breccia clasts (Figs. 4.13a-d). Stage 2 

arsenopyrite replacement ranges from incomplete skeletal rhombic crystals (Figs. 4.13b and 4.13c) 

to complete euhedral crystals (Fig. 4.13d). Both, arsenopyrite and pyrites crystals, contain 

abundant quartz inclusions as a result of imperfect replacement of sedimentary rocks (Fig. 4.13d). 

 

Figure 4.13: a. Disseminated euhedral cubic and rhombic pyrite and arsenopyrite crystals in one of the clasts 

of a quartz – tourmaline-cemented breccia. b.-d. Stage 2 cassiterite, pyrite and arsenopyrite partially 

replacing sandstone clasts (reflected light, parallel nicols). Note the incomplete skeletal replacement of 

rhombic arsenopyrite crystals (b-c). Where the replacement of euhedral arsenopyrite and pyrites is pervasive 

quartz inclusions from sandstones are still evident (b-d). Abbreviations: qz = quartz, css = cassiterite, py = 

pyrite, and ap =arsenopyrite. 

4.5.2 Syn-brecciation 

Stage 3: Syn-breccia, hydrothermal cement in the SE domain  

Brecciation was followed by precipitation of silicate minerals from hydrothermal fluids, 

which cemented partially breccia clasts (Fig. 4.8). Tourmaline, and to a lesser extent quartz, define 

the earliest cockade banding in the breccia complex (stage 3a; e.g., Fig. 4.14a). A second phase of 

infill followed, which produced major sulfide and sulfosalt deposition (stage 3b). Based on textural 

relationship, this stage was subdivided into an early (stage 3b-I) and late sulfide-sulfosalt phase 

(stage 3b-II; Fig. 4.8). 

Coarse- to medium-grained, euhedral tourmaline was the first mineral to precipitate during 

stage 3a. It was followed by coarse- to medium-grained euhedral to subhedral quartz, which is 
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intergrown with younger tourmaline (Figs. 4.8 and 4.14b). The abundances of tourmaline and 

quartz varied during stage 3a, where abundant tourmaline co-precipitated with minor quartz and 

vice versa, but in general abundant tourmaline co-precipitated with minor quartz.  Euhedral 

tourmaline and quartz tended to grow perpendicular to tabular breccia fragments, resulting in 

cockade textures (Fig. 4.14a). 

Stage 3b-I is characterized by euhedral pyrite followed by arsenopyrite (Fig. 4.8). Stage 

3b-I produced more than 95% of the pyrite and arsenopyrite in the SE domain of the breccia 

complex. Pyrite formed euhedral crystals that now display different degrees of cataclasis (Figs. 

4.14c-f). Arsenopyrite exhibits less fractures than pyrite, and it commonly fills fractures within 

earlier-formed pyrite crystals (Fig. 4.14e). Stage 3b-I pyrite – arsenopyrite is crosscut and 

overprinted by stage 3b-II Bi–Cu ore minerals (Fig. 4.8).   

Stage 3b-II sulfides and sulfosalts are the main Bi and Cu ores in the SE domain. 

Bismuthinite was the first Bi mineral to precipitate, and was followed by cosalite (Fig. 4.8; e.g., 

Fig. 4.14g-h). Cosalite co-precipitated and continued to form after bismuthinite stopped (Fig. 4.8). 

Minor to trace amounts of stibnite formed simultaneously with bismuthinite, whereas minor 

emplectite, cuprobismutite, wittichenite and berryite formed synchronous with cosalite (Fig. 4.8; 

e.g., Fig. 4.15a-b). Younger mineral species of the bismuthinite – aikinite series commonly occur 

at contacts between bismuthinite and cosalite (Figs. 4.8 and 4.14g-h), but they are also locally 

hosted in bismuthinite crystals (Fig. 4.15c). Minor amounts of tellurides accompanied bismuth 

sulfides and sulfosalts precipitation (Fig. 4.8); tetradymite inclusions are hosted in both 

bismuthinite and cosalite, whereas hessite inclusions are rarer and were only found in bismuthinite 

(Figs. 4.8 and 4.15a-e). Stage 3b-II chalcopyrite crystalized after bismuthinite started to precipitate, 

and began to form before cosalite. Chalcopyrite continued to precipitate well after cosalite stopped 

(Fig. 4.8; e.g., Fig. 4.15e). Stage 3b-II paragenetic relationships documented during this study are 

consistent with the observations of Llambías and Malvicini (1969). Bornite is a common phase, but 

is less abundant than chalcopyrite. Bornite, together with minor digenite and tetrahedrite formed 

synchronous with and after stage 3b-II chalcopyrite began to precipitate (Figs. 4.8 and 4.15f). Only 

minor sphalerite stars and incomplete sphalerite skeletal crystal inclusions occur within stage 3b-II 

chalcopyrite crystals (Figs. 4.8 and 4.15h). 

Stage 4: Syn-breccia, hydrothermal cement in the NW domain 

The NW domain of the breccia complex is characterized by distinctive breccia, 

mineralogical and geochemical features, the latter are presented in sections 4.6 and 4.7. The 

paragenetic sequence during stage 4 is similar to stage 3, in that silicate minerals (stage 4a) were 

followed by sulfides and sulfosalts (stage 4b).  
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Fig. 4.14: a. Local quartz cockade texture. b.-g. Reflected light photomicrographs (parallel nicols). b. Stage 

3a tourmaline prisms overgrown by 3a quartz hexagonal prisms.  Stage 3b-I arsenopyrite has enclosed the 

younger silicates. c. Stage 3b-I euhedral pyrite surrounded by younger arsenopyrite. Note the two pyrite 

fragments trapped within arsenopyrite. d. Stage 3a tourmaline overgrown by stage 3b-I pyrite and younger 

3b-I arsenopyrite. e. Stage 3b-I arsenopyrite filling fractures in euhedral pyrite. Note that both sulfides are 

affected by younger fractures, locally cemented by stage 3b-II chalcopyrite and stage 5 chalcocite. f. Stage 

3b-I pyrite is strongly fractured and filled by stage 3b-II chalcopyrite. Note that chalcopyrite is less fractured 

than pyrite, but evident where supergene chalcocite has developed along those fractures. g. Stage 3b-II 

bismuthinite and cosalite. Intermediate members of the bismuthinite – aikinite series formed along the 

contacts. Krupkaite and lindstromite are likely products of element diffusion to reach equilibrium between 

minerals with very contrasting Pb contents. Cosalite exhibits evident cleavage and parting where the arsenate 

beudantite and preisingerite, preferentially formed. h. Detailed backscattered electron image of Fig 4.14g 

showing lindstromite along the contacts between bismuthinite and cosalite. 
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Figure 4.15: a., e.-h. Reflected light photomicrographs (parallel nicols). a. Stage 3b-II cosalite with 

medium-grained wittichenite inclusions and fine-grained tetradymite inclusions; both  preferentially 

developed along cleavage planes. Note the crustiform banding of arsenates formed along fractures and 

parting. The outer dark-grey band is beudantite and the inner light-grey band is preisingerite. b. 

Backscattered electron image of stage 3b-II cosalite with medium-grained berryite inclusions and fine-

grained tetradymite inclusions. c. Paarite, a member of the bismuthinite – aikinite series, formed within a 

larger bismuthinite crystal, not along the contact between bismuthinite and cosalite. Note the tetradymite 

inclusion hosted in paarite (BSEI). d. Very fine-grained hessite inclusions are only hosted in bismuthinite, 

whereas tetradymite inclusions are more abundant and larger (BSEI). e. Stage 3a tourmaline trigonal prisms 

overgrown by stage 3b-II cosalite. Younger 3b-II chalcopyrite formed along cosalite parting and cleavage. f. 

Stage 3b-II chalcopyrite and bornite. Note the sphalerite skeletal crystal inclusion (or sphalerite star) in 

chalcopyrite. g. Stage 3a tourmaline overgrown by stage 3b-I skeletal pyrite and stage 3b-II chalcopyrite. h. 

Sphalerite stars and incomplete skeletal sphalerite crystal inclusions hosted in stage 3b-II chalcopyrite. Note 

the supergene chalcocite and luzonite formed along fractures. 
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Stage 4a contains more quartz than tourmaline, which contrasts with stage 3a (Figs. 4.8 

and 4.9). Cockade and comb textures are also common, but the most distinctive textural feature in 

stage 4a is the clean to milky cockade quartz, which is not present in stage 3a (Fig. 4.16a). 

Stage 4b sulfide – sulfosalt mineralization can be subdivided into an early (stage 4b-I), 

intermediate (stage 4b-II) and late phase (stage 4b-III; Fig. 4.9). Stage 4b-I is similar to stage 3b-I 

in that it is characterized by euhedral pyrite followed by arsenopyrite (Fig. 4.16b-d). However, 

arsenopyrite is significantly less abundant in stage 4b-I than stage 3b-I (Figs. 4.8 and 4.9). 

 

Figure 4.16: a. Characteristic milky quartz with cockade texture from the NW domain. b.-d. Reflected light 

photomicrographs (parallel nicols). b. Stage 4a tourmaline trigonal prisms overgrown by stage 4b-I 

arsenopyrite. c.-d. Stage 4b-I pyrite moderately fractured and cemented by stage 4b-II bismuthinite. Note the 

smoother surface of bismuthinite with no distinctive fractures compared to pyrite (d.). e. Backscattered 

electron image of stage 4b-II bismuthinite and cosalite. Note the presence of tetradymite inclusions hosted in 

both Bi-bearing minerals, whereas krupkaite formed only along the contacts. f. Backscattered electron image 

of stage 4b-II cosalite with coarse-grained vikingite inclusions and very fine-grained tetradymite inclusions. 

Abbreviations: tm = tourmaline, py = pyrite, ap = arsenopyrite, bs = bismuthinite, cs = cosalite, ty = 

tetradymite, kr = krupkaite, and vk = vikingite.      
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Stage 4b-II is characterized by Bi and Cu mineralization. Bismuthinite, cosalite, 

chalcopyrite and associated sulfides, sulfosalts and tellurides are common, they are less abundant 

than in stage 3b-II (Fig. 4.16c-f). Another difference between stages 3b-II and 4b-II is the presence 

of vikingite and lack of wittichenite and stibnite from stage 4b-II (Figs. 4.8 and 4.9; e.g., Fig. 

4.16f). 

Stage 4b-III is the most distinctive component of the NW domain of the breccia complex, 

because it is characterized by abundant galena and sphalerite (Figs. 4.9 and 4.17). These base metal 

sulfides are not present in the SE domain, expect for traces of sphalerite star-like inclusions 

occurring within stage 3b-II chalcopyrite. Stage 4b-III sphalerite hosts very fine- to medium-

grained blebs of chalcopyrite, defining the characteristic chalcopyrite disease texture (Figs. 4.17a-b 

and 4.17 d-f; cf., Barton and Bethke, 1987).  

4.5.3 Post-brecciation 

Stage 5: Weathering and supergene enrichment  

Regionally, hematite and limonite staining is a common feature affecting plutonic rocks of 

the Tocota Pluton (e.g., Fig. 4.18a). Iron oxides and hydroxides have either pervasively stained 

igneous rocks or formed halos around strongly-weathered pyrite-rich veins. Locally hematite and 

limonite have formed pseudomorphic cubic boxworks after pyrite. 

At the San Francisco de los Andes breccia complex, oxides, hydroxides, arsenates, sulfates 

and carbonates have formed simultaneously in the weathering profile, whereas supergene sulfides 

and sulfosalts are younger (Fig. 4.9). The weathering profile (70 ± 5 m thick; Fig. 4.3c), consists of 

an oxidized zone (0 to 30 – 35 m), a mixed zone (30 – 35 to 37.5 – 45 m) and a sulfide enrichment 

zone (37.5 – 45 to 65.5 – 70 m). There is a rough vertical mineral zonation where arsenates and Fe 

oxides-hydroxides are best developed in the oxidized zone closer to the surface. Sulfates, and to a 

lesser extent carbonates, formed along the oxidized and mixed zone. Copper sulfates and 

carbonates are particularly concentrated along the permeable rims of the breccia complex (Fig. 

4.3c). Supergene sulfides and sulfosalts are best developed in the sulfide enrichment zone, and 

locally in the mixed zone (Testa et al., 2016; Appendix 1). 

Hematite, goethite and lepidocrocite are common insoluble oxidized species at surface, but 

their abundances are too low to form a gossan (Fig. 4.18b). Arsenates are the most common 

mineral species in the oxidized zone. The most abundant arsenate is scorodite, which has 

commonly filled fractures in, or completely replaced arsenopyrite (Fig. 4.18c-e). Scorodite occurs 
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as greyish earthy masses commonly mixed with Fe oxides-hydroxides and locally with the rare Fe 

–Pb arsenate-sulfate beudantite (Fig. 4.18f-g).   

 

Fig. 4.17: Reflected light photomicrographs (parallel nicols).a. Stage 4a tourmaline crystals overgrown by 

stage 4b-I pyrite and younger arsenopyrite. Stage 4b-III sphalerite cemented the open spaces and filled 

fractures in pyrite. Chalcopyrite disease texture better developed close to the contact with tourmaline. b. 

Stage 4a tourmaline overgrown by stage 4b-I pyrite and 4b-III sphalerite.  Note stage 4b-III galena and 

sphalerite cemented the fractures and irregular edges of pyrite. c. Stage 4b-III galena crystal with its 

characteristic triangular cleavage pits. Stage 4a tourmaline prisms and 4b-II chalcopyrite grains have been 

enclosed within the galena crystal. d. Stage 4b-III galena overgrowing Stage 4b-II sphalerite with 

chalcopyrite disease. Note stage 5 anglesite crust around the margin of galena. e.-f. Stage 4b-III sphalerite 

with chalcopyrite disease texture and supergene chalcocite rims. The different sizes of the chalcopyrite blebs 

in sphalerite are grouped and aligned along crystallographic planes in sphalerite (e). Stage 4b-III chalcopyrite 

formed along the cubic cleavage planes of sphalerite (f). Abbreviations: tm = tourmaline, py = pyrite, ap = 

arsenopyrite, cp = chalcopyrite, sp = sphalerite, gn = galena, an = anglesite, cc= chalcocite, go = goethite.   
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Figure 4.18: a. Stage 5 hematite halos around fractures in granodiorite. Note the early stage 2 magnetite vein 

crosscut by younger fractures (one of them cemented by stage 2 epidote). b. Surface exposure of strongly 

weathered breccias with abundant goethite and lepidocrocite concentrated along fractures, and hematite in 

clusters. No real gossan was formed on top of the breccia complex. c.-f. Transmitted light photomicrographs 

(parallel and crossed nicols, c.-e. and f. respectively). c. Scorodite filling fractures in arsenopyrite. d. Basal 

section of a scorodite prism. Note scorodite is colourless and its characteristic high relief. e. Fibrous 

aggregates and tabular crystals of scorodite. f. Radiating aggregates of preisingerite overgrown by smaller 

scorodite crystals. g.-h. Reflected light photomicrographs (parallel nicols). g. Crustiform – colloform 

banding of arsenates formed along cosalite parting and fractures. The dark grey colloform band is beudantite 

and the light grey crustiform band is preisingerite. The grey blue mineral affecting cosalite close to fractures 

and parting is an unidentified Bi–Cu–(Pb) arsenate-sulfate. h. Veinlets of the unidentified Bi–Cu–(Pb) 

arsenate-sulfate cutting bismuthinite. Abbreviations: mt = magnetite, epidote, ap = arsenopyrite, bs = 

bismuthinite, cs = cosalite, hm = hematite, go = goethite, le = lepidocrocite, sc = scorodite, be = beudantite, 

and pr = preisingerite.  
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Rooseveltite (BiAsO4) and preisingerite (Bi3(AsO4)2O(OH)) are the most common Bi 

arsenates identified in the weathering profile at San Francisco de los Andes (Fig. 4.18g). Bedlivy 

and Mereiter (1982) first identified preisingerite at San Francisco de los Andes, making this 

deposit its type locality. Rooseveltite and preisingerite are grey, translucent and intimately 

associated. Both are locally accompanied by the less abundant Bi–Cu arsenate: mixite and Bi 

carbonate: bismutite. Particularly preisingerite is associated with bismoclite pockets and are 

commonly intergrown (Testa et al., 2016; Appendix 1). 

The most common Cu arsenates in the San Francisco de los Andes deposit are olive green 

olivenite (Cu2AsO4(OH)) and emerald green conichalcite (CaCu(AsO4)(OH)). They are intimately 

associated with each other, occurring as 0.5 cm long prisms or botryoidal-crustiform coatings on 

fracture surfaces and cavities produced after weathering of the hypogene ore minerals. Blue fibrous 

aggregates of clinoclase (Cu3(AsO4)(OH)3) has filled fractures and is commonly associated with 

Cu sulfates and rarely with olivenite and conichalcite. Clinoclase is less abundant and not only 

restricted to surface exposures. 

Sulfates in the weathering zone at San Francisco de los Andes breccia complex are less 

abundant than arsenates but still very common. In contrast with the more immobile Cu arsenates, 

Cu sulfates occur both in surface outcrops and throughout the oxidized and mixed zones in the 

subsurface (Figs. 4.19a-b). Chalcanthite (CuSO4•5(H2O)) is a major weathering product across the 

weathering profile, it is bright blue, very soft and occurs as crustiform – colloform aggregates (Fig. 

4.19c). The less abundant emerald green brochantite (Cu4SO4(OH)6) is intimately associated with 

chalcanthite (Fig. 4.19d). Anglesite (PbSO4) is a very rare mineral only detected at surface, in the 

NW domain. It occurs as irregular crusts surrounding relict galena (e.g., Fig. 4.17d). Gypsum is a 

ubiquitous minor sulfate.  

Whilst sulfates are the second most abundant group of supergene minerals after arsenates, 

supergene carbonates are rare at San Francisco de los Andes. Malachite and azurite are scarce and 

only occur associated with Cu sulfates and minor chrysocolla (e.g., Fig. 4.19a). Siderite and calcite 

are uncommon. 

Secondary sulfosalts and sulfides are common in the mixed and supergene enrichment 

zones at San Francisco de los Andes breccia complex. Luzonite, covellite and chalcocite 

crystalized after oxides, arsenates, sulfates and carbonates began to form (Fig. 4.9). Weakly 

weathered arsenopyrite – chalcopyrite-bearing rocks commonly show botryoidal luzonite veinlets 

formed along contacts between arsenopyrite and chalcopyrite or across fractures in chalcopyrite 

(Fig. 4.20a-b). Thin luzonite bands and alternating Cu arsenates commonly occur as colloform 

aggregates (e.g., conichalcite; Fig. 4.20a-b), but can also locally occur with Fe or Bi arsenates (e.g., 
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scorodite). Luzonite – arsenates colloform aggregates in chalcopyrite developed a chalcocite or 

covellite rim which separates the hypogene Cu sulfide from the supergene Cu sulfosalt (Fig. 4.20a-

c). Chalcocite and covellite have partially replaced hypogene chalcopyrite and bornite, varying 

from thin rims to pervasive replacements with minor chalcopyrite relicts (Fig. 4.20a-e). Secondary 

Cu sulfides locally developed a mottled texture where hypogene chalcopyrite disease in sphalerite 

is abundant (Fig. 4.20f). 

 

Figure 4.19: a. SE open-pit. Note the light blue colour of the rim breccia facies in contact with the host rock. 

The original Cu-bearing sulfides and sulfosalts have been altered to chalcanthite and minor brochantite. 

Traces of malachite, azurite and chrysocolla were detected. b. SE underground tunnel. Note the white illite – 

quartz-altered sedimentary host rocks and the chalcanthite – (brochantite)-altered rim breccias. c. Crustiform 

– colloform band of pure chalcanthite covering a fracture on the SE rim breccia facies. This sector is strongly 

affected by stage 5 supergene Cu sulfates and minor Fe hydroxides. d. Brochantite with traces of chalcanthite 

partially altering the hypogene Cu ores. Note the relict chalcopyrite – bornite, and bismuthinite – cosalite. 

Abbreviations: ill = illite, qz = quartz, bs = bismuthinite, cs = cosalite, cp = chalcopyrite, bn = bornite, ch = 

chalcanthite, and br = brochantite. 
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Figure 4.20: a.-f., h. Reflected light photomicrographs (parallel nicols).a.-b. Luzonite and 

conichalcite/scorodite crustiform – colloform banding along fractures in chalcopyrite. Chalcocite rims in 

chalcopyrite formed between the luzonite and chalcopyrite. c.-d. Covellite rims have partially replaced 

chalcopyrite grains. Note the outer, thinner luzonite rim surrounding covellite (c) and the relict crystal of 

arsenopyrite overgrown by chalcopyrite (c-d). e. Pervasive chalcocite replacements with small relict of 

primary chalcopyrite. f. Chalcopyrite and sphalerite with chalcopyrite disease overgrowing and filling 

fractures in arsenopyrite. Covellite partially replaced chalcopyrite blebs in sphalerite. g. Transmitted light 

photomicrographs (crossed nicols).g.-h. Goethite and scorodite filling fractures in sphalerite with 

chalcopyrite disease. Chalcocite rims better developed between chalcopyrite disease sphalerite and goethite. 

Abbreviations: tm = tourmaline, qz = quartz, ap = arsenopyrite, cp = chalcopyrite, sp = sphalerite, cc= 

chalcocite, cv = covellite, lz = luzonite, co – sc = crustiform – colloform bands of conichalcite – scorodite, 

and go = goethite. 
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Stage 6: Neoformation minerals 

Several post-mining efflorescent sulfate species were documented underground (Fig. 4.9). 

Stage 6 chalcanthite is a very distinctive neoformation mineral. When compared to stage 5 

chalcanthite, developed better crystals and has no admixtures with other Cu sulfates or carbonates. 

On the underground walls and ceiling, stage 6 chalcanthite commonly occurs as fibrous crystals 

growing out of fractures, as colloform/botryoidal aggregates on exposed porous clasts, or coating 

the whole exposed breccia surface (Fig. 4.21a-c). Alunogen (Al2(SO4)3•17(H2O)) is evenly 

distributed along the walls and roof of underground tunnels. It is commonly associated with stage 6 

chalcanthite. Pure alunogen is white, very soft with a pearly luster and a white streak. It occurs as 

botryoidal aggregates overgrowing stage 6 chalcanthite colloform bands. The resulting color of 

alunogen is a function of impurity content (Fig. 4.21d-e). 

Gunningite (Zn0.75Mn2+
0.25(SO4)•(H2O)) is less abundant than alunogen and only covers 

tunnel walls where sphalerite is abundant (i.e., NW domain). Gunningite is similar to alunogen in 

that it is white, very soft and has a white streak, but it has a distinctive vitreous luster (Fig. 4.21f). 

Starkeyite (MgSO4•4(H2O) is the least abundant efflorescent sulfate at San Francisco de los Andes 

underground tunnels but it is still common. Starkeyite has very similar physical properties with 

alunogen and gunningite, but has a dull luster and commonly occur as needle-like crystals or 

fibrous aggregates frequently hanging from the ceiling as fragile stalactites (Fig. 4.21g-h). Traces 

to major admixtures with hexahydrite (MgSO4•6(H2O)) were also documented. Gypsum 

(CaSO4•2(H2O)) impurities are also associated with both magnesium sulfates.  

4.6 Metal assays 

4.6.1. Main level: Mixed and enriched zones 

The main level is a series of underground tunnels at 2,575 meters above sea level (Fig. 

4.3). The northern, southern and north-western passageways follow the contact between the breccia 

pipe and the sedimentary host rocks (Fig. 4.3). The central passageway cuts the core of the SE 

domain, whereas the bridge goes through sedimentary rocks connecting the SE and NW domains 

(Fig. 4.3). Both crosscuts exhibit variations between rim and core breccia facies. The main level 

intersects the boundary between the mixed and enriched zones. The main level is characterized by 

hypogene mineralization together with some supergene enrichment, copper sulfates and minor 

secondary carbonates (Figs. 4.13-4.21). Results of the metal assays from the main level used in this 

section, with corresponding geographical coordinates per sample, are all listed in Appendix 4.2. 

Raw data from metal assays were obtained from a report by Minera Aguilar (Lencianas, 1990). 

 



Chapter 4 – San Francisco de los Andes breccia complex 

172 
 

 

Fig. 4.21: a. Fibrous aggregate of stage 6 chalcanthite. b. Stage 6 chalcanthite selectively replacing 

sedimentary clasts. The bluish-white mineral overgrowing chalcanthite is alunogen with chalcanthite 

impurities. c. Stage 6 chalcanthite veinlets and clusters affecting both clasts and primary hydrothermal 

cement. d.-e. Botryoidal coatings of alunogen overgrowing chalcanthite. Chalcanthite and gypsum impurities 

result in a light yellowish-green colour alunogen coating (d), greater abundances of goethite and 

lepidocrocite impurities produce bright yellow alunogen. f. Gunningite as post-mining efflorescence partially 

coating tunnel walls where sphalerite is abundant. g. Short needle-like crystals of starkeyite. h. Starkeyite 

fragile fibrous aggregates (with hexahydrite, gypsum and hematite impurities) hanging from the ceiling of 

the underground tunnels.  
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Elevated Au, Ag, Cu, Pb, Zn and Bi occur in well-defined areas within the main level 

based on metal assays from channel samples (Appendix 4.2). Figure 4.22 shows the contrasting 

spatial distribution of Au, Ag, Cu, Pb, Zn and Bi contents within each domain. The highest Au 

concentrations occur in the SE domain of the breccia complex, ranging from 8.1 to 21.4 ppm with 

three extreme Au values of 28 ppm (Fig. 4.22a). Gold grades rarely exceed 7.9 ppm in the NW 

domain of the breccia body (Fig. 4.22a). Silver contents between 102 and 380 ppm are evenly 

distributed in the NW domain, whereas they only occur along the rims of the SW breccia pipe (Fig. 

4.22b). An extreme value of 1,300 ppm Ag was detected from the eastern flank of the breccia 

complex (Fig. 4.22b). High Cu values (1.77 to 8.5 wt. %) are concentrated on the southern and 

eastern edges of the SE domain, with the highest value of 10.1 wt. % on the south-eastern corner 

(Fig. 4.22c). Copper concentrations between 1.77 and 3.2 wt. % are evident along the south-

western flank of the NW sector, but the rest of the NW domain has low Cu (< 1.7 wt. %; Fig. 

4.22c). The NW domain is enriched in Pb, with elevated values (8,000 – 12,300 ppm) evenly 

concentrated along crosscut No 2 and three extreme values on the western flank of the pipe (Fig. 

4.22d). Lead concentrations higher than 2,600 ppm occur along the south eastern flank and part of 

crosscut No 1 (Fig. 4.22d). The distribution of high Zn values (> 1,000 ppm) follow a similar 

pattern to Ag and Pb, although Zn is more restricted to the southern areas in both domains, with the 

highest concentrations (2,400 – 24,000 ppm) along the south-western flank of the NW domain 

(Fig. 4.22e). Consistent with Pb and Ag, the highest Zn values are evenly distributed along the NW 

domain, but only along the rim of the breccia complex in the SE domain (Fig. 4.22e). High Bi 

contents are distributed in a roughly opposite spatial pattern to that of Pb, Zn and Ag (Fig. 4.22f). 

High Bi values (0.74 – 2.8 wt. %) are concentrated in the north-western end of the NW domain, 

and occur regularly through the southern half of the SE domain (Fig. 4.22f). Anomalously high Bi 

grades, between 3.9 and 6.2 wt. %, coincide with the area where the highest gold values were 

detected (Fig. 4.22a and 4.22f).  

When considering sample collected along the rim of the SE domain, selected elements 

yielded strong to moderate statistical correlations. The Pb–Bi and Ag–Pb scatter plots exhibit 

strong positive correlations between elements (R2 = 0.79; R2 = 0.73; Fig. 4.23a-b; Table 4.1). A 

moderate positive correlation between Ag and Bi was detected when subdividing analyses of 

samples from the SE breccia rim into southern and northern rims (R2 = 0.46; R2 = 0.47; Fig. 4.23c; 

Table 4.1). Although the R2 values are very similar; the slopes of the best fit lines from these two 

spatial domains are noticeably different. The southern rim of the SE domain yielded a moderate 

correlation between Cu and Bi (R2 = 0.59; Fig. 4.23d; Table 4.1). 

Samples from the core of the SE domain have contrasting elemental correlations compared 

to those from the rim. Only Ag–Pb have consistent strong positive correlations in both core and 
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rim, with steeper slopes for the best fit line of core samples (R2 = 0.77; Fig. 4.23b; Table 4.1). The 

Cu–Zn scatter plot exhibits strong correlations for the core facies of the SE domain (R2 = 0.85; Fig. 

4.23e; Table 4.1), whereas Cu–Pb and Ag–Zn have moderate positive correlations (R2 = 0.58; R2   

= 0.50; Fig. 4.23f-g; Table 4.1).  

 

Figure 4.22: Spatial distribution of metals in the main level based on rock chip analyses from underground 

channel samples: a. gold, b. silver, c. copper, d. lead, e. zinc, and f. bismuth. Each spot is located in the 

centre of the channel. All data are listed in Appendix 4.2. 

The metal assays from the NW domain yielded four distinctive positive element 

correlations. When considering the whole data collected from the rims of the NW domain, a strong 

positive correlation is evident between Cu and Ag (R2 = 0.71; Fig. 4.24a; Table 4.1). Conversely, 

only samples from the SW rim of the NW domain show moderate correlations between Ag and Bi, 

and between Pb and Bi (R2 = 0.60; R2 = 0.58; Fig. 4.24b-c; Table 4.1). The Ag–Pb assays from the 

SW rim exhibits a weak correlation (R2 = 0.40; Fig. 4.24d; Table 4.1), whereas the rest of the data 



Chapter 4 – San Francisco de los Andes breccia complex 

175 
 

from the NW domain (northern rim and crosscut No 2) yielded a moderate correlation between Ag 

and Pb (R2 = 0.60; Fig. 4.24d; Table 4.1). 

 

Figure 4.23: Selected scatter plots based on metal assays from underground rock chip channel samples 

collected from the SE domain. Abbreviation: n = number of analyses (values below detection limit and far 

outliers were discarded). All data are listed in Appendix 4.2.  
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Figure 4.24: Selected scatter plots based on metal assays from underground rock chip channel samples 

collected from the NW domain. Abbreviation: n = number of analyses (values below detection limit and far 

outliers were discarded). All data are listed in Appendix 4.2. 

 

Table 4.1: Coefficient of determination (R2) of selected elements based on metal assays results for samples 

collected from the main level and surface. Those R2 values ≥ 0.4 are highlighted in bold. Coefficients of 

determination in light blue are not discussed in the text; they are only listed here for consistency. Those 

values with '-' are due to the lack of Bi data from surface samples 

Elements 
correlated 

R2 values 

Main level Surface 

               SE domain    NW domain 
SE domain NW domain 

Rim Core Crosscut No 2 SW rim 

Bi–Pb 0.79 0.25 0.13 0.58 - - 

Pb–Ag 0.73 0.77 0.6 0.4 0.42 0.75 

Bi–Ag 0.47 (N), 0.46 (S) 0.3 0.03 0.6 - - 

Bi–Cu 0.005 (N), 0.59 (S) 0.22 0.01 0.22 - - 

Zn–Cu 0.03 0.85 0.03 0.26 0.63 0.27 

Pb–Cu 0.03 0.58 0.25 0.01 5.5 e-4 0.03 

Zn–Ag 0.12 0.5 0.001 0.35 2.0 e-7 0.17 

Cu–Ag 0.11 0.43 0.2 0.71 0.03 1.7 e-4 

Au–Cu 0.02 0.06 0.05 0.08 0.03 0.55 
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4.6.2. Surface level: Oxidized zone 

Two small, < 30 m long open pits are the most distinctive mine workings at San Francisco 

de los Andes’ surface, one for each domain of the breccia complex (Fig. 4.3). The oxidized zone is 

a < 40 m-thick horizon which constitutes the upper part of the deposit. The most common mineral 

species in the oxidized zone are Cu, Bi, Fe and Pb arsenates, followed by sulfates. In contrast to the 

more immobile arsenates (common at surface), copper sulfates are not only restricted to the surface 

outcrops, but occur also across the oxidized and mixed zones. Oxides and hydroxides are 

ubiquitous at surface, whereas carbonates are rare. The results of the metal assays from the surface 

used in this section, with corresponding geographical coordinates per sample, are all listed in 

Appendix 4.2. 

 

Figure 4.25: Spatial distribution of metals at surface based on rock chip analyses from channel samples:  a. 

gold, b. silver, c. copper, d. lead and e. zinc. Each spot is located in the centre of the channel. The four 

analyses plotted on the lower-right-hand side are vertical samples drilled in the mine dumps. All data are 

listed in Appendix 4.2.  
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The spatial distributions of Au, Ag, Cu, Pb and Zn, as defined by metal assays of surface 

channel samples, are presented in Figure 4.25. Bismuth concentrations were not available for 

surface samples. Gold has a roughly homogeneous distribution at the surface of the San Francisco 

de los Andes orebody. The highest Au concentrations range between 7.2 and 14.4 ppm in the NW 

domain, and between 4.4 and 10.5 ppm in the SE domain (Fig. 4.25a). Silver contents are markedly 

low, with the higher values at surface (21 – 58 ppm) concentrated in the SE domain (Fig. 4.25b). 

Copper distribution is significantly higher in the SE domain compared to the NW breccia domain 

(Fig. 4.25c). In the NW breccia, Cu grades range from 100 to 360 ppm, whereas in the SE breccia 

they mainly range from 390 to 1,000 ppm, with two extreme values of 4,100 and 5,000 ppm (Fig. 

4.25c). Lead concentrations are homogeneously distributed in the NW domain, mostly 2,300          

– 3,900 ppm with an anomalously high value of 10,000 ppm detected in the NW flank of the 

breccia complex (Fig. 4.25d). Conversely, Pb contents in the SE domain are lower and have an 

uneven pattern, generally fluctuating between 140 and 3,900 ppm (Fig. 4.25d). Zinc grades at 

surface are very low (10 – 50 ppm) and exhibit no contrasting pattern between the NW and SE 

domains (Fig. 4.25e). 

 

Figure 4.26: Selected scatter plots based on metal assays from surface rock chip channel samples collected 

from the NW and SE domains. Abbreviation: n = number of analyses (values below detection limit and far 

outliers were discarded). All data are listed in Appendix 4.2.  
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Only three moderate to strong element correlations were detected from surface samples. A 

strong positive correlation between Ag and Pb was documented in the NW domain (R2= 0.75; Fig. 

4.26a; Table 4.1), whereas a weak positive correlation was observed in the opposite side of the 

breccia complex (R2 = 0.42; Fig. 4.26a; Table 4.1). The slopes of the two best fit lines contrast 

markedly (197.19 and 45.93 respectively; Fig. 4.26a). A moderate positive correlation between Cu 

and Zn was detected in the SE domain (R2 = 0.63; Fig. 4.26b; Table 4.1), and between Au and Cu 

in the NW domain (R2 = 0.56; Fig. 4.26c; Table 4.1).  

4.7. Mineral chemistry 

4.7.1 Quartz 

Quartz is the most abundant silicate on Earth and occurs as major to trace mineral phase in 

most crustal geological environments, but is unstable in the mantle or core (e.g., Müller et al., 

2012). Quartz is a common gangue mineral in many ore deposit types, particularly those produced 

by magmatic differentiation.  Conversely, hypogene mineral deposits hosted in orthomagmatic 

mafic – ultramafic rocks, associated with undifferentiated mantle-derived magmas are one of the 

few ore deposits types where quartz is mainly absent. 

The abundance and variations of trace elements in natural quartz has been documented by 

several authors (e.g., Gerler, 1990; Blankenburg et al., 1994; Rusk et al., 2006, 2008, 2011; Götze, 

2009; Müller et al., 2012). These studies provide a global dataset of minor and trace element 

compositions in quartz from most geological environments, including sedimentary, diagenetic, 

hydrothermal, igneous and metamorphic settings. 

4.7.1.1 Quartz minor to trace element substitutions 

Trace elements in the quartz lattice can either occur in the Si4+ site (e.g., Al3+, Fe3+, B3+, 

Ti4+, Ge4+, P5+) or at interstitial channel positions where monovalent and divalent cations (e.g., Li+, 

K+, Na+, H+, Fe2+) act as charge compensators for those trivalent and pentavalent cations host in the 

Si4+ site (Weil 1984, 1993; Müller et al., 2012). Note that Ti4+ and Ge4+ substitute for Si4+ via a 

simple substitution with no required interstitial charge compensator cations (Müller et al., 2003, 

2012). 

The coupled substitution known as ‘berlinite’, which occurs in feldspars, has been 

proposed to be the configuration to accommodate P in the lattice of natural quartz (e.g., 

Maschmeyer and Lehmann 1983; Müller et al., 2012): 

Al3+ + P5+ ⇄ Si4+ + Si4+                                                       (4.1) 
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Based on the configurations of trace elements hosted in the quartz lattice, the sum of 

trivalent cations over the sum of P5+ and monovalent cations should equal 1, and thus attain 

approximately neutral charge (Dennen, 1966; Müller and Koch-Müller, 2009). This hypothetical 

charge neutrality equation can be expressed as the following atomic ratio: 

(Al3+ + Fe3+ + B3+) / (P5+ + H+ + Li+ + Na+ + K+)                                (4.2) 

Theoretically, electron defects in quartz (e.g., caused by vacancies) could also aid to 

charge balance. However, atomic ratios close to the unit have proven that electron defects have 

minor to no influence in charge balance in natural quartz (Müller and Koch-Müller 2009; Müller et 

al., 2012). 

Aluminum concentrations in natural quartz are up to several thousand ppm (e.g., Rusk et 

al., 2006, 2008, 2011), making Al the most common trace element in quartz, easily determined by 

microanalytical techniques. Aluminum contents of natural quartz are a useful indicator of quartz 

purity, as Al positively correlate with the concentration of less abundant trace elements (e.g., Li, K, 

Na and H, possibly B and P; Müller et al., 2012). 

The presence of small atomic clusters of Al, Fe, and alkali metals incorporated along 

specific growth axes in quartz has been proposed for the past half century (e.g., Pfenninger 1961; 

Flicstein and Schieber 1974; Siebers 1986; Ramseyer and Mullis 1990; Brouard et al., 1995). This 

is particularly applicable for low temperature quartz (Müller et al., 2003, 2012). The two H 

reservoirs in quartz are fluid inclusions, and water molecules structurally bounded which define 

homogeneously distributed micro-clusters, accompanied by high Al3+ and Li+, Na+, K+ (Simon, 

2001). Aluminum and alkali metals (i.e., Li, Na, and K) enrichment in sub-microscopic water-

bearing defect clusters can be expressed as follow (Stenina et al., 1988; Stenina, 1995): 

2[SiO3]+ – H2O – M+ – 2[M3+O4]-                                             (4.3) 

where M+ are monovalent cations (e.g., Li+, K+, and Na+), and M3+ are trivalent cations (mostly 

Al3+ and Fe3+). 

Titanium contents tend to be poorly correlated with Al, and uncorrelated with other trace 

elements. This behavior is explained due to Ti occurs in the tetravalent state and substitutes for Si, 

thus no charge compensation by interstitial cations is required (Müller et al., 2003). Various studies 

have documented higher Ti contents in quartz formed at higher temperature (e.g., Sprunt, 1981; 

Bruhn et al., 1996; Van den Kerkhof et al., 1996).  Furthermore, hydrothermal quartz consistently 

yielded lower Ti contents than igneous quartz (e.g., Müller et al., 2003). Tetravalent Ti has a large 

ionic radius (r = 0.69 Å), and generally forms six-fold coordinated octahedra with O2-. 

Temperatures above 500°C are required for Ti4+ to fit the four-fold coordinated quartz lattice 
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(Blankenburg et al., 1994; Müller et al., 2003). Numerous investigations have shown that Ti 

substitution in quartz is temperature-dependent, where its concentration systematically increases 

with increasing temperature (e.g., Wark and Watson, 2006; Thomas et al., 2010). Based on this, Ti 

values have been calibrated as a precise geothermometer that can be used in wide variety of 

environments (Wark and Watson, 2006; Thomas et al., 2010). Thomas et al. (2010) proposed a 

more comprehensive titanium-in-quartz geothermobarometer developed under pressures between 5 

and 20 kbars, and temperatures from 700 to 940 °C.  

Germanium occurs in the tetravalent state and substitute for Si, similarly to Ti. Germanium 

contents positively correlate with halogen concentrations (i.e. Cl, Br) and the salinity of fluid 

inclusions (Gerler, 1990). The presence of halogens in low temperature hydrothermal solutions 

increases Ge uptake into the quartz lattice (Schrön; 1969). However, Behr and Schmidt-Mumm 

(1987) proposed that Ge is instead enriched in fluid inclusions with extremely high salinity.  

Numerous factors control the concentration of trace elements in quartz, such as 

crystallization temperature (e.g., Wark and Watson 2006), the extent of melt fractionation (in 

quartz of igneous and pegmatitic origin; e.g., Müller et al., 2002a; Larsen et al., 2004; Breiter and 

Müller 2009; Jacamon and Larsen 2009; Müller et al., 2010a; Beurlen et al., 2011; Fig. 4.5) and the 

chemistry and pH of the quartz-forming fluids (in quartz of diagenetic and hydrothermal origin; 

e.g., Rusk et al., 2008; Jourdan et al., 2009; Müller et al., 2010b). Geological processes that take 

place after quartz formation (e.g., metamorphism, metasomatism, etc.) may lead to recrystallization 

or neocrystallization of secondary quartz, modifying the original trace element distribution (e.g., 

Van den Kerkhof et al., 2004; Müller et al., 2008a). These processes may also induce the formation 

of submicron inclusions (e.g., micas, rutile due to Ti exsolution, Müller et al., 2002b; Frondel 

1962; Meinhold 2010) further affecting the trace element distribution in quartz. Diffusion of trace 

elements such as Fe and Ti after quartz crystallization has been documented by several authors 

(e.g., Penniston-Dorland 2001; Müller et al., 2005; 2012; Mercer et al., 2015). Titanium has a 

much lower diffusion coefficient than other trace elements (e.g., Fe), which is a key feature for Ti 

contents to be used as an accurate geothermometer. According to Cherniak et al. (2007) Ti 

diffusion in a million years would be of the order of 500 µm at 800ºC and approximately 15 µm at 

600 ºC. For example, multiple generations of quartz in porphyry dikes and hydrothermal veins 

from the Butte Cu-Mo deposit have been documented by Mercer et al. (2015). In their study, Ti 

contents in quartz correlates positively with CL brightness, but Al, K, and Fe do not. Calibrated CL 

brightness in relation to Ti concentration in different quartz generations was used as a proxy for Ti 

gradients, which has been modeled to determine time scales of quartz formation and cooling. Their 

proposed heat conduction models provided a temporal reference point to compare chemical 

diffusion time scales, both support short dike and vein formation time scales (Mercer et al., 2015). 
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4.7.1.2 Quartz sample material 

Quartz from granite-hosted, radiating tourmaline – quartz crystals, and quartz from 

hydrothermal cement from breccias in the San Francisco de los Andes district have been analyzed 

macroscopic and microscopically. Stage 1 quartz from radiating tourmaline – quartz crystals 

hosted in granites, < 200 m from the San Francisco de los Andes breccia complex was analyzed 

(Appendix 4.3a,b). Stage 2 quartz-cemented breccias cropping out < 50 m from San Francisco de 

los Andes breccia complex was also considered in this study (Appendix 4.3a,b). Both tourmaline             

– quartz-cemented breccias from the SE (stage 3a quartz) and NW (stage 4a quartz) domains of the 

breccia complex were analyzed (Appendix 4.3a,b). Seven representative quartz samples of stages 

1, 2, 3a and 4a were analyzed by means of CL, EMPA and LA-ICP-MS (Figs. 4.8, 4.9, and 4.27; 

Appendix 4.3a,b). Thirty-four analyses were discarded from the original 92 analyses due to 

impurities encountered during analyses. A total of 58 LA-ICP-MS spot analyses from six quartz 

samples were used for geochemical interpretations of stages 1, 2, 3a and 4a (Appendix 4.3a). 

 

Figure 4.27: Spatial distribution of underground samples of quartz, pyrite, arsenopyrite, Bi-minerals, and 

galena analysed by EMPA and LA-ICP-MS. All data are listed in Appendixes 4.3 – 4.8. 

4.7.1.3 Quartz spot analysis  

Aluminum, P, Li, As, Ge and Sb have higher means, medians, third quartiles and wider 

likely ranges of variation (i.e., interquartile ranges: IQR) in stage 3a quartz from the SE domain 

compared to stage 4a quartz from the NW domain (Fig. 4.28; Appendix 4.3a). Conversely, K and 

Na showed higher means, medians, third quartiles and wider IQR in stage 4a quartz from the NW 
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domain (Fig. 4.28; Appendix 4.3a). Stage 2 quartz from quartz-cemented breccia cropping out 

close to the San Francisco de los Andes breccia complex contrasts with stages 3a and 4a quartz due 

to its higher Fe and Ti contents, and Li values < 5 ppm (Fig. 4.28; Appendix 4.3a). Stage 1 quartz 

from radiating tourmaline – quartz crystals hosted in granite has much higher Ti than hydrothermal 

quartz from breccia cement (Fig. 4.28; Appendix 4.3a). Furthermore, Li mean, median and IQR are 

considerable higher compared with breccia samples, whereas Fe and Sb are lower (Fig. 4.28; 

Appendix 4.3a). Trace elements concentrations in thin overgrown rims on stage 1 quartz (thereafter 

referred to as stage 1-rim) have compositions comparable to those from hydrothermal breccias (i.e., 

stages 2, 3a and 4a). Particularly, Ti contents are markedly lower than in stage 1 quartz (Fig. 4.28; 

Appendix 4.3a).  

 

Figure 4.28: Box-and-whisker plot of selected trace elements in quartz from radiating tourmaline – quartz 

crystals hosted in granite (stage 1 and stage 1-rim) and tourmaline – quartz-cemented breccias (stages 2, 3a, 

and 4a).  Abbreviations: N = number of samples, n = number of analyses. All data are listed in Appendix 

4.3a. 

Stage 1, granite-hosted quartz from radiating tourmaline – quartz crystals has distinctively 

higher Ti contents than stages 2, 3a and 3b quartz from breccias (Fig. 4.29a). The two analyses 

from stage 1-rim have Ti values noticeably lower, consistent with the hydrothermal quartz from 

breccias (i.e., stage 2, 3a and 4a; Fig. 4.29a). Conversely stage 2, 3a and 4a hydrothermal quartz 

from breccia cement has higher Ge contents than stage 1quartz from radiating tourmaline – quartz 

crystals (Fig. 4.29a).   

Titanium and Ge are tetravalent cations, which can directly replace Si in the quartz lattice. 

There are no correlations between these two elements; quartz from the San Francisco de los Andes 

district either hosts Ti or Ge in its lattice (Table 4.2; Fig. 4.29a). 
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Figure 4.29:  Scatter plots of selected elements (and math operations) in quartz from tourmaline – quartz 

radiating crystals hosted in granite (stage 1) and tourmaline – quartz-cemented breccias (stages 2, 3a, and 

4a). Abbreviations: N = number of samples, n = number of analyses. All data are listed in Appendix 4.3a. 

Stages 2, 3a and 4a  quartz from hydrothermal breccias yielded positive correlation 

between Li and elements that commonly occur in the trivalent oxidation state in quartz (e.g., Al3+ 

and Sb3+; Table 4.2; F Fig. 4.29b-c). Positive correlations between this group of elements appear to 

be consistent with a coupled substitution mechanism where a monovalent and trivalent cation 

substitute for a tetravalent cation (i.e., Si). Furthermore, the sum of elements that commonly occur 

as trivalent cations (i.e., Al, Sb and As) positively correlate with Li contents in quartz from 

hydrothermal breccias (Table 4.2; Fig. 4.29d). 
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     Si4+ ⇄ Al3+ + Li+                                                             (4.4) 

     Si4+ ⇄ Sb3+ + Li+                                                             (4.5) 

Antimony and As may also have a 5+ oxidation state (similar to P5+) and positively 

correlate with Al3+. These elements have replaced two Si4+ cation per one pentavalent cation plus 

one trivalent cation, similar to the ‘berlinite’ substitution. Both Sb – Al and Sb – (P + Sb + As) 

binary plots yielded strong positive correlations (Table 4.2; Fig. 4.29e-f). 

     2Si4+ ⇄ Sb5+ + Al3+                                                             (4.6) 

2Si4+ ⇄ As5+ + Al3+                                                             (4.7) 

Table 4.2: Selected element correlations in quartz from hydrothermal tourmaline – quartz-cemented breccias 

(stages 2, 3a and 4a), and tourmaline – quartz radiating crystals hosted in granite (stage 1). Corresponding 

coefficient of determination (R2 value) are expressed in both linear and logarithmic scale. Those R2 values    

≥ 0.6 are highlighted in bold 

 

Elements 
 correlated 

Stages 2, 3a and 4a 
quartz 

(linear scale) 

Stage 1 quartz 
(linear scale) 

Stages 2, 3a and 4a 
quartz 

(logarithmic scale) 

Stage 1 quartz 
Logarithmic scale 

Ge – Ti 0.01 0.09 0.07 0.01 

Li – Al 0.95 0.11 0.96 0.38 

Li – Sb 0.3 0.22 0.79 0.33 

Li – As 0.11 0.3 0.38 0.3 

Li – (Al + Sb + As) 0.94 0.12 0.96 0.4 

Al – Sb 0.46 0.2 0.79 0.34 

Al – As 0.2 0 0.44 0 

Al – (Sb + As) 0.45 0.02 0.76 0.04 

Al – (P + Sb + As) 0.46 0.47 0.68 0.36 

As – Sb 0.46 0.71 0.63 0.62 

 

4.7.2 Pyrite 

Pyrite trace element chemistry has been used by previous authors to help determine fluid 

compositions, and ore-forming processes. For more than a decade, pyrite trace element 

compositions from various types of ore deposits have been analyzed using state-of-the-art 

techniques, such as LA-ICP-MS. Most of these studies have investigated near-neutral pH and 

relatively reducing environments; some examples include sediment-hosted and Carlin type Au 

(e.g., Large et al., 2007, 2009; Barker et al., 2009; Scott et al., 2009; Ulrich et al., 2011; Agangi et 

al., 2013), orogenic Au (e.g., Cook et al., 2009; Large et al., 2009; Thomas et al., 2011; Velásquez 

et al., 2014), and volcanic-hosted massive sulfide deposits (e.g., Maslennikov et al., 2009, Rogers 

et al., 2014). Conversely, only few studies addressed the incorporation of trace elements in pyrite 
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formed under highly acidic and oxidizing conditions such as those occurring in high-sulfidation 

epithermal Au deposits (e.g., Chouinard et al., 2005; King et al., 2014). This study provides new 

data on pyrite LA-ICP-MS trace element compositions from a magmatic-hydrothermal breccia 

system. Trace element composition in pyrite from ore-bearing breccias has been studied in other 

theses at the University of Tasmania (e.g., Ageneau, 2012; Gregory, 2014). 

4.7.2.1 Pyrite minor to trace element substitutions 

Trace elements may be incorporated into the pyrite crystal structure as solid solution via 

diverse mechanisms such as coupled, simple, or non-stoichiometric substitutions (e.g., Conde et 

al., 2009; Thomas et al., 2011). Trace elements may also occur as mineral inclusions within pyrite, 

either as invisible nanoinclusions or visible inclusions (e.g., Deditius et al., 2011; Thomas et al., 

2011). The incorporation of gold into the pyrite crystal lattice has been studied by several authors. 

Probably the most common mechanism documented involves the coupled substitution of As1– for 

S2-, and Au+ for Fe2+ (e.g., Cabri et al., 2000). On the basis of the existence of Fe3+ in a non-polar 

state in the pyrite structure, gold can also be incorporated to pyrite structure via an alternative 

substitution where Au3+ occurs at the Fe3+ site, and As1– at the S2- site (Arehart et al., 1993).  

2 Au+ ⇄ Fe2+; 2 As1– ⇄ S2-                                                                (4.8) 

Au3+ ⇄ Fe3+; 2 As1– ⇄ S2-                                                                 (4.9) 

However, As can also behave as a metal in the pyrite structure, so that it can be 

coordinated with S atoms (Bostick and Fendorf, 1999; Chouinard et al., 2005). Furthermore, Au 

does not always occur as a coupled substitution with As. At the Pascua-Lama high sulfidation 

deposit, gold was incorporated in pyrite via Au–Cu coupled substitution replacing two Fe2+ ions 

((Au3+
0.5 Cu+

0.5)S2; Chouinard et al., 2005). Other precious metals, such as Ag, can be incorporated 

in pyrite via Ag–As coupled substitutions, replacing two Fe2+ ions in order to maintain charge 

balance ((Ag+
0.5 As3+

0.5)S2; Chouinard et al., 2005). Elements from the S family, such as Te and Se, 

are incorporated by direct-ion exchange (Chouinard et al., 2005). 

4.7.2.2 Pyrite sample material 

A total of 95 filtered and quantified LA-ICP-MS spot analyses have been collected from 

syn-brecciation, stage 3b-I and 4b-I pyrite grains from the San Francisco de los Andes breccia 

complex (Appendix 4.4). The suite of analyses includes two representative samples from the stage 

3b-I in the SE domain (30-2010, 33 analyses, and 18-2010, 24 analyses; Appendix 4.4), and one 

from the stage 4b-I in the NW domain (20-2010, 38 analyses; Appendix 4.4). Samples locations 

are shown on Figure 4.27. Cores and rims of 21 to 14 individual pyrite crystals were spot analyzed 
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from each studied sample. Small growth zones within major zones were impossible to isolate due 

to the very short time of detection per zone. For a better understanding of pyrite minor and trace 

element zonation, two large (> 200 µm) euhedral pyrite crystals from the NW domain (20-2010) 

and one from the SE domain (15-2010) were mapped using LA-ICP-MS (Figs. 4.30 and 4.31). 

4.7.2.3 Pyrite trace element mapping 

Two stage 4b-I pyrite crystals mapped by LA-ICP-MS from the NW domain exhibit four 

distinctive concentric growth zones (Fig. 4.30). Zones I and II represents the core of the pyrite 

crystals, whereas zones III and IV define the rims. Zone I has elevated Co based on the high counts 

per seconds (cps), whereas zone II has high Ni cps (Fig. 4.30). Note that both Co-, and Ni-rich core 

zones do not have well-defined limits, but they partially overlap with each other (i.e., high Ni cps 

locally occur in zone I along with high Co cps; Fig. 4.30b). Furthermore, there are areas within the 

core growth zones where both Co and Ni show low cps (i.e., zone II has locally low cps in both Ni 

and Co; Fig. 4.30). Low cps for As in the core of 4b-I pyrite is only clear in Figure 4.30b. Zones III 

has weakly to moderately elevated cps in Ag, Cu, Pb, Bi and Sb, whereas Zone IV has strong 

intensity for those elements as well as Mo, In and Cd. The thin zone IV shows moderately high cps 

in Co and Ni, unlike relatively low Au cps (Fig. 4.30). Stage 4b-I pyrite crystals are overgrown by 

tourmaline. Tourmaline yielded high cps for Mg, Ba and Tl compared to pyrite. High copper cps 

are distinctive of zone IV in pyrite but also occur in tourmaline (Fig. 4.30). 

The stage 3b-I pyrite grain mapped by LA-ICP-MS from the SE domain has three irregular 

concentric growth zones (Fig. 4.31). Zone I is an irregular to triangular-shaped core, which has low 

cps in most trace and minor elements. Zone II has high cps in Cu, In, Ag, Zn, Sn, Cd, Pb, Bi and 

Sb compared to zone I. Zone III is a late-stage skeletal overgrowth on the euhedral crystal. Copper, 

Ag, Bi, Pb and Sb have relatively higher cps than zone II, whereas In, Zn, Cd, and Sn cps are 

comparable to those in zone II. Arsenic, Au, Co and Ni yielded relatively weak intensities within 

zone III, and strongly lower cps within the euhedral pyrite crystal (Fig. 4.31). Arsenic and Tl are 

the only elements that exhibit apparent concentric zonation patterns (Fig. 4.31). 

Fine veinlets of supergene chalcocite and digenite have crosscut hypogene chalcopyrite 

that overgrown the stage 3b-I pyrite (Fig. 4.31). Both of the supergene copper minerals lack Fe and 

have high cps of Ag, but only digenite has high cps of Mo (Fig. 4.31). There are also two small 

grains of Zn-olivenite that have characteristic high cps of Cu, Zn and As, but no S or Si. This 

arsenate also has high cps of Cd and Sb (Fig. 4.31). Magnesium, Ba, Si, Ti, Mn, and Tl maps 

yielded warmer colors in those areas where tourmaline occur (Fig. 4.31). Fine-grained tourmaline 

has higher cps in Cu, Pb, Bi, Sb and Ag compared to the radiating tourmaline crystal on the lower 
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right-hand-side of Figure 4.31. The tourmaline needles have intensities of Cu, Pb, Bi, Sb and Ag 

comparable to those of pyrite (growth zone I and II; Fig. 4.31).   

 

Figure 4.30: LA-ICP-MS map of stages 4b-I pyrite from the NW domain (20-2010). Concentrations of each 

element are proportional to intensity of the signals (expressed as counts per second, cps). Note the thin Cu–

Bi–Ag–Pb-rich rim (a and b). Both crystals are overgrown by tourmaline. Abbreviations: py = pyrite, tm = 

tourmaline. 
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Figure 4.31: LA-ICP-MS map of stages 3b-I pyrite from the SE domain (15-2010). Concentrations of each 

element are proportional to intensity of the signal (expressed as counts per second, cps). Abbreviations: py 

= pyrite, cp = chalcopyrite, tm = tourmaline, cc = chalcocite, di = digenite, ol = olivenite. 

4.7.2.4 Pyrite spot analysis  

The distribution of minor and trace elements in stage 3b-I pyrite from the SE domain, and 

stage 4b-I from the NW domain are displayed in a series of box and whiskers plots (Fig. 4.32). 

Selected lithophile elements are plotted on Figure 4.32a. Aluminum, Mg, Ti, Ba, Cr and V are 

consistently enriched in stage 4b-I pyrite (NW domain; Fig. 4.32a). Siderophile elements, such as 

Co and Ni exhibit higher Q1 and mean values in the NW domain (Fig. 4.32a). Trace elements in 

samples from stage 3b-I pyrite (SE domain) have similar compositions and contrast markedly with 
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the results from stage 4b-I pyrite (NW domain; Fig. 4.32a). Most of the chalcophile elements (e.g., 

As, Pb, Bi, Sb and Tl) show a wider range of values in the SE domain, with lower Q1 and mean 

values compared to the NW domain. Indium consistently has far outlier concentrations in stage 3b-

I pyrite. The SE domain only has higher means and medians for chalcophile elements, such as Ag 

and Se (Fig. 4.32b).  

 

Figure 4.32: a. Distribution of selected lithophile and siderophile elements in pyrite samples of stages 3b-I 

and 4b-I from the SE and NW domains respectively. b. Distribution of selected chalcophile elements in 

pyrite samples of stages 3b-I and 4b-I from the SE and NW domains respectively. Abbreviation: n = 

number of analyses. All data are listed in Appendix 4.4. 

Gold contents in stage 4b-I pyrite from the NW domain range up to 4.5 ppm, but have no 

obvious correlation with any of the other elements analyzed (Fig. 4.33; Table 4.3).  Stage 3b-I 

pyrite samples from the SE domain are strongly enriched in gold, with concentrations up to 19 

ppm. Gold exhibits positive correlations with As (R2 = 0.84 and 0.66; Fig. 4.33a; Table 4.3). Gold 

spectra from LA-ICP-MS spot analyses show smooth patterns that mimics the signal of arsenic 

(Fig. 4.34a). Both elements appear to be in solid solution, or may coexist in invisible nanoparticles 

within the pyrite lattice. Conversely, elements such as Bi, Pb, Sb, Ni, Ti, Se and Te have no 

correlation with Au, or have weak to moderate negative correlations in stage 3b-I pyrite from the 

SE domain (Fig. 4.33b-h; Table 4.3). 

Silver contents in pyrite are intimately associated with elevated Pb, Bi and Sb (Fig. 4.35a-

c). The Ag, Pb, Bi and Sb signals from LA-ICP-MS spot analyses show smooth versus spiky 

patterns, depending on whether spots were close to the core or rim respectively (Fig. 4.34b). The 

spiky counts are not caused by inclusions, but relate to very thin growth zones close to the edges of 

the pyrite crystals. The similar behavior of Ag, Pb, Bi and Sb is evident based on their positive 

correlations in every sample analyzed, particularly in the SE domain (Fig. 4.35a-c; Table 4.3). 

Based on spot analyses and maps, Ag and Au show no statistically significant correlations in pyrite 

(Figs. 4.29 – 4.31 and 4.35d; Table 4.3). Higher Au concentrations correlate positively with As-

rich zones (R2 = 0.84 and 0.66; SE domain); whereas Ag is mainly restrained to outer thin rims in 

pyrite, along with Pb, Bi and Sb (Fig. 4.35a-c; Table 4.3). 
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Figure 4.33: Binary plots of Au contents versus selected elements for stages 3b-I and 4b-I pyrite from the SE 

and NW domains respectively. Abbreviation: n = number of analyses. All data are listed in Appendix 4.4. 
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Table 4.3: Coefficient of determination (R2) of selected elements based on LA-ICP-MS data from pyrite 

samples collected from the SE and NW domains in the main level. Those R2 values ≥ 0.3 are highlighted in 

bold. Note that Au has no correlation with any element but As 

Elements 
correlated 

Stage 3b-I pyrite: SE domain 
Stage 4b-I pyrite: NW 

domain 

30-2010 18-2010 20-2010 

Au–As 0.66 0.84 0.006 

Au–Bi 0.04 0.19 0.03 

Au–Pb 0.06 0.23 0.04 

Au–Sb 0.11 0.007 0.02 

Au–Ni 0.02 0.23 0.04 

Au–Ti 0.03 0.004 0.02 

Au-Se 0.28 0.6 0.001 

Au–Te 0.06 0.1 0.02 

Ag–Pb 0.95 0.81 0.81 

Ag–Bi 0.93 0.84 0.67 

Ag–Sb 0.94 0.85 0.39 

Ag–Au 0.08 0.09 0.04 

Co–Ni 0.02 0.45 0.26 

Se–Te 0.45 0.34 0.45 

 

 

Figure 4.34: Stage 3b-I pyrite’s LA-ICP-MS spectra. a. Iron, As and Au signals are smooth; Pb, Bi, Ag, Sb, 

Cu, Ni, Co, Te and Se values are close to the background signal of each element. b. A LA-ICP-MS spot 

analysis of  stage 4b-I pyrite’s rim. Silver signal mimics Pb, Bi and Sb. Note the spiky patterns. 
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Figure 4.35: Binary plots of Ag versus selected elements for stages 3b-I and 4b-I pyrite from the SE and NW 

domains respectively. Abbreviation: n = number of analyses. All data are listed in Appendix 4.4.  
 

High Co and Ni are the most characteristic trace elements in early-formed, stages 3b-I and 

particularly in 4b-I pyrite (NW domain; Fig. 4.30). The LA-ICP-MS spot analyses yielded no 

apparent correlation between Co and Ni (Fig. 4.36a; Table 4.3). This behavior is consistent with 

the early growth zones detected in LA-ICP-MS maps, which show no defined limit for individual 

Co- and Ni-rich concentric growth zones in pyrite cores. Instead, they define Co- and Ni-rich zones 

that somewhat overlap (e.g., Fig. 4.30b). Samples from the NW and SE domains exhibit moderate 

to weak positive correlations when considering Se and Te (R2 = 0.45 – 0.34; Fig. 4.36b; Table 4.3). 

 

Figure 4.36: a. Binary plot of Ni versus Co for stages 3b-I and 4b-I pyrite from the SE and NW domains 

respectively. b. Binary plots of Te versus Se for stages 3b-I and 4b-I pyrite from the SE and NW domains 

respectively. Abbreviation: n = number of analyses. All data are listed in Appendix 4.4. 



Chapter 4 – San Francisco de los Andes breccia complex 

194 
 

4.7.3 Arsenopyrite 

Arsenopyrite precipitates under similar pH–Eh conditions to those of pyrite, from 

hydrothermal fluids with higher As activity (e.g., Cabri et al., 2000; Large et al., 2007, 2009; Cook 

et al., 2013). In a similar manner to pyrite, arsenopyrite trace element chemistry can be used to 

help determine fluid compositions, and may elucidate those processes responsible for ore 

accumulation. The presence of Au in arsenopyrite, along with other precious metals and trace 

elements, has been documented in orogenic Au deposits (e.g., Oberthür et al., 1997; Cabri et al., 

2000; Zacharias, 2004; Demange et al., 2006; Morey et al., 2008; Sung et al., 2009; Cook et al., 

2013), Carlin type sediment-hosted Au deposits (e.g., Fleet and Mumin, 1997; Palenik et al., 2004), 

massive sulfide deposits (e.g., Lentz, 2002) and sulfide-mineralized magmatic-hydrothermal 

breccias (e.g., Hinchey et al., 2003). 

From an economic perspective, Au in arsenopyrite is probably the most important trace 

element hosted within this sulfide. Invisible gold can either be lattice-bound or occurring as < 250 

nm nanoparticles (Cook et al., 2013). Both physical forms can occur in Au deposits such as 

epithermal and Carlin-type.  Ores can also be deformed and metamorphosed after deposition, as it 

commonly occurs in some orogenic Au deposits, consequently the initial invisible gold 

incorporated in sulfides (e.g., arsenopyrite and pyrite) can be partially to totally expel from the 

sulfide lattice (e.g., Mumin et al., 1994; Large et al., 2007, 2009). However, high Au contents were 

documented in arsenopyrite from deposits with multi-stage evolution (e.g., Sung et al., 2009). Due 

to invisible (and visible) Au hosted in arsenopyrite can be remobilized and reconcentrated (e.g., 

around arsenopyrite grains and crosscutting microfractures; Cook et al., 2013), adequate 

documentation of arsenopyrite textures is crustal in any trace element investigation. Several studies 

have highlighted the importance of sulfide textures (e.g., Large et al., 2007, 2009; Ciobanu et al., 

2009; Cook et al., 2009; Maslennikov et al., 2009; Sung et al., 2009; Thomas et al., 2011). The 

relationship between invisible gold and ore textures provides valuable information to aid 

understand those events that took place during ore genesis and the mechanisms of incorporation or 

release of Au (Cook et al., 2013). 

4.7.3.1 Arsenopyrite minor to trace element substitutions 

Similar to pyrite and arsenian pyrite, Au in arsenopyrite can occur either as microscopic 

inclusions, or as ‘invisible’ gold. The invisible gold may be sub-microscopic nanoparticles 

included in arsenopyrite, or may be chemically bound to the mineral lattice (Cabri et al., 2000). A 

proposed substitution mechanism for the incorporation of Au in arsenopyrite is as follows: 
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2 As [Fe] ⇄ (Au, Sb) + Fe                                                  (4.10) 

where As [Fe] represents As on an Fe site. Given that Fe3+ cations in a non-polar state may be 

present in arsenopyrite, Au3+ is suspected to substitute into the arsenopyrite structure (Johan et al., 

1989; Cabri et al., 2000). This hypothesis is supported by the inverse correlation between Au and 

Fe in arsenopyrite documented by Marcoux et al. (1989) and Wu and Delbove (1989), the latter 

showing the substitution of Fe by Au in synthetic arsenopyrite crystals. Further evidence for Au  

⇔ Fe substitution and inverse correlation between these elements was documented by Tarnocai et 

al. (1997), Genkin et al. (1998), and Cabri et al. (2000). Tarnocai et al. (1997) documented that 

because the (As + S)atomic in arsenopyrite is approximately 66 at. %, but the (As / S)atomic ratio is 

higher in the Au-rich arsenopyrite rims, Au most likely substitutes for Fe but not for As. 

Several authors have investigated the valence state of gold in arsenopyrite and other 

sulfides (e.g., Li et al., 1995; Simon et al., 1999). As reviewed by Cabri et al. (2000), 

interpretations of Au speciation in arsenopyrite range from Au1–, Au0, and Au1+ to Au3+. The 

unusual negative valence state proposed by Li et al. (1995) has not been confirmed and is generally 

rejected by most authors. Selected studies have shown that finer grainsize yield higher Au 

concentrations (Wu et al., 1990; Cook and Chryssoulis, 1990). Cabri et al. (2000), among many 

other studies, noted several exceptions to this positive correlation. 

4.7.3.2 Arsenopyrite sample material 

At San Francisco de los Andes, rare stage 2 arsenopyrite was formed prior to brecciation 

locally in altered sedimentary rocks (e.g., Fig. 4.13). Arsenopyrite occurs as small disseminated 

crystals within breccia clasts, and contains abundant silicate inclusions as a result of the incomplete 

replacement of sedimentary rocks (e.g., Fig. 4.13). In contrast, stage 3b-I and 4b-I arsenopyrite 

grains are very abundant species that characterize early syn-brecciation ores at San Francisco de 

los Andes (Figs. 4.8–4.9). Stages 3b-I and 4b-I arsenopyrite formed as early breccia cements that 

have overgrown stages 3b-I and 4b-I pyrite cements respectively, and are overgrown by Bi–Cu      

–Pb–Zn ores (Figs. 4.8–4.9). 

Six samples of stages 3b-I and 4b-I arsenopyrite were selected for EMPA and LA-ICP-MS 

analyses. Two stage 3b-I arsenopyrite samples are from the SE domain, and four stage 4b-I 

arsenopyrite samples are from the NW domain of the breccia complex (Fig. 4.27; Appendix 4.5). A 

total of 140 EMPA analyses and 126 LA-ICP-MS analyses were collected (Appendix 4.5). Three 

individual rhombic crystals and two clusters of crystals were mapped using LA-ICP-MS to detect 

trace and minor elements distribution. They were selected from samples located on the entrance of 

crosscut No 2, where syn-brecciation, stage 4b-I arsenopyrite is abundant and has partially 
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replaced breccia clasts. The stage 4b-I arsenopyrite grains are euhedral rhombic crystals with 

growth zones visible under reflected light. In contrast, stages 3b-I arsenopyrite that cemented 

breccia fragments as massive anhedral hydrothermal cement, was not chosen for trace element 

mapping due to the lack of individual euhedral rhombic crystals with defined growth zones under 

the microscope.  

4.7.3.3 Arsenopyrite trace element mapping 

Single rhombic stage 4b-I arsenopyrite crystals exhibit four main concentric zones from 

core to rim (Fig. 4.37a; Appendix 4.6a-b). Zone I (core) has high Co, Te and Sb cps. Zone II shows 

moderately high Co and Te, with high Au cps.  Zone III yielded low cps for most minor and trace 

elements, except for Sb. Zone IV (rim) has high cps when considering chalcophile elements, 

particularly Bi, Cu, Pb, Zn, Ag and Cd, and moderately high cps of siderophile elements such as 

Mo, Au and Co. The rhombic arsenopyrite clusters in Figure 4.37b and Appendix 4.6c exhibit the 

same zonation pattern as single crystals, the only difference being the presence of Ni in zone I, 

along with high Co and Te cps.  

Gold and Sb are the only two elements which exhibit asymmetric concentric zonation 

patterns, and are apparently negatively correlated (e.g., Fig. 4.37a; Appendix 4.6a-b).  Gold is 

enriched in zone II and IV with higher cps along the rhombic crystal’s short axis, whereas Sb is 

enriched in zone I and III with higher cps following the long rhombic axis (e.g., Fig. 4.37a; 

Appendix 4.6a-b). The clear Au-rich zones and the uniform Au signal recorded in LA-ICP-MS 

spot analyses suggest that gold in arsenopyrite occurs either as a solid solution or as 

homogeneously distributed invisible nanoparticles (Fig. 4.38).   

4.7.3.4 Arsenopyrite spot analysis  

Figure 4.39a shows two contrasting populations of euhedral stage 4b-I arsenopyrite 

crystals that have partially replaced sedimentary clasts. There is a clear negative correlation 

between As and Fe (R2 = 0.76). Those analyses from crystal cores have higher As and lower Fe 

contents, whereas rim analyses have lower As and higher Fe concentrations. The two outliers with 

high As and very low Fe contents correspond to two analyses with high Co, which is inferred to 

have partially substituted for Fe in the arsenopyrite lattice (Fig. 4.39a). Most of the analyses of 

stages 3b-I and 4b-I arsenopyrite breccia cement have similar compositions to the core of stage 4b-

I arsenopyrite from altered clasts. Only three stage 4b-I arsenopyrite analyses from hydrothermal 

cement overlap with the compositions of stage 4b-I arsenopyrite rims from altered sedimentary 

clasts (Fig. 4.39b). 
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Figure 4.37: a. LA-ICP-MS map of gold-bearing single rhombic crystal of stage 4b-I aresnopyrite (05-

2010a). b. LA-ICP-MS map of stage 4b-I arsenopyrite showing a cluster of  rhombic gold-bearing crystals 

(05-010d). Note the presence of Ni in the core of each crystal. Concentrations of each elements are 

proportional to intensity of the signal (expressed as counts per second, cps). Abbreviations: asp: arsenopyrite, 

qz: quartz. Three additional maps are provided in Appendix 4.6. 
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Figure 4.38: Arsenopyrite LA-ICP-MS spectrum (sample: 28–2010). Note that Au signal is flat and smooth, 

whereas Ag signal mimics Pb, both have a spiky patterns. 

 

 

Figure 4.39: a. Scatter plots of Fe vs. As based on EMP analyses of stage 4b-I arsenopyrite cores and rims 

from altered clasts. b. EMP analyses of stages 4b-I and 3b-I arsenopyrite cement overlap with those of stage 

4b-I arsenopyrite cores from altered clasts. Abbreviations: N = number of samples,  n = number of analyses, 

asp = arsenopyrite. All data are listed in Appendix 4.5. 

 

Figure 4.40 shows minor and trace elements distributions in arsenopyrite from stages 3b-I 

and 4b-I breccia cement and stage 4b-I altered clasts. Based on arsenopyrite breccia cement, Pb 

and Au values in stage 4b-I arsenopyrite from the NW domain have a wider dispersion and a 

skewed set of data compared to 3b-I arsenopyrite. Magnesium and Ni values in stage 3b-I 

arsenopyrite from the SE domain have higher means and median values than 4b-I arsenopyrite 

(Fig. 4.40a). The average and median Sb values in stage 4b-I arsenopyrite cement are higher in the 

NW domain, whereas the average and median Bi and Se concentrations are higher in 3b-I 

arsenopyrite cement from the SE domain. Stage 4b-I arsenopyrite cement typically contains only 
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traces of Al, whereas in the SE domain have much higher Al values. Elements such as Ag and Co 

in arsenopyrite do not show any clear distinctions between samples from opposite sides of the 

breccia complex (Fig. 4.40b).  

Stage 4b-I arsenopyrite grains from altered siltstones are strongly enriched in Ti, Mn, W, 

Cr and Co compared to stage 3b-I and 4b-I arsenopyrite cement (Fig. 4.40c). The concentrations of 

Cr in stage 3b-I arsenopyrite breccia cement are extremely low (mostly below detection limit). 

Gold is enriched in both stages stage 3b-I and 4b-I arsenopyrite breccia cement and depleted in 

stage 4b-I arsenopyrite from altered clasts (Fig. 4.40c).  

 

Figure 4.40: Box-and-whisker plots of selected elements in stages 4b-I and 3b-I arsenopyrite based on LA-

ICP-MS data. Stage 4b-I arsenopyrite dataset has been divided into breccia cement and altered clasts. 

Abbreviations: N = number of samples,  n = number of analyses. All data are listed in Appendix 4.5. 

 

Only a few elements exhibit distinctive correlations in arsenopyrite samples. Silver and Pb 

have a moderate and strong positive correlation in arsenopyrite from stages 3b-I and 4b-I (R2         

= 0.65; R2 = 0.85 - 0.73; Fig. 4.41a; Table 4.4). Silver and Bi are uncorrelated and moderately 

positive correlated in stages 3b-I and 4b-I arsenopyrite respectively (R2 = 0.02; R2 = 0.59 - 0.54; 

Fig. 4.41b; Table 4.4). Correlations between Pb and Bi are comparable to those of Ag and Bi (R2   

= 0.04; R2 = 0.48 - 0.36; Fig. 4.41c; Table 4.4). Up to 290 ppm Au has been detected in stage 4b-I 

arsenopyrite cement (e.g., sample 22-2010), although most of the Au in arsenopyrite is below 120 

ppm (Fig. 4.41d). Gold contents in arsenopyrite tend to be higher when Sb concentrations are 

lower (Fig. 4.41d). This behavior, detected by LA-ICP-MS spot analysis, is consistent with the 
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contrasting zonation patterns for Au-rich and Sb-rich zones detected by LA-ICP-MS mapping 

analysis (e.g., Fig. 4.37). 

 

 

Figure 4.41:  Scatter plots of selected elements in stages 4b-I and 3b-I arsenopyrite from the NW and SE 

domains based on LA-ICP-MS data. Stage 4b-I arsenopyrite dataset has been divided into breccia cement 

and altered clasts. Abbreviations: N = number of samples,  n = number of analyses, asp = arsenopyrite. All 

data are listed in Appendix 4.5. 

 

Table 4.4: Selected groups of elements in arsenopyrite correlated and their corresponding coefficient of 

determination (R2 value). R2 values > 0.35 are highlighted in bold.  Note that arsenopyrite from the NW 

domain have contrasting compositions to that of the SE domain. Different substitution mechanisms occurred 

in each domain, documented by correlations of certain elements in one domain and lack of them in the other  

Elements 
correlated 

Stage 4b-I arsenopyrite 
cement 

 NW domain 

Stage 4b-I arsenopyrite  
clasts 

 NW domain 

Stage 3b-I arsenopyrite 
cement 

SE domain 

Ag - Pb (log) 0.73 0.85 0.65 

Ag - Bi (log) 0.59 0.54 0.02 

Pb - Bi (log) 0.48 0.36 0.04 

Sb - Au (log) 0.35 0.06 0.14 
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4.7.4 Bismuth mineral species  

Bismuthinite and cosalite (among other bismuth sulfides, sulfosalts and tellurides) have 

been documented in various types of ore deposits, mainly skarns (e.g., Cockerton and Tomkins, 

2012; Ciobanu et al., 2014; Nagashima, et al., 2016), pegmatites (e.g., Márquez-Zavalía et al., 

2012), granites and tourmaline-bearing granites (e.g., Anthony et al., 1990; Izumino, et al., 2015) 

and greisens (e.g., Somarin, 2009). Bismuthinite, cosalite and related Bi-species have also been 

reported in IOCG (e.g., Ehrig et al., 2012), VHMS (e.g., Zaw et al., 1997), polymetallic (e.g., 

Pieczka et al., 2009), and high-sulfidation epithermal Au deposits (e.g., Ransome et al., 1909; 

Voudouris et al., 2011), but only rarely in porphyries or related magmatic-hydrothermal breccias. 

Bismuth, Sb, As, Te, Ag, and Pb occur as major and minor elements within bismuth species. These 

elements are anomalously high peripheral to and/or above the ore zones in porphyry deposits (e.g., 

Govett, 1983). They are particularly characteristic of the outer propylitic alteration zone of 

porphyry deposits (e.g., Emmons, 1927), and are concentrated in high and low sulfidation 

epithermal deposits at shallow levels (e.g., White and Hedenquist, 1990). Magmatic-hydrothermal 

breccias can form at the apices of porphyry intrusions, and are cemented by porphyry-style 

mineralization (e.g., chalcopyrite, bornite and molybdenite at the Rio Blanco-Los Bronces district, 

Frikken et al., 2005). The San Francisco de los Andes breccia complex is unusual in that it is 

cemented by various bismuth species, which are common at distal porphyry and/or shallow 

epithermal levels, but at the San Francisco de los Andes breccia complex they have been 

remarkably concentrated (Testa el al., 2016). Simultaneously, copper and gold ores are common at 

San Francisco de los Andes, which are more typical of proximal locations in porphyry deposits.  

4.7.4.1 Bismuth species minor to trace element substitutions 

Bismuthinite from hypogene ore deposits commonly occur as an end-member of several 

solid solution series. Simple substitution of Bi3+ for Sb3+ occurs within the bismuthinite (Bi2S3)      

– stibnite (Sb2S3) series (e.g., Lueth et al., 1990; Kyono and Kimata, 2004). The crystal chemistry 

and nomenclature for various members of the bismuthinite (Bi2S3) – aikinite (CuPbBiS3) solid 

solution series were documented by Mumme et al. (1976). The Bi2S3 – CuPbBiS3 join involves a 

series of ordered derivatives (superstructures) based on ‘Bi + vacancy’ being substituted for ‘Pb    

+ Cu’, increasing by discrete increments (Petříček and Makovicky, 2006; Topa et al., 2008). New 

members within this solid solution series have been recognized, and studies focused on refinements 

to the structural model have been conducted over the past two decades (e.g., Topa et al., 2000, 

2002a,b, 2005, 2008; Makovicky et al., 2001). 

Bismuth sulfosalts, such as cosalite, eskimoite, heyrovskyite, gustavite, vikingite, neyite, 

berryite and members of the lillianite – gustavite solid solution series, have been analyzed by 
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several authors (e.g., Drummond et al., 1969; Karup-Møller, 1970; Srikrishnan and Nowacki, 

1974; Cook, 1997; Ciobanu  and Cook,  2000;  Makovicky et al., 2001b; Topa et al., 2006; Topa 

and Makovicky, 2010; Jelen et al., 2012). Although cosalite Pb2Bi2S5 appears to be a simple 

sulfosalt, studies have revealed complex substitution mechanisms, from both compositional and 

structural points of view.  Karup-Møller (1977) proposed that (Ag + Cu) in cosalite is inversely 

correlated with Pb, and either uncorrelated or positively correlated with Bi.  He also documented 

that a very weak increase in Cu contents is complemented by a sizable increase in Ag contents, and 

proposed the following substitution mechanism: 

Pb2+ ⇄ 2 (Ag, Cu)+                                                        (4.11) 

where a monovalent cation substitutes for Pb, and the other is tetrahedrally coordinated and 

interstitial to the cosalite structure. Karup-Møller (1977) also proposed that Ag-bearing cosalite 

requires Cu in its structure for stabilization. He therefore suggested that the following substitution 

mechanism may also occur:   

2 Bi3+ + vacancy ⇄ 3 Pb2+                                                  (4.12)   

Moëlo et al. (2008) proposed an additional mechanism for substitution of the 

aforementioned cations in cosalite: 

Bi3+ + vacancy ⇄ Pb2+ + Cu+                                                   (4.13) 

Topa and Makovicky (2010), focused on finding a final answer on the compositional 

limits, mechanisms of substitution and structural details on cosalite. They suggested that cosalite 

exhibits a combined omission – interstitial insertion substitution, where:  

Ag + Bi ⇄ 2Pb (Me1 structural site)                                              (4.14) 

2 (Cu + Ag) ⇄ Pb                                                              (4.15) 

Substitution ‘4.15’ results due to (i) vacancies in the Bi-hosting, octahedral site Me2, along with 

Cu and Ag progressively occupying two triangular faces of the octahedron (i.e., Bi = 2 (Cu + Ag)), 

and (ii) progressive replacement of Pb by Bi, in the adjacent Me1 octahedron. 

Similar to bismuth sulfides and sulfosalts, numerous researchers have also studied Bi-

telluride species and possible substitution mechanisms (e.g., Voicu et al., 1999; Cook and Ciobanu, 

2004; Cook et al., 2007ab; Voudouris et al., 2007; Oberthur and Weiser, 2008; Ciobanu et al., 

2009; Voudouris et al., 2013). The current study has detected traces of Bi-telluride in the San 
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Francisco de los Andes breccia complex. They will later be used to discuss Bi mineral stability, but 

the study of trace element substitution in these tellurides is beyond the scope of this thesis. 

4.7.4.2 Bismuth species sample material 

 Stages 3b-II and 4b-II bismuthinite-cemented breccias from San Francisco de los Andes 

were chosen for petrographic analysis from areas where bismuthinite is abundant and apparently 

homogenous. Under reflected light, bismuthinite is predominant, but cosalite and minor clusters 

and inclusions of members of the bismuthinite – aikinite solid solution series, bismuth-bearing 

sulfosalts and tellurides are also present (Figs. 4.8 and 4.9). Five representative samples from 

different areas of the breccia complex were selected for EMPA and LA-ICP-MS analyses (Fig. 

4.27; Appendix 4.7), including three samples of stage 3b-II Bi-bearing minerals from the SE 

domain, and two samples of stage 4b-II from the NW domain of the breccia complex. A total of 

141 EMP and 81 LA-ICP-MS filtered analyses are listed in Appendix 4.7. 

Spot profiles were drawn perpendicular to the main cleavage direction (010) in bismuthinite-

rich polished blocks. Consecutive analyses were performed at approximately 500 μm intervals 

along these profiles. Additional analyses were done in each major facies, such as cosalite, and 

minor clusters and inclusions of Bi-minerals detected across the polished blocks (Appendix 4.7).  

4.7.4.3 Bismuth species spot analysis  

 Table 4.5 exemplifies the average major chemical composition of each species (per 

sample) analyzed by EMPA. Figure 4.42 illustrates the theoretical chemical composition for the 

most relevant species in the Bi–Sb–Cu–Ag–Pb– S system. Only sulfides and sulfosalts were 

plotted on this ternary diagram. 

Table 4.5:  Mean major chemical composition of each Bi-bearing species detected in the NW and SE 

domains. The average major chemical compositions are based on EMP analyses collected from two samples 

from opposite domains of the breccia complex: 29-2010 (NW) and 15-2010 (SE). For the complete dataset 

see Appendix 4.7 

 

NW domain SE domain  

4b-II 
bismuthinite 

n = 15 

4b-II 
cosalite 

n = 9 

unknown 
n = 1 

unknown 
n = 1 

3b-II 
bismuthinite 

n = 24 

3b-II 
tetradymite 

n = 7 

3b-II bismuthinite – aikinite series n = 4 

gladite – 
salzburgite 

member     
n = 1 

paarite – 
krupkaite 
member 

friedrichite 
n = 1 

n = 1 n = 1 

Bi 79.31 43.33 47.56 40.49 79.46 60.81 63.04 59.63 58.52 43.62 

Sb 0.93 1.13 0.55 1.68 0.55 0.27 0.53 0.50 0.14 1.08 

Pb 0.99 34.74 20.95 26.09 0.84 0.03 13.98 16.88 17.09 28.98 

Cu 0.34 2.09 6.71 7.53 0.31 0.08 4.27 5.20 6.53 9.14 

Ag 0.01 2.61 7.58 6.56 0.02 0.17 0.00 0.00 0.13 0.10 
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S 18.34 16.08 16.74 16.62 17.91 5.02 17.44 17.52 17.32 16.78 

Se 0.18 0.11 0.19 0.18 0.23 0.31 0.17 0.14 0.18 0.06 

Te 0.06 0.14 0.18 0.21 0.30 34.18 0.04 0.07 0.07 0.05 

∑ 100.16 100.23 100.46 99.37 99.62 100.89 99.48 99.93 99.98 99.81 

n = number of analyses 

 

Figure 4.42: Stages 4b-II and 3b-II Bi-bearing sulfides and sulfosalts plotted on a (Cu + Ag) - (Bi + Sb) - Pb 

ternary diagram.  Major chemical compositions are based on EMP analyses collected from two samples from 

opposite domains of the breccia complex: 29 - 2010 (NW) and 15 - 2010 (SE). Refer to Appendix 4.7 for the 

complete EMP dataset. Abbreviation: n = number of analyses.  

 

 Minor and trace elements in stages 3b-II and 4b-II cosalite show contrasting compositions 

when comparing samples from the NW domain to those from the SE domain of the breccia 

complex. Figure 4.43a shows elements with concentrations higher than 100 ppm; samples from the 

SE domain are enriched in elements such as Cu, Te, Se and Cd, but are depleted in Ag relative to 

the NW domain. In Figure 4.43b, selected trace elements with concentrations below 100 ppm were 

plotted; samples from the SE area are enriched in Fe, Tl, Au, Mo and Ba, but depleted in Mn and 

Sn relative to the NW domain. 
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Figure 4.43: Box-and-whisker plots of selected elements in stages 4b-II and 3b-II cosalite based on LA-ICP-

MS data. Abbreviations: N = number of samples,  n = number of analyses. All data are listed in Appendix 

4.7. 

 Binary plots of individual elements in stages 3b-II and 4b-II cosalite have poor to no 

correlations. When considering Bi, Pb, Ag and Cu contents versus the sum of the concentrations of 

some of these elements, correlations become apparent (e.g., Fig. 4.44a-d; Table 4.6). In a similar 

manner, contrasting composition and substitution mechanisms become apparent when plotting the 

sum of two of these elements (as proposed by previous studies, and new combinations considered 

in this thesis) versus Sb, Cd, Tl, Te, and Se (e.g., Fig. 4.44e-h; Table 4.6).  Table 4.6 and Figure 

4.44 highlight that very different element substitutions occur in 3b-II cosalite from the SE domain 

compared to 4b-II cosalite from the NW domain.  

 The complexity of substitution mechanisms in cosalite becomes apparent as there are no 

strong linear correlations (R2 values do not exceed 0.6; Table 4.6). As proposed by previous 

authors, simultaneous and complex substitutions may occur in cosalite, including existence of 

vacancies within the cosalite structure. Therefore, numerous variables affecting trace element 

substitutions within the cosalite structure prevent clear representations that could aid in the 

elucidation of substitution mechanisms, particularly in binary and other two-dimensional plots. 

Table 4.6: Selected groups of elements in cosalite correlated and their corresponding coefficient of 

determination (R2 value). The left side of the table takes into account only those elements commonly 

considered in studies of elements substitution in cosalite, whereas the right side includes additional elements 

which yielded comparable R2 values. Those R2 values in bold highlight evident correlations. Note that 

cosalite from the NW domain have contrasting compositions to that of the SE domain. Different substitution 

mechanisms occurred in each domain, documented by correlations of certain elements in one domain and the 

lack of correlations of some elements in the other     

Groups of 
elements 
correlated 

4b-II cosalite: 
NW domain 

3b-II cosalite: 
SE domain 

Groups of 
elements 
correlated 

4b-II cosalite: 
NW domain 

3b-II 
cosalite:   

SE domain 

Ag + Cu vs Pb 0.59 0.37 Cu + Bi vs Sb 0.55 0.01 

Cu + Bi vs Ag 0.45 0.03 Ag + Cu vs Cd 0.52 0 

Cu + Pb vs Ag 0.42 0.1 Ag + Bi vs Te 0.49 0.03 

Ag + Cu vs Bi 0.38 0 Cu + Bi vs Tl 0.44 0.03 

   Ag + Cu vs Te 0.41 0.1 
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Ag + Pb vs Cu 0.4 0.51 Ag + Cu vs Se 0.09 0.48 

Cu + Bi vs Pb 0.19 0.44 Ag + Bi vs Se 0.1 0.41 

   Cu + Bi vs Se 0.02 0.34 

 

 

Figure 4.44:  Scatter plots of selected elements in stages 4b-II and 3b-II cosalite from the NW and SE 

domains based on filtered LA-ICP-MS data. Abbreviations: N = number of samples, n = number of analyses. 

All data are listed in Appendix 4.7. 
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 The concentration and dispersion of selected elements in stages 3b-II and 4b-II 

bismuthinite and members from the bismuthinite – aikinite series can be seen in Figure 4.45.  

Members of the bismuthinite – aikinite series from stage 4b-II are strongly enriched in Cu, Se and 

Te, and are moderately enriched in Sn and Au, compared to stages 3b-II and 4b-II bismuthinite 

(Fig. 4.45a). Stage 4b-II bismuthinite and bismuthinite – aikinite members from the NW domain 

have similar compositions, with enrichment in Pb, Sb, Ag, Cd, and Tl compared with stage 3b-II 

bismuthinite from the SE domain (Fig. 4.45b).  

 

Figure 4.45: Box-and-whisker plots of selected elements in stages 4b-II and 3b-II bismuthinite and 

bismuthinite – aikinite members based on filtered LA-ICP-MS data. Abbreviations: N = number of samples, 

n = number of analyses. All data are listed in Appendix 4.7. 

 

 In contrast with cosalite, stages 4b-II bismuthinite – aikinite members display evidence for 

simple trace element substitution mechanisms, with very strong (almost perfect) positive 

correlations between Pb and Cu, Sb, Sn, Te, Se, Tl, and Ag (e.g., Fig. 4.46; Table 4.7). Identical 

correlations are detected when considering Cu instead of Pb versus these groups of minerals. 

Copper and Pb are therefore the two major cations to be incorporated simultaneously into the 

crystal lattice of members of the bismuthinite – aikinite series. In the case of bismuthinite – aikinite 

members, evidence for these simple substitution mechanisms is apparent in two-dimensional plots 

(e.g., Fig. 4.46). 

 Stage 4b-II bismuthinite shows linear positive correlations between Pb and Cu, and Sb 

versus Pb or Cu; whereas stage 3b-II bismuthinite only exhibits a positive correlation between Cu 

and Ag (Table 4.7). The substitution mechanisms of both stages 3b-II and 4b-II bismuthinite occur 

according the bismuthinite – aikinite solid solution series (e.g., Fig. 4.46; Table 4.7). Stage 4b-II 

bismuthinite have strong positive correlations between Pb and As. This substitution is independent 

to the bismuthinite – aikinite join (Fig. 4.46; Table 4.7).  



Chapter 4 – San Francisco de los Andes breccia complex 

208 
 

 

Figure 4.46:  Scatter plots of selected elements in stages 4b-II and 3b-II bismuthinite and bismuthinite – 

aikinite members based on filtered LA-ICP-MS data. Abbreviations: N = number of samples, n = number of 

analyses. All data are listed in Appendix 4.7. 
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Table 4.7: Selected groups of elements in stages 3b-II and 4b-II bismuthinite and members from the 

bismuthinite – aikinite series correlated and their corresponding coefficient of determination (R2 value). 

Those R2 values > 0.7 are highlighted in bold. Note that bismuthinite from the NW domain have contrasting 

compositions to that of the SE domain. Different substitution mechanisms occurred in each domain, 

documented by correlations of certain elements in one domain and lack of them in the other.  Only two Tl 

values are not below detection limit in 4b-II bismuthinite, thus  Pb-Tl R2 value could not be determined due 

to zero degrees of freedom (expressed as ‘-‘)  

Elements 
correlated 

4b-II bismuthinite – 
aikinite:  

NW domain 

4b-II bismuthinite:  
NW domain 

3b-II bismuthinite:  
SE domain 

Pb – Cu 0.99 0.99 0.01 

Pb – Sb 0.98 0.79 0.03 

Pb – Sn 0.96 0.11 0.05 

Pb – Te 0.95 0.08 0.02 

Pb – Se 0.94 0.21 0.17 

Pb – Tl 0.92 - 0.36 

Pb – Ag 0.72 0.36 0 

Cu – Ag 0.74 0.34 0.98 

Pb – As 0.42 0.89 0.03 
 

 Trace and minor element concentrations in members of the bismuthinite – aikinite series 

are higher than in bismuthinite (Appendix 4.7). A linear increase of Cu, Ag, Pb, Sn, Sb, Te, Se 

towards aikinite-rich members has been detected (e.g., Fig. 4.46). The concentration of Bi in stage 

4b-II bismuthinite and members of the bismuthinite – aikinite series is lower than 80 wt. % in the 

NW domain (Appendix 4.7). Trace and minor element concentrations in pure bismuthinite from 

stages 3b-II and 4b-II are low (Appendix 4.7). There is, however, a clear difference between 

samples from the NW and SE domains of the breccia complex. Stage 4b-II bismuthinite crystals 

have higher concentrations of Sb (> 15,000 ppm) and Pb (> 11,200 ppm) in the NW domain, 

whereas higher Sn (> 10 ppm), Se (> 1,150 ppm), Bi (> 800,000) and Cu (1,000–20,000 ppm) 

characterizes stage 3b-II bismuthinite from the SE domain (Appendix 4.7).  

4.7.5 Galena 

Detailed investigations of minor and trace element compositions of galena using state-of-

the-art techniques have been conducted for the past two decades (e.g., Lueth et al., 2000; 

Costagliola et al., 2003; Chutas et al., 2008; Renock and Becker 2011; George et al., 2015a). 

Studies of the chemical composition of galena are less common than for other sulfides such as 

pyrite. 

Galena is the main lead ore mineral, and commonly occurs as part of the mineral 

assemblage in virtually all base metal deposits. The chemical composition of galena has been 

studied in metamorphosed sedimentary-exhalative, low sulfidation epithermal, carbonate 

replacement, skarn-related, non-metamorphosed ophiolite-hosted massive sulfides and orogenic 
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gold deposits (e.g., Lueth et al., 2000; Galvan Gutierrez, 2014; George et al., 2015a). Although 

galena is not an abundant mineral phase in magmatic-hydrothermal breccias and porphyry-related 

deposits, analyses of minor and trace element compositions in galena from San Francisco de los 

Andes provides a comparative dataset to compositions documented previously from lower 

temperature base metal deposits. 

Despite galena’s simple major chemical composition, elements such as Ag, Bi, Se, and Te 

are commonly hosted in galena and can be extracted economically as by-products. Other additional 

minor and trace elements such as Sb, Cd, and Tl occur as impurities and may be an environmental 

hazard that needs to be considered during exploitation (George et al., 2015a). Galena has a simple 

cubic crystal structure which can incorporate minor and trace elements. Understanding how they 

occur within its lattice may represent crucial information for the mining industry. 

4.7.5.1 Galena minor to trace element substitutions 

Apart from the major elements Pb and S, the only elements in galena that are commonly 

reported to occur with concentrations higher than 1wt. % are Bi, Sb and Ag. Galena may contain 

traces of other elements, such as Cu, Tl, Cd, Hg and Sn (e.g., Blackburn and Schwendeman, 1977; 

George et al., 2015a). Trace elements such as Fe, As Mn, Ni, among others, are not necessarily part 

of the galena structure, but probably occur as mineral inclusions (e.g., Blackburn and 

Schwendeman, 1977). 

Previous studies have shown that the degree of solubility of silver in galena is a function of 

silver’s oxidation state, and also related to the presence of additional trace elements and the 

prevailing substitution mechanisms. Alpha-galena can accommodate very little Ag0 (Costagliola et 

al., 2003; Chutas et al., 2008), and Ag+ is almost insoluble via simple substitution (i.e., 2Ag+        

↔ Pb2+, maximum 0.4 mol % at 615 °C; Van Hook 1960; Chutas et al., 2008). The aforementioned 

mechanism would require one of the Ag+ ions to be hosted in an interstitial position in the galena 

lattice, which is structurally unfavorable (George et al., 2015a). In the absence of Bi or Sb, Ag 

substitution into the galena lattice does not exceed 0.1 mol %, but may form native silver and/or 

acanthite (Ag2S) inclusions with no crystallographic relationship with the galena lattice (Pring and 

Williams, 1994; Krismer et al., 2011). Very little Ag2S can be accommodated in the α-galena 

structure (Nissen and Hoyt 1915; Van Hook 1960; Chutas et al., 2008). Similar to silver, the 

solubility of Cu and Fe via simple substitution in galena is very low (Craig, 1967; Craig and 

Kullerud, 1968; Brett and Kullerud, 1967). On the contrary, significant Bi3+ can substitute Pb2+, 

with 9 mole % at 800 °C (Van Hook 1960) and a maximum of 10 mole % Bi2S3 (Craig, 1967). The 

mechanisms to accommodate elements with low solubility in galena (e.g., Ag, Cu) therefore 

involve coupled and charge-balanced substitutions. 
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The α-galena crystal has a face-cantered cubic crystal structure analogous to halite. The 

crystallographic positions of Pb correspond to Na and S to Cl; these atoms are linked together by 

semi-metallic rather than ionic bonds (Chutas et al., 2008). However, Blackburn and 

Schwendeman (1977) considered that galena could be described as having ionic – metallic 

bonding, and therefore ionic substitution rules would be valid. Consistently, George et al. (2015b) 

considered the incorporation of trace elements in galena is primarily governed by Goldschmidt’s 

rules of substitution. As per Goldschmidt’s rules, minor and trace elements substitutions are 

explained by simply taking into account their ionic radii (similar size), charges (may differ if 

electrical neutrality is maintained by coupled substitution), ionic potential and electronegativity. 

Table 4.8 lists elements most commonly hosted in galena with their oxidation states, ionic radii, 

and percentages of ionic bonding with sulfur. 

Table 4.8: Oxidations state, ionic radius and percentage of ionic bonding with sulfur for elements commonly 

reported in galena, organized by decreasing ionic radius (modified after Blackburn and Schwendeman, 1977) 

 

Element Ion Ionic radius % ionic bonding with  sulfur 

Silver Ag+ 1.26 35.2 

Lead Pb2+ 1.20 36.4 

Bismuth Bi3+ 0.96 30.2 

Copper 
Cu+ 

Cu2+ 

0.96 

0.72 

34.7 

21.2 

Tin Sn2+ 0.93 37.0 

Antimony Sb3+ 0.76 30.3 

Zinc Zn2+ 0.74 27.2 

Iron 
Fe2+ 

Fe3+ 

0.74 

0.64 

32.7 

19.2 

Nickel Ni2+ 0.69 24.5 

 

Silver is the only element with very similar ionic parameters to lead (Table 4.8), and thus 

substitution is viable. However, the difference in their ionic charges would require coupled 

substitution mechanisms. Silver is a common metal hosted in α-galena structure, attracted to the 

octahedral fields. The physicochemical parameters of Bi3+, Cu+ and Sn2+ are close enough to those 

of Pb2+ to allow significant substitution. Although they have rather large size differences, they have 

reasonably similar percentages of ionic bonding with sulfur (Blackburn and Schwendeman, 1977). 

The substitution of Bi3+ and/or Sb3+ (and potentially other trivalent cations) for Pb2+ requires a 

concomitant monovalent cation substitution in order to maintain neutral charge (Blackburn and 

Schwendeman, 1977; Chutas et al., 2008). This is normally accomplished by coupled substitution 

of a trivalent – monovalent cation pair for two Pb2+ cations. The cubic structure, α-galena, is of 

particular economic interest due to its ability to contain significant quantities of Ag via the Bi3+      

– Ag+ and/or Sb3+ – Ag+ coupled substitutions (Chutas et al., 2008; Renock and Becker 2011). 

Similarly, Cu+ can occupy the monovalent site in some cases of coupled substitution in galena 

(Blackburn and Schwendeman, 1977). More recent studies on trace and minor element substitution 
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and partitioning in galena (e.g., George et al., 2015a) confirmed the well-known coupled 

substitution:  

Ag+ + (Bi, Sb)3+ ⇄ 2 Pb2+                                                         (4.16) 

where two Pb2+ ions from the octahedral sites are fully occupied by Ag+ and (Bi, Sb)3+ (Costagliola 

et al., 2003). Based on the aforementioned coupled substitution, mol % Ag should not exceed mol 

% (Bi + Sb). If so, inclusions of acanthite, Ag–Cu–Sb- or Ag–Cu–As-sulfosalts, and Ag-tellurides 

and sulfotellurides can be inferred (Sharp and Buseck 1993; Lueth et al., 2000; Cook and Ciobanu 

2003). Conversely, if mol % (Bi + Sb) > mol % Ag in galena, inclusions of miargyrite (AgSbS2), 

stibnite, matildite (AgBiS2), bismuthinite, tellurides and sulfosalts may be present. It is also 

possible that Bi and/or Sb is hosted in the galena lattice without Ag, although additional vacancy 

sites would be required to maintain charge balance. George et al. (2015a) argued that site vacancies 

may be relevant when Bi and Sb concentrations are higher than ~ > 2,000 ppm, due to the poorer 

correlation between Ag and the two semimetals. Therefore, they proposed the following 

substitution:  

2 (Bi, Sb)3+ + □ (vacancy) ⇄ 3 Pb2+                                                   (4.17) 

Monovalent metal cations Cu and Tl have been proposed as residing in solid solution in 

galena (George et al., 2015a), thus they can partially replace Ag in the galena lattice via coupled 

substitution:  

(Ag, Cu, Tl)+ + (Bi, Sb)3+ ⇄ 2 Pb2+                                                   (4.18) 

 Other trace elements incorporated into galena via solid solution are Cd and minor Hg 

(e.g., Bethke and Barton, 1971; Tauson et al., 1986, 2005). Both of these divalent cations may be 

incorporated according to a simple isovalent substitution:  

(Cd, Hg)2+ ⇄ Pb2+                                                                   (4.19) 

Tin, an element from the same family as Pb, can have concentrations higher than 500 ppm 

in galena (George et al., 2015a). The most likely mechanisms for Sn substitution into the galena 

structure involve the creation of vacancies (i.e., Sn4+ + □ (vacancy) ↔ 2 Pb2+), or via simple 

substitution of bivalent cation with Pb (i.e., Sn2+ ↔ Pb2+; Stwertka, 1998). A tetravalent state is the 

preferred oxidation state of Sn in minerals, whereas a bivalent state is less stable (Stwertka, 1998). 

To a limited extent, the incorporation of Sn into galena could occur via couple substitution of 

tetravalent and monovalent cations (i.e., Sn4+ + 2 (Ag, Cu, Tl)+ ↔ 3 Pb2+). However, those deposits 
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with large contents of Sn would have insufficient budget of monovalent cations for this mechanism 

to be viable (George et al., 2015a). 

4.7.5.2 Galena sample material 

Galena was only found in the NW domain of the San Francisco de los Andes breccia 

complex. Stage 4b-III galena-cemented breccias were sampled underground, and studied by 

macroscopic and microscopic analysis in the laboratory. Four samples were selected from different 

areas across the NW domain for microanalyses (Fig. 4.27; Appendix 4.8). A total of 87 LA-ICP-

MS spot analyses were collected on stage 4b-III galena (Appendix 4.8). No analysis was discarded.  

4.7.5.3 Galena spot analysis  

The minor and trace element compositions of stage 4b-III galena are shown in Figure 4.47. 

In addition to the major elements, Pb and S, the concentrations of Bi and Ag are also well above 

1,000s ppm (Fig. 4.47). Antimony has mean and median values above 100 ppm, whereas Cu, Se 

and Cd are below 100 ppm (Fig. 4.47). The average contents of Te, Tl and Sn are between 1 and 10 

ppm (Fig. 4.47). 

 

Figure 4.47: Box-and-whisker plot of selected elements in stage 4b-III galena based on LA-ICP-MS data. 

Abbreviations: N = number of samples, n = number of analyses. All data are listed in Appendix 4.8. 

 

Most samples of stage 4b-III galena from San Francisco de los Andes contain high Bi with 

little or no Sb. However, one sample yielded higher contents of Sb and minor Bi (Appendix 4.8). 

The latter collected from crosscut No 2 where Bi concentrations in metal assays are very low. 

There are no correlations between Bi and Sb contents in galena. Either Bi-rich galena is poor in Sb 

or vice versa (Fig. 4.48a). Stage 4b-III galena is highly enriched in silver. Concentrations 

commonly range between 1 and 3 wt. % Ag (Appendix 4.8). 
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Figure 4.48:  Scatter plots of element ratios in stages 4b-III galena from the NW domain based on LA-ICP-

MS data. Abbreviations: N = number of samples, n = number of analyses. All data are listed in Appendix 

4.8. 

When considering simple elemental ratios in stage 4b-III galena, such as Pb over trivalent 

cations (i.e., Bi, Sb) versus Pb over monovalent cations (i.e., Ag, Cu, Tl), no significant 

correlations have been detected (Table 4.9). Selected correlations and element substitutions only 

become apparent when considering individual samples from stage 4b-III galena. Evidences for the 

Bi3+ – Ag+ coupled substitution in stage 4b-III galena has been detected in three samples, whereas 

Bi3+ – (Ag+, Cu+) coupling is only evident in one of those three samples (Appendix 4.8). Although 

the Tl+ concentrations in stage 4b-III galena are very low, it appears that where Bi3+ has replaced 

Pb2+, small traces of Tl+ accompanies this substitution (Appendix 4.8). The Sb3+ – Ag+ coupled 

substitution appears to have been an important mechanism in the remaining sample where Bi3+      

– Ag+ coupled substitution was not detected. Mostly Sb3+ and Ag+ (with traces of Tl+) have 

partially replaced Pb atoms (Appendix 4.8).  

The complexity of individual trace element substitutions into galena can be simplified by a 

math operation, which includes the whole data set of trace elements from stage 4b-III galena. Lead 

concentrations over the sum of trivalent cations (i.e., Pb / (Bi + Sb)) versus lead values over the 

sum of monovalent cations (i.e., Pb / (Ag + Cu + Tl)) yielded a strong correlation (R2 = 0.90 
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(linear), 0.87 (logarithmic); Fig. 4.48b). This behavior is consistent with all the aforementioned 

coupled substitutions, where a trivalent and a monovalent cation replace two Pb2+ cations. 

Table 4.9: Selected elemental ratios in galena correlated and their corresponding coefficient of determination 

(R2 value). Those R2 values  ≥ 0.3 are highlighted in bold.  When considering the whole dataset the 

substitution mechanisms are obscured, resulting in poor correlations   

 

Ratios correlated 
Linear 

scale 

Logarithmic 

scale 
Ratios correlated 

Linear 

scale 

Logarithmic 

scale 

Pb / Sb – Pb / Ag 0.016 0.015 Pb / Bi – Pb / Ag 0.428 0.432 

Pb / Sb – Pb / Cu 0.168 0.432 Pb / Bi – Pb / Cu 0.051 0.002 

Pb / Sb – Pb / Tl 0 0.102 Pb / Bi – Pb / Tl 0.354 0.298 

Pb / Sb – Pb / Sn 0.014 0.542 Pb / Bi – Pb / Sn 0.031 0.011 

Pb / Sb – Pb / Cd 0.005 0.029 Pb / Bi – Pb / Cd 0.028 0 

Pb / Sb – Pb / Te 0.070 0.299 Pb / Bi – Pb / Te 0.129 0.607 

Pb / Sb – Pb / Se 0.047 0.119 Pb / Bi – Pb / Se 0.753 0.738 

 

Based on divalent cations (i.e., Sn, Cd), only Pb / Sb versus Pb / Sn yielded a moderate 

correlation (R2 = 0.54; Fig. 4.48c, Table 4.9).  Cadmium contents do not correlate with Bi or Sb 

(Table 4.9). Traces of Te and Se have substituted for S in samples with higher Bi contents 

(Appendix 4.8). These positive correlations in stage 4b-III galena can be enhanced by plotting Pb   

/ (Te + Se) versus Pb / Bi (R2 = 0.75 (linear), 0.67 (logarithmic); Fig. 4.48d). 

Gold concentrations in galena are always lower than 8 ppm, except for a far outlier of 25 

ppm (Appendix 4.8). Antimony-rich galena contains small inclusions of a gold-bearing mineral 

(or, less likely, native gold), whereas Bi-rich galena contains gold within its lattice. This can be 

seen by comparing spiky LA-ICP-MS Au signals from Sb-rich galena (e.g., Fig. 4.49a) versus flat 

LA-ICP-MS Au signals from Bi-rich galena (Fig. 4.49b). 

4.8 Discussion  

4.8.1 Temperature and pressure conditions  

 The temperature range of mineralization at San Francisco de los Andes have been 

calculated using the titanium-in-quartz (TitaniQ) geothermometer. Titanium can replace Si in the 

quartz lattice because both elements are tetravalent cations with similar ionic radii, such that no 

coupled substitution is required (Müller et al., 2003, 2012). Titanium substitution in quartz is 

temperature-dependent, where its concentration systematically increases with increasing 

temperature (Wark and Watson, 2006; Thomas et al., 2010). Titanium values have been calibrated 

as a precise geothermometer that can be used in a wide variety of environments (Wark and 

Watson, 2006; Thomas et al., 2010). 
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Titanium-in-quartz geothermometry can potentially be applied in various geological 

environments due to the wide temperature stability range of quartz.  The upper limit of the 

geothermometer is greater than 1,000°C under dry conditions where H2O is absent (Wark and 

Watson, 2006). Conversely, quartz may not be stable at higher temperatures than the wet granite 

solidus under excess H2O conditions. The lower limit for the TitaniQ geothermometer application 

is not affected by quartz stability but by analytical limitations. A concentration of 1 ppm Ti 

corresponds to 389°C (Wark and Watson, 2006). The original TitaniQ geothermometer proposed 

by Wark and Watson (2006) accurately determines temperatures for quartz crystallization under 

pressures near 10 kbar. However, various studies on natural quartz formed under other pressure 

conditions have proven that this geothermometer still yielded reasonably accurate temperature 

ranges. Thomas et al. (2010) proposed a more comprehensive titanium-in-quartz 

geothermobarometer developed under pressures between 5 and 20 kbars, and temperatures from 

700 to 940°C. They noted that at a constant temperature, pressure is inversely proportional to Ti 

substitution on the four-fold tetrahedral site in quartz. 

Titanium-in-quartz geothermobarometry has been used to estimate the thermal evolution of 

magmatic units, including volcanic and intrusive complexes (e.g., Seitz et al., 2015; Nadin et al., 

2016). It has been used to estimate pegmatite crystallization temperatures (Müller et al., 2015). 

However, Seitz et al. (2015) argued that Ti contents of quartz phenocrysts from Jurassic rhyolite of 

the El Quemado Complex (Patagonia, Argentina) did not always reflect temperature, pressure, or 

titanium activity variations in the magmatic system, but instead were the product of growth 

kinetics.  

The ubiquity of quartz in the crust and the participation of SiO2 in multiple metamorphic 

processes make TitaniQ geothermobarometry a possible technique for determining metamorphic 

conditions (e.g., Morgan et al., 2013). However, the metamorphic process of dynamic 

recrystallization can decrease Ti contents in quartz, because the recrystallized quartz needs to re-

equilibrate with the typically Ti-undersaturated intergranular medium (Ashley, et al., 2014; 

Hughes, 2014). Thus, recrystallized subgrains contain lower Ti concentrations than host 

porphyroclasts and yield lower temperatures of recrystallization (Ashley, et al., 2014; Hughes, 

2014). 

Huang and Audétat (2012) recalibrated the titanium-in-quartz geothermobarometer based 

on synthetic quartz grown in rutile-bearing H2O ± NaCl fluids at 600–800 °C and 1–10 kbar. They 

conducted an additional independent test by analyzing igneous quartz from five intrusive and three 

volcanic magma systems that crystallized at known pressures (0.8–2.7 kbar) and temperatures 

(675–780 °C). Huang and Audétat (2012) considered that TitaniQ should not be applied to 
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hydrothermal quartz as its growth rates can be very variable, but work best in igneous quartz. The 

recalibration work conducted by Huang and Audétat (2012) is specifically focused on high 

temperature magmatic quartz, and not ideal for magmatic-hydrothermal quartz formed at < 600 °C. 

Ti-in-quartz geothermobarometry has been used to effectively estimate temperatures of ore 

formation based on quartz crystallization temperatures, particularly in magmatic-hydrothermal 

systems. Péntek et al. (2013) studied the significance of partial melting processes in hydrothermal 

low sulfide Cu-Ni-PGE mineralization at the Sudbury igneous complex, and applied Ti-in-quartz 

thermometry to determine the temperature range of original fluids. Various authors have used the 

TitaniQ geothermometer successfully to constrain the temperature of deposition for ore-related 

hydrothermal quartz. Quartz veins from Butte formed at the same or slightly lower temperatures 

than suggested by Ti-in-quartz geothermometry (Rusk et al., 2006). More recent studies 

documented the thermal profile of the porphyry Cu–Mo deposit in Butte and associated porphyry 

dikes and hydrothermal veins (Mercer and Reed, 2013; Mercer et al., 2015). Titanium 

concentration in quartz from Los Pelambres, El Teniente and El Salvador yielded temperature 

ranges consistent with most porphyry copper deposits formation (Rusk et al., 2008). Conversely to 

magmatic-hydrothermal systems, various epithermal vein systems yielded Ti values below 

detection limit preventing the usage of this geothermometer (e.g., Wark and Watson, 2006). 

Temperature and pressure conditions during quartz formation at San Francisco de los 

Andes were calculated based on TitaniQ geothermometry (equation 4.20; Wark and Watson, 2006) 

and geothermobarometry (equation 4.21; Thomas et al., 2010):  

 

where T is the temperature of formation in degree Celsius, XTi
qtz is the concentration of Ti in ppm, 

and aTiO2 the activity of TiO2 in the system (Wark and Watson, 2006). In the current study, the 

presence of rutile as an equilibrium phase in the system indicates TiO2 saturation and allows the 

activity of Ti to be fixed at 1.The accuracy of TitaniQ geothermometer is estimated to be 

approximately 5°C, but it can be affected by the analytical error of Ti analyses. As documented by 

Wark and Watson (2006), EMPA yields greater analytical uncertainties than SIMs; furthermore, a 

smaller beam and/or smaller quartz crystals increase the analytical error.  The ability of LA-ICP-

MS to detect Ti concentrations to below 1 ppm allowed the analytical uncertainties to be kept to a 

minimum. 

 

 (4.20) 
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where R is the gas constant 8.3145 J/K, T is temperature in Kelvin, XTiO2
quartz is the mole fraction 

of TiO2 in quartz, and aTiO2 is the activity of TiO2 in the system (Thomas et al., 2010). Given a 

known Ti content and temperature (or pressure), the remaining unknown variable can be 

determined by rearranging equation 4.21. Temperature values that are constrained within ± 25°C, 

yield pressure values with an error of approximately ± 1.2 kbar.  Alternatively, pressure values 

constrained within ± 1 kbar yield temperature values with an error of approximately ± 20°C 

(Thomas et al., 2010). Temperature or pressure can be fixed when using Ti-in-quartz solubility in 

combination with another geothermobarometer in a coexisting mineral, or with an independent 

constraint on either T or P of quartz crystallization (e.g., homogenization temperature from primary 

fluid inclusions in quartz; Thomas et al., 2010). Arsenic contents in arsenopyrite have proven to be 

a function of the temperature of crystallization and thus provide a useful geothermometer (e.g., 

Kretschmar and Scott, 1976; Scott, 1983). This technique can be used when arsenopyrite coexists 

with pyrrhotite, löllingite, arsenic or an As-S liquid at higher temperatures (688 – 491°C), or 

coexists with pyrite, pyrrhotite, löllingite, arsenic or an As-S liquid at lower temperatures (491       

– 363°C). The arsenopyrite geothermometer was the first choice to estimate temperature of ore 

deposition, but could not be applied at San Francisco de los Andes due to a lack of buffered 

mineral assemblages.  

Brightness gradients in quartz growth zones based on CL images (e.g., Fig. 4.49), and Ti 

concentrations in quartz based on LA-ICP-MS analyses (Appendix 4.3a), were used to estimate 

temperatures of quartz formation at the San Francisco de los Andes district (Table 4.10). Stage 1 

radiating quartz – tourmaline crystals hosted in granite, and Stage 2, 3a and 4a hydrothermal quartz 

from breccias exhibit consistent brighter cores with darker rims in CL images (e.g., Fig. 4.49). The 

brightness gradients between different quartz growth zones can be used as a proxy for titanium 

contents. Brightness of each zone is a function of Ti concentration, where higher Ti values 

translate as a higher CL intensity and brighter areas (e.g., Mercer et al., 2015). Previous studies 

have documented the same behavior and the thermal history of single quartz grains, where 

brightness of the resulting CL images were used as proxy for quartz crystallization temperature 

(e.g., Wark and Spear, 2005; Wark and Watson, 2006; Rusk et al., 2006, 2008; Mercer et al., 

2015). 

 (4.21) 
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Figure 4.49: Cathodoluminescence images of quartz from stages 1, 3a, and 4a highlighting growth zones (a-

c, d and e respectively). Titanium contents are directly correlated with CL intensity throughout most of the 

images (Appendix 4.3b). Abbreviations: Tm = tourmaline, Py = pyrite, Ti = titanium content, T = TitaniQ 

temperature calculated based on Wark and Watson (2006). 

 

 



Chapter 4 – San Francisco de los Andes breccia complex 

220 
 

 

Table 4.10: Titanium-in-quartz temperature values for stages 1 to 4a quartz calculated at 10, 0.5, 1, 2, and 3 

kbars based on Wark and Watson (2006) and Thomas et al. (2010) 

Parageneis Sample ID 

  
Wark and 
Watson 
(2006) 

Thomas et al. (2010) 

 Ti (ppm) 
T (°C)  

at 10 kbar 

T (°C) 
at 0.5 
kbar 

T (°C) 
at 1 
kbar 

T (°C) 
at 2 
kbar 

T (°C) 
at 3 
kbar 

Stage 1 

SF12-22 

Granite-hosted, 
radiating tourmaline – 

quartz aggregates 

43.971 657 471 482 503 524 

SF12-22 48.813 668 479 490 511 532 

SF12-22 64.191 697 501 512 533 555 

SF12-22 65.687 699 503 513 535 557 

SF12-22 109.668 759 546 558 581 604 

SF12-22 169.640 815 588 600 624 648 

Stage  
1-rim 

SF12-22 2.324 434 302 310 326 343 

SF12-22 6.088 495 348 357 375 392 

Stage 2 

SF11MB220 

Tourmaline-cemented 
breccia with minor 

hydrothermal quartz 
cropping out near the 

breccia complex 

6.122 495 349 357 375 392 

SF11MB220 6.158 495 349 358 375 393 

SF11MB220 8.437 517 366 375 393 411 

SF11MB220 8.592 519 367 376 394 412 

SF11MB220 10.715 535 379 388 407 425 

Stage 3a 

30-2010 

Large, euhedral 
hexagonal 

hydrothermal quartz 
from tourmaline – 
quartz-cemented 

breccia (underground) 

0.812 378 259 266 281 296 

30-2010 0.913 384 263 271 286 301 

30-2010 1.071 392 270 277 292 308 

30-2010 1.099 393 271 278 294 309 

30-2010 1.119 394 271 279 294 310 

30-2010 1.165 397 273 281 296 311 

30-2010 1.332 403 278 286 302 317 

30-2010 2.020 426 296 304 320 336 

30-2010 2.021 426 296 304 320 336 

30-2010 2.417 436 304 312 328 344 

30-2010 3.794 464 325 333 350 367 

30-2010 3.988 467 327 336 352 369 

30-2010 5.197 484 340 349 366 383 

30-2010 5.205 484 340 349 366 383 

30-2010 8.972 522 369 378 396 414 

Stage 4a 

02--2010 
Hydrothermal quartz 

from galena > 
chalcopyrite – quartz > 
tourmaline-cemented 
breccia (underground) 

1.517 410 284 292 307 323 

02--2010 1.667 416 288 296 311 327 

02--2010 2.044 427 296 304 320 336 

02--2010 2.697 443 309 317 333 350 
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06--2010 

Hydrothermal quartz 
prism from quartz >> 
tourmaline-cemented 
breccia (underground) 

0.719 372 254 262 276 291 

06--2010 0.854 381 261 268 283 298 

06--2010 1.448 408 282 290 305 321 

06--2010 1.652 415 287 295 311 327 

06--2010 1.693 416 288 296 312 328 

06--2010 1.762 419 290 298 314 330 

06--2010 1.765 419 290 298 314 330 

06--2010 2.106 429 298 306 322 338 

06--2010 2.132 429 298 306 322 338 

06--2010 2.215 431 300 308 324 340 

06--2010 2.532 439 306 314 330 347 

06--2010 3.600 460 322 331 347 364 

06--2010 4.842 479 337 345 362 380 

06--2010 5.938 493 347 356 373 391 

06--2010 6.948 504 355 364 382 400 

21-2010 

Hydrothermal quartz 
from tourmaline > 
quartz-cemented 

breccia (underground) 

1.253 400 276 284 299 314 

21-2010 1.698 417 288 296 312 328 

21-2010 1.789 419 291 299 314 330 

21-2010 1.821 420 291 299 315 331 

21-2010 2.203 431 300 308 324 340 

21-2010 2.210 431 300 308 324 340 

21-2010 2.640 442 308 316 332 349 

21-2010 4.251 471 330 339 356 373 

21-2010 5.552 488 344 352 370 387 

21-2010 5.745 491 345 354 371 389 

21-2010 6.431 498 351 360 378 395 

 

Temperature calculated based on equations 4.20 (at 10 kbars) and 4.21 (at fixed pressures 

of 0.5, 1, 2 and 3 kbars) yielded similar temperatures ranges between stages 3a and 4a quartz from 

the breccia complex (Fig. 4.50; Table 4.10). Stage 2 quartz – tourmaline-cemented breccias, 

cropping out close to San Francisco de los Andes breccia complex, yielded the highest 

temperatures detected in hydrothermal quartz (Fig. 4.50; Table 4.10). Stage 1 quartz from granite-

hosted radiating aggregates yielded markedly higher temperatures than any hydrothermal quartz 

from breccia cement (i.e., stages 2, 3a or 4a), except for those analyses of  stage 1-rim on quartz 

overgrowth over stage 1 quartz which are comparable to quartz from hydrothermal breccias, 

particularly stages 3a and 4a (Fig. 4.50; Table 4.10). 
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Figure 4.50: a. Box-and-whisker plot of Ti contents in quartz from stages 1 and 1-rim (radiating tourmaline 

– quartz aggregate), and stages 2, 3a and 4a (tourmaline – quartz-cemented breccias). b. Ti-in-quartz 

temperature based on Wark and Watson, (2006). c.-d. Ti-in-quartz temperature calculated at 0.5, 1, 2 and 3 

Kbars after Thomas et al. (2010). Abbreviations: qz = quartz, bx = hydrothermal breccia, rc = radiating 

crystals, N = number of samples, n = number of analyses. All data are listed in Table 4.10. 

 

Titanium concentrations versus temperatures of formation on Figure 4.51 highlight two 

natural breaks: the first detected between 2.69 and 3.60 ppm, and the second one between 10.71 

and 43.97 ppm (Fig. 4.51). The first gap in Ti concentrations separates two populations of 

hydrothermal quartz from breccia cement: Ti-enriched early euhedral hydrothermal quartz and Ti-

depleted late euhedral to subhedral hydrothermal quartz (Fig. 4.51). The second compositional 

break separates hydrothermal quartz from stage 1 quartz, which is highly enriched in Ti (Fig. 4.51).  
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Figure 4.51: Binary plots of Ti contents versus calculated  TitaniQ temperatures in quartz from stages 1 and 

1-rim (radiating tourmaline – quartz aggregate), and stages 2, 3a and 4a (tourmaline – quartz-cemented 

breccias). Ti-in-quartz temperature calculated at 0.5, 1, 2 and 3 Kbars after Thomas et al. (2010) for 

hydrothermal quartz (left) and  hydrothermal + magmatic quartz (right). Abbreviations: qz = quartz, bx = 

hydrothermal breccia, rc = radiating crystals, N = number of samples,  n = number of analyses. All data are 

listed in Table 4.10. 

Based on Wark and Watson (2006)’s TitaniQ geothermometry, early stages 3a and 4a 

hydrothermal quartz from the breccia complex yielded Ti-in-quartz temperatures between 460 and 
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522°C; Fig. 4.50; Table 4.10). Late growth zones of stages 3a and 4a hydrothermal quartz yielded 

temperatures within 372 and 443°C, the lowest limit is based on Ti concentration very close to the 

detection limit (0.72 ppm; Fig. 4.50; Table 4.10). As seen on the paragenetic diagram on Figures 

4.8 and 4.9, late hydrothermal stages 3a and 4a quartz are temporally related but older than Cu and 

Bi mineralization, which would indicate the interval 372 – 522°C as the maximum temperature for 

ore precipitation. The aforementioned temperature range is markedly higher than most magmatic-

hydrothermal breccias. As documented by Rusk et al. (2006) and Wark and Watson (2006), 

TitaniQ geothermometry yields higher temperatures than the actual temperature of quartz 

crystallization, when quartz formed under pressure condition lower than 10 kbar, providing 

temperatures higher than fluid inclusion studies.  

Ti-in-quartz temperatures based on Thomas et al. (2010)’s geothermobarometer, calculated 

under 0.5, 1 and 2 kbar yielded significantly lower temperatures (Fig. 4.50; Table 4.10). This 

pressure range is similar to the conditions of formation of the Donoso magmatic-hydrothermal 

breccia, at the Rio Blanco-Los Bronces district (Skewes et al., 2003). A previous fluid inclusion 

study showed that different magmatic fluids were involved in formation of the Donoso breccia: 

fluids exsolved from magma cooling under relatively high (> 1 kbar) lithostatic pressure 

(consistent with geologic constraints), and fluids from magma cooling at lower hydrostatic 

pressure conditions (Skewes et al., 2003). Both types of fluids circulated intermittently, as pressure 

fluctuated between lithostatic and hydrostatic conditions due to sealing and rebrecciation episodes 

(Skewes et al., 2003). 

The Ti-in-quartz geothermobarometer (equation 4.21) yielded temperature ranges of 254   

– 369°C (0.5 kbar), 262 – 378°C (1 kbar) and 276 – 396 (2 kbar) for stage 3a and 4a quartz from 

the San Francisco de los Andes breccia complex. Little has been published on the conditions of 

formation of the San Francisco de los Andes deposit. The only fluid inclusion data available are 

provided in a report by Cardo et al. (2008). They reported homogenization temperatures between 

227 and 229°C, and a salinity of 14.6 wt.% NaCl equivalent for two-phase, liquid-rich fluid 

inclusions hosted in quartz samples. Temperatures as high as 367 to 388°C and salinities up to 45 

wt.% NaCl equivalent were reported for three-phase (liquid + vapor + halite) quartz-hosted fluid 

inclusions. These temperatures are comparable with magmatic-hydrothermal tourmaline breccia 

hosted Cu–Mo deposits such as Sur-Sur breccia in the Rio Blanco-Los Bronces district, where 

measured homogenization temperature for type ia (two-phase, liquid-rich fluid inclusions) and type 

iia (three-phases, salt saturated, halite-bearing fluid inclusions) in quartz range between less than 

200°C and more than 400°C (Frikken et al., 2005). Homogenization temperature of fluid 

inclusions from both magmatic-hydrothermal breccias are consistent with TitaniQ temperature 

estimated under 0.5 – 2 kbars.  
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 Stage 1 quartz samples from radiating tourmaline – quartz aggregates hosted in the Tocota 

Pluton yielded higher temperatures than hydrothermal quartz (Fig. 4.50; Table 4.10). Stage 1 

quartz is interpreted to have been derived from late magmatic fluids released during granitoid 

crystallization. Pressure conditions during extensional, post-orogenic magmatism are markedly 

lower than those of compression, subduction-related magmatism (e.g., San Francisco Batholith, 

Chile; Chapter 3). Titanium contents and Ti temperatures based on equation 4.21 have not been 

cross-checked with fluid inclusion analyses, as that is beyond the scope of this study. Despite lack 

of data to constrain temperature values in equation 4.21, which prevents estimation of P during 

stage 1 quartz formation, higher pressure conditions than 2 kbars would be expected. Relevant 

experimental research on the effect of pressure and melt composition, which are applicable to post-

orogenic magmatism are those conducted by Holtz and Johannes (1991; 3 and 5 kbars) and Patiño 

Douce and Harris (1998; 6 and 10 kbars). They discussed the abundance of water on the 

composition of melt produced during experimental melting of biotite gneiss and pelitic biotite-

muscovite schist under different pressure conditions. Stage 1 quartz yielded temperature ranges of 

524 – 648°C at a minimum pressure of 3 kbars, and 657 – 815°C at a maximum pressure of 10 

kbar (Fig. 4.50; Table 4.10).  

 Sonder et al. (1987) explained the western United States magmatism developed after the 

Sevier and Laramide orogenies as a consequence of a compressive event that causes crustal 

thickening followed by deviatoric tensional stresses. Extension is produced due to a rise in 

temperature at the base of the crust (i.e., initial temperature of the Moho of approximately 700°C; 

Sonder et al., 1987). Based on data from Sonder et al. (1987), Llambías and Sato (1992) proposed 

an initial temperature of 625 – 725° C in the Moho during deformation, after crustal thickening and 

prior to the emplacement of the Colangüil Batholith. Consistent with Sonder et al. (1987) and 

Llambías and Sato (1992), the granite-hosted stage 1 quartz – tourmaline aggregates are interpreted 

to have formed during late-magmatic stage between 524 and 648°C at a minimum pressure of 3 

kbars (Table 4.10). 

 Stage 1-rim quartz (i.e., dark overgrowth on stage 1 quartz in CL images) has much lower 

Ti concentrations than stage 1 quartz (Fig. 4.50; Table 4.10). They are interpreted to be 

hydrothermal rims that overgrew early stage 1 quartz (Fig. 4.50; Table 4.10). Titanium contents 

and TitaniQ temperatures for stage 1-rim quartz are comparable with Ti concentrations and 

temperature ranges obtained from hydrothermal quartz cementing the San Francisco de los Andes 

breccia complex (Fig. 4.50; Table 4.10). Furthermore, trace element compositions in stage 1-rim 

quartz are comparable with stage 3a and 4a quartz in the breccia complex (Fig. 4.28; Table 4.2). 

These evidences suggest a genetic link between the Tocota Pluton and hydrothermal breccia 

formation.  
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4.8.2 Thermochemical environment of Bi and Cu ore deposition 

Many chemical variables are fundamental to hydrothermal ore transport and deposition; 

they include the temperature, pressure, salinity, pH, redox, concentrations of sulfur species, and 

activities of metal species (e.g., Cooke et al., 1996). Changes in any of these variables can trigger 

ore deposition. The purpose of this section is to discuss the thermochemical environment during 

bismuth and copper ore deposition at San Francisco de los Andes, and to constrain fluid chemistry 

based on the observed bismuth and copper mineral phases.  

Titanium-in-quartz geothermobarometry from San Francisco de los Andes have 

constrained temperature and pressure conditions during mineralization. The proposed P–T ranges 

are comparable with previous studies of fluid inclusions on quartz from magmatic-hydrothermal 

breccia complexes (Skewes et al., 2003; Frikken et al., 2005; Cardo et al., 2008). Based on these 

data, coupled with detailed mineralogical observations, two fTe2 vs fS2 diagrams were calculated. 

The minimum temperature of 230°C and maximum temperature of 400°C were assumed for ore 

deposition, with a constraining pressure of 1 kbar. Only two fTe2 vs fS2 diagrams were necessary to 

show the thermochemical environment due to similar characteristics of ore-forming fluids 

throughout the formation of the San Francisco de los Andes breccia complex.  

The salinity and other key physicochemical characteristics of hydrothermal fluids in the 

breccia complex can be obtained from fluid inclusion studies of stage 3a and 4a quartz. Cardo et al. 

(2008) reported homogenization temperatures between 227 and 229 °C, and a salinity of 14.6 wt. 

% NaCl equivalent for two-phase, liquid-rich fluid inclusions hosted in hydrothermal quartz from 

San Francisco de los Andes. Temperatures up to 367 – 388°C and salinities up to 45 wt.% NaCl 

equivalent were reported for three-phase (liquid + vapor + halite) inclusions hosted in quartz. For 

further discussion on homogenization, entrapment or formation, and TitaniQ temperatures at San 

Francisco de los Andes see Appendix 4. 

Testa and Cooke (2011, 2013) documented four types of fluid inclusion in stages 3a and 4a 

quartz from the San Francisco de los Andes magmatic-hydrothermal breccia complex (Fig. 4.52). 

Vapor-saturated pressure is assumed based on the coexistence of primary type ia (two-phase, 

liquid-rich) and type ib (two-phase, vapor-rich) fluid inclusions (Fig. 4.52). No evidence of 

leakage, necking or post-entrapment deformation was observed based on detailed petrographic 

analysis of fluids inclusions. Any of these processes has been documented, thus the coexistence of 

type ia and type ib fluid inclusions cannot be explained by disruption of the original liquid – vapor 

proportion in individual fluid inclusions. The coexistence of primary type ia and ib fluid inclusions 

is therefore interpreted to be the product of phase separation, which probably produced a vapor 

phase and a dense liquid phase during brecciation. 
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Figure 4.52: Four type of fluid inclusions hosted in stage 3a and 4a quartz from the San Francisco de los 

Andes Breccia complex. a. Type ia are two-phase, liquid-rich fluid inclusions. b. Type ib are two-phase, 

vapor-rich fluid inclusions. c. Type iia are four-phase, salt saturated, halite-sylvite-bearing fluid inclusions. 

d. Type iib are polyphase, salt saturated, halite – sylvite – phyllosilicate-bearing fluid inclusions. 

 

Testa and Cooke (2011, 2013) documented type iia (four-phase, salt saturated, halite         

– sylvite-bearing) fluid inclusions and type iib (polyphase, salt saturated, halite – sylvite – mica?-

bearing) fluid inclusions from San Francisco de los Andes (Fig. 4.52). Although no 

microthermometric analyses were conducted, based on the coexistence of large halite (cubic crystal 

with sharp vertices), sylvite (cubic crystal with rounded vertices) and unspecified mica (hexagonal 

sheet-like crystal) in fluid inclusions, salinities above 45 wt. % NaCl equivalent are considered 

likely (Fig. 4.52). Type iia and iib fluid inclusions document salinities higher than those reported 

by Cardo et al. (2008), and evidence that hydrothermal fluids trapped were probably dominated by 

salts other than only NaCl (e.g., KCl, CaCl2, and MgCl2). The elevated salinities in these fluid 

inclusions are interpreted as evidence for the coexistence of a brine-phase. Stages 3a and 4a quartz 

formed prior to ore deposition. The brine is suspected to be the main ore-forming fluid responsible 

for stage 3b and 4b mineralization. 
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No petrographic evidence of non-condensable gas species, such as CO2, was reported in 

fluid inclusions by Cardo et al. (2008) or Testa and Cooke (2011, 2013). Furthermore, no 

hypogene, C-bearing mineral phases (e.g., carbonates) have been documented from San Francisco 

de los Andes. The CO2(g) contents of the ore-forming hydrothermal fluids is therefore considered to 

be significantly lower than 4.4 wt. % CO2, the minimum concentration required to observe visible 

CO2 in fluid inclusions at room temperature (Roedder, 1984).   

The pH range of ore-forming fluids at San Francisco de los Andes can be inferred based on 

hydrothermal alteration assemblages in the sedimentary host rocks and breccia clasts. Sericite        

– quartz – tourmaline is the characteristic hydrothermal alteration assemblage adjacent to the 

breccia complex, whereas epidote – chlorite ± calcite veins are commonly observed distal to the 

deposit (Figs. 4.11 and 4.12; Chapter 3).  Based on the presence of illite – quartz, the mineralizing 

solutions must have been weakly to moderately acidic (pH of ~ 6 – 5), evolving outwards from the 

breccia complex to near-neutral or alkaline pH conditions via water-rock interaction (epidote         

– chlorite ± calcite stable; e.g., Cooke et al., 1996; Corbett and Leach, 1998). The stability for 

mineral phases in the phyllic alteration assemblage can be constrained as a function of temperature 

and K+ and H+ activities (i.e., < 500ºC and intermediate log (aK+/aH+) values; Fig. 4.53), with 

increased alkali metasomatism associated with the propylitic assemblage (Burnham and Ohmoto 

1980; Guilbert and Park 1985; Sverjensky et al., 1991; Inoue, 1995; Fig. 4.53). The absence of 

potassic alteration associated with the breccia complex indicate that high temperature, alkaline 

conditions were not attained at the level of exposure of the breccia complex (i.e., K-feldspar stable; 

high log (aK+/aH+); Sverjensky et al., 1991; Inoue, 1995; Fig. 4.53). A potassic-altered root is 

predicted to occur below the current level of exposure based on comparisons with other well-

drilled tourmaline breccia complexes (e.g., Sur-Sur; Frikken et al., 2005). The lack of clay minerals 

characteristic of advanced argillic alteration (e.g., alunite, kaolinite, dickite, pyrophyllite) provide 

evidence that the hydrothermal fluids were only weakly acidic (i.e., moderate log (aK+/aH+); 

Sverjensky et al., 1991; Inoue, 1995; Fig. 4.53), preventing formation of hypogene clay minerals. 

Scarce clay minerals from the intermediate argillic alteration assemblage were locally documented; 

both chlorite and illite imply weakly acidic conditions of alteration (Fig. 4.53). 

The abundance of sulfide and sulfosalt phases, coupled with an absence of hypogene 

oxides, sulfates, carbonates or arsenates, imply relatively low oxygen fugacities (i.e., H2S-

predominant) and high sulfur fugacities during ore transport and deposition at San Francisco de los 

Andes. Magmatic-hydrothermal breccias from the Rio Blanco-Los Bronces district have shown 

similarities to the San Francisco de los Andes breccia complex (e.g., pyrite and Cu-sulfide cement), 

but differ in that oxidized phases (i.e., anhydrite and specularite) were formed at distinctive stages 

in the Donoso, Sur-Sur, and La Americana magmatic-hydrothermal breccia (Skewes et al, 2003; 
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Figure 4.53: Idealized stability field of hydrothermal alteration assemblages as a function of temperature, 

and K+ and H+ activities at 1 kbar (After Guilbert and Park 1985; Burnham and Ohmoto 1980; Pirajno 2009).  

 

 Frikken et al., 2005; Chapter 5). The precipitation of anhydrite during late-stage fluid evolution 

indicates that hydrothermal fluids evolved to higher oxygen fugacity (i.e., sulfate-stable), and/or 

higher aCa
2+. The presence of specularite at Rio Blanco-Los Bronces is also consistent with higher 

oxygen fugacity conditions (Frikken et al., 2005; Chapter 5). The absence of hypogene oxidized 

mineral phases in the San Francisco de los Andes breccia complex indicates consistently reduced 

(H2S-predominat) condition for ore-forming hydrothermal fluids. 

4.8.2.1 Sulfur and tellurium fugacities  

Thermodynamic modelling of Bi- and associated Cu-mineralization from the San 

Francisco de los Andes breccia complex has been undertaken using available thermodynamic 

properties for coexisting mineral assemblages. Stability limits were calculated using 

thermochemical data from Garrels and Christ (1965), Meyer and Hemley (1967), Robie and 

Waldbaum (1968), Craig and Barton (1973), Barton and Skinner (1979), Afifi et al. (1988) and 

Krauskopf and Bird (1995). All chemical reactions, log K values and related thermodynamic 

properties are based on the aforementioned sources. 
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Thermodynamic models for selected bismuth sulfides, sulfosalts and tellurides have been 

proposed for different mineralizing systems, such as orogenic and epithermal deposits (e.g., Cooke 

et al., 1996; Voicu et al., 1999; Cook and Ciobanu, 2004; Voudouris, et. al., 2007). 

Thermodynamic modelling of the San Francisco de los Andes magmatic-hydrothermal breccia 

complex has been undertaken by assuming a minimum temperature of 230°C, and a maximum 

temperature of 400°C at a constant pressure of 1 kbar. Key mineralogical assemblages in stages 3b-

II and 4b-II are the Bi- and Cu-bearing sulfide and sulfosalts that co-precipitated with tellurides, 

which are used here to constrain both fS2 and fTe2 (Figs. 4.8 and 4.9). The stability fields for Bi and 

Cu sulfides, sulfosalts and tellurides have been plotted on fS2 – fTe2 diagrams (Fig. 4.54).   

 For the purpose of thermodynamic modeling, paragenetic stages 3b-II and 4b-II have been 

subdivided into three sub-stages. The first stage (3b-IIa, 4b-IIa) was the early phase of bismuthinite 

(bs) deposition (Figs. 4.8, 4.9 and 4.54). During the second stage (3b-IIb, 4b-IIb) bismuthinite       

– cosalite – chalcopyrite (bs – cs – cp) assemblage were precipitated (Figs. 4.8, 4.9 and 4.54). 

Finally, during the third stage (3b-IIc, 4b-IIc), the cosalite – chalcopyrite (cs – cp) assemblage 

precipitated (Figs. 4.8, 4.9 and 4.54). 

The geochemical behavior of tellurium is one of the keys for understanding the evolution 

of hydrothermal fluids and ore precipitation at San Francisco de los Andes. Bismuth and Ag 

telluride species are hosted as inclusions in bismuthinite and cosalite in both domains of the 

breccia complex (Figs. 4.8 and 4.9). The presence of tellurium-bearing phases may be a key 

indication of ingress of magmatic volatiles during brecciation and mineralization (e.g., Cooke et 

al., 1996; Cooke and McPhail, 2001). 

Tetradymite (Bi2Te2S; td) inclusions are common, and are homogeneously distributed in 

both stage 3b-II and 4b-II bismuthinite and cosalite. Hessite (Ag2Te; hs) inclusions are rare; they 

were only documented in stage 3b-II and 4b-II bismuthinite. Tetradymite (Bi2Te2S; td) can form 

from tellurobismuthite (Bi2Te3) according to the following reaction: 

2 Bi2Te3 (Tellurobismuthite) + S2 (g) ⇄ 2 Bi2Te2S (Tetradymite) + Te2 (g)                    (4.22)                                          

 Tetradymite can therefore precipitate due to small fS2 and fTe2 fluctuations, either a slight fS2 

increase or a subtle fTe2 decrease. The tetradymite stability space is likely to be similar to that of 

tellurobismuthite (e.g., Cook and Ciobanu, 2004). The stability field for the bismuthinite (Bi2S3)    

– tetradymite (Bi2Te2S) assemblage on Figure 4.54 is defined in part by the chemical reaction: 

 Bi2S3 (Bismuthinite) + 3/2 Te2 (g) ⇄ Bi2Te3 (Tellurobismuthite) + 3/2 S2 (g)                           (4.23) 
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Figure 4.54: Proposed fS2 vs fTe2 diagrams calculated at 230 °C (a), and 400 °C (b) and a constant pressure of 

1 kbar. The pyrrhotite – pyrite (po – py) monovariant line was plotted at higher temperatures but not at 230 

°C as it falls within the stability field of BiM. Model Abbreviations: Cp = chalcopyrite, Bn = bornite, Py = 

pyrite, Po = pyrrhotite, L = liquid, S = solid, and M = metallic. Legend abbreviations: bs = bismuthinite, cs = 

cosalite, cp = chalcopyrite, td = tetradymite, hs = hessite. 
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When assessing a minimum temperature of 230 °C, fS2 and fTe2 values for stage 3b-IIa and 

4b-IIa (bs – td – hs), and stage 3b-IIb and 4b-IIb (bs – td – hs + cs – td + cp) are constrained by the 

equilibrium line defined by the equation log fTe2 = log fS2 + 0.93; between log fS2 values of -14.63 

and -9.5 (stage 3b-IIa and 4b-IIa) and -13.92 and -11.97 (stage 3b-IIb and 4b-IIb; Fig. 4.54a). Stage 

3b-IIc and 4b-IIc (cs – td + cp) stability field is constrained between the line defined by log fTe2     

= log fS2 + 0.93, and log fTe2 = -8.3; and between log fS2 values of -13.92 and -11.97 (Fig. 4.54a). 

For the maximum temperature of 400°C, stages 3b-IIa and 4b-IIa, and 3b-IIb and 4b-IIb 

plot along the equilibrium line log fTe2 = log fS2 + 0.68, between log fS2 values of -8.9 and -5 (stage 

3b-IIa and 4b-IIa) and -8 and -5 (stage 3b-IIb and 4b-IIb; Fig. 4.54b).  Stage 3b-IIc and 4b-IIc 

occurs within log fTe2 = log fS2 + 0.68 and log fTe2 = -4.2; constrain between log fS2 values -8 and -5 

(Fig. 4.54b).  

The position of the bismuthinite – tellurobismutite monovariant line does not change 

significantly within the 230 – 400°C interval. As a result, the fS2 and fTe2 values for stages 3b-II and 

4b-II a, b and c are a straight-forward function of the BiM – Bi2S3, cosalite and cp – (bn + py) 

monovariant lines and Tes – Te2 equilibrium line (Fig. 4.54). The current model indicates that the 

stability fields for minerals from the three stages at a given temperature are rather similar, 

particularly at higher temperatures (Fig. 4.54b).  

Tetradymite is trapped in bismuthinite and cosalite as inclusions (e.g., Figs. 4.15d-e and 

4.16e-f). It is inferred to have formed in equilibrium with both the Bi-sulfide and sulfosalt. 

Conversely, hessite inclusions are only hosted in bismuthinite (e.g., Fig. 4.15d). Bismuthinite has 

little to no silver within its crystal lattice (e.g., Table 4.5; Appendix 4.7), thus available Ag from 

the hydrothermal fluids has likely bonded with Te to produce the characteristic hessite inclusions 

hosted in bismuthinite from San Francisco de los Andes. Conversely to bismuthinite, cosalite 

preferentially partitioned high concentrations of Ag into its crystal structure (e.g., Table 4.5; 

Appendix 4.7), such that pulses of Te-rich fluids could not form hessite inclusions in cosalite. It 

would appear that cosalite scavenged Ag from its surroundings and fixed it in its crystal structure. 

As the hydrothermal fluid evolved, particularly during stages 3b-IIc and 4b-IIc, silver 

concentrations decreased sharply as silver strongly partitioned into cosalite, precluding hessite 

formation. Tellurium was still available in the hydrothermal fluids during stages 3b-IIc and 4b-IIc, 

documented by the presence of tetradymite inclusions in cosalite (Fig. 4.54). The tetradymite         

– cosalite assemblage discards the idea of a decrease in fTe2 to explain the lack of hessite inclusions 

hosted in cosalite (Fig. 4.54). 



Chapter 4 – San Francisco de los Andes breccia complex 

233 
 

During stages 3b-II and 4b-II, log fS2 and log fTe2 have been high (log fS2 = -14.6 – -9.5; log 

fTe2 = -13.7 – -8.3; at 230°C; Fig. 4.54a; and log fS2 = -8.9 – -5; log fTe2 = -8 – -4.2; 400°C; Fig. 

4.54a). The hydrothermal fluids must have had elevated bismuth concentrations to stabilize Bi-

sulfosalts. High aBi values are required to form the bismuthinite – cosalite – tetradymite 

assemblage. Similarly, the aAg is also interpreted to have been high based on hessite inclusions 

hosted in bismuthinite, and with silver partitioning into the cosalite structure. Hessite inclusions 

have never been detected in Ag-rich cosalite, and acanthite has not been documented at San 

Francisco de los Andes. 

At San Francisco de los Andes, formation of bismuth and silver telluride inclusions may 

have been triggered by an increase in tellurium concentrations in the mineralizing fluids (e.g., 

tellurium-rich magmatic vapor plumes) or less likely by a slight fS2 decrease. High Te fugacities are 

interpreted here to have been caused by intermittent contributions of magmatic Te2(g) to 

hydrothermal mineralizing fluids during stages 3b-II and 4b-II. Similar to the mechanism proposed 

by Cooke et al. (1996) and Cooke and McPhail (2001) at Acupan (Philippines), sporadic bursts of 

Te2(g)  and other magmatic volatiles from a deep-seated crystalizing pluton are interpreted to have 

risen through the breccia column. This process accounts for the local and episodic distribution of 

tellurides hosted in Bi sulfides and sulfosalts in the San Francisco de los Andes breccia complex. It 

would be consistent with a magmatic-hydrothermal origin for the breccia complex. Contemporary 

viewpoints for Au and Bi telluride formation are generally magmatically-derived from a Te-rich 

source (e.g., Cook, 2007). Tellurium is transported either as aqueous or vapor species in 

hydrothermal fluids, and precipitate as ore-bearing tellurides triggered by various mechanisms 

(e.g., boiling, mixing, temperature decrease, fluid-rock interaction, among others; Cook, 2007). 

This model explained the formation of most telluride-bearing gold deposits, including epithermal, 

orogenic, intrusion-related, VHMS, porphyry Au–(Cu) and skarns (Cook, 2007). Based on current 

literature, the most likely incorporation of tellurium into the breccia column is due to Te-rich 

magmatic vapor (e.g., Jensen and Barton, 2000; Cooke and McPhail, 2001; Voudouris, 2006; 

Voudouris et al., 2007).  

During the very last stage of mineralization at San Francisco de los Andes (i.e., stage 4b-III 

in the NW domain), low-temperature galena and sphalerite are the dominant mineral phases that 

cement breccias. The lack of altaite (PbTe), and Pb or Zn-bearing sulfosalts from the NW domain 

imply low Te2 and S2 fugacities throughout stage 4b-III (e.g., Zn and Pb sulfosalts would have 

formed if fS2 values are high enough). A drastic drop in fS2 and particularly fTe2 is in agreement with 

the proposed mechanism of intermittent incorporation of tellurium via magmatic Te2(g)-rich 

plumes. 
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4.8.3 Trace element substitution behavior of quartz and sulfide – sulfosalt phases 

Table 4.11 summarizes the major differences in mineral chemistry and substitution 

mechanisms per mineral stage in each domain. Both stage 3a and 4a quartz, and 3b and 4b pyrite 

have contrasting trace element compositions (Table 4.11).  Silver contents in pyrite are strongly 

positively correlated (R2 > 0.8) with Pb in both domains, and Bi and Sb in the SE domain (Fig. 

4.35a-c; Table 4.3). These trace elements are interpreted to occur as solid solution within the pyrite 

lattice at San Francisco de los Andes, based on mapped growth zones rich in Ag, Pb, Bi and Sb 

(e.g., Figs. 4.30 and 4.31). Enrichment in these elements is documented in the youngest growth 

zone of stage 4b-I pyrite from the NW domain. This late growth zone implies high concentrations 

of these chalcophile elements in the late-stage hydrothermal fluid, which is consistent with the fact 

that Bi, Sb, Pb and Ag-bearing minerals precipitated after pyrite and arsenopyrite formation (Figs. 

4.8; 4.9; 4.30).  

Table 4.11: Major differences in mineral chemistry and trace element substitution mechanisms from each 

mineral phase analyzed in each domain. All data are listed in Appendices 4.3 to 4.8 

Hydrothermal 
cement 

Distinctive minor and trace elements Trace element substitution mechanisms 

Stage 3a 
quartz 

Higher mean, median and third quartile values 
of Al, P, Li, As, Ge and Sb (Fig. 4.28) 

Similar mechanisms to stage 4a quartz 

Stage 4a 
quartz 

Higher mean, median and third quartile values 
of K and Na (Fig. 4.28) 

Similar mechanisms to stage 3a quartz 

Stage 3b-I 
pyrite 

Much wider interquartile range of chalcophile 
elements (e.g., As, Pb, Bi, Sb Ag and Se), and 
higher mean and median values of Ag and Se 
(Fig. 4.32b) 

Higher Au contents (≤ 19 ppm), which positively correlates 
with As (R2 = 0.84; Fig. 4.33a; Table 4.3); Both elements are 
interpreted to occur as solid solution, or coexist in invisible 
nanoparticles, within the pyrite lattice 

Stage 4b-I 
pyrite 

Higher contents of lithophile elements (e.g., Al, 
Mg, Ti, Ba and Cr), higher first quartile, mean 
and median values of siderophile elements, 
(e.g., Co and Ni), and higher mean values of 
As, Pb, Bi and Sb (Fig. 4.32) 

Lower Au contents (≤ 4.5 ppm), which are uncorrelated with 
As (Fig. 4.33; Table 4.3) 

Stage 3b-I 
arsenopyrite 

Higher mean and median values of Mg, Ni, Al, 
Bi, Se and Ag (Fig. 4.40) 

Moderate positive correlation between Ag and Pb (Fig. 
4.41a; Table 4.4); Lack of correlations of Ag, Pb and Bi 
(Table 4.4) 

Stage 4b-I 
arsenopyrite 

Higher mean and median values of Pb and Sb 
(Fig. 4.40) 

Strong positive correlation between Ag and Pb (Fig. 4.41a; 
Table 4.4); Positive correlations of Bi – Ag and Bi – Pb (Fig. 
4.41b-c; Table 4.4) 

Stage 3b-II 
cosalite 

Higher mean and median values of Cu, Te, Se, 
Cd, Fe, Tl, Au, Mo and Ba (Fig. 4.43) 

(Ag + Pb vs Cu) and (Ag + Cu vs Se) have R2 values ≥ 0.48 
(Table 4.6; Fig. 4.44) 

Stage 4b-II 
cosalite 

Higher mean and median values of Ag, Mn and 
Sn (Fig. 4.43) 

(Ag + Cu vs Pb) and (Cu + Bi vs Sb) have R2 values ≥ 0.55 
(Table 4.6; Fig. 4.44) 

stage 3b-II 
bismuthinite 

Higher concentrations of Sn, Se, Bi and Cu 
(Appendix 4.7) 

Robust positive correlation between Cu and Ag (R2 = 0.99; 
Table 4.7) 

stage 4b-II 
bismuthinite 

Higher concentrations of Sb and Pb (Appendix 
4.7) 

Robust linear positive correlations of Pb vs Cu, Sb vs Pb (or 
Cu) and Pb vs As (R2 = 0.99; R2 = 0.79; R2 = 0.89; ; Table 
4.7) 

Stage 4b-II 
bismuthinite 
– aikinite 

Higher contents of Pb, Sb, Ag, Cd, and Tl, but 
lower Bi values compared with stage 3b-II 
bismuthinite (Fig. 4.45b) 

No bismuthinite – aikinite member has been detected in the 
SE domain, thus trace element substitution mechanisms 
between domains cannot be compared 
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Stage 4b-III 
galena 

High Bi and Ag contents (mean and median ≈ 
10,000 ppm), traces of Sb (mean and median > 
100 ppm), as well as Cu, Se and Cd (mean and 
median < 100 ppm; Fig. 4.47). The average 
contents of Te, Tl and Sn range between 1 and 
10 ppm (Fig. 4.47) 

Galena only occurs in the NW domain;  Complexity of 
element substitutions in individual samples has been 
simplified by considering all the possible trivalent and 
monovalent cations that can replace two Pb2+ cations as part 
of any coupled substitution; Lead concentrations over the 
sum of trivalent cations (i.e., Pb / (Bi + Sb)) versus lead 
values over the sum of monovalent cations (i.e., Pb / (Ag     
+ Cu + Tl)) has a very strong correlation (R2 = 0.90; Fig. 
4.48b) 

 

 Previous studies proposed several substitution mechanisms based on Ag, Cu, Bi and Pb in 

cosalite (e.g., Karup-Møller, 1977; Moëlo et al., 2008; Topa and Makovicky, 2010). In the current 

study, possible substitutions of Sb, Cd, Tl, Te, and Se in cosalite have also been considered (Table 

4.6; Fig. 4.44). Despite cosalite having a simple major chemical formula, previous studies have 

revealed complex substitution mechanisms, from both the compositional and the structural point of 

view (e.g., Karup-Møller, 1977; Moëlo et al., 2008). In a more recent study, a combined omission 

– interstitial insertion substitution has been suggested by Topa and Makovicky (2010). 

Simultaneous and complex substitutions in cosalite, which may also involve creation of vacancy 

sites obscure a single characteristic mechanism per domain. However, it has been documented that 

these mechanisms are distinctively different in each domain (Tables 4.6 and 4.11; Fig. 4.44). Lack 

of strong linear correlations (R2 ≤ 0.6) highlights the complexity of substitution mechanisms in 

cosalite. Numerous variants affect element substitutions and prevent clear representations in two-

dimensional plots. Conversely, trace element substitutions in bismuthinite are simple with strong 

correlation between elements. Dissimilar substitution mechanisms in bismuthinite have also been 

documented in each domain (e.g., Fig. 4.46; Tables 4.7 and 4.11).  

 Galena has only been documented in the NW domain. The proposed math operation in this 

study includes the whole dataset and yielded a much better correlation than the more traditional 

individual coupled substitutions, where the concentrations of one trivalent cation (i.e., Bi, Sb) are 

plotted versus one monovalent cation (i.e., Ag, Cu, Tl; Tables 4.9 and 4.11). Divalent cations (i.e., 

Sn, Cd) yielded no evident substitution mechanisms in stage 4b-III galena (Table 4.9). The binary 

plot Pb / (Te + Se) vs Pb / Bi yielded a strong positive correlation (R2 = 0.75; Fig. 4.48d). 

Therefore, traces of Te and Se have substituted for S in stage 4b-III galena where Bi contents are 

higher (Appendix 4.8). 

Gold at San Francisco de los Andes is intimately associated with the early stages of metal 

precipitation. It occurs as invisible gold trapped within stage 3b-I and 4b-I arsenopyrite and to a 

lesser extent pyrite (Figs. 4.33, 4.40 and 4.41). Despite native gold not being abundant, it has been 

scarcely detected as inclusions in arsenopyrite crystals. Conversely, Ag is highly enriched in the 

late stages of metal precipitation, and mainly partitioned into cosalite and finally into galena. Other 

mineral phases, such as hessite, contain Ag in its lattice but they are markedly less abundant. Silver 

showed a particular behavior, with higher contents in early mineral phases from stage 3b-I (i.e., 
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pyrite and arsenopyrite) in the SE breccia pipe. Late mineral phases from stages 4b-II and 4b-III 

(cosalite, bismuthinite – aikinite members, bismuthinite and galena) in the NW breccia pipe have 

preferentially higher Ag contents. Because of these, silver shows no clear preferential distribution 

within the breccia complex based on metal assays (Fig. 4.22b). 

4.8.4 Genesis of the San Francisco de los Andes breccia complex  

Based on the geometry of the breccia complex, and textural, mineralogical, mineral 

chemistry and metal assays analyses from each domain, two brecciation events are inferred to be 

responsible for the formation of the breccia complex at San Francisco de los Andes, rather than 

one-single catastrophic brecciation event. The SE domain is interpreted to be the first breccia pipe 

to have formed. This column of broken rocks was hydrothermally altered and cemented by the 

early stage 3a silicate mineral phases and overgrown by the late stage 3b sulfide – sulfosalts ore-

bearing mineral assemblage (Figs. 4.8 and 4.9). A second brecciation event formed the NW breccia 

pipe, which was cemented by the stage 4a silicate assemblage and overgrown by stage 4b sulfides 

and sulfosalts mineral phases (Figs. 4.8 and 4.9). During the waning phase of stage 4b, low-

temperature base metal minerals (i.e., galena and sphalerite) were abundant and cemented the 

breccia. Stage 2 is the last pre-brecciation stage prior to the first major brecciation event at San 

Francisco de los Andes (i.e., stage 3a). U–Pb zircon age for stage 2 coarse-grained tourmaline 

veins presented in chapter 3 represents the maximum age of formation for the magmatic-

hydrothermal breccia complex. This U-Pb age can only constrain the oldest possible age of 

mineralization at San Francisco de los Andes. 

Based on observations from the underground workings, the sedimentary host-rocks of the 

SE domain were strongly to moderately altered by hydrothermal illite (and minor quartz and 

tourmaline), which would indicate weakly acidic hydrothermal fluids circulated upwards through 

the breccia pipe and infiltrated the host rock during the commencement of stage 3a (Fig. 4.12h). 

Conversely, the host rocks from the NW domain have been strongly to moderately altered to 

tourmaline, with illite and quartz in less abundant proportions than in the SE domain (Fig. 4.121). 

The different mineral proportions in hydrothermal alteration assemblages that affected host rocks, 

coupled with distinctive differences in mineral chemistry in hydrothermal cement (i.e., quartz, 

pyrite, arsenopyrite, bismuthinite, cosalite and galena) in each domain imply that at least two fluids 

would be responsible for breccia cementation in each individual breccia pipe.  

Polyphase breccias have not been documented at San Francisco de los Andes, possibly due 

to limited underground working exposures and the existence of two open pits on the surface of the 

breccia complex (Fig. 4.3). Observation of this type of breccia facies is required to prove the 

hypothesis that two brecciation events occurred at San Francisco de los Andes. An alternative 
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hypothesis whereby both of the breccia lobes formed simultaneously, but had contrasting 

permeability, could potentially also explains the origin of the breccia complex. If the SE lobe was 

more permeable originally, then it would have allowed higher temperature fluids to migrate further 

up the SE breccia pipe and precipitate both stage 3 silicates and Bi–Cu–(Au) mineralization. If the 

NW lobe was more impermeable, this breccia column may have been cemented after the SE pipe 

was completely sealed. This alternative model could account for the NW breccia facies being 

cemented by stage 4 silicates, Bi–Cu–(Ag) sulfides and sulfosalts, and lower temperature, more 

distal base metal mineral phases (galena and sphalerite), which cemented the NW lobe at the same 

elevation as the more proximal metals in the SE lobe. The major drawback for this model is the 

fact that based on breccia facies descriptions (Appendix 4.1); the NW domain has abundant 

interconnected open spaces, and minor to no matrix, a similar characteristic to the breccias of the 

SE domain (Appendix 4.1). Rim breccia facies from both the NW and SE domain have apparently 

comparable permeability, whereas core breccia facies exhibit lower permeability (Appendix 4.1). 

The second hypothesis has therefore been discarded based on detailed breccia descriptions and the 

lack of evidence for contrasting permeability in each domain. Further drilling is required to detect 

whether polyphase breccias occur between the two breccia domains, and to establish if the 

complex separates into two discrete pipes in its root zone.  

The model of coalescence of two breccia pipes is supported by observed mineral 

assemblages and metal assays. Spatial distribution of metals (Fig. 4.22) and key breccia facies 

from the breccia complex (Fig. 4.4) that are interpreted to be associated with metal anomalies are 

summarized in Table 4.12. Elevated Pb and Zn assays characterize breccias of the NW domain 

(Fig. 4.22d and e; Table 4.12). Conversely, Cu and Bi contents are markedly higher in the SE 

domain, preferentially concentrated along the rim and the central-south area respectively (Fig. 

4.22c and f; Table 4.12). Gold is noticeably enriched in the SE domain, whereas Ag is the only 

element that shows no preferential distribution within the breccia complex (Fig. 4.22a and b; Table 

4.12). The large dataset of metal assays yielded distinctive correlation between selected elements; 

Table 4.13 lists the most significant R2 values and their corresponding interpretations (supported 

by mineral chemistry studies based on EMPA and LA-ICP-MS analyses).  

Despite hydrothermal fluids producing some similar mineral assemblages in both domains, 

the constant enrichment of certain elements in mineral phases from one domain and depletion in 

the other also support the hypothesis of two different brecciation stages for the formation of the 

breccia complex (Table 4.11). Furthermore, there are clear mineralogical differences such as 

galena (and sphalerite as a major phase) only occurring in the NW domain (Figs. 4.8 and 4.9). 
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Table 4.12: Metal anomalies and distinctive features based on metal assays and associated breccia facies. All 

data are listed in Appendices 4.1 and 4.2 

 

Domain Main features Associated breccia facies 

SE High Au Arsenopyrite – pyrite-cemented breccias (Figs. 4.22a and 4.4) 

NW 
High Ag (evenly 

distributed) 
Galena-cemented breccia (crosscut No 2), and Ag-rich cosalite – [galena]-cemented breccias 
(south-western flank; Figs. 4.22b and 4.4) 

SE High Ag (rim) 
Cosalite – bismuthinite  – chalcopyrite-cemented breccias (south and east flank), and native 
silver (± supergene)  in vugs-rich breccia (north flank; Figs. 4.22b and 4.4) 

SE High Cu (rim) 
Hypogene chalcopyrite – bornite – cosalite-cemented breccia, and supergene chalcanthite  – 
brochantite-rich zones (Figs. 4.22c and 4.4) 

NW Low Cu Minor chalcopyrite and supergene copper enrichment (Figs. 4.22c and 4.4) 

NW 
High Pb (evenly 

distributed) 
Galena-cemented breccia (higher contents in crosscut No 2) and cosalite – [galena]-cemented 
breccias (rims; Figs. 4.22d and 4.4) 

SE Moderately high Pb Cosalite-cemented breccias (Figs. 4.22d and 4.4) 

NW High Zn Sphalerite-cemented breccias and supergene gunningite (Figs. 4.22e and 4.4) 

SE Locally high Zn Star-shaped sphalerite inclusions in chalcopyrite-cemented breccias (Figs. 4.22e and 4.4) 

SE High Bi Bismuthinite  – cosalite-cemented breccias (central-south area; Figs. 4.22f and 4.4) 

NW Locally high Bi Bismuthinite – [cosalite]-cemented breccias (NW flank; Figs. 4.22f and 4.4) 

[ ] = mineral phase in minor proportions 

 

Table 4.13: Most distinctive correlation between selected elements based on metal assays, and main mineral 

phases interpreted to enhance these correlations. All data are listed in Appendices 4.1 and 4.2 

  

Domain Areas Element correlations Main mineral phases attributed to 

SE 

Rim 

Pb – Bi (R2 = 0.79; Fig. 4.23a) 

Ag-rich cosalite Ag – Pb (R2 = 0.73; Fig. 4. 23b) 

Ag – Bi (R2 = 0.46; R2 = 0.47; Fig. 4.23c) 

Core 

Cu – Zn (R2 = 0.85; Fig. 4.23e) Star-shaped sphalerite inclusions in chalcopyrite  

Ag – Pb (R2= 0.77; Fig. 4.23b) 
Minor Ag – Cu-rich cosalite 

Cu – Pb (R2 = 0.58; Fig. 4.23f) 

Ag – Zn (R2 = 0.50; Fig. 4.23g) Uncorrelated to any specific mineral phase 

Gold is uncorrelated with Bi, Cu, Zn, Pb and Ag 
Invisible gold (and minor native gold) in 

arsenopyrite > pyrite 

Southern rim Cu – Bi (R2 = 0.59; Fig. 4.23d) 
Chalcopyrite ± bornite and bismuthinite > Ag – Cu-
rich cosalite and bismuthinite – aikinite members 

NW 

South-

western rim 

Cu – Ag (R2 = 0.71; Fig. 4.24a) 

Silver is preferentially concentrated in Ag – Cu-
cosalite and minor galena 

Ag – Bi (R2 = 0.60; Fig. 4.24b) 

Pb – Bi (R2 = 0.58; Fig. 4.24c) 

Ag – Pb (R2 = 0.40; Fig. 4.24d) 

Northern rim 

+ crosscut 

No 2 

Ag – Pb (R2 = 0.60; Fig. 4.24d) Argentiferous galena 

Pb – Bi uncorrelated (R2 = 0.13; Fig. 4.24c) Bismuthinite is absent and cosalite is rare 

R2 = coefficient of determination 

4.9 Conclusions  

The key findings of this study of the San Francisco de los Andes breccia complex are as follows: 

• Granite-hosted stage 1 quartz crystalized as a late-magmatic mineral (T = 524 – 648°C; 3 

kbar), overgrown by hydrothermal stage 1-rim quartz (T =  310 – 357°C; 1 kbar), with trace 

element compositions and TitaniQ temperatures similar to hydrothermal quartz breccia 
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cement from stages 2 (T = 357 – 388°C; 1 kbar), 3a (T = 266 – 378°C; 1 kbar) and 4a (T     

= 262 – 364°C; 1 kbar). 

• Each domain of the breccia complex has contrasting mineral assemblages, metal assays 

results, mineral compositions and trace element substitution mechanisms in mineral phases. 

These features imply different conditions and timing of formation for the SE and NW 

breccia pipe; Likewise, some elements are consistently enriched in phases from one domain 

(e.g., NW domain has high Sb in quartz, pyrite, arsenopyrite, bismuthinite – aikinite 

members, bismuthinite and galena; Pb in pyrite, arsenopyrite, bismuthinite – aikinite 

members, bismuthinite and galena; As in quartz and pyrite). 

• Simultaneous and complex substitution mechanisms occurred for trace elements in cosalite, 

including existence of vacancies within the cosalite structure. Numerous variables affected 

the trace element substitutions within the cosalite structure, preventing clear representations 

on two-dimensional plots. New math operators have been proposed to aid elucidate the 

complex trace element substitution behavior of cosalite (Table 4.6). 

• The complexity of individual trace element substitutions into galena was simplified by a 

comprehensive new operator that includes individual coupled substitutions, where a trivalent 

and a monovalent cation replace two Pb2+ cations (i.e., Pb2+ / (Bi3+  + Sb3+) vs Pb2+ / (Ag+    

+ Cu+  + Tl+). 

• High fS2 and fTe2 conditions prevailed during stages 3b-II and 4b-II ore deposition, 

hydrothermal fluids must have had high aBi and aAg to stabilize Bi-tellurides, sulfosalts and 

sulfides, and Ag-tellurides and Ag-rich, Bi-sulfosalts. 

• Bismuth and Ag telluride account for intermittent contribution of magmatic Te2(g) to 

hydrothermal mineralizing fluids released from the deep-seated crystalizing Tocota Pluton, 

implying a genetic link between the breccia complex and the underlying magmatic system. 

• Abundant galena and sphalerite coupled with absence of altaite (PbTe) and Pb or Zn-bearing 

sulfosalts in the NW breccia pipe imply lower Te2 and S2 fugacities throughout stage 4b-III; 

a drastic drop in fS2 and particularly fTe2 is in agreement with intermittent incorporation of Te 

via magmatic Te2(g)-rich plumes. 

• Today, San Francisco de los Andes exposes the upper level of an eroded magmatic-

hydrothermal breccia complex. The breccia complex narrows with increasing elevations, 

suggesting that it was originally a blind breccia body. The distinctive phyllic alteration, lack 

of juvenile and carapace clasts, and absence of potassic alteration developed close to the 

magmatic source; all imply a significant vertical distance above the progenitor intrusion.  

• The breccia rim facies had high permeability (i.e., interconnected open space and minor to 

no matrix), limited clast transport and grinding. The breccia core facies had high porosity, 
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but low permeability (i.e., space infilled by abundant matrix), higher degree of clast 

transport and grinding interpreted to be related to an incipient fluidization cell (e.g., 

McCallum, 1985). 

• The San Francisco de los Andes breccia complex has a magmatic-hydrothermal origin, and 

formed by the coalescence of two breccia pipes, with two main generations of magmatic-

hydrothermal fluids (with several characteristic stages) responsible for cementing the SE and 

NW breccia pipes. 

• Exsolved magmatic-hydrothermal fluids were trapped under a granitic carapace; hydrostatic 

pressure built up until it was violently released, leading to gas expansion and catastrophic 

brecciation, which triggered fluid phase separation into a vapor phase and brine responsible 

for silicate and sulfide – sulfosalts precipitation respectively. 

These findings are integrated into a genetic model for San Francisco de los Andes in Chapter 7. 
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Chapter 5 – Geology, hydrothermal alteration and 

mineralization in the Rio Blanco-Los Bronces district, Chile    

— A comparative study of two mineralized breccia – vein 

complexes and a weakly mineralized prospect 

5.1 Introduction 

The giant Rio Blanco-Los Bronces district of Central Chile (Figs. 5.1 and 5.2) is the largest 

accumulation of copper in planet Earth, with more than 200 Mt of fine copper contained within a 

series of tourmaline-, and biotite-cemented breccias and related veins and stockworks. The district 

has been studied by various scientists due to its anomalously high Cu – Mo contents (e.g., 

Warnaars et al., 1985; Serrano et al., 1996; Vargas et al., 1999; Frikken, et. al. 2005; Deckart et al., 

2005, 2010, 2014; Piquer et. al., 2015). In the past decade, studies have highlighted new targets of 

interest outside of the already known mineralized areas in the Rio Blanco-Los Bronces district 

(e.g., Toro 2012). The Rio Blanco mineralized district traditionally comprises the Rio Blanco 

biotite-cemented breccia and the La Union, Don Luis and Sur-Sur tourmaline-cemented breccias. 

The current study focuses on both the south and north ends of the Rio Blanco district. This chapter 

provides new data on three poorly-studied prospects: La Americana (south) and Cerro Negro – Las 

Areneras (north). A transect has been drawn from south to north, which includes the whole district 

from La American to Las Areneras (Fig. 5.3). This cross-section highlights a transition from areas 

with abundant magmatic-hydrothermal breccias and porphyry mineralization (south – center) to 

areas where both are absent, and only minor veins indicate the presence of mineralization. 

Cores from diamond drill holes across the Rio Blanco district were logged for this study. 

CODELCO’s drill hole database was provided to have comprehensive information of the entire 

district. A total of 184 samples were collected from La Americana (129), Cerro Negro (16), and 

Las Areneras (39). Twelve additional samples were analyzed from the Sur-Sur area (from Peter 

Frikken’s 2003 PhD thesis). All samples with their corresponding coordinates and descriptions are 

listed in Appendix 3.1. Samples underwent several stages of analyses and measurements, from 

field descriptions with hand lens, to more detailed studies at the University of Tasmania (including 

staining for K-feldspar alteration and stereoscopic microscope examination). When necessary, core 

samples were polished in order to have a smooth surface to better describe their macroscopic 

textural features. Mineral phases, percentages and characteristic textures were determined using 

both hand specimens and thin sections. A Nikon E600 POL binocular petrographic microscope 

with ×5, ×10, ×20 and ×50 objective lenses as well as ×10 ocular lenses was used to carry out the 
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petrographic study. Geochemical data from these samples have been previously discussed in 

Chapter 3, when comparing the San Francisco batholith with the Tocota Pluton.   

 

Figure 5.1: a. Map of metallogenic belts of Central-North Chile (modified after Oyarzun, 2011). b. Detailed 

scheme of the Miocene – Pliocene porphyry Cu belt, the non-volcanic flat slab segment and southern 

volcanic zone (after Cannell et al., 2005).  
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Figure 5.2: Geological maps of the Rio Blanco – Los Bronces district and locations of the four study areas: 

La Americana, Sur-Sur, Cerro Negro, and Las Areneras. Numbers in white boxes are available ages, and 

black circles are the locations where samples were collected (based on unpublished CODELCO maps and 

Piquer et al., 2015). 
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Figure 5.3: Vertical cross section showing the major geologic units along the a – b transect (see Figure 5.2 for plan view location). The four study areas and their lateral 

spatial relationships are presented in this N-trending section. 



Chapter 5 – Rio Blanco-Los Bronces 

245 
 

The aim of the current study is to determine the paragenetic sequence and geological 

history of La Americana, Cerro Negro and Las Areneras; thus providing new insights for these 

under-studied areas. The purpose of this chapter is to provide a detailed description of 

hydrothermal alteration and mineralization, including type, occurrence and intensity. It is aimed to 

conclude whether they represent areas with potential mineralization or merely barren prospects. It 

is also intended to compare and contrast the information collected from each area, discuss their 

origin and whether they are related to one another or they represent individual hydrothermal sub-

systems.  

5.2 Geodynamic setting, district geology and mineralization 

The E-directed subduction of the Nazca oceanic plate beneath the western margin of the 

South American continental plate produces active volcanism at latitudes < 28°S (Central Volcanic 

Zone) and > 33°S (Southern Volcanic Zone; Fig. 5.1). Between these two zones is the flat slab 

segment, an area where no significant modern-day volcanism occurs due to low-angle subduction 

(Stern, 1989; Cahill and Isaacs, 1992; Skewes and Stern, 1995; Serrano et al., 1996). The 

shallowing of the subduction angle is the result of the subduction of the Juan Fernández ridge 

under the South American plate. This particular geotectonic setting coincides with the location of 

the giant porphyry Cu–Mo deposits of the Rio Blanco-Los Bronces and El Teniente districts 

(Stern, 1989; Skewes and Holmgren, 1993; Skewes and Stern, 1995; Kurtz et al., 1997; Kay and 

Mpodozis, 2002; Ramos et al., 2002; Hollings et al., 2005; Fig. 5.1). The Rio Blanco-Los Bronces 

(~ 5 – 4 Ma) and El Teniente (~ 5 – 4 Ma) districts define the late Miocene to early Pliocene 

porphyry copper metallogenic belt (Fig. 5.1). This is the youngest metallogenic belt in Chile, 

which includes other giant porphyry copper deposits further north: Los Pelambres (~ 12 – 10 Ma) 

in Chile, and Altar (~ 11 – 10 Ma) and El Pachon (~ 9 – 8 Ma) in Argentina (Ramos, 1996; Bertens 

et al., 2003, 2006; Maksaev, et al., 2009: Perelló et al., 2012; Zwahlen et al., 2014). 

During the late Miocene, the flat slab subduction regime prompted thickening and uplift of 

the crust, interrupted the normal magma supply underneath the arc, and ultimately caused the 

volcanic arc to migrate eastward (Stern 1989; Skewes and Stern 1994, 1995; Kay et al. 1999; 

Skewes et al., 2003). Cooling and crystallization of magma was triggered by the decrease of 

magma supply and by rapid uplift and erosional unroofing (Skewes and Holmgren 1993; Kurtz et 

al. 1997; Skewes et al., 2003). Hydrothermal fluids exsolved from crystalizing magma were 

responsible for the formation of magmatic-hydrothermal breccias in the Rio Blanco-Los Bronces 

district (e.g., Skewes et al., 2003; Frikken et al., 2005). Multiple mineralization and alteration 

events in the late Miocene to Pliocene giant copper deposits of central Chile were also prompted by 
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uplift and erosion, with older and deeper events successively overprinted by younger and shallower 

events (Skewes et al., 2003). 

Copper and Mo mineralization in the Miocene – Pliocene belt was associated with 

emplacement of multiphase stocks and dikes of quartz-monzonite, quartz monzodiorite, 

granodiorite, and quartz diorite porphyry. Ore is concentrated in magmatic-hydrothermal breccias 

at Río Blanco-Los Bronces and El Teniente, whereas breccia-hosted orebodies are less abundant at 

Los Pelambres – El Pachón (e.g., Serrano et al., 1996; Vargas et al., 1999; Camus, 2003; Cannell et 

al., 2005; Perelló et al., 2009; Toro et al., 2012). The amount of mineralization originally 

accumulated in the metallogenic belt appeared to have been much larger than what is present 

today. Preexisting mineralized bodies have been disrupted by late- to post-mineralization diatremes 

at Río Blanco-Los Bronces and particularly at El Teniente (e.g., Cannell et al., 2005; Stern et al., 

2011; Toro et al., 2012).  

5.2.1 District geology and geochronology of the Rio Blanco-Los Bronces district 

The oldest unit at Rio Blanco-Los Bronces district is the moderately deformed Abanico 

Formation (Figs. 5.2 – 5.4). These late Eocene to early Miocene (~ 36 – 20 Ma) continental 

tholeiitic to calc-alkaline volcanic and volcaniclastic rocks have accumulated in a N-trending, 

extensional intra-arc basin (Toro et al., 2012). A consistent LA-ICP-MS U–Pb zircon age on 

crystal-rich tuff yielded 25.06 ± 0.18 Ma (Piquer et al., 2015; Table 5.1; Fig. 5.4). The younger and 

weakly deformed Farellones Formation are early to late Miocene (22.7 ± 0.4 to 16.8 ± 0.3 U–Pb 

zircon ages) tholeiitic to calc-alkaline mafic to felsic volcanic rocks that are the products of 

stratovolcanoes and dome complexes (e.g., Toro et al., 2012; Table 5.1; Figs. 5.2 – 5.4). Three new 

zircon ages for the Farellones Formation based on three different methods were reported by Piquer 

et al. (2015). A U–Pb SHRIMP age of lapilli tuff yielded 22.7 ± 0.4 Ma, a U–Pb LA-ICP-MS age 

of crystal-rich tuff yielded 21.73 ± 0.27 Ma, and a U–Pb CA-TIMS age of andesitic lava flow 

yielded 16.88 ± 0.05 (Piquer et al., 2015; Table 5.1; Fig. 5.4).  

Volcanic units have been intruded by the late Miocene San Francisco batholith, a 

granodiorite-dominated magmatic complex that crops out over approximately 200 km2 and has   

U–Pb zircon ages of 16.4 ± 0.2 to 8.4 ± 0.2 Ma (Vergara et al., 1988; Serrano et al., 1996; Frikken 

et al., 2005; Toro et al., 2012; Table 5.1; Figs. 5.2 – 5.4). The San Francisco batholith has been 

divided into three phases, Rio Blanco Granodiorite (e.g., 11.96 ± 0.40 Ma U–Pb zircon age; 11.22 

± 0.35 Ma Ar–Ar hornblende age; 11.59 ± 0.08 Ma Ar–Ar biotite age), Cascada Granodiorite (e.g., 

8.4 ± 0.23 Ma U–Pb zircon age), and diorite (e.g., 8.19 ± 0.16 Ma U–Pb zircon age; Deckart et al., 
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Figure 5.4: Graphic summary of available absolute ages from the Rio-Blanco Los Bronces district that help 

constraining volcanic, plutonic and magmatic-hydrothermal events. All geochronological data are listed in 

Table 5.1.
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Table 5.1: Summary of available geochronological data from the Río Blanco-Los Bronces district. Dated material in bold yielded hydrothermal alteration and/or 

mineralization ages  
 

Geological unit Site Rock type Dated material Method 
Age 
(Ma) 

± 2σ (Ma) Reference 

Abanico 
Formation 

Rio Blanco-Los 
Bronces 

Crystal-rich tuff Zircon U/Pb LA-ICPMS 25.06 0.18 Piquer et al. (2015) 

        

Farellones 
Formation 

Potrero Alto Dacite – lapilli tuff (lower member) Zircon U/Pb SHRIMP 22.7 0.4 Piquer et al. (2015) 

Rio Blanco-Los 
Bronces 

Crystal-rich tuff (lower member) Zircon U/Pb LA-ICPMS 21.73 0.27 Piquer et al. (2015) 

La Americana Andesite Zircon U/Pb SHRIMP 17.2 0.1 
Bertens and Wettke; unpublished 
CODELCO report (2009) 

Rio Blanco Andesite Zircon U/Pb ID-TIMS 17.2 0.05 Deckart et al. (2005) 

Rio Blanco-Los 
Bronces 

Andesitic lava flow (middle 
member) 

Zircon U/Pb CA-TIMS 16.88 0.05 Piquer et al. (2015) 

Don Luis Andesite Zircon U/Pb ID-TIMS 16.8 0.3 Deckart et al. (2005) 
        

Rio Colorado 
batholith 

Rio Blanco-Los 
Bronces 

Granodiorite Zircon U/Pb LA-ICPMS 21.76 0.53 Piquer et al. (2015) 

        

San Francisco 
batholith 

Rio Blanco-Los 
Bronces 

Biotite syenogranite Zircon U/Pb SHRIMP 16.39 0.15 Piquer et al. (2015) 

Yerba Loca Quartz monzonite Zircon U/Pb CA-TIMS 15 0.2 
Bertens et al.; unpublished CODELCO 
report (2010) 

Yerba Loca Quartz monzonite Zircon U/Pb CA-TIMS 14.9 0.2 
Bertens et al.; unpublished CODELCO 
report (2010) 

8 km south of Los 
Bronces mine 

Quartz monzonite Zircon U/Pb LA-ICPMS 14.7 0.1 
Bertens et al.; unpublished CODELCO 
report (2010) 

       

Rio Blanco Rio Blanco Granodiorite Zircon U/Pb ID-TIMS 12 0.4 Deckart et al. (2005) 

Rio Blanco Rio Blanco Granodiorite Zircon U/Pb ID-TIMS 11.96 0.4 Deckart et al. (2005) 

Rio Blanco-Los 
Bronces District 

Rio Blanco Granodiorite Zircon U/Pb LA-ICPMS 11.68 0.26 Piquer et al. (2015) 

Rio Blanco Río Blanco Granodiorite Biotite 40Ar/39Ar 11.59 0.08 Deckart et al. (2005) 

Rio Blanco Rio Blanco Granodiorite Hornblende 
40Ar/39Ar (plateau 
age) 

11.22 0.35 Deckart et al. (2013) 

Los Bronces mine Rio Blanco Granodiorite Zircon U/Pb LA-ICPMS 11.2 0.1 
Bertens et al.; unpublished CODELCO 
report (2010) 

Rio Blanco Río Blanco Granodiorite Biotite 40Ar/39Ar 10.98 0.33 Deckart et al. (2005) 

Rio Blanco Rio Blanco Granodiorite 
Syn-tectonic 
Actinolite 

40Ar/39Ar 9.72 0.09 Piquer et al. (2016) 
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Rio Blanco Cascada Granodiorite Zircon U/Pb ID-TIMS 8.4 0.23 Deckart et al. (2005) 

Rio Blanco Cascada Granodiorite, QKAS vein 
Molybdenite 
vein 

Re/Os 6.7 0.03 
Bertens and Hermosilla; unpublished 
CODELCO report (2010) 

Rio Blanco Cascada Granodiorite, QKAS vein 
Molybdenite 
vein 

Re/Os 6.48 0.03 
Bertens et al.; unpublished CODELCO 
report (2010) 

Don Luis Cascada Granodiorite Biotite vein 40Ar/39Ar 5.32 0.27 Deckart et al. (2005) 

Don Luis Cascada Granodiorite K-feldspar 40Ar/39Ar 5.25 0.13 Deckart et al. (2005) 

Sur-Sur 
Cascada Granodiorite,  
E vein 

Molybdenite 
vein 

Re/Os 5.11 0.03 Deckart et al. (2013) 

Don Luis 
Cascada Granodiorite,  
B vein 

Molybdenite 
vein 

Re/Os 4.99 0.02 Deckart et al. (2013) 

Don Luis 
Cascada Granodiorite,  
B or D vein 

Molybdenite 
vein 

Re/Os 4.83 0.02 Deckart et al. (2013) 

Don Luis 
Cascada Granodiorite,  
B or D vein 

Molybdenite 
vein 

Re/Os 4.77 0.02 Deckart et al. (2013) 

Don Luis 
Cascada Granodiorite,  
B vein 

Molybdenite 
vein 

Re/Os 4.76 0.02 Deckart et al. (2013) 

Don Luis Cascada Granodiorite Biotite vein 40Ar/39Ar 4.59 0.11 Deckart et al. (2005) 

Don Luis 
Cascada Granodiorite,  
B or D vein 

Molybdenite 
vein 

Re/Os 4.5 0.02 Deckart et al. (2013) 

Sur-Sur Cascada Granodiorite 
K-feldspar 
flooding 

40Ar/39Ar (plateau 
age) 

4.45 0.14 Deckart et al. (2013) 

Don Luis Cascada Granodiorite 
Quartz – 
sericite vein 

40Ar/39Ar 4.4 0.15 Deckart et al. (2005) 

       

Don Luis Diorite Zircon U/P ID-TIMS 8.84 0.05 Deckart et al. (2005) 

Don Luis Diorite Zircon U/P CA-TIMS 8.8 0.2 Deckart et al. (2013) 

Don Luis Diorite Zircon U/Pb 8.76 0.23 Deckart et al. (2013) 

Rio Blanco Diorite porphyry Zircon U/P LA-ICPMS 8.5 0.1 Deckart et al. (2009) 

Don Luis Diorite Zircon U/P LA-ICPMS 8.2 0.5 Deckart et al. (2005) 

Don Luis Diorite Zircon U/Pb ID-TIMS 8.16 0.45 Deckart et al. (2005) 

Don Luis Diorite Biotite vein 
40Ar/39Ar (weighted 
mean age) 

6.49 1.13 Deckart et al. (2013) 

Don Luis Diorite, B vein 
Molybdenite 
vein 

Re/Os 5.96 0.03 
Bertens et al.; unpublished CODELCO 
report (2010) 

Sur-Sur Diorite 
K-feldspar – 
aplite 

40Ar/39Ar (inverse 
isochron age) 

5.06 0.14 Deckart et al. (2013) 

Don Luis Diorite Biotite 
40Ar/39Ar (plateau 
age) 

4.82 0.04 Deckart et al. (2013) 

Don Luis Diorite Biotite 40Ar/39Ar 4.6 0.13 Deckart et al. (2005) 
        

Ortiga                  Los Piches Quartz monzonite Biotite 40Ar/39Ar 14.8 0.1 Serrano et al. (1996) 
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-Los Piches 
Los Piches Tourmaline-cemented breccia Sericite 

40Ar/39Ar (inverse 
isochron age) 

13.69 0.31 Deckart et al. (2009; 2014) 

Los Piches White feldspar porphyry Zircon U/Pb LA-ICPMS 13.4 0.1 Deckart et al. (2009; 2014) 

Los Piches Tourmaline-cemented breccia Sericite 
40Ar/39Ar (inverse 
isochron age) 

12.79 0.31 Deckart et al. (2009; 2014) 

Ortiga Andesite (lithocap) 
Hypogene 
alunite 

40Ar/39Ar 12.3 0.1 Eggers (2009) 

        

El Plomo 

El Plomo Quartz monzonite porphyry Zircon U/Pb LA-ICPMS 10.83 0.11 Deckart et al. (2014) 

El Plomo Quartz monzodiorite Zircon U/Pb LA-ICPMS 10.8 0.1 
Bertens et al.; unpublished CODELCO 
report (2010) 

El Plomo 
Quartz monzodiorite / Quartz-
feldspar porphyry 

Zircon U/Pb LA-ICPMS 10.77 0.1 Deckart et al. (2009; 2014) 

El Plomo Tourmaline-cemented breccia Sericite 
40Ar/39Ar (plateau 
age) 

10.58 0.18 Deckart et al. (2009; 2014) 

El Plomo Biotite-altered andesite 
Biotite – 
whole rock 

40Ar/39Ar (plateau 
age) 

10.06 0.12 Deckart et al. (2009; 2014) 

        

San Manuel 

San Manuel Quartz-feldspar porphyry Zircon U/Pb LA-ICPMS 10.2 0.3 Deckart et al. (2009; 2014) 

San Manuel 
Molybdenite – tourmaline-
cemented breccia 

Molybdenite 
cement 

Re/Os 8.36 0.06 Deckart et al. (2009; 2014) 

San Manuel 
Fine quartz monzonite, secondary 
biotite 

Hydrothermal 
biotite 

40Ar/39Ar (inverse 
isochron age) 

7.7 0.05 Deckart et al. (2009; 2014) 

        

Late Miocene 
porphyries 

Rio Blanco-Los 
Bronces 

Andesitic porphyry Zircon U/Pb LA-ICPMS 9.23 0.33 Piquer et al. (2015) 

       

Los Bronces Diorite porphyry Zircon U/Pb LA-ICPMS 8.49 0.12 Deckart et al. (2014) 

Condell Diorite porphyry Biotite 40Ar/39Ar 7.61 0.08 
Toro and Ortúzar; unpublished report for 
Anglo American  
Chile, Ltda. (2008) 

       

Los Sulfatos 
Los Sulfatos porphyry, secondary 
biotite 

Hydrothermal 
biotite 

40Ar/39Ar 7.14 0.08 
Toro and Ortúzar; unpublished report for 
Anglo American  
Chile, Ltda. (2008) 

Los Sulfatos 
Los Sulfatos porphyry, secondary 
biotite 

Hydrothermal 
biotite 

40Ar/39Ar 7 0.1 
Toro and Ortúzar; unpublished report for 
Anglo American  
Chile, Ltda. (2008) 

Los Sulfatos 
Los Sulfatos porphyry,  
D vein 

Sericite 40Ar/39Ar 6.94 0.06 
Toro and Ortúzar; unpublished report for 
Anglo American  
Chile, Ltda. (2008) 

Los Sulfatos Granodiorite porphyry Sericite 40Ar/39Ar 6.71 0.04 
Toro and Ortúzar; unpublished report for 
Anglo American  
Chile, Ltda. (2008) 

Los Sulfatos 
Los Sulfatos porphyry,  
B vein 

Molybdenite 
vein 

Re/Os 6.56 0.05 
Toro and Ortúzar; unpublished report for 
Anglo American 
Chile, Ltda. (2008) 
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Los Sulfatos 
La Paloma porphyry,  
B vein 

Molybdenite 
vein 

Re/Os 6.26 0.05 
Toro and Ortúzar; unpublished report for 
Anglo American  
Chile, Ltda. (2008) 

       

Rio Blanco Quartz monzonite porphyry (PQM) Zircon U/Pb 7.12 0.19 Deckart et al. (2013) 

Rio Blanco Quartz monzonite Zircon U/Pb CA-TIMS 7.1 0.2 Deckart et al. (2013) 

Rio Blanco Quartz monzonite Zircon U/Pb CA-TIMS 6.8 0.3 
Bertens and Hermosilla; unpublished 
CODELCO report (2010) 

Rio Blanco Quartz monzonite porphyry (PQM) Zircon U/Pb 6.64 0.38 Deckart et al. (2013) 

Rio Blanco Quartz monzonite porphyry (PQM) Zircon U/Pb CA-TIMS 6.51 0.03 
Bertens et al.; unpublished CODELCO 
report (2010) 

Rio Blanco Quartz monzonite porphyry (PQM) Zircon U/Pb CA-TIMS 6.48 0.05 
Bertens et al.; unpublished CODELCO 
report (2010) 

Don Luis Quartz monzonite porphyry (PQM) Zircon U/Pb 6.45 0.15 Deckart et al. (2013) 

Rio Blanco Quartz monzonite porphyry (PQM) Zircon U/Pb SHRIMP 6.32 0.09 Deckart et al. (2005) 

Rio Blanco Quartz monzonite porphyry (PQM) Zircon U/Pb IDTIMS 6.32 0.09 Deckart et al. (2005) 

Rio Blanco Quartz monzonite porphyry (PQM) Zircon U/Pb 6.16 0.11 Deckart et al. (2013) 

Rio Blanco Quartz monzonite porphyry (PQM) Zircon U/Pb CA-TIMS 5.84 0.06 
Bertens et al.; unpublished CODELCO 
report (2010) 

Sur-Sur Quartz monzonite porphyry (PQM) Zircon U/Pb 5.74 0.13 Deckart et al. (2013) 

Rio Blanco Quartz monzonite porphyry (PQM) Biotite 40Ar/39Ar 5.12 0.07 Deckart et al. (2005) 

Don Luis Quartz monzonite porphyry (PQM) Biotite 40Ar/39Ar 4.75 0.1 Deckart et al. (2005) 

San Enrique-Monolito 
Quartz monzonite,  
EB vein 

Biotite vein 40Ar/39Ar 7.2 0.2 Deckart et al. (2009) 

Rio Blanco Quartz monzonite porphyry (PQM) 
Quartz – 
sericite vein 

40Ar/39Ar (inverse 
isochron age) 

5.89 0.74 Deckart et al. (2013) 

Mine, Monolito 
Fine quartz monzonite,  
B vein 

Molybdenite 
vein 

Re/Os 5.65 0.03 Deckart et al. (2009; 2014) 

Los Bronces, Monolito 
Fine quartz monzonite,  
B vein 

Molybdenite 
vein 

Re/Os 5.35 0.03 Deckart et al. (2009; 2014) 

Rio Blanco Quartz monzonite porphyry (PQM) 
Quartz – K-
feldspar vein 

40Ar/39Ar (inverse 
isochron age) 

5.08 0.15 Deckart et al. (2013) 

Rio Blanco Post-PQM, B vein 
Molybdenite 
vein 

Re/Os 4.89 0.02 Deckart et al. (2013) 

       

La Americana Dacite porphyry Zircon U/Pb SHRIMP 6.5 0.1 
Bertens and Wettke; unpublished 
CODELCO report (2009) 

La Americana Dacite porphyry Zircon U/Pb CA-TIMS 6 0.1 
Bertens and Wettke; unpublished 
CODELCO report (2009) 

Monolito 
Rhyodacitic porphyry (Observatorio 
porphyry) 

Zircon U/Pb LA-ICPMS 6.02 0.13 Deckart et al. (2009; 2014) 

       

Rio Blanco Feldspar porphyry Zircon U/Pb CA-TIMS 5.92 0.03 
Bertens et al.; unpublished CODELCO 
report (2010) 
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Don Luis Feldspar porphyry Zircon U/Pb ID-TIMS 5.84 0.03 Deckart et al. (2005) 

Don Luis Feldspar porphyry Zircon U/Pb ID-TIMS 5.84 0.04 Deckart et al. (2005) 

Rio Blanco Feldspar porphyry Zircon U/Pb CA-TIMS 5.7 0.1 Deckart et al. (2013) 

Don Luis Feldspar porphyry Zircon U/Pb CA-TIMS 5.47 0.01 
Bertens et al.; unpublished CODELCO 
report (2010) 

Don Luis Feldspar porphyry Zircon U/Pb 5.17 0.12 Deckart et al. (2013) 

Don Luis Feldspar porphyry Biotite 40Ar/39Ar 4.62 0.08 Deckart et al. (2005) 
       

Rio Blanco-Los 
Bronces 

Rhyolitic breccia Zircon U/Pb LA-ICPMS 4.69 0.22 Piquer et al. (2015) 

        

Breccia 
complex 

Sur-Sur 
Tourmaline-cemented breccia 
(Cascada Granodiorite clasts),  
C vein 

Biotite vein 
40Ar/39Ar (inverse 
isochron age) 

8.82 2.7 Deckart et al. (2013) 

Sur-Sur 
Magmatic breccias in Cascada 
Granodiorite 

Biotite cement 
40Ar/39Ar (weighted 
mean age) 

6.13 1.1 Deckart et al. (2013) 

Sur-Sur 
Tourmaline-cemented breccia 
(diorite clasts),  
C vein 

Molybdenite Re/Os 5.79 0.03 Deckart et al. (2013) 

Sur Sur 
Tourmaline-cemented breccia, B 
vein 

Molybdenite Re/Os 5.79 0.03 Deckart et al. (2013) 

Sur Sur 
Tourmaline-cemented breccia, B 
vein 

Molybdenite Re/Os 5.52 0.03 
Bertens et al.; unpublished CODELCO 
report (2010) 

Sur-Sur 
Magmatic breccias in Cascada 
Granodiorite 

quartz – 
sericite vein 

40Ar/39Ar (inverse 
isochron age) 

5.49 0.51 Deckart et al. (2013) 

Sur-Sur 
Tourmaline-cemented breccia 
(diorite clasts),  
C vein 

Molybdenite Re/Os 5.45 0.03 Deckart et al. (2013) 

Sur Sur Tourmaline-cemented breccia Sericite 40Ar/39Ar 5.42 0.09 Frikken et al. (2005) 

Sur-Sur Tourmaline-cemented breccia Biotite 40Ar/39Ar 5.42 0.09 Frikken et al. (2005) 

Sur-Sur 
Magmatic breccias in granodiorite 
(Cascada Granodiorite clasts) 

K-feldspar 
cement 

40Ar/39Ar (plateau 
age) 

5.14 0.1 Deckart et al. (2013) 

Sur-Sur 
Tourmaline-cemented breccia 
(diorite clasts) 

FK-vein 
40Ar/39Ar (inverse 
isochron age) 

4.95 0.26 Deckart et al. (2013) 

Sur-Sur 
Magmatic breccias in granodiorite 
(diorite clasts) 

Biotite cement 
40Ar/39Ar (inverse 
isochron age) 

4.8 0.18 Deckart et al. (2013) 

Sur Sur Biotite-cemented breccia (BXMGD) Biotite 40Ar/39Ar 4.78 0.04 Frikken et al. (2005) 

Sur-Sur 
Tourmaline-cemented breccia 
(Cascada Granodiorite clasts) 

K-feldspar 
vein 

40Ar/39Ar (inverse 
isochron age) 

4.74 0.15 Deckart et al. (2013) 

Sur-Sur 
Magmatic breccias in Cascada 
Granodiorite 

K-feldspar 
vein 

40Ar/39Ar (plateau 
age) 

4.69 0.08 Deckart et al. (2013) 

Sur-Sur 
Magmatic breccias in Cascada 
Granodiorite 

K-feldspar 
vein 

40Ar/39Ar 4.67 0.12 Deckart et al. (2005) 

Sur-Sur 
Magmatic breccias in Cascada 
Granodiorite 

K-feldspar 
vein 

40Ar/39Ar (inverse 
isochron age) 

4.42 0.88 Deckart et al. (2013) 
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Los Sulfatos 
Tourmaline-cemented breccia, B 
vein 

Molybdenite Re/Os 7.45 0.05 
Toro and Ortúzar; unpublished report for 
Anglo American 
Chile, Ltda. (2008) 

Los Sulfatos 
Tourmaline-cemented breccia, B 
vein 

Molybdenite Re/Os 7.42 0.05 
Toro and Ortúzar; unpublished report for 
Anglo American 
Chile, Ltda. (2008) 

Los Sulfatos Biotite-cemented breccia Biotite cement 40Ar/39Ar 7.3 0.1 
Toro and Ortúzar; unpublished report for 
Anglo American 
Chile, Ltda. (2008) 

       

???? Molybdenite breccia Molybdenite Re/Os 6.26 0.04 Mathur et al. (2001) 

???? Molybdenite breccia Molybdenite Re/Os 5.5 0.03 Mathur et al. (2001) 

???? Molybdenite breccia Molybdenite Re/Os 5.31 0.03 Mathur et al. (2001) 
       

Rio Blanco Rock flour breccia, B vein Molybdenite Re/Os 6.07 0.03 
Bertens et al.; unpublished CODELCO 
report (2010) 

Rio Blanco 
Magmatic breccias in granodiorite 
(Rio Blanco Granodiorite clasts),  
B vein 

Molybdenite Re/Os 5.94 0.03 Deckart et al. (2013) 

Rio Blanco 
Tourmaline-cemented breccia, B 
vein 

Molybdenite Re/Os 5.79 0.03 
Bertens et al.; unpublished CODELCO 
report (2010) 

Rio Blanco 
Magmatic breccias in granodiorite 
(Rio Blanco Granodiorite clasts) 

K-feldspar 
vein 

40Ar/39Ar (inverse 
isochron age) 

5.54 0.86 Deckart et al. (2013) 

Rio Blanco 
Magmatic breccias in granodiorite 
(Rio Blanco Granodiorite clasts) 

Biotite cement 
40Ar/39Ar (inverse 
isochron age) 

5.48 1.14 Deckart et al. (2013) 

Rio Blanco 
Magmatic breccias in granodiorite 
(Rio Blanco Granodiorite clasts) 

K-feldspar – 
aplite 

40Ar/39Ar (inverse 
isochron age) 

5.48 0.4 Deckart et al. (2013) 

Rio Blanco 
Magmatic breccias in granodiorite 
(Rio Blanco Granodiorite clasts) 

Biotite cement 
40Ar/39Ar (inverse 
isochron age) 

5.31 0.17 Deckart et al. (2013) 

Rio Blanco Breccia complex Molybdenite Re/Os 5.31 0.03 Mathur et al. (2001) 

Rio Blanco Breccia complex Molybdenite Re/Os 5.25 0.05 Mathur et al. (2001) 

Rio Blanco 
Magmatic breccias in granodiorite 
(Cascada Granodiorite clasts) 

K-feldspar 
cement 

40Ar/39Ar (inverse 
isochron age) 

4.57 0.16 Deckart et al. (2013) 

Rio Blanco 
Magmatic breccias in granodiorite 
(Rio Blanco Granodiorite clasts) 

Biotite cement 
40Ar/39Ar (inverse 
isochron age) 

4.36 0.16 Deckart et al. (2013) 

       

Don Luis 
Magmatic breccias in granodiorite 
(Rio Blanco Granodiorite clasts);  
C vein 

Molybdenite Re/Os 5.5 0.03 Deckart et al. (2013) 

Don Luis Tourmaline-cemented breccia 
Mica border of 
quartz – pyrite 
vein 

40Ar/39Ar (inverse 
isochron age) 

4.71 0.32 Deckart et al. (2013) 

Don Luis 
Magmatic breccias in granodiorite 
(Cascada Granodiorite clasts) 

Biotite cement 
40Ar/39Ar (plateau 
age) 

4.65 0.1 Deckart et al. (2013) 

Don Luis 
Magmatic breccias in granodiorite 
(Cascada Granodiorite clasts) 

Biotite cement 
40Ar/39Ar (inverse 
isochron age) 

4.54 0.13 Deckart et al. (2013) 
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Don Luis 
Magmatic breccias in granodiorite 
(Don Luís porphyry clasts) 

K-feldspar 
cement 

40Ar/39Ar (inverse 
isochron age) 

4.24 0.1 Deckart et al. (2013) 

        

Rio Blanco 
subvolcanic – 

volcanic  
complex 

Don Luis Don Luís porphyry Zircon U/Pb CA-TIMS 5.35 0.04 
Bertens et al.; unpublished CODELCO 
report (2010) 

Don Luis Don Luís porphyry Zircon U/Pb ID-TIMS 5.23 0.07 Deckart et al. (2005) 

Don Luis Don Luís porphyry Zircon U/Pb CA-TIMS 5.16 0.04 
Bertens et al.; unpublished CODELCO 
report (2010) 

Rio Blanco Don Luís porphyry Zircon U/Pb 5.08 0.16 Deckart et al. (2013) 

Don Luis Don Luís porphyry Zircon U/Pb CA-TIMS 5 0.1 
Bertens et al.; unpublished CODELCO 
report (2010) 

Don Luis Don Luís porphyry Biotite 40Ar/39Ar 4.57 0.06 Deckart et al. (2005) 

Don Luis Don Luis porphyry, B vein Molybdenite Re/Os 4.9 0.02 
Bertens et al.; unpublished CODELCO 
report (2010) 

Don Luis Don Luis porphyry, B vein Molybdenite Re/Os 4.89 0.02 Deckart et al. (2013) 

Don Luis Don Luis porphyry, B vein Molybdenite Re/Os 4.87 0.02 
Bertens et al.; unpublished CODELCO 
report (2010) 

Don Luis Don Luís porphyry 
Quartz – 
sericite vein 

40Ar/39Ar (inverse 
isochron age) 

4.87 0.31 Deckart et al. (2013) 

Don Luis Don Luís porphyry 
Quartz – 
sericite vein 

40Ar/39Ar 4.37 0.06 Deckart et al. (2005) 

       

Rio Blanco Dacite Plug (Dacite Chimney) Zircon U/Pb SHRIMP 4.92 0.1 Deckart et al. (2005) 

La Copa Dacite Plug, subvolcanic complex Zircon U/Pb LA-ICPMS 4.92 0.09 Deckart et al. (2005) 

La Copa Dacite Plug (Dacite Chimney) Zircon U/Pb ID-TIMS 4.78 0.08 
Bertens et al.; unpublished CODELCO 
report (2010) 

La Copa 
Dacite Plug (Dacite Chimney) with 
sericite alteration 

Sericite 40Ar/39Ar 4.71 0.08 
Bertens et al.; unpublished CODELCO 
report (2010) 

La Copa Dacite Plug (Dacite Chimney) Zircon U/Pb ID-TIMS 4.57 0.08 
Bertens et al.; unpublished CODELCO 
report (2010) 

Rio Blanco Dacite Plug (Dacite Chimney) Sericite 
40Ar/39Ar (total fusion 
age) 

4.47 0.15 Deckart et al. (2013) 

       

Rio Blanco 
La Copa Rhyolite (Rhyolite 
Chimney) 

Zircon U/Pb 4.69 0.23 Deckart et al. (2013) 

La Copa Andesitic dike Zircon U/Pb CA-TIMS 4.57 0.04 
Bertens et al.; unpublished CODELCO 
report (2010) 

La Copa 
La Copa Rhyolite (Rhyolite 
Chimney) 

Zircon U/Pb SHRIMP 4.31 0.05 
Bertens et al.; unpublished CODELCO 
report (2010) 

Geochronological data from unpublished reports by Anglo American and CODELCO were taken from Toro et al., 2012
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2005; Frikken et al., 2005; Table 5.1; Fig. 5.4). A recent U–Pb SHRIMP age of syenogranite from 

the Rio Blanco-San Francisco batholith yielded a much older age of 16.39 ± 0.15 Ma (Piquer et al., 

2015; Table 5.1; Fig. 5.4). Conversely, their new U–Pb LA-ICP-MS zircon age of Rio Blanco 

Granodiorite yielded 11.68 ± 0.26 Ma, an age consistent with previous literature (Piquer et al., 

2015; Table 5.1; Fig. 5.4). 

Most granodiorite plutons preceded the main mineralizing events, late porphyry copper-

bearing stocks are part of this unit (Toro et al., 2012; Table 5.1; Figs. 5.2 – 5.4). Porphyry Cu – Mo 

mineralization is intimately associated with the evolution of the San Francisco batholith. 

Furthermore, mineralized magmatic-hydrothermal breccias cut the upper portion of the San 

Francisco batholith and the overlying Farellones Formation (e.g., Frikken et al., 2005; Table 5.1; 

Figs. 5.2 – 5.4). Both syn-mineralization intrusions and particularly magmatic-hydrothermal 

breccias are described in detail in the result sections of this study. 

After the formation of the syn- to post-mineralization breccia complex, weakly mineralized 

and altered to barren porphyries, stocks and diatremes were emplaced (Frikken et al., 2005; Table 

5.1; Figs. 5.2 – 5.4). A series of quartz monzonite porphyry (e.g., 6.32 ± 0.09 Ma U–Pb zircon age) 

and feldspar porphyry dikes (e.g., 5.84 ± 0.03 Ma U–Pb zircon age), the Don Luis porphyry stock 

(e.g., 5.23 ± 0.07 Ma U–Pb zircon age), the Dacite Chimney (e.g., 4.92 ± 0.09 Ma U–Pb zircon 

age) and the La Copa Rhyolite complex (e.g., 4.03 ± 0.19 Ma K–Ar biotite age) were emplaced 

after the main mineralizing events in the Rio Blanco-Los Bronces district (Quirt et al., 1971; 

Davidson et al., 2005; Deckart et al., 2005; Frikken et al., 2005; Table 5.1; Figs. 5.2 – 5.4). Two 

new U–Pb LA-ICP-MS zircon ages for the Late Miocene porphyries yielded 9.23 ± 0.33 for 

andesitic porphyry and 4.69 ± 0.22 Ma for rhyolitic breccia (Piquer et al., 2015; Table 5.1; Fig. 

5.4). 

5.3 History and resource of the Rio Blanco-Los Bronces district 

The Rio Blanco-Los Bronces district was formed by a multiepisodic hydrothermal system, it 

hosts different interconnected ore bodies that can be described as a mega-porphyry Cu–(Mo) 

cluster (Frikken, 2003; Deckart et al., 2014). The Río Blanco-Los Bronces district includes at least 

five hypabyssal intrusive bodies and hydrothermal centers, which extend for about 5 km from the 

Los Bronces and Río Blanco mines in the north, through the Don Luis mine, to the Sur Sur mine, 

La Americana and Los Sulfatos in the south (Fig. 5.2; Deckart et al., 2013). The Rio Blanco-Los 

Bronces district is currently mined by two different companies: Anglo American plc (Los Bronces 

+ San Enrique Monolito and Los Sulfatos) and CODELCO’s Division Andina (Rio Blanco). 
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The NW half of the district is the Los Bronces sector, which has been mined since 1864 

(Fig. 5.2; Frikken, 2003). By the early 1900s, up to ten vertical shafts with over 100 m depths 

continued to exploit massive to semi-massive chalcopyrite (Toro et al., 2012). High-grade ore, 

ranging between 10 and 25% Cu, has been extracted intermittently by various companies of 

unclear ownership up until 1916 when a larger operation was established by Compañia Minera 

Disputada de las Condes (Disputada; Frikken, 2003; Toro et al., 2012). In 1952, Societé Miniere et 

Metallurgique de Peñarroya acquired Disputada, and controlled it until 1972 when Disputada was 

purchased by the state mining agency Empresa Nacional de Mineria (Toro et al., 2012). In 1978, 

Disputada was privatized again and purchased by Exxon Mobil Corporation (Warnaars et al., 1985; 

Toro et al., 2012). Exxon Mobil sold Disputada to Anglo American in 2002, which completed a 

major expansion of Los Bronces in 2011 and currently mine the district (Toro et al., 2012; Deckart 

et al., 2014). Two additional major mineralization centers were discovered: Los Sulfatos and San 

Enrique Monolito, both added 65 Mt of contained copper to the mineral resource (Irarrazaval, 

2010). The Los Bronces open pit mine produces annually 400,000 t of fine copper and 2,000 t of 

Mo (Deckart et al., 2014). 

The SE half of the district is the Rio Blanco sector (Fig. 5.2). From early 1900s to 1920 the 

ownership of the Rio Blanco sector is unclear. Compañía Minera Aconcagua, the first mining 

company was established in 1920 (Toro et al., 2012). In 1922, the property was sold to Nichols 

Copper Corporation, which consolidated the district mining property rights in 1965 as Compañía 

Minera Andina, a subsidiary of the Cerro de Pasco Corporation (Toro et al., 2012). Eastward from 

Los Bronces mine is the Rio Blanco ore body, which was discovered by Cerro Corporation in the 

early 1970s, however the operation was annexed to CODELCO in 1976 (Frikken, 2003). In 1976 it 

was established CODELCO to operate Chile’s large copper mines; Division Andina was created 

and became one of the operational divisions of CODELCO (Toro et al., 2012). From north to south 

four main mining centers in the Rio Blanco sector can be listed: the Rio Blanco underground mine 

and La Union, Don Luis and Sur-Sur open pit mines. Underground and open-pit mines at Rio 

Blanco produce about 250,000 metric tons (t) of Cu and 2,500 t of Mo per year (Deckart et al., 

2014). 

Based on a recent mineral inventory estimate for the Los Bronces – Rio Blanco cluster 

(including San Enrique Monolito and Los Sulfatos), the district is the largest Cu–Mo porphyry-

breccia system in the world (Irarrázaval et al. 2010; Deckart et al., 2014). A total resource of 204 

Mt of fine copper was inferred for the giant Rio Blanco-Los Bronces district (Irarrázaval et al. 

2010). 
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5.3.1 Location and history of the four study areas 

The four areas that have been considered for this study are located within CODELCO’s 

División Andina district. These are: Sur-Sur, La Americana, Cerro Negro and Las Areneras (Fig. 

5.2). They were selected as representative study areas within the Rio Blanco district as they cover 

the whole district, all aligned along a N-oriented transect (Figs. 5.2 and 5.3). 

5.3.1.1 Sur-Sur  

Sur-Sur is the only area out of the four study area that is under exploitation (Fig. 5.2). The 

Sur-Sur area is considered an additional study area as core samples collected for Peter Frikken’s 

PhD thesis were analyzed and compared to those collected in the current PhD study, particularly 

those from the La Americana area. CODELCO’s Division Andina has focused their mining 

operations exploiting two styles of mineralized breccia: The Río Blanco biotite-cemented breccia 

and the 3-km-long Sur-Sur tourmaline breccia dike. The Sur-Sur orebody occurs above and to the 

southeast of the biotite-cemented breccia. It includes both the Don Luis and Sur-Sur open pit 

mines, which exploit Cu sulfides that occur as hydrothermal cement in the N-trending Sur-Sur 

tourmaline breccia. Copper mineralization is also hosted in tourmaline breccias at La Union 

(Frikken et al., 2005). For detailed information about the history and resources of the Sur-Sur area 

see Frikken (2003) and Frikken et al. (2005), among others.   

5.3.1.2 La Americana 

The La Americana sector is located < 1.5 km south of Sur-Sur open pit (Fig. 5.2), and it 

covers an area of over 1,500 x 1,500 m. In 1995, a drill hole (LA-1) from the Sur-Sur area, 

intersected a high grade zone deep in the northern area of La Americana. As the mineralization was 

located at deeper levels, this area was discarded, and instead the high grades at shallow levels in 

the Sur-Sur area were prioritized (Erwin Wettke Duhalde, personal communication, 2014). In 

2007, EMSA drilled five 1,500 meter diamond drill holes with high grades at depth that range from 

0.6 to 0.8 % Cu and up to 1% Cu equivalent (Erwin Wettke Duhalde, personal communication, 

2014). The exploration drilling campaign was carried out from surface and underground. The first 

encouraging drilling results from La Americana sector were obtained in 2008. These favorable Cu 

and Mo grades from mineralized intersections were interpreted as part of a new large orebody, 

which extends in depth, south of Sur-Sur body (CODELCO annual report, 2008). By 2009, La 

Americana orebody was confirmed, which represents CODELCO’s first discovery in the vicinity 

of a production site in the high Andes in central-southern Chile. The geological resources from La 

Americana are estimated at 850 Mt, with an average grade of 0.63 % Cu and 0.03 % Mo, and a 

total of 6.27 Mt Cu (CODELCO annual report, 2009; 2012). 
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5.3.1.3 Cerro Negro 

During 2010, CODELCO focused its exploration activities at the district scale, aiming to add 

new reserves to the vicinity of existing mines. Their most significant results were achieved in the 

Andina district, where Cu and Mo sulfide mineralization was found in a new area called Cerro 

Negro. The Cerro Negro area is located 3.5 km north from the center of La Americana sector, 2.5 

km north from the center of Sur-Sur open pit, and includes the NE edge of the Don Luis open pit, 

which is located in the SW corner of the prospect (Fig. 5.2). Cerro Negro covers a total area of 

1,500 x 1,750 m. The most significant mineralized zones were intersected at depth (CODELCO 

annual report, 2010). The Cerro Negro mineralized body was discovered in 2011, and has a 

mineralization potential that may exceed the size and quality found in the La Americana area in 

2009. Cerro Negro geological resources suggest around 1,000 Mt of ore, with grades of 0.7 % Cu 

and 0.02 % Mo, for a total of 6.69 Mt Cu (CODELCO annual report, 2011; 2012). The Cerro 

Negro and La Americana discoveries added more than 12 Mt of additional fine copper to the 

resources of Rio Blanco-Los Bronces district (CODELCO annual report, 2011), more than twice 

the annual production of the entire country (> 5.7 Mt Cu in 2011), and more than 24 times the 

annual production of the whole district (almost 0.5 Mt Cu in 2011; Toro et al., 2012). A southward 

extension of the Cerro Negro mineralized body was discovered in 2012. The area of Cerro Negro 

Sur contains additional 0.89 Mt Cu (CODELCO annual report, 2012). During 2012, underground 

drilling was conducted to delineate the Cerro Negro resource. High grades are located at depths 

below the current levels of exploitation of Rio Blanco underground mine, and approximately one 

kilometer northeast from Rio Blanco (CODELCO annual report, 2011). Copper – molybdenum 

mineralization is mainly hosted in both the Rio Blanco Granodiorite and tourmaline – biotite 

breccias. 

5.3.1.4 Las Areneras 

CODELCO’s exploration activities at the district scale conducted during 2010 included a 

large area further north from Cerro Negro called Las Areneras (Fig. 5.2). The Las Areneras area is 

located 7 km NNE from the center of La Americana sector, 6 km NNE from the center of Sur-Sur 

open pit, and 4 km NNE from the center of Cerro Negro sector (Fig. 5.2). Las Areneras covers a 

total area of over 4,000 x 3,500 m. During 2010 a drilling campaign was conducted, which aimed 

to detect new reserves close to the existing mine sites. The same year drill cores were logged and 

metal assays were determined (Erwin Wettke Duhalde, personal communication, 2014). Based on 

the database acquired, in June 2012 a series of generalized maps were processed with geoinfo 

software including: lithology – structure – veins and veinlets, dominant alteration mineral phase at 

surface, and mineralization at surface (supergene > hypogene). A series of E-oriented lithologic 
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cross-section were drawn to lay out the underground geology and crosscutting relationships 

between units (based on CODELCO’s dataset). Only traces of Cu mineralization have been 

documented at Las Areneras. No economic ore body has yet been delimited, and thus this sector is 

considered a barren to weakly mineralized prospect. 

5.4 Geology 

5.4.1 La Americana  

The La Americana Cu–Mo deposit is hosted in series of extrusive and intrusive Miocene 

rocks (Figs. 5.5 – 5.7). The Lower to Upper Miocene Farellones Formation is a sequence of 

andesites and andesitic breccias, with local andesitic and lithic tuffs (Figs. 5.5, 5.8 and 5.9; Tables 

5.2 and 5.3). The roughly NE-striking, SE-dipping volcanic sequence has been intruded by the 

Middle to Upper Miocene Cascada Granodiorite (Figs. 5.5, 5.8 and 5.9; Tables 5.2 and 5.3). A 

restricted diorite body has intruded the Cascada Granodiorite, with limited exposure in the northern 

area of La Americana (Figs. 5.5, 5.8 and 5.9; Tables 5.2 and 5.3). Both extrusive and intrusive 

facies were crosscut by a N-trending, tourmaline-cemented breccia dike, which represents the 

southern extension of the Sur-Sur tourmaline-cemented breccia (Fig. 5.5; Tables 5.2 and 5.3). 

From north to south this tourmaline breccia body decreases in size, from < 200 m width and < 600 

m depth to < 50 m width and < 200 m depth (Figs. 5.5 – 5.7). A younger, > 1.5 km long, NNW-

trending rock flour breccia dike crosscut the older units (Fig. 5.5). Clasts of both igneous rocks and 

tourmaline-cemented breccias are common in the rock flour, matrix-rich breccia (Figs. 5.8 and 5.9; 

Tables 5.2 and 5.3). From the upper to lower levels, this unit range from a tourmaline-rich, rock 

flour-supported breccia to a biotite-rich, rock flour-supported breccia facies (Figs. 5.6 – 5.9). In the 

northern area, the rock flour, matrix-rich breccia is a wider body of approximately 500 m, which 

has truncated the tourmaline-cemented breccia to the E, with isolated, blind, thin, dike-like bodies 

to the west of the main structure (Fig. 5.6). To the south, the main breccia body has < 300 m width 

at depth (with decreasing thickness closer to surface), and the thin, dike-like bodies crop out 

locally (Fig. 5.7). A NW-oriented dacite porphyry dike has restricted exposures at La Americana. It 

crops out along the eastern border of the rock flour breccia (southern area) and crosscut the rock 

flour breccia (northern area; Fig. 5.5). 

The La Americana area exhibits a NE-trending fault system pattern, which has components 

of both strike- and dip-slip movement (Fig. 5.5). The rock flour breccia body has been affected by 

this fault system; a distinctive horizontal offset in surface exposure documents a strike-slip 

component (Fig. 5.5). The Farellones Formation andesitic sequence is considerable thicker in the 

southern area, and particularly eastward from La Americana breccia complex (Fig. 5.7). Consistent 

with this, high grades in the southern area are only detected in the deepest levels (Section 5.5.1). 
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Both features document dip-slip offset, where the southern block has moved down relative to the 

northern area (Figs. 5.5 – 5.7). The tourmaline-cemented breccia dike has apparently not been 

affected by the fault in the southern block. This feature is interpreted as the southern extension of 

Sur-Sur breccia body pinching out along strike, where the shallowing and thinning breccia body 

barely extends beyond the fault. 

 

 

Figure 5.5: Geological map of the La Americana area modified after unpublished CODELCO maps. Note 

the location of the E-oriented a – b and c – d transects where cross-sections were drawn. 
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Figure 5.6: East-trending, vertical cross section of the northern area of La Americana (XC-130) showing the 

major geologic units along the a – b transect (see Figure 5.5 for plan view location, see Appendix 3.1 for 

additional data).  
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Figure 5.7: East-trending, vertical cross section of the southern area of La Americana (XC-230) showing the 

major geologic units along the c – d transect (see Figure 5.5 for plan view location, see Appendix 3.1 for 

additional data).  
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Figure 5.8: Stratigraphic column of La Americana based on information from diamond drill hole No 4377. 

Only the most representative facies of each lithologic unit, intersected between 4,200 and 3,700 masl, are 

shown (a. – k.). The scale on each photograph is constant. The height of the images equals the width of the 

drill core samples (i.e., 4.7 cm). All sample data are listed in Appendix 3.1. Abbreviations: tm = tourmaline, 

mt = magnetite, spc = specularite, anh = anhydrite. 
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Figure 5.9: Stratigraphic column of La Americana based on information from diamond drill hole No 4377. 

Only the most representative facies of each lithologic unit, intersected between 3,700 and 3,100 masl, are 

shown (a. – l.). The scale on each photograph is constant. The height of the images equals the width of the 

drill core samples (i.e., 4.7 cm). All sample data are listed in Appendix 3.1. Abbreviations: bt = biotite, tm = 

tourmaline, qz = quartz, anh = anhydrite, ep = epidote, cal = calcite, py = pyrite, and = andesite, apl = aplite. 

See legend in Figure 5.8.
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Table 5.2: Distribution and abundance of lithologic units in La Americana, Cerro Negro and Las Areneras, based on surface and sub-surface data  

Age Unit name lithologic facies La Americana Cerro Negro Las Areneras 

Late Miocene to 
early Pliocene 

Late rock flour, matrix-rich breccia 
(pebble dikes) 

N/A ✘ ↓ ✓ ✘ 

La Copa rhyolite N/A ✘ ✓✓ ✘ 

Rio Blanco dacite plug N/A ✘ ✓ ✘ 

Igneous breccia N/A ✘ (✓) (✓) 

Rock flour, matrix-rich breccia N/A ✓✓✓ ✓ ✘ 

Tourmaline-cemented breccia N/A ✓✓✓ ✓ ✘ 

Biotite-cemented breccia N/A ✓✓✓ (✓) ✘ 

Dacite – rhyodacite porphyry N/A ✓ ✓✓ ✓ 

Andesite porphyry N/A ✘ ✘ ↓ ✓ 

Middle to late 
Miocene 

Quartzdiorite – diorite porphyry N/A ✘ ✘ ↓ ✓ 

Monzogranite – quartz-monzonite 
– monzonite 

N/A ✘ ✘ ✓ 

Diorite N/A ✓ ✘ ✘ 

Cascada granodiorite N/A ✓✓✓ ✓✓ ✘ 

Rio Blanco granodiorite N/A ✘ ✓✓✓ ✓✓✓ 

Early to late 
Miocene 

Farellones Formation 

Epiclastic sandstones and conglomerates ✘ ✘ (✓) 

Dacitic and rhyodacitic domes ✘ ✓ ✘ 

Dacitic lavas ✘ ✘ ✘ 

Andesites and andesitic volcanic breccias ✓✓✓ ✓✓✓ ✓✓✓ 

Andesitic tuff ✓✓ ✓ ✘ 

Lithic tuff ✓ ✘ ✘ 

Late Eocene to 
early Miocene 

Abanico Formation 

Andesites and andesitic volcanic breccias ✘ ✓✓ ✓✓ 

Andesitic tuff ✘ ✓✓ ✘ 

Rhyodacitic - dacitic tuff ✘ ✘ ✓✓ 

 

Abbreviations and symbols:  ✓✓✓ = abundant, ✓✓ = common, ✓ = minor, (✓) = very localized, ✘= absent, ↓ = Intersected by drill holes, with minor to no 

outcrops 
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Table 5.3: Diagnostic features documented in each of the main lithologic units from Rio Blanco-Los Bronces 

 

Unit Color Texture Grainsize 
Modal 

composition 

Rock forming 
minerals or main 

components 

Accessory 
minerals 

Age Additional comments 

A
b

a
n

ic
o

 F
o

rm
a
ti

o
n

 

Andesitic lava 
flows 

Black 
Aphanitic to porphyritic 
texture; locally volcanic 
breccias 

fg (< 1 mm) 
Andesite to 
basaltic-
andesite 

pl, aug, hbl, and/or bt 
mt, ap, zrn, 
ilm 

Late 
Eocene 
to early 
Miocene 

These facies have typically been subjected to tight, 
asymmetric folding, are highly discontinuous and 
commonly fault bounded; at the Rio Blanco district, 
this volcanic sequence was accumulated in the 
extensional phase of the intra-arc Abanico basin 
during the late Eocene to early Miocene (Thomas, 
1953; Aguirre, 1960; Charrier et al., 2002; Piquer et 
al., 2010; 2015) 

Pyroclastic 
deposits 

Light to dark 
grey 

Pyroclastic texture – tuff; 
layered and randomly-
oriented aggregate of lithic 
clasts, pumice, and volcanic 
ash 

Ash-sized (< 2 
mm) to lapilli-
sized (2 – 64 
mm) grains 

Andesite - 
dacite - 
rhyodacite 

Ash (75 %) with 
minor lapilli clasts 
(< 25 %) 

Variable 

Volcano-
sedimentary 
deposits 

Variable Stratified Variable variable 

Pyroclastic material 
interlayered with 
siltstones, 
sandstones and 
conglomerates 

variable 

F
a

re
ll

o
n

e
s
 F

o
rm

a
ti

o
n

 

Lava flows 
Dark grey to 
black 

Aphanitic to porphyritic 
texture; locally volcanic 
breccias 

fg (< 1 mm); pl 
phe < 3 mm 

Andesite to 
basaltic-
andesite; 
locally dacite 

Groundmass (> 75    
– 85%). Minor pl 
phenocrysts.  Mafic 
minerals (Aug, hbl, bt 
pseudomorphs) 

mt, rut, ap, 
zrn 

Early to 
late 
Miocene 

The Farellones Formation was deposited during and 
after the inversion of the Abanico basin, during the 
early Miocene to early Pliocene; Unlike the Abanico 
Formation, the Farellones Formation is sub-
horizontal or gently folded; Plutonic activity in the Rio 
Blanco-Los Bronces district was continuous 
throughout the early to middle Miocene, thus was 
mostly coeval with Farellones Formation volcanism 
(Warnaars et al., 1985; Hollings et al., 2005; Deckart 
et al., 2005; 2010) 

Domes 
Light grey to 
pinkish grey 

Porphyritic texture mg 
Dacite to 
rhyodacite 

qz (30 – 40), kf (15    
– 40), pl (30 – 40), bt 
(10 – 5), hbl (< 5) 

mt, ttn, zrn 

Pyroclastic 
deposits 

Dark grey 

Pyroclastic texture – 
andesitic and lithic tuff; 
layered and randomly-
oriented aggregate of lithic 
clasts, pumice, and volcanic 
ash 

Ash-sized (< 2 
mm) to lapilli-
sized (2 – 64 
mm) grains 

Andesite 

Scoriae fragments 
range from blocks to 
minute granular dust; 
microscopic pl (~ 50 
%), and mafic (~ 50 
%) crystals hosted 
within glass 

Original 
cavities may 
be filled by 
secondary 
minerals 
(e.g., cal, 
chl, ep, qz 
chalce) 

Epiclastic 
sandstones 
and 
conglomerates 

Variable Stratified 
0.5 mm up to 
several cm 

variable 

Sandstones and 
conglomerates with 
minor pyroclastic 
material 

variable 
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S
a
n

 F
ra

n
c

is
c
o

 B
a
th

o
li
th

 

Rio Blanco 
Granodiorite 

Dark green 
(mafic 
phases)  
and pinkish 
grey (felsic 
phases) 

Phaneritic; hypidiomorphic 
granular 

cg – mg (> 4 
mm) 

Granodiorite 
to tonalite 

Mean: pl (45 %), qz 
(20 – 25 %), kf (15 
%), bt – hbl (15 %) 

zrn, mt 
Middle 
Miocene 

The Rio Blanco Granodiorite is a widespread unit 
that occurs from Cerro Negro to Las Areneras (and 
further west and north from the study areas); The 
Rio Blanco Granodiorite intruded the Farellones and 
locally Abanico formations 

Locally, kf with perthitic 
texture 

Cascada 
Granodiorite 

Light grey to 
greenish 
pink 

Phaneritic; hypidiomorphic 
granular 

fg (2 – 4 mm) 

Granodiorite;  
locally 
monzodiorite, 
quartz-
monzonite, 
aplite and 
other 
granitoids 

pl, qz, kf, bt, hbl; 
mineral percentage 
variable depending  
on lithologic facies 

zrn, mt, ttn, 
ap 

Middle 
Miocene 

The Cascada Granodiorite occurs from La 
Americana and Sur-Sur to the southern area of 
Cerro Negro; The Cascada Granodiorite intruded the 
Farellones Formation 

Diorite 
Greenish 
grey 

Phaneritic; allotriomorphic. 

fg (1 – 2 mm) Diorite 

pl (> 55 %) + hbl (20 
%)+ bt (> 5 %) + aug 
(5 %) > qz (< 5 %) + 
kf (< 5 %) 

zrn, mt 
Middle 
Miocene 

The diorite body is temporally and spatially related to 
the Cascada Granodiorite 

Mafic phases are oriented 
locally (mainly hbl) 

Quartz-monzonite 
porphyry (PQM-1) 

Light grey to 
pink felsic 
groundmass 

Phaneritic; porphyritic 
texture with densely packed  
phenocrysts (feldspars 
touch one another) 

Phenocrysts 
(0.1 – 0.5 cm) 

Dacite to 
quartz-
monzonite 

Dacite porphyry: 
phenocrysts: pl (30   
– 50 %), qz (5 – 10 
%), kf (0 – 15 %), bt 
– hbl (1 – 5 %) zrn 

Middle 
Miocene 

These pre-breccia porphyry facies were cut by the 
Río Blanco breccia complex, which commonly has 
PQM-1 clasts. 

Groundmass texture:  
aphanitic to microphaneritic 

Microscopic 
Groundmass  
(40 – 55 %) 

At Las Areneras, the PQM-1 dike-like bodies have 
intruded the Rio Blanco Granodiorite and volcanic 
sequence along thrust faults 

R
io

 B
la

n
c

o
 S

u
b

v
o

lc
a
n

ic
 

C
o

m
p

le
x
 

Dacite 
porphyry 
(PQM-2) 

Greenish 
grey 

Phaneritic; porphyritic 
texture 

Feldspar phe 
(< 1 cm), qz 
eyes (< 0.5 
cm),  hbl and bt 
(< 0.2 cm) 

Dacite 

Pl (35%), qz (35%), 
kf (>15%), bt – hbl 
(10%) 

zrn 

Late 
Miocene 
to early 
Pliocene 

These post-breccia porphyry facies cut the Río 
Blanco breccia complex, and older facies such as 
the Rio Blanco Granodiorite and volcanic facies 

Microfelsic groundmass 

Groundmass of 
very fg qz – kf 

– pl aggregate 
(25 – 35 µm) 

qz – kf – pl 

groundmass 
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Don Luis 
Porphyry 

Pinkish 
orange 

Phaneritic; porphyritic 
texture 

pl, or, qz phe 
(< 0.7 cm) 

Variable; 
tonalite - 
dacite (upper 
levels), 
quartz-
monzonite 
(lower levels 

Mineral percentage 
variable depending  
on lithologic facies 

zrn 

Late 
Miocene 
to early 
Pliocene 

 

Abundant: pl and qz 
phe (generally < 1 
cm), large poikilitic or 
crystals (up to 2 cm 
long); Minor (< 10 
%): fg bt phe (< 0.2 
cm) 

The N-elongated porphyry body (~1800 x 650 m) 
occurs in the center of the ore deposit, mostly 
surrounded by contact, rock flour-rich and 
mineralized tourmaline-cemented breccias 

Microcrystalline 
groundmass 

Microcrystalline 
groundmass of 
very fg qz – or 
(± pl) 

fg aplitic 
groundmass; glass is 
partially devitrified 

The northern border crops out in the southwestern 
area of Cerro Negro 

Rio Blanco 
Dacite Plug 
(Dacite  
Chimney) 

Light grey 
with 
greenish 
and pinkish 
tints 

Phaneritic; porphyritic 
texture; flow banding is 
common 

fg – mg phe 
(< 3 mm) 

Dacite 

Phenocrysts and 
phenoclasts (25 – 20 
%): rounded qz 
(locally with round 
embayments), pl > kf 
(ser-altered) >> bt 
(ser-altered) 

zrn 

Late 
Miocene 
to early 
Pliocene 

Inverted cone-shaped body (~600 x 300 m) with a 
NNW elongation, It is surrounded by contact breccia 
(W), La Copa Rhyolite (N), Don Luis Porphyry (S) 
and Rio Blanco Granodiorite (E); It crops out in the 
SW area of Cerro Negro 

Aphanitic groundmass Very fg matrix 

Matrix (75 – 80 %): 
ash with devitrified 
glass; Micro- to 
crypto-crystalline kf  
> qz aggregate 

It crosscut the andesite sequence, granitoids, dacite 
porphyries and the Rio Blanco Breccia Complex. It 
has been crosscut by the La Copa Rhyolite 

Light and 
dark grey 
clasts within 
a reddish 
brown 
matrix 

Breccia facies (auto-breccia 
at contact zones) 

cg 

Autoclastic to clastic 
material: both 
phenocrysts –  
phenoclasts and lithic 
clasts (andesite?, 
granodiorite?, 
rhyolite, porphyry 
facies, and 
obliterated clasts) 

The emplacement breccia may have secondary bt, 
tm, spc, chl and minor cp; Copper grades are low (< 
0.3% Cu) due to late-stage fluid flow and minor 
copper deposition (Frikken, 2003) 

La Copa 
Rhyolite 
(Rhyolite 
Chimney) 

Light grey 
with pinkish 
tints 

Phaneritic texture, locally 
porphyritic texture; flow 
banding is common; its wide 
textural features indicate 
both subvolcanic and 
volcanic origins 

mg – fg 
Rhyolite  
(locally 
dacite) 

Phe: qz (40 – 30 %), 
kf (50 – 30 %), pl     
(< 15 %)  >> bt (7     
– 5 %);  locally, 
phenoclasts and lithic 
clasts of volcanic 
facies and 
granodiorite 

zrn 

Late 
Miocene 
to early 
Pliocene 

The La Copa Rhyolite is a 2 km diameter circular 
intrusive – extrusive complex; It has a funnel shape 
and crosscut andesite, granodiorite, dacite porphyry 
and the Rio Blanco dacite plug. 
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Aphanitic groundmass 
fg qz – kf and/or 
glass 

Light and 
dark grey 
clasts within 
a reddish 
brown 
matrix 

Breccia facies cg 

Matrix: tuff material  
–  ash: various 
fractured crystals and 
fine lithic clasts 
agglutinated by 
devitrified glass 
(argillic alteration) 

La Copa Rhyolite crops out in the NW area of Cerro 
Negro. It is the youngest complex emplaced; it 
intersected and truncated mineralized zones in the 
Rio Blanco sector, similar to the Don Luis porphyry 
and Rio Blanco dacite plug (Vergara and Latorre, 
1984; Wamaars et al., 1985; Toro, 1986; Serrano et 
al., 1996). 

Clasts: andesite, 
granodiorite, dacite, 
porphyry facies? and 
unrecognizable and 
obliterated volcanic 
clasts (commonly 
devitrified) 

 

aug = augite, hbl = hornblende, bt = biotite, Pl = plagioclase, kf = K-feldspar, qz = quartz, tm = tourmaline, spc = specularite, cp = chalcopyrite, mt = magnetite, ap = 

apatite, zrn = zircon, ilm = ilmenite, rut = rutile, ttn = titanate, ser = sericite, cal = calcite, chl = chlorite, ep =epidote, chalce = chalcedony, fg = fine-grained,  mg = 

medium-grained,  cg = coarse-grained, phe = phenocrysts 
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5.4.2 Cerro Negro  

The oldest unit in the Cerro Negro sector is the moderately deformed Upper Eocene to 

Lower Miocene Abanico Formation (Figs. 5.10 and 5.11). This unit encompasses andesites and 

andesitic volcanic breccias with minor andesitic tuff layers (Figs. 5.10, 5.12 and 5.13; Tables 5.2 

and 5.3). The volcanic sequence has a NNW- to NW-strike, with dip angles ranging from 8° to 29° 

to ENE (Fig. 5.10). The weakly deformed Lower to Upper Miocene andesites and andesitic 

volcanic breccias of Farellones Formation overlie the Abanico Formation (Figs. 5.10 – 5.13; 

Tables 5.2 and 5.3). Both formations are separated by an angular unconformity and crop out on the 

eastern side of the area, at high elevations (Figs. 5.10 and 5.11). North-trending outcrops of the Rio 

Blanco Granodiorite are located in the center of Cerro Negro at lower elevations (Figs. 5.10 – 5.13; 

Tables 5.2 and 5.3). This Middle to Upper Miocene granodiorite has intruded the volcanic units 

(Figs. 5.10 and 5.11). A localized exposure of the Cascada Granodiorite occurs in the SE area of 

Cerro Negro (Figs. 5.10 – 5.13; Tables 5.2 and 5.3). This outcrop represents the northern-most 

exposure of the Cascada Granodiorite in the Rio Blanco district, which is the characteristic Middle 

to Upper Miocene granitoid in the La Americana, Sur-Sur and Don Luis areas (Fig. 5.2).  

A series of Upper Miocene to Lower Pliocene rocks are exposed on the western side of 

Cerro Negro (Fig. 5.10). Small, irregular, N-trending tourmaline-cemented breccia dikes crosscut 

the volcanic and plutonic facies (Figs. 5.10 – 5.13; Tables 5.2 and 5.3). They have been crosscut by 

rock flour, matrix-rich breccia dikes, which are more abundant than the tourmaline-cemented 

breccias (Figs. 5.10 – 5.13; Tables 5.2 and 5.3). The La Copa Rhyolite was emplaced later. Its 

dacite facies crop out in the SW, whereas rhyolite facies are exposed in the W and NW areas (Figs. 

5.10 – 5.13; Tables 5.2 and 5.3). Dacite porphyry dikes crosscut the tourmaline-cemented breccias, 

rock flour breccias and the La Copa Rhyolite (Figs. 5.10 – 5.13; Tables 5.2 and 5.3). The dacite 

porphyry is better exposed in the SW area of Cerro Negro (Fig. 5.10). Thin and localized dike-like 

morphologies of barren, late-stage rock flour, matrix-rick breccias (pebble dikes) locally cut the 

older units (Figs. 5.11 – 5.13; Tables 5.2 and 5.3). 
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Figure 5.10: Geological map of the Cerro Negro area modified after unpublished CODELCO maps. Note 

the location of the E-oriented a – b transect where a cross-section was drawn.  
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Figure 5.11: East-trending, vertical cross section of Cerro Negro showing the major geologic units along the a – b transect (see Figure 5.10 for plan view location, see 

Appendix 3.1 for additional data). 
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Figure 5.12: Stratigraphic column of Cerro Negro based on information from diamond drill hole No 4858. 

Only the most representative facies of each lithologic unit, intersected between 3,100 and 2,400 masl, are 

shown (a. – k). The scale on each photograph is constant. The height of the images equals the width of the 

drill core samples (i.e., 4.7 cm). All sample data are listed in Appendix 3.1. Abbreviations: tm = tourmaline, 

cp = chalcopyrite, gyp = gypsum. 
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Figure 5.13: Stratigraphic column of Cerro Negro based on information from diamond drill hole No 4858. 

Only the most representative facies of each lithologic unit, intersected between 2,400 and 1,800 masl, are 

shown (a. – k). The scale on each photograph is constant. The height of the images equals the width of the 

drill core samples (i.e., 4.7 cm). All sample data are listed in Appendix 3.1. Abbreviations: bt = biotite, tm = 

tourmaline. 
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5.4.3 Las Areneras  

The Upper Eocene to Lower Miocene Abanico Formation is exposed along a narrow, N-

oriented band < 300 m wide in the center of Las Areneras (Fig. 5.14). This unit is defined by 

andesite and andesitic volcanic breccias with minor dacite tuff layers (Figs. 5.14 – 5.18; Tables 5.2 

and 5.3). The roughly N-striking, E-dipping Abanico Formation is moderately deformed and 

overlain by the Upper to Lower Miocene Farellones Formation (Fig. 5.14). This andesite and 

andesitic volcanic breccia sequence locally has thin interlayered epiclastic sandstones and 

conglomerates (Figs. 5.14 – 5.18; Tables 5.2 and 5.3). The Farellones Formation is weakly 

deformed and slightly eastward dipping. It is the principal unit exposed in the eastern area, and 

similar to the Cerro Negro area, this unit is less eroded at higher altitudes (Figs. 5.14 – 5.17). On 

the western side of Las Areneras, the Rio Blanco Granodiorite is the main unit cropping out (Fig. 

5.14; Tables 5.2 and 5.3). A N-trending valley roughly follows the intrusive contact between the 

Rio Blanco Granodiorite and the volcanic rocks of the Abanico Formation (Figs. 5.14 – 5.17).  

Three E-oriented cross-sections show the distinctive lithologic facies and characteristic 

structural features at Las Areneras (Fig. 5.15 – 5.17). The southern cross-section highlights an 

irregular and small, Middle to Upper Miocene monzogranite body emplaced in the Rio Blanco 

Granodiorite (Fig. 5.15; Tables 5.2 and 5.3). The monzogranite has a limited exposure, being 

restricted to the SW part of Las Areneras (Fig. 5.14). An Upper Miocene to Lower Pliocene dacite 

porphyry body has intruded the volcanic units and locally the Rio Blanco Granodiorite (Fig. 5.15; 

Tables 5.2 and 5.3). This unit is only exposed across an E-oriented valley (Fig. 5.14). Localized 

bodies of dacite-cemented breccias, or ‘igneous breccias’, occur along the contact between the 

dacite porphyry and the volcanic host rocks (Fig. 5.15; Tables 5.2 and 5.3). 

The central cross-section contains small, blind Middle to Upper Miocene intrusive bodies 

(Fig. 5.16; Tables 5.2 and 5.3). Quartz-monzonite dike-like bodies intruded the Rio Blanco 

Granodiorite and quartz-diorite porphyry was emplaced in the volcanic sequence along NE-

trending, NW-dipping thrust faults (Fig. 5.16; Tables 5.2 and 5.3). Small, sub-vertical, lens-like 

Upper Miocene to Lower Pliocene andesite porphyry bodies intruded the Rio Blanco Granodiorite, 

very likely emplaced along faults (Fig. 5.16; Tables 5.2 and 5.3). The northern cross-section has 

similar features to those in the central cross-section, where Middle to Upper Miocene monzonite 

and quartz-diorite – diorite porphyry dikes were emplaced in the volcanic sequence along faults 

(Fig. 5.17; Tables 5.2 and 5.3). Upper Miocene to Lower Pliocene, small, sub-vertical, lens-like 

andesite porphyry bodies cut both the volcanic and plutonic rocks (Fig. 5.17; Tables 5.2 and 5.3). 
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Figure 5.14: Geological map of the Las Areneras area modified after unpublished CODELCO maps. Note 

the location of the E-oriented a – b, c – d and e – f transects where cross-sections were drawn. 
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Figure 5.15: East-trending, vertical cross section of the southern area of Las Areneras showing the major geologic units along the a – b transect (see Figure 5.14 for plan 

view location, see Appendix 3.1 for additional data). 
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Figure 5.16: East-trending, vertical cross section of  the central area of Las Areneras showing the major geologic units along the c – d transect (see Figure 5.14 for plan 

view location, see Appendix 3.1 for additional data). 
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Figure 5.17: East-trending, vertical cross section of the northern area of Las Areneras showing the major geologic units along the e – f transect (see Figure 5.14 for plan 

view location, see Appendix 3.1 for additional data).  
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Figure 5.18: Stratigraphic column of Las Areneras based on information from diamond drill hole No 4690. 

Only the most representative facies of each lithologic unit, intersected between 3,300 and 2,300 masl, are 

shown (a. – k). The scale on each photograph is constant. The height of the images equals the width of the 

drill core samples (i.e., 4.7 cm). All sample data are listed in Appendix 3.1. Abbreviations: bt = biotite, tm = 

tourmaline, qz = quartz, cp = chalcopyrite, py = pyrite, ep = epidote, cal = calcite, chl = chlorite, gd = 

granodiorite, apl = aplite, […] = sample number. 
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5.5 Hydrothermal alteration and mineralization 

Each of the four study areas in the Rio Blanco-Los Bronces district has their own 

individual history of magmatic-hydrothermal activity. Despite some differences in their 

paragenetic sequences, La Americana – Sur-Sur, Cerro Negro and Las Areneras share common 

vein types. These facilitate the interpretation and comparison of the evolution of magmatic-

hydrothermal fluids and resulting hydrothermal alteration – mineralization between ore zones.  

The main vein types and their most common features documented at Rio Blanco district 

are summarized in Table 5.4. These are listed from oldest to youngest, and are classified where 

possible using the nomenclature from Gustafson and Hunt (1975), from the El Salvador porphyry 

copper deposit in Chile, and from Sillitoe (2010). Additional vein type names have been defined 

here for veins specific to the Rio Blanco district. Individual vein types are absent from some of the 

study areas, but are well-developed in others. Furthermore, some of the key features of individual 

vein types are only present in certain locations. The following vein classification and descriptions 

are therefore generalizations; features such as shape, infill minerals, associated hydrothermal 

alteration, among others, can vary between each prospect. These common vein types are as 

follows:  

Early biotite veins (EB veins) have irregular and sinuous edges, fine-grained infill and 

thickness < 10 mm. They contain biotite – quartz (± bornite – chalcopyrite, pyrite), and some have 

biotite alteration halos (Table 5.4).  

Quartz – K-feldspar – anhydrite – sulfide veins (QKAS veins) have irregular and 

sinuous edges, granular texture and thickness > 10 mm. They are characterized by quartz, K-

feldspar, anhydrite, and various sulfides (± bornite – chalcopyrite, pyrite), and have fine-grained 

brown biotite alteration halos with accessory alteration minerals (Table 5.4). 

Tourmaline 1 veins (here called T1veins) have sharp and straight edges, fine- to medium-

grained infill and < 10 mm thick. They are filled by tourmaline (± magnetite, anhydrite, 

specularite, quartz, scarce chalcopyrite) with or without an albite or K-feldspar halo (Table 5.4). 

Early quartz veins (A veins) are discontinuous veins with irregular and sinuous edges, 

granular texture and various mm thick. They contain quartz >> K-feldspar – anhydrite (± bornite         

– chalcopyrite, molybdenite, rarely pyrite), and have thin albite and/or K-feldspar alteration halos 

(Table 5.4). 

Main Mo-bearing stage veins (B veins) are continuous veins with sharp and straight 

edges, crustiform textures and millimeter to centimeter widths. They are characterized by quartz
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Table 5.4: Diagnostic features in each vein type documented from Rio Blanco-Los Bronces. This Table is based on information provided by CODELCO, and personal 

data collected during sampling campaigns 

Vein 
type 

Edges Texture Thickness 
Distinctive 

cement 
Common associated 

cement 
Hydrothermal alteration 

halo 

EB Irregular, sinuous Fine-grained < 10 mm bt – qz bn – cp, py bt (not always present) 

QKAS Irregular, sinuous 
Granular  
(2 – 5 mm) 

> 10 mm 
qz, kf, anh, 
sulfides 

bn – cp, py 
fg brown bt (kf, qz, ser, bn 
– cp, py) 

T1 
Sharp and straight 
edges (locally) 

Fine- to 
medium- 
grained 

< 10 mm tm 
mgt, anh, spec, qz. 
may contain early cp 

alb, less common kf (not 
always present) 

A 
Irregular, sinuous and 
discontinuous 

Granular  
(2 – 5 mm) 

mm qz >> kf – anh (bn – cp, mol, py rare) 
Thin halo of alb and and/or 
kf 

B 
Sharp and straight 
edges; Continuous 
planes 

Crustiform mm to cm qz, mol, anh py, cp, bn 
No alteration halo or mm 
halo of alb – kf  

T2 
Sharp and straight 
edges 

Medium-
grained 

mm to dm tm anh, spec 

Distinctive grayish green 
ser (> 10 mm) 

C 
Sharp and straight 
edges 

Fine- to 
medium-
grained 

mm to cm 
qz and/or cp – bn 
> py 

anh, ser, bt and chl 
may also be present 

T3 
Sharp and straight 
edges 

Fine-grained mm to cm tm anh, spec Whitish ser associated 
with clay minerals; tm 
radiating crystals and 
carbonates may be 
present 

D 
Sharp and straight 
edges; Very defined 
and continuous planes 

Fine- to 
medium- 
grained 

5 mm to 
< 10 cm 

py >> cp qz 

E 
Sharp and straight 
edges 

Medium- to 
coarse-
grained 

5 mm to 
< 10 cm 

carbonate 
minerals (i.e., cal, 
ank, sid) 

py >> cp; gal, sph, and 
Cu–Fe sulfosalts  

Whitish ser associated 
with clay minerals 

 

kf = K-feldspar, bt = biotite, alb = albite, tm = tourmaline, qz = quartz, ser = sericite, chl = chlorite,  anh = anhydrite, mgt = magnetite, spec = specularite, mol = 

molybdenite, cp = chalcopyrite,  bn = bornite, py = pyrite, cal = calcite, ank = ankerite, sid = siderite, gal = galena,  sph = sphalerite, fg = fine-grained 
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– molybdenite – anhydrite (± pyrite, chalcopyrite, and bornite). They generally lack alteration 

halos, although some mm-wide albite – K-feldspar halos have been observed locally (Table 5.4).  

Tourmaline 2 veins (here defined as T2 veins) have sharp and straight edges, medium-

grained infill and mm to dm thicknesses. They are filled by tourmaline (± anhydrite, specularite), 

and they have characteristic grey-green sericite halos that can exceed 10 mm in width, but can also 

be absent locally (Table 5.4). 

Main Cu-bearing stage veins (here called C veins) have sharp, straight edges, fine- to 

medium-grained infill, and mm to cm thickness. They are distinguishable by chalcopyrite – bornite      

> pyrite and associated quartz (± anhydrite, sericite, chlorite, biotite?), and have distinctive grey-

green sericite halos that can exceed 10 mm in width, but may be absent locally (Table 5.4). 

Tourmaline 3 veins (here defined as T3 veins) range from millimeters to centimeters 

thick, have sharp and straight edges, and fine-grained infill. They are filled by tourmaline             

(± anhydrite, specularite) and have white sericite and clay mineral alteration halos. Tourmaline and 

carbonates also occur locally as hydrothermal alteration minerals (Table 5.4). 

Barren to weakly mineralized pyrite veins (D veins) are well defined, continuous veins 

with sharp and straight edges, fine- to coarse-grained infill that can be up to several centimeters 

thick. They have pyrite >> chalcopyrite (± quartz), and are surrounded by white sericite and clay 

mineral alteration halos. Tourmaline and carbonates are present locally (Table 5.4). 

Base metals and carbonate-bearing veins (E veins) have sharp and straight edges, 

medium- to coarse-grained infill, and several centimeters thick. Calcite, ankerite and siderite 

characterize these veins; ± pyrite >> chalcopyrite; galena, sphalerite and Cu–Fe sulfosalts. White 

sericite and clay mineral alteration halos surround E-type veins (Table 5.4). 

5.5.1 La Americana 

(i) Spatial variations: northern vs southern area  

The spatial distribution of lithologic units varies from north to south at La Americana 

(Figs. 5.6 and 5.7). The andesite – granodiorite contact in the north section occurs at 3,800 m asl, 

to the west of the breccia complex. The andesitic sequence has been eroded on the east side so that 

granodiorite is cropping out at ~ 4,100 m asl (Fig. 5.6). In the south section, the andesite                 

– granodiorite contact is located much deeper (i.e., ~ 3,600 m asl to the west of the breccia 

complex, and ~ 3,950 m asl to the eas; Fig. 5.7). The andesite sequence is constantly thicker 

westwards of the breccia system (Figs. 5.6 and 5.7). The Sur-Sur tourmaline-cemented breccia 

extends south to La Americana, but is restricted to shallow levels as it pinches out further south 



Chapter 5 – Rio Blanco-Los Bronces 

284 
 

(i.e., from 3,400 to > 4,150 m asl; Figs. 5.5 – 5.7). The northern end of La Americana is 

characterized by a main breccia dike with surface exposure that has partially assimilated the Sur-

Sur tourmaline breccia. There are also blind, thin breccia dikes west of the main breccia dike (Fig. 

5.6). In the south, the thin breccia dikes have reached the surface but are covered by Quaternary 

sediments, whereas the main breccia dike has a much more restricted exposure compared to the 

north (Fig. 5.7). 

Grade shells have been drawn for both sections based on > 0.1 %, 0.1 – 0.5 %, and 0.5      

– 0.3 % of copper equivalent (Cu eq.) as cut-off grades (Figs. 5.19 and 5.20). The > 0.1 % Cu eq. 

shell roughly follows the Sur-Sur breccia close to surface and La Americana main breccia dike 

structure in deeper levels (Figs. 5.19 and 5.20). The thin breccia dikes and nearby host granodiorite 

are enclosed by either the > 0.1 % or 0.1 – 0.5 % Cu eq. ore shell (Figs. 5.19 and 5.20). Both 

figures highlight the bulk of Cu mineralization occur < 3,200 m asl (Figs. 5.19 and 5.20). 

Conversely, grades > 0.1% Cu eq. at shallower levels can only be detected locally (Figs. 5.19 and 

5.20).  

(ii) Paragenesis of La Americana 

5.5.1.1 Stage 1a: early coarse-grained tourmaline – quartz aggregates  

Stage 1a tourmaline occurs as very coarse-grained radiating crystals, intersected by 

diamond drill holes in the deepest levels of La Americana (< 2,800 m asl; Fig. 5.21). Quartz and 

younger pyrite have overgrown tourmaline prisms. Both minerals sealed open spaces among 

radiating tourmaline crystals (Fig. 5.21). Stage 1a is associated with moderate potassic alteration 

(Fig. 5.21). 

Stage 1a tourmaline ± quartz – pyrite aggregates are either hosted in granodiorite, where 

they are best developed, or locally in pre-mineralization dacite porphyry (Fig. 5.21). (i) In 

granodiorite, the stage 1a assemblage has been intersected in drill holes over various meters, where 

tourmaline comprises > 90% of the drill core volume (Fig. 5.22a–c). Quartz and pyrite occur 

among tourmaline crystals, and pyrite veins crosscut tourmaline ± quartz – pyrite aggregates (Fig. 

5.22a–c). (ii) In the pre-mineralization dacite porphyry, radiating tourmaline crystals are 

overgrown by quartz and pyrite, which have infilled spaces between tourmaline prisms (Fig. 

5.22d). Tourmaline ± quartz – pyrite aggregates have been overgrown by biotite, which resulted in 

distinctive cockade-like texture (Fig. 5.22d). These tourmaline – quartz – pyrite – biotite clusters 

rarely exceed 2.5 cm in diameter and are surrounded by a < 0.5 cm thick K-feldspar alteration halo 

(Fig. 5.22d). 
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Figure 5.19: East-trending, vertical cross section  of the northern area of La Americana (XC-130) with grade 

shells  of > 0.1 %, 0.1 – 0.5 %, and 0.5 – 0.3 % of copper equivalent (Cu eq.; see Figure 5.5 for plan view 

location, see Appendix 3.1 for additional data).  
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Figure 5.20: East-trending, vertical cross section  of the southern  area of La Americana (XC-230) with 

grade shells  of > 0.1 %, 0.1 – 0.5 %, and 0.5 – 0.3 % of copper equivalent (Cu eq.; see Figure 5.5 for plan 

view location, see Appendix 3.1 for additional data). 
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Figure 5.21: Paragenetic sequence of main lithologic units at La Americana. This diagram summarizes the various types of hydrothermal alteration assemblages, their 

spatial distributions, relative timing and proportion per unit. Mineralization types, their relative timing and proportion are also included. Abbreviations: EB, QKAS, T0, 

T1, B, T2, C, T3, D and E are vein types and/or synchronous cementation events; rad = radiating; cg = coarse-grained; tm = tourmaline; qz = quartz;  bt = biotite;  kf = K-

feldspar; alb = albite; chl = chlorite; ep = epidote; ggs = grey-green sericite; ws = white sericite; mo = molybdenite; cp = chalcopyrite; bn = bornite; py = pyrite; mt = 

magnetite; sp = specularite; anh = anhydrite; gyp = gypsum; cal = calcite ank = ankerite; sid = siderite. 
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Figure 5.22: Hydrothermal alteration – mineralization of stage 1 (T0 and T1) in Cascada Granodiorite, pre-T2-brecciation dacite porphyry and biotite breccias from La 

Americana. The height of each image equals the width of the drill core (i.e., 4.7 cm). Abbreviations: T0, T1, C are veins or temporally equivalent breccia cement and 

clusters; tm = tourmaline; qz = quartz; bt = biotite; Kf = K-feldspar; mt = magnetite; cp = chalcopyrite and py = pyrite. All sample data are listed in Appendix 3.1. 
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5.5.1.2 Stage 1b 

Stage 1b has a similar mineral assemblage to stage 1a and occurs in medium to deep levels 

(< 3,400 m asl; Fig. 5.21). Medium-grained tourmaline occurs as clusters or radiating crystals that 

have been overgrown either by quartz or biotite (Fig. 5.21). Stage 1b is intimately associated with 

intense to moderate potassic alteration (Fig. 5.21). Potassic feldspar alteration is distinctive of stage 

1b. It is also associated with stage 1a, but it is not as well developed. Biotite alteration has been 

documented locally in deep intersections of the magmatic-hydrothermal breccias (Fig. 5.21). 

Stage 1b altered granodiorite and cemented the oldest magmatic-hydrothermal breccias at 

La Americana (Fig. 5.21). (i) In granodiorite, 1 – 2 cm thick tourmaline – quartz clusters 

commonly occur within areas with intense K-feldspar flooding (Fig. 5.22e). (iia) Localized 

monomict, tourmaline – biotite cement-supported breccias have medium-grained, radiating 

tourmaline crystals overgrown by abundant biotite (Fig. 5.22f; Table 5.5; Appendix 5.1). These 

stage 1b breccias have distinctive syn-brecciation, K-feldspar alteration halos around clasts, and 

moderate biotite alteration of clast cores (Fig. 5.22f; Table 5.5; Appendix 5.1). (iib) Minor breccia 

facies variations include monomictic, biotite – K-feldspar-altered granodiorite cement- to clast-

supported breccias. These have non-radiating tourmaline ± biotite cement, with minor magnetite 

(Fig. 5.22g–h; Table 5.5; Appendix 5.1). Rounded granodiorite clasts with moderate, syn-

brecciation K-feldspar alteration were overprinted by amoeboid-shaped, syn-cementation biotite    

– magnetite replacements (Fig. 5.22h; Table 5.5; Appendix 5.1). (iic) An additional breccia sub-

facies that formed during stage 1b are monomictic, biotite-altered granodiorite clast-supported 

breccias (Fig. 5.22i; Table 5.5; Appendix 5.1). Tourmaline and biotite have cemented this breccia 

facies, where tourmaline has overgrown biotite. Biotite clusters partially replaced granodiorite 

clasts, whereas tourmaline alteration is uncommon (Fig. 5.22i; Table 5.5; Appendix 5.1). Younger 

anhydrite ± chalcopyrite have locally cemented the biotite-altered breccias facies (i.e., synchronous 

with C veins; Fig. 5.22i; Table 5.5; Appendix 5.1). The breccias cemented by stage 1b mineral 

assemblages are the oldest and deepest-seated magmatic-hydrothermal breccias at La Americana, 

and they are better developed < 3,400 m asl (Figs. 5.6 and 5.7). They represent the root of, and 

transition upwards to, stage 3 tourmaline-cemented breccias. Stage 1b and 3 breccias host the bulk 

of stage 4 copper mineralization at La Americana. 

5.5.1.3 Stage 1c: main Mo mineralizing event  

Stage 1c is the main Mo mineralizing stage. It produced B-type veinlets and veins in 

granodiorite (Fig. 5.21). It has been observed in the medium to deeper levels in the northern area of 

La Americana (< 3,600 m asl; Fig. 5.21). B veins commonly record cyclic deposition of quartz, 

where early quartz was overgrown by molybdenite and late quartz by chalcopyrite – pyrite, which
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Table 5.5: Diagnostic breccia features documented in each of the main breccia types from Rio Blanco-Los Bronces  

 
Tourmaline-cemented breccia 

(southern extension of the Sur-
Sur breccia) 

Tourmaline-altered, matrix-rich breccias 

Castellana breccia Paloma breccia 

C
O

M
P

O
N

E
N

T
S

 

C
L

A
S

T
S

 

Grainsize Variable sizes:  < 1 mm  up to a meter 
Based on drill cores: large clasts > 20 
x 10 cm; middle clasts ~ 4 x 2 cm; 
small clasts   < 0.5 x 0.5 mm   

Small clasts (< 2 cm) 

Morphology 
Elongated polygonal clasts, roughly 
tabular and irregular 

Rounded  clasts Very well rounded clasts 

Orientation/position 
Clast boundaries tend to be parallel 
between clasts 

Random  Random  

Color 
Variable (based on clast composition 
and degree and type of alteration) 

Variable (based on clast composition 
and degree of alteration) 

Variable (based on clast composition 
and degree of alteration) 

Composition 

Monomict; Cascada Granodiorite 
(locally polymict; andesite, 
granodiorite, diorite,  quartz-
monzonite porphyry) 

Polymict; clasts of andesite, 
granodiorite, tourmaline and Monolito 
breccias, feldspar and Don Luis 
porphyries 

Polymict; clasts of andesite, 
granodiorite, Don Luis porphyry and 
tourmaline, Castellana and Monolito 
breccias 

Alteration 
Moderate qz–ser–tm alteration; locally 
kaol, mont, chl  

Weak to moderate ser alteration  
 

Moderate to intense ser and kaol 
alteration; locally with obliteration  of 
original texture  

Sulfide replacement Moderate py replacement  Locally py replacement   Scarce py replacement 

Sorting Moderately sorted  Moderately sorted  Moderately sorted 

Angularity 
Poorly ground; angular to sub-
rounded 

Well ground; rounded to sub-rounded 
clasts  

Well ground; rounded clasts 

Degree of transport Minor transport; low degree of milling  High – distinctive breccias future  High – distinctive breccias future 

Rebrecciation Locally, due to clast accommodation 
Multiple re-working via consecutive 
brecciation events 

Multiple re-working via consecutive 
brecciation events 

MATRIX 

Infill percentage Low; < 15 % Very high; 90 – 70 % Very high; 90 – 80 % M 

Grainsize Silt to clay  Silt to clay  Silt to clay 

Color Dark grey Light to dark grey Light to dark grey 

Composition Rock flour Rock flour  (tm altered matrix) Strongly tm altered matrix of rock flour 

CEMENT 

Infill percentage  Abundant; > 85 %  < 10 % (tm) – < 30% (tm ± others ) < 10 – 20 % 

Color Mainly dark and golden Dark grey (locally golden) Dark grey (locally golden) 

Composition 
tm > qz, cp-bn, py, sp (± mt), gyp (± 
anh) 

tm >> bt, qz, cp, sp, mt, anh tm >> cp, py, qz, mt > chl and sid  

Texture -- -- -- 

VUGS 
Infill percentage Absent to very low; < 1 % Absent to very low Absent to very low 

Nature -- -- -- 

Surface  -- -- -- 
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INTERNAL 
ORGANIZATION 

Relative proportion  
(Clast : Infill ratio) 

C:I = 30:70 – 75:25 
Infill = < 15 % M, > 85 % C and < 1 % 
V 

C:I = 30:70 – 50:50 
Infill = 90 – 70 % M, < 10 – 30 % C, < 
1 % V 

C:I = 20:80 – 50:50 
Infill = 90 – 80 % M, < 10 – 20 % C, < 
1 % V 

Clast abundance Cement-supported to clast-supported  Matrix-supported Matrix-supported 

Clast distribution Clast rotated to jigsaw-fit Random  Random 

Stratification 
Uneven stratification (sub-parallel 
clasts), ungraded 

Unstratified and ungraded; locally 
roughly stratified and graded 

Unstratified and ungraded; locally 
roughly stratified and graded 

 
 

BRECCIA 
MORPHOLOGY 

Breccia morphology and its 
relationship with neighboring units 

North-oriented breccia dike 

North-oriented dike, truncates the 
western contact of the tourmaline-
cemented breccia at Sur-Sur and La 
Americana 

North-oriented dike (smaller than the 
Castellana breccia) and associated 
fine dikes. Locally emplaced between 
the Castellana and Sur-Sur breccia 
contact (La Americana) 

POST 
BRECCIATION 

ACTIVITY 

Veinlets 
Crosscut by C and D veins; younger 
vein types may also be present 

Crosscut by D veins; younger vein 
types may also be present 

Locally pyrite veins 

 
Biotite-altered, matrix-rich 

breccias 
Pebble dikes ‘Igneous’ breccia 

C
O

M
P

O
N

E
N

T
S

 

C
L

A
S

T
S

 

Grainsize 
Based on drill cores: large clasts > 20 
x 10 cm; middle clasts ~ 4 x 2 cm; 
small clasts   < 0.5 x 0.5 mm   

Small to medium clast; generally < 5 
cm 

Variable; size is directly proportional to 
clast angularity (↑ angularity, ↑ size) 

Morphology Sub-rounded > rounded clasts Rounded  to very well rounded clasts 
Irregular and polygonal clasts; sub-
angular to sub-rounded  

Orientation/position Random Random  Random; locally roughly parallel  

Color 
Variable (based on clast composition); 
mostly light color with dark green 
patches 

Variable (based on clast composition) 
Light greenish grey and pinkish grey 
(variable based on clast composition 
and degree of alteration) 

Composition 
Polymict; mostly clasts of granodiorite 
and  andesite  

Polymict; clasts of andesite, 
granodiorite, porphyries, tourmaline-
cemented and rock flour-rich 
breccias, etc. 

Monomict to polymict; generally clasts 
of andesite and/or granodiorite, 

Alteration 
Moderate bt alteration > moderate  
qz–ser–tm alteration  

Weak to moderate kaol > ser 
alteration  
 

Variable; potassic – sodic alteration 
assemblages are common (kf, alb ± 
bt) 

Sulfide replacement Locally py replacement   Locally py replacement   -- 

Sorting Moderately sorted Moderately to well-sorted  Poorly sorted 

Angularity 
Moderately ground; sub-rounded > 
rounded clasts 

Well ground; rounded clasts 
Poorly ground; sub-angular to sub-
rounded 

Degree of transport Moderate to high  High – distinctive breccias features Minor transport; low degree of milling 

Rebrecciation 
Re-working due to re-brecciation 
events are common 

Multiple re-working via consecutive 
brecciation events (via fluidization 
cell?)  

Locally, due to clast accommodation 
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MATRIX 

Infill percentage High; > 70 % Very high; > 85 % Low; < 5 % 

Grainsize Silt to clay  Silt to clay  Silt to clay 

Color Light to dark grey with greenish tint Light grey Light grey 

Composition Rock flour Rock flour  Rock flour  

C
E

M
E

N
T

 

Infill percentage  < 30 %  < 10 %  Abundant; > 95 %  

Color Dark green, black and golden Dark grey (locally golden) 
Variable (pinkish grey to greenish 
grey) 

Composition bt > tm >> cp, py, mt, anh tm >> qz, py, mt, chl, sid  
Granodiorite or dacite –  rhyodacite 
porphyry (locally aplite) 

Texture Clusters of bt (mossy texture) -- 
Phaneritic texture: equigranular or 
porphyritic 

VUGS 

Infill percentage Absent to very low Very low; < 5 % Absent 

Nature -- Primary > secondary due to alteration -- 

Surface  -- -- -- 

 
 

INTERNAL 
ORGANIZATION 

Relative proportion  
(Clast : Infill ratio) 

C:I = 75:25 – 60:40 
Infill = > 70 % M, < 30 % C and < 1 % 
V 

C:I = 10:90 – 40:60 
Infill = > 85 % M, < 10 % C and < 5 % 
V 

C:I = 30:70 (up to 10:90)  
Infill = < 5 % M, > 95 % C and < 1 % V 

Clast abundance Clast-supported to matrix-supported Matrix-supported Cement-supported 

Clast distribution Clast rotated (locally jigsaw-fit) Random  Clast rotated  to chaotic  

Stratification Unstratified,  ungraded Unstratified,  ungraded Unstratified, ungraded, massive 

BRECCIA 
MORPHOLOGY Breccia morphology and its 

relationship with neighboring units 

N-, to NNW-oriented dike, It 
transitions upwards into tourmaline-
altered, matrix-rich breccias 

Fine, few meters wide, roughly  N-
oriented dikes, which crosscut every 
unit previously described  

Localized irregular facies;  mainly 
restricted to the margins of intrusive 
bodies, such as granodiorite and 
dacite porphyry 

POST 
BRECCIATION 

ACTIVITY 

Veinlets 
Crosscut by D veins; younger vein 
types may also be present 

-- 
Crosscut by C and D veins; younger 
vein types may also be present 

 

kf =  K-felldspar, alb = albite, bt = biotite, tm = tourmaline,  qz = quartz, ser = sericite, cp = chalcopyrite,  bn = bornite, py = pyrite, mt = magnetite, sp = specularite, gyp 

= gypsum, anh = anhydrite, sid = siderite, chl = chlorite, kaol = kaolinite group minerals, mont = montmorillonite, C:I = clast : infill ratio, M = matrix, C = clasts, V = 

vugs 



Chapter 5 – Rio Blanco-Los Bronces 
 

293 
 

commonly sealed these veins (Fig. 5.23a). B veins have a distinctive crustiform texture, and well-

defined, straight edges. Their thicknesses range from mm to a few cm (Fig. 5.23a). Molybdenite-

bearing veins commonly have no hydrothermal alteration halos, although locally some have mm-

thick halos of albite or K-feldspar (Fig. 5.23a). Quartz is absent for some B veins, where crustiform 

textures are not developed (Fig. 5.23b–c). These thinner molybdenite veins either have traces or 

lack chalcopyrite, and crosscut stage 1b tourmaline veins (i.e., T1 veins; Fig. 5.23b). 

5.5.1.4 Stage 2: propylitic alteration 

The propylitic mineral assemblage at La Americana is defined by chlorite > epidote, with 

minor to traces of calcite (Fig. 5.21). The intensity of stage 2 propylitic alteration is moderate to 

strong. Stage 2 is best developed in intermediate units, but also affected granodiorite and occurs as 

relict alteration within clasts of magmatic-hydrothermal breccias. (i) Andesites were altered to 

chlorite > epidote, which have replaced mafic phenocrysts and groundmass, giving an overall light-

green color (e.g., Figs. 5.23d–e, 5.24 a–d, g). (ii) Mafic minerals in the Cascada Granodiorite have 

been selectively altered to chlorite > epidote (e.g., Figs. 5.23g). The Cascada Granodiorite locally 

has stage 2 chlorite – epidote veins, clusters and altered andesitic xenoliths (e.g., 5.25c). (iii) 

Similar to stage 2 propylitic alteration in andesites, both mafic phenocrysts and groundmass of the 

pre-mineralization dacite porphyry have altered to chlorite > epidote (e.g., 5.23i). (iv) Relict of 

stage 2 alteration in tourmaline- and anhydrite-cemented breccias occurs as pre-brecciation 

chlorite-altered core in breccia clasts (e.g., Figs. 5.25j and 5.26d). 

5.5.1.5 Stage 3: syn-brecciation phyllic alteration, tourmaline breccia cement and T2 veins 

Stage 3 is characterized by medium-grained tourmaline breccia cement and veins, locally 

associated with quartz (Fig. 5.21). Stage 3 has been documented across the whole vertical section, 

but is best developed in the middle to upper levels of La Americana (> 3,400 m asl; Fig. 5.21). 

Tourmaline T2 veins and veinlets have crosscut andesite, granodiorite, and pre-mineralization 

dacite porphyry (Fig. 5.23d–i). (i) The andesite sequence has undergone uniform and predominant 

moderate stage 2 chlorite alteration, and is crosscut by stage 3 tourmaline stockwork veins, with 

localized stage 3 phyllic alteration halos. Locally, these stage 3 tourmaline veins have crosscut and 

offset stage 1 quartz veins (B-type?; Fig. 5.23d–e). (ii) In the granodiorite, stage 3 tourmaline 

stockworks, veins and veinlets have distinctive phyllic alteration halos, with poor development of 

the stage 2 propylitic alteration assemblage (Fig. 5.23f–h). (iii) Similar to andesites, the pre-

mineralization dacite porphyry has a moderate stage 2 chlorite alteration, crosscut by thin stage 3 

tourmaline veins with no obvious phyllic alteration halo (Fig. 5.23i). Andesite rocks are more 

reactive than the granodiorite, both andesite and dacite porphyry were preferentially altered by
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Figure 5.23: Hydrothermal alteration – mineralization of stages 1 (B), 2 and 3 in andesite, Cascada Granodiorite, pre-T2-brecciation dacite porphyry and tourmaline 

breccias from La Americana. The height of each image equals the width of the drill core (i.e., 4.7 cm). Abbreviations: T1, B, T2 and C are veins and temporally equivalent 

breccia cement, clusters, veinlets and stockworks; qz = quartz; mo = molybdenite; cp = chalcopyrite; chl = chlorite; se = sericite. All sample data are listed in Appendix 

3.1.
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stage 2 propylitic alteration, whereas granodiorite exhibits better development of phyllic alteration 

halos overprinting a weak propylitic alteration. 

Stage 3 can be subdivided into an early stage 3a that produced abundant tourmaline           

± quartz-cemented breccias (Fig. 5.21). In the northern part of La Americana, quartz prisms have 

been overgrown by tourmaline, whereas to the south quartz is a minor phase or absent (e.g., Fig. 

5.23j–m; Table 5.5). Late stage 3b quartz veins crosscut clasts and cement of tourmaline               

(± quartz)-cemented breccias (Fig. 5.23k; Table 5.5). Stage 3 tourmaline-cemented breccias 

transition downwards into stage 1b biotite ± tourmaline breccias (Figs. 5.6 and 5.7). Stage 3 is 

associated with syn-brecciation phyllic alteration, which is characterized by grey-green sericite 

(Fig. 5.23l; Table 5.5). The original textures of hydrothermally altered clasts typically remain 

recognizable (Fig. 5.23i; Table 5.5). Stage 3 grey-green sericite alteration transitions downward to 

stage 1b biotite alteration. The stage 3 mineral assemblage is an early infill in veins, and breccias, 

which has been overgrown by stage 4, the main copper mineralizing event. 

5.5.1.6 Stage 4: main Cu mineralizing event  

Stage 4 has been documented from across the whole vertical section at La Americana. The 

first minerals to precipitate were magnetite (at depth) and specularite (near surface; Fig. 5.21). 

These oxide minerals were overgrown by anhydrite and then by chalcopyrite ± pyrite (Fig. 5.21). 

Phyllic alteration is characteristic of stage 3, but early stage 4 magnetite – specularite and anhydrite 

could also be related to it (Fig. 5.21). Chalcopyrite and pyrite postdate phyllic alteration based on 

the absence of phyllic halos around stage 4 chalcopyrite – pyrite veins that lack stage 3 tourmaline 

– quartz and/or stage 4 magnetite – specularite – anhydrite (Fig. 5.21). Stage 4 veinlets are 

classified as C-type, and have been observed in andesite, granodiorite and pre-mineralization dacite 

porphyry (Fig. 5.21). Stage 1b biotite and stage 3 tourmaline breccias have been partially cemented 

and crosscut by the stage 4 oxide – sulfate – sulfide mineral assemblage (Fig. 5.21). Scarce clasts 

of stage 4 mineralization occur in post-mineralization dacite porphyry and rock flour matrix-rich 

breccia (Fig. 5.21).  

Distinctive mineral phases from stage 4 vary based on protolith and depth. (ia) At high 

elevations (> 4,000 m asl) andesites are moderately altered to stage 2 chlorite (± epidote – calcite); 

Fig. 5.24a–d). Stage 3 tourmaline veinlets were reopened by stage 4. Some stage 4 veins and 

stockworks that are 0.5 – 2 cm wide have no characteristic alteration halo (Fig. 5.24a–c). Platy 

specularite has been overgrown by clusters of pyrite – chalcopyrite (Fig. 5.24b). Banded stockwork 

veins with barren pyrite, overgrown by platy specularite and late chalcopyrite occur locally (Fig. 

5.24c). Conversely, mm-thick tourmaline – anhydrite – chalcopyrite veinlets and stockworks that 

lack specularite have distinctive sericite alteration halos approximately 1 – 2 cm wide (Fig. 5.24d). 
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The sericite alteration overprinted pre-existing chlorite – magnetite alteration (Fig. 5.24d). 

Hematite staining, due to partial oxidation of magnetite, occurs around veinlets (Fig. 5.24d). (ib) 

There is a transitional zone from 4,000 to 3,900 m asl where both magnetite and specularite veins 

crosscut andesite (Fig. 5.24e). This zone contains mm-thick magnetite veinlets and stockwork with 

poorly-developed, bleached sericite alteration halos (Fig. 5.24e). (ic) Deeper than 3,600 m asl, 

close to the contact with granodiorite, local K-feldspar flooding has affected the andesite (Fig. 

5.24f–g). Stockworks of fine (< 1 cm thick) stage 3 tourmaline veins reopened by stage 4 

magnetite – anhydrite – chalcopyrite veins have crosscut K-feldspar-altered andesite (Fig. 5.24f).  

(iia) The Cascada Granodiorite is the most abundant lithology in the northern part of La 

Americana (Fig. 5.6). In this area, there is a gradual transition of distinctive Cu mineral phases in 

stage 4 veins and stockworks as a function of depth. Stage 4 assemblages are zoned vertically from 

bornite – quartz (deep), upwards to bornite – chalcopyrite – quartz, and finally chalcopyrite            

– quartz closer to surface (Fig. 5.21). Where the whole stage 4 assemblage is present, early quartz 

has been overgrown by bornite, and then by chalcopyrite (Fig. 5.24h). In deeper levels, early stage 

4 chalcopyrite veins with biotite halos have been crosscut by bornite – quartz veins (Fig. 5.24i). No 

distinctive phyllic alteration is associated with quartz – copper mineralization (Fig. 5.24h–i). (iib) 

In the southern part of La Americana, stage 4 veins in the Cascada Granodiorite are better 

developed distal to the breccia complex (i.e., DDH 4386; Fig. 5.5). Anhydrite veins and 

stockworks are common in DDH 4386, even at the deepest levels (Fig. 5.5). Locally, stage 4 

anhydrite ± pyrite ± chalcopyrite veins have crosscut early stage 4 anhydrite veins (Fig. 5.24j). 

Stage 4 chalcopyrite – anhydrite veins with phyllic halos crosscut K-feldspar-altered granodiorite 

(Fig. 5.22e). Stage 2 chlorite alteration predates stage 4 veins, whereas younger epidote alteration 

occurs locally in areas with abundant stage 4 anhydrite in DDH 4386 (Fig. 5.25a). Veins of 

anhydrite and epidote have been documented in granodiorite (Fig. 5.25a). Epidote preferentially 

altered mafic minerals, formed veins and altered diorite xenoliths (Fig. 5.25a–c).  

(iii) The pre-mineralization dacite porphyry is a very localized unit. It contains scarce, < 1 

cm wide stage 4 anhydrite – chalcopyrite veins with restricted phyllic alteration halos (Figs. 5.21 

and 5.23i). Stage 4 veins crosscut thin stage 3 veins with no obvious alteration halos (Figs. 5.21 

and 5.23i). 

(iv) Stage 3 tourmaline-cemented breccias (and to lesser extent stage 1b biotite-cemented 

and biotite-altered breccias) have been cemented locally by stage 4 mineral assemblages (Figs. 5.6 

and 5.7). These multi-stage breccias locally record a complete paragenetic sequence of stage 3 

tourmaline overgrown by stage 4 magnetite (or specularite), then anhydrite and late stage 4 

chalcopyrite – pyrite (Figs. 5.21 and 5.25d). Thus, stages 3 – 4 breccias can be subdivided into
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Figure 5.24: Hydrothermal alteration – mineralization of stage 4 in andesite and Cascada Granodiorite from La Americana. The height of each image equals the width of 

the drill core (i.e., 4.7 cm). Abbreviations: C, T3 and E are veins and temporally equivalent veinlets, stockworks and breccia cement; qz = quartz; bt = biotite; kf = K-

feldspar; mt = magnetite; sp = specularite; cp = chalcopyrite; bn = bornite; py = pyrite and anh = anhydrite. All sample data are listed in Appendix 3.1.  
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Figure 5.25: Hydrothermal alteration – mineralization of stage 4 in the Cascada Granodiorite and tourmaline breccias from La Americana. The height of each image 

equals the width of the drill core (i.e., 4.7 cm). Abbreviations: T2, C, and D are veins and temporally equivalent veinlets, stockworks and breccia cement; qz = quartz; mt 

= magnetite; anh = anhydrite; cp = chalcopyrite; py = pyrite; ep = epidote; chl = chlorite. All sample data are listed in Appendix 3.1. 
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three end-members based on their distinctive hydrothermal cement: tourmaline – sulfide, magnetite 

– sulfide, and anhydrite – sulfide (Table 5.5; Appendix 5.1). (iva) Tourmaline – sulfide breccias 

occur in the northern area are cemented by stage 3 tourmaline and quartz that were overgrown by 

stage 4 chalcopyrite and minor pyrite (Fig. 5.25e–i; Table 5.5; Appendix 5.1). Locally, small clasts 

are pervasively or partially replaced by chalcopyrite (Fig. 5.25g–h; Table 5.5; Appendix 5.1). In 

the northern area tourmaline – sulfide breccia cement is similar but lacks stage 3 quartz (Fig. 

5.25j–k; Table 5.5; Appendix 5.1). (ivb) Magnetite – sulfide breccias may locally have stage 3 

tourmaline and stage 4 anhydrite cement, but these are not distinctive mineral phases (Fig. 5.26a–c; 

Table 5.5; Appendix 5.1). (ivc) Similarly, anhydrite – sulfide breccias may locally have stage 3 

tourmaline and traces of stage 4 magnetite prior to its distinctive anhydrite and chalcopyrite           

– pyrite cement (Fig. 5.26d–f; Table 5.5; Appendix 5.1).  

Some of these breccia facies recorded a clear temporal gap between stages 3 and 4 

cementation based on minor rebrecciation of stage 3 tourmaline cement prior to stage 4 mineral 

assemblage deposition (Fig. 5.26g–h; Appendix 5.1). Rebrecciation event must have been minor 

based on very delicate, angular and elongated clasts (Fig. 5.26i; Appendix 5.1).  

Overall, these magmatic-hydrothermal breccias have small clasts pervasively altered to 

grey-green sericite (with their original texture unaltered) and/or large clasts with syn-brecciation 

phyllic alteration rim and relict pre-brecciation alteration cores (Fig. 5.25d–k and 5.26). 

5.5.1.7 Late-mineralization dacite porphyry 

The late-mineralization dacite porphyry has been intersected at elevations below 3,300 m 

asl. It commonly occurs as breccia cement in dacite-cemented breccias (Fig. 5.27a–c; Table 5.5; 

Appendix 5.1). These breccias are mostly barren, but locally contain mineralized clasts, and have 

undergone varying degrees of chlorite alteration, which is localized and younger than stage 2 

propylitic alteration (Figs. 5.21 and 5.27a–c; Table 5.5; Appendix 5.1). (i) Barren facies are 

monomictic, andesite clast, diorite cement-supported breccias, which have fine- to medium-grained 

diorite cement (Fig. 5.27a–b; Table 5.5; Appendix 5.1). Small clasts of andesite have undergone 

intense chlorite alteration; they have irregular edges consistent with partial assimilation by the 

diorite porphyry cement (Fig. 5.27a–b; Table 5.5; Appendix 5.1). Conversely, larger rounded to 

sub-rounded clasts of andesite have well-defined edges and were weakly altered to chlorite (Fig. 

5.27a–b; Table 5.5; Appendix 5.1). (ii) The scarce mineralized facies are polymictic, diorite 

porphyry cement-supported breccias with inherited stage 4 mineralized clasts (Fig. 5.27c; Table 

5.5; Appendix 5.1). Clasts range from barren andesite to stages 3 and 4 tourmaline – anhydrite       

– chalcopyrite – pyrite-cemented breccias and veins (Fig. 5.27c; Table 5.5; Appendix 5.1).
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Figure 5.26: Hydrothermal alteration – mineralization of stage 4 in magnetite ± sulfide, and anhydrite ± sulfide breccias from La Americana. The height of each image 

equals the width of the drill core (i.e., 4.7 cm). Abbreviations: T2, C and D are veins and temporally equivalent breccia cement and veinlets; mt = magnetite; anh = 

anhydrites; cp = chalcopyrite; py = pyrite. All sample data are listed in Appendix 3.1. 
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Figure 5.27: Hydrothermal alteration – mineralization of post-T2-brecciation dacite porphyry, stage 5 in matrix-rich breccias, and stage 6 in the Cascada Granodiorite 

from La Americana. The height of each image equals the width of the drill core (i.e., 4.7 cm). Abbreviations: T2, C, T3, D and E are veins and temporally equivalent 

veinlets, stockworks or breccia cement; py = pyrite. All sample data are listed in Appendix 3.1.  
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5.5.1.8 Stage 5: tourmaline-altered matrix-rich breccias and T3 veins 

Stage 5 tourmaline-altered, matrix-rich breccias and related T3 veins postdate the stage 4 

copper mineralizing event (Fig. 5.21). These polymict, tourmaline-altered matrix-supported 

breccias have low degrees of sorting (Fig. 5.27d–e; Table 5.5; Appendix 5.1). Large clasts are 

rounded to sub-rounded, whereas intermediate and smaller clasts are sub-rounded to sub-angular 

(Fig. 5.27d; Table 5.5; Appendix 5.1). A key feature of stage 5 breccias is the abundant rock flour 

matrix, moderately altered to fine-grained tourmaline (Fig. 5.27d–e; Table 5.5; Appendix 5.1). 

Clasts have a moderately developed, pervasive white sericite – clay (i.e., kaolinite group minerals) 

alteration assemblage, with weakly developed syn-brecciation alteration halos (Fig. 5.27d–e; Table 

5.5; Appendix 5.1). Silicic alteration of smaller clasts is common (Fig. 5.27e; Table 5.5; Appendix 

5.1). Stage 5 breccias are moderately to weakly mineralized compared to stages 1b and 3 biotite    

– tourmaline-cemented breccias. Pyrite is the most common sulfide, chalcopyrite is less abundant 

(Fig. 5.27e; Table 5.5; Appendix 5.1). Pyrite has pervasively replaced some of the small 

granodiorite clasts (i.e., < 0.5 cm; Fig. 5.27e); whereas it partially replaced some of the large 

granodiorite clasts (Fig. 5.27e; Table 5.5; Appendix 5.1). Scarce pyrite cement is locally present 

within this facies (Fig. 5.27e; Table 5.5; Appendix 5.1). 

5.5.1.9 Stage 6: D veins 

Stage 6 veins (i.e., D veins) were observed over the entire vertical section at La 

Americana, with better development at intermediate and shallow depths (> 3,300 m asl; Figs. 5.6, 

5.7 and 5.21). They crosscut each rock unit recognized at La Americana (Figs. 5.21, 5.25d, k, 

5.26d–e, 5.27d, f–i). Stage 6 pyrite veins are well-defined and continuous, have sharp edges and 

range from a few mm to < 10 cm wide (Fig. 5.27f–i). Pyrite is the most distinctive mineral phase 

(80 – 90 %), with traces of quartz, chalcopyrite and related sulfides. Stage 6 veins commonly have 

halos of white sericite ± kaolinite group minerals (Fig. 5.27f–i). In granodiorite, stage 6 veins are 

particularly well developed; they typically crosscut and reutilized stage 3 tourmaline veins (T2 

veins), formed coarse-grained pyrite crystals and obvious sericite – kaolinite alteration halos (Fig. 

5.27f–i).  

5.5.1.10 Stage 7: argillic alteration and E veins 

Stage 7 veins (i.e., E veins) have been documented across the whole vertical section, but 

are most abundant at intermediate and shallow depths (> 3,500 m asl; Fig. 5.21). These veins range 

from few mm to < 10 cm wide, have sharp edges, and medium- to coarse-grained mineral 

assemblage (e.g., Fig. 5.28). Stage 7 veins contain carbonates (i.e., calcite, ankerite and siderite), 

overgrown by sulfates (i.e., gypsum or anhydrite) and late pyrite (Fig. 5.21). Locally, these veins
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Figure 5.28: Hydrothermal alteration – mineralization of stage 7 in andesite and the Cascada Granodiorite from La Americana. The height of each image equals the width 

of the drill core (i.e., 4.7 cm). Abbreviations: T2, C and E are veins and temporally equivalent clusters, veinlets and stockworks; sp = specularite; anh = anhydrite; gyp = 

gypsum; cal = calcite ank = ankerite; sid = siderite and py = pyrite. All sample data are listed in Appendix 3.1.
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may have kaolinite group minerals > sericite alteration halos (e.g., Fig. 5.28). Some mineral phases 

from stage 7 are better developed in particular lithologic units, whereas absent in others (Figs. 

5.21, 5.24e, 5.27c and 5.28). Stage 3 and/or 4 veins (T2 and C) have been locally reopened by 

stage 7 carbonate – sulfate veins (Fig. 5.24e). 

5.5.2 Cerro Negro 

5.5.2.1 Stage 1: potassic – sodic alteration 

The stage 1 potassic alteration assemblage at Cerro Negro is primarily defined by biotite   

± K-feldspar, whereas sodic alteration assemblage by albite. Stage 1 alteration affected the Rio 

Blanco Granodiorite and dacite porphyry (Fig. 5.29). (i) The Rio Blanco Granodiorite (Figs. 5.10 

and 5.11) has undergone moderate potassic alteration at deeper levels in Cerro Negro (Fig. 5.29). 

Stage 1 hydrothermal biotite has replaced preferentially magmatic biotite and hornblende. Intense 

stage 1 biotite halos formed around EB, and QKAS veinlets (Fig. 5.29). Hydrothermal albite, K-

feldspar and/or biotite occur locally as millimeter-wide halos surrounding A and B veinlets (Figs. 

5.29 and 5.30a). The bulk of the Mo mineralization at Cerro Negro occurs within deep-level, 

crustiform quartz – molybdenite (± chalcopyrite – anhydrite?) B veins in granodiorite (Fig. 5.30b). 

(ii) The dacite porphyry (Figs. 5.10 and 5.11) has undergone local, weak albite > K-feldspar 

alteration (Fig. 5.29). This porphyritic facies has an overall light pink to whitish tones (Figs. 5.29 

and 5.30c–d).  

5.5.2.2 Stage 2: propylitic alteration 

The stage 2 propylitic alteration assemblage at Cerro Negro is primarily defined by chlorite      

– epidote ± calcite. Stage 2 altered both the Rio Blanco Granodiorite and dacite porphyry (locally, 

dacite porphyry-cemented breccia; Fig. 5.29). (i) The stage 1 potassic ± sodic assemblage in the 

Rio Blanco Granodiorite (Figs. 5.10 and 5.11) has been overprinted by moderate intensity stage 2 

propylitic alteration, with epidote – calcite – chlorite veins and selective chlorite ± epidote 

replacement of magmatic biotite and hornblende (Figs. 5.29 and 5.30e). (ii) Stage 2 chlorite altered 

the monomict, dacite porphyry-cemented breccia. Mafic minerals from the porphyritic dacite 

cement and, to a lesser extent from granodiorite clasts, have been weakly altered to chlorite (e.g., 

Fig. 5.30f–g). 

5.5.2.3 Stage 3a: syn-brecciation biotite alteration   

The stage 3a syn-brecciation biotite alteration assemblage at Cerro Negro is defined by 

distinctive hydrothermal biotite. Stage 3a affected the Rio Blanco Granodiorite, dacite porphyry, 

and is particularly better developed in magmatic-hydrothermal breccias (Fig. 5.29). (i) Whereas the
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Figure 5.29: Paragenetic sequence of main lithologic units at Cerro Negro. This diagram summarizes the various types of hydrothermal alteration assemblages, their 

spatial distributions, relative timing and proportion per unit. Mineralization types, their relative timing and proportion are also included. Abbreviations: EB, QKAS, T1, A, 

B, T2, C, T3, D and E are vein types and/or synchronous cementation events; tm = tourmaline;  bt = biotite;  kf = K-feldspar; alb = albite; chl = chlorite; ep = epidote; qz = 

quartz; ggs = grey-green sericite; ws = white sericite; py = pyrite; cp = chalcopyrite; bn = bornite; anh = anhydrite; gyp = gypsum; ank = ankerite; spc = specularite.
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Figure 5.30: Stages 1 – 3a hydrothermal alteration and mineralization from Cerro Negro. The height of each 

image equals the width of the drill core (i.e., 4.7 cm). Abbreviations: S = stage; A, B, C and T2 are vein 

types; tma – tmb = tourmaline a and b; ‘C’ = C-type related chalcopyrite veinlets; cc = calcite, ep = epidote; 

chl = chlorite; bt = biotite; anh = anhydrite. All sample data are listed in Appendix 3.1.  
 

stage 1 potassic alteration assemblage that affected the Rio Blanco Granodiorite (Figs. 5.10 and 

5.11) was a deep-seated, district-scale hydrothermal alteration event, stage 3a biotite alteration is 

more localized and concentrated in granodiorite that is close to magmatic-hydrothermal breccias 

(Figs. 5.10 and 5.11). Stage 3a biotite occurred as clusters in granodiorite that commonly have 

been crosscut by younger T2 stockwork veins (Figs. 5.29 and 5.30h). (ii) Similarly, the monomict 

dacite porphyry-cemented breccia (Figs. 5.10 and 5.11) has undergone stage 3a biotite alteration 

that affected both granodiorite clasts and porphyritic cement. The stage 3a biotite alteration 
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predated thick chalcopyrite C veins that crosscut the dacite porphyry-cemented breccia (Figs. 5.29 

and 5.30i). 

Stage 3a biotite and stage 3b phyllic – tourmaline alteration assemblages are temporally 

and genetically related to the main magmatic-hydrothermal brecciation event at Cerro Negro. (iii) 

The stage 3a biotite-altered breccias (Figs. 5.10 and 5.11) are defined here as monomict to 

polymict, jigsaw-fit clast-supported breccias with granodiorite and lesser porphyritic granodiorite  

– dacite clasts (e.g., Fig. 5.30j). These breccias have been altered by stage 3a biotite, and cemented 

by stage 3b tourmaline and stage 4 Cu-bearing minerals (Fig. 5.29). Stage 3a biotite has altered 

clasts, and locally developed as clusters that partially cemented these breccias prior to stage 3b 

tourmaline cement (e.g., Fig. 5.30j). Overall, stage 3a biotite developed preferentially in 

granodiorite clasts (i.e., clusters or replacing mafic minerals) and as hydrothermal cement, and to a 

lesser extent in dacite porphyry clasts (e.g., Fig. 5.30j). 

5.5.2.4 Stage 3b: syn-brecciation phyllic alteration, tourmaline breccia cement and T2 veins  

The stage 3b syn-brecciation phyllic alteration assemblage, tourmaline breccia cement, and 

related T2 veins are largely defined by medium to fine-grained tourmaline, quartz and sericite. 

Stage 3b affected the Rio Blanco Granodiorite, dacite porphyry, and magmatic-hydrothermal 

breccias (Fig. 5.29). (i) Stage 3b phyllic alteration is best developed in the Rio Blanco Granodiorite 

at shallow levels (Figs. 5.10 and 5.11). Early-formed hydrothermal alteration assemblages (i.e., 

stages 1 and 2) were overprinted by moderate intensity phyllic alteration (Fig. 5.29). The 

characteristic grey-green sericite alteration assemblage that is distinctive at La Americana and Sur-

Sur is barely detectable at shallow levels in Cerro Negro, and undetectable at deeper levels. Grey-

green sericite locally replaced feldspars and occurs as alteration halos around T2 veins (and C 

veinlets that reopened T2 veins; Fig. 5.29). The T2 tourmaline veinlets and stockworks hosted in 

Rio Blanco Granodiorite crosscut older veins (e.g., A veins; Fig. 5.31a), and granodiorite altered 

by stage 3a biotite (Fig. 5.30h).  

(ii) The dacite porphyry (Figs. 5.10 and 5.11) contains various localized, minor tourmaline 

veins (i.e., tma and tmb). These early stage 3b tourmaline veins postdate T1, A and B veins but 

predate T2 veins. The fine-grained porphyry facies contains scarce dacite porphyry xenoliths that 

are coated by fine-grained tourmaline (i.e., tma; Fig. 5.30c). Younger, fine-grained tourmaline 

veins crosscut the dacite porphyry, including the porphyry xenoliths (i.e., tmb; Fig. 5.30c–d). A 

monomict, dacite porphyry-cemented breccia with granodiorite clasts have characteristic stage 3b 

grey-green sericite alteration halos around chalcopyrite – anhydrite – quartz C veins (Fig. 5.30g). 

These veins have reopened T2 veins. These grey-green sericite halos have overprinted weak stage 

2 chlorite alteration (e.g., Fig. 5.30g). 
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Figure 5.31: Stages 3b – 7 hydrothermal alteration and mineralization from Cerro Negro. The height of each 

image equals the width of the drill core (i.e., 4.7 cm). Abbreviations:  S = stage;  A, T2, C, T3 and D are vein 

types and related infill; phy = phyllic alteration;  tm = tourmaline; cp = chalcopyrite; py = pyrite; anh = 

anhydrite; ank = ankerite; spc = specularite. All sample data are listed in Appendix 3.1.  
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(iii) The main Cu-mineralization at Cerro Negro is hosted in stage 3 magmatic-

hydrothermal tourmaline-cemented breccias (Figs. 5.10 and 5.11) The breccias contain stage 3a 

biotite altered clasts at deeper levels, and stage 3b phyllic – tourmaline altered clasts at shallower 

levels (Figs. 5.29, 5.30j and 5.31b). A characteristic feature of stage 3b syn-brecciation phyllic 

alteration is preservation of the original textures of granodiorite clasts. Stage 2 chlorite ± epidote 

replaced mafic minerals; this assemblage is preserved as relict pre-brecciation alteration features in 

granodiorite clasts. Polymict, clast-supported breccias with porphyry and granodiorite clasts are 

cemented by stage 3b fine-grained tourmaline, and traces of stage 4 anhydrite – chalcopyrite (e.g., 

Fig. 5.31b).  

5.5.2.5 Stage 4: main copper mineralizing event 

The stage 4 is the main copper mineralizing event defined by chalcopyrite >> bornite, 

which cement magmatic-hydrothermal breccias and infill C veins. Stage 4 affected the Rio Blanco 

Granodiorite and dacite porphyry as C veins and cemented stage 3 biotite – tourmaline-cemented 

breccias (Fig. 5.29).  

(i) C veins hosted in the Rio Blanco Granodiorite (Figs. 5.10 and 5.11) have chalcopyrite 

to pyrite ratios from 7:3 to 10:0, and have re-opened or crosscut T2 veins (Figs. 5.29 and 5.31a). C 

veins have crosscut and offset stage 1 and 2 veins (e.g., A-type, quartz veins; Fig. 5.30a). 

Chalcopyrite is rarely disseminated within the weakly developed grey-green sericite halos. 

(iia) Both the fine- and coarse-grained dacite porphyry (Figs. 5.10 and 5.11) contain 

millimeter-wide stage 4 chalcopyrite veins with no grey-green sericite alteration halo (Fig. 5.30d 

and f). In the fine-grained porphyry facies, the veins crosscut stage 3b tmb veins (Fig. 5.30d). In 

the coarse-grained porphyry facies, thin stage 4 chalcopyrite veins tend to be sinuous, 

discontinuous, have no alteration halo and have infilled fractured and offset large plagioclase 

phenocrysts (Fig. 5.30f). These thin veins represent a restricted and early event during stage 4, 

formed prior to C veins. (iib) The monomict, dacite porphyry-cemented breccia with granodiorite 

clasts have chalcopyrite – anhydrite – quartz C veins with grey-green sericite halos (Fig. 5.30g). 

Thinner C veins (approximately 1 – 3 mm thick) are mostly composed of chalcopyrite, with no 

alteration halos (Fig. 5.30g). Locally, both granodiorite clasts and porphyritic dacite cement have 

been selectively replaced by chalcopyrite (temporally equivalent to C veins; Fig. 5.31c). Grey-

green sericite halos around C veins overprinted weak stage 2 chlorite alteration (e.g., Fig. 5.30g). 

Locally, thick C-type chalcopyrite veins have crosscut the monomict, dacite porphyry-cemented 

breccia and postdate stage 3a biotite alteration (e.g., Fig. 5.30i). 
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(iii) Stage 3 magmatic-hydrothermal breccias (Figs. 5.10 and 5.11) host stage 4 copper 

mineralization. Stage 4 mineralization postdates the deep-seated biotite alteration, and shallow-

level phyllic alteration. Both the biotite-, and tourmaline-cemented breccias are cemented by stage 

4 chalcopyrite > bornite – pyrite; and locally contain up to 5 – 10 vol. % chalcopyrite. Breccia-

hosted copper mineralization is better developed in the deepest levels of Cerro Negro, and is 

temporally related to C veins hosted in granodiorite and dacite porphyry (Fig. 5.29). Both the 

hydrothermal cement and clasts were cut by C veins (cp:py proportion = 8:2 to 10:0) and late 

barren pyrite veins.  

Stage 4 anhydrite – chalcopyrite breccia cement has overgrown stage 3b tourmaline (Fig. 

5.29). Locally, the magmatic-hydrothermal breccias are mainly characterized by stage 4 

assemblages: (a) Abundant stage 4 anhydrite cement is the main infill, with minor stage 4 

chalcopyrite, and traces to no stage 3b tourmaline; Fig. 5.31d). These monomict, anhydrite             

– chalcopyrite-cemented breccias contain evident syn-brecciation, light-colored quartz-sericite 

alteration rims around granodiorite clasts (Fig. 5.31d). (b) Monomict, chalcopyrite-cemented 

breccia with very fine tourmaline cockade textures have been observed locally (Fig. 5.31e). In the 

shallower levels, where biotite alteration is absent, polyphase, monomict, clast-rotated, matrix- to 

cement-supported breccias host stage 4 chalcopyrite mineralization. These breccias contain sub-

rounded granodiorite clasts affected by syn-brecciation stage 3b phyllic alteration, stage 3b 

tourmaline-altered matrix and localized clusters of stage 3b tourmaline – stage 4 chalcopyrite 

cement (Fig. 5.31f). Some of the clasts contain truncated tourmaline veins that predate the stage 3b 

tourmaline-cemented breccias and related T2 veins (Fig. 5.31f). Locally, stage 4 pyrite has 

pervasively replaced clasts that have been cemented by stage 4 chalcopyrite (Fig. 5.31g). 

5.5.2.6 Stage 5: tourmaline-altered matrix-rich breccias and T3 veins 

The stage 5 alteration assemblage at Cerro Negro is primarily defined by fine-grained 

tourmaline, which has altered matrix of breccias and cemented T3 veins. Stage 5 is distinctive and 

best developed in tourmaline-altered, matrix-rich breccias, and has been documented locally as T3 

veins crosscutting those units that host these breccias (Fig. 5.29). The polymict, tourmaline-altered 

matrix-supported breccia (Figs. 5.10 and 5.11) is characterized by grey tourmaline-altered, fine-

grained matrix (e.g., Fig. 5.31h). These breccias are temporally related to T3 veins. Clasts and 

matrix have been moderately to strongly altered to white sericite and clay minerals (mainly 

kaolinite; Fig. 5.29). Formation of syn- to post-brecciation white sericite and related clay minerals 

had a much stronger effect in clasts than matrix. Some clasts are so intensely altered that original 

textures are unrecognizable (Fig. 5.31i-j). The obliteration of original textures distinguishes stage 5 

white sericite from stage 3b phyllic alteration. Relict pre-brecciation stage 3b phyllic halos around 
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truncated T2 and C veins have been observed in some granodiorite clasts (e.g., Fig. 5.31h). At 

deeper levels, relict potassic alteration in granodiorite clasts had been observed rarely (Fig. 5.29). 

Relict copper mineralization occur as truncated C veins in granodiorite clasts (chalcopyrite          

>> pyrite that locally reopened T2 veins; Fig. 5.31h). It also occurs as clasts of stages 3b and 4 

tourmaline – chalcopyrite-cemented breccias (Fig. 5.31i). 

5.5.2.7 Stage 6: D veins 

The stage 6 alteration assemblage at Cerro Negro is defined by white sericite – kaolinite    

± chlorite and smectite alteration halos surround D veins (Fig. 5.29). This is a moderate to weak 

intensity hydrothermal alteration assemblage that has partially obliterated the original rock 

textures. The younger and cm-thick pyritic D veins are mostly barren, and have crosscut the Rio 

Blanco Granodiorite, dacite porphyry, and biotite-altered/phyllic-altered tourmaline-cemented 

breccias (e.g., Fig. 5.31k). In the polymict, tourmaline-altered matrix-supported breccia, D veins 

(with pyrite >> chalcopyrite) have crosscut clasts and infill (Fig. 5.31j), and stage 6 pyrite has 

replaced porous zones within clasts and matrix (Fig. 5.31j).  

5.5.2.8 Stage 7: argillic alteration and E veins 

The stage 7 alteration assemblage at Cerro Negro is characterized by white sericite            

– kaolinite ± related clay minerals. E veins are a distinctive feature developed during stage 7, 

hosted in tourmaline-altered matrix-supported breccia, the La Copa Rhyolite Complex and late 

rock flour breccia dikes (Fig. 5.29). 

 (i) The oldest lithological unit that host the stage 7 argillic mineral assemblage is the stage 

5 polymict, tourmaline-altered matrix-supported breccia (Figs. 5.10 and 5.11). This breccia has 

been re-cemented by specularite – ankerite – anhydrite locally. All of these oxidized minerals 

phases are temporally equivalent to the E vein event (Fig. 5.31l). 

 (ii) The La Copa Rhyolite Complex at Cerro Negro (Figs. 5.10 and 5.11) is weakly to 

moderately altered to stage 7 white sericite – kaolinite ± related clay minerals (Fig. 5.29). The 

white sericite – clay mineral assemblage altered the ash-rich matrix and lithic clasts (Fig. 5.32a-d). 

Traces of chlorite were detected locally (e.g., Fig. 5.32d). Argillic (± sericite) alteration occurs as 

alteration halos around E veins in La Copa Rhyolite. (a) Rhyolite tuff and tuffaceous matrix-

supported breccias have been crosscut by fine-grained, light-grey stage 7 quartz veins (e.g., Fig. 

5.32a-b). Some of these thin quartz veins were re-opened by stage 7 pyrite (Fig. 5.32a). (b) Coarse-

grained E veins crosscut early stage 7 fine quartz – pyrite veins (Fig. 5.32b). E veins contain well-

developed clusters of ankerite and pyrite crystals (Fig. 5.32b). (c) Gypsum is a common late phase 

mineral that cemented tourmaline-cemented breccias clasts, and also occurs as thick gypsum veins 
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and gypsum – pyrite E-type veins (Fig. 5.32c-d). The La Copa Rhyolite at Cerro Negro is a barren 

unit, but stage 4 chalcopyrite has been detected as relict mineralization in clasts within La Copa 

Rhyolite. 

 

Figure 5.32: Stage 7 hydrothermal alteration and relict mineralization in facies of La Copa Rhyolite and late 

rock flour breccias from Cerro Negro.  The height of each image equals the width of the drill core (i.e., 4.7 

cm). Abbreviations:  T3 and E are vein types and related infill; qz = quartz; py = pyrite; ank = ankerite; gyp 

= gypsum; spc = specularite. All sample data are listed in Appendix 3.1. 
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(iii) Similar to La Copa Rhyolite, the late, thin rock flour breccia dikes (i.e., pebble dikes; 

Figs. 5.10 and 5.11) have been moderately to weakly altered to stage 7 white sericite ± kaolinite 

and related clay minerals (Fig. 5.29). They replaced both matrix and clasts. Relict pre-brecciation 

alteration features have locally been observed in granodiorite clasts that have undergone phyllic 

alteration. The truncated C veins in the clasts have poorly developed sericite halos at shallow 

levels, and propylitic alteration that caused chlorite to replace mafic minerals at deeper levels. The 

argillic alteration affecting the rock flour breccia occurred prior to and during E vein formation. 

The rock flour breccias are barren, late stage breccias that contain abundant clasts of rhyolite and 

stage 5 tourmaline-altered matrix breccia (Fig. 5.32e). Scarce stage 4 chalcopyrite occurs in 

mineralized clasts as inherited mineralization. The polymict rock flour breccias are commonly 

crosscut by thin, millimeter-wide stage 7 specularite veins. The specularite veins and stockworks 

are best developed in rhyolite clasts (Fig. 5.32f and i). The rock flour breccia facies is characterized 

by abundant dark grey rock flour matrix. Minor available spaces between clasts have been 

cemented by gypsum and pyrite (Fig. 5.32g). Locally, gypsum and later specularite cemented these 

open spaces (Fig. 5.32h). Locally carbonates (e.g., ankerite) formed prior to specularite, and were 

overgrown by pyrite (Fig. 5.32i). These carbonate-rich, thick, crustiform veins are characteristic of 

E veins.  

5.5.3 Las Areneras 

5.5.3.1 Stage 1: potassic – sodic alteration 

The Rio Blanco Granodiorite (Fig. 5.14) has undergone moderate stage 1 potassic – sodic 

alteration at Las Areneras (Fig. 5.33). The stage 1 biotite ± K-feldspar ± albite mineral assemblage 

is better developed and preserved at deeper levels (Fig. 5.14). Stage 1 K-feldspar has moderately 

altered the granodiorite and gave it an overall pinkish tone at deeper levels (Fig. 5.34a). Stage 1 

biotite veins are only hosted at deep-seated levels. These EB – QKAS veins contain abundant 

biotite as diagnostic mineral, and minor to traces of actinolite ± chalcopyrite – bornite – pyrite 

(Fig. 5.34b). Stage 1 biotite-bearing veins have crosscut stage 1 K-feldspar-altered granodiorite, 

with < 1 cm-wide biotite clusters documented close to these veins (Fig. 5.34b). The potassic-

altered granodiorite has been crosscut locally by T1 tourmaline veins with albite halos (Fig. 5.34a 

and c). Stage 1 K-feldspar patches have intensely altered granodiorite locally and obliterated the 

original plutonic texture (Fig. 5.34d). The early potassic assemblage has been crosscut by stage 1 

tourmaline stockwork veins (i.e., T1 veins), and locally by late stage 1 pink quartz vein (Fig. 

5.34d). Several mm- to cm-wide aplite veins have crosscut granodiorite. These veins are rich is K-

feldspar >> quartz, and temporally relate to the potassic alteration, developed after granodiorite 

formation (Fig. 5.34e). Stage 1 cm-wide K-feldspar veins have been crosscut by late stage 1 mm-
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wide albite vein with albite alteration halo (Fig. 5.34f). Close to surface, the potassic – sodic 

assemblage has been overprinted by stage 2 epidote – moss-green chlorite clusters, which have 

altered mafic minerals and formed fine veins (Fig. 5.34f).  

5.5.3.2 Stage 2: propylitic alteration 

The stage 1 potassic ± sodic assemblage in the Rio Blanco Granodiorite has been 

overprinted by moderate intensity stage 2 propylitic alteration at Las Areneras (Figs. 5.14 and 

5.33). Stage 2 propylitic alteration best developed in intermediate units and those facies within the 

Rio Blanco Granodiorite with higher proportions of mafic minerals (e.g., tonalite, hornblende        

– biotite-rich clusters in granodiorite or dacite xenoliths; Fig. 5.14). (i) The most common 

occurrences of stage 2 assemblages are moss-green chlorite-replaced mafic minerals, moss-green 

chlorite-altered patches of granodiorite, and moss-green chlorite – epidote (± calcite) veins that 

have crosscut granodiorite (Fig. 5.34g-i). (ii) The minor tonalitic facies of Rio Blanco Granodiorite 

has a better developed stage 2 propylitic alteration than granodiorite facies. Moss-green chlorite 

pervasively altered tonalite, whereas calcite stockwork veins have crosscut it (Fig. 5.35a). Epidote 

developed commonly as small clusters within the chlorite-altered tonalite and as small veins that 

crosscut this felsic unit (Fig. 5.35a-b). (iii) Localized dacite – tonalite facies have been intensely 

altered to epidote – chlorite and minor calcite (Fig. 5.35c).  

Locally, granodiorite and diorite xenoliths have been moderately to intensely altered to 

stage 2 mustard-yellow chlorite, respectively (Fig. 5.35d-e). Due to chlorite preferentially altering 

primary biotite and hornblende, the original texture of these rocks are recognizable (Fig. 5.35d-e). 

Fine stage 2 chlorite veins have inner thin moss-green chlorite alteration halos and outer wider 

mustard-yellow chlorite alteration halos (preferentially developed in mafic minerals; Fig. 5.35f-g).  

At deeper levels, granodiorite is weakly propylitically altered. Thin stage 2 chlorite veins 

that crosscut granodiorite have no obvious alteration halos (Fig. 5.35h). At shallow to middle 

depths, stage 2 propylitic assemblages have been overprinted by stage 3 phyllic alteration (Fig. 

5.33). Locally stage 2 veins have been crosscut by stage 3 tourmaline – quartz veins (Fig. 5.34g-i). 

5.5.3.3 Stage 3: syn-brecciation phyllic alteration, tourmaline breccia cement and T2 veins 

The stage 3 alteration mineral assemblage at Las Areneras is largely defined by quartz              

– sericite ± tourmaline. Stage 3 phyllic alteration and related tourmaline T2 veins are best 

developed in the Rio Blanco Granodiorite at shallow to intermediate depths (Fig. 5.14). Stage 3 

phyllic assemblage has altered granodiorite – tonalite, aplite, and is synchronous with the very 

scarce tourmaline-cemented breccias (Figs. 5.14 and 5.33).  
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Figure 5.33: Paragenetic sequence of main lithologic units at Las Areneras. This diagram summarizes the various types of hydrothermal alteration assemblages, their 

spatial distributions, relative timing and proportion per unit. Mineralization types, their relative timing and proportion are also included. Abbreviations: EB, QKAS, T1, A, 

B, T2, C, T3, D and E are vein types and/or synchronous cementation events; bt = biotite;  kf = K-feldspar; alb = albite; chl = chlorite; ep = epidote; ws = white sericite; 

tm = tourmaline; qz = quartz; mt = magnetite; anh = anhydrite; cp = chalcopyrite; bn = bornite; py = pyrite; spc = specularite; ank = ankerite; cal = calcite; fg = fine-

grained. 
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Figure 5.34: Stages 1 – 2 hydrothermal alteration and mineralization from Las Areneras. The height of each image equals the width of the drill core (i.e., 4.7 cm). 

Abbreviations: S = stage; bt = biotite; kf = K-feldspar; alb = albite; tm = tourmaline; qz = quartz; phy = phyllic; cal = calcite, ep = epidote; chl = chlorite. All sample data 

are listed in Appendix 3.1. 
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Figure 5.35: Stages 2 – 3 hydrothermal alteration and mineralization from Las Areneras. The height of each image equals the width of the drill core (i.e., 4.7 cm). 

Abbreviations: S = stage; T2 are vein types; cal = calcite, ep = epidote; chl = chlorite; my = mustard-yellow; mg = moss-green; tm = tourmaline; qz = quartz; phy = 

phyllic. All sample data are listed in Appendix 3.1.                                             
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(i) In granodiorite at shallow depth, between 3,200 and 2,800 m asl, stage 3 coarse-grained 

tourmaline crystals have formed veins and clusters with obvious trigonal sections in hand 

specimens (Fig. 5.35i). White phyllic halos surround these T2 veins, which have overprinted stage 

2 mustard-yellow chlorite-altered biotite (Fig. 5.35i). Late stage 3 quartz has overgrown and 

infilled stage 3 coarse-grained tourmaline veins, with thicknesses more than several cm wide (Figs. 

5.35j and 5.36a-b). Stage 3 medium-grained T2 veins (0.5 – 1 cm wide) have crosscut granodiorite 

with obvious white phyllic alteration halos. White sericite preferentially altered plagioclase crystals 

(over K-feldspar and micas; Fig. 5.26c). Locally, stage 3 tourmaline – quartz clusters (> 1 cm 

wide) have grey-green sericite phyllic alteration halos, which are characteristic features at La 

Americana but are rare at Las Areneras (Fig. 5.36d). An uncommon alteration pattern around thin 

stage 3 tourmaline veins have inner thin white phyllic halos and outer wider light green sericite      

– chlorite halos (not relate to stage 2; Fig. 5.36e).  

(ii) Stage 3 tourmaline >> quartz veins have crosscut aplite, and reopened the contact 

between granodiorite and local aplitic apophyses or dikes (Fig. 5.36f-g). The stage 3 phyllic 

alteration halos overprinted the stage 2 propylitic alteration, which preferentially developed as 

chlorite in mafic minerals hosted in granodiorite, but is absent from the aplite (Fig. 5.36g). Stage 3 

tourmaline clusters and T2 veins hosted in the aplitic dikes have developed weak white phyllic 

alteration halos (Fig. 5.36h). (iii) Very scarce stage 3 clast-supported, tourmaline-cemented 

breccias to stage 3 tourmaline stockwork veins are hosted in granodiorite (Fig. 5.36i). 

(iv) At intermediate to deep levels (< 2,600 m asl), > 5 cm-wide stage 3 medium to very 

coarse-grained tourmaline veins with minor stage 3 quartz have crosscut granodiorite (Figs. 5.36j 

and 5.37a-c). Several cm-wide stage 3 tourmaline veins have been reopened and crosscut by stage 

3 quartz (Fig. 5.36j). Stage 3 very coarse-grained tourmaline has developed obvious tourmaline 

needles that have clustered together in < 5 cm-wide T2 veins (> 90 % vein volume is tourmaline, 

minor stage 3 quartz; Fig. 5.37c). Locally, thin stage 3 tourmaline – quartz veins and clusters have 

thin white phyllic alteration halos. These halos have overprinted stage 2 moss-green and mustard-

yellow chlorite-altered mafic minerals in granodiorite (Fig. 5.37d). 

Stage 3 tourmaline-cemented breccias and T2 veins have been reopened (± where vugs 

were present), and filled by stage 4 copper mineralizing event (chalcopyrite > bornite), stage 4 

pyrite and late stage 4 specularite (e.g., Figs. 5.36b, d, f, i, j and 5.37a-c). 

5.5.3.4 Stage 4: main copper mineralizing event 

The stage 4 mineral assemblage at Las Areneras is characterized by oxidized mineral 

phases and Cu-bearing sulfides, hosted in granodiorite, rarely in aplite, and concentrated in the
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Figure 5.36: Stage 3 hydrothermal alteration and mineralization from Las Areneras. The height of each image equals the width of the drill core (i.e., 4.7 cm). 

Abbreviations: S = stage; T2 and C are vein types; tm = tourmaline; gg ser = grey-green sericite; phy = phyllic; cp = chalcopyrite; gd = granodiorite; apl = aplite. All 

sample data are listed in Appendix 3.1. 
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Figure 5.37: Stages 3 – 4 hydrothermal alteration and mineralization from Las Areneras. The height of each image equals the width of the drill core (i.e., 4.7 cm). 

Abbreviations: S = stage; T2 and C are vein types; tm = tourmaline; qz = quartz; phy = phyllic; chl = chlorite; mt = magnetite; spc = specularite; cp = chalcopyrite; py = 

pyrite. All sample data are listed in Appendix 3.1. 
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very scarce tourmaline – quartz-cemented breccias and stockworks (Figs. 5.14 and 5.33). The main 

stage of Cu mineralization in the Rio Blanco Granodiorite is associated with C veins. These veins 

have abundant chalcopyrite ± bornite >> pyrite (Fig. 5.33).  

(i) Stage 4 magnetite stockwork veins have crosscut granodiorite locally (Fig. 5.37e). 

Magnetite was the first stage 4 mineral to precipitate, which has been overgrown by traces of stage 

4 anhydrite (Figs. 5.33 and 5.37e). The magnetite – anhydrite mineral assemblage is very localized 

and predates stage 4 copper mineralization, which has overgrown the oxide minerals (Fig. 5.33). 

Stage 3 phyllic alteration has overprinted the stage 2 chlorite alteration assemblage (Figs. 5.33 and 

5.37e). 

(iia) The copper mineralized structures are deep-seated, very concentrated, but localized at 

Las Areneras (Fig. 5.14). Stage 4 chalcopyrite >> pyrite stockwork veins have densely crosscut 

dm-wide stage 3 coarse-grained tourmaline-dominant veins, with minor quartz (Fig. 5.37f). These 

stage 4 Cu-rich stockwork veins have been crosscut and locally reopened by late stage 4 

specularite (Fig. 5.37f). Thick stage 3 coarse-grained tourmaline >> quartz – pyrite veins have 

been locally brecciated and cemented by stage 4 quartz, followed by abundant stage 4 chalcopyrite 

– pyrite and finally specularite (Fig. 5.37g).  

(iib) Stage 4 Cu-bearing mineral assemblage has also produced sparse, less concentrated 

veins and stockworks. Thin stage 4 chalcopyrite – pyrite ± quartz veins have crosscut and re-

cemented > 10 cm-wide stage 3 tourmaline – quartz veins and breccias. Thin, late stage 4 

specularite veins have crosscut both stage 3 and early stage 4 mineral assemblages (Fig. 5.38a). 

Locally, cm-wide stage 4 chalcopyrite – pyrite ± bornite veins and stockworks have crosscut 

granodiorite, with traces of stage 3 tourmaline. Similarly, late stage 4 specularite locally re-opened 

these veins (Fig. 5.38b-c). There are no obvious phyllic halos in these chlorite-altered host rocks. 

Late stage 4 specularite stockwork veins have crosscut stage 3 fine-grained tourmaline veins (Fig. 

5.38d).  

5.5.3.5 Stage 5: tourmaline-altered matrix matrix-rich breccias and T3 veins  

Stage 5 is characterized by very localized, polymict, tourmaline-altered matrix-supported 

breccias and related T3 veins at Las Areneras (Fig. 5.14). (i) The most distinctive breccia feature of 

stage 5 is its grey tourmaline-altered, fine-grained matrix (Fig. 5.33). Clasts are mainly 

granodiorite and stage 3 tourmaline – quartz veins or breccias (Fig. 5.38e). They are sub-angular to 

sub-rounded, range in size from < 5 cm to a few mm, and have undergone local rebrecciation (Fig. 

5.38e). Clasts and matrix have been moderately to strongly altered to white sericite and clay 

minerals (mainly kaolinite). Alteration was more intense in the clasts than in the matrix. Some of
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Figure 5.38: Stages 4 – 5 hydrothermal alteration and mineralization from Las Areneras. The height of each image equals the width of the drill core (i.e., 4.7 cm). 

Abbreviations: S = stage; T2, T3 and E are vein types; tm = tourmaline; qz = quartz; cp =chalcopyrite; spc = specularite; ank = ankerite; cal = calcite. All sample data are 

listed in Appendix 3.1.
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the clasts are intensely altered to the point where original textures are unrecognizable (Fig. 5.38e-

f). Less intense silicic alteration has locally affected some clast (Fig. 5.38e). (ii) Stage 5 very fine-

grained tourmaline T3 veins have crosscut the granodiorite (Fig. 5.38g). 

5.5.3.6 Stage 6: D veins 

Barren stage 6 pyrite veins are very scarce at Las Areneras. They are better developed in 

granodiorite at shallow to intermediate depths (Fig. 5.14). Stage 6 veins (i.e., D veins) contain 

coarse-grained pyrite ± anhydrite – quartz (Fig. 5.33). Centimeter-wide stage 6 veins contain pyrite 

overgrown by quartz, and have crosscut stage 3 altered granodiorite (Fig. 5.39a). Stage 6 pyrite 

veins have also reopened older veins, such as stage 3 tourmaline – quartz veins (Fig. 5.39b). Some 

stage 6 coarse-grained pyrite veins lack quartz and anhydrite (Fig. 5.39c). Stage 6 veins are 

commonly surrounded by hematite-stained alteration halos, with local silicic and sericite                

– kaolinite alteration (Fig. 5.39a-b). Locally, stage 6 pyrite veins have crosscut stage 5 tourmaline-

altered matrix-rich breccias. 

5.5.3.7 Stage 7: argillic alteration and E veins 

 The stage 7 assemblage is best developed close to surface, but also occurs locally at 

middle to deeper levels at Las Areneras (Fig. 5.14). The stage 7 carbonates – oxides assemblage 

has affected every lithologic unit at Las Areneras and overprinted paragenetic stages 1 – 6 (Fig. 

5.33). (i) Stage 7 carbonate – oxide veins are up to 1 dm wide (Fig. 5.39d-e). These thick, coarse-

grained E veins have been infilled by ankerite, followed by calcite and sealed by specularite (Fig. 

5.39d-e). The granodiorite has commonly been moderately altered to kaolinite and light green 

sericite. Selective replacement of primary plutonic and/or early hydrothermal minerals has 

preserved original rock textures (e.g., Fig. 5.39d). (ii) Finer-grain and thinner stage 7 carbonate      

– oxide veins have also been documented. These stage 7 veins are less than 5 mm-wide, contain 

ankerite – calcite, and ankerite – specularite, and have crosscut older veins (e.g., T2 veins; Figs. 

5.39f-g and 5.40a-b). Locally, stage 7 specularite veins have reopened stage 7 ankerite veins (Fig. 

5.40c). These < 1 cm-wide veins have reopened stage 4 pyrite – chalcopyrite veins and crosscut 

stage 3 tourmaline veins (Fig. 5.40c). 

Stage 7 veins do not always contain the complete carbonate – oxide mineral assemblage. 

(i) Some E veins are filled entirely by ankerite and calcite (Fig. 5.40d). Ankerite has been 

overgrown by calcite. Both ankerite and calcite have filled new fractures and reopened and 

crosscut older veins (mostly T2, C and D veins; e.g., stage 7 ankerite – calcite E veins have 

crosscut and reopened stage 4 chalcopyrite – pyrite ± bornite – specularite veins, Fig. 5.38c). 

Alteration halos around carbonate-bearing E veins are several cm-wide and are characterized by
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Figure 5.39: Stages 6 – 7 hydrothermal alteration and mineralization from Las Areneras. The height of each image equals the width of the drill core (i.e., 4.7 cm). 

Abbreviations: S = stage; T2, D and E are vein types; qz = quartz; py = pyrite; ank = ankerite; cal = calcite; spc = specularite. All sample data are listed in Appendix 3.1. 
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Figure 5.40: Stage 7 hydrothermal alteration and mineralization from Las Areneras. The height of each image equals the width of the drill core (i.e., 4.7 cm). 

Abbreviations: S = stage; T2 and C are vein types; ank = ankerite; cal = calcite; spc = specularite; qz = quartz; chl = chlorite. All sample data are listed in Appendix 3.1. 
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sericite, kaolinite and chlorite ± ankerite (Fig. 5.40d). (ii) Some stage 7 veins only contain hematite 

and/or specularite (Fig. 5.40e-f). Stage 7 hematite > specularite veins crosscut and reopened stage 

3 tourmaline – quartz veins, sealed by stage 4 chalcopyrite >> pyrite (Fig. 5.40e). The presence of 

kaolinite ± sericite ± chlorite are distinctive alteration mineral in granodiorite related to these 

oxide-bearing veins (Fig. 5.40e-f). Stage 7 hematite – specularite stockwork veins have crosscut 

locally the scarce stage 5 tourmaline-altered matrix-rich breccias (Fig. 5.40f). 

Some hydrothermal alteration features that are distinctive from stage 7 include localized 

areas where the granodiorite has been intensely altered to clay minerals (Fig. 5.40g-h). This 

intensely developed argillic alteration is characterized by kaolinite group minerals, and has 

completely obliterated the original granitic texture (Fig. 5.40g). Kaolinite-rich areas are porous, but 

not permeable. They contain colloform veins with bands of secondary quartz alternating with 

moss-green chlorite (Fig. 5.40g). The presence of kaolinite as an alteration mineral in granodiorite 

shows that acid conditions prevailed during stage 7 argillic alteration (Fig. 5.40e-h).  

5.6 Discussion  

The current section provides a comparison of the seven paragenetic stages documented at 

La Americana, Cerro Negro, and Las Areneras. The evolution of hydrothermal fluids in each study 

site is inferred based on hydrothermal mineral assemblages and phase equilibria. This discussion 

set the basis for the conclusions of this descriptive chapter. 

 
5.6.1 Stage 1 

Stage 1 potassic – sodic alteration is most strongly developed at deeper levels in all of the 

study areas at Rio Blanco-Los Bronces. (i) At La Americana, stage 1 occurs as coarse- to medium-

grained radiating tourmaline crystals ± quartz ± biotite ± K-feldspar ± albite ± magnetite (Figs. 

5.21–5.22). Stage 1 terminates with the main period of Mo mineralization (B veins; Figs. 5.21 and 

5.23a-c). (ii) At Cerro Negro, hydrothermal biotite is more abundant than K-feldspar. Biotite has 

preferentially replaced magmatic biotite and hornblende, infilled EB – QKAS veins, and formed 

halos around them. Locally, albite > K-feldspar – biotite occur as alteration halos surrounding A 

and B veins (Figs. 5.29 and 5.30a-b). (iii) At Las Areneras, potassic alteration produced 

hydrothermal K-feldspar that moderately altered the Rio Blanco Granodiorite, and is more 

abundant than at Cerro Negro (Fig. 5.34a). Biotite >> actinolite ± chalcopyrite – bornite – pyrite 

EB and QKAS veins crosscut the K-feldspar-altered granodiorite (Fig. 5.34b). Sodic alteration is 

best developed around tourmaline T1 veins as albite halos that crosscut and overprint the potassic-
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altered granodiorite and aplite (Fig. 5.34a and c). Both, A and B veins are very scarce to absent at 

Las Areneras, and markedly more abundant at Cerro Negro (Fig. 5.33). 

During stage 1, residual fluids evolving from a crystalizing magma interacted with the host 

rock, which resulted in subsolidus, post-magmatic mineral changes in both the igneous and country 

rocks. This process is particularly efficient when rocks are fractured. These high temperature fluids 

produced the potassic and sodic hydrothermal minerals and exchange reactions. Exchange 

reactions in feldspars include Na for K (potassic alteration) or K for Na (sodic alteration) and 

precipitation of biotite (e.g., Meyer and Hemley, 1967; Reed, 1997). Base exchanges reactions 

occur where a cation in a mineral phase is replaced by another. The following reaction exemplifies 

mineral changes that occur during potassic (left to right) and sodic (right to left) alteration:  

NaAlSi3O8 (albite) + K+ ⇄ KAlSi3O8 (microcline) + Na+                                            (5.1) 

Potassic alteration is distinctive of porphyry copper systems, where it occurs in the high 

temperature core zones. Alkaline and highly saline hydrothermal fluids develop during the final 

stages of magma crystallization and produce widespread potassic ± sodic alteration, which causes 

the replacement of original plagioclase and mafic minerals by hydrothermal K-feldspar and biotite    

(± quartz – magnetite – copper minerals). Localized sodic alteration may form hydrothermal albite 

(e.g., Sillitoe, 1972; 2010; Cooke et al., 2005).  

In the Rio Blanco-Los Bronces district, stage 1 is interpreted to be a deep-seated, district-

scale, magmatic-hydrothermal alteration event intimately associated with emplacement of 

granodiorite plutons. Stage 1 potassic and sodic mineral assemblages are inferred to be the result of 

alkali metasomatism during hydrothermal fluids and wall rocks interaction. Stage 1 alteration and 

related EB, QKAS, T1, A and B veins formed at high temperature (800 to < 500°C), and at log 

aK
+/aH

+ values between 0.25 and 1.75 (e.g., Burnham and Ohmoto 1980; Guilbert and Park 1985; 

Sverjensky et al., 1991; Inoue, 1995; Fig. 5.41). Stage 1 mineral assemblages indicates alkaline pH 

conditions for each of the study sites (e.g., Leach, 1995; Fig. 5.42). High temperature, alkaline 

conditions were also attained in other areas of the Rio Blanco-Los Bronces district. A potassic-

altered root is a distinctive feature in the Sur-Sur tourmaline breccia complexes (Frikken et al., 

2005). 

Based on mineralogy, alteration halos and morphology of veins, EB and QKAS veins are 

interpreted to have formed under quasi-ductile conditions, between 800 and 600°C, associated with 

potassic alteration (Table 5.4). T1 and A veins formed after the transition from semi-ductile regime 

to brittle conditions, and are associated with sodic (locally potassic) alteration (Table 5.4). B veins 

are the main event of Mo precipitation and the youngest vein type of stage 1. They are interpreted 
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to have formed under brittle conditions at approximately 400 – 500°C (Table 5.4). At Sur-Sur and 

La Americana, where magmatic-hydrothermal breccias are a characteristic feature, stage 1b biotite 

breccias formed during potassic alteration and were crosscut by A and B veins (Fig. 5.21). Toro et 

al. (2012) described the lower part of biotite-cemented breccias at Rio Blanco as having been cut 

by EB veinlets. The EB and QKAS veins at La Americana predate the stage 1b biotite breccia, but 

are closely related to it (Fig. 5.21). In the proposed paragenetic sequences for La Americana, stage 

1b biotite-cemented breccia is synchronous with the formation of T1 veins (Fig. 5.21). B veins are 

only common at La Americana and formed during stage 1c. These veins only occur in the northern 

part, probably due to their proximity to the Sur-Sur breccia and related porphyry environment (e.g., 

Don Luis mineralized porphyry; Figs. 5.2 and 5.5). Furthermore, the northern area may be a deeper 

level than the southern area, which was uplifted along an E-trending dip-slip fault (Sections 5.4.1 

and 5.5.1). 

 

 

Figure 5.41: Idealized stability field of hydrothermal alteration assemblages as a function of temperature, 

and K+ and H+ activities at 1 kbar (After Burnham and Ohmoto, 1980; Guilbert and Park, 1985; Pirajno, 

2009). This figure shows the evolution of hydrothermal fluids based on the mineralogy and each paragenetic 

stage from La Americana, Cerro Negro and Las Areneras. 
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The presence of accessory sulfide phases (i.e., bornite, chalcopyrite, and pyrite) coupled 

with an absence of hypogene oxides and sulfates imply reduced conditions (i.e., H2S-predominant) 

and relatively high sulfur fugacities during early stage 1 potassic and sodic alteration. The late 

precipitation of accessory anhydrite ± magnetite during stage 1 is interpreted to indicate that 

hydrothermal fluids evolved to relatively higher oxygen fugacity (i.e., SO4
2--stable). Other 

magmatic-hydrothermal breccias from the Rio Blanco-Los Bronces district have shown similar 

mineral assemblages, but to some extent different paragenetic sequences, in the Donoso and Sur-

Sur breccias (e.g., Skewes et al, 2003; Frikken et al., 2005).  

 

Figure 5.42: Evolution of hydrothermal fluids based on mineralogy and paragenetic stages from La 

Americana, Cerro Negro and Las Areneras. The descriptive chart is based on common mineralogy in 

hydrothermal systems after Leach (1995). Abbreviations: Ab = albite, Act = actinolite, Ad = adularia, AI = 

alunite, And = andalusite, Bio = biotite, Cb = carbonate (Ca, Mg, Mn, Fe), Ch = chlorite, Chab = chabazite, 

Chd = chalcedony, Ch – Sm = chlorite – smectite, Cor = corundum, Cpx = clinopyroxene, Cr = cristobalite, 

Ct = calcite, Do = dolomite, Dik = dickite, Dp = diaspora, Ep = epidote, Fsp = feldspar, Ga = garnet, Hal = 

halloysite, Heu = heulandite, I = illite, I – Sm = illite – smectite, K = kaolinite, Lau = laumontite, Mt = 

magnetite, Mor = mordenite, Nat = natrolite, Op = opaline silica, Pyr = pyrophyllite, Q = quartz, Ser = 

sericite, Sid = siderite, Sm = smectite, Stb = stilbite, Tr = tremolite, Tri = tridymite, Ves = vesuvianite, Wai = 

wairakite, Wo = wollastonite, Zeo = zeolite. 
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5.6.2 Stage 2 

Stage 1 potassic ± sodic assemblages in the Cascada Granodiorite (Sur-Sur – La 

Americana) and the Rio Blanco Granodiorite (Cerro Negro and Las Areneras) have been 

overprinted by stage 2 propylitic alteration. Stage 2 is a district-scale alteration assemblage that has 

minor differences in mineralogy between each study area (Figs. 5.21, 5.29, and 5.33). Stage 2 is 

characterized by chlorite ± epidote ± calcite, which occur as mafic minerals replacement, patches, 

and vein infill (e.g., 5.24, 5.25, 5.30e-g, 5.34g-i, 5.35a-g). Mafic and intermediate rocks developed 

markedly better propylitic alteration than the felsic units (e.g., Fig. 5.24). 

Stage 2 propylitic alteration documented in the study sites is interpreted to be the result of 

addition of volatiles such as H2O and CO2, and local SO2 incorporation into the hydrothermal 

system, with weak to no H+ metasomatism (e.g., Meyer and Hemley, 1967; Beane and Titley, 

1981). Propylitic alteration caused hydration of wall rock, where plagioclase and mafic minerals 

were altered mainly to epidote and chlorite. Epidote and chlorite alteration was localized, and is 

considered separate to the district-scale stage 2 propylitic alteration assemblage, which occurs 

under weaker H+ metasomatism (Meyer and Hemley, 1967). Hydrothermal fluids evolved outwards 

to near-neutral or weakly alkaline pH conditions via water-rock interaction (epidote – chlorite        

± calcite stable; e.g., Leach, 1995; Cooke et al., 1996; Fig. 5.42). The stability for mineral phases 

in the propylitic alteration assemblage can be constrained as a function of temperature and K+ and 

H+ activities (i.e., < 500ºC, and > 2 log (aK
+/aH

+) values; Fig. 5.41). Based on Figure 5.41 an 

evident drop in temperature and increase in alkali metasomatism has been interpreted for the 

transition from stage 1 to stage 2 (e.g., Burnham and Ohmoto 1980; Guilbert and Park 1985; 

Sverjensky et al., 1991; Inoue, 1995). 

Stage 2 propylitic alteration is taken to occur, and affected rocks above and lateral to the 

deep-seated potassic – sodic alteration assemblages at Rio Blanco-Los Bronces. The intensity of 

propylitic alteration tends to increase, becoming pervasive with proximity to the source of 

hydrothermal fluids. With distance, it grades outward to unaltered rocks or possibly to regional 

greenschist metamorphic assemblage. Propylitic alteration associated with porphyry Cu–Mo 

deposits has been recognized overprinting a lower greenschist facies metamorphic terrain of the 

Collahuasi district (Northern Chile; Djouka-Fonkwé et al., 2012). Similar relationships have also 

been documented in Central Chile based on epidote and chlorite chemistry by Baker et al. (2016), 

where hydrothermal, ore-related epidote – chlorite grades into regional, metamorphic epidote         

– chlorite. 
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5.6.3 Stage 3 

Whereas stage 1 and 2 are district-scale alteration assemblages, stage 3 is restricted 

spatially to part of each study site. (i) At La Americana, stage 3 is characterized both by medium-

grained tourmaline breccia cement, and by T2 veins that are best developed in the middle to upper 

levels (Figs. 5.21 and 5.23d-m). Stage 3 syn-brecciation phyllic alteration is characterized by grey-

green sericite, where original textures of altered clasts (and rock within T2 alteration halos) remain 

recognizable Fig. 5.23f–i; Table 5.5). Tourmaline ± quartz-cemented breccias are characteristic of 

stage 3 and represent the southern extension of the Sur-Sur breccias (Figs. 5.2 and 5.5). Stage 3 

tourmaline-cemented breccias (grey-green sericite alteration) grade downwards into stage 1b 

biotite ± tourmaline breccias (biotite alteration; Figs. 5.6 and 5.7). (ii) At Cerro Negro, stage 3 has 

been subdivided into stages 3a (localized biotite alteration restricted to deep-seated magmatic-

hydrothermal breccias and their vicinity; Fig. 5.30h-j) and 3b (phyllic alteration; Fig. 5.31a-b). 

Stage 3a biotite alteration has been overprinted and crosscut by stage 3b tourmaline T2 veins. 

Similar to La Americana, phyllic alteration preserved the original texture of granodiorite clasts. 

The distinctive grey-green sericite alteration at La Americana and Sur-Sur is barely detectable at 

Cerro Negro. Grey-green sericite locally replaced feldspars and occurs as alteration halos around 

T2 veins (Fig. 5.29). (iii) At Las Areneras, Stage 3 phyllic alteration and tourmaline >> quartz T2 

veins are best developed in the Rio Blanco Granodiorite at shallow to intermediate depths (Figs. 

5.33, 5.35i-j, 5.36 and 5.37a-d). White phyllic alteration halos are diagnostic and more abundant 

than grey-green sericite phyllic alteration halos (Figs. 5.35j, 5.36c,e,g,h, 5.37d). 

The term ‘sericite’ is an ambiguous field term. It is not a mineral phase with a fixed 

chemical composition. In this study, sericite is defined as fine-grained dioctahedral white micas 

(e.g., muscovite, illite, paragonite, phengite, fuchsite, roscoelite; Fleet, 2003). Sericite is both a 

field and petrographic term used to describe fine-grained potassic micaceous and clay material, 

which cannot be characterized unambiguously by means of X-ray diffractometry or transmission 

electron microscopy (Fleet, 2003). Phyllic, or quartz-sericite, alteration may also develop 

interlayer-deficient micas (informally named ‘clay micas’) such as illite and hydromuscovite (e.g., 

Fleet, 2003). 

Phyllic alteration occurs due to major leaching and hydrolysis of primary silicates. 

Destabilization of feldspars and phyllosilicates occur when hydrothermal fluids are enriched in H+, 

OH–, K and S, The resulting hydrothermal minerals include quartz, white mica and pyrite (e.g., 

Meyer and Hemley, 1967). Chalcopyrite ± pyrite can be intimately related with phyllic alteration, 

and can compose up to 20% by volume of mineralized veinlets and stockworks, with markedly 
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higher proportions in magmatic-hydrothermal breccias. During phyllic alteration elements such as 

Na, Mg, Ti, Fe and also K are commonly leached out from the rock being altered. 

Hydrolysis, or H+ metasomatism, involves the ionic decomposition of H2O into H+ and 

OH–. During stage 3 phyllic alteration, H+ was consumed as it reacted with anhydrous silicates 

(i.e., feldspars) to produce to hydrous phases (i.e., micas), quartz and release metal ions into 

solution (e.g., Meyer and Hemley, 1967; Rose and Burt, 1979). Hydrolysis can transfer molecular 

water from hydrothermal fluids into the crystalline structure of the newly-formed mineral (i.e., 

hydration). Hydrolysis during phyllic alteration progressively increases pH of hydrothermal fluids 

as H+ reacts with feldspars. This process can trigger dissociation of H+-bearing complexes, affect 

the degree of association of NaCl compounds, and therefore the creation of chloride complexes and 

the solubility of metallic elements (e.g., Guilbert and Park 1986). Results from experimental 

studies conducted by Hemley and Jones (1964) on K- and Na-bearing systems with aqueous 

chloride solutions can be used to exemplify the type of reaction, which occurs during phyllic 

alteration: 

3 KAlSi3O8 (microcline) + 2 H+ = KAl3Si3O10(OH)2 (K-mica) + 2 K+ + 6 SiO2 (quartz)                  (5.2) 

0.75 Na2CaAl4Si8O24 (andesine) + 2 H+ + K+ = KAl3Si3O10(OH)2 (sericite) + 1.5Na+ + 0.75 Ca2+ + 3 SiO2  (5.3) 

The pH range of hydrothermal fluids during stage 3 can be constrained based on sericite          

– quartz alteration assemblages in the host rocks and breccia clasts. The mineralizing solutions 

must have been weakly to moderately acidic (Fig. 5.42), evolving outwards from the breccia 

complex to near-neutral or alkaline pH conditions via water-rock interaction (epidote – chlorite     

± calcite stable; e.g., Leach, 1995; Cooke et al., 1996). The stability for mineral phases in the 

phyllic alteration assemblage can be constrained as a function of temperature and K+ and H+ 

activities (i.e., 500 – 300ºC, and 1– 4 log (aK+/aH+) values; Fig. 5.41). Phyllic alteration can occur 

at a wide temperature range, where temperature is inversely proportional to log (aK
+/aH

+). Phyllic 

alteration can form at < 500ºC with increasing H+ metasomatism, and > 300ºC with decreasing H+ 

metasomatism (e.g., Burnham and Ohmoto 1980; Guilbert and Park 1985; Sverjensky et al., 1991; 

Inoue, 1995; Fig. 5.41). 

Both magmatic-hydrothermal breccias at La Americana and Cerro Negro are interpreted to 

have formed during late-stage magma crystallization. Exsolved fluids were trapped under granitic 

carapaces until hydrostatic pressure exceeded the lithostatic pressure and the tensile strength of the 

surrounding host rocks, which lead to brecciation (e.g., Burnham, 1979, 1985; Skewes et al., 2003; 

Frikken et al., 2005). Magmatic-hydrothermal breccias at Cerro Negro are inferred to be younger 

than those at La Americana and Sur-Sur, and formed from different fluids trapped under an 

impermeable barrier. At La Americana, the stage 1b biotite breccia is interpreted to have formed 
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simultaneously with the district-scale stage 1 potassic alteration and grade upwards to stage 3 

tourmaline-cemented breccias. Conversely, at Cerro Negro, stage 3a biotite breccias are localized 

and clearly related to stage 3 tourmaline breccias that crosscut stage 1 potassic alteration. Similar 

to the mechanism proposed by Frikken et al. (2005), stage 3 phyllic – tourmaline alteration is likely 

to have been produce by upwelling of a vapor phase enriched in light lithophile elements 

(particularly boron), steam and hydrochloric acid. Toro et al. (2012) noted that the lower parts of 

the tourmaline-cemented breccias in the Rio Blanco district have been cut by A and B veinlets. At 

La Americana and Cerro Negro, A and B veins are older than the phyllic alteration associated with 

the formation of tourmaline-cemented breccias based on crosscutting relationships.  

5.6.4 Stage 4 

Stage 4 is the main stage of Cu mineralization, which preferentially produced C veins in 

the Rio Blanco Granodiorite (Cerro Negro >> Las Areneras; Figs. 5.29 and 5.33), and cemented 

magmatic-hydrothermal breccias in the Cascada Granodiorite (Sur-Sur and La Americana; Fig. 

5.21). These C veins, which are associated with phyllic alteration, are less abundant at La 

Americana and Sur-Sur than those at Cerro Negro. They are interpreted as evidence for preferential 

concentration of the main Cu mineralizing stage as hydrothermal cement in tourmaline-cemented 

breccias at La Americana and Sur-Sur, with minor, younger (but contemporary) C veins (Fig. 

5.21). In contrast, At Cerro Negro, tourmaline-cemented breccias are very localized and have 

considerably smaller dimensions than those at Sur-Sur and La Americana. The bulk of the Cu 

mineralization at Cerro Negro is therefore hosted in the C veins (Fig. 5.29). Unlike the mineralized 

areas, at Las Areneras, the ore-bearing structures are rare, localized, small and concentrated at 

moderate to deep levels (Fig. 5.33).  

T2 and C veins and related breccias from La Americana – Sur-Sur and Cerro Negro are 

different in several ways. At Cerro Negro, T2 veins have finer grained tourmaline and C veins 

mainly contain chalcopyrite and anhydrite with minor to no pyrite. The T2 and C veins both lack 

well-developed, grey-green sericite alteration halos at Cerro Negro.  

Stage 4 postdates syn-brecciation phyllic alteration but was intimately related to it (Figs. 

5.42 and 5.42). Stage 4 was the second phase of breccia cementation and vein filling after 

precipitation of biotite, tourmaline and quartz. This stage is characterized by oxide, sulfates and Cu 

sulfides – pyrite formation (Figs. 5.21, 5.29 and 5.33). The paragenetic sequence and timing of 

formation of each of these mineral phases are not consistent at La Americana, Cerro Negro and Las 

Areneras, which is interpreted to indicate different conditions and fluid evolution for the 

mineralizing solutions (Figs. 5.21, 5.29 and 5.33).  
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Precipitation mechanisms of sulfide, oxide and sulfate phases were thermochemically 

modeled for the Sur-Sur tourmaline-cemented breccia by Frikken et al. (2005). Based on the fact 

that most mineralization is hosted in open spaces within the breccia, with minor to no clast 

replacement, water-rock interaction was discarded as a major ore-forming process (Frikken et al., 

2005). The highest grades of chalcopyrite, which occur with specularite in the upper parts of the 

Sur-Sur tourmaline breccia, were inferred to be the result of oxidation of a relatively reduced brine 

due to fluid mixing (Frikken et al., 2005). The proposed fluid evolution in the Sur-Sur breccia 

complex can be summarized in four main steps: (1) an initial hybrid fluid composition (specularite 

stable and oxidizing; i.e., HSO4
- or SO2 predominant); (2) a mineralizing brine composition 

(chalcopyrite – magnetite stable and reducing; i.e., H2S predominant); (3) a mixture of brine and 

hybrid fluid, dominated by brine (chalcopyrite – specularite stable, reducing; i.e., H2S 

predominant); and (4) a mixture of brine and hybrid fluid, dominated by water (pyrite – specularite 

stable, oxidizing; i.e., HSO4
- predominant), which produced the barren cement that occurs at the 

highest elevations in the tourmaline breccia (pyrite, specularite, and tourmaline; Frikken et al., 

2005; Fig. 5.43).  

In the current study, the model proposed by Frikken et al. (2005) has been used to show 

fluid evolution during stage 4 at La Americana, Cerro Negro and Las Areneras, based on the 

mineral paragenesis determined for each study site (Fig. 5.43). This diagram was constructed 

assuming T = 400ºC, P = 500 bars, pH = 4.5, and log a(Cu+/H+) = –3.7. Those conditions were 

constrained for the Sur-Sur breccia by fluid inclusion and mineralogical analyses (Frikken et al., 

2005), and are expected to be to some extent comparable to La Americana. This diagram is used 

here to schematically illustrate fluid evolution at La Americana, Cerro Negro and Las Areneras. It 

provides a simple and effective way to compare and contrast fluid evolution of the four sites at Rio 

Blanco-Los Bronces on one diagram (Fig. 5.43). 

During stage 4 at La Americana, the hydrothermal fluids are interpreted to have evolved 

from: (1) magnetite – specularite-stable and reducing (i.e., H2S predominant); (2) anhydrite-stable 

and oxidizing (i.e., HSO4
- or SO2 predominant); to (3) chalcopyrite – pyrite-stable and reducing 

(i.e., H2S predominant; Figs. 5.21 and 5.43). Fluid evolution at Cerro Negro can be summarized in 

four main steps: (1) anhydrite-stable and oxidizing (i.e., HSO4
- or SO2 predominant); (2) pyrite-

stable and reducing (i.e., H2S predominant); (3) chalcopyrite >> bornite-stable and reducing (i.e., 

H2S predominant); and (4) pyrite-stable and reducing (i.e., H2S predominant; Figs. 5.29 and 5.43). 

For Las Areneras, the evolution of hydrothermal fluids is interpreted as follow: (1) magnetite-

stable and reducing (i.e., H2S predominant); (2) anhydrite-stable and oxidizing (i.e., HSO4
- or SO2 

predominant); (3) chalcopyrite – bornite-stable and reducing (i.e., H2S predominant); and (4) 

specularite-stable and reducing (i.e., H2S predominant; Figs. 5.33 and 5.43). 
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The observed stage 4 mineral assemblages show that each area underwent its own 

distinctive fluid evolution. The common feature is an evolution from Fe oxide-stable (La 

Americana and Las Areneras) to more oxidized conditions that precipitated anhydrite (La 

Americana, Cerro Negro and Las Areneras), followed by reduced and mineralizing brine 

compositions where sulfides are stable (La Americana, Cerro Negro and Las Areneras). At Las 

Areneras, an additional stage has been documented where specularite precipitated after traces of 

Cu mineralization. 

 

Figure 5.43: Phase diagram showing copper Fe sulfide and oxide stability fields as a function of oxygen 

fugacity and aqueous sulfur activity (after Frikken et al., 2005). Numbered squares schematically illustrate 

fluid evolution during stage 4 at La Americana, Cerro Negro and Las Areneras. Numbered circles show fluid 

evolution at Sur-Sur: 1 = estimated initial hybrid fluid composition (specularite stable and oxidizing; i.e., 

HSO4
- or SO2 predominant); 2 = estimated mineralizing brine composition (chalcopyrite-magnetite stable 

and reducing; i.e., H2S predominant); 3 = mixture of brine and hybrid fluid, dominated by brine 

(chalcopyrite-specularite stable, reducing; i.e., H2S predominant); 4 = mixture of brine and hybrid fluid, 

dominated by water (pyrite-specularite stable, oxidizing; i.e., HSO4
- predominant) producing the barren 

cements that occur at the highest elevations in the tourmaline breccia (pyrite, specularite, and tourmaline).  
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Overpressured hydrothermal fluids most likely caused brittle fracture of the host rocks, 

forming breccia dikes and veins in each of the study areas. Stage 1 and 3 mineralizing fluids 

cemented and infilled these breccias and veins with biotite and tourmaline together with lesser 

amount of quartz. Stage 4 is suspected to be related to dense, deep-seated brines that migrated 

upwards from the causative intrusions and caused Cu mineralization after stage 3 (e.g., Frikken et 

al., 2005). Based on the presence of oxide and sulfate phases, these were most likely oxidized 

fluids that transported and precipitated copper. Phyllic alteration was best developed during stage 

3, whereas quartz – sericite alteration waned during stage 4 prior to Cu sulfide precipitation. 

Although stages 3 and 4 have similar mineralogies in the study areas that would imply similar fluid 

compositions, they developed due to local hydrothermal activity in each area, rather than being 

district-scale events. In other words, Sur-Sur – La Americana, Cerro Negro and Las Areneras are 

interpreted to be individual magmatic-hydrothermal systems that are probably related to a much 

larger, mid-crustal magma chamber that underlies the district. This young, most likely still hot 

chamber is apparent in microseismic data as a broad low-velocity zone (e.g., Piquer et al., 2015). 

5.6.5 Stage 5  

Stage 5 produced tourmaline-altered, matrix-supported breccias and related T3 veins (i.e., 

fine-grained tourmaline veins; Table 5.4). (i) Stage 5 is best developed at La Americana, where 

polymict, tourmaline-altered, matrix-supported breccias are the most abundant breccia facies in the 

area. They formed a main breccia dike and related subsidiary dikes (Figs 5.5 and 5.21). (ii) At 

Cerro Negro, similar tourmaline-altered, matrix-rich breccia dikes were intersected by drill holes, 

but at surface have only minor outcrops (Figs 5.10 and 5.29). (iii) At Las Areneras, no obvious 

large-scale breccia dikes have been documented. There are only very localized, small tourmaline-

altered matrix-supported breccias and related T3 veins (e.g., Fig. 5.38g). With the exception of 

stage 5 breccias at La Americana, these fine-grained tourmaline-altered breccias are barren to 

weakly mineralized, mostly containing pyrite. Very localized and rare chalcopyrite occurs within 

relict clasts or matrix, due to remobilization of older Cu mineralization (Fig. 5.27e; Table 5.5). 

Unlike stage 3 tourmaline-cemented breccias, stage 5 breccias display more evidence of 

grinding and a higher degree of transport, based on clast angularity (mostly rounded to sub-

rounded), heterogeneity in clast size and composition, and random orientations (e.g., Figs. 5.27d-e 

and 5.38e; Table 5.5). These features are interpreted to be the product of a fluidization cell in the 

center of the breccia dikes, which could account for the abundance of rock flour matrix and 

rounded clast due to attrition and abrasion as the material was transported through the fluidization 

cell (cf. McCallum, 1985).  
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Stage 5 has a common hydrothermal alteration assemblage throughout La Americana, 

Cerro Negro and Las Areneras. The rock flour matrix of the breccias has undergone moderate 

intensity tourmaline alteration (e.g., Fig. 5.27d-e and 5.31h; Table 5.5). Clasts, and to lesser extent 

matrix, have been moderately to strongly altered to white sericite and clay minerals (mainly 

kaolinite group minerals) ± tourmaline. Where clasts are intensely altered, the original textures are 

unrecognizable (e.g., Figs. 5.31i-j and 5.38e-f). Stage 5 white sericite – clay alteration differ from 

stage 3 phyllic alteration in that kaolinite group minerals are present, grey-green sericite is absent, 

the original clast texture is obliterated locally, and syn-brecciation concentric alteration pattern in 

clast are rarely observed. The stage 5 hydrothermal alteration assemblage is interpreted to have 

formed from weakly acidic fluids that initially produced phyllic alteration that grades outwards to 

intermediate argillic alteration. The presence of kaolinite group minerals implies temperatures       

< 350 ºC and acid pH conditions (e.g., Sverjensky et al., 1991; Inoue, 1995; Leach, 1995; Cooke 

and Simmons, 2000; Figs. 5.41 and 5.42). 

Based on their internal organization and geometry, stage 5 matrix-rich breccias are not 

considered to be classic magmatic-hydrothermal breccias, in contrast with stage 3 tourmaline-

cemented breccias. Based on hydrothermal alteration and mineralogy, the link with a magmatic 

source is less obvious for the matrix-rich stage 5 breccias, as they formed well after Rio Blanco 

and Cascada granodiorites were completely crystalized. The stage 5 matrix-rich breccias also 

formed after the intrusion of the pre-mineralization dacite porphyry, and postdate stage 3 

tourmaline-cemented breccias, the bulk of Cu mineralization, and the post-mineralization dacite 

porphyry. Stage 5 breccias are interpreted to be phreatomagmatic in origin, probably formed due to 

the interaction of late stage dikes that intruded the active hydrothermal systems (Chapter 1). 

5.6.6 Stage 6 

Stage 6 produced D veins in all of the study areas, they were observed over the entire 

vertical section but were best developed in the middle and upper levels. At La Americana and 

Cerro Negro, stage 6 veins are medium- to coarse-grained pyrite (80 – 90 %), with minor quartz 

and traces of chalcopyrite, and commonly have halos of white sericite – kaolinite group minerals ± 

chlorite and smectite (Figs. 5.25d,k, 5.26d-e and 5.27d, f-I, 5.31j-k). Unlike the mineralized areas, 

D veins are very scarce at Las Areneras. D veins are barren with no trace of Cu mineralization; 

they contain coarse-grained pyrite ± anhydrite – quartz (e.g., Fig. 5.39a-c), commonly surrounded 

by hematite-stained alteration halos, and by local silicic and sericite – kaolinite alteration halos 

(Fig. 5.39a-b).  

Argillic alteration produces clay minerals due to moderate to intense H+ metasomatism and 

acid leaching. Intermediate argillic alteration develops at low temperatures typically between 100 
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and 350°C, whereas advanced argillic alteration can form at higher temperatures of up to 500°C 

(Burnham and Ohmoto 1980; Guilbert and Park 1985; Sverjensky et al., 1991; Inoue, 1995). This 

type of alteration is common in both porphyry and epithermal environments (e.g., White and 

Hedenquist, 1990; Cooke et al., 2005; Sillitoe, 2010). Hydrothermal alteration produced during 

stage 6 is interpreted to be a transition between phyllic and intermediate argillic alteration 

assemblages (i.e., < 350ºC, and approximately 1 log (aK
+/aH

+) value; Fig. 5.41). Stage 6 is inferred 

to have formed from moderately acidic fluids (Leach, 1995; Cooke and Simmons, 2000; Fig. 5.42). 

During stage 6, reaction 5.2 and 5.3 are interpreted to occur. Based on Hemley and Jones (1964)’s 

experimental studies, the following reaction can be used to exemplify the formation of kaolinite 

after original K-mica replacement: 

KAl3Si3O10(OH)2 (K-mica) + H+ + 1.5 H2O → 1.5 Al2Si2O5(OH)4 (kaolinite) + K+                       (5.4) 

Hydrothermal clay minerals have preferentially replaced plagioclase and mafic minerals in 

the Rio Blanco district. The intermediate argillic alteration assemblage typically includes illite, 

chlorite, kaolin group minerals, montmorillonite, and minor sericite. Unaltered K-feldspar may 

occur and K, Ca, Mg, Na may not be entirely leached out (e.g., Meyer and Hemley, 1967; White 

and Hedenquist, 1990; Cooke et al., 2005; Sillitoe, 2010). The presence of kaolinite and lack of 

montmorillonite in stage 6 is consistent with a transition from intermediate argillic alteration to 

phyllic alteration. Kaolinite is typically present in intermediate argillic alteration closer to the 

phyllic alteration zone, whereas montmorillonite occur in the outer zones closer to the peripheral 

propylitic alteration (e.g., Hemley and Jones, 1964). 

Barren to weakly mineralized late-stage dacite porphyries have intruded the mineralized 

biotite- and tourmaline-cemented breccias in each of the three giant porphyry Cu districts of central 

Chile (Skewes and Stern, 1995; Skewes et al., 2002; 2003; Frikken et al., 2005). Hydrothermal 

fluids derived from these intrusions are interpreted to be responsible for quartz – sericite – pyrite 

veins, related alteration and redistribution of pre-existing Cu mineralization (Skewes and Stern 

1995; Serrano et al., 1996; Skewes et al., 2002; 2003). These porphyries are inferred to be 

responsible for traces of Cu mineralization in D veins at La Americana and Cerro Negro, which are 

both proximal to post-mineralization dacite porphyry bodies. In contrast, Las Areneras is located 

further north in the district (Fig. 5.2).  

5.6.7 Stage 7 

Stage 7 produced E veins across the whole vertical section at La Americana, Cerro Negro 

and Las Areneras. E veins with sericite – kaolinite (± chlorite ± ankerite) alteration halos are most 

abundant at intermediate to shallow depths. (i) At La Americana, E veins are characterized by 
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carbonates (calcite, ankerite and/or siderite), overgrown by sulfates (gypsum or anhydrite) and late 

pyrite. Specularite blades have been documented locally prior to carbonate deposition in E veins 

(Figs. 5.24e, 5.27c and 5.28). (ii) At Cerro Negro, stage 5 breccia has been re-cemented by stage 7 

specularite – ankerite – anhydrite locally. Coarse-grained E veins are infilled by ankerite and/or 

gypsum, overgrown by pyrite. The late pebble dikes (i.e., phreatic breccias; Chapter 1) have been 

cemented by ankerite or gypsum, overgrown by specularite, and finally by pyrite (Figs. 5.31l and 

5.32). (iii) At Las Areneras, E veins have been infilled by ankerite, followed by calcite and 

overgrown by specularite, which sealed these veins (e.g., Fig. 5.39d-e).  

The mineral phases and paragenetic sequence of E veins are different in each study area 

(Figs. 5.21, 5.29 and 5.33). These variations probably imply that E veins formed from epithermal 

fluids with varied compositions, because the host rock compositions are similar and do not 

adequately account for variations in the mineralization or alteration. Furthermore, they very likely 

represent individual pulses that occurred in each study area. La Americana and Cerro Negro 

contain carbonate – sulfate – oxides – pyrite veins, whereas Las Areneras area have carbonate-

bearing E veins (with no sulfate and accessory specularite) with white sericite and clay minerals 

halos. The E veins at Las Areneras are consistent with high sulfidation style epithermal fluids, and 

strong hydrolysis of silicates with anomalously high contents of Pb, Zn, As, (e.g., Gustafson and 

Hunt, 1975; Sillitoe, 2010; Voudourris et al., 2013). The northern area of Las Areneras contains 

well-developed E veins. This area is distal to the potassic alteration, which is better developed in 

the southern area of Las Areneras, closer to the porphyritic system and distal to the known 

mineralized areas (e.g., Cerro Negro, Don Luis porphyry; Fig. 5.2). This spatial alteration pattern is 

consistent with a high sulfidation epithermal origin for E veins, which was not related to the 

porphyry-derived fluids. 

Stage 7 hydrothermal alteration and related veins are interpreted to have formed at low 

temperature (<< 300 ºC), and from weakly acidic fluids (Figs. 5.41 and 5.42). In the mineralized 

areas of La Americana and Cerro Negro, hydrothermal fluids evolved from oxidized carbonate-

stable (CO3
2- -predominant) to sulfate-stable (SO4

2- -predominant), into a more reduced pyrite-

stable fluid (H2S-predominat).The barren Las Areneras area has more traditional carbonate-bearing 

E veins with white sericite and clay minerals halos. These veins were formed by epithermal fluids 

rich in CO2, which produces carbonate precipitation (e.g., White and Hedenquist, 1995). CO2-rich 

hydrothermal fluids produce carbonic acid, which can react with Ca-bearing minerals such as 

plagioclase leading to calcite precipitation (e.g., Meyer and Hemley, 1967; Reed, 1997). The 

following reaction can occur at low temperatures in epithermal systems:  

Ca2+ + CO2 + H2O → Ca2+ + H2CO3 → CaCO3 (calcite) + 2 H+                           (5.5) 
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These CO2-rich fluids attack on Ca-aluminosilicates producing not only calcite, but also account 

for the formation of ‘acid’ clays (e.g., Meyer and Hemley, 1967; Reed, 1997): 

Ca-Al-silicate + CO2 + H2O → CaCO3 (calcite) + 2 (H-Al-silicate)                           (5.6) 

Reactions 5.5 and 5.6 exemplify carbonate precipitation based on interaction of wall-rock 

and hydrothermal fluids. Ankerite and calcite could alternatively have precipitated directly from 

hydrothermal fluids rich in CO2 and Ca2+ (± Fe2+, Mg2+, Mn2+). At Las Areneras, stage 7 epithermal 

fluids maintained oxidized condition and its evolution culminated with specularite precipitation.   

5.7 Conclusions 

Each study site at Rio Blanco-Los Bronces consistently showed classic examples of 

porphyry-style veins and/or breccias, with a roughly common evolution for hydrothermal fluids 

and alteration types. Porphyry intrusions derived from an underlying magmatic source produced 

metasomatism with heat transfer by advection, which caused prograde hydrothermal alteration at 

Rio Blanco-Los Bronces. Deep potassic ± sodic alteration, which includes the formation of EB, 

QKAS, T1, A and B veins, graded upwards and laterally into propylitic alteration (i.e., epidote          

– chlorite ± calcite). EB, QKAS, T1 and A veins produced minor Cu mineralization developed 

during prograde hydrothermal alteration. B veins represent the main Mo mineralization stage in the 

study sites. Magmatic-hydrothermal brecciation was responsible for localized, deep-seated biotite 

alteration and shallow-level phyllic – tourmaline alteration. Tourmaline – quartz ± chalcopyrite     

– bornite-cemented breccias were crosscut by T2 and C veins, both genetically related with 

hydrothermal breccia cement. These Cu-bearing magmatic-hydrothermal breccias and C veins 

formed during the main Cu mineralizing stage. Younger tourmaline-altered, matrix-rich 

phreatomagmatic breccias crosscut the older magmatic-hydrothermal breccias, and commonly host 

lower contents of Cu mineralization. Sericitic to intermediate argillic alteration assemblages 

overprinted prograde alteration and are genetically related with late-stage veins. D veins and 

particularly E veins documented the transition from porphyry to epithermal systems. Late-stage 

veins formed distal to the porphyry source and have traditionally provided a vectoring tool for 

exploration of porphyry deposits. Pebble dikes are the youngest units of the district, which are 

mostly barren or host scarce relict mineralized clasts. These pebble dikes are interpreted to be the 

result of phreatic brecciation.  

In the southern part of the Rio Blanco-Los Bronces district, copper mineralization is 

mostly hosted in tourmaline- and biotite-cemented breccias. Further north, at Cerro Negro, copper 

mineralization is hosted in veinlets and stockworks, whereas breccias are more localized and 

markedly less abundant than at La Americana and Sur-Sur. Las Areneras is located in the far north 
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end of the district, and is weakly mineralized by high sulfidation style veins and rare Cu-bearing C 

veins hosted in the Rio Blanco Granodiorite. Traces of Cu mineralization in D veins derived from 

remobilization of C veins from neighboring mineralized areas due to late porphyry intrusions, and 

traces of base metal may be explained based on E veins produced by epithermal fluids further away 

from the porphyry system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 – Rio Blanco-Los Bronces 
 

342 
 

 

 

 

 

 

 

 

 



Chapter 6 – Tourmaline chemistry a tool for vectoring and fertility assessment 

343 
 

Chapter 6 – Tourmaline chemistry as a tool for enhanced 

vectoring and fertility assessments in mineralized breccia 

systems from the Andean Cordillera — Examples from Rio 

Blanco-Los Bronces (Chile) and San Francisco de los Andes 

(Argentina) 

6.1 Introduction  

The increasing global population with its rising demands for raw materials presents a 

major challenge for the global mining industry. The discovery of new ore deposits requires 

prospecting in previously underexplored areas where mineralization is not evident, and at deeper 

levels in the Earth’s crust. Geochemical (e.g., soil and rock chip geochemistry) and geophysical 

(e.g., magnetics, IP surveys) exploration techniques that have been used successfully in previous 

years for near-surface discoveries, can now be supplemented with advanced mineralogical 

techniques for discoveries under cover (Cooke et al., 2017).  

Consistent hydrothermal alteration patterns associated with various deposit types have 

proven to be useful in finding ore deposits throughout the past century (e.g., Emmons, 1927; 

Lowell and Gilbert, 1970; Jones, 1992; Sillitoe, 2010). Although, hydrothermal alteration typically 

affects much larger areas than the ore deposit itself, those areas subjected to distal alteration may 

not show significant anomalous metal concentrations when conventional detection methods are 

applied (e.g., whole rock geochemistry). The lack of detectable changes in pathfinder elements 

concentration in distal areas makes it difficult to detect an ore deposit by whole rock analyses (e.g., 

outside of the pyrite halo of a porphyry deposits; Cooke et al., 2014). In areas where traditional 

geological, geophysical and geochemical exploration techniques do not yield a clear response, 

utilization of mineral chemistry can potentially be used to solve this issue by applying analytical 

techniques with low detection limits such as laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS). 

Research into footprints of porphyry and epithermal deposits has been supported by four 

AMIRA International projects: P765 (2004–2006), P765A (2008–2010), P1060 (2011–2014), and 

P1153 (2015–2018). Selected minerals from regional hydrothermal alteration assemblages studied 

in these projects have shown changes in their minor to trace element composition as a function of 

proximity to core of the mineralized hydrothermal system (e.g., epidote from the Baguio district, 

Cooke et al, 2014; magnetite and chlorite from the Batu Hijau and El Teniente district, Wilkinson 
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et al., 2014a,b, 2015, 2017; epidote and chlorite from Resolution; Cooke et al., 2015, 2017). 

Tourmaline chemistry results presented in this chapter have been collected during the AMIRA 

P1060 project: Enhanced Geochemical Targeting in Magmatic-Hydrothermal Systems (sponsored 

by 21 mining industries). In this study, tourmaline chemistry from the giant Cu–Mo Rio Blanco-

Los Bronces and small Bi–Cu–Au San Francisco de los Andes districts was used in order to test 

tourmaline sensitivity detecting far-field alteration footprint, and its efficiency recording 

information about the evolution, location, size and fertility of individual hydrothermal systems. In 

this chapter tourmaline chemistry is evaluated for its vectoring potential towards the center of ore 

deposit at San Francisco de los Andes, its capability to record spatial changes in composition with 

respect to depth in the Rio Blanco-Los Bronces district, and for assessing the fertility of these 

systems. 

6.2 Analytical Methods  

6.2.1 Electron microprobe analyses 

Tourmaline major element chemistry was acquired by means of electron microprobe 

analyses (EMPA). Sixty-one samples were analyzed by EMPA, which generated a total of 1,169 

spots from tourmaline breccias, stockworks, veins, and altered wall rocks from San Francisco de 

los Andes (18 samples, 339 spots), La Americana (16 samples, 281spots), Sur-Sur (12 samples, 

240 spots), Cerro Negro (4 samples, 73 spots), and Las Areneras (11 samples, 236 spots; Appendix 

6.1). Electron microprobe data were normalized to atoms per formula unit (apfu) in order to 

classify tourmaline species and calculate their precise chemical formulae (for the compete 

normalized major chemistry dataset and further information regarding the normalization 

procedures see Appendices 6.2 and 6.3). One of the main reasons to collect major chemistry data, 

beside tourmaline classification, is due to the need to use Fe concentrations as an internal standard 

during LA-ICP-MS data processing.  

Electron microprobe studies required the epoxy resin sample mount to be carbon-coated  

(~ 20 nm thick) in order to prevent surface charging. Backscattered electron (BSE) images were 

obtained for each tourmaline crystals prior to its analysis. The electron beam produced the BSE 

grey-scale images, which are a function of the mean atomic number (Z) differences within the 

analyzed sample. A ‘brighter’ BSE intensity translates as greater average Z, whereas ‘darker’ zones 

correlates with lower average Z. Each tourmaline crystal analyzed by EMP was pre-selected based 

on BSE images, which aided to distinguish and avoid any different phases other than tourmaline, 

and particularly obtained qualitative compositional zonation of each crystal, thus help differentiate 

growth zones patterns prior to major elemental spot analyses.  
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Analyses of carbon-coated sample mounts were conducted on a Cameca SX100 electron 

microprobe housed at the Central Science Laboratory, University of Tasmania, outfitted with five 

tunable wavelength-dispersive spectrometers (WDS). Operating conditions for EMP data 

acquisition were 40° take-off angle, an accelerating voltage of 15 keV, a beam current of 10 nA, 

and a beam diameter of 10 – 5 μm, using Cameca’s PeakSight software (version 3.4). Elements 

concentrations were obtained by two methods, using the following analyzing crystals: (1) LLIF 

(Mn ka, Fe ka, Ni ka, Ti ka, V ka, Cr ka), LPET (Cl ka, K ka, Ca ka), TAP (Al ka, Mg ka, Na ka, 

Si ka) and PC0 (F ka), and (2) LLIF (Cr ka, Mn ka, Fe ka, V kb), LPET (P ka, Sr la, Cl ka), PET 

(K ka, Ca ka, Ti ka), TAP (Al ka, Mg ka, Na ka, Si ka), and PC0 (F ka). 

All standards selected during data collection were from Astimex Scientific Ltd. A linear 

background correction method was used for each element being analyzed, except for F and Mn, 

where only a high background was utilized with a slope factor. Both, unknown and standard 

intensities were corrected for dead time. The PAP matrix correction method was applied using the 

Cameca mass absorption coefficients. 

6.2.2 Laser ablation inductively coupled plasma mass spectrometry analyses 

Potential low-level geochemical anomalies in tourmaline chemistry distal to mineralized 

centers could only be detected utilizing breakthrough technological such as laser ablation 

inductively- coupled plasma mass spectrometry analyses (LA-ICP-MS). In the current study, two 

sets of instrumentation were used for LA-ICP-MS analyses: (1) a New Wave 213-nm solid-state 

laser microprobe coupled to an Agilent 4500 quadrupole ICPMS; and (2) a New Wave 193-nm 

solid-state laser coupled to an Agilent 7500cs quadrupole ICPMS. Both laser microprobes have in-

house small volume sample chambers of approximately 2.5 cm3. All LA-ICP-MS analyses were 

conducted at CODES LA-ICP-MS analytical facility, University of Tasmania.  

The equipment specifications and steps that occur during each analysis (starting from the 

laser chamber, via tubing and finally analysis by ICPMS) are similar to those detailed by Cooke et 

al. (2014) and Hong et al. (2017). The ablated aerosol produced by the laser was carried by He gas, 

and mixed with Ar (~1.2 L/min) immediately after the ablation chamber. For trace element spot 

analyses, the aerosol and gas mixture was passed through a pulse-homogenizing device 

(manufactured by Laurin Technic, Australia) before the introduction into the torch, where the 

ablated aerosol stream is divided into 10 tubes with differing residence times prior to being 

recombined to one tube before entering the ICPMS plasma. In order to maximize sensitivity on 

mid- to high-mass isotopes (in the range 130−240 a.m.u.) the ICPMS was optimized daily. 

Production of molecular oxide species and doubly charged ion species was kept to a minimum, 

thus no corrections were applied for such potential interfering species.  
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6.2.2.1 Quantitative multi-element spot analysis of tourmaline 

Forty-one samples have been analyzed by means of LA-ICP-MS, which generated a total 

of 671 spots from tourmaline breccias, stockworks, veins, and altered wall rocks from San 

Francisco de los Andes (13 samples, 256 spots), La Americana (14 samples, 147 spots), Sur-Sur (7 

samples, 140 spots), and Las Areneras (7 samples, 128 spots; Appendix 6.4). A series of 54 

isotopes were collected from each spot analyzed. The ablation procedure was performed in a pure 

He atmosphere (~0.7 L/min). Ablating spots ranged in size from 30 to 55 μm (for thin growth 

zones to coarse-grained homogeneous tourmaline crystals, respectively). The laser repetition rate 

was 10 Hz, and the beam fluence at the sample for the 193-nm laser was ~ 3 J/cm2, whereas for the 

213-nm laser ~ 5 J/cm2. A total of 90 seconds were analyzed per sample, where the first 30 s 

measured the gas background (i.e., laser off, no ablation), followed by 60 s of signal analysis with 

laser on (i.e., ablation time). The 54 isotopes measured for this study were 7Li, 9Be, 11B, 23Na, 

24Mg, 27Al, 29Si, 31P, 39K, 43Ca, 45Sc, 47Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 69Ga, 75As, 

85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95Mo, 98Mo, 107Ag, 111Cd, 118Sn, 121Sb, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 

146Nd, 147Sm, 153Eu, 157Gd, 163Dy, 166Er, 172Yb, 178Hf, 181Ta, 182W, 197Au, 205Tl, 208Pb, 209Bi, 232Th and 

238U. Based on the selection of appropriate isotopes and minimization of the formation of 

molecular species, there were no requirements for corrections due to interfering molecular or 

isobaric species. Each mass acquisition time was fixed to 0.02 s, and a total sweep time to analyze 

all masses of approximately 0.65 s. In order to calibrate each analysis the NIST-612 glass standard 

(NIST, USA) was selected as the primary standard; these analyses were contacted with a larger 

beam size of 100 μm and a frequency of 10 Hz. Every 1.5 hours, the NIST-612 glass standard was 

analyzed twice in order to correct any drift in instrument sensitivity with time. The GSD-1G is a 

secondary standard measured after the NIST-612 glass standard. The GSD-1G measurements were 

collected with a smaller beam size, and utilized to evaluate and correct for any plasma-loading 

effects. The SILLS (Signal Integration for Laboratory Laser Systems) LA-ICP-MS data reduction 

software (written in MATLAB) was used for data reduction and concentration calculation of 

transient laser ablation ICPMS signals. Based on visual inspection of each spectrum, an 

appropriate time interval was chosen for data reduction. Any part of a spectrum contaminated by a 

mineral inclusion was avoided, as well as the commencement and conclusion of ablation where 

concentrations commonly changed markedly. Tourmaline crystals present growth zones, these 

zones were never integrated unless individual zones were finer than the smaller spot size (i.e., 

equipment limitations). Iron contents collected by EMP were used as the internal standard for data 

reduction; this procedure was undertaken according to standard methods after Longerich et al. 

(1996). 
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6.2.3 Secondary-ion mass spectrometry – boron isotope analyses  

A total of 10 tourmaline samples were analyzed by means of secondary-ion mass 

spectrometry (SIMS) for B isotopic composition; including three samples from San Francisco de 

los Andes (eight spots), six from La Americana (17 spots), and one from Las Areneras (three spots; 

Table 6.3; Appendix 6.5). Polished single grain mounts were prepared with tourmaline crystals 

oriented perpendicular to the C axis, aiming to study any isotopic composition variation from core 

to rim. 

The 11B/10B isotopic ratios were measured using a CAMECA IMS 7f secondary ion mass 

spectrometer housed at the University of Manitoba, Canada. Both the tourmaline and standard 

mounts were placed in stainless steel sample holders, and then placed inside the SIMS sample 

chamber airlock. The assembly was kept at high vacuum for at least 8 hours before the data 

acquisition began, in order to minimize interference and increase accuracy. 

A ~20 µm, 10 nA primary beam of O- ions was used to measure B isotope ratios. An 

approximately 1,300 mass resolving power for B was enough to minimize isobaric interferences to      

< 0.1 ‰. Both, the sample-accelerating voltage and the electrostatic analyzer in the secondary 

column were set to accept + 10 kV, and an energy window of ± 50 volts. A time interval of 300 s 

pre-sputter was used. An ETP electron multiplier, incorporated as part of the instrument, detected 

ions. It is coupled with an ion-counting system with an overall deadtime of 25 ns. Both 10B+ and 

11B+ species were detected during each session to measure the B isotopic ratios. Boron isotopic 

data are presented based on standard δ-notation relative to the suitable international standard (i.e., 

NIST 951 defined as 4.0536 for 11B/10B; Nakano and Nakamura, 2001). 

An intrinsic mass-dependent bias is introduced during the measurement process performed 

by SIMS, which is also known as ‘instrumental mass fractionation’ or simply IMF, and usually 

favors the lower mass isotope. The ionization process is the main contributor to IMF, which is 

strongly dependent on sample characteristics (i.e., chemical composition), referred as 

‘compositionally dependent fractionation’ or ‘matrix effects’ (Riciputi et al., 1998; Shabaga et al., 

2010). Consequently, any accurate SIMS isotopic analysis requires that IMF to be corrected by 

standardizing the IMF utilizing mineral standards with similar compositions of that of the 

unknown. By means of comparing the results yielded by SIMS from the standard and its accepted 

isotopic composition, a correction factor is calculated and applied to the unknowns analyzed during 

the same session (Holliger and Cathelineau, 1988; Cathelineau et al., 1990; Shabaga et al., 2010). 

The internal standard used to correct for mass bias is the NIST 610 standard (B concentration        

= 357.6 ppm). The spot-to-spot reproducibility on the standard was ± 0.6 ‰ (1σ) (based on 5–7 

analyses). The overall precision and accuracy for B isotope analysis was ± 0.5 ‰ (2σ). This 
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number is a function of errors due to counting statistics of each individual analysis, calibration to a 

known standard, and uncertainty in deadtime corrections arising from variable count rates 

(Shabaga et al., 2010). According to Chaussidon and Appel (1997), the mass bias for B isotope 

ratio yielded by SIMS is known to be independent of the matrix. 

6.3 Geology, hydrothermal alteration and mineralization of the study areas 

6.3.1 Rio Blanco-Los Bronces district, Chile 

The Rio Blanco-Los Bronces district is located on the Principal Cordillera of Central Chile, 

50 km northeast from Santiago (Figs. 1.1 and 5.1). The Late Miocene to early Pliocene Rio 

Blanco-Los Bronces district is the largest accumulation of copper on Earth, with over 200 Mt of 

fine Cu (e.g., Toro et al., 2012). Copper – molybdenum mineralization is mainly hosted in a series 

of tourmaline- magnetite- and biotite-cemented breccias and porphyry-related stockwork-like 

veins. The district is currently being mined by CODELCO (Río Blanco) and Anglo American Sur 

(Los Bronces). The 2011 combined annual production was nearly 450,000 metric tons (t) of Cu 

plus Mo by-product.  

Tourmaline chemistry from four areas within the Rio Blanco-Los Bronces district have 

been studied in this chapter. These four areas align along a N-trending transect, and correspond 

from south to north to: La Americana, Sur-Sur, Cerro Negro and Las Areneras (Figs. 5.2 and 5.3). 

The La Americana and Sur-Sur areas are characterized by tourmaline-, and biotite-cemented 

breccia dikes, which have been crosscut by tourmaline-altered, and biotite-altered rock flour-rich 

breccia dikes (Figs. 5.2, 5.5 – 5.9). Both magmatic-hydrothermal breccias host Cu–Mo 

mineralization but they are better developed in the older facies (i.e., tourmaline-, and biotite-

cemented breccias). Copper and Mo mineralization occurs as chalcopyrite, chalcocite, bornite, 

covellite and molybdenite. Sulfides have cemented clasts, and occur in veins that crosscut the 

breccia (e.g., Fig. 5.25). At Cerro Negro, a mineralized tourmaline breccia complex is not well 

developed, breccias are mainly restricted to small bodies in the SW area where both breccia facies 

have been detected (Figs. 5.2, 5.10 – 5.13). Copper ± Mo mineralization occurs as veins, 

stockworks and localized breccias (e.g., Figs. 5.30 – 5.31). At the northernmost area, Las Areneras, 

both mineralized breccias and veins or stockworks are scarce (Figs. 5.2, 5.14 – 5.18). This area is 

merely considered a barren prospect (Chapter 5 provides further information regarding 

mineralization in the Rio Blanco-Los Bronces district). 

The Sur-Sur area is the only area out of the four sectors that is currently being exploited 

(Fig. 5.2). In 1995, a drill hole (LA-1) from the Sur-Sur area intersected a high grade zone deep in 

the northern area of La Americana. As the mineralization was located at deeper levels, this area 
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was discarded, and instead the high grades at shallow levels in the Sur-Sur area were prioritized 

(Erwin Wettke Duhalde, personal communication, 2014). In 2007 – 2008, a drilling campaign 

intersected high grades at depth that range from 0.6 to 0.8 % Cu and up to 1% Cu equivalent 

(Erwin Wettke Duhalde, personal communication, 2014). By 2009, La Americana orebody was 

confirmed, which represents CODELCO’s first discovery in the vicinity of a production site in the 

high Andes in central-southern Chile. The geological resources from La Americana are estimated 

at 850 Mt, with an average grade of 0.63 % Cu and 0.03 % Mo, and a total of 6.27 Mt Cu 

(CODELCO annual report, 2009; 2012). During 2010, CODELCO focused its exploration 

activities at the district scale, aiming to add new reserves to the vicinity of existing mines. The 

Cerro Negro Cu–Mo mineralized body was discovered in 2011, and has a mineralization potential 

that may exceed the size and quality found in the La Americana area in 2009. Cerro Negro 

geological resources suggest around 1,000 Mt of ore, with grades of 0.7 % Cu and 0.02 % Mo, for 

a total of 6.69 Mt Cu (CODELCO annual report, 2011; 2012). The Cerro Negro and La Americana 

discoveries added more than 12 Mt of additional fine copper to the resources of Rio Blanco-Los 

Bronces district (CODELCO annual report, 2011), more than twice the annual production of the 

entire country (> 5.7 Mt Cu in 2011), and more than 24 times the annual production of the whole 

district (almost 0.5 Mt Cu in 2011; Toro et al., 2012). The area of Cerro Negro Sur, a southward 

extension of the Cerro Negro mineralized body, was discovered in 2012 and contains an additional 

0.89 Mt Cu (CODELCO annual report, 2012). Based on underground drilling conducted during 

2012 to delineate the Cerro Negro resource, high grades are located at depths, below the current 

levels of exploitation of Rio Blanco underground mine, and approximately one kilometer northeast 

from Rio Blanco (CODELCO annual report, 2011). CODELCO’s exploration activities at the 

district scale conducted during 2010 included the large area of Las Areneras further north from 

Cerro Negro (Fig. 5.2). Only traces of Cu mineralization have been documented at Las Areneras 

and no economic ore body has yet been delimited. 

The Cu–Mo breccia-hosted ± vein mineralization at La Americana and Sur-Sur crosscut a 

series of extrusive and intrusive Miocene rocks. These are andesites, andesitic breccias and 

andesitic tuffs of the Farellones Formation, which were intruded by the Cascada Granodiorite and 

locally diorite, both facies are part of the San Francisco Batholith (Fig. 5.5; Table 5.2). At Cerro 

Negro, the pre-mineralization units, or host rocks, are Late Eocene to early Miocene andesites, 

andesitic volcanic breccias and andesitic tuff from the Abanico Formation; as well as the early to 

late Miocene volcanic facies of the Farallones Formation and Middle to late Miocene Cascada and 

Rio Blanco granodiorites (Fig. 5.10; Table 5.2). At Las Areneras, the host rocks for the very scarce 

mineralization are volcanic facies of the Abanico and Farellones formations, Rio Blanco 



Chapter 6 – Tourmaline chemistry a tool for vectoring and fertility assessment 

350 
 

granodiorite and localized middle to late Miocene quartz-diorite – diorite porphyry and quartz-

monzonite (Fig. 5.14; Table 5.2). 

The intensity of hydrothermal alteration affecting the study areas is moderate, with very 

localized zones of higher intensity. Epidote – chlorite ± calcite assemblage is best developed in 

andesite, where it occurs as clusters and veins. Felsic rocks also contain epidote veins, clusters and 

epidote – chlorite-altered andesitic xenoliths (Chapter 5). In the tourmaline-cemented breccias, the 

most common alteration features are pre-brecciation chlorite altered clasts and syn-brecciation 

sericite altered clasts intimately associated with tourmaline cement. Tourmaline also occurs as 

clusters, stockworks and veinlets in andesite and granodiorite (Chapter 5). Magnetite has cemented 

hydrothermal breccias and occurs in veinlets and stockworks in the andesite host rock (Chapter 5).  

6.3.2 San Francisco de los Andes district, Argentina 

The San Francisco de los Andes district is located on the western flank of the Frontal 

Cordillera, San Juan Province, Argentina (Figs. 1.1, 3.1 and 4.1). It comprises a series of 

tourmaline – quartz-cemented breccias and veins that contain Bi–Cu–Au mineralization. The San 

Francisco de los Andes deposit is the southernmost mineralized body in the 30-km-long district 

(Fig. 3.2). It is also the largest known Bi deposit hosted in a hydrothermal breccia in Argentina 

(Cardó et al., 2008). The San Francisco de los Andes Bi–Cu–Au deposit is a < 100-meter, NW-

trending, tourmaline – quartz-cemented breccia complex (Fig. 4.3). It is characterized by complex 

hypogene Bi–Cu–Pb–Zn–Mo–As–Fe–Ag–Au breccia-hosted mineralization; including native 

elements, sulfides, sulfosalts and tellurides (Figs. 4.8 and 4.9). Supergene mineralization produced 

Bi–Cu–Pb–Zn-rich arsenates, sulfates and carbonates (Figs. 4.8 and 4.9; Testa et al., 2016; 

Appendix 1). The estimated resource for the supergene zone (0 – 35 m) is 0.15 Mt @ 5% Cu, 1.2% 

Bi, 200 g/t Ag. The upper portion of the hypogene zone (35 – 80 m) contains 0.8% Cu, 0.6% Bi, 80 

g/t Ag, 4 g/t Au (Lencinas, 1990; Cardó et al., 2008; Testa et al., 2016; Appendix 1). Neither the 

underground workings nor the 200-meter-drill-holes have reached the roots of the orebody 

(Chapter 4). 

The Bi–Cu–Au tourmaline-cemented breccia complex at San Francisco de los Andes is 

hosted in Carboniferous marine sandstones, shale and siltstones of the Agua Negra Formation (e.g., 

Figs. 3.5 and 4.2). The eastward dipping sedimentary rocks have been intruded by the Tocota 

Pluton, a Permian intrusive complex that ranges from tonalite to granite in composition (e.g., Figs. 

3.5 and 4.2). It represents the southern part of the 50-km-long Colangüil batholith (Fig. 3.1). The 

Tocota pluton is divided into two units, Amancay to the west and Chorillos to the east of the mine 

(Fig. 3.2; Chapters 2 to 4). 
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Zircon dating conducted in this PhD study has yielded U–Pb ages of 282.5 ± 2.8 to 272.8  

± 1.6 Ma for the Chorrillos granodiorite porphyry facies and 271.2 ± 2.2 Ma to 265.3 ± 1.9 Ma for 

the Amancay granodiorite (Table 3.3; Fig. 3.9; Appendix 3.2). The local Amancay dioritic 

intrusions close to San Francisco de los Andes were emplaced at 268.0 ± 3.4 Ma. Zircons 

contained in the tourmaline cement yielded average U–Pb ages of 266.0 ± 3.5 Ma (Table 3.3; Fig. 

3.9; Appendix 3.2; Chapter 3). 

Hydrothermal alteration affecting the San Francisco de los Andes area is typically weak to 

moderate. Propylitic alteration is best developed in the Chorillos granodiorite and to a lesser extent 

in Amancay granodiorite. Epidote occurs in 2 – 3 mm-wide veins, as replacement of primary mafic 

minerals and occasionally as up to 1 cm-diameter clusters (e.g., Figs. 3.7 and 4.11). Epidote is 

commonly associated with chlorite, which has partially replaced primary mafic minerals (e.g., 

Figs. 3.7 and 4.11). Calcite is a minor to rare component of the propylitic assemblage (e.g., Figs. 

3.7 and 4.11). Hydrothermal magnetite occurs in veinlets of a few mm-thick, also as clusters or 

disseminations, and rarely as breccia cement (e.g., Fig. 3.7). Tourmaline alteration has affected 

sedimentary and igneous rocks and occurs as veins, radiating crystals, clusters, selective 

replacement along bedding planes and as hydrothermal breccia cement (e.g., Figs. 3.7, 3.8 and 

4.12; Chapters 3 and 4). 

6.4 Tourmaline 

Mineral species forming the tourmaline supergroup occur in markedly diverse geological 

environments. They have complex major, minor and trace element compositions, variable isotopic 

signatures and are stable under various conditions. The large range of compositions and stability of 

tourmalines make these cyclosilicates a robust mineral supergroup able to record diverse 

geological processes during its formation. Tourmaline is particularly relevant in the field of 

economic geology, as it occurs in numerous types of ore deposits, and can be studied to determine 

the origin and evolution of hydrothermal fluids. Significantly, tourmaline has the potential to be 

used during mineral exploration programs to vector towards new ore deposit centers and to test for 

system fertility.  

Tourmalines can form in wide range of P–T conditions, they can crystalize during 

diagenesis, low-grade metamorphic conditions, and from low temperature and pressure 

hydrothermal fluids (e.g., Henry and Dutrow, 2012). Whilst they cannot precipitate at Earth’s 

surface condition, they can probably form below 150ºC and 0.06 GPa (Dutrow and Henry, 2011). 

Tourmaline is also stable at high temperatures depending on pressure and chemical composition, it 

melts somewhere between 725 and > 950ºC (van Hinsberg et al., 2011b; Dutrow and Henry, 2011). 

Elevated temperature and/or pressure conditions are common in magmatic and high-grade 
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metamorphic tourmalines. Tourmaline can be stable at ultra-high pressures such as those occurring 

in subduction zones (e.g., the dravite structure breaks down between 6 and 8 GPa; Krosse, 1995).  

Similar to how the chemical composition of a B-rich fluid largely determines the 

tourmaline species formed, redox conditions in the source fluids affects the resulting ferric/ferrous 

and Mn3+/Mn2+ ratios in tourmaline. In terms of acidity, tourmaline is stable under highly acidic to 

neutral conditions in aqueous fluids (e.g., Henry and Dutrow, 1996). The exceptionally broad P-T-

X conditions where tourmaline is stable, its compositional and textural sensitivity to diverse 

geological environments, and the negligible intracrystalline element diffusion in its structure make 

tourmaline an exceptionally useful mineral to record geological history (van Hinsberg et al., 

2011a). van Hinsberg et al. (2011a) illustrated the ability of tourmaline to record the different 

stages of growth history during various geologic settings. In their example, a complex growth 

history began with magmatic tourmaline, followed by weathering and diagenetic tourmaline 

growth; later prograde and retrograde metamorphic growth due to boron metasomatism from a 

cooling pluton; and final hydrothermal tourmaline filling fractures related to ore formation (Fig. 

6.1). 

Members of the tourmaline supergroup occur in various types of epigenetic and syngenetic 

hydrothermal ore deposits, which have formed in diverse tectonic settings. Tourmaline is a 

common magmatic and hydrothermal phase in many epigenetic ore deposits including porphyry 

Cu–Mo and Cu–Au deposits (e.g., El Teniente, Cannell et al., 2005; Seedorff et al., 2005), 

magmatic-hydrothermal breccias (e.g., Rio Blanco-Los Bronces, Warnaars et al., 1985; Frikken et 

al., 2005), Sn–W veins associated with granitoids (e.g., Cornwall, UK, Bray and Spooner, 1983; 

San Rafael, Peru, Mlynarczyk and Williams-Jones, 2006), orogenic Au–quartz veins related to 

regional metamorphism (e.g., Hutti-Maski Greenstone Belt; Hazarika et al., 2015), Au–quartz        

–sulfide veins (e.g., Panormos Bay; Tombros et al., 2007) and many IOCG deposits (e.g., 

Candelaria; Tornos et al., 2012). Conversely, SEDEX Zn–Pb–Ag (e.g., Broken Hill, Stevens et al., 

1988; Slack et al., 1993) and VHMS Cu–Zn–Pb–Ag–Au deposits (e.g., Kidd Creek, Slack and 

Coad, 1989; Thurston et al., 2008) are examples of syngenetic ore deposits that form in seafloor 

settings simultaneous with the deposition of sedimentary or volcanic host rocks (Slack and 

Trumbull, 2011). Hydrothermal tourmaline may predate, postdate or form synchronous with ore 

minerals. Tourmaline in magmatic-hydrothermal breccia pipes and dikes, and in porphyry deposits, 

commonly precedes the main mineralization stage (e.g., Frikken et al., 2005). Tourmaline in some 

porphyry Cu–Au, VHMS, SEDEX and IOCG deposits among others, can contain syn-

mineralization tourmaline that is intimately associated with ore deposition (e.g., Garwin, 2002; 

Slack and Coad, 1989; Slack et al., 1993; Dreher et al., 2008). The existence of a wide variety of 
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tourmaline-bearing ore deposits is testament to the diverse physicochemical conditions where this 

cyclosilicate is stable. 

 

 

Figure 6.1: Different stages of tourmaline growth history during evolving geologic settings (from van 

Hinsberg et al., 2011a). This hypothetical multi-generational tourmaline grain recorded six distinctive stages: 

magmatic, sedimentary, diagenetic, metamorphic, metasomatic and hydrothermal.  
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Tourmaline can be used to infer fluid evolution and monitor those features that may 

control ore precipitation in hydrothermal systems, such as fluid flux, fluid compositions, fluid 

mixing and boiling. (a) When fluid/rock ratios are low, the major element chemistry of tourmaline 

is largely controlled by the host rock composition (Slack and Trumbull, 2011). For example, 

tourmaline chemistry from SEDEX deposits, such as Broken Hill, is a function of the protolith 

composition (Slack, 2002). Despite its controversial origin, Broken Hill is a good example of 

tourmaline chemistry controlled by the composition of the host rock. Additional SEDEX deposits 

with similar behaviors are Sullivan and the McArthur basin of Northern Australia. Henry and 

Guidotti (1985) proposed a ternary diagram that shows protolith origins in metamorphic rocks, 

which can be used for those tourmalines formed in ore deposits under metamorphic conditions. (b) 

At high fluid/rock ratios, mineral chemistry of tourmaline is mainly controlled by the composition 

of hydrothermal fluids. Conduits such as breccia pipes or dikes, shear zones, veins and seafloor 

feeder zones represent a preferential pathway with high fluid fluxes where only minor wall rock 

interaction occurs (Slack and Trumbull, 2011). (c) Elevated fluid fluxes and evidence for fluid 

mixing have been documented from the Kidd Creek VMS deposit, where tourmaline compositions 

range from schorl to near dravite. The characteristic abundance of Fe in schorl reflexes Fe-rich 

hydrothermal fluid, whereas the Mg enrichment towards the dravite end member documents 

mixing with sub-seafloor Mg-rich seawater (Slack and Coad, 1989). (d) Tourmaline precipitation 

can also be triggered by boiling of hydrothermal fluids, which increases the concentration of boric 

acid (B(OH)3) in the residual liquid. Many hydrothermal deposits are produced by boiling as the 

main mechanism for ore precipitation (Lynch and Ortega, 1997; Slack and Trumbull, 2011). For 

example, in the Kidd Creek massive sulfide deposit, O, H and B isotope variations in tourmaline 

suggested that boiling occurred in the hydrothermal system prior to ore deposition (Taylor et al., 

1999). In those deposits with fluid separation due to boiling, boron partitions into the vapor phase 

and most metals are concentrated in deep-seated brines. Tourmaline is the main host for boron in 

most ore deposits and crystalizes first from the vapor phase, followed by ore deposition from the 

dense, metal-rich brine. 

The redox evolution of hydrothermal fluids can be monitored based on Fe3+/Fe2+ 

concentrations in ore-related tourmaline. In particular cases, this valuable information may explain 

the trigger for ore precipitation (Slack and Trumbull, 2011). Because EMP cannot distinguish Fe3+ 

from Fe2+, studies where analysis yielded low Al concentrations with inverse Al–Fe correlations 

have been interpreted as Fe3+-rich tourmaline varieties. This type of EMP data from tourmaline has 

been used to infer that oxidized fluids are responsible for the formation of tourmaline in some 

porphyry Cu ± Mo deposits (Slack, 2002). 
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Tourmaline can provide constraints on the temperature range of ore formation, either 

through analysis of fluid inclusions or stable isotopes and through knowledge of co-existing 

mineral assemblage stability. Hydrothermal tourmaline from seafloor VMS and SEDEX deposit 

typically yields temperatures between 150 and 300°C (Taylor et al., 1999; Slack and Trumbull, 

2011), whereas tourmaline from granitoid-related Cu ± Mo deposits indicated temperatures to at 

least 450°C (Skewes et al., 2003; Frikken et al., 2005; Slack and Trumbull, 2011). High pressure 

tourmaline formed under greenschist to amphibolite facies metamorphism, forms over a 

temperature range between 350 and 550°C in orogenic gold deposits (Jiang et al., 2002; Slack and 

Trumbull, 2011).  

Major element compositions of tourmalines usually reflect local hydrothermal fluid 

compositions or precursor minerals and/or wall rocks, but they are not a straight forward function 

of fluid sources. Conversely, tourmaline trace element chemistry may be a useful tool to aid 

determination of fluid sources (e.g., Griffin et al., 1996; Slack and Trumbull, 2011). Particularly, 

stable isotope compositions of tourmaline can be used effectively to evaluate the fluid sources in 

hydrothermal ore deposits. Boron isotopes can be used to discriminate among various naturally 

occurring boron reservoirs; For example, tourmaline enriched in heavy boron (B11) is broadly 

attributed to marine carbonates and evaporates or seawater sources, and can effectively 

discriminate from magmatic fluids or melts derived from a subducting slab (Fig. 6.2; Marschall 

and Jiang, 2011). Conversely, isotopically light B (10B) is associated with continental lithologies, 

either from non-marine evaporate sequences or by derivation from solid – fluid isotopic 

fractionation during metamorphic dehydration (Fig. 6.2; Marschall and Jiang, 2011).  

Post-mineralization hydrothermal, tectonic, or metamorphic events commonly overprint, 

reset or destroy original mineralogical, chemical and isotopic characteristics of the hydrothermal 

fluid recorded in primary hydrothermal minerals. Significantly, deposits with complicated 

polyphase history, non-recrystallized tourmaline may be the only robust mineral species able to 

record the physicochemical conditions of the original ore-forming hydrothermal fluid even at high 

metamorphic grades (e.g., Slack and Trumbull, 2011). 

Despite the availability of modern, highly sensitive analytical techniques for in-situ 

chemical analyses, metal concentrations in tourmaline are surprisingly understudied (Slack and 

Trumbull, 2011; Hong et al., 2017). Techniques including LA-ICP-MS and secondary ion mass 

spectroscopy (SIMS) are able to detect key trace metal concentrations (e.g., Cu, Zn, Pb, Sn, etc.) at 

very low detection limits (< 10 ppm) with high precision and accuracy. This study presents the first 

LA-ICP-MS data obtained from magmatic and hydrothermal tourmaline from San Francisco de los 



Chapter 6 – Tourmaline chemistry a tool for vectoring and fertility assessment 

356 
 

Andes, and more importantly hydrothermal tourmalines from Rio Blanco-Los Bronces, the largest 

copper accumulation on planet Earth. 

 

 

Figure 6.2: Measured B isotope composition as a function of host rock type. Boron sources are summarized 

in the grey bands, whereas the B isotope compositional ranges of particular examples are display in colored 

boxes. Note that isotopically heavy B is derived from seawater either by fluids or melts produced during slab 

subduction, from marine carbonate or evaporite sequences, or by direct seawater circulation. Conversely, 

isotopically light B is ultimately derived from continental sources, either from non-marine evaporates, by 

isotopic fractionation during solid-fluid metamorphic dehydration or melt-fluid degassing. In the last case, 

granitoid-related tourmalines have isotopic compositions comparable to the average continental crust. 

Abbreviations: Tur = tourmaline; MORB = mid-ocean ridge basalt (from Marschall and Jiang, 2011). 
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6.4.1 Tourmaline chemistry 

The general formula for the tourmaline supergroup, according to Hawthorne and Henry 

(1999), is as follows:  

XY3Z6[T6O18][BO3]3V3W                                                    (6.1) 

where: 

 X = Ca, Na, K, ☐ (vacancy), Pb2+; 

Y = Li, Mg, Fe2+, Mn2+, Cu2+, Al, V3+, Cr3+, Fe3+, Mn3+, Ti4+; 

Z = Mg, Al, Fe3+, V3+, Cr3+, Fe2+; 

T = Si, Al, B; 

B = B, (☐); 

V = OH, O, and 

W = OH, F, O. 

These are the most common species hosted in each site (Hawthorne and Henry, 1999; 

Henry et al., 2011; Hawthorne and Dirlam, 2011). Most authors generally agree with these 

occupancies, but there is some debate regarding the presence of Fe2+ at the Z site (e.g., Ertl et al. 

2006; Andreozzi et al. 2008). The wide variety of elements that can be hosted in tourmaline’s 

structure explains the complexity of this supergroup.  

The tetrahedrally coordinated T site is commonly occupied by Si but it can also host Al 

and B. Each of the six TO4 tetrahedra share two corners forming a T6O18 ring resulting in the 

characteristic cyclosilicate structure (Fig. 6.3; Hawthorne and Dirlam, 2011). The triangularly 

coordinated B sites are located between the previous tetrahedral layer and following octahedral 

layer (Fig. 6.3). The inner octahedrally coordinated Y sites share edges forming a Y3φ13 trimer, 

where φ is an unspecified anion (Fig. 6.3; Hawthorne and Dirlam, 2011). The outer octahedrally 

coordinated Z sites surround and share edges with the trimer (Fig. 6.3). The BO3 group provides 

additional linkage between the Y and Z sites (Fig. 6.3; Hawthorne and Dirlam, 2011). 

Table 6.1 lists the relative abundance of cations (R), anions (S) and vacancies (☐) from the 

tourmaline supergroup. Despite various trace and minor elements being able to be accommodated 

in these sites, every known tourmaline species can be constructed by combinations of the listed 
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ions and vacancies. The generalized R1+, R2+, R3+, R4+ cations and S1–, S2– anions for each site are 

shown in Table 6.1.  

 

Figure 6.3: Simplified stricture of tourmaline shown in two projections: perpendicular to the C axis (left) 

and parallel to it (right). Note the six-membered ring of SiO4 tetrahedra and the inner three-membered and 

outer six-membered octahedra (YO6 and Z06 receptivity). The three individual triangular borate anions aid to 

link the inner and outer octahedra. A large cation, such as Na, Ca or less likely K fit between the tetrahedra 

and octahedral layers (image from http://www.umanitoba.ca/science/geological_sciences). 

 

Table 6.1: Relative site abundances of cations. anions and vacancies in the tourmaline supergroup. The ions 

have been organized according to relative abundance, where the most common ions at each site are in bold 

(Henry et al., 2011) 

Site Relative abundance of ions with different 
valence states 

Common ions at each site in order of relative abundance 

X R1+ > R2+ > ☐ (vacancy) R1+: Na1+ >> K1+ 

  R2+: Ca2+ 

Y R2+ > R3+ > R1+ > R4+ R2+: Fe2+ ~ Mg2+ > Mn2+ >>> Zn2+, Ni2+, Co2+, Cu2+ 

  R3+: Al3+ >> Fe3+ > Cr3+ >> V3+ 

  R1+: Li1+ 

  R4+: Ti4+ 

Z R3+ >> R2+ R3+: Al3+ >> Fe3+ > Cr3+ > V3+ 

  R2+: Mg2+ > Fe2+ 

T R4+ >> R3+ R4+: Si4+ 

  R3+: Al3+ > B3+ 

B R3+ R3+: B3+ 

V S1– >> S2– S1–: OH1– 

  S2–: O2– 

W S1– ~ S2– S1–: OH1– ~ F1– 

  S2–: O2– 

 

Tourmaline can be systematically divided into a series of groups and subgroups based on 

the most abundant species in the X, Y and W sites (Fig. 6.4; Henry et al., 2011; Hawthorne and 

Dirlam, 2011). The primary tourmaline groups are classified based on X-site occupancy and can be 

divided into alkali (Na + K), calcic or X-vacant group (Fig. 6.4; Henry et al., 2011). Within each 

http://www.umanitoba.ca/science/geological_sciences
http://www.umanitoba.ca/science/geological_sciences
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group, there are several subgroups classified based on the proportion of Li, Fe and Mg in the Y-site 

(Fig. 6.4; Henry et al., 2011). A third classification based on W-site occupancy defines the oxy-, 

fluor- and hydroxy-subgroup (Fig. 6.4; Henry et al., 2011). The OH-dominant species are 

considered the reference composition adding the prefix oxy- and fluor- to the root name when 

needed, e.g., oxy-schorl and fluor-schorl (Hawthorne and Henry, 1999; Henry et al., 2011). 

 

 

Figure 6.4: Classification of the tourmaline supergroup minerals by chemical composition. Top left: 

primary division based on the dominant occupancy of the X-site, resulting in the X-site vacant, alkali, and 

calcic groups. Bottom: secondary division based on the dominant occupancy of the Y-site. Top right: 

tertiary division based on the dominant occupancy of the W-site, the resulting prefixes should be attached to 

the tourmaline root names (from Hawthorne and Dirlam, 2011). 

 

6.5 Results 

After detailed macroscopic and microscopic descriptions of tourmaline-bearing samples, 

BSE images were acquired prior to any analytical procedure (i.e., EMP, LA-ICP-MS and B isotope 

analyses). Figures 6.5 to 6.9 provide examples of some hand specimens and their corresponding 

BSE images of various tourmaline types from Rio Blanco (La Americana, Sur-Sur, Las Areneras 

and Cerro Negro) and San Francisco de los Andes analyzed during this study. 
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Figure 6.5: Drill core samples (left) and corresponding backscattered images (right) of selected tourmaline-

bearing samples from La Americana. a. Coarse-grained radiating tourmaline crystals, b. tourmaline > 

chalcopyrite-cemented breccia, c. anhydrite – chalcopyrite – tourmaline-cemented breccia. These images are 

some examples of tourmalines analyzed from La Americana. The height of each photograph equals the width 

of the drill core (i.e., 4.7 cm). The circles in backscattered images represent the areas where spot analyses 

were collected. The complete EMP, LA-ICP-MS and boron isotopic data are listed in Appendices 6.1 and 

6.4, and Table 6.3.  
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Figure 6.6: Drill core samples (left) and corresponding backscattered images (right) of selected tourmaline-

bearing samples from Sur-Sur. a. Tourmaline – chalcopyrite – pyrite veins, b. tourmaline – chalcopyrite – 

pyrite-cemented breccia, c. tourmaline veins and clusters of radiating crystals . These images are some 

examples of tourmalines analyzed from Sur-Sur. The height of each photograph equals the width of the drill 

core (i.e., 4.7 cm). The circles in backscattered images represent the areas where spot analyses were 

collected. The complete EMP and LA-ICP-MS data are listed in Appendices 6.1 and 6.4. 
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Figure 6.7: Drill core samples (left) and corresponding backscattered images (right) of selected tourmaline-

bearing samples from Las Areneras. a. Tourmaline vein along an aplite – granodiorite contact, b. tourmaline       

> quartz cluster hosted in granodiorite, c. coarse-grained, radiating tourmaline crystals > chalcopyrite – 

pyrite. These images are some examples of tourmalines analyzed from Las Areneras. The height of each 

photograph is 4.7 cm). The circles in backscattered images represent the areas where spot analyses were 

collected. The complete EMP, LA-ICP-MS and boron isotopic data are listed in Appendices 6.1 and 6.4, and 

Table 6.3.  
 

 

Figure 6.8: Drill core samples (left) and corresponding backscattered images (right) of a matrix-rich breccia 

with tourmaline and chalcopyrite from Cerro Negro. The height of the photograph equals the width of the 

drill core (i.e., 4.7 cm). The circles in the backscattered image represent the areas where spot analyses were 

collected. The complete EMP data are listed in Appendices 6.1. 
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Figure 6.9: Hand samples (left) and corresponding backscattered images (right) of selected tourmaline-

bearing samples from San Francisco de los Andes. a. Tourmaline – quartz-cemented breccia, b. Radiating 

tourmaline > quartz crystals hosted in the Rosado Granite, c. coarse-grained tourmaline veins. These images 

are some examples of tourmalines analyzed from San Francisco de los Andes. The circles in backscattered 

images represent the areas where spot analyses were collected. The complete EMP, LA-ICP-MS and boron 

isotopic data are listed in Appendices 6.1 and 6.4, and Table 6.3.  

 

6.5.1 Tourmaline major element chemistry: normalized to atoms per formula unit 

Major element chemistry in tourmaline can be difficult to estimate precisely by traditional 

techniques, such as EMP, due to the presence of light lithophile elements including H, Li, F and B, 

and different oxidation states of transition elements such as Fe and Mn (Henry et al., 2011; 

Hawthorne and Dirlam, 2011). Various normalization procedures have been proposed to resolve 

this issue, such as those based on: normalization to 31 oxygens (Rosenberg et al., 1986), 24.5 
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oxygens (Manning, 1982), 15 cations (Hawthorne et al., 1993), and 6 silicon (Gallagher, 1988) 

among others.  

The 15 cation normalization scheme assumes that every Y, Z, and T cation has been 

measured and there is no vacancy in any of those sites (Henry and Dutrow 1996). Due to EMP 

limitations, this procedure should only be used when tourmalines have very low or no 

concentration of Li in the Y-site (e.g., tourmalines from metasedimentary rocks; Henry and Dutrow 

1996). The 6 silicon normalization procedure assumes that the T-site only hosts 6 Si atoms, where 

there is no considerable substitution for Al (Gallagher, 1988). This scheme is particularly useful for 

Li-rich tourmalines (e.g., granitic and pegmatitic tourmalines; Hawthorne and Henry, 1999). The 

31 anion normalization scheme assumes that 18 O are coordinated with the T-sites, 9 O with the B-

sites and that OH + F + (Cl) = 4 in the W and V sites (Burns et al., 1994; Henry and Dutrow 1996). 

When significant O substitution occurs in the W and V sites, OH + F + (Cl) < 4 and the resulting 

cations would be underestimated thus the 31 anion normalization is not recommended (Henry and 

Dutrow, 1996; Henry et al., 2011). Some tourmalines have been documented to substitute 

significant amounts O2– for OH− (e.g., uvite; Taylor et al. 1995). However, the 31 anion 

normalization scheme produces good approximations for some tourmalines (Clark, 2007). This 

approach should only be applied when it is reasonable to assume that OH + F + (Cl) ∼ 4 for those 

tourmalines being considered (Burns et al. 1994).  

In the current study, the structural formula calculation is based on the 24.5 oxygen 

normalization scheme of Manning (1982). This normalization procedure is similar to the 31 anion 

in that it fixes the number of O atoms and assumes OH- is hosted in the V and W sites after F and 

Cl (Henry et al., 2011). This scheme is based on the 24.5 oxygen atoms bonded to heavier cations 

detectable by EMP, thus B calculation is not considered here. For further description of the 

normalization procedure and estimation of B, Li, H and Fe3+, see Appendices 6.2 and 6.3, and 

Henry et al. (2011). 

Major element chemistry for tourmalines from the Rio Blanco-Los Bronces district (La 

Americana, Sur-Sur, Las Areneras and Cerro Negro) and San Francisco de los Andes deposit 

yielded by EMP were normalized to atoms per formula unit, using the above normalization 

scheme. All tourmalines from the five study areas are classified as alkali tourmaline, and range in 

composition from schorl to dravite (Figs. 6.10 and 6.11). Only tourmaline from Cerro Negro is 

dominantly dravitic in composition with only minor schorl compositions recorded (Figs. 6.10 and 

6.11). 
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Figure 6.10: Discrimination diagram for the Fe- and Mg-rich members of the alkali and calcic group based 

on the Na / (Na + Ca) vs Fe / (Fe + Mg) proportions. Samples from La Americana (a), Sur-Sur (b), Las 

Areneras (c), Cerro Negro (d), and San Francisco de los Andes (e) plot on the schorl and dravite fields with 

rare to no samples plotting on the calcium-dominated, X-site fields. Classification diagrams after Henry et al. 

(2011). n = number of EMP analyses per area. All EMP data are listed in Appendix 6.1. 



Chapter 6 – Tourmaline chemistry a tool for vectoring and fertility assessment 

366 
 

 

Figure 6.11: The X-vacancy / (Na + X-vacancy) vs Mg / (Fe + Mg) diagram discriminates the Fe- and Mg-

rich members of the alkali group against the X-vacancy group. Consistent with the previous diagram, 

samples from La Americana (a), Sur-Sur (b), Las Areneras (c), Cerro Negro (d) and San Francisco de los 

Andes (e) plot on the alkali group fields. Only anomalous samples plot outside of the alkali fields, close to 

the horizontal limit (a, b, d). These diagrams exhibit the lack of major vacancies in the X site in tourmalines 

from Rio Blanco-Los Bronces and San Francisco de los Andes. Classification diagrams after Henry et al. 

(2011). n = number of EMP analyses per area. All EMP data are listed in Appendix 6.1. 
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The most abundant divalent and trivalent cations in the octahedral Y and Z sites are Fe2+, 

Mg2+, Al3+ and Fe3+. Divalent cations tend to be incorporated into the Y-site, whereas trivalent 

cations go into the Z-site (Table 6.1). Based on this, analyses that yielded low Al concentrations 

with inverse Al–Fe correlations can be interpreted as Fe3+-rich tourmaline varieties. The Fe3+/Fe2+ 

concentrations in tourmaline can be estimated based on the normalized chemical composition of 

selected elements expressed in terms of atoms per formula unit. 

The schorl – dravite join, defined by the Fe2+–Mg2+ exchange vector (FeMg-1), is 

represented as a solid line on the Fe–Mg (apfu) binary plots shown in Figure 6.12. The vertical 

Fe3+Al-1 exchange vector trends towards povondraite tourmaline compositions, and represents 

tourmaline precipitated under relatively more oxidizing conditions (incorporating Fe3+; Fig. 6.12). 

At the La Americana area, tourmalines range from relatively more reduced to relatively more 

oxidized compositions with limited chemical variation along the schorl – dravite solid solution 

(Fig. 6.12a). Samples from Sur-Sur show a similar behavior with slightly wider compositional 

variation along the schorl – dravite exchange vector (FeMg-1) but still with a notable trend towards 

povondraite compositions (Fig. 6.12b). Samples from Las Areneras cluster in a similar area to 

those from La Americana with minor variations along the schorl – dravite solid solution (Fig. 

6.12c). Tourmaline from Cerro Negro appears to have the most relatively reduced tourmalines 

from the four study areas in the Rio Blanco-Los Bronces district, with no clear substitution trend 

along the FeMg-1 exchange vector (i.e., schorl – dravite solid solution series; Fig. 6.12d). 

Tourmaline from the San Francisco de los Andes district exhibits the widest dispersion of data 

along both exchange vectors (i.e., FeMg-1 and Fe3+Al-1; Fig. 6.12e). The tourmaline samples from 

Argentina have a distinctive schorl – dravite substitution and a wider range of redox conditions 

from relatively more reduced to relatively more oxidized compositions (Fig. 6.12e). 

Figure 6.13 shows X-site vacancy plotted against Al (apfu), for tourmaline from the five 

study areas. The (Fe2+, Fe3+)(Mg2+, Al3+)-1 exchange vector is unaffected by the X-site vacancy, and 

represented as a horizontal line in Figure 6.13. Values of Al less than 6 apfu suggest that a 

significant proportion of Al3+ has been substituted for Fe3+ (Fig. 6.13). Most samples analyzed 

exhibit a horizontal distribution when considering low Al concentrations. Conversely, with 

increasing Al concentrations the X-site vacancy also increases for tourmaline at each of the five 

sites studied (Fig. 6.13). Based on Figures 6.12 and 6.13, those tourmalines on the povondraite 

trend have low Al, and are thus enriched in Fe3+.They have low to no vacancies in the X site, 

implying enrichment in Ca – Na > K. Tourmalines with high Al contents have undergone less Fe3+ 

substitution, and have more vacancy, corresponding to lower concentrations of Ca, Na and K in the 

X-site (Figs. 6.12 and 6.13).  
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Figure 6.12: Fe-Mg (apfu) binary plots for La Americana (a), Sur-Sur (b), Las Areneras (c), Cerro Negro 

(d), and San Francisco de los Andes (e). Parallel to the schorl – dravite join is the FeMg-1 exchange vector 

and perpendicular to the Mg axis the Fe3+Al-1 exchange vector towards the povondraite end member, which 

represents more oxidized conditions during tourmaline precipitation. n = number of EMP analyses per area. 

All EMP data are listed in Appendix 6.1.  
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Figure 6.13: X-site vacancy against Al (apfu) binary plots for La Americana (a), Sur-Sur (b), Las Areneras 

(c), Cerro Negro (d), and San Francisco de los Andes (e). The (Fe2+Fe3+)(Mg,Al)-1 exchange vector is parallel 

to the Al axis. Aluminium values above 6 apfu suggest that significant proportion of Fe is reduced. This 

value is used here to roughly distinguish relatively more oxidized from relatively more reduced conditions of 

tourmaline precipitation. n = number of EMP analyses per area. All EMP data are listed in Appendix 6.1.  
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6.5.2 Tourmaline major, minor and trace element chemistry 

The EMP (wt. %) and LA-ICP-MS (ppm) results from tourmalines from the Rio Blanco-

Los Bronces district and San Francisco de los Andes are listed in Appendices 6.1 and 6.4. The 

major and minor chemistry of tourmalines from La Americana, Las Areneras, Cerro Negro, Sur-

Sur and San Francisco de los Andes is shown in Figure 6.14, based on EMP analyses (contents 

expressed in wt. %).  

 

Figure 6.14: Major and minor element concentrations in tourmaline collected by EMPA. n = number of 

EMP analyses per area. All EMP data are listed in Appendix 6.1. 

 

Figure 6.15 shows the concentrations of minor and trace elements in tourmalines from the 

Rio Blanco-Los Bronces district, where most of the data range between 1,000 and 10 ppm. The 

average values for each element at Sur-Sur are linked together by a solid line that is used to 

compare element enrichment or depletion relative to Sur-Sur in each study area. The reason for 

doing this is the fact that Sur-Sur is the producing open pit, whereas La Americana and Las 

Areneras are prospects still being explored. This solid line was also used to compare relative 

enrichments and depletions in tourmalines from San Francisco de los Andes (Fig. 6.16). 
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Figure 6.15: Tourmaline chemistry (1000 – 10 ppm) for the Rio Blanco-Los Bronces district. The solid line 

ties together the average element concentrations in tourmaline samples from Sur-Sur (a) and it is used for 

comparison with data from La Americana (b) and Las Areneras (c). n = number of LA-ICP-MS analyses per 

area. All data are listed in Appendix 6.4.  
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Figure 6.16: Tourmaline chemistry (1000 – 10 ppm) for samples from the San Francisco de los Andes 

district. The black line ties together the average element concentrations in tourmaline samples from Sur-Sur. 

n = number of LA-ICP-MS analyses per area. All data are listed in Appendix 6.4.  

Tourmalines from La Americana are enriched in most elements relative to Sur-Sur, except 

for As and Sn, which are to some extent relatively depleted (Fig. 6.15b). Most minor to trace 

element concentrations in tourmaline from Las Areneras are slightly to moderately enriched 

compared to Sur-Sur. More importantly, As, Sn and P are strongly depleted compared to Sur-Sur 

tourmalines, whereas Ga is moderately depleted (Fig. 6.15c).When comparing the mean trend of 

Sur-Sur tourmalines to those from San Francisco de los Andes, K, V, P, Ga and As are moderately 

depleted, whereas the remaining elements are weakly to moderately enriched (Fig. 6.16). 

Trace elements with lower than 10 ppm mean concentrations are shown in Figures 6.17 

and 6.18. Tourmalines from the La Americana area have higher means compositions for most trace 

elements compared to those from Sur-Sur. Conversely, these tourmalines are to some extent 

depleted in Cu, Be, Ba, W and Rb (Fig. 6.17b). The barren area of Las Areneras is strongly 

depleted in most trace elements; only Li, Ce, La, Hf and Au mean concentrations fall above the 

average reference line from Sur-Sur (Fig. 6.17c). Trace elements that have partition into 

tourmalines from San Francisco de los Andes share an overall similar patter to those from La 

Americana. At San Francisco de los Andes most trace elements have higher means compositions 

for most trace elements compared to those from Sur-Sur. Conversely, these tourmalines are to 

some extent depleted in Cu, Be, and W (similar to La Americana) and apparently depleted in Sb, 

Mo, U, Bi and Au (Fig. 6.18). 
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Figure 6.17: Tourmaline chemistry (< 10 ppm) for the Rio Blanco-Los Bronces district. The solid line ties 

together the average element concentrations in tourmaline samples from Sur-Sur (a) and it is used for 

comparison with data from La Americana (b) and Las Areneras (c). n = number of LA-ICP-MS analyses per 

area. All data are listed in Appendix 6.4.  
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Figure 6.18: Tourmaline chemistry (< 10 ppm) for samples from the San Francisco de los Andes district. 

The black line ties together the average element concentrations in tourmaline samples from Sur-Sur. n = 

number of LA-ICP-MS analyses per area. All data are listed in Appendix 6.4.  

 

Figures 6.15 and 6.17 show that certain pathfinder elements, such as As, Sn, Cu, Sb, Mo, 

Pb and Bi, are low in tourmalines from the barren Las Areneras area (Figs. 6.15 and 6.17). 

Conversely, those elements have elevated and comparable concentrations in tourmalines from the 

mineralized La Americana and Sur-Sur area (Figs. 6.15 and 6.17). Mean concentrations of As, Sn 

and Cu in tourmalines from Sur-Sur are higher than those from La Americana (Figs. 6.15 and 

6.17). 

6.5.3 Spatial variations in tourmaline compositions and whole rock geochemistry  

6.5.3.1 Rio Blanco-Los Bronces district  

Sub-surface samples collected from La Americana, Sur-Sur, Las Areneras and Cerro 

Negro have been used to evaluate whether there are spatial variations in tourmaline chemical 

compositions from each of the four study areas (Fig. 5.2). Tourmaline sample were selected from 

diamond drill holes that are up to 1.5 km long (Appendices 3.1, 6.1 and 6.4).  

Mineralized bodies at La Americana and Sur-Sur are hosted by elongated breccia dikes 

(Fig. 5.2), preventing estimations of radial distance of tourmaline samples to the deposit center as a 

method to assess the applicability of tourmaline as a vectoring tool. In an early attempt to vector 

towards mineralization at La Americana, the deposit center was initially considered as an 

underground coordinate, which coincides with a mid-depth point in the northern drill hole; where 

grades are concentrated and high (Chapter 5). This approach also proved to be inadequate due to 

the geometry of the ore zone. Further complications occur at Cerro Negro where the ore body is 
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not well-defined, and at Las Areneras, which has no obvious mineralized zone, preventing the use 

of radial distance to the deposit center as a way of testing vectoring potential. The large tourmaline 

chemistry dataset collected from the Rio Blanco-Los Bronces district, are therefore best evaluated 

as a function of depth. All of the studied drill holes are steeply dipping and/or close together. 

Moreover, higher Cu and Mo contents are located at deeper levels, particularly at La Americana 

and Cerro Negro (Chapter 5). The location of each sample has therefore been recalculated to the 

actual elevation (m asl) to highlight any vertical zonation in tourmaline chemistry (Appendices 3.1, 

6.1 and 6.4). 

At La Americana a clear depletion of several elements within tourmaline can be detected 

with increasing depth. Elements such as Fe, Mg, Ca, Ti, As, Sr, V, Mn, Zn, Cr, Ni, Ba, Pb, Nb 

have higher concentrations in tourmalines close to the present-day surface, whereas Na is the only 

element that shows a clear increase in concentrations with increasing depth (Fig. 6.19, Appendices 

6.1 and 6.4). The X-site partitioning of Ca or Na in tourmaline is therefore a good indicator of the 

relative depth of the sample at La Americana, and potentially in similar systems. Biotite                 

– tourmaline-cemented breccias in the deeper levels (< 3,250 m asl) locally show inconsistencies 

with the overall compositional trend (Fig. 6.19,). Rare earth element concentrations show no 

obvious compositional variations as a function of depth, but tend to have higher concentrations in 

the middle and upper levels (Fig. 6.19, Appendices 6.1 and 6.4). Yttrium and the lanthanides are 

particularly enriched in tourmaline at La Americana compared to the other areas studied in the Rio 

Blanco-Los Bronces district (Appendix 6.4). Light REE have concentrations up to 60 ppm, and 

heavy REE yielded up to 10 ppm (approximately 10 times higher values than in the remaining sites 

where HRRE are barely detected, (Appendix 6.4). 

In the Sur-Sur area, a clear vertical zonation in tourmaline compositions was detected by 

both EMP and LA-ICP-MS analyses (Fig. 6.20; Appendices 6.1 and 6.4). Selected major to trace 

elements concentration gradually changes from deeper to shallower levels. Closer to the deeper-

seated hydrothermal fluid source, tourmalines tend to have higher values of Si, Mg, B, Na, V, Ga, 

Ni, Cr and Co. Conversely, at shallower levels, tourmaline tends to be enriched in Fe, Ca, As, Sr, 

Mn, Zn, Cu, Sc, Sb, Ba, Zr, Pb, Mo and Bi (Fig. 6.20; Appendices 6.1 and 6.4). An exception to 

this trend is the tourmaline in the deeper biotite – tourmaline-cemented breccias, which are locally 

discordant to the overall compositional trends (Fig. 6.20). A particular element that is remarkably 

enriched in tourmalines from the biotite – tourmaline-cemented breccias is P, exhibiting 

concentrations as high as 2,500 ppm, five times higher than the normal P concentration in 

tourmaline (< 500 ppm; Fig. 6.20). This phosphorous is hosted in the tourmaline structure, apatite 

inclusions have never been detected under the microscope, and the LA-ICP-MS spectrums do not
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Figure 6.19: Vertical zonation of selected elements in tourmaline compositions from La Americana. Element 

concentrations are expressed as parts per million (LA-ICP-MS data; n = number of analyses). See 

Appendices 6.1 and 6.4 for the complete list of EMP and LA-ICP-MS analyses. 



Chapter 6 – Tourmaline chemistry a tool for vectoring and fertility assessment 
 

377 
 

 

Figure 6.20: Vertical zonation of selected elements in tourmaline compositions from Sur-Sur. Element 

concentrations are expressed as parts per million (LA-ICP-MS data; n = number of analyses) and percentage 

(EMP data; N = number of analyses). See Appendices 6.1 and 6.4 for the complete list of EMP and LA-ICP-

MS analyses. 
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show spiky profiles for P. Rare earth elements concentrations in tourmaline are higher in the upper 

levels of the Sur-Sur breccia dike (Appendix 6.4). Within the shallow and intermediate levels, Y 

and REE have higher concentrations   (~ < 30 ppm), particularly Y, La and Ce, and to a lesser 

extent Pr and Nd. Heavier REE concentrations tend to be very low (~ < 3.5 ppm), close to the 

detection limits (Appendix 6.4). 

Tourmaline veinlets and clusters in granodiorite and aplite from Las Areneras show clear 

variations in selected elements concentrations as a function of depth (Fig. 6.21; Appendices 6.1 

and 6.4). Elements such as B, V, Mn, Zn, Ni, Ga and Co tend to be enriched in the deeper levels, 

whereas elements such as P, Sc, Sn, As, Pb and Nb tend to have higher concentrations at shallow 

depths (Fig. 6.21; Appendix 6.4). The only two granodiorite samples with distinctive tourmaline 

clusters that were analyzed are located close to the surface. They generally show patterns 

inconsistent with the overall vertical trends detected in other samples (Fig. 6.21; Appendix 6.4). 

Yttrium, lanthanides and light actinides are relatively enriched closer to the surface. Only light 

REE (mainly La and Ce, and to a lesser extent Pr and Nd) have concentrations from 1 ppm up to 

75 ppm (Appendix 6.4). 

Tourmaline samples from Cerro Negro were only analyzed by EMP (Appendix 6.1). 

Major element chemistry varies as a function of depth, with Fe, Mg, Na, Ca and Ti concentrations 

gradually increase with decreasing depth (Fig. 6.22). Conversely, Al, K and stoichiometric B 

values increase with increasing depths (Fig. 6.22). 

6.5.3.2 San Francisco de los Andes district  

In order to evaluate whether tourmaline mineral chemistry is a useful vectoring tool, 

spherical radial distances from the center of the deposit at current surface elevation were calculated 

for each sample analyzed from the San Francisco de los Andes district. The equation used for these 

calculations is as follows: 

RD = √((Xs – Xcd)2 + (Ys – Ycd)2 + (Zs – Zcd)2)                                    (6.2) 

where RD is the three-dimensional radial distance from the center of the deposit; Xs, Ys and Zs are 

the UTM coordinates of the sample being recalculated and Xcd, Ycd and Zcd are the UTM 

coordinates of the deposit center. 
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Figure 6.21: Vertical zonation of selected elements in tourmaline compositions from Las Areneras. Element 

concentrations are expressed as parts per million (LA-ICP-MS data; n = number of analyses) and percentage 

(EMP data; N = number of analyses). See Appendices 6.1 and 6.4 for the complete list of EMP and LA-ICP-

MS analyses. 
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Figure 6.22: Vertical zonation in tourmaline compositions from Cerro Negro. Element concentrations are 

expressed as percentage (EMP data; N = number of analyses). See Appendix 6.1 for the complete list of 

EMP analyses. 

 

This method considers the deposits center as an XYZ coordinate in space and estimates the 

radial distance from that point. It is particularly useful for concentric hydrothermal alteration 

patterns (e.g., propylitic halos surrounding most porphyry deposits), but does not provide good 

results when the mineralizing hydrothermal system is elongated (e.g., La Americana and Sur-Sur 

breccia dikes) or if the alteration patterns were displaced significantly by faults after formation.  
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Every rock analyzed from the San Francisco de los Andes district was either collected from 

the surface of the district or from surface and underground workings at the mine site (Fig. 3.2; 

Appendices 6.1 and 6.4). The center of the San Francisco de los Andes breccia complex at surface 

was considered as the deposit center for the RD calculation. From a spatial perspective, the San 

Francisco de los Andes breccia complex morphology can be considered as two overlapping 

cylinders. The distance between the centers of each cylinder is only 10s of meters, thus the middle 

point between both domains (i.e., center of the figure-8 area at surface) was used for the calculation 

of radial distances. The error of a few meters created by this assumption is trivial at a district-scale 

sampling program. 

Whole rock analyses yielded elevated Bi and Cu concentrations up to < 200 meters from 

San Francisco de los Andes mine (Fig. 3.2; Appendix 3.1). Further away from the deposit center, 

anomalies were only detected in local breccia samples or quartz veins cropping out in the district 

(Fig. 3.2) Tourmaline chemistry appears to be a better vectoring tool than whole rock analyses. 

Selected elements such as peak Sc (> 90 ppm), Cr (> 121 ppm), V (> 700 ppm) values were 

detected at distances of > 1.2 km (Fig. 6.23). Proximal indicators, including peak Co (> 35 ppm), 

Sn (> 180 ppm) were detected at distances of < 700 m (Fig. 6.23). Element ratios in tourmaline 

successfully highlight proximity to San Francisco de los Andes mine. Peak Ti/Cr (> 301), Ti/V    

(> 25), Sr/Sc (> 35), Co/Sc (> 2.6) are located < 1.5 km from the deposit center (Fig. 6.23). 

Neodymium and Y concentration appears to increase further away from the deposit center (Fig. 

6.23). 

Tourmaline major chemistry in the San Francisco de los Andes district, varies abruptly in 

each concentric growth zone in individual samples (e.g., Fig. 6.9). Major elements, such as Fe and 

Mg, are rarely useful as a vectoring tool given they not only vary as a function of fluid composition 

but also host rock. To try and allow these elements to be used for vectoring, backscattered images 

were used to consistently average EMP data from dark and bright growth zones. Backscattered 

images produce brighter colors in zones with heavier elements (e.g., Fe) as they backscatter 

electrons more efficiently than lighter elements (e.g., Mg, Al; Fig. 6.9). The average Fe 

concentrations in comparable growth zones are higher close to the San Francisco de los Andes 

mine; whereas the mean Mg values are highest further away from the deposit center (Fig. 6.24). 

The Fe / Mg ratio of tourmaline can therefore be used successfully as a vectoring tool (Fig. 6.24), 

due to systematic Fe–Mg substitution in the octahedral sites of tourmaline with distance from the 

deposit center (Table 6.1). 
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Figure 6.23: Trace element concentration in tourmaline against distance from the San Francisco de los 

Andes mine. Transparent pink boxes highlight the radial distance intervals where values are anomalously 

high. See Appendices 6.1 and 6.4 for the complete list of EMP and LA-ICP-MS analyses. 
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Figure 6.24: Spatial plots showing the average Fe, Mg and Fe / Mg ratio from dark growth zones in 

tourmaline from the San Francisco de los Andes district. See Appendix 6.1 for the complete list of EMP 

analyses. 
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6.5.4 Fertility assessment 

Frikken (2004) and Fox (2011) documented variations in tourmaline major element 

compositions with respect to spatial locations in the Sur-Sur breccia dike and Cadia East porphyry 

deposit, respectively. Hong et al. (2017) used trace element concentrations in hydrothermal 

tourmaline to discriminate between fertile and barren Sn granites, but no such work has been done 

on porphyry deposits. Tourmaline data from barren and mineralized areas in the giant Rio Blanco 

Cu-Mo district (Table 6.2) have therefore been used to create fertility diagrams. These potential 

fertility indicators have been compared to tourmaline data from the large Cadia East Cu–Au 

porphyry deposit (Fox, 2016; unpublished data) and the small San Francisco de los Andes Bi–Cu  

–Au breccia complex (Table 6.2). The fertility diagrams proposed in this section require be tested 

through further studies.  

Table 6.2: Comparison of resources from the Rio Blanco-Los Bronces, Cadia East and San Francisco de los 

Andes district. For further information see Chapters 4 and 5, and Fox (2012) 

District or deposit Commodity Resources References 

Cadia East, Australia Au–Cu 
Total resources exceeding 33 million ounces 
of gold 

Fox (2012) 

Rio Blanco-Los Bronces 
district, Chile 

Cu–Mo 

Total resource of 206.7 Mt Cu Toro et al. (2012) 
La Americana (Cu–Mo) 

Sur-Sur (Cu–Mo) 

Cerro Negro (Cu–Mo) 

Las Areneras (Barren) 

San Francisco de los 
Andes, Argentina 

Bi–Cu–Au 

> 0.16 Mt 5.4 g/t Au, 77 g/t Ag, 0.9% Cu, 
0.15% Bi, 0.4% Pb and 0.1% Zn for the 35 
m thick ‘enriched zone’ 

Lencinas (1990) 

The upper hypogene zone (20–25 m) has 
average grades of 1.32 g/t Au, 65.5 g/t Ag, 
0.55% Cu, 0.02% Bi, 0.38% Pb and 0.61% 
Zn  

Vertical extent of the breccia complex is 
unknown, 

 

Box and whisker plots for minor and trace elements in tourmaline were used to detect key 

elements, which can distinguish different mineralizing systems (Figs. 6.14 – 6.18). Mineralized 

systems tend to be enriched in elements such as Sb, As, P, W and Cu; whereas barren systems are 

generally enriched in Ti, Co, Ni, and Sr (Figs. 6.14 – 6.18). A series of binary plots, based on these 

elements, were used to discriminate whether a particular hydrothermal systems is fertile or not. 

Elemental ratios are also proposed to enhance enrichment and depletions of selected elements in 

ore-related and barren tourmalines. These ratios are therefore used to generate additional fertility 

discriminators.  
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Selected binary plots (As–Sb, P–As, P–Sb and Cu–As) show positive element correlations 

(e.g.; Fig. 6.25a). The barren Las Areneras system plots on the area with lowest concentrations; 

whereas tourmalines from Sur-Sur and La Americana have intermediate to high concentrations of 

these trace elements (e.g.; Fig. 6.25a). Tourmaline composition from Cadia East and San Francisco 

de los Andes overlap with data from Sur-Sur and La Americana (e.g.; Fig. 6.25a). Particularly in 

the As–Sb diagram, and to a lesser extent P–As, two domains can be identified which separate 

mineralized from barren systems (Fig. 6.25a). The most useful scatter plots with negative 

correlations that helped to distinguish the barren Las Areneras area from the mineralized systems 

are As–Ti, Sb–Ti and P-Co (e.g., Fig. 6.25b). 

When considering Cu and W contents against each other (or against As and Sb values) it is 

possible to discriminate between mineralized and barren systems in the Rio Blanco district (e.g., 

Fig. 6.25c-d). Copper and W contents have a direct positive relationship in those samples from Rio 

Blanco. In San Francisco de los Andes’ tourmalines this relationship is less noticeable but still 

evident; whereas tourmalines from Cadia East overlap with those from mineralized systems, as it 

would be expected, but W concentrations are apparently independent to Cu contents at Cadia East 

(Fig. 6.25c). 

Regardless the type of hydrothermal system considered in this study, those tourmalines 

from mineralized areas are enriched in Cu, whereas those from a barren system are enriched in Co 

and Ti. The ratios Cu / Co and Cu / Ti strongly enhance this signature particularly when plotted 

against As or Sb (e.g., Figs. 6.26a and b). A variation of the As–Sb binary plot is the As / Ti vs Sb 

diagram which takes into account the depletion of Ti in tourmalines from mineralized areas (Fig. 

6.26c). 

In a similar manner, when plotting Ni / W or As / Sr against Co or Sb, the fertility of each 

system can potentially be assessed (Fig. 6.26d). Less effectively, these ratios against Ti, W or Sr 

discriminate barren from mineralized areas. Despite Sr being a useful trace element to assess 

fertility (e.g., Wilkinson et al., 2015), it is important to note that tourmalines from Cadia East have 

anomalously high Sr concentrations, which results in data comparable to that of Las Areneras. This 

particular feature of Cadia East prevents these data to be plotted on diagrams where Sr is included 

in one of the axes. Based on these dataset, elevated Sr contents in tourmaline could potentially 

discriminate the Cu–Au from Cu–Mo porphyry systems. 
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Figure 6.25: Fertility indicator based on tourmaline chemistry from Rio Blanco-Los Bronces district (left). 

Those samples from La Americana, Sur-Sur and Las Areneras were compared to San Francisco de los Andes 

and Cadia East (right). This group of elemental binary plots distinguishes barren from mineralized areas. See 

Appendices 6.1 and 6.4 for the complete list of EMP and LA-ICP-MS analyses. 
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Figure 6.26: Fertility indicator based on tourmaline chemistry from Rio Blanco-Los Bronces district (left). 

Those samples from La Americana, Sur-Sur and Las Areneras were compared to San Francisco de los Andes 

and Cadia East (right). This group of binary plots based on elemental ratios distinguishes barren from 

mineralized areas. See Appendices 6.1 and 6.4 for the complete list of EMP and LA-ICP-MS analyses. 
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6.5.5 Boron isotopic compositions 

Boron isotope analyses were conducted at the Department of Geological Sciences, 

University of Manitoba, Canada. Secondary ion mass spectrometry was used to measure stable B 

isotopic compositions of ten tourmaline polished mounts (Table 6.3): Six samples were analyzed 

from La Americana (17 spots), one from Las Areneras (3 spots) and three from San Francisco de 

los Andes (8 spots; Table 6.3). Tourmaline samples with contrasting features were selected aiming 

to detect any B isotopic composition variation per study area. Samples selected from La Americana 

correspond to five samples of hydrothermal tourmaline breccia cement and veins, and one from 

deep-seated, coarse-grained, radiating tourmaline crystals (Fig. 6.5; Table 6.3). At Las Areneras 

one sample of barren tourmaline vein was analyzed (Fig. 6.7; Table 6.3). Samples selected from 

San Francisco de los Andes include one sample of coarse-grained, radiating tourmalines crystals 

hosted in the Rosados Granite, one samples of hydrothermal tourmaline from the mineralized 

breccia complex and one hydrothermal tourmaline veins from the district (Fig. 6.9; Table 6.3). 

Table 6.3: Boron isotopic composition (δ11B) of tourmaline crystals from La Americana, Las Areneras and 

San Francisco de los Andes yielded by SIMS analysis  

 

Study site Sample name Description δ11B (‰) 2σ (‰) 

La Americana 

RB56-C4S1 Tourmaline breccia cement and veins 3.5 0.5 

RB56-C4S2 Tourmaline breccia cement and veins -0.7 0.5 

RB56-C4S3 Tourmaline breccia cement and veins 5.0 0.5 

RB71-C3S1 Tourmaline breccia cement and veins 1.2 0.5 

RB71-C3S2 Tourmaline breccia cement and veins 4.1 0.5 

RB71-C3S3 Tourmaline breccia cement and veins -0.4 0.5 

LA12FT100C4S5 Tourmaline breccia cement and veins 3.8 0.5 

LA12FT100C4S7 Tourmaline breccia cement and veins 6.2 0.5 

LA12FT100C4S1 Tourmaline breccia cement and veins 3.9 0.5 

RB13FT82C2S1 Tourmaline breccia cement and veins 1.4 0.5 

RB13FT82C2S2 Tourmaline breccia cement and veins -1.6 0.5 

LA12FT21C3S1 Tourmaline breccia cement and veins 1.4 0.5 

LA12FT21C3S2 Tourmaline breccia cement and veins 1.6 0.5 

LA12FT21C3S3 Tourmaline breccia cement and veins 5.7 0.5 

LA12FT60C1S1 Radiating tourmaline crystal  -13.9 0.5 

LA12FT60C1S4 Radiating tourmaline crystal  -17.1 0.5 

LA12FT60C1C1D Radiating tourmaline crystal  -12.6 0.5 

Las Areneras 

RB13FT38C2S10 Tourmaline breccia cement and veins -5.6 0.5 

RB13FT38C2S4 Tourmaline breccia cement and veins -2.9 0.5 

RB13FT38C2S3 Tourmaline breccia cement and veins -3.1 0.5 
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San Francisco 
de los Andes 

SF12-24C2S2 Tourmaline breccia cement and veins -14.1 0.5 

SF12-24C2S4 Tourmaline breccia cement and veins -14.9 0.5 

SF12-24C2S6 Tourmaline breccia cement and veins -13.9 0.5 

SF11FT21C1P2 Tourmaline breccia cement and veins -9.7 0.5 

SF11FT21C1P4 Tourmaline breccia cement and veins -14.7 0.5 

SF12-22C1R1 Radiating tourmaline crystal (rim) -15.4 0.5 

SF12-22C1C1 Radiating tourmaline crystal (core) -25.5 0.5 

SF12-22C1C2 Radiating tourmaline crystal (core) -26.5 0.5 

‘δ11B (‰)’ represents boron isotope compositions expressed as parts per thousand; ‘2σ (‰)‘ indicates the 

uncertainty of individual analysis expressed as parts per thousand 

 

The δ11B values of medium- to fine-grained tourmaline breccia cement and veins at La 

Americana range from -1.6 to 6.2 ‰ (Fig. 6.27; Table 6.3). The deep-seated, coarse-grained 

radiating tourmaline aggregate yielded δ11B values of -17.1 to -12.6 ‰ (Fig. 6.27; Table 6.3). A 

barren, medium- to fine-grained tourmaline vein from Las Areneras has boron isotopic 

compositions of -5.6 to -2.9 ‰ (Fig. 6.27; Table 6.3). At San Francisco de los Andes, boron 

isotopic compositions of coarse-grained radiating tourmaline crystals hosted in the Rosados 

Granite range between -26.5 and -25.5 ‰ (Fig. 6.27; Table 6.3). A markedly heavier isotopic 

composition of -15.4 ‰ was obtained from a thin overgrowth on radiating tourmaline crystals (Fig. 

6.27; Table 6.3). Isotopic composition from hydrothermal tourmaline breccia cement and veins are 

comparable to those from the outer rim of the radiating tourmaline crystals, ranging between -14.9 

and -9.7 ‰ (Fig. 6.27; Table 6.3). 

6.6 Discussion 

6.6.1 Mineral chemistry 

The association of tourmaline with various ore deposit types has been considered a basic 

prospecting tool for decades (Slack and Trumbull, 2011). The study of tourmaline trace element 

chemistry could be a promising technique for mineral exploration. Griffin et al. (1996) documented 

Cu, Zn and Pb concentrations in tourmaline from VMS, SEDEX and stratabound tourmalinites 

which roughly match those of the associated deposits. Furthermore, the trace element chemistry of 

tourmaline was not obliterated by post-mineralization metamorphism, proving the robustness of 

tourmaline chemistry. In the current study, tourmaline trace element composition proved to be 

remarkably useful as a vectoring tool toward the San Francisco de los Andes deposit. In the Rio 

Blanco-Los Bronces district tourmaline chemistry monitored changes within depth in local 

hydrothermal systems (i.e., La Americana, Sur-Sur, Cerro Negro and Las Areneras), and trace 

element chemistry was used successfully to differentiate barren from mineralized prospects. 
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Figure 6.27: Measured tourmaline δ11B values for tourmaline samples from La Americana, Las Areneras 

and San Francisco de los Andes compared to typical isotope signatures of different B source reservoirs in the 

Andes and globally. Boron isotopic composition of the volcanic and metasedimentary rocks and the 

basement of the Andes are from Kasemann et al. (2000), Rosner et al. (2003), and Schmitt et al. (2002); and 

those of the global reservoirs are from Chaussidon and Albarède (1992), Ishikawa and Nakamura (1993), 

Marschall and Ludwig (2006) and Marschall et al. (2009), Palmer and Swihart (1996), Spivack and Edmond 

(1987), and Spivack et al. (1987). Range of δ11B values for granite-related veins, and 90% of worldwide 

granites and pegmatites are from Marschall and Jiang (2011). Examples from granite and pegmatites from 

Swaziland, and granitic pegmatite from Broken Hill are from Jiang and Palmer (1998), Slack et al. (1993) 

and Trumbull and Chaussidon (1999). Range of δ11B values for tourmaline from Cadia East is from Fox 

(2012), and those from IOCG deposits from Tornos (2012).  

 

The major element compositions of hydrothermal tourmaline can be strongly controlled by 

precursor minerals and wall rock compositions, masking hydrothermal signatures (Slack, 2002; 

Slack and Trumbull, 2011). In granite-related ore deposits, major element compositions of 

tourmaline can evolve from schorl (generally magmatic tourmalines) towards dravite compositions 
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(hydrothermal tourmalines; Slack and Trumbull, 2011). In high-fluid-flux systems, such as breccia 

pipes, or the feeder zones of VHMS deposits, the fluid phase generally buffers tourmaline 

chemistry. At the Kidd Creek VHMS deposit, tourmaline displays a transitional range of 

compositions from schorl to near-dravite (Slack and Coad, 1989).  

For tourmalines from the San Francisco de los Andes district, Fe–Mg substitution in the 

octahedral sites of tourmaline has produced compositional variations that could be used to 

determined proximity to the deposit center. Average Fe concentrations of analogous growth zones 

per sample is higher close to the mineralized breccia complex, whereas mean Mg values are higher 

further away from the deposit center (Fig. 6.24). In the Rio Blanco-Los Bronces district, there is a 

clear vertical zonation in Fe and Mg contents in tourmaline in the Sur-Sur area, where tourmaline 

chemistry grades from Mg-rich at depth to Fe-rich at shallower levels (Fig. 6.20). The Fe/Mg 

spatial variations documented from San Francisco de los Andes is in agreement with the general 

trend in tourmalines from granitoid-related ore deposits (Fig. 6.24). Tourmalines from the Sur-Sur 

area contrast with the general trend from more magmatic schorl towards hydrothermal dravite that 

has been documented from other systems (Slack and Trumbull, 2011; Fig. 6.20).  

Significant information for exploration can be obtained when a povondraite (Na–Fe3+-rich) 

component of tourmaline is identified; as it requires oxidized and highly saline fluids to form. 

These are the type of hydrothermal fluids responsible for the formation of mineralized porphyry 

systems, among others (van Hinsberg et al., 2011a; Slack and Trumbull, 2011). A povondraite 

(Na–Fe3+-rich) component has been identified in tourmalines from the La Americana and Las 

Areneras areas, despite the latter being an apparently barren system (Fig. 6.12). Povondraite is less 

obvious in the San Francisco de los Andes and Sur-Sur areas, whereas at Cerro Negro the 

□Al(NaFe)-1 exchange vector could not be determined clearly, likely due to the lack of enough 

mineral chemistry data for this particular area (Fig. 6.12). 

Based on data collected during this study, the contrasting composition documented in 

tourmalines from mineralized and barren systems can be explained by preferential partitioning in 

the Y-site based on elements availability from the original hydrothermal fluids. The Y-site in 

tourmaline is mainly filled with major and minor R2+ cations (i.e., Fe2+, Mg2+, Mn2+; Table 6.1). If 

there is still available space after the major and minor cations, trace element concentrations of 

transition metals (e.g., Cu2+, Zn2+, Ni2+, Co2+) partition into the Y-site (Table 6.1). Those ore-

bearing hydrothermal fluids are highly enriched in Cu (and Zn), thus preferentially partition into 

the Y-site leaving little to no space for Co or Ni (Table 6.1). Conversely, tourmalines formed from 

barren hydrothermal fluids lack Cu and Zn, thus enriched in Ni and Co. Furthermore, if there is 

space available in the Y-site after Ni and Co replacement, Ti4+ may also partition into the 
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tourmaline structure (Table 6.1). Enrichments of these three elements have only been documented 

in tourmalines from the barren Las Areneras area in the mineralized Rio Blanco-Los Bronces 

district. 

The pathfinder elements Sb and As are commonly enriched in ore-bearing hydrothermal 

fluids and can preferentially partition into the structure of various alteration minerals from 

mineralized systems (e.g., epidote; Cooke et al., 2014). The concentrations of these metalloids in 

epidote, not only can indicate whether an area is mineralized or not, but may provide some 

indication of the deposit size (Cooke et al., 2014). Based on the results from the current study, the 

use of Sb and As contents in tourmaline has proven to be an additional useful tool to discriminate 

barren from mineralized areas (Fig. 6.25). 

Tourmaline chemistry from the small mineralized San Francisco de los Andes system 

yielded signatures consistent with those from giant and large mineralized porphyry systems, which 

is not necessarily in agreement with most geological features observed in the field. The San 

Francisco de los Andes district is characterized by local Bi–Cu–Au magmatic-hydrothermal 

tourmaline – quartz-cemented breccia complex. The San Francisco de los Andes deposit represents 

the largest Bi, Cu and Au accumulation in the district, but it is still a very small deposit (Table 6.2). 

The consistency and similarities of tourmaline chemistry with the giant Rio Blanco-Los Bronces 

Cu-Mo and large Cadia East Cu-Au porphyry districts can be explained either as: 

(i) A poorly eroded large area with buried Cu porphyry mineralization that may represent a 

potentially giant or large, concealed porphyry system. 

(ii) A small mineralized system with high concentrations of As and Sb (among other trace 

elements) in the original hydrothermal system. Those fluids may cause the anomalously As- and 

Sb-enriched tourmaline chemistry characteristic of giant to large deposits (Fig. 6.25). This 

hypothesis may be more appropriate as the San Francisco de los Andes district present abundant 

As-rich mineral species (e.g., arsenopyrite and sulfosalts) and Sb-rich sulfides and sulfosalts (e.g., 

stibnite, etc; Chapter 4). 

If the second hypothesis is correct, tourmaline chemistry from a Bi–Cu–Au-rich system 

appears to behave differently than that from Cu–Mo, Cu–Au porphyry systems and may lead to 

misinterpretations of the deposit size. 

A major difference between giant and large porphyry-related mineralized systems and the 

small San Francisco de los Andes breccia-hosted deposit is their tectonic setting. Hydrothermal 

fluid responsible for the formation of the San Francisco de los Andes deposit derived from the 

Permian Tocota Pluton. As concluded in Chapter 3, the Tocota Pluton formed from a sialic melt 
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after partial melting of continental crust, triggered by a mafic underplate. It is interpreted to be a 

post-orogenic intrusive complex emplaced immediately after the culmination of the San Rafael 

Orogenic Phase, after Carboniferous arc-related magmatism ended. This complex geodynamic 

setting is a transition between an arc-related and an extensional geodynamic setting, prior to the 

rupture of Gondwana (Chapter 3). This geodynamic setting is distinct from those where giant and 

large Cu–Mo, Cu–Au porphyry-related deposits formed (e.g., Rio Blanco-Los Bronces and Cadia 

East). The Río Blanco-Los Bronces district is part of the Miocene-Pliocene metallogenic belt in 

central Chile, formed due to subduction of the Nazca Plate under the South American Plate. Ore-

bearing hydrothermal fluids, which formed the giant Rio Blanco-Los Bronces Cu–Mo district, 

derived from the San Francisco Batholith, an Andean-type, arc-related intrusive complex (Chapter 

3). Host rocks at Rio Blanco los Bronces have distinctive adakite-like compositions, as it would be 

expected for subduction-related rocks; which highly contrast with the non-adakite-like rocks from 

the San Francisco de los Andes district (Chapter 3). Similarly, the Late Ordovician–Early Silurian 

Cadia East Cu–Au porphyry deposit was formed in a subduction-related, island arc geodynamic 

setting (Wilson et al., 2007; Fox, 2012). 

6.6.2 Boron isotopes 

The large δ11B variation (i.e., -26.5 to -9.7‰) in tourmalines from the San Francisco de los 

Andes district is interpreted to reflect mixing of different boron sources, and boron isotope 

fractionation caused during magmatic degassing and magmatic-hydrothermal evolution of 

granitoid crystallization (Fig. 6.27; Table 6.3). Non-marine evaporites can have δ11B values           

< -20‰, thus they are considered the source with lowest δ11B values from all natural boron 

reservoirs, even lower than the average continental crust (Fig. 6.27). Coarse-grained, radiating 

tourmaline crystals hosted in granodiorite yielded δ11B of -26.5 to -25.5 ‰ interpreted to likely 

indicate a major contribution of boron from non-marine evaporates (Fig. 6.27; Table 6.3). These 

evaporate sequences were probably present during magma generation due to partial melting of 

preexisting sialic crust, or were assimilated into the magma during its ascent. These radiating 

tourmaline crystals and associated quartz are interpreted to have formed during the transition from 

magmatic to hydrothermal processes. Hydrothermal tourmaline breccia cement and veins have a 

δ11B range from -14.9 to -9.7‰ most likely derived from the exsolved magmatic-hydrothermal 

fluids (Fig. 6.27; Table 6.3). These values are equivalent to the fine rim growth zone in coarse-

grained, radiating tourmaline crystals (i.e., -15.4 ‰), thus interpreted as a hydrothermal tourmaline 

overgrowth (Fig. 6.27; Table 6.3). Boron isotopic composition from hydrothermal tourmaline from 

San Francisco de los Andes overlap with those from the average continental crust, granite-related 

veins and 90% of worldwide granites and pegmatites (e.g., Marschall and Jiang, 2011; Fig. 6.27). 

Conversely, coarse-grained, radiating tourmaline crystals have lower δ11B values, which are 
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comparable to those in granite and pegmatites from Swaziland, and granitic pegmatite from Broken 

Hill (Jiang and Palmer, 1998; Slack et al., 1993; Trumbull and Chaussidon, 1999; Fig. 6.27). A 

comparable example with similar origin was presented by Jiang et al. (2003). Tourmaline ± quartz 

orbicules hosted in the Lavicky leucogranite, Czech Republic have Fe-rich schorl compositions 

with extremely low δ11B values (-37.3 to -32.1‰). Jiang et al. (2003) interpreted a possible non-

marine evaporite involvement in the granitic magma. Conversely, hydrothermal tourmalines occur 

as fine-grained, quartz – tourmaline veins, which cut the orbicule-rich granite. Tourmaline veins 

have Mg-rich dravite compositions and relatively higher δ11B values (-28.2 to -21.3‰; Jiang et al., 

2003). Hydrothermal tourmaline formed from B- and Fe-rich exsolved magmatic fluids that 

probably mixed with an external fluid rich in Ca and Mg, which likely has higher δ11B value than 

magmatic fluids (Jiang et al., 2003). 

The boron isotopic compositions can both be used to distinguish tourmaline generations, 

and to identify the most likely sources of B in tourmalines (i.e., provenance indictor). At San 

Francisco de los Andes, the B isotopic compositions successfully documented fluid evolution and 

confirmed a link between possibly magmatic tourmalines hosted in the Rosado Granite and 

hydrothermal tourmalines hosted in breccias and veins. Likewise, a link between magmatic and 

hydrothermal process was also documented in quartz from the same radiating tourmaline 

aggregates hosted in granitoids (Chapter 4). Based on Ti-in-quartz geothermobarometry, quartz 

from radiating tourmaline aggregates yielded high temperatures of crystallization (T = 524             

– 648°C; 3 kbar), consistent with late-phase magmatic quartz. Thin rim overgrowth yielded an 

abrupt drop in Ti concentrations, thus lower TitaniQ temperatures (i.e., T = 310 – 357°C; 1 kbar), 

which are consistent with results from hydrothermal quartz breccia cement (Chapter 4). This 

behavior is comparable with the boron isotope results from tourmaline crystals from the same 

coarse-grained aggregates, which consistently shown a magmatic core and thin hydrothermal rim 

comparable to isotopic signature from hydrothermal tourmalines cement and veins at San 

Francisco de los Andes breccia complex and its surroundings (Fig. 6.27; Table 6.3). 

The δ11B values in hydrothermal tourmaline breccia cement and veins from the Rio 

Blanco-Los Bronces district are comparable to those values of the nearby Cenozoic volcanic rocks 

and those of porphyry copper deposits (e.g., Kasemann et al., 2000; Rosner et al., 2003; Schmitt et 

al., 2002; Tornos et al., 2012; Fig. 6.27), suggesting a common magmatic-hydrothermal origin for 

boron. Obtained δ11B values are markedly lower than those of seawater or marine evaporates, thus 

boron is interpreted to be extracted during devolatilization of altered oceanic crust and sediments 

overlying the subducting slab (Figs. 6.2 and 6.27). Conversely, deep-seated, coarse-grained, 

radiating tourmaline crystals at La Americana yielded anomalously lower B isotopic ratios (-17.1 

to -12.6 ‰) than hydrothermal tourmaline breccia cement and veins (Fig. 6.27; Table 6.3). These 
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δ11B values are interpreted here as subsequent interaction with the Andean continental basement in 

variable proportions. These tourmalines are genetically related to fluids with more crustal 

contamination than those from breccia cement or veins (Fig. 6.27; Table 6.3). 

Boron isotopic compositions of tourmaline at Cadia East range between -5.2 and 7.7 ‰ 

(Fox, 2012). This interval of compositions is remarkably similar to δ11B values from hydrothermal 

tourmaline breccia cement and veins from the Rio Blanco-Los Bronces district (i.e., -5.6 ‰ to 6.2 

‰; Fig. 6.27; Table 6.3). The δ11B compositional range of tourmaline at Cadia East is comparable 

to δ11B documented in porphyry Cu and IOCG systems in the central Andes, which indicates a 

similar magmatic-hydrothermal origin (Fox, 2012). Hydrothermal tourmalines in IOCG deposits of 

the Coastal Cordillera of Chile have compositional range of schorl – dravite with significant 

povondraite components, and δ11B values ranging between -10.4 and 6.0 ‰ (Tornos et al., 2012 

Fig. 6.27). These characteristics are significantly comparable to hydrothermal tourmalines from the 

Rio Blanco-Los Bronces district (Figs. 6.12 and 6.27; Table 6.3).  

Magmatic-hydrothermal fluids in porphyry-related deposits and magmatic-hydrothermal 

breccia pipes or dikes may have undergone phase separation, generating a low density, volatile 

phase and a dese brine (e.g., Frikken et al., 2005). These processes may not only trigger ore 

precipitation, but also affect the final boron isotopic composition of tourmalines, as it produced 

fractionation of initially isotopically light boron isotopes to slightly heavier δ11B values. According 

to London (2011), particular attention should be taken during interpretation of potential sources of 

hydrothermal fluids based merely on compositions of measured tourmaline δ11B values and those 

naturally occurring boron reservoirs (e.g., Xavier et al., 2008; Trumbull et al., 2011). Liquid-melt 

and liquid-vapor fractionation are some of the hydrothermal fluid processes, which can be highly 

effective in modifying boron isotope compositions of magmatic fluids (e.g., Hervig et al., 2002; 

Liebscher et al., 2005; London, 2011; Fox, 2012). 

6.7 Conclusions 

In the San Francisco de los Andes district, tourmaline chemistry is a significantly more 

effective guide to mineralization than whole rock geochemistry in terms of the distance from the 

deposit, where anomalies can be detected. Scandium, Cr and V are distal indicators which yielded 

highest values at distances greater than 1.2 km from the deposit center (Fig. 6.23). Peak Co and Sn 

were detected at distances less than 700 m (Fig. 6.23). Element ratios in tourmaline were also used 

successfully as proximal indicators, the highest values of Ti / Cr, Ti / V, Sr / Sc and Co / Sc are 

located up to less than 1.5 km from San Francisco de los Andes (Fig. 6.23). Neodymium and Y 

concentration appears to increase further away from the deposit center (Fig. 6.23). 
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In the Rio Blanco-Los Bronces district, tourmaline chemistry varies as a function of depth. 

In the deeper levels tourmaline has higher concentrations of Na (La Americana; Fig. 6.19; 

Appendices 6.1 and 6.4); Si, Mg, B, Na, V, Ga, Ni, Cr, Co (Sur-Sur; Fig. 6.20; Appendices 6.1 and 

6.4); B, V, Mn, Zn, Ni, Ga, Co (Las Areneras; Fig. 6.21; Appendices 6.1 and 6.4); Al, K and 

stoichiometric B (Cerro Negro; Fig. 6.22; Appendices 6.1 and 6.4). At higher elevations, 

tourmaline is enriched in Fe, Mg, Ca, Ti, As, Sr, V, Mn, Zn, Cr, Ni, Ba, Pb, Nb (La Americana; 

Fig. 6.19; Appendices 6.1 and 6.4); Fe, Ca, As, Sr, Mn, Zn, Cu, Sc, Sb, Ba, Zr, Pb, Mo, Bi (Sur-

Sur; Fig. 6.20; Appendices 6.1 and 6.4); P, Sc, Sn, As, Pb, Nb (Las Areneras; Fig. 6.21; 

Appendices 6.1 and 6.4); Fe, Mg, Na, Ca and Ti (Cerro Negro; Fig. 6.22; Appendices 6.1 and 6.4). 

In each of the studied areas the concentrations of Y and REE in tourmaline is relatively enriched 

closer to the present day surface (Appendices 6.1 and 6.4).  

The main limitation of using tourmaline chemistry as a vectoring tool at Rio Blanco-Los 

Bronces is the fact that samples from La Americana, Sur-Sur and Cerro Negro were collected 

within or very close to the mineralized systems. Future studies would be needed from tourmaline 

samples collected away from this giant Cu – Mo mineralized deposit cluster. Conversely, 

tourmaline from the San Francisco de los Andes district were collected across a large area, 

furthermore the deposit center is a very localized, a hundred meters in diameter breccia complex. 

Both sample distribution and the localized mineralized center at San Francisco de los Andes aided 

to successfully use tourmaline chemistry as a vectoring tool towards mineralization. 

Boron isotopic compositions in magmatic and hydrothermal tourmalines from San 

Francisco de los Andes reflect mixing of different boron sources and boron isotope fractionation 

during magmatic degassing and crystallization of the host Rosados Granite. Non-marine evaporates 

were likely present during magma generation due to partial melting of preexisting sialic crust, or 

were assimilated during magma ascent (Fig. 6.27; Table 6.3). Heavier B isotopic signature from 

the Rio Blanco-Los Bronces tourmaline was interpreted as upwelling fluids related to subducting 

slab and overlying sediments, thus ultimately derived by fluids from oceanic crust altered by 

seawater (Fig. 6.27; Table 6.3). Boron isotopic composition from magmatic radiating tourmaline 

crystals and its thin hydrothermal overgrowth documented a genetic linkage between the post-

orogenic granitoid and mineralized breccias and veins from the San Francisco de los Andes district 

(Fig. 6.27; Table 6.3).  

Despite the lack of data from various small to giant ore deposits to guarantee that trace 

elements in tourmaline can be successfully used as fertility indicators, in the studied areas they 

proved to be useful to discriminate barren from mineralized systems. The proposed fertility 

indicators effectively distinguish the barren Las Areneras area from the mineralized Sur-Sur, La 
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Americana, Cadia East and San Francisco de los Andes systems (Figs. 6.25 – 6.26). To the best of 

my knowledge there are no available diagrams in the current literature to assess the fertility of 

porphyry-related systems based on tourmaline chemistry. In order to test the accuracy of the 

proposed fertility indicators (i.e., Sb – As, AS – Ti, Cu – W, Cu – As; and Cu / Co – As, Cu / Ti    

– As, As / Ti – Sb, Ni / W – Co) further studies need to be conducted. Different study sites with 

contrasting grades and from different mineralizing system should ideally be included. These 

diagrams have the potential to differentiate not only barren from mineralized, but the size of an ore 

deposit when considering a similar system (e.g., Cu–Mo or Cu–Au). Ore-related tourmaline can 

form in oceanic to continental settings, from shallow to deep levels of the crust and associated with 

sedimentary, metamorphic and igneous rock, thus why the importance of improving tourmaline 

chemistry as a technique for exploring ore deposit would be highly recommended 
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Chapter 7 – Genetic model and conclusions 

7.1 Introduction 

The aim of this thesis was to document the geology, hydrothermal alteration and 

mineralization of the San Francisco de los Andes Bi–Cu–Au breccia complex and three 

hydrothermally altered areas within the giant Rio Blanco-Los Bronces Cu–Mo district (i.e., La 

Americana, Cerro Negro and Las Areneras). Hydrothermal fluid compositions, their evolution and 

sources have been constrained using analyses of mineral chemistry and boron isotopes in 

tourmaline. The current chapter provides a synthesis of the main results. It also presents genetic 

models for the formation of the San Francisco de los Andes breccia complex, and for the genesis of 

La Americana, Cerro Negro and Las Areneras. Exploration implications at both the regional- and 

the district scale are also summarized, together with recommendations for future research.  

7.2 San Francisco de los Andes 

7.2.1 Tectonic setting and magmatism 

The Tocota Pluton has some geochemical compositions typical of I-type, subduction-

related granitoids, including high CaO and Na2O, metaluminous to peraluminous signatures. 

Furthermore, both the Leoncito Tonalite and La Fragüita Granodiorite are subsolvus granitoids 

with biotite, hornblende and two feldspars, and lack exsolution textures (e.g., Figs. 3.5f-h, 3.14 and 

3.20). The Tocota Pluton has distinctive geochemical signatures that are interpreted to indicate a 

post-orogenic origin. It has a high-K, calc-alkaline signature that relates to minimum melts at 

relatively low PH2O (Fig. 3.13). The younger Rosados Granite has features common in hypersolvus 

granites formed from partial melting of felsic rocks under low PH2O, affected by a mafic underplate 

(e.g., Pitcher, 1987; Soesoo and Nicholls, 1999), including leucogranite compositions with biotite 

as its only mafic mineral, accessory muscovite, and orthoclase with perthitic textures (e.g., Fig. 

3.6d). The Tocota Pluton is depleted in Eu, Sr and La (i.e., non-adakitic compositions), and lacks 

strongly fractionated rocks (i.e., strong LREE enrichment and HREE depletion; Figs. 3.23a and 

3.26 – 3.30). These signatures relate to the presence of plagioclase (± clinopyroxene – amphibole) 

as residual phases in restite during partial melting of a felsic source rock. The low water contents in 

the Tocota Pluton are interpreted to relate to partial melting of biotite from the original felsic 

source, whereas other hydrous minerals did not melt (e.g., amphiboles as residual phase). The 

reverse of Bowen's reaction series describes the melting of an igneous rock; if temperature is not 

high enough to melt the entire source rock, then partial melting occurs. Furthermore, the melting 

points of specific rock-forming minerals depend on their mineral composition as well as 
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temperature and pressure conditions. Based on the aforementioned key mineralogical and 

geochemical signatures, coupled with the behavior of geochemical compositions plotted on 

geotectonic discrimination diagrams, both are consistent with a transition from an arc-related to an 

extensional geodynamic setting during the evolution of the intrusive complex (e.g., Figs. 3.22 and 

7.1).  

This PhD thesis presented the first U–Pb zircon ages for the Tocota Pluton, which show 

that the Tocota Pluton was the first intrusion emplaced during the post-orogenic Permo-Triassic 

magmatic cycle in the Colangüil Batholith. The La Fragüita Granodiorite has U–Pb zircon ages of 

282.5 ± 2.8 to 275.2 ± 2.8 Ma, older than previously documented ages for the Tocota Pluton (Rb   

–Sr ages; Fig. 3.9). The Rosado Granite yielded U–Pb zircon ages of 272.8 ± 1.6 to 271.2 ± 2.2 Ma 

(Fig. 3.9). The U–Pb zircon ages obtained from diorite and andesitic dikes are 268.0 ± 3.4 and 

265.3 ± 1.9 Ma respectively (Fig. 3.9). A recent study by Sato et al. (2015) presented six U–Pb 

zircon ages from the Colangüil Batholith and related Choiyoi volcanic rocks in the Argentine 

Frontal Cordillera. Both the Los Leones and Agua Negra Plutons were considered to be older than 

the Tocota Pluton (U–Pb zircon ages of 278.8 ± 3.9 and 271.9 ± 2.4 respectively; Sato et al., 2015). 

The new U–Pb zircon ages for the granitoids and intermediate units in the Tocota Pluton are 

comparable to those from the San Rafael block. Despite slight differences in age, the Colangüil 

magmatism is comparable to those in Cordillera del Viento (Neuquén), Elqui–Limarí and Chollay 

batholiths and the Central Peruvian batholiths (e.g., Hervé et al., 2014; Sato et al., 2015). 

Tourmaline occurs as a key accessory magmatic mineral in the Leoncito Tonalite and Rosados 

Granite, whereas hydrothermal tourmaline cemented the Bi–Cu–Au mineralized breccia complex 

and related tourmaline veins. A U–Pb zircon age from a coarse-grained tourmaline vein (266.0      

± 3.5 Ma) is consistent with those from intermediate units (268.0 ± 3.4 to 265.3 ± 1.9 Ma; Fig. 

3.9). The tourmaline-cemented breccias and veins are unlikely to have been produced by the 

uncommon small bodies of diorite, and are interpreted to be genetically related to the older 

granitoids of the Tocota Pluton. Based on field, petrographic, geochemical, and geochronologic 

studies, ore-bearing tourmaline-cemented breccias and veins are constrained to the middle-upper 

Permian so that mineralization occurred prior to the rupture of Gondwana. 

The Upper Carboniferous to Lower Permian Agua Negra Formation is the basement of the 

San Francisco de los Andes region (Figs. 3.1 and 3.2; Aparicio, 1969; Polanski, 1978; Busquets et 

al., 2002). It consists of a sequence of shales, sandstones, conglomerates and limestones 

(Rodrı́guez Fernández et al., 1996a, b; Busquets et al., 2002). The sedimentary rocks cropping out 

in the study area are mainly shales and sandstones (Fig. 3.5a-b). The Agua Negra Formation is here 

divided in two tectonostratographic units: a pre-orogenic and a syn-orogenic sequence separated by 

a clear erosional unconformity (Fig.7.1a-b). The Carboniferous – Lower Permian pre-orogenic 
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sequence formed when the Frontal Cordillera occupied a backarc position (Ramos, 1988; 

Rodrı́guez Fernández et al., 2002; Fig. 7.1a). Sediment deposition evolved via east to west 

propagation of a deltaic system from the Precordillera and Pampean ranges to the Frontal 

Cordillera (Busquets et al., 2002; Rodrı́guez Fernández et al., 2002; Fig. 7.1a). As the systems 

prograded westward, open marine conditions were more likely to be encountered (Rodrı́guez 

Fernández et al., 2002; Fig. 7.1a). The Permian syn-orogenic sequence had an evident change in 

sediment source, with a western provenance likely due to the uplift of a volcanic arc and the 

Famatinian basement (Rodrı́guez Fernández et al., 2002; Fig. 7.1b). Evidence is provided by 

volcanic and Famatinian sedimentary pebbles in conglomerates, whereas stromatolithic pebbles 

document the cannibalization of the early foreland Agua Negra basin (Fig. 7.1b). During Permian 

times, the Frontal Cordillera had a geotectonic setting consistent with a retroarc foreland basin 

(Busquets et al., 2002; Rodrı́guez Fernández et al., 2002; Fig. 7.1b). The syn-orogenic sequence 

formed during the Gondwanic Orogeny, and the current vertical to steeply, eastward dipping 

orientations of the Agua Negra Formation relate to deformation during the San Rafael Orogenic 

Phase, the culmination of the Gondwanic orogenic cycle (Ramos, 1988; Fig. 7.1b-c). 

The Colangüil magmatism began with the emplacement of the Early Carboniferous arc-

related Tabaquito Granodiorite, before the San Rafael Orogenic Phase (Llambías and Sato, 1990; 

1995; Sato et al., 1990; 2015; Fig. 7.1a). During the Carboniferous, subduction of a proto-Pacific 

oceanic plate under Gondwana developed a magmatic arc (Nasi et al., 1985; Kay et al., 1989; Fig. 

7.1a-b). During the Permian, the San Rafael Orogenic Phase caused folding and thrusting that 

thickened the continental crust (Caminos, 1979; Azcuy and Caminos, 1987; Fig. 7.1c). After the 

San Rafael Orogenic Phase, Permo-Triassic Colangüil magmatism began with the intrusion of Las 

Piedritas Granodiorite, which includes the Tocota Pluton, and continued the emplacement of 

numerous post-orogenic plutons: Tres Quebradas Rhyolite, Los Puentes Granite, Los Lavaderos 

Granite, Las Opeñas Granite and Agua Blanca Granite (Llambías and Sato, 1995; Sato et al., 2015; 

Figs 3.1 and 3.9; Fig. 7.1d). The extrusive phase of the Colangüil magmatism is the intermediate to 

acid facies of the Choiyoi volcanism (e.g., Sato et al., 2015; Fig. 7.1d). The Tocota Pluton 

emplacement postdated Carboniferous subduction and arc magmatism. Based on the new U–Pb 

geochronological data presented in this thesis, the Tocota Pluton is the first post-orogenic intrusive 

complex of the Colangüil Batholith, emplaced immediately before the rifting of Gondwana in this 

region (Fig. 7.1d). The Tocota Pluton was derived from a sialic melt generated by partial melting 

of continental crust, triggered by a mafic underplate (Fig. 7.1d). Younger diorite and andesitic 

dikes represents admixture of mafic magma with the felsic melt (Fig. 7.1d). The very scarce 

basaltic dikes are interpreted to derive from the mafic underplate, and intruded along joints late in 

the crystallization history of the intrusive complex (Fig. 7.1d). At this point in time, the western
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Figure 7.1: Schematic evolution of the geodynamic setting during sedimentation and magmatism in the San 

Francisco de los Andes district based on Llambías and Sato (1990; 1995), Sato et al. (1990; 2015), Busquets 

et al. (2002), Rodrı́guez Fernández et al. (2002), and personal interpretation based on the geological, 

geochemical and geochronological data collected during this study. Abbreviations: T1 = lower temperature 

isotherm, T2 = higher temperature isotherm, ‘?’ = Not entirely understood geodynamic evolution westward 

from the Frontal Cordillera (debated by various authors with no consensus). 
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margin of Gondwana had a clear extensional setting, and exhibited early indications of the 

forthcoming breakup of the supercontinent, followed by the beginning of subcontinental drift. 

7.2.2 Alteration and magmatic-hydrothermal fluids 

Three major conclusions can be made based on the data collected from San Francisco de 

los Andes for this study, and their interpretation and discussion with previous work on tourmaline-

cemented breccias. Several lines of evidence proved San Francisco de los Andes (i) has a 

magmatic-hydrothermal origin, (ii) formed due to coalescence of two individual breccia pipes, and 

(iii) has a complex evolution of hydrothermal fluids through time based on its mineralogy and 

mineral chemistry. 

7.2.2.1 Magmatic-hydrothermal origin 

The San Francisco de los Andes breccia complex has been interpreted previously as a 

single breccia pipe of xenothermal origin (e.g., Llambías and d Malvicini, 1969). Based on several 

lines of evidence, combined with up-to-date genetic classification of breccias, the San Francisco de 

los Andes breccia complex is interpreted here as two coalesced breccia pipes of magmatic-

hydrothermal origin.  

Key diagnostic features that support a magmatic-hydrothermal origin at San Francisco de 

los Andes have been documented from the breccia body and its individual breccia facies. The 

breccia rim facies consist of very angular to angular tabular sedimentary clasts that are parallel 

(imbricated) and dip steeply inwards (Figs. 4.5 – 4.7; Appendix 4.1). Their internal organization 

range from jigsaw-fit to clast-rotated, stratified and ungraded (Figs. 4.5 – 4.7; Appendix 4.1). All 

the aforementioned features imply limited clast transport and grinding. The breccia rim facies have 

moderate to high-temperature hydrothermal cement (e.g., tourmaline, arsenopyrite, bismuthinite, 

cosalite, chalcopyrite, bornite), which are common in magmatic-hydrothermal breccias (e.g., 

tourmaline, chalcopyrite, bornite at Sur-Sur; Frikken et al., 2005). Abundant hydrothermal cement, 

local occurrence of vugs, and absence of matrix indicate that open space was available and 

interconnected (i.e., high permeability) prior to cementation of the rim facies (Figs. 4.5 – 4.7; 

Appendix 4.1). Conversely, the breccia core facies has sub-angular to sub-rounded sedimentary 

clasts that are randomly oriented (Fig. 4.5a-b; Appendix 4.1). This matrix- and vug-rich facies only 

has minor proportions of hydrothermal cement (tourmaline ± quartz > sulfides ± sulfosalts). The 

rock flour- and vug-rich core facies breccias have high porosity, but low permeability (Fig. 4.5a-b; 

Appendix 4.1). Their internal organization varies from clast-rotated to chaotic, they are poorly 

stratified and ungraded to massive (Fig. 4.5a-b; Appendix 4.1). These features imply clast transport 
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and abrasion, probably due to an incipient fluidization cell in the center of the breccia pipes (cf. 

McCallum, 1985).  

Both domains of the San Francisco de los Andes breccia complex become narrower at 

higher elevations (Fig. 4.3). When coupled with the tourmaline – quartz – sericite alteration, lack 

of juvenile clasts and carapace clasts, it is inferred that the present day exposure is at the upper 

levels of an eroded magmatic-hydrothermal breccia complex. Drill holes have not reached the root 

of the orebody, which is predicted to have domains of potassic alteration developed around and 

above the magmatic source (cf. Sur-Sur; Frikken et al., 2005).  

Field observations imply genetic and spatial linkage between the tourmaline-cemented 

breccia complex and the tourmaline-bearing Tocota Pluton. The intrusive complex contains minor 

to trace contents of tourmaline (i.e., as accessory minerals, localized tourmaline – quartz radiating 

crystals, and host tourmaline – quartz veins). The San Francisco de los Andes breccia complex is 

hosted in sedimentary rocks intruded by the Tocota Pluton (Fig. 4.1). The Tocota Pluton has a 

horseshoe-shaped outcrop pattern that surrounds the breccia complex (Fig. 4.1). Based on the 

profuse magmatic activity in the area, and the outcrop pattern, the Tocota Pluton is interpreted to 

underlie the sedimentary sequence that hosts the breccia complex (Fig. 4.1). The lack of clasts 

derived from the Tocota Pluton implies that a significant vertical interval of breccia overlies the 

pluton. 

Along with the aforementioned relationships documented in the field, a genetic link can be 

interpreted based on quartz chemistry and B isotopic compositions of tourmaline from stage 1 

quartz – tourmaline aggregates hosted in the Rosado Granite (Figs. 3.6a-d and 4.10). Quartz from 

stage 1 tourmaline – quartz aggregates have distinctive compositions (e.g., high Ti, low Ge, and 

TitaniQ temperatures between 648 and 524°C at 3 kbar; Fig. 4.28), but they are overgrown by 

stage 1-rim quartz with chemical compositions similar to stages 2, 3a and 4a quartz in 

hydrothermal breccias and veins (e.g., low Ti, high Ge, and lower TitaniQ temperatures; Fig. 4.28). 

Studies on other systems have documented high Ti and low Ge contents in high temperature, 

magmatic quartz, and low Ti and high Ga in lower temperature, hydrothermal quartz (e.g., Schrön, 

1969; Sprunt, 1981; Behr and Schmidt-Mumm, 1987; Bruhn et al., 1996; Van den Kerkhof et al., 

1996; Müller et al. 2003). Based on quartz chemistry, stage 1 quartz is interpreted to have a late-

magmatic origin, whereas stage 1-rim quartz overgrowth a hydrothermal origin, which is 

equivalent to hydrothermal quartz from tourmaline breccias and veins. Likewise, B isotopic 

compositions from stage 1 tourmaline from tourmaline – quartz aggregates (-26.5 to -25.5 ‰; Fig. 

6.27) contrast with stage 1-rim hydrothermal tourmaline overgrowth (-15.4 ‰; Fig. 6.27). The 

latter is equivalent to stage 2, 3a and 4a hydrothermal tourmaline breccia cement and veins (-14.9 
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to -9.7‰; Fig. 6.27). The large δ11B variation (i.e., -26.5 to -9.7‰) reflects mixing of different 

boron sources and isotope fractionation during magmatic degassing and crystallization of the host 

Rosados Granite. Non-marine evaporates are suspected to have been present in the zone of partial 

melting of the sialic crust, or alternatively were assimilated during magma ascent. In summary, the 

radiating tourmaline – quartz aggregates hosted in the Tocota Pluton have recorded fluid evolution, 

and provide robust evidence of a magmatic-hydrothermal origin for the breccia complex (Figs. 

4.28 and 6.27). 

The presence of hypersaline fluid inclusions hosted in hydrothermal quartz (Fig 4.52c-d) 

provides further evidence for the involvement of magmatic-hydrothermal fluids. The existence of 

Bi and Ag telluride inclusions hosted in Bi-ore provides additional support for a magmatic-

hydrothermal origin for the breccia complex. Tellurides are typically inferred to either be 

magmatic in origin or related to metamorphic processes (e.g., Cooke et al., 1996; Cook, 2007). At 

San Francisco de los Andes, bismuth and silver tellurides are interpreted to record intermittent 

contribution of magmatic Te2(g) to hydrothermal mineralizing fluids released from the deep-seated 

crystalizing Tocota Pluton. Magmatic volatile-rich vapor plumes probably drove fragmentation and 

buoyantly ascended though the breccia column (e.g., Burnham, 1985). 

7.2.2.2 Coalescence of two breccia pipes 

Two brecciation events are inferred to have produced the magmatic-hydrothermal breccia 

complex at San Francisco de los Andes. Evidence includes the geometry of the breccia complex, 

which resembles two roughly cylindrical breccia bodies with shared edges (particularly evident 

with increasing depth), rather than one single elliptical body (Fig. 4.3). Polyphase breccias were 

not identified in the main level, most likely due to limited underground exposures in the key areas 

where the two pipes intersected. Despite lacking polyphase breccias, the two domains of the 

magmatic-hydrothermal breccia complex have distinctive mineral assemblages, metal assays, 

mineral compositions and trace elements substitution mechanisms in mineral phases. These 

differences imply different conditions and potentially different times of formation for the two 

domains. 

Galena and sphalerite are diagnostic major phases in the NW domain (Fig. 4.7a-d), 

whereas galena is absent in the SE domain, and only traces of star-shaped sphalerite inclusions in 

chalcopyrite were detected locally in the SE domain (e.g., Fig. 4.15h). Based on metal assays, high 

Pb and Zn characterize breccias of the NW domain, whereas Cu and Bi contents are markedly 

higher in the SE domain (Fig. 4.22). Each mineral phase analyzed has contrasting minor and trace 

element concentrations and/or substitution mechanisms between the two domains (e.g., Table 

4.11). Furthermore, certain elements are enriched in mineral phases from specific domains (e.g., 
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the NW domain has high Sb in quartz, pyrite, arsenopyrite, bismuthinite – aikinite members, 

bismuthinite and galena, Pb in pyrite, arsenopyrite, bismuthinite – aikinite members, bismuthinite 

and galena, and As in quartz and pyrite). All the aforementioned evidence is interpreted to indicate 

that two breccia pipes coalesced at San Francisco de los Andes, rather than being created during a 

single violent pipe-forming event. The first breccia pipe to form (SE domain) is characterized by 

moderate to high-temperature tourmaline > quartz, and Bi–Cu mineralization, with illite > quartz   

– tourmaline-altered host rocks (e.g., Fig. 4.12h). The second breccia pipe (NW domain) was 

cemented by moderate to high-temperature quartz ≥ tourmaline, and Bi–Cu mineralization, 

followed by low-temperature Pb–Zn mineralization, consistent with more distal locations relative 

to the fluid source. The sedimentary host rocks from the NW domain have tourmaline > quartz      

– illite as distinctive hydrothermal alteration assemblage (e.g., Fig. 4.12i).  

7.2.2.3 Evolution of hydrothermal fluids through time 

During the final stage of emplacement of the Tocota Pluton, stage 1 quartz and tourmaline 

formed radiating aggregates in the Rosado Granite (Figs. 4.10 and 7.2a). Silica, boron and water, 

among other volatile components, are interpreted to have separated from the final stages of a 

crystallizing granitic magma, and formed stage 1 quartz and tourmaline (Fig. 7.2a). Based on Ti-in-

quartz geothermobarometry, the quartz – tourmaline aggregates crystalized as late-magmatic 

minerals between 648 and 524°C at 3 kbar (Table 4.10; Figs. 4.50 and 4.51). 

Prior to brecciation, stage 2 K-feldspar – (biotite)-bearing potassic alteration affected the 

Tocota Pluton and adjacent sedimentary rocks (Fig. 4.11a-b). The stage 2 epidote – chlorite-

bearing propylitic assemblage formed distal to the breccia complex and was best developed in 

mafic rocks (Fig. 4.11c-g). The stage 2 tourmaline – quartz – illite assemblage was most intensely 

developed in the vicinity of tourmaline-cemented breccias and veins (Fig. 4.12). The stage 2 illite  

– quartz – tourmaline assemblage is interpreted to have been produced by weakly acidic (pH of ~ 6 

– 5) hydrothermal fluids, which evolved outwards from the breccia complex (and fault systems) to 

near-neutral or alkaline pH conditions producing the stage 2 propylitic alteration assemblage, via 

water-rock interaction (epidote – chlorite ± calcite stable; e.g., Cooke et al., 1996; Fig. 4.53). 

During stage 2, barren tourmaline – quartz veins and localized breccias formed (Fig. 7.2c-d). Based 

on Ti contents from stage 2 quartz, this stage is inferred to have occurred at temperatures between 

388 and 357°C at 1 kbar (Table 4.10; Figs. 4.50 and 4.51). 

During the final stages of crystallization of the Tocota Pluton, it is likely that exsolved 

magmatic-hydrothermal fluids were trapped under a granitic carapace (Fig. 7.2e). Fluid pressure 

built up under the impermeable barrier until it exceeded the combined lithostatic load and tensile 

strength of the surrounding host rocks (Burnham, 1979, 1985), leading to gas expansion and 
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catastrophic brecciation, producing a large vertical column of broken sedimentary and igneous 

rocks (Fig. 7.2f). This process is interpreted to have occurred twice, producing first the SE and then 

the NW domain of the breccia complex (Fig. 4.3). The breccia complex formed at the intersection 

between steeply dipping N-trending sedimentary rocks and vertical NW- to W-tending joints in the 

sedimentary and igneous rocks (Figs. 3.2 and 7.2b), a structural pattern that provided the 

preferential passageway for pressure release. 

The violent release of pressure caused by carapace rupturing could have triggered phase 

separation of the magmatic-hydrothermal fluids, generating abundant vapor and a dense brine. 

Evidence for this is provided by coexisting vapor-rich and polyphase fluid inclusions hosted in 

stage 3a and 4a quartz (Fig. 4.52). The vapor phase would have been enriched in light lithophile 

elements (particularly boron), steam and hydrochloric acid. Due to its low relative density, the 

vapor is inferred to have migrated upwards rapidly through the broken rock column, whereas the 

dense brine probably remained at the base of the breccia column, close to the magmatic source 

(Fig. 7.2f-g). The weakly acidic, volatile-rich fluid produced illite (> tourmaline – quartz) 

alteration in the vicinities of the SE breccia, and stage 3a tourmaline and quartz cement. Based on 

the Ti contents of stage 3a quartz, the temperature range of quartz formation was 378 to 266°C at 1 

kbar (Table 4.10; Figs. 4.50 and 4.51). Silica is highly soluble in steam under alkaline conditions 

(e.g., Morey and Hesselgesser, 1951; Brady, 1953; Krauskopf, 1956), however steam should not 

dissolve significant silica under the weakly acidic conditions that produced tourmaline – quartz     

– illite assemblages at San Francisco de los Andes. 

The wide array of sulfides and sulfosalts from stage 3b are interpreted to have been 

precipitated by the brine (Fig. 7.2h). This brine produced stage 3b-I pyrite – aresnopyrite 

mineralization with its invisible and lattice-bound gold. The final phase of stage 3b-I lead to 

enrichment in chalcophile elements (e.g., Bi, Sb, Cu. Pb, etc.) on the thin rims of arsenopyrite 

grains, which indicate a relative increase in their concentrations in the brine (Fig. 4.37). Stage 3b-II 

is characterized by bismuth mineralization and contemporary copper mineralization, which 

continued to precipitate after Bi-minerals were completely formed (Figs. 4.8 and 4.9). 

A deeper-seated blast reamed out the NW conduit soon after the SE pipe was cemented 

(Fig. 7.3a-b). The evolution of the magmatic-hydrothermal fluid in the NW pipe was similar to that 

of the SE pipe. A volatile-rich phase caused local alteration and cementation of stage 4a quartz and 

tourmaline (Fig. 7.3c). During this event, quartz is more abundant than during stage 3a (Figs. 4.8 

and 4.9). Based on Ti contents from stage 4a quartz, the temperature of quartz deposition was 

between 364 and 262°C at 1 kbar (Table 4.10; Figs. 4.50 and 4.51). The brine precipitated stage    

4b-I  pyrite  and  minor  arsenopyrite,  stage  4b-II  minor  Bi-  and  roughly  synchronous  copper  
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Figure 7.2: San Francisco de los Andes’ genetic model: a. Stage 1, late-magmatic tourmaline – quartz 

aggregates hosted in the Tocota Pluton. b. Regional joint system intersected steeply dipping sedimentary 

beds. c. Pre-brecciation stage 2 hydrothermal fluids altered sedimentary host rocks. d. Stage 2 tourmaline – 

quartz and epidote – chlorite veins formed along bedding planes and joints. e. Stage 3 exsolved fluids from 

the crystalizing Tocota Pluton were trapped under a granitic carapace. f. Violent release of built up fluid 

pressure caused brecciation of the SE breccia pipe and triggered phase separation, producing a volatile-rich 

vapor phase and a dense brine. g. Ascent of the vapor phase, propagating brecciation. h. Ascent of the dense, 

ore-bearing brine though the broken rock column. 
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Figure 7.3: San Francisco de los Andes’ genetic model (continuation): a. Stage 4 fluids from deeper parts of 

the Tocota Pluton, which had not entirely crystalized, were trapped under an impermeable granitic barrier. b. 

A deep-seated blast reamed out the NW conduit, after the SE pipe had already been cemented. This event 

triggered phase separation. c. Ascent of the volatile-rich phase. d. Ascent of the dense, ore-bearing brine 

responsible for Bi, Cu, Pb and Zn mineralization. e. Uplift and erosion of the apex of the breccia complex. 

Meteoric waters produced a poorly developed supergene enrichment profile (Testa et al., 2016). 
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mineralization, and then the late-stage, low-temperature stage 4b-III assemblage, which is 

defined by abundant galena and sphalerite (Figs. 4.8, 4.9 and 7.3d). 

Based on the thermodynamic modelling presented in Chapter 4, high fS2 and fTe2 conditions 

prevailed during stages 3b-II and 4b-II (i.e., log fS2 = -14.6 – -9.5; log fTe2 = -13.7 – -8.3; at 230°C; 

Fig. 4.54a; and log fS2 = -8.9 – -5; log fTe2 = -8 – -4.2; 400°C; Fig. 4.54b). These hydrothermal 

fluids were sufficiently enriched in bismuth to stabilize Bi-sulfosalts. High bismuth activates are 

required to form the bismuthinite – cosalite – tetradymite assemblage at San Francisco de los 

Andes. Similarly, silver activities were also interpreted to have been high based on the presence of 

hessite inclusions in bismuthinite, and with elevated silver detected in cosalite. During the final 

stage of mineralization at San Francisco de los Andes (i.e., stage 4b-III in the NW breccia pipe), 

low-temperature galena and sphalerite were the dominant mineral phases that precipitated and 

cemented breccias. The lack of altaite (PbTe), and Pb or Zn-bearing sulfosalts in the NW domain 

imply low Te2 and S2 fugacities throughout stage 4b-III. A decrease in fS2 and particularly fTe2 is in 

agreement with intermittent addition of tellurium via magmatic Te2(g)-rich plumes into the breccia 

pipe. 

7.3 Rio Blanco-Los Bronces 

7.3.1 Tectonic setting and magmatism 

The geodynamic setting that prevailed in the Andes during the formation of Rio Blanco-

Los Bronces originated from E-directed subduction of the Nazca oceanic plate beneath the western 

margin of the South American continental plate (Fig. 5.1). Between 28°S and 33°S, there is an area 

where no significant modern-day volcanism occurs due to low-angle subduction (Stern, 1989; 

Cahill and Isaaks, 1992; Skewes and Stern, 1995; Serrano et al., 1996). The ‘flat slab’ segment is 

the result of the shallowing of the subduction angle due to the subduction of the Juan Fernández 

ridge (Stern, 1989; Skewes and Holmgren, 1993; Skewes and Stern, 1995; Kurtz et al., 1997; Kay 

and Mpodozis, 2002; Ramos et al., 2002; Hollings et al., 2005; Fig. 5.1). During the late Miocene, 

the flat slab subduction regime prompted thickening and uplift of the crust, interrupted the normal 

magma supply underneath the arc, and ultimately caused the volcanic arc to migrate eastward 

(Stern 1989; Skewes and Stern 1994, 1995; Kay et al. 1999; Skewes et al., 2003). Cooling and 

crystallization of magma as mid to upper crustal granitoids was triggered by a decrease of magma 

supply, and by rapid uplift and erosional unroofing (Skewes and Holmgren 1993; Kurtz et al. 1997; 

Skewes et al., 2003). The strong compressional regime prevailing during flat slab subduction 

inhibited volcanism and inverted basin-boundary normal faults (Cooke et al., 2005; Hollings et al., 

2005; Piquer et al., 2015). 



Chapter 7 – Genetic model and conclusions 
 

411 
 

The San Francisco Batholith at Rio Blanco-Los Bronces has three main phases: Río 

Blanco Granodiorite, Cascada Granodiorite and diorite. Each unit contains biotite, hornblende, and 

titanite, and lacks muscovite, this mineral assemblage is typical of subduction-related intrusions 

(Chapter 3). The presence of primary biotite and amphibole implies high PH2O during magmatism 

(e.g., Richards, 2011; Loucks, 2014). Robust whole rock geochemical analyses from La 

Americana, Cerro Negro and Las Areneras yielded metaluminous to weakly peraluminous 

compositions, which are consistent with the aforementioned mineralogical assemblage and typical 

of I-type granitoids. Samples from the San Francisco Batholith plotted in the orogenic field (i.e., I-

S-M-type) on the discrimination diagrams for granitoids based on major and trace elements, after 

Whalen et al. (1987; Fig. 3.19), and in the I-type field on the Chappell and White (1974, 2001) 

diagrams based on major compositions (Fig. 3.20). Trace element composition of rocks from La 

Americana, Cerro Negro and Las Areneras plotted within the volcanic-arc granitoids fields of the 

geotectonic discrimination diagrams of Pearce et al. (1984; Fig. 3.21) and Harris et al. (1986; Fig. 

3.22). The intrusive complex lacks Eu anomalies and is strongly fractionated, with LREE 

enrichment and HREE depletion, in the chondrite-normalized REE diagram (Fig. 3.23). 

Enrichment in Sr and La prompted the adakite-like compositions of the San Francisco Batholith 

(Figs. 3.26 – 3.30). Garnet crystallization under eclogite metamorphic condition in the source is 

inferred to have occurred, based on the extreme HREE depletion relative to LREE (Fig. 3.23). The 

presence of hornblende in felsic melts may also aid to cause extreme LREE enrichment relative to 

HREE (e.g., Green, 1980; Wilson, 1989; Hollings et al., 2005). This mineral assemblage in the 

parental magma produced the distinctive high La/Yb ratios (≥ 20; Richards and Kerrich, 2007), 

adakitic compositions in the San Francisco Batholith (Figs. 3.26 and 3.27). An absence of 

plagioclase under eclogite conditions in the region of partial melting is interpreted to have caused 

Sr and Eu to be enriched, as Sr and Eu partition preferentially into feldspar (e.g., Kay, 1978; 

Defant and Drummond, 1990; Drummond et al., 1996). Divalent state Sr and Eu are compatible in 

feldspars, whereas trivalent REE are incompatible (Nagasawa,1971; Weill and Drake, 1973; Taylor 

et al., 1981; Taylor and McLennan, 1985; Bau, 1991). Consequently, the San Francisco Batholith 

has high Sr/Y ratios (≥ 20; Richards and Kerrich, 2007; Loucks, 2014) and lack Eu anomalies in 

chondrite-normalized REE patterns (Figs. 3.23, 3.28 – 3.30). For hornblende to be stable in 

magmas, it requires relatively high water contents (i.e., ≥ 4 wt %; Naney, 1983; Ridolfi et al., 

2010), and the presence of titanite reflects relatively high magmatic oxidation states (Foley and 

Wheller, 1990). Both mineral phases in the San Francisco Batholith are characteristics of arc 

magmas worldwide (Ballhaus, 1993). The adakite-like geochemical signatures and H2O-bearing 

phenocrysts are key indicators of high magmatic water concentrations, and are considered 

prospective for porphyry-type mineralization (e.g., Richards, 2011; Loucks, 2014). 
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7.3.2 Alteration and mineralization 

Four major conclusions regarding hydrothermal alteration and mineralization at Rio 

Blanco-Los Bronces can be made based on the data collected for this study when combined with 

previous studies. (i) Mineralization occurrences at La Americana – Sur-Sur, Cerro Negro and Las 

Areneras contrast markedly, with preferential development of large mineralized breccia in the 

southern part of the district, and veins in the central and northern part. (ii) At each prospect, there 

was a seven-stage fluid evolution transitioning from high- to moderate-temperature porphyry 

conditions to low-temperature epithermal conditions. Variations in pH and redox conditions though 

time have been recorded by the alteration and ore mineral assemblages. (iii) A magmatic-

hydrothermal origin for the tourmaline-rich breccias and veins is evidenced based on B isotopic 

compositions. Tourmaline precipitated from fluids derived from magmas generated in subduction 

zones. Boron isotopic compositions of tourmaline from Rio Blanco-Los Bronces are ultimately 

derived by fluids from oceanic crust altered by seawater. (iv) A series of discrete events of violent 

release of pressure caused catastrophic brecciation at Rio Blanco-Los Bronces. This mechanism 

was associated with a volatile-rich gas phase and a dense brine, the later responsible for the bulk of 

ore precipitation and the former for fragmentation. 

La Americana, Sur-Sur and Cerro Negro are well-mineralized areas, whereas Las Areneras 

weakly mineralized to barren (Figs. 5.21, 5.29 and 5.33). In the southern part of the Rio Blanco-

Los Bronces district, copper mineralization is mostly hosted in tourmaline- and biotite-cemented 

breccias (i.e., La Americana and Sur-Sur). Further north, at Cerro Negro, copper mineralization is 

hosted in veinlets and stockworks, whereas breccias are more localized and markedly less abundant 

than at La Americana and Sur-Sur. C veins are particularly less abundant at La Americana and Sur-

Sur than at Cerro Negro. The main Cu mineralizing stage mostly produced hydrothermal cement to 

the tourmaline-cemented breccias at La Americana and Sur-Sur, with minor, younger (but 

contemporary) C veins (Fig. 5.21). Conversely, the bulk of the Cu mineralization at Cerro Negro is 

hosted in C veins and localized breccias (Fig. 5.29). Las Areneras is located in the far north end of 

the district, further away from the porphyry system core, and was weakly mineralized by E veins 

and rare C veins, which are hosted in the Rio Blanco Granodiorite.  

The sequence of hydrothermal alteration and mineralization at each study site in the Rio 

Blanco-Los Bronces district showed classic examples of porphyry-style veins and/or breccias, with 

a broadly common evolution for hydrothermal fluids and alteration assemblages. Discrete porphyry 

intrusions at La Americana – Sur-Sur, Cerro Negro and Las Areneras are inferred to have been 

derived from an underlying pluton. They produced prograde hydrothermal alteration due to 

metasomatism with heat transfer by advection. Deep-level stage 1 potassic ± sodic alteration grade 
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upwards and laterally into stage 2 propylitic alteration; both occur over the district-scale (Figs. 

5.21, 5.29 and 5.33). During stage 1, EB, QKAS, T1 and A veins were formed and produced minor 

Cu mineralization developed during prograde hydrothermal alteration, whereas stage 1, B veins 

was the main Mo mineralization event (Table 5.4). Stage 2 is characterized by epidote – chlorite    

± calcite. Magmatic-hydrothermal brecciation was responsible for localized, deep-seated biotite 

alteration (stage 1 at La Americana, and Stage 3 at Cerro Negro and Las Areneras) and shallow-

level stage 3 phyllic – tourmaline alteration (Figs. 5.21, 5.29 and 5.33). Tourmaline- and quartz-

cemented breccias formed during stage 3, and were cemented by stage 4 chalcopyrite ± bornite. 

The magmatic-hydrothermal breccias were crosscut by T2 and C veins, which are genetically 

related with stages 3 and 4 respectively (Figs. 5.21, 5.29 and 5.33). Stage 4 is interpreted to be the 

main Cu mineralizing stage. Overall, stage 4 hydrothermal fluids evolved from magnetite               

± specularite-stable and reducing (i.e., H2S predominant; La Americana and Areneras) to more 

oxidized fluids based on anhydrite precipitation (i.e., HSO4
- or SO2 predominant; La Americana, 

Cerro Negro and Areneras), followed by a return to more reduced conditions during sulfide 

deposition (i.e., H2S predominant; La Americana, Cerro Negro and Areneras; Fig. 5.43). At Las 

Areneras, evidence for an additional stage is provided by late stage specularite, which precipitated 

after the traces of Cu mineralization (Fig. 5.43). Stage 5 produced tourmaline-altered, matrix-rich 

breccias and T3 veins that crosscut older breccias, and commonly host lower contents of Cu 

mineralization (Figs. 5.21, 5.29 and 5.33). Barren D veins were formed during stage 6 (Figs. 5.21, 

5.29 and 5.33). At Las Areneras, traces of Cu mineralization in D veins are interpreted to derive 

from remobilization of C veins or stage 4 breccias from neighboring mineralized areas due to late 

porphyry intrusions. Both stages 5 and 6 caused sericite and intermediate argillic alteration 

assemblages, due to intermediate hydrolysis of silicate at approximately < 300°C (Fig. 5.41). They 

overprinted prograde alteration assemblages. Stage 7 was the last hydrothermal stage in the study 

areas (Figs. 5.21, 5.29 and 5.33). It documented the transition from porphyry to epithermal 

systems, and produced carbonate-bearing E veins that are interpreted to be derived from low 

temperature, epithermal-style fluids. 

Tourmaline-rich breccia dikes and veins at Rio Blanco-Los Bronces are interpreted to have 

a magmatic-hydrothermal origin. Hydrothermal tourmaline breccia cement and veins yielded δ11B 

values between -5.6 to 6.2 ‰, comparable to nearby Cenozoic volcanic rocks and porphyry copper 

deposits (Fig. 6.27). Boron is typically a crustal element, seawater and rocks of the continental 

crust contain a large fraction of Earth's boron budget, whereas its abundance in the mantle is very 

low (Dutrow and Henry 2011). Rocks of the oceanic crust incorporate isotopically heavy B from 

seawater during seafloor alteration, thus they are enriched in 11B relative to 10B, compared to the 

lighter compositions in the mantle and continental crust (e.g., Leeman and Sisson 1996; Marschall 
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and Jiang, 2011). Fluids with isotopically heavy B compositions are released from altered oceanic 

crust during subduction, which contribute to subduction-related magmatism. Consequently, 

magmas generated in subduction zones are typically enriched in 11B (e.g., Leeman and Sisson 

1996; Marschall and Jiang, 2011). The isotopically heavy B compositions detected in tourmaline 

from Rio Blanco-Los Bronces can be used to identify a subduction-related origin. Boron is 

interpreted to have been extracted from upwelling fluids from the subducting Nazca plate and its 

overlying marine sediments. Boron isotopic compositions are therefore ultimately inherited from 

the oceanic crust’s interaction with seawater. Locally, deep-seated, coarse-grained, radiating 

tourmaline crystals at La Americana yielded anomalously lighter B concentrations (-17.1 to -12.6 

‰; Fig. 6.27). These are interpreted to relate to further interaction of subduction-derived fluids 

with isotopically heavy B composition and the Andean continental basement in variable 

proportions. These tourmalines are genetically related to fluids with more crustal contamination 

than those from breccia cement or veins. 

Overpressured hydrothermal fluids most likely caused brittle fracture of the host rocks at 

each prospect in the Rio Blanco-Los Bronces district, forming breccia dikes and veins. Stage 1 and 

3 hydrothermal fluids cemented and infilled these breccias and veins with biotite and tourmaline 

together with lesser amount of quartz. Based on the fact that stage 4 mineralization is hosted in 

open spaces within breccias and veins, with minor replacement of host rocks, water-rock 

interaction can be discarded as a major ore-forming process (cf., Frikken et al., 2005). Other 

mechanisms must therefore have accounted for ore precipitation. The main event of Cu 

mineralization, deposited during stage 4, is suspected to be related to dense brines that migrated 

upwards from the deep-seated intrusions after brecciation (e.g., Frikken et al., 2005). Based on the 

presence of oxide and sulfate phases, these were most likely oxidized fluids that transported and 

precipitated copper. Phyllic alteration was best developed during stage 3, but waned during stage 4, 

prior to Cu sulfide precipitation. Stages 3 and 4 have roughly similar mineral assemblages in each 

prospect, implying that fluid compositions were to some extent comparable. The paragenetic 

sequences and timing of formation of mineral phases are broadly similar, but variable in detailed 

throughout the Rio Blanco-Los Bronces district, indicating some variability in fluid evolution at 

each prospect (Figs. 5.21, 5.29 and 5.33). Sur-Sur – La Americana, Cerro Negro and Las Areneras 

are interpreted to be individual magmatic-hydrothermal systems that are related to a much larger, 

mid-crustal late Miocene magma chamber that underlies the district, which is still apparent in 

microseismic data as a broad low-velocity zone. A large area of low Vp/Vs ratios in seismic 

tomography has been speculated to correlate with < 4 Ma igneous rocks of the deep magma 

chamber, which crystalized after the formation of the cluster of deposits at Rio Blanco-Los 
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Bronces (Piquer et al., 2015). In summary, mineralization at each prospect most likely developed 

due to local magmatic-hydrothermal activity in each area, rather than being a district-scale event.  

7.4 Implications for exploration 

The results of this study have yielded several key conclusions that have implications for 

regional- and district-scale exploration for porphyry- and epithermal-style mineralization. 

Significant outcomes include lithology, hydrothermal alteration and mineral mapping using 

ASTER imagery, and the use of tourmaline compositions as a vector towards mineralized ore 

zones, and as fertility indicators.  

7.4.1 Regional-scale exploration: ASTER satellite imagery 

  At the regional scale, a more traditional approach for mapping hydrothermal alteration and 

highlight zones where ore deposits are likely to occur is the use of satellite images. Processed 

ASTER imagery has proven highly effective at mapping lithologies, hydrothermal alteration 

assemblages and individual hydrothermal minerals in a large section of the Argentinean Frontal 

Cordillera (3,600 km2), which includes the San Francisco de los Andes district (Figs. 2.2 and 2.3). 

Most of these features are difficult to detect with available Landsat images or aerial photos. 

Valuable ASTER processing techniques include:  

• RGB band combinations: 321, 731 and 468 (Figs. 2.5 – 2.7);  

• Band ratios: VNIR 2/1 and SWIR 4/6 (Figs. 2.8 and 2.9);  

• Math operations: (5 + 7) / 6 and (4 + 6) / 5 (Figs. 2.10 and 2.11); the (4 x 7) / (8 x 8) operation 

was developed for this study (Fig. 2.12). It produced one of the most useful ASTER images 

for the study area, which provides robust information that differentiate lithologic units, and 

hydrothermal alteration types within only one image (Fig. 2.12);  

• RGB band ratios combinations: 4/5, 4/6, 4/7 and 4/5, 4/7, 3/1 (Figs. 2.13 and 2.14). The latter 

of these was developed for this study site, which effectively differentiates both lithologic units 

and types of hydrothermal alteration (Fig. 2.14). It differentiated mafic to felsic igneous rocks 

and sedimentary units, along with argillic – phyllic and silicic alterations (Fig. 2.14);  

• Ninomiya’s indices: OH-bearing minerals index (OHIa; Fig. 2.15), kaolinite index (KLI; Fig. 

2.16), alunite index (ALI; Fig. 2.17), and TIR quartz index (QI; Fig. 2.18). The QI very 

effectively mapped the Tocota Pluton with sharply defined limits (Fig. 2.18), which are not 

evident in other satellite images or aerial photos, and can help to improve the boundaries 

currently drawn on geological maps (Figs. 2.3 and 2.18); 
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• Principal component analysis: Negated principal component 4 for bands 1, 4, 6 and 7 

(kaolinite; Fig. 2.19), negated PC4 for bands 1, 4, 6 and 9 (kaolinite + smectite; Fig. 2.20) and 

PC3 calculated for bands 1, 3, 5 and 7 (alunite; Fig. 2.21).  

Clay- and phyllosilicate-rich alteration assemblages were identified in areas spatially and 

genetically related with well-known epithermal and porphyry deposits (Figs. 2.5 – 2.7, 2.9, 2.11          

– 2.17, 2.19 – 2.21). The ASTER imagery also highlighted potential exploration targets for 

economic mineralization to the west of the already identified mineral deposits (Figs. 2.5 – 2.7, 2.9, 

2.11 – 2.17, 2.19 – 2.21). Further application of this approach in similar areas of the Frontal 

Cordillera is strongly recommended.  

7.4.2 District-scale exploration: Tourmaline chemistry 

Tourmaline chemistry has proven to be an innovative tool to detect and assess the fertility 

of an area of interest; It can be used as vectors towards the core of a mineralized system or to 

record the spatial chemical changes of evolving fluids. Some of the key implications for 

exploration from the current study include:  

• The detection of a povondraite (Na–Fe3+-rich) component identified in tourmalines from San 

Francisco de los Andes and Rio Blanco-Los Bronces area (Fig. 6.12); Oxidized and highly 

saline fluids are required to form povondraite compositions (e.g., Slack and Trumbull, 2011; 

van Hinsberg et al. 2011), which are the type of hydrothermal fluids responsible for the 

formation of many mineralized systems;  

• Based on tourmaline chemistry from all the study sites, mineralized and barren systems have 

contrasting tourmaline compositions. These are explained here by preferential partitioning of 

cations into the Y-site based on elements availability from the original hydrothermal fluids. 

The Y-site in tourmaline is mainly filled by R2+ cations (i.e., Fe2+, Mg2+, Mn2+); If there is still 

available space, transition metals (e.g., Cu2+, Zn2+, Ni2+, Co2+) can partition into the Y-site; 

Ore-bearing hydrothermal fluids can be highly enriched in Cu and/or Zn, and these pathfinder 

elements can preferentially partition into the Y-site leaving little to no space for Co or Ni. 

Conversely, tourmalines from barren systems precipitated from Cu- and Zn-poor 

hydrothermal fluids, thus were enriched in Ni and Co. Furthermore, if there was still space 

available in the Y-site after Ni and Co substitution, the Ti4+ may also partition into the 

tourmaline structure. Only tourmalines from the barren Las Areneras area are enriched in Ni, 

Co and Ti (Figs. 6.14b and 6.15c). Elevated concentrations of these elements in tourmaline are 

considered an infertile sign for porphyry Cu mineralization; 
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• Antimony and As are pathfinder elements enriched in ore-bearing hydrothermal fluids (e.g., 

Cooke et al., 2014).This study proved Sb and As partition into the structure of tourmaline in 

each of the mineralized areas analyzed (i.e., up to 100 ppm Sb, and 5,000 ppm As; Fig. 6.25a); 

• Tourmaline chemistry has been used to define fertility indicators that can discriminate barren 

from mineralized systems. Fertility indicators that have effectively distinguished the barren 

Las Areneras area from the mineralized Sur-Sur, La Americana, San Francisco de los Andes 

and Cadia East deposits include:  

▪ Sb vs As, As vs Ti, Cu vs As, and Cu vs W (Fig. 6.25) 

▪ Cu / Co vs As, Cu / Ti vs As, As / Ti vs Sb, and Ni /W vs Co (Fig. 6.26) 

• In the Rio Blanco Los Bronces district, tourmaline chemistry varies as a function of depth; At 

higher elevations in mineralized areas, tourmalines are enriched in Fe, Ca, As, Sr, Mn, Zn, Ba 

and Pb (La Americana and Sur-Sur; Figs. 6.19 and 6.20). This provides potential vectors to 

deep-seated porphyry-related Cu mineralization; 

• Tourmaline chemistry from the San Francisco de los Andes district provided a significantly 

more efficient guide towards mineralization than whole rock geochemistry in terms of 

distance from the deposit center (Fig. 6.23); The San Francisco de los Andes breccia complex 

is small, and a different type mineralized system compared to the giant, porphyry-related Cu 

mineralized systems in the Andes. Key differences include geodynamic setting, type of 

magmatism, mineral assemblages, original composition of hydrothermal fluids, and age of ore 

formation, The vectoring elements and ratios in tourmaline are therefore markedly contrasting 

to those from giant porphyry Cu deposits (i.e., Rio Blanco-Los Bronces and Cadia East): 

▪ Distal indicators: Sc, Cr and V yielded highest values at > 1.2 km from the deposit 

center  

▪ Proximal indicators: Peak Co and Sn were detected at distances < 700 m; Ti / Cr,      

Ti / V, Sr / Sc and Co / Sc ratios yielded high values up to < 1.5 km from the San 

Francisco de los Andes deposit  

7.5 Recommendations for further research 

Suggestions for future research and further data interpretation related to this PhD project include: 

• Deeper drill holes are required to delineate the full extent of mineralization, and to constrain 

the geometry of the San Francisco de los Andes breccia complex. Geophysical investigations 

using high-resolution georadar (GPR), seismic, and geo-electric techniques could potentially 

help to document the morphology of the breccia body. High-resolution reflection seismic 

techniques could be used to constrain the breccia body in three dimensions. High impedances 
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between the breccia column and its host rock may allow the breccia body to be delineated 

using vertical seismic profiling (VSP) 

• Further work on fluid inclusions at San Francisco de los Andes should be undertaken to 

document the chemical composition of the brine responsible for metal transport and ore 

precipitation. LA-ICP-MS analyses of vapor, liquid and brine hosted in fluids inclusions in 

stage 3a and 4a quartz and tourmaline are recommended. Semi-opaque stage 4b-III sphalerite 

could also potentially be analyzed by LA-ICP-MS analyses (e.g., Wilkinson et al., 2009). LA-

ICP-MS in combination with nearinfrared microscopy of fluid inclusions hosted by opaque 

minerals to visible light could provide insights into the compositions of ore-forming fluids. 

Despite some analytical limitations, fluid inclusions in pyrite have been analyzed successfully 

in the past (e.g., Kouzmanov et al., 2010). Fluid inclusions in stage 3b-I and 4b-I pyrite would 

provide useful data regarding the ore-bearing hydrothermal fluids, because pyrite formed 

immediately prior to ore deposition (Figs. 4.8 and 4.9) 

• Vertical changes in trace element compositions in tourmalines from the mineralized areas of 

La Americana and Sur-Sur, and the barren Las Areneras area were documented. Further LA-

ICP-MS studies should be conducted on samples from Cerro Negro, where only EMP data has 

been collected, to further test the proposed fertility indicators 

• A wide range of isotopes can be measured in tourmaline in addition to boron, including δ18O 

and δD. Combined isotopic compositions of tourmaline would provide better constraints on 

the origin and evolution of hydrothermal fluids at San Francisco de los Andes and Rio 

Blanco-Los Bronces. Future studies could also use stable isotope composition of oxygen and 

hydrogen of key alteration minerals such as secondary biotite and illite; and δ18O in quartz, 

epidote and magnetite to conduct a comprehensive comparison with those results from 

tourmaline 
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