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Abstract 

Die zentralen Anden beherbergen große Reserven von unedlen und Edelmetallen. Die Region war 

2017 ein wichtiger Teil der weltweiten Bergbautätigkeit. Bisher wurden drei Hauptlagerstätten 

identifiziert und untersucht: 1) Porphyr-Lagerstätten, die sich von Zentralchile und Argentinien bis 

Bolivien und Nord-Peru erstrecken; 2) Eisenoxid-Kupfer-Gold-Lagerstätten (IOCG), die sich von 

Zentralperu bis Zentralchile ausdehnen, sowie 3) polymetallische epithermale Zinnlagerstätten, die 

sich von Südperu bis nach Nordargentinien erstrecken und einen Großteil der Lagerstätten des 

bolivianischen Zinngürtels (Bolivian Tin Belt - BTB) bilden. Lagerstätten im BTB können in zwei 

Haupttypen unterteilt werden: (1) polymetallische Lagerstätten aus Zinn-Wolfram-Zink im 

Zusammenhang mit Plutonen und (2) polymetallische Zinn-Silber-Blei-zink Anlagerungen in 

epithermalen gangförmigen Lagerstätten. 

Mina Pirquitas ist eine epithermale Zinn-Silber-Blei-Zink-Polymetallvenenlagerstätte im Nordwesten 

Argentiniens, die früher eine der wichtigsten Zinnsilber-Mine meines Landes war. Es wurde als Teil 

der BTB interpretiert und hat ähnliche Mineralstoffverbände mit südlichen Pluton-bezogenen BTB-

Epithermalvorkommen. Es wurden zwei bedeutende Mineralisierungsereignisse identifiziert, die sich 

auf drei mit meteorischem Wasser gemischte magmatische Fluide beziehen. Das erste Ereignis kann in 

zwei Stufen unterteilt werden: 1) Stufe I-1, wobei Quarz, Pyrit und Cassiterit aus Fluiden zwischen 

233 und 370 ° C und einem Salzgehalt zwischen 0 und 7,5 Gew .-% ausfallen, entsprechend einem 

ersten Flüssigkeitsimpuls, und 2) Stufe I-2 mit Sphalerit und Zinn-Silber-Blei-Antimonsulfosalzen, die 

aus Fluiden zwischen 213 und 274 ° C mit einem Salzgehalt von bis zu 10,6 Gew .-% ausfallen, was 

einem neuen Impuls magmatischer Fluiden im hydrothermalen System entspricht. Durch die 

Mineralisierung II wurden die reichsten Silbererze bei Pirquitas abgelagert. Die Temperaturen und 

Salzgehalte von Event II liegen zwischen 190 und 252 ° C bzw. zwischen 0,9 und 4,3 Gew .-%. Dies 

entspricht der abnehmenden Versorgung mit magmatischen Fluiden. 

Edelgasisotopenzusammensetzungen und -konzentrationen in mit Erz beherbergten 

Flüssigkeitseinschlüssen zeigen einen signifikanten Beitrag magmatischer Fluiden zur Pirquitas-

Mineralisierung, obwohl keine intrusiven Gesteine im Minengebiet exponiert sind. 
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Messungen von Blei- und Schwefelisotopen an Erzmineralien zeigen, dass Pirquitas eine ähnliche 

Signatur mit südlichen Pluton-verwandten polymetallischen Lagerstätten in der BTB teilt. Darüber 

hinaus liegt der größte Teil der Schwefelisotopenwerte von Sulfid- und Sulfosaltmineralien aus 

Pirquitas im Bereich von Schwefel aus magmatischem Gestein. Dies deutet darauf hin, dass der 

Hauptbeitrag von Schwefel zum hydrothermalen System bei Pirquitas wahrscheinlich aus Magma 

stammt. Das genaue Alter der Lagerstätte ist noch nicht bekannt, aber die Ergebnisse der Wolframit-

Datierung von 2,9 ± 9,1 Ma und lokalen Strukturbeobachtungen legen nahe, dass die späten 

Mineralisierungsereignisse jünger als 12 Ma sind. 
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Abstract 

The Central Andes host large reserves of base and precious metals. The region represented, in 2017, an 

important part of the worldwide mining activity. Three principal types of deposits have been identified 

and studied: 1) porphyry type deposits extending from central Chile and Argentina to Bolivia, and 

Northern Peru, 2) iron oxide-copper-gold (IOCG) deposits, extending from central Peru to central 

Chile, and 3) epithermal tin polymetallic deposits extending from Southern Peru to Northern 

Argentina, which compose a large part of the deposits of the Bolivian Tin Belt (BTB). Deposits in the 

BTB can be divided into two major types: (1) tin-tungsten-zinc pluton-related polymetallic deposits, 

and (2) tin-silver-lead-zinc epithermal polymetallic vein deposits. 

Mina Pirquitas is a tin-silver-lead-zinc epithermal polymetallic vein deposit, located in north-west 

Argentina, that used to be one of the most important tin-silver producing mine of the country. It was 

interpreted to be part of the BTB and it shares similar mineral associations with southern pluton 

related BTB epithermal deposits. Two major mineralization events related to three pulses of magmatic 

fluids mixed with meteoric water have been identified. The first event can be divided in two stages: 1) 

stage I-1 with quartz, pyrite, and cassiterite precipitating from fluids between 233 and 370 °C and 

salinity between 0 and 7.5 wt%, corresponding to a first pulse of fluids, and 2) stage I-2 with 

sphalerite and tin-silver-lead-antimony sulfosalts precipitating from fluids between 213 and 274 °C 

with salinity up to 10.6 wt%, corresponding to a new pulse of magmatic fluids in the hydrothermal 

system. The mineralization event II deposited the richest silver ores at Pirquitas. Event II fluids 

temperatures and salinities range between 190 and 252 °C and between 0.9 and 4.3 wt% respectively. 

This corresponds to the waning supply of magmatic fluids. Noble gas isotopic compositions and 

concentrations in ore-hosted fluid inclusions demonstrate a significant contribution of magmatic fluids 

to the Pirquitas mineralization although no intrusive rocks are exposed in the mine area. 

Lead and sulfur isotopic measurements on ore minerals show that Pirquitas shares a similar signature 

with southern pluton related polymetallic deposits in the BTB. Furthermore, the major part of the 

sulfur isotopic values of sulfide and sulfosalt minerals from Pirquitas ranges in the field for sulfur 

derived from igneous rocks. This suggests that the main contribution of sulfur to the hydrothermal 
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system at Pirquitas is likely to be magma-derived. The precise age of the deposit is still unknown but 

the results of wolframite dating of 2.9 ± 9.1 Ma and local structural observations suggest that the late 

mineralization event is younger than 12 Ma. 
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1. General introduction 

1.1. The metallogeny of the Central Andes  

The Central Andes (Fig 1) have one of the most important reserve of base metals on the planet. 

Several Andean countries (Chile, Bolivia, Peru, etc.) are among the richest in the world either in 

production or in geological reserves of antimony, barium, beryllium, bismuth, boron, copper, indium, 

iodine, lithium, lead, molybdenum, nitrates, platinum, rhenium, selenium, silver, tellurium, tin, 

tungsten, and zinc (Petersen, 1977). The region represented, in 2017, an important part of the 

worldwide mining activity with 39% of copper, 23% of silver, 20% of molybdenum, 14% of zinc, and 

12% of tin of the world production (Fontboté, 2018). In the last 30 years, numerous new world class 

deposits were discovered, such as El Indio and Escondida in Chile, and the Andes are still a principal 

target for exploration. At the same time, there have been a growing number of scientific studies the 

occurrence and genesis of ore deposits of the central Andes. Three main types have been identified and 

studied all over the Central Andes and are of interest to this study. Some of them are among the world 

largest of their type (e.g., Chuquicamata porphyry Cu deposit). 

Porphyry deposits 

The best studied deposit type of the Central Andes, the porphyry copper type, has been intensively 

described by Silitoe (1975), Silitoe and Perelló (2005), and Silitoe (2010). It forms due to subvolcanic-

related and metasomatic processes during an accretionary orogeny context. The Cenozoic is 

characterized by an abundant occurrence of Cu-Au-Mo porphyry systems in the Central Andes after 

massive fluids circulation. This fluids supply has been interpreted to be the consequence of the 

flattening of the subducted slab, which induced magma trapping in large shallow chambers under the 

belt (Sillitoe and Perelló 2005). Several orogen-parallel porphyry copper belts occurred along the 

Andean cordillera. However, compared to Paleozoic and early Mesozoic porphyry Cu deposits, those 

that formed during the Paleocene to Early Oligocene, and from Miocene to early Pliocene periods are 

the richest in copper (Sillitoe and Perelló 2005; Fontboté, 2018). They extend from central Chile and 

Argentina to Bolivia, and northern Peru.  
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IOCG deposits 

A well-known iron oxide-copper-gold (IOCG) deposits belt, defined primarily by their elevated 

magnetite and/or hematite contents, extends from central Peru to central Chile (Sillitoe & Hedenquist, 

2003). The Cu-porphyry and IOCG deposits occur along the main magmatic arc(s) of the Andes. Also, 

the central Andean IOCG belt is associated to the coastal Cordillera crustal extensional and 

transtensional phase during the lower Jurassic and the lower Cretaceous (Sillitoe & Hedenquist, 2003).  

Figure 1: Map of the central Andes with (EC) Eastern Cordillera, (WC) Western Cordillera, (SA) 
Subandean Cordillera, (PA) Puna-Altiplano, (SP) Sierras Pampeanas. 
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Andean IOCG deposits are strongly connected to gabrodioritic to dioritic magmas, from which the ore 

bearing fluid have been generated (Sillitoe & Hedenquist, 2003; De haller and Fontboté, 2009).  

Epithermal tin polymetallic deposits 

There is an important third belt of mineralization located east of the magmatic arc which shows high 

concentration of tin, tungsten, silver, and base metals. It is usually known as the Bolivian tin belt 

(BTB), and it extends from southern Peru to northern Argentina. Numerous tin-polymetallic deposits 

occurred all along this belt with different mineralization types and ages from Triassic to Cenozoic. The 

Pirquitas deposit is located at the southern end of the Bolivian Tin Belt. 

1.2. The Bolivian Tin-Belt  

The Bolivian Tin Belt (BTB) extends from the Peruvian border through Bolivia along the Eastern 

range of the Andes into northern Argentina for approximately 900 km and hosts a variety of economic 

ore deposits of regionally different styles and ore associations (Turneaure, 1971; Arce-Burgoa, 1990, 

2009;  Fontboté, 2018).  High grade hydrothermal tin lodes with significant W and Ag contents are in 

spatial association with peraluminous granites and porphyry intrusive bodies, which are aged from the 

late Permian to the early Pliocene. Most of the tin deposits hosted in the BTB are late Oligocene to 

Miocene in age, but a small part of them is dated from late Triassic to early Jurassic (Arce-Burgoa, 

2009). Deposits in the BTB can be divided into two major types: (1) Sn–W–Zn pluton-related 

polymetallic deposits, and (2) Sn–Ag–Pb–Zn epithermal polymetallic vein deposits (including the 

Bonanza type, a high Au grade deposit type).  

1.2.1. Sn–W–Zn pluton related deposits 

Sn and Sn-W-Zn deposit types are mostly represented in the Central Cordillera also named Cordillera 

Real  in the northern part of the BTB, and are illustrated by districts as Sayaquira, Caracoles, Araca, 

Bolsa, Negra, Chojlla, and Milluni. They are generally located in the region from La Paz to the 

Peruvian border. Most of the tin-tungsten deposits are dominantly tungsten bearing, but between La 

Paz and Oruro, both tin and tungsten occur sub-equally. They occur within pluton or altered 

sedimentary rocks of the contact zone and are accompanied by a generation of characteristic 

widespread tourmaline–related to late hydrothermal alteration. The main mineralizations occur as 
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cassiterite-quartz and wolframite-quartz veins with scheelite in association with pyrrhotite and 

sphalerite, the most abundant sulfide minerals. Other sulfides including chalcopyrite, arsenopyrite, and 

stannite are common, as well as bismuthinite and native bismuth that are characteristic of several 

deposits. Galena occurs in rarely. The Sn-W-Zn mineralizations form an irregular mineralized belt up 

to 10km wide on both sides of the batholiths. The southern half of the BTB is dominated by 

polymetallic tin-silver mineralization however the most important tin type deposits are located there 

such as Llallagua, Morococala, Huanuni, and Colquiri. The rich tin deposits in the southern BTB are 

minerallogically similar to those of the Cordillera Real, with quartz-cassiterite-sulfide ores (Turneaure, 

1971). 

1.2.2.  Sn–polymetallic vein type deposits 

The polymetallic vein-type deposits in the southern half of the BTB are exemplified by districts 

including Potosí, Porco, Sieste suyos, Tatasi, San Vicente, and San Antonio de Lipez and include 

northern Argentina deposits Chinchillas and Pirquitas (this study). Mineralization aging from betwee 

22 to 4 Ma, occur as veins, veinlets, stockworks, and disseminated ores hosted in Paleozoic 

metasediments, volcanic layers, and Paleozoic to Mesozoic plutons (Grant et al., 1979; Coira et al., 

2004). Polymetallic Ag-Sn vein-type ore deposits are shallow and are assumed to be genetically 

related with Miocene and Pliocene subvolcanic intrusions (Grant et al., 1979; Coira et al., 2004). 

Typically, the southern BTB ore veins are hosted in quartz-poor gangue and are composed of 

cassiterite, pyrite, base-metal sulfides, and a large variety of sulfosalts including tetrahedrite, 

pyrargyrite, franckeite, andorite, as well as rare minerals as matildite or aramayoite. The alteration 

minerals include alunite, chlorite, sericite, and kaolinite with rare tourmaline. The Sn-Zn deposits are 

characterized by abundant teallite, altered to galena, in association with sphalerite-wurzite, acicular 

cassiterite, and less abundant minerals as sulfides, franckeite, and cylindrite. Additional deposits can 

be observed with Ag-Zn or Ag-Pb-Zn shallow mineralization as well as, mostly in the south, Pb-Zn-Sb 

and Au-W mineralized veins (Turneaure, 1971). 
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1.3. Mina Pirquitas, overview and history 

1.3.1. Geographical characteristics 

Mina Pirquitas is a Sn-Ag-(Zn) mine property of Silver Standard Inc located in the Province of Jujuy 

in northwestern Argentina (22’42”S, 66’30”W). The closet community is the village of Nuevo 

Pirquitas, ca 10km from the mine site, with a population of about 200 people. Biggers towns, Susques 

and Abra Pampas, are in ca 130 km distance by road. Approximately 76% of the mine employees are 

native from the Jujuy province and the majority of them live in the mine camp (Board, 2011). 

The deposit is situated in a rugged mountainous terrain at elevations between 4,000 and 4,450 m a.s.l. . 

The area around the mine is covered by patchy to sparse shrub and grass vegetation that provide 

habitat for few animal species including vicuña, puna fox, and vizcacha, as well as more than 50 

species of birds (Rundel and Palma, 2000). The climate in the area is typical for the Puna plateau, with 

dry (260 mm annual precipitation) and windy conditions. Occasional rains are concentrated between 

December and February. Moderate temperatures typify most of the year, with temperatures below 

freezing during the winter.   

1.3.2. General geology 

The Pirquitas deposit is located in the Puna plateau, which is mostly composed of a strongly deformed 

Neoproterozoic to Cambrian metamorphic basement of which is covered by Ordovician 

metamorphosed shales and sandstones which are intercalated with volcanic layers (Lucassen et al., 

2000; Coira et al., 2004). Upon those Ordovician metasediments and volcanic layers, Tertiary 

continental basins developed. Also, a centripetal drainage network has built depressions partly occupied 

by salt flats or brackish water bodies (Allmendinger et al., 1997; Gorustovich et al., 2011). 

The history of the plateau is dominated by compressional deformations and uplifts related to the 

Andean Orogeny as well as the magmatic activity of the Andean Central Volcanic Zone (CVZ). The 

volcanic activity of the Puna is characterized by early Miocene to Pliocene andesitic-dacitic 

stratovolcanoes along the western margin and large-volume felsic ignimbrites erupted from resurgent 

calderas of the Altiplano-Puna volcanic complex (de Silva, 1989; Caffe et al., 2002; Kay et al., 2010). 

The main structures in the Puna are N-S to NNE-SSW striking faults and regional scale striking 
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lineaments with compressive and transpressive characters. The northern Puna is considered to be in 

near neutral stress since the end of the Miocene due to a lack of tectonic activity, in contrast to the 

southern part, where several extensional and transtensional faults are associated with the Pliocene 

plateau collapse (Allmendinger et al., 1989; Marrett et al., 1994).  

The Pirquitas area is composed of Ordovician low-grade metamorphic sandstones and pelites called 

the Acoite Formation, which is overlain by fluvial and lacustrine sediments of the mid-Miocene 

Tiomayo Formation, alternating with 15 Ma old ignimbrite deposits. The Acoite Formation layers are 

folded in the typical deformation style of the Late Ordovician-Lower Devonian WNW-ESE directed 

Ocloyic compression (Voldman et al., 2012; Mon and Salfity, 1995; Bahlburg and Hervé, 1997). 

Ordovician normal and strike-slip faults were reactivated as thrust faults during the Tertiary Andean 

orogeny (Cladouhos et al.,1994) and some of them favored magma ascent and hydrothermal fluids 

migration in relation with Miocene volcanic centers (Coira et al., 2004; Caffe, 2008). The Pirquitas 

deposit occurs in an uplifted block of the Acoite Formation with some mineralization cutting the base 

of the Tiomayo Formation. This suggests a mineralization age younger than 15 Ma. Late Miocene 

caldera-sourced pyroclastic deposits with ages between 6.6 and 9.8 Ma are found from 12 to 20 km 

around Mina Pirquitas, but no direct evidence of subvolcanic intrusion at Pirquitas has yet been found. 

The closest plutonic rock is the granodiorite of Cerro Galán, some 12 km east of Pirquitas (Caffe, 

2008). 

Mineralization occurs essentially in two types: (1) polymetallic veins with peripheral disseminated 

mineralization; and (2) mineralized hydrothermal breccia. The vein-type is the dominant one and has 

been the main source of mined ore. Mineralization of the vein-type is characterized by quartz and 

massive sulfides (pyrite, sphalerite, galena, or pirquitasite) in association with a large variety of 

sulfosalts Ag-Sn-As-Sb-Pb-Cu-Bi (pyragyrite, cylindrite, or frankeite) and rare oxides (cassiterite or 

wolframite). Hydrothermal breccia bodies, found in several part of the area, were formed 

concomitantly with veins. They host a similar assemblage of pyrite, marcasite, cassiterite, sphalerite, 

arsenopyrite, galena, and Ag-Sn-As-Sb-Pb-Cu-Bi sulfosalts, except that the abundance of galena is 

higher (Malvicini, 1978; Paar et al., 1996; Slater, 2016).  
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1.3.3. History of mining 

Mina Pirquitas was one of the most important silver producing mines in Argentina from the early 

1930’s to its temporary closure in 2017. First, the place was prospected for gold placers in the 

Orosmayo River drainage, until economic quantities of cassiterite were found in gravel deposits of the 

Pircas River, situated at the east of the Pirquitas old village. These tin placers were dredged during the 

period between 1933 and 1949. Silver and tin lode mining began in 1936 from small underground 

workings, after the discovery of the bedrock source of the cassiterite. Over the last 50 years, the site 

has become the largest historical producer of tin and silver with twelve mines operated. The principal 

mines were San Miguel, Chocaya, Llallagua, and Potosí. During the 1970’s, almost all the deposits 

were owned by one company named Sociedad Minera Pirquitas Picchetti and Cia S.A. Approximately 

777,600 kg of silver and 18,200 t of tin have been extracted from the vein systems and around 9,100 t 

of tin from the placer exploitation (Board, 2011). The Argentine subsidiary of Sunshine Mining and 

Refining Company acquired the deposit in 1995 and began a comprehensive exploration program. In 

2002, Silver Standard acquired Sunshine Argentina and invested further in exploration and 

prospection under the control of the subsidiary Mina Pirquitas, Inc. The current Pirquitas mine began 

commercial silver-zinc production on December 1, 2009 (Silver Standard Ressources Inc, 2018). 

1.4. Open questions, objectives, and methodology 

1.4.1.  Main motivations and purpose 

Pirquitas mineralization is characterized by a complex Ag-Sn-Sb-Pb-Bi mineral association with a 

lack of more common silver minerals such as argentite or native silver. The principal silver mineral is 

pyrargyrite (Ag3SbS3). Those differences can reflect local variations in the geology and in the 

mineralization process compared to other similar deposits described in the southern BTB. 

Furthermore, as no direct relationship with a subvolcanic body was observed, even after a 800m 

drilling made under the San Miguel open pit, it is risky to define it as a magmatic related deposit. The 

age of the deposits is still controversy, relative dating only shows that it is younger than 15Ma. 

The first study of the actual mine area, regrouping veins systems and breccia, was done by L. 

Malvicini in 1978. It gives a detailed description of the San Miguel, Chocaya, Potosi, and Oploca vein 
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systems as well as Potosi and Oploca breccia occurrences. Except for Oploca, all are located in the 

actual open pit area. In this study, Malvicini defined two events of mineralization resulting of 

hydrothermal fluid circulation estimated at about 400°C. During the 1990’s and the 2000’s, the 

deposit’s mineralogy was largely described and studied by W. Paar, R.J. Sureda, and B. Coira. They 

defined specific sulfides and sulfosalts in Sn-Ag deposit such as the pirquitasite, suredaite, and 

Coiraite (Paar et al., 1996, 2000, 2001, 2008). In 2011, general information about structures and ores 

rates in the open pit were given in the Silver standard Technical Report (Board, 2011). The last work 

about Pirquitas is a general characterization of the Cortadera breccia in the northern part of the mine 

area which was found during the mine extension exploration campaign in 2014 (Slater, 2016). It was 

the first time fluid inclusions technics were used on Pirquitas mineralization. However, during the last 

40 years, Pirquitas mineralization studies were only focused on structural, mineral observations, SEM, 

and microprobe analyses, resulting in incomplete knowledge of the history of the deposit. The absence 

of proper fluid inclusions and isotopic studies was the motivation for the present study of the deposit 

in order to build a more complete history of Pirquitas mineralization and characterize the geological 

processes behind it. 

The actual state of the art defines the Pirquitas deposit as a Sn-Ag-Zn polymetallic epithermal deposit 

with characteristics that make it included in the Bolivian tin belt. The temperature of the ore bearing 

fluid which was previously estimated by Malvicini in 1978 does not fit with typical temperatures 

measured in deposits presenting similar mineralization. Slater, in 2016, showed a better estimation but 

still incomplete. The first part of our study is the determination of the ore-bearing fluids temperatures 

and their possible sources. Those ore-bearing fluids might be magmatic-related despite the absence of 

any direct pluton observation.  In the same way, the origin of the metallic components was questioned. 

Then, the problem of the age was also pointed and a preliminary dating was made in a way to 

constraint the age. The most precise age estimation was given by Slater (2016) who estimates it 

between 12 and 16 Ma. After new observations and measurements in close volcanic centers around 

Mina Pirquitas, the mineralization could be even younger. 
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1.5. General information of methods and technologies 

Several technics were used in a way to (1) characterize the ore-bearing fluids, (2) trace the origin of 

fluids and metals, and (3) date the mineralization. Those technics are respectively: fluid inclusions 

microthermometry, noble gases isotope analysis of fluid inclusions, lead and sulfur isotope analysis of 

ore minerals, and U-Pb dating of ore minerals.  

Fluid inclusions microthermometry 

Microthermometry applied to fluid inclusions is a non-destructive technique based on the principle 

that fluid inclusions are closed systems since their formation. Heating-freezing systems are used to 

estimate critical temperatures corresponding to phase changes of fluids and solids in the inclusion 

(freezing, melt, or homogenization temperature) (cf. Bodnar, 2003). The combination of the fluid 

inclusion petrography and the composition of the solid fluid and gaseous phases of the fluid inclusions 

is an important diagnostic, classification, and fluid characterization tool. Various models and equation 

of state, initially developed for P-V-T-X parameters of individual fluid systems, are used to reduce 

microthermometric data in order to determine (1) the ore bearing fluid temperature at the fluid 

trapping time, (2) the fluid composition, particularly the salinity, and (3) the pressure i.e. the depth of 

the deposit during the deposition time (cf. Bodnar, 2003).  

Analyses are usually made on transparent minerals such as quartz, calcite, or sphalerite. The previous 

fluid inclusions study of Slater (2016) was made on quartz and sphalerite from breccia mineralization 

only, Fluid characterization from opaque sulfides and sulfosalts are lacking. Therefore, two fluid 

inclusions stages in the Fluid Inclusion laboratory in the GFZ in Potsdam, were used: (1) a FLUID 

INC-adapted U.S.G.S. gas-flow heating/freezing system mounted on an Olympus BX50 microscope 

with a long-distance 40× objective in visible light, and (2) a Linkam FTIR 600 heating-cooling stage 

coupled with an Olympus BHSM- IR infrared microscope with a 50× IR objective coupled to an 

infrared In-Ga-As camera for observation in the near infrared region (λ=800 to 1800 nm). The first 

stage was used for transparent minerals like quartz or light sphalerite, whereas the second one was 

used for opaque minerals like hocartite or dark sphalerite where inclusions are not observable in 
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visible light. This gives solid informations to characterize precisely the different pulses of ore bearing 

fluids responsible of the Pirquitas veins and breccia mineralization. 

Noble gases isotopes 

The group of elements known as noble gases or rare gases owns several unique properties that give 

them a significant importance as geodynamic tracers. The geochemical composition of the analyzed 

noble gases gives information about (1) mantle and magma degassing processes, (2) mixing 

relationships between different mantle, crustal, and atmospheric components, and (3) the formation of 

the atmosphere and the influence of volatiles. 

In our study we mostly focused on the 3He/4He ratio as it gives major information about mantle 

derived fluids and can be used to decipher shallow or deep seated fluids origins (Mamyrin et al, 

1969).. Other noble gases, Ne, Ar, Kr, and Xe also provide complementary information to helium, but 

as most investigators seem to focus on helium first, the database on these gases is rather limited (Sano 

and Fischer, 2013). 

This technique was used to analyze directly the residual ore bearing fluid trapped in the Pirquitas ore 

minerals fluid inclusions. To achieve this, millimeter size hand-picked minerals separates samples 

were loaded into an ultra-high vacuum spindle crusher and the released gases were collected and 

analyzed by a VG5400 noble gases mass spectrometer in the noble gases laboratory of the GFZ 

(GeoForschungsZentrum) in Potsdam. Analyzing the fluid in the inclusion results in the isotopic 

composition of the fluid and limits the contribution of He resulting from radioactive decay.  

Sulfur isotopes 

Sulfur geochemistry helps to better understand its origins, and evolution of the ore depsit it is a well-

studied stable isotope with complete references regarding S isotopes geologic reservoirs. For sulfide 

minerals, the most used isotopic composition is the 34S/32S ratio, also named δ34S, but other ratios as 

33S/32S and 36S/32S are also determined in Precambrian sulfide and sulfate minerals and in Martian 

meteorites (Seal, 2006; Farquhar et al. 2000a, b; Farquhar and Wing 2003). However, only δ34S were 

used for Pirquitas as the age of the deposit is estimated to be younger than mid-Miocene. Samples 
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were hand-picked grains of pure mineral phases from the millimeter scale and are analyzed in the 

stable isotopes laboratory of the Geologisch-Paläontologisches Institut in Münster. 

The high occurrence of sulfides, sulfates, and sulfosalts of the Pirquitas deposit demand the study of 

sulfur isotopes in order to determine the potential sources of the sulfur in the ore. It is expected to 

obtain a better estimation of a probable magmatic influence.  

Lead and U isotopes and U-Pb dating 

In radiogenic geochemistry, Pb is one of the most powerful and useful isotopic tool because of its 

three parents decay for three isotopes of Pb. For geology, three lead isotopic ratios are used in the Pb-

Pb system on a variety of materials in order to provide tracking sources of melts in igneous rocks or 

sediments: 208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb. Also, coupled with the two U decay systems (235U 

and 238U), it makes Pb isotopes particularly useful in geochronology using the 238U/206Pb, 235U/207Pb, 

and 207Pb/206Pb ratios method (White, 2015). 

Lead isotopic ratios and U-Pb dating technics were both performed in the geochemistry laboratory of 

the GFZ in Potsdam. Lead isotopes were analyzed to complete the S isotopes tracking methods by 

giving complementary information about the metal sources. It helps also to discuss wherein mantel 

and crustal material have influenced the composition of Pirquitas ores. 

Dating by using the U-Pb method in the idea of more precisely estimate an age for the deposit and 

potentially correlate this age with volcanic and subvolcanic centers in the close area. A wolframite 

crystal, which was sampled in the mine, was chosen as a dating material following the technic 

described in Romer et al. (2005) as no other minerals usually used for U-Pb dating are present in the 

deposit. 
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2. Fluid inclusion studies in ore minerals from the polymetallic epithermal 
Sn-Ag Pirquitas deposit, Jujuy Province, NW Argentina 

 

2.1. Abstract.  

The Pirquitas epithermal Sn-Ag deposit is located near the Bolivian border in the Argentinian Puna 

Plateau and used to be historically a great source of Sn and Ag in the country. The Pirquitas deposit is 

considered to be an analogue to the Bolivian Sn-Ag epithermal deposits but the origin of the ore-

bearing fluids is still controversial. Fluid inclusions studies in quartz, Sn-Ag minerals and sphalerite 

from e.g. the Oploca vein system in transmitted and near infrared light show variable salinity from 

10.6 to 0.8 wt.% NaCl equiv. and homogenous temperature from 274° to 190° C  probably due to 

mixing of saline metal-rich fluids with meteoric  water. Fluid inclusion evidence for flashing and 

boiling suggested in previous studies from the Cortaderas breccia body was not observed in samples 

from the Oploca vein system. All results obtained are in agreement with data from Bolivian epithermal 

Ag deposits (e.g. Potosi, San Rafael). 

Keywords: 

Pirquitas, Bolivian tin belt, epithermal polymetallic, massive sulfide, vein type, fluid inclusion, tin, 

silver. 

Published as:  

Desanois L, Lüders V, Trumbull RB (2017) Fluid inclusion studies in ore minerals from the 

polymetallic epithermal Sn-Ag Pirquitas deposit, Jujuy Province, NW Argentina. 14th SGA Biennal 

Meeting (Quebec, Canada). 1:343-346. 

2.2. Introduction  

Pirquitas is a Bolivian-type epithermal Sn-Ag deposit located in Jujuy Province of NW Argentina 

(Rosas et al., 2013). The Pirquitas mine is one of the most important economic Sn-Ag mines in 

Argentina, with both primary Sn-Ag sulfide mineralization as well as alluvial tin and gold 

accumulations (Paar et al., 2000). Between 1933 and 1989 Pirquitas was the largest producer of tin 
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and silver in Argentina (Board, 2011). Production in 2015 was 309 t of silver and 2,134 t of zinc 

(www.silverstandard.com). 

The source of ore fluids in the Pirquitas deposit is still controversial. In this contribution, we report 

results of fluid inclusion studies in quartz, sphalerite and silver ore minerals from the Oploca vein 

which is the most southern vein-type mineralization in the Pirquitas deposit (Fig. 3). The results are 

compared with fluid inclusion data from breccia-hosted ores from the Cortaderas breccia, 500 m north 

of the open pit (Slater, 2016).  

2.3. Regional setting 

Pirquitas mine is located on the Altiplano-Puna Plateau, near the Bolivian border, at an elevation of 

about 4200 m. Vein type mineralization at Pirquitas is hosted in metamorphosed Ordovician marine 

sedimentary rocks covered by Tertiary continental sedimentary units and salars (Gorustovich et al., 

2011). The main tectonic structures are NNE striking faults, and faults sub-parallel to the Neogene N-

S to NNE-SSW fold axes with compressive or transgressive nature (Slater, 2016).  

Although the mineralization at Pirquitas is considered as an analogue to the Bolivian Sn-Ag 

epithermal deposits, there is no direct association with magmatism. The closest intrusion is the 

granodioritic Cerro Galàn some 12 km to the east of the Pirquitas mine (Soler, et al., 2008). The 

Bolivian epithermal deposit model and geophysical results suggest a subvolcanic body or breccia pipe 

between 400 and 600 m beneath the Pirquitas open pit, however, a 800 m deep borehole did not 

confirm its existence so far (Soler et al., 2008). 
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2.3.1. Local geology  

The Ordovician metasediment-hosted ore at Pirquitas occurs in three types, namely (1) polymetallic 

veins, (2) disseminated mineralization and (3) hydrothermal breccia ore bodies. The vein systems are 

exposed in an area of the current open pit. The Potosi, San Miguel, Chocaya, Oploca, San Pedro, 

Llallagua, Chicharron and Colquiri veins are deep-stipping (N to S) polymetallic veins striking close 

to 105°. Disseminated mineralization occurs north of Potosi, San Miguel area, and comprises the Veta 

Blanca and Colquechaca veins with a NW-SE trend near 305°. (Rosas et al., 2013; Salter, 2016).  

Veins and breccia-hosted mineralization consists of iron and zinc sulfides with accessory cassiterite 

and a large variety of Ag-Sn-Zn (-Pb-Sb-As-Cu-Bi) sulfides and sulfosalts. All mineralized veins are 

subvertical with an average thickness of 30 to 50 cm (Malvicini, 1978; Paar, et al., 1996). 

Disseminated ores occur in small veins, stockworks and disseminate minerals in the host rock, 

especially common in the San Miguel area. Hydrothermal breccia bodies, characterised by sulphide 

and quartz mineralization occur in the Oploca and Potosi vein systems. A subject of recent exploration 

Figure 2. . Location map of the Pirquitas mine also showing major structures 
and ore bodies. Modified after Rosas et al. (2013) and Slater (2016). 
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(Slater, 2016) is the Ag-Zn-rich breccia system in the Cortaderas zone, north of the current open pit 

(Fig. 2). 

2.3.2. Paragenesis and mineralogy 

In the southern veins system, Oploca, San Miguel and Chacoya, four ore assemblages were 

distinguished by Paar et al. (1996): (1) sphalerite, pyrargyrite-miargyrite, freibergite, wolframite and 

cassiterite; (2) stannite and other tin sulphides; (3) Pb-Ag sulfoantimony minerals; and (4) bismuth 

minerals such including frankeite and andorite. 

Malvicini (1978) described two stage of ore deposition. The first stage is dominated by early 

pyrrhotite partly replaced by pyrite with accessory cassiterite and arsenopyrite; the second stage 

comprises colloform bands of sphalerite ("schalenblende") with stannite and other Sn-sulfides, minor 

galena and various Sn-Ag sulfosalts replacing pyrrhotite, cassiterite, sphalerite and galena. Most of the 

Pb-Sb-Ag minerals were deposited during this second stage of ore formation. (Fig. 3)  

 

2.4. Results 

2.4.1. Fluid inclusion petrography 

The samples studied here mostly come from the veins of the Oploca and San Miguel systems. Fluid 

inclusions occur in quartz as well as in ore minerals hocartite-pirquitasite, pyrargyrite, sphalerite and 

cassiterite. Fluid inclusions in quartz, pyrargyrite and bright sphalerite were studied in transmitted 

light whereas fluid inclusions hosted in dark sphalerite, miargyrite and hocartite-pirquitasite were 

studied using an infrared light microscope. 
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Fluid inclusions hosted in different ore minerals are always aqueous two-phase but show variable L-V 

ratios (Fig. 4 and 5). 

Quartz samples from various occurrences within the Pirquitas mine are mostly recrystallized and a 

clear classification of primary vs. secondary inclusions is difficult or even impossible due to the high 

frequency of fluid inclusions in most samples. Furthermore, the Ordovician host rocks contain older 

metamorphic quartz segregations and veins that are not always easy to distinguish from the Pirquitas 

veins. To avoid potential ambiguity, our emphasis here is on fluid inclusions hosted in the ore 

minerals.  

 

Figure 3. Oploca polymetallic mineralization: A) Dril lcore with banded sphalerite (Sp) and pyrite (Py). B) 
Reflected plane light photograph of colloform textures of sphalerite (Sp) , pyrargyrite (Pyr), marcasite (Mc). C) 
Pyrargyrite (Pyg) and miargirite (Mia) crystals surrounded by tetrahedrite (Tet). D) Reflected polarized light 
photograph of arsenopyrite (APy) associated with hocartite (Hoc) and Ferrokësterite (Fke). 
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Primary and/or pseudosecondary inclusions in sphalerite show variable shapes and mostly occur along 

growth zones. Secondary inclusions are orientated along healed microfractures. Primary inclusions in 

hocartite-pirquitasite are clearly defined by regular prismatic or near spherical shapes. They occur 

isolated or are arranged in fluid inclusion assemblages (FIAs) within individual crystal grains. 

Pyrargyrite contains primary and secondary inclusions that are clearly distinguishable. The shape of 

primary inclusions is rectangular prismatic and spherical and they are occur as isolated inclusions or in 

small FIAs. Secondary inclusions have more irregular or spherical shapes and are arranged along 

healed microfractures. Cassiterite only rarely hosts fluid inclusions and, when present all inclusions 

are very small and show rectangular prismatic shape. The L-V ratios of cassiterite-hosted fluid 

inclusions are considerably lower compared to those hosted in quartz, sphalerite and Ag-sulfosalts 

(Figure 4 and 5). 

Figure 4. IR photomicrographs of fluid inclusions hosted A), B) and C) hocartite-pirquitasite, D) in Pyrargyite. 
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2.4.2. Microthermometry 

Fluid inclusions hosted in quartz from the ore stages yield salinity between 0 to 9.2 wt. % NaCl equiv. 

and a broad range of homogenization temperatures in the range  between 175° and 300° C. 

Fluid inclusions in colloform sphalerite (dark and light), in banded wurzite, hocartite-pirquitasite, and 

pyrargyrite show variations in salinity and homogenization temperatures from 10.6 to 0.8 wt. % NaCl 

and 274° to 190° C, respectivly, (Fig. 6). In general, fluid inclusions hosted in hocartite and 

pyrargyrite yield higher salinity and homogenization temperatures than those in sphalerite. 

Figure 5. Photomicrographs of fluid inclusions in A) sphalerite, B) and 
C) cassiterite. 
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2.5. Discussion 

The observed general trend of decreasing salinity and homogenization-temperatures in fluid inclusions 

hosted in early and late ore minerals from the Oploca vein system (Fig. 6) suggests fluid mixing 

between a higher temperature and higher salinity fluid with a cooler, low salinity fluid. The origin of 

the two fluids is still unknown but mixing of a metal-rich (magmatic?) fluid and meteoric water 

appears likely. The rare and small cassiterite-hosted fluid inclusions showing low L-V ratios can be 

due to a higher trapping temperature. However, vapor-rich inclusions may also be indicative for 

boiling of the ore-forming fluid (Bodnar et al., 1985). 

Slater (2016) interpreted fluid 

inclusion data from the Cortaderas 

breccia to indicate flashing, where 

liquid is instantaneously converted to 

steam, and simple boiling due to rock 

dilation and depressurization (Brown, 

1986). The colloform structure of 

sphalerite was also attributed to such 

processes. According Slater (2016), 

the Ag-Sn sulfosalts formed in the last 

stage of mineralization when the 

system was sealed and temperature 

gradients were higher. However, no 

clear evidence for boiling was 

observed in the Oploca samples.  

The fluid inclusions results are in agreement with studies of fluids from typical Sn-Ag epithermal 

deposits in Bolivia. Fluid inclusions in sphalerite from the Potosi district in Bolivia show a range of 

homogenization temperature and salinity of 174° - 311° C and 6.6 - 9.5 wt. % NaCl equiv., 

Figure 6.Results of fluid inclusion microthermometry in ore minerals 
from Oploca and San Miguel vein compared with Slater (2016) data 
from sphalerite in the Cortaderas breccia zone. 
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respectively. Similarly, the San Rafael deposit near the Argentine border yielded Th between 157° and 

317° C and 1.2 - 16 wt% NaCl equiv. (Sugaki & Kitakaze, 1988).  
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3. Formation of epithermal Sn-Ag-(Zn) vein-type mineralization at the 

Pirquitas deposit, NW Argentina: Fluid inclusion and noble gas isotopic 

constraints 

3.1. Abstract 

The Pirquitas Sn-Ag-(Zn) deposit in northwestern Argentina is thought to be an analogue to the 

Miocene polymetallic epithermal Sn-Ag deposits of the southern Bolivian Tin Belt, but little is known 

in detail about the origin and evolution of ore-forming fluids at Pirquitas. This paper reports on a 

microthermometric study of fluid inclusions in quartz, sphalerite, Ag-Sn sulfides, and Ag-rich 

sulfosalts using transmitted near infrared and visible light, combined with noble gas isotope analyses 

of fluids released from mineral separates. The study focused on the vein-hosted mineralization, which 

formed during two major mineralization events, whereby the first event I comprises two stages (I-1 

and I-2). All studied minerals exclusively contain aqueous two-phase inclusions, indicating that the 

ore-forming fluids did not undergo two-phase phase separation (boiling). Salinity of fluid inclusions in 

I-1 quartz that precipitated along with pyrite and pyrrhotite ranges between 0 and 7.5 wt% NaCl equiv. 

and homogenization temperatures (Th) are between 233 and 370 °C. Stage I-2 is characterized by 

abundant Sn-Ag-Pb-Zn-sulfides and a variety of Ag-rich sulfosalts. Fluid inclusions in stage I-2 Ag-Sn 

sulfides have salinities up to 10.6 wt% NaCl equiv. and Th between 213 and 274 °C. The deposition of 

stage I-2 ore is likely related to a new pulse of saline magmatic fluids to the hydrothermal system. The 

mineralization event II deposited the richest Ag ores at Pirquitas. Colloform sphalerite and pyrargyrite 

deposited during event II contain two-phase aqueous fluid inclusions with homogenization 

temperatures between 190 and 252 °C and salinities between 0.9 and 4.3 wt% NaCl equiv. Noble gas 

concentrations and isotopic compositions of ore-hosted fluid inclusions were determined from 

crushing hand-picked ore minerals from both mineralization events. With one exception, all samples 

yielded 3He/4He ratios between 1.9 and 4.1 Ra, which is within the range of published data from the 

volcanic arc and somewhat higher than typical values of meteoric water-derived hot-springs in the 

region. This demonstrates a significant contribution of magmatic fluids to the Pirquitas mineralization 

although no intrusive rocks are exposed in the mine region. Taking the noble gas evidence for a 
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magmatic fluid source, we interpret the trends of decreasing Th and salinity values in fluid inclusions 

from events I and II to represent waning of the magmatic hydrothermal system and/or increased 

admixing of meteoric water to the magmatic fluids. 
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Bolivian tin belt, Pirquitas, Epithermal Ag-Sn deposits; Fluid inclusions, Noble gas 
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3.2. Introduction 

The Pirquitas deposit is an epithermal polymetallic Sn-Ag-(Zn) deposit situated at an elevation of 

about 4200m on the Puna Plateau in northwestern Argentina near the Bolivian border (Fig. 7).  Based 

on its location and metals association, Malvicini (1978) considered the Pirquitas deposit to be an 

analogue of the Ag-Sn deposits in the southern part of the Bolivian tin belt (BTB) which is described 

in detail by e.g. Turneaure (1960), Petersen (1970), Sillitoe (1976), Lehmann and Schneider (1981), 

Sugaki and Kitakaze (1988), Dill (1998), Mlynarczyk and William-Jones (2005), Wagner et al. (2009), 

Arce-Burgoa (2009). The origin of the “Bolivian-type” deposits has been related to subvolcanic 

intrusions of Miocene and Pliocene age (e.g. Grant et al., 1979; Coira et al., 2004). However, in the 

case of Pirquitas, the age of mineralization is poorly known and there is no evidence of a direct 

relationship with igneous intrusions. The closest outcropping intrusive body, the Cerro Galán 

granodiorite (undated), is about 12 km east of the mine. A borehole extending 800m below the mine 

floor (Soler et al., 2007) failed to intersect intrusive rocks. 
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Figure 7.a) Simplified geologic map of the Central Andes showing the location of the Bolivian Tin Belt (BTB) and 
major polymetallic ore deposits within it, after Jacobshagen et al. (2002), Mlynarczyk and William-Jones (2005), 
Sugaki and Kitakaze (1988) and Grant et al. (1979). b) Geologic map of the Pirquitas area after Coira et al. (2004) 
and Soler et al. (2007). 1) Laguinillas ingimbrites 2) Cerro Colorado 3) Granada pyroclastic pumices 4) Cerro 
Granada 5) Vilama ignimbrites 6) Cerro Galán 7) Coranzuli volcanic complex. 

Prospecting for placer gold in the area of Pirquitas led to the discovery of alluvial tin placers which 

were mined from 1933 until 1949. The source of tin was discovered in the upper valley of the Pircas 

River and led to small underground mining activities for tin and silver ore. From 1936 until its closure 

in 2017, the Pirquitas mine became the most important Sn-Ag- (Zn) producer in Argentina (Board, 

2011). The deposit was first operated by underground mining and since 2009 by open pit mining. The 

total silver production was about 295 tons in 2016 (Silver Standard Resources Inc., 2017). The ore 

mineralization at the Pirquitas deposit occurs in different styles: 1) polymetallic vein-type 

mineralization which hosts the richest ore grades, 2) Fe-Zn-rich breccia bodies with complex sulfide 

and sulfosalt associations, and 3) disseminated mineralization in small veinlets and altered host rocks 

(Ordovician clastic metasediments). The vein-type mineralization is characterized by an abundance of 

cassiterite and sulfide minerals as well as a large variety of complex Ag, Sn, Sb, As, Fe, Cu, Zn, and 

Bi sulfosalts (e.g. Malvicini, 1978; Paar et al., 1996), including two for which Pirquitas is the type 

locality (pirquitasite: Ag2ZnSnS4 and suredaite: PbSnS3: Paar et al., 2000).  
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The apparent lack of a direct magmatic association and the greater complexity of ore mineralogy at 

Pirquitas compared with typical Bolivian type deposits (Paar et al., 1996) suggest the need to test the 

metallogenetic model. This study reports on a microthermometric study of fluid inclusions in quartz 

and a variety of ore minerals (tin sulfides, sphalerite and Agsulfosalts) from samples of the vein-type 

and breccia ore collected from outcrops in the Pirquitas open pit, former underground galleries and 

drill cores. The results provide temperature-salinity estimates of the ore-bearing fluids. Furthermore, 

we conducted noble gas isotope analyses of fluid inclusions hosted in ore minerals (extracted by 

crushing) in order to decipher the origin of the fluids. This is the first study of fluid inclusions from the 

vein-type ores in the Pirquitas deposit. We draw comparisons with results of a recent study of fluid 

inclusions and ore geochemistry in breccia-type ores from the newly-discovered Cortaderas zone (Fig. 

8), some 500m north of the Pirquitas open pit (Slater, 2016) and with previous fluid inclusions studies 

from Ag-Sn-Zn deposits in the southern part of the BTB (e.g. Sugaki et al., 1988).  

Figure 8. Location map of the Pirquitas mine showing major structures, vein 
systems and breccia bodies mentioned in the text. Modified after Rosas and 
Avilia (2013) and Slater (2016). 
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3.3. Geological setting 

3.3.1. Puna plateau 

The Pirquitas deposit is located in the northern part of the Puna plateau in the central Andes (Fig. 7). 

The Puna plateau is dominated by north-northwest trending ranges consisting mainly of folded 

Ordovician metasediments and metavolcanic units, which are separated by intermountain basins 

covered by younger sediments and salt flats (Allmendinger et al., 1997; Gorustovich et al., 2011). The 

geology of the plateau is made up of a strongly deformed metamorphic basement of Neoproterozoic to 

Cambrian age (Hongn, 1995; Lucassen et al., 2000) overlain by weakly-metamorphosed and folded 

Ordovician rocks, whose protoliths were shale and sandstone from marine shelf and turbidite facies 

intercalated with synsedimentary volcanic layers 

(Lucassen et al., 2000; Astini, 2003; Coira et al., 2004). The Cenozoic history of the Puna plateau was 

dominated by compressional deformation and uplift related to the Andean orogeny (Allmendinger et 

al., 1997; Coutand et al., 2001) and by the widespread magmatic activity of the Andean Central 

Volcanic Zone. The main volcanic chain of the Andean arc is composed of andesitic-dacitic 

stratovolcanoes along the western margin of the Puna plateau at the Argentine-Chilean border, but 

volcanism locally extends far-east of the main arc along a series of NW-SE structural lineaments. The 

age of magmatism in the northern Puna of relevance to this study ranges mainly from Early Miocene 

to Pliocene (Caffe et al., 2002). The Mid-Miocene activity (12–16 Ma) in NW Argentina, and 

particularly in Bolivia, is important because dacitic domes and intrusive stocks of this age show a 

close association with polymetallic Sn-Ag mineralization similar to Pirquitas (Cunningham et al., 

1991; Coira, 1994). Late Miocene to Pliocene volcanism in the Puna was dominated by large-volume 

felsic ignimbrite eruptions from resurgent calderas of the Altiplano-Puna volcanic complex (de Silva, 

1989; Kay et al., 2010). The youngest volcanism in the Puna plateau produced small-volume basaltic 

to andesitic cones and fissure flows that are associated with extensional or strike-slip faults (Kay et al., 

1994; Risse et al., 2013; Maro et al., 2017). The main fault structures in the Puna plateau are Neogene 

N-S to NNE-SSW striking faults with compressive or transpressive character. Other important 

structures are regional scale NW-SE striking lineaments, transverse to the strike of the cordillera, 
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along which Cretaceous, Miocene-Pliocene and Quaternary volcanic centers are aligned. Extensional 

and transtensional faulting associated with plateau collapse was widespread in the central and southern 

Puna during the Pliocene, and these faults provided pathways for the emplacement of back-arc mafic 

lavas (Allmendinger et al., 1989; Marrett et al., 1994). In contrast, no important tectonic activity was 

registered in the northern part of the Puna since the end of reverse faulting in the late Miocene. 

Cladouhos et al. (1994) considered the northern Puna as in a near neutral stress state since ca. 9 Ma, 

but they also report local extensional and strike-slip faulting evidenced by the presence of scarps and 

faulted colluvium. 

3.3.2. Regional geology of the Pirquitas area 

The country rocks in the Pirquitas deposit are Ordovician low-grade metasandstones and pelites of the 

Acoite Formation whose biostratigraphic age falls at the Tremadocian – Floian boundary (ca. 478 Ma; 

Voldman et al., 2012). These sediments are interpreted to be part of a turbidite system that developed 

in a back-arc to foreland basin (Voldman et al., 2012). The rocks of the Acoite Formation are folded in 

the typical deformation style of the Late Ordovician-Lower Devonian Ocloyic Orogeny, with WNW-

ESE directed, sub-horizontal compression (Mon and Salfity, 1995; Bahlburg and Hervé, 1997). During 

the Quechua phase of the Andean orogeny, between 14 and 9 Ma, older normal and strike-slip faults 

were reactivated as thrust faults (Cladouhos et al., 1994). Some of the reactivated NW-SE fault zones 

favored magma ascent and hydrothermal fluid migration related to the Miocene volcanic centers 

(Holdsworth et al., 1997; Riller et al., 2001; Coira et al., 2004; Caffe, 2008). The Acoite Formation is 

unconformably overlain by the Mid-Miocene Tiomayo Formation, a succession of fluvial lacustrine 

mudstones, sandstones and conglomerates alternating with ignimbrite deposits which have been dated 

at 14.9 ± 0.5 Ma in the Pirquitas area (Coira et al., 2004). The structural setting of the Pirquitas deposit 

(Fig. 7b) is an uplifted block of the Ordovician Acoite Formation. Locally, the mineralization at 

Pirquitas cuts the base of the Tiomayo Formation and this establishes a maximum age of ca. 15 Ma for 

the mineralizing event (Slater, 2016). In the region around Pirquitas there are abundant and 

widespread late Miocene caldera-sourced pyroclastic deposits (1b). The closest of these are dacitic 

ignimbrites of Cerro Granada of about 9.8–7.8 Ma age (Caffe, 2008) whose eruptive center is about 16 

km north of the Pirquitas deposit, ignimbrites of about 8.5 Ma age from Vilama caldera to the west 
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(Soler et al., 2007), and ignimbrites from the 6.6 Ma Coranzuli complex to the east. The granodiorite 

of Cerro Galán, some 12 km east of Pirquitas, is assumed to belong to the Coranzuli complex (Caffe, 

2008). 

3.3.3. Mineralization of the Pirquitas deposit 

Essentially two kinds of mineralized structures are distinguished in the Pirquitas deposit: (A) vein 

systems, locally with peripheral disseminated mineralization; and (B) hydrothermally mineralized 

breccia bodies. The vein systems of the Pirquitas deposit are named according to their location and 

orientation (Fig. 8). The Potosí, San Miguel, Chocaya, Oploca, San Pedro, Llallagua, and Colquiri 

veins are steeplydipping and strike at 105° whereas the Blanca and Colquechaca veins strike near 

305°. The veins of the Potosi group have a maximum thickness of 2.5 to 3m whereas the other vein 

systems have average thicknesses between 0.3 and 0.5 m. disseminated mineralization, with small 

veinlets and ore minerals dispersed in wall-rocks, occurs around the San Miguel, Veta Blanca and 

Colquechaca veins (Malvicini, 1978; Paar et al., 1996; Rosas and Avilia, 2013). Fig. 9 shows the 

Pirquitas open pit with Ordovician strata and exposed galleries in the subvertical San Miguel vein 

system. Hydrothermal breccia bodies with sulfide and quartz mineralization that were formed 

concordantly with vein-type mineralization are present in several parts of the Pirquitas area (Fig. 8). 

The two most important ones are the Potosí breccia in the open pit area, and the Cortaderas breccia 

located some 500m to the north of the open pit (Slater, 2016). The ore assemblage in breccia bodies 

comprises pyrite, marcasite, cassiterite, sphalerite, arsenopyrite, galena and various Ag-Sn-As- Sb-Pb-

Cu-Bi sulfosalts (Malvicini, 1978; Paar et al., 1996; Slater, 2016), the same as in vein mineralization 

except that the abundance of galena is higher in the breccia ore. The breccia clasts are dominantly 

altered metasediments and quartz lenses from the Ordovician country rocks and, locally (Potosí), rare 

fragments of altered porphyritic dacite of unknown origin, set in a poorly lithified matrix of rock 

gouge with local sulfide minerals such as banded galena, pyrite, and sphalerite occurring as cements 

(Slater, 2016).  
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The focus of this study is on the vein-type mineralization which is the dominant type in the deposit 

and has been the main source of mined ores. The vein mineralization is multi-stage. Malvicini (1978) 

identified a pre-ore stage characterized by sericitic wall-rock alteration and two subsequent 

mineralization events that are here designated I and II, with the first event subdivided into two stages 

(I-1 and I-2), The mineralization events are illustrated on a paragenetic diagram (Fig. 10), a series of 

photographs of ore samples (Fig. 11) and a sketch of the vein system evolution (Fig. 12).  

During the I-1 stage, fractures and breccia were filled or cemented by quartz, pyrrhotite, pyrite and 

finally cassiterite. This paragenesis is crosscut by veins of the second stage (I-2) that contain abundant 

colloform sphalerite, galena, Ag-Sn sulfides, marcasite, Ag-rich tetrahedrite (freibergite), as well as 

Sb-, Pb- and/or Ag-rich sulfosalts, quartz, kaolinite and alunite. During mineralization event II the 

earlier assemblages were partly replaced by quartz, cassiterite, chlorite, tin sulfides, abundant Bi-Pb- 

 

Figure 9. Photograph of the Pirquitas open pit showing folded Ordovician strata and exposed galleries from 
underground workings of the subvertical San Miguel vein 
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As-Cu-Sb-Ag sulfosalts, stibnite, alunite, kaolinite and minor barite (Malvicini, 1978). This event 

produced the high-grade Ag ores, which typically show colloform and/or telescoping textures. The 

near-surface parts of the mineralized veins and breccias contain quartz and chalcedony and are 

strongly oxidized, the primary mineralization being replaced by Fe- and Cuoxides, fibrous cassiterite, 

supergene Ag minerals, native Ag, and a variety of secondary sulfates (Malvicini, 1978). 

3.4. Methods 

Fluid inclusions in quartz and light-colored sphalerite were measured on doubly-polished mineral 

plates using a FLUID INC-adapted U.S.G.S. gas-flow heating/freezing system mounted on an 

Olympus BX50 microscope with a long-distance 40× objective. Fluid inclusions in opaque ore 

minerals (sphalerite, Ag-rich sulfosalts) were studied using a Linkam FTIR 600 heating-cooling stage 

coupled to an Olympus BHSM- IR infrared microscope with a 50× IR objective and infrared InGaAs 

camera that allows observation in the near infrared region in the wavelength range between λ=800 and 

1800 nm (Lüders, 2017). The heating-freezing stages were calibrated with Synflinc synthetic 

inclusions (Sterner and Bodnar, 1984). The precision is±0.1 °C for ice melting temperatures and±1 °C 

for homogenization temperatures. Salinity in equivalent weight percent  

Figure 10. The paragenetic sequence of mineralization at Pirquitas modified from Malvicini (1978). 



51 
 

 Figure 11.Illustrations of typical features of the mineralization in Pirquitas veins: a, c and e are photographs of 
polished drill cores, b, d and f are photomicrographs in reflected light. a) stage I-2 pyrite (Py) and banded I-2 
sphalerite (Sp); b) stage I-1 pyrite (Py), I-1 cassiterite (Cas), I-1 quartz (Qtz), stage I-2 pyrargyrite (Pyg) and 
tetrahedrite (Ted); c) stage I-1 pyrite (Py), I-2 sphalerite (Sp) and I-2 Pb-sulfosalts (Pb-Sulf); d) massive stage I-2 
hocartite (Hoc) with inclusion of ferrokesterite (Fke); (e) colloform sphalerite II (Sp) replacing earlier pyrite (py), f) 
intergrowth of Pb-Sn sulfosalts: frankeite (Fr), coiraite (Coi) and cylindrite (Cy) with sphalerite (Sp). 

NaCl (wt% NaCl equiv.) was interpreted from low-temperature phase changes using 

HokieFlincs_H2ONaCl (Steele-MacInnis et al., 2012; Bodnar, 1993). The vapor bubbles of fluid 

inclusions were tested for probable gas contents using a Jobin-Yvon LabRam confocal laser Raman 

microspectrometer, equipped with an Olympus optical microscope. All measurements were taken with 

an MPlan 100×/0.90 objective lens. The excitation radiation used was a 532.6 nm Nd-YAG laser (100 
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mW). For internal calibration, silicon (520 

cm−1) and diamond (1332 cm−1) were 

used. Raman spectra of aqueous inclusions 

were collected in the spectral range between 

1200 and 3000 cm−1 with a Peltier cooled 

CCD detector. A 2×45 s acquisition time 

was used for all checked inclusions. 

 Noble gas analyses were performed using 

samples of 0.70 to 0.86 g of hand-picked 

separates of sphalerite, pyrite, arsenopyrite, 

galena and Ag-rich sulfosalts (Table 2). The 

samples were loaded into an 

ultrahighvacuum spindle crusher, which 

was pumped at room temperature for 24 h 

to remove atmospheric gases adsorbed on 

grain surfaces. For gas extraction the 

samples were crushed under vacuum, and 

the gases released were admitted to the 

preparation line. Water was frozen in a dry 

ice-cooled trap and other chemically active 

species were removed in Ti sponge and 

ZrAl getters. The noble gases were then 

separated from each other in a cryogenic 

adsorber, and noble gas concentrations and 

isotopic compositions were determined in a 

VG5400 noble gas mass spectrometer 

according to procedures described by Niedermann et al. (1997). The mineralogy and mineral phase 

associations were determined by optical microscopy and semi-quantitatively by energy dispersive X-

Figure 12. Sketches illustrating the sequence of 
mineralization in the Pirquitas vein systems. a) stage I-1 with 
deposition of quartz, pyrite, marcasite (after pyrrhotite) and 
cassiterite; b) stage I-2 with Ag-Sn-Sb-Pb sulfides and 
sulfosalts as well as banded sphalerite; c) The second event 
of mineralization with abundant Ag-Sn-Sb-Pb-Bi sulfides and 
sulfosalts and colloform sphalerite. 
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Ray spectroscopy (EDS) analyses with SEM JEOL JSM-6510 (W filament, 0.5–30 kV acceleration 

voltage), coupled with an EDS Oxford Instruments INCAx-act. The EDS data compare favorably with 

electron microprobe analysis reported by Paar et al. (1996). 

3.5. Results 

3.5.1. Fluid inclusions 

The studied sample suite comprises quartz from stage I-1, quartz, Ag-Sn sulfides, sphalerite and 

pyrargyrite from stage I-2, and quartz, dark and bright sphalerite and pyrargyrite from event II. All 

minerals without exception contain two-phase aqueous inclusions at room temperature with variable 

liquid/vapor ratios in the different host minerals. Vapor-rich inclusions and/or boiling assemblages 

were not observed in any samples although evidence for necking-down of fluid inclusions was found 

in some samples (especially those from the Potosí breccia), which can mimic vapor-rich primary 

inclusions. Traces of gases such as CO2 were not observed by clathrate melting nor were they detected 

by laser-Raman spectroscopy in vapor bubbles of aqueous two phase inclusions. Fluid inclusions were 

classified as primary, pseudosecondary or secondary using the criteria of Roedder (1984) and 

Goldstein and Reynolds (1994). All fluid inclusion data are presented in Fig. 13 and ranges of salinity 

values and homogenization temperatures are summarized in Table 1. 

3.5.1.1. Fluid inclusions in quartz 

Quartz from various occurrences and mineralization events withinthe Pirquitas mine is commonly 

recrystallized and a classification of primary vs. secondary inclusions is uncertain or even impossible. 

Figure 13. Homogenization temperatures and salinity of fluid inclusions in quartz and ore minerals from 
mineralization stages I-1, I-2, and event II. The symbol shapes are keyed to mineral phases shown in the legend. 
The vertical white and gray bands separate samples and the vertical dashed lines separate inclusion assemblages 
within them. For each assemblage, data are plotted in order of decreasing salinity to the right. 
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The rare exceptions to this were a few quartz crystals associated with pyrite, cassiterite, sphalerite 

and/or Ag-Sn sulfides that contain small primary inclusions (not exceeding 5 μm) decorating growth 

zones; and occasional, isolated, larger fluid inclusions in clear quartz crystals associated with 

sphalerite. Both of these fluid inclusion assemblages are interpreted as primary. Fluid inclusions in 

growth zones in quartz from event II are abundant but were too small (1–2 μm) for microthermometric 

measurements (Fig. 14a). Therefore, only quartz-hosted fluid inclusions from the I-1 and I-2 stages 

were studied. Fluid inclusions representing stage I-1 show a broad range of homogenization 

temperatures between 233 and 370 °C and salinities between 0 and 7.6 wt% NaCl equiv. (Fig. 13). In 

detail, homogenization temperatures above 300 °C were found in fluid inclusions from quartz 

associated with pyrrhotite (see Fig. 10) whereas the other stage I-1 fluids are mostly in the range of 

250 °C–290 °C. Fluid inclusions in stage I-2 quartz show highly variable salinity and homogenization 

temperatures not exceeding 250 °C (Fig. 13). Fluid inclusions in quartz from the Potosí breccia (event 

I-2) are rarely large enough for microthermometric measurements. The exceptions are between 30 and 

50 μm in diameter and have liquid/vapor ratios between 60/40 and 70/30. Most of the inclusions show 

features of secondary modifications (necking-down). When heated to temperatures above 290° to 385 

°C, fluid inclusions in quartz started leaking so no measurements of homogenization temperature were 

possible. 

3.5.1.2. Inclusions in ore minerals 

Fluid inclusions were studied in different ore minerals from vein type mineralization that deposited 

during the mineralization events I-2 and II. Some As-poor pyrite from the Potosí breccia ore (event I-

2) displays good infrared transparency and well expressed zonation (Fig. 14b) but it does not contain 

measurable fluid inclusions. The pyrite from vein-type mineralization shows no IR transparency which 

is likely due to the high As content up to 3 wt%. Fluid inclusions in sphalerite from mineralization 

events I-2 and II range between 10 and 40 μm in size and show variable liquid/vapor ratios of 80/20 to 

90/10 (Fig. 14c). Primary fluid inclusions have lenticular, cylindrical and prismatic crystal shapes and 

mostly occur in growth zones. Secondary inclusions have irregular shapes and are commonly arranged 

in trails along healed microfractures. Primary fluid inclusions in massive sphalerite from stage I-2 

have salinities between 1.7 and 5.7 wt% NaCl equiv. and homogenization temperatures between 210 
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and 270 °C (Fig. 13). Fluid inclusions in colloform sphalerite from event II show slightly lower 

salinity of 0.8 to 4.0 wt% NaCl equiv. and homogenization temperatures between 204 and 230 °C 

(Fig. 13). Fluid inclusions hosted in Ag-rich ore minerals from stage I-2 show similar homogenization 

temperatures but slightly higher salinity than fluid inclusions in associated sphalerite (Fig. 13). The 

highest salinity was found in fluid inclusions hosted by the Ag-Sn sulfides hocartite (Ag2FeSnS4) and 

pirquitasite (Ag2ZnSnS4). These minerals contain primary two-phase aqueous fluid inclusions with 

liquid/vapor ratios of about 80/20 or somewhat lower (Fig. 14d).  

The inclusions have prismatic, rectangular-prismatic or spherical shapes and sizes between 10 and 40 

μm. They generally occur as isolated inclusions or in fluid inclusion assemblages. The ranges of 

salinity and homogenization temperatures are 6.5 to 10.6 wt% NaCl equiv. and 225 to 274 °C, 

respectively. Hocartite crystals also host minor secondary fluid inclusions showing higher liquid/vapor 

ratios of about 95/5 that were not analyzed. Fluid inclusions are abundant in pyrargyrite from both 

Figure 14. Photomicrographs of fluid inclusion examples under near infra-red and visible transmitted light: a) 
quartz, and pyrite from event II; note growth zones in quartz, b) zonation in I-1 pyrite, c) primary fluid inclusion in 
stage I-2 sphalerite, d) primary fluid inclusions in stage I-2 hocartite. 
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mineralization events. The inclusions have sizes between<5 μm and 50 μm and liquid/vapor ratios 

between 80/20 and 90/10. Primary inclusions have rectangular, prismatic or spherical shapes and 

occur as isolated inclusions or in fluid inclusion assemblages. Secondary inclusions occur in trails 

along healed microfractures. Primary fluid inclusions hosted in stage I-2 pyrargyrite have salinities of 

6.0 to 7.9 wt% NaCl equiv. and homogenization temperatures between 231° and 243 °C, whereas fluid 

inclusions in pyrargyrite from event II yielded lower salinity (0.9–4.3 wt% NaCl equiv.) and more 

variable homogenization temperatures between 190 and 252 °C. 

Table 1. Ranges of ice melting temperatures, corresponding salinities and homogenization temperatures of fluid 
inclusions in ore and gangue minerals. 

Event Mineral Location Tm ice  Salinity 
Homogenization 

Temperature 

      (°C) (wt.% eq. NaCl)  (°C) 

I-1 Quartz  San Miguel (-2.0) - (-3.8) 3.4 - 6.2 350 - 370 

  (Po associated)         

  Quartz San Miguel (-2.1) - (-3.0) 3.5 - 5.0 260 - 320 

 (Py associated)     

  Quartz Oploca 0 - (- 4.8) 0.0 - 7.6 233 - 310 

 (post Po-Py)     

  Quartz San Miguel (-1.4) - (-3.8) 2.4 - 6.2 245 - 290 

   (Cas associated)         

  Sphalerite San Miguel (-1.0) - (-3.5) 1.7 - 5.7 210 - 270 

I-2 Pirquitasite Oploca (- 4.8) - (-7.1) 7.6 - 10.6 244 - 274 

  Hocartite Oploca (-4.1) - (-4.9) 6.5 - 7,8 242 - 259 

  Pyrargyrite San Miguel  (-3.9) - (-5.0) 6.3 - 7.9 235 - 243 

  Quartz Oploca (-0.5) - (6.2) 0.9 - 9.5 213 - 245 

II Sphalerite Oploca (-0.4) - (-1.3) 0.8 - 2.3 205 - 228 

  Sphalerite  Oploca (-1.6) - (-2.4)  2.7 - 4.0 218 - 229 

  Pyrargyrite Oploca (-0.5) - (2.5) 0.9 - 4.2 190 - 252 
 

3.5.2. Noble gas isotopes 

Noble gas isotope analyses were performed on fluids released by crushing of hand-picked mineral 

separates of pyrargyrite, pirquitasite, frankeite, freibergite, sphalerite, pyrite, arsenopyrite and galena 

from samples that represent mineralization events I and II (Table 2). The majority of analyzed samples 

come from the vein-type mineralization; only two are from the Potosí breccia (Table 2). Since fluid 

inclusion petrography in hocartite and sphalerite revealed that primary inclusions are larger and more 

abundant than secondary inclusions, we consider the results to represent the ore-bearing fluids with 
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only a minor contribution from secondary fluids. However, the sulfosalts, including pyrargyrite-

miargyrite, contain abundant secondary inclusions as well, so the noble gas ratios of these minerals 

represent a mixture between ore-bearing fluids and secondary fluids. Petrographic examination of fluid 

inclusions in pyrite and galena was impossible and we have no information on the proportion of 

primary vs. secondary inclusions 

in those cases. 

The results are plotted in terms of 

3He/4He vs. 4He/20Ne ratios in 

Fig. 15, which distinguishes the 

relative contributions from 

mantle, crustal and atmospheric 

gas sources. All samples, 

regardless of host mineral and 

mineralization stage, yielded a 

range of 3He/4He ratios between 1.9 and 

4.1 Ra, with one outlier at 0.5 Ra (where 

Ra is the atmospheric ratio of 

1.39×10−6). The 4He/20Ne ratios are 

between 2.3 and 600. Considering that the 

value of this ratio in air is 0.319 (ASW on Fig. 15), we conclude that the atmospheric He contribution 

is small and in most cases negligible. The other source reservoirs for Pirquitas fluids shown by the 

mixing curves in Fig. 15 are mantle-derived magmas (3He/4He about 8 Ra) and the continental crust 

(3He/4He about 0.02 Ra). Also shown are the ranges of 3He/4He compositions reported for hot-

springs and volcanic rocks in the central and southern Puna (see discussion). Whereas the He isotope 

ratios show little influence from the atmospheric, the opposite is true for the heavier noble gases Ne, 

Ar, Kr and Xe. The values of Ar and of all Ne and Xe isotopic ratios correspond to the atmospheric 

values within the respective error limits (Table 2). The relative abundances of Ne, Ar and Kr are also 

very similar to those in air, while Xe tends to be higher by up to a factor of 3 (Table 2, Fig. 16). 

Figure 15. 4He/20Ne vs. 3He/4He diagram (after Sano and 
Wakita, 1985) for crushreleased fluids from ore minerals in the 
Pirquitas deposit. ASW (air-saturated water) denotes the 
atmospheric composition and solid lines labelled MORB and 
Crust show mixing lines of the atmospheric with mantle and 
crustal components. The horizontal patterned fields show the 
3He/4He range of Puna back-arc lavas and hot-springs for 
comparison (see text for data sources). No error bars are shown 
because they are similar to or smaller than the symbol size (see 
Table 2). 



58 
 

Figure 16 Logarithmic plots of noble gas abundances in Pirquitas ore minerals (a: stage I-1 and b: stage I-2 and 
event II) expressed as fractionation factors relative to 36Ar and air (iX/36Ar)sample/(iX/36Ar)air, where iX is a 
noble gas. The labelled curves show dissolution equilibrium of noble gases in water for 0 °C and 50 °C at 5% 
salinity according to Smith and Kennedy (1983) and for 100 °C, 250 °C and 330 °C at zero salinity according to 
Crovetto et al. (1982). Helium data are not displayed as they are dominated by non-atmospheric components and 
would plot well above the shown range. See text for discussion. 
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3.6. Discussion 

3.6.1. Constraints on fluid origin 

The He isotope ratios and He/Ne abundance ratios have strong discriminating power for different fluid 

sources. To put the Pirquitas noble-gas data into perspective, Fig. 15 shows the range of 3He/4He 

ratios from thermal waters in the region (ca. 1 to 3 Ra) reported by Hilton et al. (1993), Hoke et al. 

(1994), Pilz (2008) and Newell et al. (2015). Peralta-Arnold et al. (2017) evaluated the fluid chemistry 

and O isotope composition of northern Puna hotsprings and concluded that they are dominated by 

meteoric water, with a possible small contribution from a magmatic fluid. The He isotope composition 

of the local magmatic component is given by 3He/4He ratios from olivine and clinopyroxene 

phenocrysts from Cenozoic mafic lavas in the arc and back-arc region of the Puna plateau (ca. 3 to 7 

Ra) reported by Hilton et al. (1993) and Pilz (2008). The He isotope results from Pirquitas ore 

minerals demonstrate that the atmospheric He component is minimal (Fig. 15). With one exception the 

Pirquitas samples yielded 3He/4He ratios between 1.9 and 4.1 Ra, which is consistently higher than 

the hot-spring meteoric fluids and overlaps with the range of magmatic helium. The exception is an 

arsenopyrite sample from an open vug that yielded 0.5 Ra (Table 2) and precipitated during event I-1. 

On this basis, we conclude that helium in Pirquitas ore fluids contains a magmatic component but 

there are also variable admixtures of helium from crustal fluids, as evidenced most clearly by the vug-

hosted arsenopyrite. In contrast to He, the Ne, Ar and Xe isotope ratios of Pirquitas fluids have 

atmospheric values except for three samples whose 40Ar/36Ar ratios are elevated by up to ~20% 

relative to air (Table 2). Such 40Ar excesses may originate in both the mantle and the crust, so the 

heavy noble gas results are not useful to discriminate between mantle and crustal fluid sources. 

Nevertheless, they are useful to test for isotopic equilibrium at the ca. 200–250 °C mineralization 

temperature indicated by fluid inclusions. This is shown in Fig. 16, where elemental fractionation 

factors (Fi=(iX/36Ar)sample/(iX/36Ar)air, where iX=20Ne, 84Kr or 132Xe) are compared with those 

for air-saturated water calculated for temperatures from 0 to 330 °C (Crovetto et al., 1982; Smith and 

Kennedy, 1983). For clarity the Pirquitas data are plotted separately for mineralization stages I-1 (Fig. 

16a) and for I-2 and II (Fig. 16b). The first point to consider is that there is no significant difference in 

the noble gas abundances for the different mineralization stages and events. The second point is that 
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we find agreement with the equilibrium curve for 250 °C in all 10 samples for Kr, whereas the Xe 

abundances in most samples and the Ne abundances in all of them are too high for equilibrium at the 

mineralization temperature. Such Xe excesses in hydrothermal fluids have been observed before (e.g. 

Stuart et al., 1995; Bouabdellah et al., 2015) and may relate to preferential adsorption of Xe on 

mineral surfaces (Niedermann and Eugster, 1992; Stuart et al., 1995), although the very low Xe 

concentrations and consequent high analytical uncertainties may also play a role. High Ne abundances 

relative to dissolution equilibrium at high temperatures are also not uncommon (e.g., Battani et al., 

2000; Bouabdellah et al., 2015), but they are more difficult to explain. One factor may be that the 

≥100 °C fractionation curves in Fig. 16 apply to freshwater only. Data are not available for saline 

waters at high temperature but the effect of salinity is to increase the Ne/Ar ratios. Therefore, despite 

deviations from the expected pattern for some elements the noble gas results are consistent with 

dissolution of atmospheric gases in a hydrothermal fluid at temperatures near 250 °C. 

3.6.2. Evolution of the vein mineralization 

Some fluid inclusions hosted in stage I-1 quartz that precipitated along with pyrrhotite and pyrite 

yielded homogenization temperatures well above 300 °C (Fig. 13), considerably higher than the 

homogenization temperatures of fluid inclusions in quartz and ore minerals from the subsequent Ag-

Sn ore stages. Unfortunately, no pyrite-hosted inclusions from stage I-1 could be analyzed for 

comparison, but nevertheless, the range of salinities and temperatures in quartz that precipitated 

episodically during stage I-1 follows a trend of decreasing salinity and a smaller decrease in 

temperature with time. This is consistent with mixing of magmatic fluids with heated meteoric water, 

causing a larger impact on salinity than on temperature. Fluid mixing may have caused deposition of 

the granular cassiterite towards the end of stage I-1 (see Figs. 10, 12) due to the decrease of cassiterite 

solubility (Heinrich, 1990; Audétat et al., 1998) induced by the drop of salinity (and temperature). The 

higher salinity of stage I-2 fluids and the greater abundance of ore minerals including Sn and Ag 

minerals, suggests that after stage I-1 cassiterite formation the fluids became more acidic, probably 

due to new influx of magmatic fluids, enabling the transport of Sn and other metals along with reduced 

sulfur species at temperatures below 350 °C (Heinrich and Eadington, 1986; Heinrich, 1990). The 

neutralization of stage I-2 fluids by wall-rock interaction and cooling may have led to the deposition of 
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abundant colloform sphalerite, minor galena and the Ag-Sn-Zn (-Pb-As-Sb-Bi-Cu) sulfides and 

sulfosalts that are characteristic of stage I-2. 

The second mineralization event II was responsible for the deposition of most of the economic Ag ore 

at Pirquitas (Malvicini, 1978). Fibrous, colloform cassiterite in the form of “wood tin” was one of the 

first ore minerals precipitated at the beginning of the second event. Wood tin commonly precipitates at 

lower temperature than granular cassiterite (Pan, 1974), but the fluid inclusion temperatures of event II 

are only slightly lower than those of late stage I-1 and I-2. However, the cassiterite texture is not an 

exclusive indicator for temperature because colloform cassiterite can form at higher temperatures (300 

to 600 °C) in conditions of rapid nucleation from supersaturated solutions (Taylor, 1979; Rye et al., 

1990). Fluid inclusions in sphalerite and pyrargyrite from event II generally show lower salinity and 

lower homogenization temperature compared to minerals from the first event (Fig. 13) and this may 

reflect continued dilution of magmatic fluids by mixing with meteoric water. However, in this case, 

the meteoric fluid may have been sulfate-bearing as suggested by the presence of barite towards the 

end of the mineralization event II in the Chocaya and San Miguel veins (Malvicini, 1978). 

3.6.3. Breccia ore mineralization 

The presence of various styles of breccia mineralization (e.g. crackle breccia, breccia veins) along 

some mineralized vein systems (Oploca, Potosí, Cortaderas) suggests episodic fluctuations in pressure 

during the formation of the Pirquitas ore deposit (Slater, 2016). Mineralization of all breccia ore 

bodies is similar to vein fillings of the Pirquitas deposit and consists of cassiterite, base and Ag-Sn 

sulfides as well as a variety of Ag-rich sulfosalts associated with quartz as gangue mineral with 

kaolinite and other clay minerals. Fluid inclusions in minerals from the Potosí breccia ore body are 

scarce. Where present (in quartz and sphalerite) they are aqueous two-phase inclusions that show 

features of secondary modification (necking-down) and began to leak during heating at temperatures 

above 300 °C prior to reaching homogenization. Thus it is likely that the fluids were trapped under 

overpressured conditions and had already partially leaked in response to drop of the confining pressure 

due to the brecciation. 
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3.6.4. Fluid evolution and the significance of boiling 

The ranges of salinity and homogenization temperature from fluid inclusions in ore minerals and 

quartz show covariations that are consistent with progressive cooling and/or dilution trends caused by 

fluid mixing. Such trends are commonly observed in distal (i.e., low-sulfidation to intermediate-

sulfidation) epithermal systems related to magmatic intrusions (e.g. Hedenquist and Lowenstern, 1994; 

John, 2001; Lüders et al., 2009). Mixing of magmatic and meteoric fluids is supported by the noble 

gas results that indicate significant but variable magmatic contributions. In contrast to the fluid 

inclusion data the noble gas isotopes show no systematic difference between early and late events. 

Boiling is an important process in hydrothermal fluid evolution, particularly in epithermal systems like 

Pirquitas where it is thought to play a key role in the precipitation of precious metals. Thus, 

Hedenquist et al. (2000) and Moncada et al. (2012) cited examples where Au and Ag grades are 

concentrated at or above the boiling horizon whereas below it, base metal sulfides such as sphalerite 

are common and precious metal grades are low or even absent. Evidence for boiling was carefully 

assessed in this study, but the exclusive presence of aqueous two-phase inclusions in quartz and in all 

ore minerals examined from the veins and breccia body indicates non-boiling conditions during ore 

deposition. This has implications for the pressure of mineralization because it means that the ore-

forming fluids did not intersect the liquidvapor curve. Taking the fluid in stage I-2 tin sulfides as an 

example (10 wt% NaCl and temperatures not exceeding 300 °C), this ascending fluid would start 

boiling at about 325m depth assuming a lithostatic pressure regime (2.4 g/cm3) or at about 900m 

under hydrostatic pressure conditions (Fig. 17). Above these depths the ore-forming fluid would have 

undergone phase separation (boiling), which would have led to entrapment of boiling assemblages, yet 

none were found in this study. Therefore, the depth of mineralization must have been greater than 

about 350m and consequently, pressure conditions exceeded 150 bars. Given a pressure of about 150 

bars, the difference between homogenization and trapping temperature, i.e. the pressure correction, is 

about 10 °C (Potter, 1977), which is insignificant compared with the observed variations. One may 

speculate that mineralization took place at depths of about 400–500m but this would not significantly 

change the minimal pressure correction. It is noted that Slater (2016) did infer boiling of fluids from 

the Cortaderas breccia body. Sphalerite from Cortaderas breccia contains liquid-rich two-phase fluid 
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inclusions that yielded homogenization temperatures between 209 and 280 °C and salinities of 0.2 to 

7.2 wt% NaCl equiv., in good agreement with our results from vein-hosted sphalerite. However, Slater 

(2016) also reported coexisting vapor-rich and liquid-rich aqueous inclusions as well as pure vapor-

rich inclusions and took these as evidence for boiling and flashing, respectively. We found no such 

evidence in the veins or the Potosí breccia, but we did observe necking-down in some inclusions of 

breccia-hosted sphalerite. Judging from the photomicrographs in Slater (2016), we suggest the 

possibility that necking-down might also have affected the inclusions in Cortaderas breccia and 

produced the appearance of liquid and vapor-rich fluid inclusion assemblages. If fluid boiling is a 

necessary condition for Ag deposition as suggested by some studies, one can speculate that the ore-

bearing fluids at Pirquitas may have boiled at a deeper level than currently exposed. There is no 

evidence of this in the inclusions studied here but it cannot be ruled out. Thus, for the same example of 

10% saline fluid and a supposed 400 

°C temperature to reflect the greater 

depth, boiling would commence at 

about 1020m or 3000m depth for 

lithostatic and hydrostatic conditions, 

respectively (Fig. 17).  

If one accepts the possibility of a 

boiling event at greater depth and the relationship of boiling to Ag deposition, one might predict the 

existence of a deeper-seated Ag-rich mineralization which could be a source of Ag to the fluids in the 

Pirquitas vein system. However, it is also possible that the Ag deposited at Pirquitas was directly 

derived by magmatic fluids and/or leached by alteration of Ordovician shale by heated meteoric water 

that mixed with magmatic fluids. The noble gas results of fluid inclusions rule out a pure meteoric 

Figure 17. Two-phase (liquid and vapor) 
curves for a 10 wt% NaCl fluid at 
hydrostatic pressure (HP) and lithostatic 
pressure (LP), modified after Cunningham 
(1978) and Bischoff and Pitzer (1985). 
Boiling at 300 °C would commence above 
about 325m for LP and 900m for HP. 
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fluid origin but give no other constraints on the source of metals. Thus the source(s) for Ag at 

Pirquitas (as for other Bolivian-type polymetallic Sn-Ag deposits as well) remains unclear. 

3.6.5. Mina Pirquitas in the context of the Bolivian Tin Belt 

Following the nomenclature for epithermal ore deposits of, e.g., Barton and Skinner (1967), 

Hedenquist et al. (2000), Sillitoe and Hedenquist (2003), and Einaudi et al. (2003), the polymetallic 

Sn-Ag ore assemblages in Pirquitas classify it as an intermediate-sulfidation deposit. Many 

characteristics of the mineral assemblages and ore fluid characteristics of the Pirquitas deposit are 

similar to those of polymetallic Sn-Ag deposits (e.g. Potosí, Sud Lipez, Quechisia) in the southern part 

of the BTB (e.g. Turneaure, 1960; Sillitoe, 1976; Malvicini, 1978; Cunningham et al., 1996). Sugaki 

and Kitakaze (1988) described six stages of mineralization generally found in the BTB deposits: 

quartz-tourmaline (I), quartz (II), pyrite-quartz (III), sulfide (IV), sulfosalt (V) and sulfate-phosphate 

(VI). In the Pirquitas deposit, stages (II)–(III)–(IV)–(V)–(VI) are observed but stage (I) is missing. 

However, stage I fluids are characterized by higher temperatures (260 to 510 °C) and much higher 

salinities (18.5 to 55.4 wt% NaCl) than found in Pirquitas, which may explain its absence there. 

The metallogenetic model for the Bolivian Sn-Ag deposits calls for an important magmatic input, 

which is consistent with the high temperatures and salinities of stage I fluids just mentioned. Evidence 

for associated intrusions is clear for several of the Bolivian examples such as Cerro Rico de Potosí 

(Ludington et al., 1992; Rice et al., 2005) but in the case of Pirquitas, the nearest known intrusion is 

ca. 12 km distant. Nevertheless, our He isotope results show that Pirquitas fluids must contain a 

significant magmatic contribution (Fig. 15) which implies an intrusion at greater depth. Our samples 

were collected between 150m (Oploca) and 300m (San Miguel) below the present surface, and an 

exploration drill hole to 800m depth below the floor of the open pit did not penetrate magmatic rocks. 

If an intrusion exists below the deposit as implied by the He-isotope evidence, it must have been 

deeper than about 1000m at the time of ore deposition and therefore distal with respect to 

mineralization. A distal magmatic source is consistent with the fact that the Pirquitas deposit is an 

intermediate-sulfidation system (Turneaure, 1971). 
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The age of the Pirquitas mineralization is poorly constrained and there is a need for a geochronology 

study. A maximum age of 15 Ma is indicated by the fact that mineralization affects the Tiomayo 

Formation of that age (Slater, 2016) and a possible minimum is suggested by the cessation of tectonic 

activity in the northern Puna block at 9 Ma according to Cladouhos et al. (1994). The range of 15–9 

Ma is similar to that of some polymetallic deposits of the southern BTB (Grant et al., 1979) with 

which Pirquitas may be related. However, we note that magmatic activity in the northern Puna region 

continued until the early Pliocene (Coira et al., 2004; Caffe, 2008), with several volcanic centers 

around the Pirquitas deposit being younger than 9 Ma including the Coranzuli complex (6.6 Ma) with 

which the Cerro Galán intrusion nearest Pirquitas has been correlated (Caffe, 2008). 

3.7. Conclusions 

The mineral assemblages at the epithermal Pirquitas Ag-Sn-(Zn) deposits classify it as intermediate to 

low-sulfidation type. The mineralization resembles that found in the polymetallic vein deposits in the 

southern part of the Bolivian Tin Belt, suggesting a similar origin as a distal magmatic-hydrothermal 

system. The vein mineralization at the Pirquitas deposit is hosted in Ordovician metasediments and 

igneous intrusions are not exposed. However, noble gas ratios in ore-hosted fluid inclusions provide 

direct evidence of a magmatic contribution to the Pirquitas ore fluids. 

Vein quartz and ore minerals precipitated from low to moderately saline fluids at temperatures below 

400 °C. The highest homogenization temperatures were found in aqueous two-phase fluid inclusions 

in quartz that precipitated during the first mineralization event. Ore deposition during subsequent 

stages occurred at lower temperatures (< 300 °C) probably due to cooling of magmatic fluids by 

mixing with meteoric water. Variations of fluid inclusion homogenization temperatures and salinity 

during the different stages of mineralization suggest that the supply of magmatic fluids occurred in 

pulses, causing deposition of different ore associations. Fluid inclusion evidence for boiling was not 

observed in any samples. Since boiling is widely recognized as a likely mechanism for the deposition 

of precious metals in epithermal deposits, the contemporaneous deposition of Ag-rich ores and base 

metal sulfides at Pirquitas is hard to explain. One possible scenario is that boiling occurred at a deeper 
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level and caused a pre-enrichment in silver which was remobilized by the Pirquitas mineralizing 

fluids. 
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4. Lead and sulfur isotopic composition of ore minerals from the 

polymetallic Pirquitas Ag-Sn-(Zn) deposit, Jujuy, Argentina. 

4.1. Abstract 

The Pirquitas Sn-Ag-(Zn) deposit is situated in the Northern Puna Plateau in NW Argentina, near the 

Bolivian border. It has been exploited since the early 1930’s and was one of the most important Sn-Ag 

producing mine of the country. During a long time, little is known in detail about the origin and 

evolution of ore-forming process at Pirquitas. This paper reports an isotopic study of sulfur, lead and 

uranium in sulfates and sulfosalt ore crystals with U-Pb dating on wolframite from the late 

mineralization event II. The Pb isotopic ratios of sulfides and sulfosalt minerals are similar, with no 

spatial patterns standing out (206Pb/204Pb: 18.77 – 18.82; 207Pb/204Pb: 15.67 – 15.73; 208Pb/204Pb: 38.89 

– 39.07). This is in agreements with data from pluton related polymetallic deposits in the Bolivian Tin 

Belt (BTB) and area close to Pirquitas. Fragments of wolframite shows variable lead isotopes ratios 

(206Pb/204Pb: 18.82 - 19.05; 207Pb/204Pb 15.64 - 15.74; 208Pb/204Pb 38.81 - 39.01) as well as Pb and U 

contents ranging from 2 to 11 ppm and from 13 to 63 ppm respectively. The relatively U-rich 

wolframite reflects more oxidizing conditions during the wolframite deposition. The δ34S values of 

sulfide and sulfosalt minerals mostly plot in the range for sulfur derived from igneous rocks (-1 to 

+1.7‰ with rare exception in pyrite and marcasite between -6.3‰ and +2.5‰). Those values are 

similar to most of the δ34S values measured in sulfides from pluton related polymetallic Sn-Ag 

deposits in the southern part of the BTB. They suggest that the main contribution of sulfur to the 

hydrothermal system at Pirquitas is likely to be magma-derived. The U-Pb calculated regression line 

corresponds to a theoretical “age” of 2.9 ± 9.1 Ma. Pirquitas mineralization are partly hosted by rocks 

of the Tiomayo Formation dated from 12 to 16 Ma and suggests that the late mineralization event is 

younger than 12 Ma. 

Keywords: 

Bolivian tin belt, Pirquitas, Sulfur isotopes, lead isotopes, Sn-Ag deposit, U/Pb dating. 
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Published as: 

Desanois L, Lüders V, Romer RL, Trumbull RB, Caffe PJ (in preparation) Lead and sulfur isotopic 

composition of ore minerals from the polymetallic Pirquitas Ag-Sn-(Zn) deposit, Jujuy, Argentina. 

4.2. Introduction 

The Pirquitas Sn-Ag-(Zn) deposit is situated in the Northern Puna Plateau in NW Argentina, close to 

the Bolivian border (. 1). Underground mining for silver and tin at Pirquitas commenced in 1936 and 

continued until 1990 and restart with open pit mining in 2009 (Board 2011). From 2011 until its 

temporary closure in 2017, the deposit was operated by open pit mining and became the largest silver 

and tin producer in Argentina. Pirquitas shares many features with the well-known Sn-Ag deposits in 

the Bolivian Tin Belt (BTB) to the north, but there are also important differences. Many of the 

polymetallic Sn-Ag deposits in the BTB are directly related to magmatic-hydrothermal systems 

established during the Late Oligocene through Mid Miocene (e.g. Turneaure 1960; Sugaki and 

Kitakaze 1988; Dill 1998; Lehmann et al. 2000). Common features of the BTB deposits are 

widespread tourmalinization and/or the presence of salt-rich, high-temperature fluid inclusions in early 

stage mineralization (Sugaki et al. 1988; Lehmann et al. 2000). Both of those features are lacking at 

Pirquitas, and there is no geologic evidence of magmatism coeval with the mineralization at Pirquitas 

although a magmatic source of fluids was inferred from noble-gas isotope ratios of fluid inclusions 

trapped in ore minerals (Desanois et al., 2018). To better constrain the role of magmas in the 

hydrothermal mineralization at Pirquitas and to allow more detailed comparisons with the Sn-Ag 

deposits in the neighboring BTB, we determined the Pb and S isotopic composition of a suite of ore 

minerals from Pirquitas vein and breccia-hosted ores. We also report results of testing U-Pb isotope 

dating on wolframite from the deposit.  

 

4.3. Mineralization at the Pirquitas deposit 

The Pirquitas deposit is hosted by Ordovician metasediments (Santa Victoria Group; Turner, 1960) 

and comprises three ore types, namely: (1) polymetallic veins, (2) disseminated mineralization and (3) 

hydrothermal breccia ore bodies (Malvicini 1978; Paar et al. 1996; Slater 2016). Two main 
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mineralization events were distinguished by Malvicini (1978). The first event includes two stages (I-1 

and I-2), the first of which is characterized by pyrrhotite partly replaced by pyrite, and accessory 

cassiterite and arsenopyrite. In stage I-2, colloform sphalerite precipitated with stannite and other Sn-

sulfides, minor galena and various Sn-Ag sulfosalts which locally replace pyrrhotite, cassiterite, 

sphalerite and galena. The second mineralization event was responsible for the richest silver 

mineralization, with deposition of Pb-Sb-Ag-Bi-Cu-As sulfosalts which defines the end of 

hydrothermal activity in the Pirquitas deposit. Desanois et al. (2018) concluded from a fluid inclusion 

study that ore formation at Pirquitas involved at least 3 pulses of hydrothermal fluids giving the Event 

I-1, I-2, and II. Temperatures and salinity values from inclusions representing all pulses range from 

190 to 370°C and 0 to 10.6 wt% NaCl, respectively. The highest Homogenization temperatures were 

measured in aqueous two-phase inclusions hosted in stage I-1 quartz. The temperature and fluid 

salinity decreased from early to late mineralization events, which was attributed to waning of the 

magmatic-hydrothermal system and/or increased admixing of meteoric water to the magmatic fluids.  

The age of mineralization at Pirquitas is unknown but a maximum age of 12 to 16 Ma is inferred by 

the fact that mineralization is partly hosted by rocks of the Tiomayo Formation of that age (Slater, 

2016; Caffe and Coira, 2002). Other polymetallic ore deposits in the northern Puna and the southern 

BTB, with which Pirquitas may be related, yielded ages between 13 and 16 Ma (e.g., Chinchillas, 13 ± 

1 Ma, Pan de Azúcar 12 ± 2 Ma, Potosí 13.8 ± 0.2 Ma, Chocaya 13.8 ± 0.2 Ma, Tatasi 15.6 ± 0.3 Ma) 

(Grant et al. 1979; Linares and Gonzalez 1990; Cunningham et al. 1991; Coira 1994; Zartman and 

Cunningham 1995). There is extensive mid- to late Miocene magmatic activity in the region around 

Pirquitas, but no igneous rocks occur at the mine site, nor did drilling to 800 m depth intersect an 

intrusion (Soler et al. 2008). The closest outcrops of igneous rocks are dacitic ignimbrites of Cerro 

Granada, and the granodiorite of Cerro Galán. The first one is dated between 9.8 and 7.8 Ma (Caffe, 

2008) and its eruptive center is located 16 km north of the deposit. The granodiorite of Cerro Galán is 

located some 12 km east of Pirquitas but is undated. It is assumed to belong to the 6.6 Ma Coranzuli 

caldera complex (Caffe, 2008).  

The polymetallic Sn-Ag-(Zn) mineralization at Pirquitas is considered to be of the low to intermediate 

sulfidation type (Slater 2016; Desanois et al. 2018), and comparable to those in the southern part of the 
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BTB (e.g. Potosí, Sud Lipez, Quechisia) the world-class polymetallic Sn-Ag deposit Cerro Rico de 

Potosí, the Sud Lipez deposits, and the Quechisia deposit (Sugaki et al. 1983; Zartman et al. 1995; 

Cunningham et al. 1996). 

 

4.4. Lead and sulfur isotope ratios in the Bolivian Tin Belt  

Before presenting the results of this study it is useful to summarize existing information on Pb-S 

isotopic composition of ores in the BTB, which provide an important context for the Pirquitas results. 

Two distinct types of metal deposits occur in this belt. The first is mostly located in the northern part 

of the BTB and is defined by deep-seated hydrothermal (mesothermal-hypothermal) vein-type tin–

tungsten mineralization related to different periods of granitic intrusions (Late Paleozoic, late Triassic, 

early and middle Tertiary) (Turneaure 1971). The second type is typical for the southern part of the 

BTB and it involves polymetallic epithermal deposits with Sn, Ag, Pb, W, Zn, Sb, and Bi 

mineralization related to subvolcanic intrusions and dome complexes of Miocene to Pliocene age 

(Turneaure 1971; Sugaki et al. 1988; Coira et al. 2004). Generally, the age and style of polymetallic 

deposits in the southern part of the BTB changes from north to south. Late Oligocene-Early Miocene 

high-sulfidation ore deposits in the north are separated from younger (Middle Miocene to early 

Pliocene), intermediate to low-sulfidation ore associations in the south (Sillitoe et al. 1975; Grant et al. 

1979; Sugaki and Katakaze 1988; Sugaki et al. 1990). Tilton (1981) and later workers (Macfarlane et 

al. 1990; Petersen 1993; Aitcheson et al., 1995; Kamenov et al. 2002; Mamani et al. 2008) have 

defined a regional provinciality of lead isotope ratios, using data from ore deposits including the BTB, 

as well as from the Central Andes magmatic arcs and basement rocks. Three lead isotope provinces 

were so first defined (Macfarlane et al. 1990) and a fourth one was defined later by Kamenov et al. 

(2002) (Fig. 18), with province I in the coastal magmatic arc of Chile and southern Peru, province II in 

the Mesozoic sedimentary belt in the western Cordillera in Peru and northern Chile, province III 

located in the eastern Cordillera of SE Peru, central Bolivia and the northern Puna from NW 

Argentina; and province IV crosscutting the latter two.  
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Province III hosts the ore deposits in the BTB and the Pirquitas deposit as well. This lead-isotope 

province is distinguished from the others by higher values of 208Pb/204Pb and 207Pb/204Pb relative to 

206Pb/204Pb, and also by a wider range in Pb-isotope ratios overall compared to other provinces. Within 

this range, Macfarlane et al. (1990) recognized a division located near the Bolivia-Peru border, which 

they related to the local basement (see Fig. 18). Ores in the southern part of the province (IIIa), which 

includes Pirquitas and most of the BTB, has less-radiogenic Pb than those from northern province, 

(IIIb). Macfarlane et al. (1990) explained this difference by a change in the regional geology, with 

Precambrian basement in the northern province and Paleozoic sedimentary strata in the southern. The 

distinctive Pb-isotope composition of the San Cristobal Ag-Zn deposit, which lies in domain IIIa, led 

Kamenov et al. (2002) to define a fourth province (IV). This last one extend from the coastal area of 

southern Peru and western Bolivia to the San Cristobal mining district (Fig. 18 with the major part of 

ore lead originating from the local metamorphic basement).  

Sugaki et al. (1990a) determined the sulfur isotopic composition of galena, sphalerite, pyrite and other 

sulfides and sulfosalts from several deposits in the BTB. Ore deposits in the northern Oruro-Potosí 

district, in the central to northern BTB, have negative δ34S values down to -8.6‰ (cf. Morcocala, Fig. 

21). Sulfide δ34S values from the southern part of the district show a minimum of -2.0‰ (e.g., Porco, 

Fig. 21). Deposits in the north of the district are hosted by Silurian sedimentary formation (quartzite, 

sandstones, and slate). In comparison, southern deposits are hosted by Ordovician metasediments 

(sandstone and slate) and have less negative δ34S. 
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It shows a bimodal distribution of δ34S between the north and the south of the Oruro-Potosi district, 

with wider δ34S ranges in the north from -8.6 to 15.6‰ (cf. Morococala and Viloco). The authors 

explained the regional variations by different sources for sulfur, which they related to the contrasting 

geologic settings of deposits in the northern and southern parts of the BTB. For the north, Sugaki et al. 

(1990a) proposed that sulfur is mainly derived from magmatic sources but with some mixing with 

sulfur leached from sedimentary units of the country rocks. The sulfide minerals from polymetallic 

vein-type Sn-Ag deposits in the southernmost part of the BTB, the closest geographically from 

Pirquitas, mostly have δ34S values between -2.5 and 3.5‰ (Fig. 21).  

Figure 18. Geological map of the major unit of Bolivian Andes with a focus on the Bolivian Belt, lead provinces (I, 
II, III; IV) and major deposits: Matilde (1), Kellhuani (2), Chojilla (3), Milluni (4), Caracoles (5), Colquiri (6), Colquiri 
(7), San Jose (8), Japo (9), Huanuni (10), Bolivar (11), Oruro (12), Avicaya (13), Morococala (14), Llallagua (15), 
Colquechaca (16), Kumurana (17), Cerro Rico de Potosí (18), Illimani (19), Tasna (20), Animas (21), Sieste 
Suyos (22), Chorolque (23), Chocaya (24), Tatasi (25), San Antonio de Lipez (26), Santa Rosa (27) San Cristobal 
(28). 
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4.5. Sampling and methods 

Fifteen samples were selected for S-isotopic analyses to represent the different mineralization stages 

and localities in the Pirquitas mine area, from the Oploca and San Miguel veins to the Potosí breccia 

described in Desanois et al. (2018). The hand-picked minerals include pyrite, marcasite, and 

arsenopyrite from mineralization stage I-1; pyrargyrite, pirquitasite and sphalerite from stage I-2; and 

cylindrite, frankeite, suredaite and galena from mineralization stage II. The sulfur isotope 

measurements on these minerals were performed at the Geologisch-Paläontologisches Institut, 

Westfälische Wilhelms-Universität Münster, Germany. Pure mineral separates (visual inspection) 

were thoroughly mixed with V2O5 and measured directly online for their sulfur isotopic composition 

using an Elemental Analyzer connected to a Thermo Finnigan Delta V Plus mass spectrometer. 

Reproducibility was better than 0.2‰ and reported in the standard delta notation against the Vienna-

Canyon Diablo troilite standard (VCDT).  

A subset of 6 sulfide and sulfosalt minerals were also analyzed for Pb isotopic compositions at GFZ 

German Research Centre for Geosciences (Potsdam), following the analytical procedure described by 

Romer et al. (2005). The samples originate from the Potosí breccia and veins at Oploca and San 

Miguel. They comprise both mineralization events I and II. Hand-picked, visibly pure separates of 

andorite, cylindrite, galena, pyrite, and sphalerite were dissolved in 7N HNO3 overnight on a hot plate 

at 180°C. In addition, a wolframite sample from the Oploca veins and associated to event II 

mineralization was analyzed. Wolframite is intensely intergrown with quartz and sulfide minerals. The 

sulfide minerals were selectively dissolved using 1N HNO3. A mixed 205Pb–235U tracer was added to 

the wolframite samples prior to dissolving in 40% HF overnight in closed screw-top Teflon vials on a 

160°C hot plate. Lead and U were separated in ion exchange columns. Lead and U were loaded with 

silica-gel and H3PO4 on separate Re single-filament. Their isotopic composition was measured at 1200 

– 1260 °C and at 1300-1380°C, respectively, using a Thermo-Fisher Scientific TRITON TIMS mass 

spectrometer operated in static or dynamic multi-collection using Faraday collectors. Instrumental 

fractionation was corrected with 0.1%/a.m.u. Precision of Pb measurements were better than 0.1% at 

the 2-sigma level. For the Pb-rich sulfide minerals, no age correction was calculated. 
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4.6. Results 

4.6.1. Pb and U isotopes  

The Pb isotopic ratios of sulfides and sulfosalt minerals are listed in Table 3 and plotted in Figure 19. 

Wolframites Pb and U/Pb ratios are listed in Table 4. The six sulfide and sulfosalt samples show 

similar lead isotope ratios (206Pb/204Pb: 18.77 – 18.82; 207Pb/204Pb: 15.67 – 15.73; 208Pb/204Pb: 38.89 – 

39.07). No spatial patterns stand out, nor is there a difference according to the mineralization event. 

The most radiogenic and the least radiogenic Pb-isotope ratios in the sulfide and sulfosalts were 

measured respectively in galena and in cylindrite, both from the event II of mineralization. All Pb-

isotope ratios plot near the border between lead compositions of Province II and IIIa (Fig. 19). 

Millimeter size fragments of a wolframite crystal were hand-picked for dating (Fig. 20) yielded 

variable lead isotope ratios (206Pb/204Pb: 18.82 - 19.05; 207Pb/204Pb 15.64 - 15.74; 208Pb/204Pb 38.81 - 

39.01).  

Table 3.Lead isotope composition of sulfide minerals from Mina Pirquitas, Argentina. 

  

Samples a 
  

Event 
206Pb b 
––––– 
204Pb 

207Pb b 
––––– 
204Pb 

208Pb b 
––––– 
204Pb 

 Pyrite Pq-16-07 I-1 18.808 15.713 39.028 
 Pyrite Pq-Pag-24 I-1 18.801 15.715 39.032 
 Galena PQ-16-11 I-2 18.819 15.725 39.070 
 Sphalerite Pq-16-11 I-2 18.807 15.710 39.021 
 Cylindrite 4 II 18.767 15.671 38.890 
 Andorite 3112 II 18.799 15.717 39.034 
a For details on samples dissolution and separation of Pb see Romer et al. (2005) 

and Romer and Hahne (2010). 
b Lead isotope analyses were performed at Deutsches GeoForschungsZentrum 

(GFZ), Potsdam, Germany, using a TRITON multi-collector mass-spectrometer. 
The lead isotopic composition is corrected for mass discrimination with 
0.1%/a.m.u., as estimated from the repeated measurement of Pb reference 
material NBS981. Overall 2 uncertainties, including measurement error and 
uncertainties for corrections of mass discrimination, are less than 0.1%. 

  
Wolframite is an extremely rare mineral at Pirquitas. It formed at the beginning second mineralization 

event (Paar pers. comm.), but it has special importance because of the potential for U-Pb dating 

(Romer and Lüders 2006). The U and Pb contents and Pb-isotope ratios of Pirquitas wolframite are 

listed in Table 4. The four wolframite fragments yielded more radiogenic Pb-isotope ratios compared 
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to those of sulfides and sulfosalts. Wolframite is also characterized by variable Pb and U content 

ranging from 2 to 11 ppm and from 13 to 63 ppm, respectively. The original crystal shows no 

particular zonation. By comparison, wolframite worldwide typically has uranium concentrations that 

are less than 5 ppm (e.g. Swart and Moore 1982; Tindle and Webb 1989; Ferenc and Uher 2007; 

Goldmann et al. 2013).  

The U and Pb isotope ratios of wolframite are plotted on an isochron diagram in Figure 20. Linear 

regression of all four points failed to define an isochron, but the slope of the line on Figure 20 

corresponds to an age of 2.9 Ma, which is relatively consistent with geologic constraints showing that 

the mineralization is younger than 16 Ma, but provides no further constraints on the age.  

Table 4. Results of uranium and lead isotope dating of wolframite from the Pirquitas deposit 

 Pb a U a 206Pb b 207Pb b 208Pb b 238U b 

Sample c [ppm] [ppm] ——– ——– ——– ——– 

   204Pb 204Pb 204Pb 204Pb 
1 
2 
3 
4 

11.01 63.14 18.931 15.654 38.809 369 
2.524 28.77 19.052 15.642 38.747 734  
4.16 13.67 18.942 15.741 39.009 212 
3.98 14.65 18.817 15.645 38.745 236  

a Concentrations determined by isotope dilution using a mixed 205Pb-235U tracer. 
b 

 

 

 

c 

 

 

Lead isotope analyses were performed at GeoForschungsZentrum Potsdam, Germany, using a 
Thermo-Fisher Triton multicollector mass spectrometer. The lead isotopic composition is 
corrected for mass discrimination with 0.1%/a.m.u. and Pb contributions from blank and tracer. 
2 uncertainties are less than 0.1%. 
Samples 1 to 4 are fragments from the same crystal. 
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Figure 19. Pb isotope ratios of Pirquitas plot in 207Pb/204Pb vs 206Pb/204Pb and 208Pb/204Pb vs 206Pb/204Pb 
diagrams with BTB deposits and lead provinces defined by (Macfarlane et al. 1990), Petersen et al. (1993), and 
Kamenov et al. (2002). Data fields of Pulacayo, Potosì and Milipo/Atachocah where build with data from 
Macfarlane et al. (1990) and Kamenov et al. (2002); the Miocene Lavas in Northern Puna data field was build with 
data from Ort et al. (1996) Zentilli et al. (1988), Matteini et al. (2002), Caffe et al. (2002) and unpublished data. 
Stacey & Kramers line is corresponding to the Crustal lead development line (S and K) from Stacey and Kramers 
(1975) and the Andean basement line is described by a Post-Archean 238U/204Pb ratio (A-ratio) of 10 and fits 
many of the whole rock lead data from the Central Andes in Lucassen et al. (2002). 
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4.6.2. Sulfur isotopes 

The sulfur isotope ratios of sulfide and sulfosalt minerals from Pirquitas are shown in Table 5. The 

widest range of δ34S values was obtained from stage I-1 pyrite and marcasite from the San Miguel vein 

system, which vary between -6.3‰ and +2.5‰. All samples from later mineralization stages yielded a 

much narrower range of δ34S between -1 and +1.7‰, suggesting a homogeneous sulfur source. Sulfur 

isotope thermometry could not be applied because mineral pairs have form contemporaneously in 

equilibrium but many of the selected samples did not occurred during the same mineralization event. 

That leaves us only the galena-sphalerite pair from the Potosí breccia, which is too weak to constrain 

an isotopic temperature. Furthermore, Sugaki et al. (1990) found S-isotope disequilibrium pairs in ore 

minerals in the BTB and then restricted use of the thermometer.  

Figure 20. Pb isochron diagram of the fragments from a single wolframite crystal from Pirquitas mineralizations.  
With only three point it is difficult to build a clear reference line. The calculated age for the wolframite fragments is 
2.9±9.1 Ma. 
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Table 5. Sulfur Isotope composition of ore minerals from the Pirquitas deposit. 

Sample a Event Location Mineral 
δ34S b 
(‰) 

PQ-POG-24 I-1 Oploca Pyrite 1.5 
PQ-POG-29 I-1 Oploca Arsenopyrite 0.9 
PQ-POG-29 I-1 Oploca Pyrite 2.4 
PQ-16-07 I-1 San Miguel Pyrite 2.5 
PQ-16-12A I-1 San Miguel Marcasite -3.7 
PQ-16-03 I-1 San Miguel Pyrite-Marcasite -6.3 
PQ-16-01 I-2 San Miguel Pyrargyrite -0.9 
PQ-16-12A I-2 San Miguel Sphalerite 1.7 
3 I-2 Oploca Pirquitasite 1.1 
PQ-16-09 I-2 Potosi Galena -1 
PQ-16-11 I-2 Potosi Sphalerite 1.5 
1 II Oploca Frankeite 0.2 
4 II Oploca Cylindrite 0.6 
PQ-POG-29 II Oploca Sphalerite 1 
N7-SN4-G4 II Oploca Suredaite 0.5 
a        For details on samples dissolution and separation of S see Lin et al. (2017). 
b     The sulfur isotope measurements were performed at the Westfälische Wilhelms-Universität 
          Münster, Germany usning a Elemental Analyzer connected to a Thermo Finnigan Delta V  
          Plus mass spectrometer. The suflur isotopic composition was estimate with a reproducibility  
          better than 0.2‰ and reported in the standard delta notation against the Vienna-Canyon  
          Diablo troilite standard (VCDT ). 

  
 
   

4.7. Discussion  

Sulfur isotope constraints on the sulfur source 

Sulfur isotope composition of sulfide minerals can be a strong tool for tracing interactions of magmas 

with their country rocks. It is possible if the S isotopic composition of the magma is clearly different 

from that of the country rock (Seal 2006). The majority of δ34S values of sulfides and sulfosalts from 

Pirquitas plot in the range for sulfur derived from igneous rocks (e.g. MORB; δ34S = −0.3 ± 2.3‰; 

andesites: δ34S = 2.6 ± 2.3‰) (Rye et al. 1984; Luhr and Logan 2002; Seal 2006). The same holds true 

for most of the δ34S values measured in sulfides from polymetallic Sn-Ag deposits in the southern part 

of the BTB that show direct relationship with subvolcanic intrusions. A north-south variation in S-

isotopic ratios in the BTB was noted above and shows in the Figure 21, which was attributed to a 

regional difference in the country rocks (Sugaki et al., 1990). However, the majority of BTB δ34S 

values cluster between -5 and 5‰ and are consistent with a magmatic origin of the sulfur with minor 
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but significant influence of the country rocks (Ohmoto and Goldhaber 1997; Seal 2006). Thus, we 

suggest that the main contribution of sulfur to the hydrothermal system at Pirquitas is likely to be 

magma-derived. This supports the evidence for magmatic fluids given by He-isotope ratios in 

Pirquitas ore minerals (Desanois et al., 2018). 

However, the sulfur isotope ratios of Pirquitas pyrite and marcasite from the San Miguel vein system 

are lower than the rest (-6.3 to -3.9‰) and extend outside the “magmatic” range. These minerals 

Figure 21. Sulfur isotope ratios in 
Pirquitas compared with data 
from southern BTB deposits 
reported by Sugaki et al. (1990). 
Deposits are listed from top to 
bottom on the vertical axis 
according to latitude. Blue, red, 
and green lines represent the 
minimum, maximum and median 
values for each deposit, 
respectively; n gives the number 
of analyses from each deposit. 
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correspond to the earliest mineralization stage I-1, which is not rich in tin or silver. Negative δ34S 

values are not common in the Sn-Ag deposits of the BTB but they do occur, notably at Buena Vista, 

Tasna, and Chorolque (Fig. 21). Sugaki et al. (1990a) suggested that these low values reflect the 

influence of sulfur derived from the sedimentary country rocks, and given that Pirquitas is hosted by 

similar, early Paleozoic (meta)sedimentary rocks. This explanation seems reasonable for Pirquitas as 

well and is supported by the isotopic data of sulfides (AsPy, Py, and Galena) in the Paleozoic 

basement, whose δ34S range between -9.5 and -13.7‰ (Rodriguez 2004). 

 It is significant that negative δ34S values in our study were found only in samples representing the first 

event of mineralization, which also yielded the widest range of values (-6.3 to 2.4‰). An explanation 

for this can be that the hydrothermal system initially involved more assimilation of sulfur from the 

country rocks but, as the mineralization intensified, the hydrothermal fluid was more homogeneous 

and carried mostly magmatic-derived sulfur. Interestingly, the first mineralization stage was also 

distinctive in terms of He-isotope data reported by Desanois et al. (2018). Stage I-1 minerals yielded 

the largest range of 3He/4He ratios (0.5 to 4.1 Ra), which was explained by mixing of magmatic and 

meteoric-derived helium. The lowest value, 0.5 Ra, corresponds to negligible magmatic input. Similar 

to the S-isotope results, the He-data from later mineralization stages are more homogeneous and 

suggest a significant magmatic input.  

Lead isotopes and metal sources 

The lead isotope ratios of ore minerals from the Pirquitas deposit are plotted in Figure 19 with data 

from other ore deposits in the BTB and the Central Andes lead provinces from Macfarlane et al. 

(1990) and Kamenov et al. (2002). On the Pb-Pb isotope plots, the Pirquitas samples show relatively 

high 206Pb/204Pb ratios compared with ratios from the sulfide minerals of Cerro Rico de Potosí in the 

province IIIa. In fact, the Pb isotope range of the Pirquitas ores is very similar to that of the Milpo-

Atachocha deposit from lead province II in the western cordillera of southern Peru (Kamenov et al., 

2002). Similar signature were found in the region nearby Pirquitas (Sangster, 2002). These data 

suggest that most Pb bearing ores in the area are identical to Cerro Rico de Potosi, and then typically 

from province IIIa. Macfarlane et al. (1990) argued from Pb and Sr isotope evidence that deposits in 
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the southern part of province II have a stronger crustal signature and thus more radiogenic Pb than 

those farther norths. Such signature is possibly related to the greater crustal thickness in the Altiplano 

region in the south. Deposits of the southern province II shows Pb ratios close to Pirquitas ratios. It is 

reasonable that a stronger assimilation of crustal Pb can explain the difference between Potosí and 

Pirquitas Pb isotope compositions despite their similar mineralogy and S-isotopic compositions. 

However, other deposits in the northern Puna as Minas Viejas, Concordia, Salle, Armonia, and La 

Esperanza are all similar to Pirquitas, and oppositely to what Macfarlane speculate, these are closely 

related to sedimentary Cretaceous rocks, either regionally or directly emplaced on a Cretaceous 

basement. 

An important feature of the Pb isotope composition of ores plotted on Fig. 19 are the parallel linear 

trends defined by Potosí, Pulacayo and Milpo/Atacocha ores, Interestingly, Pirquitas shows the same 

trend. It can be noticed that the Pirquitas trend is essentially made up of a cluster of 5 points and an 

outlier corresponding to cylindrite of event II (Table 3). As pointed out earlier by Kamenov et al. 

(2002), these trends are not parallel with Pb-evolution lines (cf. Stacey-Kramer and Andean evolution 

lines, Fig. 19b), and therefore represent mixing between two or more Pb sources. Macfarlane et al. 

(1990) and Kamenov et al. (2002) proposed two fundamental sources: (1) the magma source region, 

which includes the mantle wedge and the lower crust (the MASH zone of Hildreth and Moorbath 

1988), and (2) lead source(s) in the upper crust. The latter can be Paleozoic or Mesozoic sedimentary 

rocks or Precambrian basement depending on location. For Pirquitas, the upper crustal source would 

be the Ordovician sedimentary units of the Acoite formation.  

Kamenov et al. (2002) determined the whole-rock isotopic composition of Pb in early Paleozoic 

sediments from the southern BTB, and they also analyzed the Pb-isotope ratios of experimental 

leachates designed to mimic hydrothermal alteration of these units at 200°C by acidic and saline 

fluids. The results (Fig. 19) showed a wide range of Pb-isotope ratios for the whole-rock data that 

covers all Pb compositions from BTB ores, but the composition of leachates was more restricted, 

much less radiogenic, and thus no longer fitting the ore-lead compositions. The authors concluded that 

Pb mobilized from upper-crustal sediments by hot fluids is not able to explain the radiogenic ores 
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compositions, but that assimilation of radiogenic Pb from the country rocks must take place via partial 

melting and incorporation into the magmas.  

Studies of the isotopic composition and petrogenesis of Cenozoic arc and back-arc magmas in the 

northern Puna are consistent with the scenario proposed by Kamenov et al. (2002) (Tilton and Clark, 

1981; Aitcheson et al., 1995; Caffe et al., 2002). For example, Caffe et al. (2002) concluded that trace-

element and isotopic composition of mid-Miocene magmas in northern Argentina require assimilation 

of upper crustal partial melts by mafic arc magmas. We consider it is significant that the Pb isotope 

data from the magmatic rocks also defines a linear trend on Fig. 19 and is parallel to that of the ore 

lead.  In other words, the Cenozoic magmas also contain a mixed Pb-isotope signature that seems to 

have been inherited in the BTB ore deposits and in Pirquitas ores. The source of the radiogenic Pb 

component in this mixing scenario is in the Ordovician sedimentary sequence.  

Wolframite composition and attempted U-Pb dating  

As mentioned above, the U and Pb contents of wolframite from Pirquitas are giving variable U/Pb 

ratios between 212 and 734 (Fig 20). Given that the redox state and the capacity to form ligand 

complexes are major factors controlling the mobility of U in aqueous solution (Langmuir 1976). The 

high U contents in wolframite may have implications for the fluids that formed it. Uranium is mobile 

in the hexavalent form, typically complexed with O as (UO2
2+), while it is poorly soluble in its 

reduced, tetravalent form (U4+). Therefore, redox conditions may influence the U content in 

wolframite crystals in addition to the U availability in the hydrothermal system (Harlaux et al., 2018). 

U-rich wolframite of Pirquitas may thus reflect oxidizing conditions at the time of deposition. 

Wolframite in Pirquitas is a rare mineral and it forms during event II, corresponding to last pulse of 

acidic magmatic fluid (Desanois et al. 2018) that allowed the transport of metals such as Sn, Sb, Zn, 

Pb and W, beside reduced sulfur. Cassiterite and other Sn sulfosalt from the event I seems to not have 

been dissolved. It indicate that tin in minerals of the Event 2 was exsolved from a magmatic fluid or 

remobilized from the wall rock by hydrothermal leaching, as well as U and W. Then the dilution with 

meteoric fluids allowed the deposition of those metals in sulfides and sulfosalts associated to tin oxide 

(wood tin cassiterite) and wolframite reflecting more oxidizing condition. The tin hydrothermal 
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transportation in such oxidizing conditions is possible as Sn(IV) chloride complexes as suggested by 

Schmidt (2018). 

The U-Pb isotopic composition of wolframite fragments failed to define an isochron (Fig. 19b) and the 

calculated regression line corresponds to a theoretical “age” of 2.9 ± 9.1 Ma, to which no geological 

significance can be attached. To date, only a few dating attempts on wolframite have been published 

(Frei et al. 1998; Romer and Lüders 2006; Pfaff et al. 2009; Lecumberri-Sanchez et al. 2014; Harlaux 

et al., 2018). Also, while the Pirquitas wolframite has relatively high U contents compared to most 

wolframite found worldwide, it still has much lowers U contents than wolframites usually used in 

studies cited above for U-Pb dating. Lower U concentration can be a source of complication in dating 

because the amount of radiogenic Pb will be low and the influence of common Pb variations, due to 

Pb-bearing phases (e.g. sulfides) in micro-cracks, grain boundaries or inclusions, will be 

correspondingly strong. The most important identified factor that influences the measurement in our 

case was the presence of lead sulfide and sulfate inclusions in the wolframite crystal. 

The previous age estimation of Pirquitas made by structural observation gives an upper limit of the 

mineralization age under 15Ma. Despite the unprecise measurement of the U-Pb, the new estimation 

definitely gives an age younger than 15Ma for the mineralization. Even if no mineralization related to 

volcanism was clearly observed, it is possible that the Pirquitas mineralization were influenced by the 

magmatic activity during the late Quechua phase (9 to 6 Ma) as suggest the age of volcanic centers in 

the Pirquitas district area. The possibility that Sn stays in the magma and redistribution occurs by later 

fluids has been considered. In such condition, the fluids may have leached the magmatic rocks 

distinctly after emplacement of these rocks and mobilized W, U, and Sn. 

4.8. Conclusions  

Sulfur isotope compositions of Pirquitas ores show δ34S typical for magmatic sources. δ34S is similar 

to most of the BTB polymetallic deposits, which unlike Pirquitas, are in direct relationship with 

subvolcanic intrusions. The hydrothermal system at Pirquitas most probably evolved from an initial, 

larger assimilation of sulfur from the country rocks at the onset of mineralization, indicated by lowest 

δ34S values measured in stage I-1 pyrite. However, in subsequent mineralization stages when 



93 
 

deposition of the majority of silver and tin occurred, the hydrothermal fluid was isotopically more 

homogeneous and carried mostly magmatic-derived sulfur. Regarding overall lead isotopes studies in 

the Central Andes and the strong magmatic sulfur isotopic component with trace of sediment 

assimilation in Pirquitas, we suggest that magmatic assimilation of lead was more important than 

hydrothermal leaching causing a reduction of the impact on radiogenic lead remobilization by 

leaching. 

The lead isotope compositions measured in Pirquitas ores fall in the range of values measured in ore 

minerals from the southern BTB. There is a significant difference in the Pb isotope composition of 

Pirquitas and the well-studied Ag-Sn deposit of Potosí in the central BTB. Although the mineralization 

style and S-isotope ratios of both deposits are similar, ore lead from Pirquitas is significantly more 

radiogenic, which can be explained by a stronger crustal input in the southern BTB. The radiogenic 

lead signature of Pirquitas is interpreted to result from assimilation of Paleozoic (or compositionally 

equivalent) metasediments in the inferred magmatic source (not outcropping). This is consistent with 

the Pb-isotope variations in nearby Miocene volcanic and subvolcanic rocks. In the case of Pirquitas 

and other southern BTB deposits, magmatic Pb assimilation was probably more important than 

hydrothermal leaching at the site of ore deposition. 

The presence of wolframite with relatively high U-contents in association with late ores as wood tin 

cassiterite of event II suggest relatively oxidizing conditions at the time of deposition. 

The U-Pb dating of wolframite did not yield a valid isochron age, which is mostly due to the presence 

of lead from sulfide inclusions in the wolframite. Nevertheless, the reference lines calculated shows 

that the late event II of mineralization could occurred between 3 and 6 Ma which is consistent with 

geological constraints of < 15 Ma.  Furthermore, the event II seems too much younger than the 

maximum age inferred from the age of the host rocks that less suppose, at least for the final event, a 

younger episode of mineralization. 
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5. General conclusions 

Two major events of mineralization in the Pirquitas vein system were identified. The first one can be 

divided into two stages: (1) I-1 mainly characterized by the deposition of pyrite, arsenopyrite, quartz 

and cassiterite, and (2) I-2 corresponds to the deposition of Ag-Sn-Sb-Pb-Zn sulfides and sulfosalts. 

These stages are followed by event II with the deposition of colloform sphalerite and a large variety of 

complex Ag-Sn-Sb-Pb-Bi sulfides and sulfosalts.  

Vein-type mineralization precipitated from moderately saline fluids at temperature below 400°C 

during the two major events. These events are characterized by at least three pulses of mineralizing 

fluids, Salinity and homogenization temperature variations suggest different pulses of ore mineralizing 

fluids. The highest homogenization temperatures were measured in aqueous two-phase fluid inclusions 

hosted in quartz from the first mineralization event. Ores precipitated at lower temperatures during 

subsequent stages, which indicates a possible mixing of magmatic fluids with cooler meteoric water. 

Wolframite with high U-contents in association with late ores, like wood tin cassiterite from event II, 

reveals relatively oxidizing conditions during this late episode of mineralization. No boiling evidence 

in any samples was observed. This makes the contemporaneous deposition of Ag-rich ores and base 

metal sulfides at Pirquitas difficult to explain as boiling is a major phenomenon responsible of 

precious and base metal deposition. 

 It was the first time that noble-gases ratios were measured in ore-hosted fluid inclusion from BTB 

deposits. With one exception, the Pirquitas samples yielded 3He/4He ratios between 1.9 and 4.1 Ra, 

which is consistently higher than the bear-by hot-spring meteoric fluids and overlaps with the range of 

magmatic helium. Those ratios provide direct evidence of a magmatic contribution to the Pirquitas ore 

fluids.  

The lowest δ34S measured in pyrite from the event I-1 (-6.3‰) indicating that the hydrothermal system 

contained an initially higher assimilation of sulfur from the country rocks, whereas during the tin and 

silver deposition stages in event I-2 and II, the hydrothermal fluid was isotopically more homogeneous 

and carried mostly magmatic-derived sulfur (-1 to +1.7‰). The Ag-Sn-(Zn) mineralization of 

Pirquitas is similar to that described in other pluton-related epithermal polymetallic deposits in the 
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southern BTB. It is classify as an intermediate to low-sulfidation deposit type. Sulfur and lead isotope 

compositions of Pirquitas resemble those measured in ore minerals from other polymetallic deposits of 

the southern BTB. This suggests a similar origin as a distal magmatic-hydrothermal system, even if no 

direct relationship with a subvolcanic body has been discovered by mining or exploration drilling.  

As well as the noble-gases isotopes in the fluid, the sulfur isotopes in sulfides and sulfosalts show a 

clear magmatic input in the mineralizing system. Although the mineralization style and S-isotope 

ratios of both Pirquitas and the well-studied Ag-Sn deposit of Potosí in the central BTB are similar, 

lead from Pirquitas is significantly more radiogenic. This significant difference in the Pb isotope 

composition can also be interpreted as the result of assimilation of Paleozoic (or compositionally 

equivalent) metasediments in the inferred magmatic source in the southern BTB. This hypothesis is 

supported by Pb-isotope variations observed in nearby Miocene volcanic and subvolcanic rocks. It is 

suspected that magmatic Pb assimilation was probably more important than hydrothermal leaching at 

the site of ore deposition. Indeed, Pirquitas mineralization can be explained by the same 

metallogenetic model as the others polymetallic epithermal deposits of the BTB. Then, following this 

model, our results strongly suggest that a buried felsic intrusion exists beneath the deposit. 

The attempt of U-Pb dating did not succeed in determining a valid isochron age. This difficulty can be 

attributed mostly to the presence of lead from sulfide inclusions in the wolframite. Notwithstanding, 

with the calculated reference line, it is still possible to constrain the late event II to an age of 3 to 9 

Ma, which is consistent with ages of volcanic centers in the close area and geological constraints that 

defined the deposit younger than 15 Ma. 
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