
  813

§ Corresponding author e-mail address: lauramaydagan@yahoo.com.ar

The Canadian Mineralogist 
Vol. 51, pp. 813-840 (2013) 
DOI : 10.3749/canmin.51.6.813

SULFIDE COMPOSITION AND ISOTOPIC SIGNATURE  
OF THE ALTAR Cu-Au DEPOSIT, ARGENTINA: CONSTRAINTS ON THE EVOLUTION 

OF THE PORPHYRY-EPITHERMAL SYSTEM

Laura MaYDaGÁN§

CONICET; Departamento de Geología y Petróleo, Facultad de Ingeniería, Universidad Nacional del Comahue,  
Buenos Aires 1400, 8300 Neuquén, Argentina, and Departamento de Geología, Universidad Nacional del Sur,  

San Juan 670, 8000 Bahía Blanca, Argentina

Marta FraNCHINI

CONICET; Departamento de Geología y Petróleo, Facultad de Ingeniería, Universidad Nacional del Comahue,  
Buenos Aires 1400, 8300 Neuquén, Argentina

DavID LENtZ

Department of Earth Sciences, University of New Brunswick, Fredericton, New Brunswick, E3B 5A3, Canada

JosEFINa PoNs

CONICET; Departamento de Geología y Petróleo, Facultad de Ingeniería, Universidad Nacional del Comahue,  
Buenos Aires 1400, 8300 Neuquén, Argentina

CHrIstoPHEr MCFarLaNE

Department of Earth Sciences, University of New Brunswick, Fredericton, New Brunswick, E3B 5A3, Canada

abstraCt

Sulfides and sulfosalts from the porphyry, transitional, and epithermal high sulfidation stages of the Altar Cu-(Au) deposit 
(San Juan, Argentina) were investigated by electron microprobe, laser ablation-inductively coupled plasma-mass spectroscopy 
(LA-ICP-MS), and S isotopic analysis. Compositional differences found in the trace-element content in pyrite, chalcopyrite, 
and enargite from different alteration zones and depths of the system have implications in the physicochemical evolution of 
the hydrothermal fluids and might have potential for exploration in similar porphyry-high sulfidation epithermal environments. 
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Low contents of most analyzed trace elements were found in chalcopyrite ± pyrite from the potassic alteration, except for 
Zn, Sn, and Ag in chalcopyrite, and Co and Ni in pyrite. During the phyllic alteration, cooling of the fluids and a decrease of its 
pH (<4.5) produced the leaching and re-precipitation of the sulfides from the previous stage. The reprecipitated chalcopyrite and 
pyrite show micro-inclusions of Au (Ag alloys) and sulfosalts with As, Ag, V, Zn, Sn, Bi, and Sb that are interpreted to correlate 
with changes in the composition of the fluids.

In the transitional veins and their selvages, early precipitation of bornite + pyrite and the weak kaolinite + quartz alteration 
envelope indicate a decrease in the temperature (<200 °C) and pH (<4) of the fluids and an increase of the fS2. This stage was 
followed by a sudden increase in the fO2 of the fluid and a slight decrease in the fS2, and bornite was replaced by tennantite (vein 
type E1). A trend toward higher fS2 favored enargite precipitation (vein type E3). Traces of Au found in tennantite and enargite 
therefore indicate that fluctuations in the oxidation state of the fluids promoted gold precipitation in the Altar porphyry system. 

Negative S isotope values (δ34S: –1.7 to –3.0‰) obtained for the sulfides and sulfosalts from the potassic, phyllic, and 
transitional stages at Altar are consistent with oxidizing (SO4

2– dominant) mineralizing fluids. The precipitation of sphalerite 
(δ34S = –4.4‰ and low concentration of FeS) and galena associated with calcite + anhydrite in late fractures (vein type 8) reflect 
cooling of the fluids and a slight increase of its pH at higher fO2, as the system moved to greater depths. The typical advanced 
argillic assemblages are not developed at the Altar porphyry deposit, indicating that fluids did not attain very low pH conditions. 
In contrast, enargite from the epithermal siliceous ledges located above the porphyry deposit precipitated with low pH mineral 
assemblages (quartz + alunite) and has a distinctive lighter δ34S value of –5.4‰, consistent with a decrease of temperature, 
pH, and/or an increase in the oxidation state of the fluids during its deposition. Enargite from the transitional stage veins of 
the porphyry deposit is enriched in Zn, Sb, Ag, and Bi, whereas enargite from the epithermal environment has much lower 
concentrations of trace elements, except for isolated inclusions of Au-Bi.

Keywords: trace elements, sulfides, S isotopes, porphyry, epithermal

Recent studies have applied laser ablation-induc-
tively coupled plasma-mass spectrometry (LA-ICP-
MS) technology to the examination of trace elements 
in sulfides, and pyrite in particular (e.g., Norman et al. 
2001, Morey et al. 2008, Cook et al. 2009, Pass et al. 
2009, Deditius et al. 2011, Reich et al. 2013). Trace 
element studies of sulfides and sulfosalts in hydro-
thermal deposits have both mining and environmental 
applications. Abraitis et al. (2004) reviewed the chem-
istry and electrical properties of pyrite and concluded 
that the highly variable behavior of this mineral in 
flotation circuits can be explained by variability in 
the trace and minor element contents. Identification of 
elevated trace element content of Pb and As in sulfides 
is important to environmental questions because these 
two polluting elements are easily released during oxida-
tion (e.g., Pačevski et al. 2012). Information on trace 
element contents and its distribution can be used to 
optimize processing and ensure improved recoveries 
of by-products. Ulrich et al. (2009) demonstrate the 
potential of LA–ICP–MS to provide fully quantified 
concentration maps of the distribution of major and 
trace elements. 

The objective of this study is to document compo-
sitional variations of the sulfides and sulfosalts that 
precipitated during different hypogene stages of altera-
tion and mineralization at Altar (pyrite, chalcopyrite, 
bornite, tennantite-tetrahedrite, enargite, sphalerite, and 
galena). Electron microprobe and LA-ICP-MS tech-
niques were used for the in situ determination of trace 
elements in minerals in this study. Selected sulfides 
and sulfosalts were analyzed for S isotopes to comple-
ment the analysis of the mineralogic assemblages and 
mineral-chemical data. The results of this contribution 
help to elucidate the physicochemical evolution of 

INtroDuCtIoN 

Porphyry copper deposits are associated with high-
sulfidation systems located laterally or superimposed 
upon the porphyry deposits (Sillitoe 1989, 2010, Jensen 
& Barton 2000, Waters et al. 2011). The genetic link 
between epithermal high-sulfidation systems and 
underlying mineralized porphyries was proposed by 
Sillitoe (1989) and then proven in other studies (e.g., 
Mankayan, Philippines: Arribas 1995, Hedenquist et al. 
1998, Chang et al. 2011, Deyell & Hedenquist 2011; 
Nevados del Famatina, Argentina: Losada-Calderon & 
McPhail 1996, Pudack et al. 2009; Maricunga, Chile: 
Muntean & Einaudi 2001; Agua Rica: Franchini et 
al. 2011, 2012). The Altar porphyry Cu-(Au) deposit 
(802 MT, 0.42% Cu, 0.059 g/t Au) is one of the few 
examples in the world in which it is possible to observe 
the transition between the epithermal siliceous ledges 
and the porphyry deposit. Gold concentration at Altar 
is low compared with typical Cu-Au-porphyries of 
the Andean back-arc region, but higher than the giant 
Miocene deposits of Chile, with an average Au/Cu ratio 
of 0.14 × 10–4 by weight across the Central Porphyry 
orebody (Zwahlen et al. 2013). 

Altar (31º 29’ S, 70º 28’ W) is located in the Cordil-
lera Principal of SW San Juan Province, Argentina 
(Peregrine Metals 2010, Fig. 1A) within a newly discov-
ered cluster of Miocene to early Pliocene porphyry 
copper prospects. At Altar, Cu-(Au) porphyry mineral-
ization occurs as disseminations in the altered rocks and 
in sulfide-bearing quartz veins. The late generations of 
veins that cut the porphyry deposit show intermediate 
and high-sulfidation mineral assemblages that may 
represent a transitional stage between the porphyry and 
the epithermal environment. 



 SULFIDE COMPOSITION AND ISOTOPIC SIGNATURE OF THE ALTAR Cu-Au DEPOSIT, ARGENTINA 815

the hydrothermal fluids as the metallic mineralization 
transitioned from the porphyry- to epithermal-style 
and to dissect the composition of these minerals that 
could be useful in exploration, geometallurgical, and 
environmental analysis. 

rEGIoNaL GEoLoGY aND tECtoNIC sEttING

The Altar region is located in the Andean Main 
Cordillera over the inactive volcanic flat-slab segment 
(27–33° S) of the Southern Central Andes. The 
subducting slab in this segment presents a relatively 
smooth transition to the north, toward the Central 

Volcanic Zone (CVZ), and an abrupt southerly transition 
to segments with a steeper subduction angle (30°, Cahill 
& Isacks 1992, Anderson et al. 2007, Gans et al. 2011). 
From 35–21 Ma, in the western part of the Cordillera 
Principal between 32° and 37° S, thick volcano-sedi-
mentary sequences accumulated in extensional volcano-
tectonic depressions or intra-arc basins that are referred 
as the Abanico basin (Muñoz et al. 2006, Mpodozis & 
Cornejo 2012). These sequences were assigned to the 
Abanico, Coya-Machalí, and Cura-Mallín formations 
(e.g., Charrier et al. 1996, 2002, Jordan et al. 2001, 
Kay et al. 2005). During the Early Miocene (27–20 
Ma) this segment had a subducted slab geometry similar 

FIG. 1. (A) Map of the hydrothermal alteration types at surface in the Altar project showing the location of section 6516700 
N and contours of the outcrops of the lower volcanic complex (LVC) and the upper subvolcanic suite (USS; Maydagán 
et al. 2011). (B) Distribution of hydrothermal alteration, leaching, and sulfide supergene enrichment zones in the section 
6516700 N.
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to that currently observed in the normal-slab segment 
at 35º S, and a crustal thickness of 35–40 km (Kay & 
Abbruzzi 1996, Kay & Mpodozis 2002). The shal-
lowing of the subduction zone progressed from middle 
to late Miocene (20–5 Ma), accompanied by crustal 
thickening, the subduction of the Juan Fernández ridge 
(e.g., Yáñez et al. 2001), a substantial decrease in the 
asthenospheric wedge thickness, and eastward migra-
tion and broadening of the arc (Kay & Mpodozis 2002). 

LoCaL GEoLoGY

Maydagán et al. (2011) presented the first complete 
geological mapping, geochemical, and geochronologic 
studies of the igneous rocks of the Altar region. The 
Altar lower volcanic complex is composed of basaltic 
andesite and andesite-dacite lava flows, lapilli tuff, 
and pyroclastic breccia, and grades upwards to an 
upper unit of compacted and thick massive tuff (rhyo-
lite). The lower volcanic complex is part of an early 
Miocene magmatic arc (20.8 Ma ± 0.3 Ma and 21.6 ± 
1.2 Ma; U-Pb ages, Maydagán et al. 2011, Maydagán 

2012) formed above a normal subduction zone whose 
magmas underwent fractional crystallization and crustal 
contamination. Porphyritic andesite-dacite intrusions 
and breccias of the Altar upper subvolcanic suite intrude 
the volcanic rocks of the lower volcanic complex (Fig. 
1B) and represent a late-middle Miocene magmatic arc 
(11.75 ± 0.24 to 8.9 ± 0.4 Ma U-Pb ages, Maydagán 
et al. 2013a) formed above a shallow subduction zone. 
They comprises a pre-mineralization porphyry, three 
mineralized intrusions and associated breccias, two 
post-mineralization porphyries, and a late post-mineral-
ization matrix-supported breccia (Maydagán et al. 2011, 
Maydagán et al. 2013a). These three mineralized intru-
sions and breccias formed two magmatic hydrothermal 
centers with mineralization located in the east valley 
(the oldest) and the central ridge (the youngest; Fig. 1B). 

PorPHYrY-HIGH suLFIDatIoN EPItHErMaL DEPosIt

The Altar district contains the transition between 
the high-sulfidation epithermal siliceous ledges that 
occur on the high ridges of the mining district and the 

TABLE 1. SUMMARY OF ALTAR MINERAL ASSEMBLAGES

 Alteration 
assemblages

Disseminated sulfides and 
native elements Mineralogy of the veins Analogous 

Vein Types

Porphyry Cu deposit 
Potassic alteration Qtz + Bt ± Anh ± Kfs  

± Ab ± Rt ± Dpp
Ccp ± Py ± Bn Type EB- Bt + Qtz ± Mag ± Rt Type EB(2)

Type A1- Qtz ± Anh ± Kfs Type A(1)

Type A2- Ccp ± Kfs ± Qtz ± Bt ± Anh ± Py Type A(1)

Type B- Qtz± Mo ± Ccp ± Py Type B(1)

     
Chloritic alteration Chl + Qtz + Dpp ± Rt Type C- Chl + Hem ± Rt, Ccp ± Py Type C(2)

     
Phyllic alteration Qtz + Dpp (Ms-Ill) ± 

Tur ± Rt
Py ± Ccp Type D1- Qtz + Py + Ccp ± Ms/Ill ± Tur Type D(1)

Type D2- Py + Qtz ± Ms/Ill ± Anh ± Ccp Type D(1)

Type D3- Anh ± Qtz ± Ccp ± Py Type D(1)

Type D4- Tur ± Qtz Type D(1)

     
Transitional alteration Kln ± Qtz ± Rt Tnt, Ttr, Eng, Py, Bn, Gold Type E1- Tnt (Ccp, Bn) ± Py ± Qtz ± Ttr ± Gold Type E(3)

Type E2- Py ± Qtz Type E(3)

Type E3- Py + Eng (Ccp, Bn, Tnt) ± Qtz Type E(3)

     
Late veins Type E4- Qtz ± Sp ± Py; Sp; Gn; Type E(3)

Cal + Anh

Epithermal deposit vuggy Qtz, Qtz + Alu Py, Eng, Gold Siliceous ledges: chalcedony ± gold; 
Qtz ± Alu ± Eng ± Gold; native sulphur

Supergene 
enrichment

Dg ± Cv Type 9 Jrs + Hem + Qtz

Type 10- Gp

Abbreviations: Ab: albite; Alu: alunite, Anh: anhydrite, Bt: biotite, Bn: bornite, Cal: calcite, Ccp: chalcopyrite, Chl: chlorite, Cv: 
covellite, Dck: dickite, Dg: digenite, Dpp: dioctahedral potassic phyllosilicate, Eng: enargite, Gn: galena, Hem: hematite, Ill: illite, Jrs: 
jarosite, Kln: kaolinite, Kfs: K-feldspar; Mag: magnetite, Mo: molybdenite; Ms: muscovite, Pl: plagioclase, Py: pyrite, Qtz: quartz, Rt: 
rutile, Sp: sphalerite, Tnt: tennantite; Ttr: tetrahedrite, Tur: tourmaline.
References: 1: Gustafson and Hunt (1975), 2: Gustafson and Quiroga (1995); 3: Masterman et al. (2005).
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subvolcanic porphyry deposit at depth (Fig. 1B–C). 
Maydagán (2012) present a detailed description of the 
distribution of the alteration and mineralization along 
three cross sections of the Altar porphyry Cu-(Au) 
deposit and associated epithermal Au-(Ag-Cu) ledges. 
Zwahlen et al. (2013) presented a simplification of 
the main vein types in four categories, analyzed the 
gold distribution at the deposit scale, and presented 
microanalysis of pyrite and chalcopyrite of the deposit. 
The detailed description of hydrothermal assemblages 
and related veins and mineralization pulses according 
Maydagán (2012) is summarized in Table 1. Five types 
of veins were recognized and named according the 
terminology of Gustafson & Hunt (1975), Gustafson & 
Quiroga (1995), and Masterman et al. (2005; Table 1). 

The potassic alteration occurs as patches at shallow 
and intermediate levels, affecting the porphyries and 
the wall-rocks and is massive at depth. In the potassic 
alteration stage, the earliest veinlets of biotite (type EB) 
were cut by barren quartz veins (type A1). The latter 
were reopened and cut by thin veinlets of chalcopyrite 
± pyrite (type A2), which, together with disseminated 
chalcopyrite ± pyrite ± bornite, constitute the first pulse 
of mineralization.

A subsequent pulse, in the potassic to phyllic tran-
sition, precipitated the quartz ± molybdenite veinlets 
(type B). With progressive cooling of the fluids, the 
rocks were affected by chloritic alteration associated 
with veins filled with chlorite + hematite ± rutile (type 
C). Chloritic alteration is found in patches at deep, 
intermediate, and shallow levels. 

The phyllic alteration at depth is controlled by 
fractures associated with the straight-walled type D 
veins and at shallow levels forms a continuous halo 
surrounding the potassic and chloritic alteration types. 
The mineralization occurs as part of type D veins and 
is disseminated in the altered rocks. Type D veins are 
characterized by quartz + pyrite + illite + anhydrite + 
chalcopyrite + tourmaline and four subtypes are recog-
nized: D1, D2, D3, and D4 (Table 1). Veins of type D1, 
which contain more chalcopyrite, are found at greater 
depth. The pyrite-dominated type D2 veins are the 
most abundant and occur from deep to shallow levels. 
Anhydrite-dominated D3 veins cut D1 and D2 types at 
intermediate levels. Tourmaline-rich D4 veins occur at 
intermediate and shallower levels, cutting D2 veins. In 
zones of strong phyllic alteration, the sulfides from the 
potassic stage have been leached and reprecipitated in 
zones of weaker phyllic alteration. This process can be 
recognized in the halos of type D veins. 

Transitional alteration (kaolinite ± quartz ± rutile; 
weak advanced argillic alteration) occurs at depth in 
the porphyries and the wall-rocks and forms the halos 
of some type E (E1, E2, and E3; Table 1) veins. These 
veins are rich in enargite, tennantite with minor tetra-
hedrite, and contain pyrite, relict bornite, and traces 
of gold. Tennatite dominates in deeper zones (veins 
E1), pyrite in the intermediate zones (veins E2), and 

enargite (veins E3) at shallow depth. Some envelopes 
of type E veins have bornite + pyrite grains that are 
partially replaced by tennantite. These veins and their 
halos intersect previous mineralization at deep and 
intermediate depths.

The last mineralization consists of quartz ± sphal-
erite, sphalerite veins, and irregular galena veinlets 
(type E4 veins). Galena microveinlets cut previous 
veins. Associated with type E4 veins, calcite and anhy-
drite veins occur in fractures at depth.

On the ridges of the project, high sulfidation epith-
ermal siliceous ledges define a radial arrangement 
around the central area of the project. The ledges that 
cut the rocks with advanced argillic alteration consist 
of chalcedony ± gold, and quartz ± alunite ± enargite ± 
gold, native sulfur and barite. 

Supergene alteration caused the enrichment of 
hypogene sulfides and their replacement by covellite 
± digenite. The supergene enrichment zone is <100 to 
250 m thick beneath the leached zone. Gold anomalies 
in the leached zone coincide with jarosite + hematite + 
quartz veins (Table 1). 

aNaLYtICaL tECHNIquEs  
aND saMPLING MEtHoDoLoGY

Field data were collected from examination of 
approximately 10,000 m of core from 25 selected 
drill holes chosen from three cross sections across the 
currently best explored ore zone. Polished thin sections 
of 210 samples corresponding to the different litholo-
gies, alteration zones, mineralization, and veins were 
studied by transmitted and reflected light petrography. 
Most samples correspond to the 6516700 N section 
(Fig. 1C), but we also analyzed samples from sections 
6517000 N (north), 6516600 N (south), and from the 
Au-Ag-Cu siliceous ledges located on the eastern ridges 
of the project (Fig. 1B). Chemical compositions of the 
sulfosalts and sulfides (n = 155) were determined with 
the Cameca SX-50 electron microprobe (EPM) with 
four multi-crystal spectrometers in the laboratory of the 
Department of Geology and Geophysics, University of 
Utah, USA. Operating conditions were 15 kV and 30 
nÅ, with 10 seconds counting time on the peak and 
10 seconds on the background, with a beam diameter 
between 1 and 10 μm. The standards used were: hema-
tite (Fe), magnetite (Fe), rutile (Ti), tetrahedrite (Cu, 
Sb, S, Zn), tennantite (Cu, As, Fe), pyrite (Fe, S), and 
chalcopyrite (Cu, Fe, S). The detection limit for these 
conditions is 0.03 wt.%. Tables 2 and 3 summarize the 
chemical compositions of Altar sulfides.

Trace-element microanalyses of sulfides and 
sulfosalts (n = 31) and maps (n = 5) were performed 
at the LA-ICP-MS laboratory of the Department of 
Earth Sciences of the University of New Brunswick, 
Canada (see McFarlane & Luo 2012). The LA-ICP-
MS system used a Resonetics M-50 193 nm excimer 
laser system connected, via Nylon tubing, to an Agilent 
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7700× quadrupole ICP-MS equipped with dual external 
rotary pumps. The ICP-MS was operated at 1450 W 
and a torch depth of 5.0 mm and was tuned, while 
rastering across NIST610 glass, to achieve ThO+/Th+ 
< 0.3% (monitor of oxide production), 238U+/232Th+ ~ 
1.0 (monitor of plasma robustness), and 22M+/44Ca++ < 
0.3% (monitor of double-charged production). Sulfide 
samples were ablated in spot mode using 44 μm craters 
and a 4 Hz repetition with the laser energy at the energy 
density (fluence) regulated at ~1.5 J/cm2. Each point 
was ablated for 30 s following 40 s of gas background 
collection. For trace element mapping, sulfides were 
ablated using a 17 μm crater, a stage scan speed of 8 

μm/s, and a 10 Hz repetition with the laser energy at 
the energy density (fluence) regulated at ~1.5 J/cm2. 
Ablated material was transported out of the two-volume 
low-volume ablation cell using 750 mL/min He as a 
carrier gas. This was mixed downstream of the cell with 
2.5 mL/min N2 (to enhance sensitivity) and 700 mL/min 
Ar (from the ICP-MS) prior to reaching the ICP-MS 
torch. For spot analyses, the ‘squid’ smoothing device 
was used to ensure low % RSD signals; the ‘squid’ was 
removed for trace element mapping to ensure fastest 
possible washout from the cell (~five orders of magni-
tude in 1 s). The following isotopes were analyzed in 
both modes of analysis: 29Si, 34S, 51V, 55Mn, 57Fe, 59Co, 

TABLE 2. REPRESENTATIVE ANALYSES (EPM) OF THE ALTAR SULPHIDES

Mineral Pyrite Pyrite Pyrite Pyrite Pyrite Pyrite Chalcopyrite Chalcopyrite Chalcopyrite Chalcopyrite Chalco-
pyrite

Sample N° A-43-745 py A43-869.5 25-249-20.1 25-249-20.0 43-917-1.3 1-446-1.1 A49-611 A43-869 19-124-3.1 19-124-3.0 A53-110-75 
Alteration Potassic Potassic Phyllic Phyllic Transitional Transitional Potassic Potassic Phyllic Phyllic Transitional
Mineralization disseminated disseminated disseminated disseminated disseminated disseminated disseminated
Assemblage  Py ± Ccp Py ± Ccp Py +Ttr-Tnt Py ± Ccp Py ± Ccp
Veins A1 E3 A1 A1
M.a.s.l drill hole 2890 2766 3525 3525 2718 3221 3194 2766 3455 3455 3485

Fe (wt.%) 46.5 45.8 46.0 46.2 45.9 46.3 30.5 28.9 30.4 30.8 30.1
S 53.6 54.3 53.5 53.3 52.7 53.0 35.1 35.6 34.9 34.8 34.9
Cu 0.01 0.04 0.000 0.08 0.13 0.28 34.32 34.94 34.40 33.74 34.62
Mn 0.01 0.00 0.000 0.000 0.000 0.01 0.00 0.00 0.02 0.01 0.00
Zn 0.00 0.00 0.06 0.05 0.11 0.13 0.00 0.00 0.18 0.12 0.00
Pb 0.10 0.01 0.09 0.24 0.05 0.04 0.00 0.00 0.08 0.06 0.00
Cd 0.00 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
As 0.00 0.06 0.04 0.06 0.32 0.01 0.02 0.00 0.04 0.03 0.05
Sb 0.00 0.00 0.05 0.000 0.05 0.04 0.00 0.00 0.00 0.10 0.00
Bi 0.00 0.00 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.00 0.00
Ag 0.02 0.00 0.09 0.08 0.000 0.03 0.00 0.03 0.03 0.05 0.00
Au n.a. 0.00 n.a. n.a. n.a. n.a. 0.06 0.00 n.a. n.a. 0.02
Sum 100.2 100.2 99.8 100.0 99.3 99.8 99.9 99.5 100.0 99.6 99.7

Three atoms Four atoms

S (apfu) 2.01 2.02 2.00 2.00 1.99 1.99 2.01 2.04 2.00 2.00 2.00
Cu 0.00 0.00 0.00 0.00 0.00 0.01 0.99 1.01 0.99 0.98 1.00
Fe 0.99 0.98 0.99 0.99 1.00 1.00 1.00 0.95 1.00 1.02 0.99
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
As 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Sb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ag 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Au 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.a. n.a. 0.00

* Abbreviations: Alu: alunite, Anh: anhydrite; Bn: bornite, Cal: calcite, Ccp: chalcopyrite, Cv: covellite; Dck: dickite, Dg: digenite, 
Dpp: dioctahedral potassic phyllosilicate, Eng: enargite, Gn: galena, Hem: hematite, Ill: illite, Kln: kaolinite, Kfs: K-feldspar, Mo: 
molybdenite, Ms: muscovite, Mag: magnetite, Pl: plagioclase, Py: pyrite, Qtz: quartz, Rt: rutile, Sp: sphalerite, Tnt: tennantite, Ttr: 
tetrahedrite, Tur: tourmaline, t: traces.
*M.a.s.l drill hole: meters above sea level.
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62Ni, 63Cu, 66Zn, 72Ge, 75As, 95Mo, 107Ag, 111Cd, 118Sn, 
121Sb, 125Te, 197Au, 207Pb, 209Bi, 125Te, and 238U. Analyte 
dwell times were set individually, with longest dwell 
times set for the lowest concentration elements. Total 
quadrupole sweep time was kept <0.5 s. Concentrations 
in unknowns were calibrated against sulfide standard 
reference material MASS-1 and an internal standard 
obtained by microprobe analysis of each mineral: Fe for 
pyrite and Cu for chalcopyrite, tennantite, and enargite. 
GSE-1 glass was used as a quality control standard. All 
data were reduced offline using Iolite v2.2 (Paton et 
al. 2011) under Wavemetrics IgorPro v6.22. MASS-1 
standard has a somewhat inhomogeneous distribution 
of Au at the micron-scale. Thus, the Au concentration 

in sulfides and sulfosalts reported in this work should be 
taken with caution. Detection limits for analyses of Au 
varied for each experiment ranging from 0.001 to 0.05 
ppm. Limits of detection (LOD) and mean minimum 
detection limits (MDL) are given in the supplementary 
data. 

Back-scattered electron (BSE) microscopy was used 
to characterize each mineral analyzed. The volume of 
sample material ablated by LA-ICP-MS may contain 
micron-scale inclusions (100–2500 nm) exposed at or 
below the sample surface or nanoparticles (<100 nm) 
that are invisible even under the SEM. The LA-ICP-
MS method allows for resolution of lattice-bound trace 
elements versus sub-micron-scale inclusions, but these 

TABLE 3. REPRESENTATIVE ANALYSES (EPM) OF THE ALTAR SULFIDES

Mineral bornite bornite tennantite tennantite enargite enargite enargite digenite digenite

Sample N° 25-249-17.0 43-210-4.2 25-249-15.0 43-917-1.2 43-210-1.0 25-249-1.1 28-1.2 25-249-1.40 25-249-17.2
Alteration Phyllic Phyllic Transitional Transitional Transitional Transitional Advanced 

arg
Supergene Supergene

Mineralization disseminated disseminated disseminated disseminated disseminated disseminated disseminated
Association Qtz ± Eng
Veins E3 E3 epithermal
M.a.s.l drill 
hole

3525 3425 3525 2718 3425 3525 4100 3525 3525

wt.%
Cu 63.8 54.0 52.5 42.8 48.2 48.6 49.4 78.0 74.7
Ag 0.10 0.05 0.02 0.05 0.09 0.06 0.12 0.04 0.07
Zn 0.06 0.00 0.00 7.43 0.04 0.09 0.00 0.00 0.00
Fe 10.9 17.7 1.38 1.66 0.06 0.12 0.02 0.01 3.09
Cd 0.00 0.00 0.02 0.02 0.00 0.08 0.00 0.00 0.00
Pb 0.04 0.00 0.16 0.01 0.00 0.04 0.00 0.00 0.04
Mn 0.00 0.00 0.01 0.08 0.00 0.00 0.00 0.00 0.04
As 0.00 0.00 19.4 17.8 19.1 18.1 18.9 0.00 0.00
Sb 0.00 0.07 0.04 2.95 0.40 0.03 0.04 0.03 0.04
Bi 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S 25.00 28.10 26.39 27.32 32.47 32.84 32.35 21.72 21.64
Au n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Sum 99.9 100.0 99.9 100.1 100.3 100.0 100.8 99.8 99.6
          

 For 10 atoms For 29 atoms For 8 atoms For 2 8 atoms
Cu 5.07 4.16 12.39 10.10 2.99 3.01 3.05 1.80 1.73
Ag 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 1.71 0.00 0.01 0.00 0.00 0.00
Fe 0.98 1.55 0.37 0.45 0.00 0.01 0.00 0.00 0.08
Cd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
As 0.00 0.00 3.88 3.56 1.00 0.95 0.99 0.00 0.00
Sb 0.00 0.00 0.00 0.36 0.01 0.00 0.00 0.00 0.00
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S 3.94 4.29 12.34 12.79 3.99 4.02 3.96 1.00 1.06

Abbreviations: Alu: alunite, Anh: anhydrite; Bn: bornite, Cal: calcite, Ccp: chalcopyrite, Cv: covellite; Dck: dickite, Dg: digenite, 
Dpp: dioctahedral potassic phyllosilicate, Eng: enargite, Gn: galena, Hem: hematite, Ill: illite, Kln: kaolinite, Kfs: K-feldspar, Mo: 
molybdenite, Ms: muscovite, Mag: magnetite, Pl: plagioclase, Py: pyrite, Qtz: quartz, Rt: rutile, Sp: sphalerite, Tnt: tennantite, Ttr: 
tetrahedrite, Tur: tourmaline, t: traces
M.a.s.l drill hole: meters above sea level.



820 tHE CaNaDIaN MINEraLoGIst

inclusions need to be greater than a certain size to be 
visible on the time-resolved depth spectra (e.g., Ciobanu 
et al. 2009, Cook et al. 2009). 

Selected sulfides and sulfosalts (n = 15) were 
analyzed for δ34S at the Servicio de Isótopos Estables, 
Universidad de Salamanca, using two SIRA-II, gaseous 
source, and dual inlet mass spectrometers. Samples 
were prepared by hand picking and then converted to a 
suitable gas in the gas extraction lines. For conventional 
δ34S analysis of sulfide minerals, SO2 is produced by the 
reaction of the sulfate mineral with an oxidant (Cu2O) 
at elevated temperatures (1000 to 1200 °C) under 
vacuum (Holt & Engelkemeier 1970, Haur et al. 1973, 
Coleman & Moore 1978). Isotopic results are reported 
in the δ notation relative to Canyon Diablo Troilite 
(CDT). Repeated analyses of international and internal 
reference materials gave average reproducibility better 
than 0.1‰ for δ34S. Abbreviations for minerals are 
from Kretz (1983) and from Whitney & Evans (2010). 

tExturE aND CoMPosItIoN oF orE MINEraLs 

Pyrite

Pyrite is the most abundant sulfide from deep to 
shallow levels in the studied sections and occurs as fine-
grained (0.5 mm average) crystals disseminated in the 
potassic, phyllic, and kaolinite halos, and filling several 
generations of veins (vein types A, D, E). 

LA-ICP-MS and EPM spots analyses of pyrite 
disseminated in the potassic alteration (Fig. 2A) show 
low contents of trace elements, except for high Pb (0.16 
wt.%), Co (98 to 328 ppm), and Ni (83 to 1180 ppm) 
values (Fig. 3; Tables 2 & 4). LA-ICP-MS ablation 
time series of this pyrite did not detect Au and revealed 
a regular distribution for Co and Ni. Copper shows a 
ragged distribution contrasting with the rather regular 
Zn profile (Fig. 4A).

Pyrite grains (0.02–0.4 mm) from the phyllic 
alteration zone are more porous, subhedral to anhedral, 
and contain inclusions of bornite, chalcopyrite, and 
digenite (Fig. 2B). In areas with no visible inclusions, 
these pyrite grains show higher concentrations of 
trace elements, with Pb (up to 0.24 wt.%), Zn (up to 
0.1 wt.%), and As (0.23 wt.%) contents (Fig. 3). Very 
high Cu concentrations (up to 1.06 wt.%) are prob-
ably related to inclusion aggregates of chalcopyrite or 
other Cu-bearing sulfide mineral. LA-ICP-MS profiles 
along pyrite grains (Fig. 4) indicate the presence of 
Au, which correlates with Ag and Bi. Copper shows 
ragged profiles, as do Ag, Bi, and Au, whereas Zn 
shows a more regular distribution. Figure 5 shows trace 
element LA-ICP-MS maps of a pyrite crystal from the 
phyllic zone at intermediate depth. Gold content (up to 
0.5 ppm) is heterogeneously distributed throughout the 
crystal. The distribution of Co is less heterogeneous, 
with remnants of higher Co (up to 3 ppm) in the core 

surrounded by an irregular zone with up to 2 ppm of Co 
that alternates or encloses low Co zones. Values of As, 
V, Zn, Sn, and Sb (1–3 ppm) are mainly concentrated 
in scattered inclusions within pyrite; they exhibit a posi-
tive co-correlation with each other. Molybdenum (up to 
1.2 ppm) is homogeneously distributed throughout the 
crystal. Silver, Bi, and Cu are concentrated in the outer 
rim of pyrite crystals. 

In the late type E veins and their transitional altera-
tion halos, euhedral to subhedral pyrite crystals (1–2 
mm) were recognized rimmed by anhedral tennantite 
and a secondary generation of fine-grained porous-
looking pyrite (0.02–0.2 mm; Fig. 2D). In areas free 
of visible inclusions, pyrite from type E veins, from 
the halos of type E2 veins and from E3 veins, shows 
significant Cu (up to 0.28 wt.%), Zn (up to 0.22 wt.%), 
Pb (up to 0.12 wt.%), and As (up to 0.12 wt.%) contents 
(Table 2, Fig. 3). Lead, Cu, As, and Zn contents in 
various pyrite crystals from the different alteration 
types show scattered distributions against Fe (Fig. 3B). 
LA-ICP-MS spot analyses of pyrite from a type E3 vein 
shows contents of Cu (up to 1500 ppm) and low values 
for the rest of the analyzed elements (Table 4). In the 
LA-ICP-MS ablation time-series of this pyrite, Cu and 
As are homogeneously distributed and Pb has a ragged 
distribution that sometimes correlates with Zn (Fig. 4). 
Pyrite crystals from a type E3 vein have lower Co and 
Ni and higher As and Pb contents than the pyrite crystals 
examined from potassic alteration (Fig. 6). 

Chalcopyrite

Chalcopyrite is abundant in the potassic and weak 
phyllic alteration zones, where it occurs as anhedral 
fine-grained (0.02–0.6 mm) disseminations, filling 
type A and type D veins, and as a relic mineral in type 
E veins (Figs. 2A, C, D). Chalcopyrite of this stage 
partially replaced pyrite (Fig. 2C). LA-ICP-MS spot 
analyses of chalcopyrite crystals from this zone revealed 
the presence of trace amounts of Zn (65 to 215 ppm), 
Sn (96 to 122 ppm), Ag (3 to 12 ppm), and Pb (up to 
40 ppm; Table 4). In the LA-ICP-MS ablation time-
series, Fe, Zn, Sn, and Ag are homogeneously distrib-
uted, whereas the pattern for Pb is ragged, indicative 
of microinclusions of galena. Zinc shows a few small 
peaks that correlate with Pb peaks, suggesting sphal-
erite-galena cosaturation with chalcopyrite (Fig. 8A).

Microprobe analyses of chalcopyrite crystals 
disseminated in the phyllic halo show Zn (up to 0.22 
wt.%) and Pb (up to 0.17 wt.%), values that corre-
late with a decrease in the Fe content (Fig. 7). In the 
LA-ICP-MS ablation time-series of this chalcopyrite, 
Au peaks correlate with Ag and Bi (Fig. 8B). The 
LA-ICP-MS trace element maps of Figure 8C reveal 
trace amounts of Co, Zn, Sn, and Bi, mainly concen-
trated in scattered very small microinclusions (stannite, 
bismuthinite, sphalerite) within chalcopyrite; Ag, Bi, 
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FIG. 2. Photomicrographs and BSE images displaying common pyrite and chalcopyrite textures. (A) Subhedral pyrite associated 
with anhedral chalcopyrite from the potassic alteration (drill hole ALD-43, 745 m depth). (B) Anhedral pyrite from the 
phyllic alteration exhibiting abundant sulfide inclusions (drill hole ALD-176, 722 m depth). (C–D) Pyrite with pentagonal 
dodecahedral habit and fine-grained pyrite from the transitional stage (drill holes ALD-43, 869 m depth and ALD-43, 917 
m depth). (E) Leaching and re-precipitation of sulfides in the phyllic alteration halos of veins of type D (drill hole ALD-43, 
526 m depth). Bn: bornite; Ccp: Chalcopyrite; Py: pyrite; Tnt: tennantite. 
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TABLE 4. MINERAL COMPOSITIONS (LASER ABLATION ICP-MS)

Potassic Stage
Chalcopyrite- Sample ALD-43-745
Analysis V ppm Mn 

ppm
Co 

ppm
Ni 

ppm
Zn 

ppm
Ge 

ppm
As 

ppm
Mo 

ppm
Ag 

ppm
Cd 

ppm
Sn ppm Sb 

ppm
Te 

ppm
Au 

ppm
Au 

ppm
Int2SE

Pb 
ppm

Bi 
ppm

 Ccp1.1 <MDL 9.60 2.36 9.00 133 1.28 1.90 0.02 11.2 0.24 122 0.13 0.40 <MDL 0.016 26.7 0.41
 Ccp1.2 0.24 13.40 2.29 5.50 136 1.41 0.70 <MDL 10.3 <MDL 120 0.03 0.49 0.007 0.025 43.0 0.34
 Ccp1.3 0.37 1.10 2.32 6.60 110 0.99 <MDL 0.01 12.3 0.22 100 0.11 0.61 0.033 0.025 7.10 0.46
 Ccp1.4 0.74 4.00 2.88 5.50 65.8 1.15 0.90 0.05 6.2 0.11 97 0.08 0.77 0.000 0.015 0.07 0.04
 Ccp1.5 1.05 9.70 2.96 5.20 171 0.98 0.70 0.05 3.7 0.21 104 0.04 0.20 0.000 0.014 3.33 0.17
 Ccp1.6 0.28 14.80 2.52 3.60 148 1.03 <MDL <MDL 10.5 0.55 97 0.11 0.86 0.050 0.017 15.5 0.53

Average 0.54 8.77 2.56 5.90 127 1.14 1.05 0.03 9.01 0.27 107 0.08 0.56 0.018 0.019 15.9 0.32

Potassic Stage
Pyrite- Sample ALD- 43-745
Analysis V ppm Mn 

ppm
Co 

ppm
Ni 

ppm
Zn 

ppm
Ge 

ppm
As 

ppm
Mo 

ppm
Ag 

ppm
Cd 

ppm
Sn ppm Sb 

ppm
Te 

ppm
Au 

ppm
Au 

ppm
Int2SE

Pb 
ppm

Bi 
ppm

Py2.1 0.09 1.19 131 2.5 <MDL 0.85 0.14 0.00 0.02 <MDL 0.01 <MDL 0.02 0.001 0.001 0.03 0.00
 Py2.2 0.14 5.00 1180 108 1 0.80 0.18 0.01 0.03 0 0.31 0.01 0.18 0.002 0.001 0.22 0.36
 Py2.3 0.10 0.40 1019 13.5 <MDL 0.84 0.13 0.00 0.01 <MDL 0.51 0.00 0.21 0.001 0.001 0.01 0.07
 Py2.4 0.12 0.69 83 4.65 <MDL 0.83 0.04 0.00 0.01 <MDL 0.01 <MDL 0.01 0.001 0.001 0.00 0.00

Average 0.11 1.82 603 32.2 1.07 0.83 0.12 0.00 0.02 0.01 0.21 0.00 0.10 0.001 0.001 0.07 0.11

Transitional stage
Pyrite- Sample ALD2-65
Analysis V ppm Mn 

ppm
Co 

ppm
Ni 

ppm
Cu 

ppm
Zn 

ppm
Ge 

ppm
As 

ppm
Mo 

ppm
Au 

ppm
Au ppm
Int2SE

Pb 
ppm

Bi ppm Ag 
ppm

Cd 
ppm

Sn 
ppm

Sb 
ppm

Te 
ppm

Py2.1 0.04 <MDL 0.06 0.19 79.0 0.93 1.34 2.54 0.00 0.008 0.002 0.19 1.64 0.10 0.02 0.01 0.07 0.63
 Py2.2 0.03 0.15 0.02 0.43 526 0.92 1.38 5.75 0.00 0.046 0.006 0.74 3.99 0.15 0.01 0.02 0.92 1.22
 Py2.3 0.03 0.59 3.62 0.41 1500 0.19 1.36 2.34 0.00 0.011 0.003 0.05 0.26 0.03 0.00 0.01 0.05 0.75
 Py2.4 0.04 0.12 0.01 0.10 54.0 0.13 1.49 2.54 0.00 0.084 0.011 1.11 3.14 0.28 0.01 0.00 1.19 0.37
 Py2.5 0.03 <MDL 1.46 0.12 80.5 0.73 1.29 68.30 0.00 0.011 0.003 1.33 0.12 0.15 <MDL 0.01 0.02 0.49

Average 0.03 0.29 1.03 0.25 448 0.58 1.37 16.3 0.00 0.032 0.005 0.68 1.83 0.14 0.01 0.01 0.45 0.69

Transitional stage
Enargite- Sample ALD-2-65
Analysis V ppm Mn 

ppm
Co 

ppm
Ni 

ppm
Zn 

ppm
Ge 

ppm
Mo 

ppm
Ag 

ppm
Cd 

ppm
Sn 

ppm
Sb ppm Te 

ppm
Au 

ppm
Au 

ppm
Int2SE

Pb 
ppm

Bi 
ppm

 Eng1.1 15.0 1050 0.83 300 20600 2510 29 2380 94 50000 620000 6600 2.000 1.200 1100 4100
 Eng1.2 <MDL 5900 6.90 230 310000 1900 490 31000 590 175000 11800000 82000 60.00 41.00 9900 18800
 Eng1.3 8.2 1030 0.12 156 41000 269 146 2550 58 12200 1300000 4700 4.800 1.700 1000 650
 Eng1.4 10.0 5000 0.83 240 610000 810 39.0 7100 650 22700 1700000 8900 4.300 1.900 2680 7300

Average 11.1 3245 2.17 232 245400 1372 176 10758 348 64975 3855000 2555017.77511.450 3670 7713
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and minor Zn and Sn are also more abundant in the 
crystal rim. The distribution of Co does not correlate 
with any of the other elements. 

Tennantite

Tennantite is disseminated at depth in the halos of 
type D4 tourmaline veins and is present as disseminated 
grains (<0.5 mm) in the transitional alteration at depth, 
in the halos of type E veins, filling type E1 veins, and 
as a relict mineral in type E3 veins. Microprobe analysis 
of tennantite grains from type E1 veins show concentra-
tions of Fe (from 6.15 to 6.54 wt.%) and substitution of 
Sb (0.8 to 3.64 wt.%) for As (18.04 to 19.66 wt.%) in 
its structure (Table 3). The analyses did not detect traces 
of others metals. In BSE images this tennantite shows 
compositional zonation: light gray bands are enriched in 
Sb and dark gray bands are enriched in As (Fig. 9A) and 
X-ray maps also show variable distribution of As and Sb 
in the crystals (Figs. 9B, C). Tennantite crystals dissemi-
nated in the halos and filling type E veins exhibit lower 
Fe (1.49–1.66 wt.%), but higher Zn (2.45–7.58% wt.%) 
and Sb (2.95–5.35 wt.%) values (Table 3). Single-spot 
LA-ICP-MS analyses of tennantite from a shallow E1 
vein display relatively uniform traces of Te (811 to 

1890), Ag (281 to 320 ppm), Bi (112 to 165 ppm), Mn 
(89 to 125 ppm), Cd (102 to 110 ppm), and Pb (24 to 
38 ppm; Fig. 10A, Table 4). In the LA-ICP-MS ablation 
time-series, all elements together with Au (0.1–0.3 ppm) 
show a homogeneous distribution (Fig. 10A).

Gold

Free gold grains (0.05 mm diameter) have been 
recognized in quartz from type E1 veins, in equilibrium 
with the assemblage tennantite + pyrite ± quartz (Fig. 
9D, E). The composition of free gold was determined 
by electron microprobe, which showed that it is Ag-poor 
(1 wt.% Ag). 

Tetrahedrite

Tetrahedrite is found in trace amounts at interme-
diate to deep levels of the studied sections. It occurs 
as disseminations in the transitional alteration, in the 
halos of type E2 veins, and as micro-veinlets within 
type E3 veins (Fig. 9F). Tetrahedrite has lower Sb than 
the theoretical composition, since it is substituted by 
As. Electron microprobe analyses of tetrahedrite shows 
Zn contents between 6.47 and 7.14 wt.% and Fe values 

TABLE 4 (cont’d)

Transitional stage
Tennantite- Sample ALD-53-110
Analysis V ppm Mn 

ppm
Co 

ppm
Ni 

ppm
Zn 

ppm
Ge 

ppm
Mo 

ppm
Ag 

ppm
Cd 

ppm
Sn 

ppm
Sb ppm Te 

ppm
Au 

ppm
Au 

ppm
Int2SE

Pb 
ppm

Bi 
ppm

Tnt1.1 0.11 93 3.77 5.40 43400 1.40 0.21 287 107 9.1 7180 811 0.333 0.047 30 124
 Tnt1.2 <MDL 106 4.08 4.00 44100 0.92 0.01 292 102 2.9 14630 1720 0.278 0.048 32 115
 Tnt1.3 <MDL 96 2.49 6.70 44900 1.26 0.03 320 106 2.0 12850 1070 0.174 0.037 26 147
 Tnt1.4 <MDL 89 4.73 2.70 41900 1.13 0.21 281 110 20.2 10870 1010 0.328 0.061 24 112
 Tnt1.5 0.19 125 4.52 3.00 42900 1.66 4.19 296 109 14.6 11470 1890 0.251 0.047 38 165

Average 0.15 102 3.92 4.36 43440 1.27 0.93 295 107 9.7 11400 1300 0.273 0.048 30 133

Epithermal stage
Enargite- Sample 102               

Analysis V ppm Mn 
ppm

Fe 
ppm

Co 
ppm

Zn 
ppm

Ge 
ppm

Mo 
ppm

Ag 
ppm

Cd 
ppm

Sn 
ppm

Sb ppm Te 
ppm

Au 
ppm

Au 
ppm

Int2SE

Pb 
ppm

Bi 
ppm

 Eng1.1 0.14 <MDL<MDL 0.01 32.60 4.25 0.63 38.6 0.15 289 10110 5.80 0.037 0.012 1.21 0.41
 Eng1.2 0.21 90.00 7.10 0.03 52.40 5.72 0.15 29.7 0.23 809 4740 6.60 0.061 0.056 0.20 1.16
 Eng1.3 0.12 <MDL<MDL 0.00 24.30 3.51 0.14 34.0 <MDL 160 5590 50.8 0.730 0.150 0.38 1.41
 Eng1.4 0.32 <MDL<MDL 0.01 <MDL 2.26 0.18 15.9 0.38 87 2003 7.90 0.368 0.097 0.46 0.81
 Eng1.5 0.06 3.20 62.00 0.00 31.20 3.99 6.64 28.6 0.37 244 9350 11.2 3.630 0.280 2.86 738
 Eng1.6 0.14 1.40 36.00 0.00 16.30 4.83 3.61 33.8 0.20 291 10800 50.5 0.286 0.048 0.23 643

Average 0.17 31.53 35.03 0.01 31.36 4.09 1.89 30.1 0.27 313 7099 22 0.852 0.107 0.89 231

*Notes: The internal standards used were Fe for pyrite (460000 ppm) and Cu for chalcopyrite (340000 ppm), tennantite 
(340000 ppm), and enargite (480000). 
*MDL: mean detection limit. Int2SE: analytical error.
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between 0.40 and 1.02 wt.%. Furthermore, Bi (1.31 
wt.%), Ag (0.18 wt.%), and minor Mn (0.15 wt.%) 
concentrations were determined. 

Enargite

Enargite occurs as anhedral fine grains (<0.5 mm) 
disseminated in the transitional alteration halos at depth 
(Fig. 9G), filling the type E3 veins at shallow levels and 
the epithermal siliceous ledges located on the ridges of 
the project (Fig. 9H). Electron microprobe analyses of 
enargite from type E3 veins show Fe (up to 0.42 wt.%), 
Pb (up to 0.22 wt.%), Sb (up to 2.1 wt.%), and Zn (up 
to 0.24 wt.%; Fig. 11A). LA- ICP-MS spot analyses of 
enargite from a shallower E3 vein reflect high content 
of trace elements with Sb (1.1 to 6.0 wt.%), Zn (0.03 to 
1.1 wt.%), Sn (350 to 824 ppm), Te (138 to 421 ppm), 
minor Ag (41 to 160 ppm), Bi (up to 90 ppm), and 
Pb (17 to 51 ppm; Table 4, Fig. 10B,C, D). One spot 

revealed Au (0.4 ppm; Table 4). Inclusions of galena and 
tetrahedrite-tennantite in the enargite were recognized 
in some of the samples analyzed by electron microprobe 
(ALD-43-210; ALD-1-446). These inclusions may be 
associated with the compositional differences in Pb, 
Zn, and Sb observed between LA-ICP-MS and electron 
microprobe analyses. The LA-ICP-MS ablation time-
series for Fe and Pb are ragged, indicative of pyrite and 
galena microinclusions, whereas the rest of the elements 
have a homogeneous distribution (Fig. 10B, C, D).

Electron microprobe analyses of coarse-grained 
prismatic crystals of enargite (0.2–3 mm, Fig. 9H) 
from the epithermal siliceous ledges show Fe (up to 
0.2 wt.%), Pb (up to 0.25 wt.%), and Zn (up to 0.22 
wt.%; Fig. 11A). Iron does not correlate with As and 
few analyses with high Sb show low As contents (Fig. 
11B). LA-ICP-MS spot analyses show that this enargite 
is poorer in trace elements compared to the enargite 
from veins E3, except for high and sporadic Au (up 

FIG. 3. (A) Trace-element contents (electron microprobe) of the analyzed pyrite from potassic, phyllic, and transitional 
alterations of the porphyry deposit. (B) Binary plots of selected trace elements of the pyrite at Altar deposit (see Table 2; r: 
Pearson correlation coefficient).
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to 3.6 ppm) and Bi (up to 738 ppm) contents (Table 
5). Compared to the enargite from type E veins, it has 
lower Sb (<1.1 wt.%), Ag (15 to 38 ppm), Te (5 to 50 

ppm), Zn (16 to 52 ppm), and very low contents of Pb 
and Bi (Fig. 12). Higher values of Au correlate with an 
increase in Bi content.

FIG. 4. Raw count data (counts per second) plotted as a 
function of time for single-spot laser ablation ICP-MS 
analyses of pyrite grains from the potassic (A), the phyllic 
alteration (B), and from a type E vein (C).

TABLE 5. SULFUR ISOTOPE DATA FROM THE ALTAR SAMPLES 

Sample Estimated 
temperature Host rock Alteration Vein type Mineral Elevation1 δ34S (‰)

ALD-43-745 350 – >500 °C Porphyry 4 Potassic A1 chalcopyrite 2890 –2.2
ALD-14-413 270–300 ºC Matrix supported 

breccia
Phyllic D2 pyrite 3384 –2.6

ALD-30-32 270–300 ºC Tuff Phyllic D3 pyrite 3673 –2.6
ALD-4-315 270–300 ºC Porphyry 2 Phyllic D3 pyrite 3428 –1.7
ALD-55-353 270–300 ºC Andesite lava Phyllic D3 anhydrite 3193 18.5
ALD-53-110 <300 ºC Matrix supported 

breccia
Transitional E1 tennantite 3485 –2.4

ALD-2-65 <300 ºC Porphyry 4 Transitional E3 enargite 3778 –3.0
ALD-2-65 <300 ºC Porphyry 4 Transitional E3 enargite 3778 –2.6
ALD-2-65 <300 ºC Porphyry 4 Transitional E3 pyrite 3778 –1.9
ALD-2-85 <300 ºC Porphyry 4 Transitional E3 enargite 3758 –2.5
ALD-4-446 <300 ºC Porphyry 2 Late Pb-Zn E4 anhydrite 3297 10.9
ALD-4-446 <300 ºC Porphyry 2 Late Pb-Zn E4 pyrite 3297 –1.1
ALD-4-446 <300 ºC Porphyry 2 Late Pb-Zn E4 galena 3297 –2.9
ALD-4-446 <300 ºC Porphyry 2 Late Pb-Zn E4 sphalerite 3297 –4.4
ALD-102 <300 ºC Porphyry 1 Advanced argillic Epithermal enargite 4042 –5.4

1 Elevation (m) relative to sea level. 
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Bornite

In the central area of the Altar deposit, bornite is 
present in subordinate amounts. It occurs as inclusions 
in pyrite and chalcopyrite from the potassic alteration, 
and as a relict mineral in veins type E1, E2, and E3, 

and their transitional alteration halos, being replaced by 
tennantite or enargite (Fig. 9F). Electron microprobe 
analyses of bornite from the halos of type E veins are 
presented in Table 3. 

FIG. 5. LA-ICP-MS element maps of a pyrite grain from the phyllic alteration (drill hole ALD 33, 367 m depth).
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FIG. 6. Variation in traces elements (LA-ICP-MS) of the pyrite from the potassic alteration 
versus that of the pyrites from the transitional alteration (see Table 4). 

FIG. 7. (A) Trace-element contents (electron microprobe) of the chalcopyrite from the potassic, phyllic, and transitional 
alteration types of the porphyry deposit. (B) Binary plots of selected trace elements of chalcopyrite from the Altar deposit 
(see Table 2, r: Pearson correlation coefficient). 
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Sphalerite and Galena

Subhedral sphalerite grains (0.1–0.6 mm) form part 
of the late type E4 veins that cut the phyllic alteration 
zones at depth (drill hole ALD-4 446 m depth, Fig. 9I). 
Sphalerite from a type E4 vein exhibits lower Zn values 
when compared to the theoretical sphalerite composi-
tion, and contains traces of Cd (between 0.16 and 0.24 
wt.%), Mn (up to 0.16 wt.%), Pb (0.12 wt.%), and Fe 
(<0.1 wt.%). Galena was recognized as small inclusions 
in pyrite crystals disseminated in the halos of type D4 
and type E3 veins, and as late type E4 micro-veinlets. 

The analyzed galena lacks trace elements, except for 
Cu (0.09–1.0 wt.%) and Ag (0.15 wt.%). 

Digenite and covellite

Digenite is the most abundant sulfide in the super-
gene enrichment zone, and is accompanied by covellite 
in subordinate amounts. Digenite ± covellite replace 
the hypogene chalcopyrite, bornite, and tennantite. The 
digenite composition differs from the ideal composition 
of digenite by the presence of Fe (up to 3.69 wt.%) and 
trace elements such as As (up to 0.51 wt.%), Sb (up to 

FIG. 8. Raw count data (counts per second) plotted as a function of time for single-spot laser ablation ICP-MS analyzes of a 
chalcopyrite grains from the potassic (A), and phyllic (B) alteration (drill holes ALD-43, 745 m depth and ALD-33, 367 m 
depth). (C) LA-ICP-MS element maps of a chalcopyrite grain (drill hole ALD-33, 367 m depth) from the phyllic alteration.



 SULFIDE COMPOSITION AND ISOTOPIC SIGNATURE OF THE ALTAR Cu-Au DEPOSIT, ARGENTINA 829

0.43 wt.%), Bi (up to 0.29 wt.%), Zn (up to 0.25 wt.%), 
and Pb (up to 0.23 wt.%; Table 3). Iron exhibits a nega-
tive correlation (Pearson Product correlation coefficient, 
r) with Cu (r = –0.65) and Ag (r = –0.28). Iron does 

not correlate with Zn (r = 0.005) and As (r = 0.005). 
Covellite shows traces of Fe (from 0.47 to 1.09 wt.%), 
Ag (up to 0.27 wt.%), and Pb (up to 0.26 wt.%; Table 3); 
in one analysis, As (up to 0.26 wt.%) was detected.

FIG. 9. (A) Tennantite exhibiting compositional zonation with light gray Sb-rich bands and dark gray As-rich bands (drill hole 
ALD-43, 869 m depth). (B–C) X-ray maps of As and Sb in tennantite (drill hole ALD-43, 869 m depth). (D–E) Free gold 
grains associated with a type E1 vein with tennantite (drill hole ALD-46, 611 m depth; drill hole ALD-53, 110 m depth). (F) 
Tetrahedrite microveinlets cutting enargite in a type E3 vein (drill hole ALD-1, 446 m depth). (G) Enargite replacing earlier 
pyrite disseminated in the transitional alteration (drill hole ALD-43, 526 m depth). (H) Coarse-grained prismatic crystals of 
enargite from the epithermal siliceous ledges (sample ALD-102). (I) Galena microveinlets cutting sphalerite from type E4 
veins (drill hole ALD-4, 446 m depth). Bn: bornite; Ccp: chalcopyrite; Dg: digenite, Eng: enargite; Gn: galena; Py: pyrite; 
Sp: sphalerite; Ttr: tetrahedrite; Tnt: tennantite. 
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suLFur IsotoPEs

The sulfur isotope samples include minerals from 
veins type A1, D2, D3, E1, E3, E4, and from the epith-
ermal siliceous ledges. All results are listed in Table 5 
and are summarized in Figure 13. 

A sample of chalcopyrite from a A1 type vein of the 
potassic zone at depth (ALD-43-745) yielded a δ34S 
value of –2.2‰. Pyrite grains from veins type D2 and 
D3 equilibrated with the phyllic zone from intermediate 
depths have δ34S values that range from –1.7 to –2.6‰. 
Anhydrite (ALD-55-353) from a type D3 vein yielded 
a δ34S value of +18.5 ‰ (Table 5). 

Sulfides from type E veins equilibrated with the tran-
sitional alteration stage from intermediate to shallow 
depths have values ranging from –1.9 to –3.0‰, which 
overlaps with previous sulfide minerals. Tennantite from 
a type E1 vein has a δ34S value of –2.4‰. Enargite from 
type E3 veins has δ34S values that range from –2.5 to 

–3.0‰, and pyrite from these veins yielded a δ34S value 
of –1.9‰ (Table 5).

Pyrite and galena from a late type E4 vein (ALD-4-
446) have δ34S values in the range of previous sulfides 
(pyrite δ34S = –1.1 and galena δ34S = –2.9‰). Sphalerite 
from the same sample shows an isotopically lighter δ34S 
value (–4.4‰). Anhydrite from a type E4 vein yielded 
a δ34S value of +10.9‰. Enargite from the epithermal 
ledges has a distinctive lighter δ34S value of –5.4‰ 
(Table 5).

DIsCussIoN

Physicochemical conditions of ore deposition and 
fluid evolution 

Potassic stage. According to the electron microprobe 
analyses, the chalcopyrite disseminated in the potassic 
alteration has a composition close to the ideal, however, 

FIG. 10. Raw count data (counts per second) plotted as a function of time for single-spot laser ablation ICP-MS analyzes of 
a grain of tennantite from a type E1 vein (A; drill hole ALD-53, 110 m depth), enargite from a type E3 vein (B; drill hole 
ALD-2, 65 m depth), and enargite from the epithermal siliceous ledges (C and D; sample ALD-102).
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LA-ICP-MS analyses and ablation time-series revealed 
traces of Zn, Sn, and Ag incorporated as solid solution 
or as nano-inclusions, and coarser-grained inclusions 
of Pb (e.g., Cook et al. 2009). Pyrite disseminated in 
potassic alteration has high contents of Co (98 to 328 
ppm) and Ni (83 to 1180 ppm). These are common trace 
elements in pyrite and the regular distribution of Co and 
Ni in the ablation time-series of Figure 4A suggest that 
they may be present as solid-solutions within the system 
FeS2-CoS2-NiS2 (e.g., Bayliss 1989). In contrast, the 
ragged profile of Cu, with peaks that correlate with 
Zn, indicates the presence of Cu-Zn-bearing micro-
inclusions in this pyrite. Both sulfides have low contents 
of the rest of the trace elements analyzed. The assem-
blage chalcopyrite ± pyrite is associated with a late 
and low luminescence quartz generation in the type A 
veins (Maydagán et al. 2013a). This sulfide assemblage 

indicates that circulating hydrothermal fluids had an 
intermediate sulfidation state (Figs. 14A, B). Prelimi-
nary study of fluid inclusions hosted in this generation 
of quartz registered an episode of fluid unmixing at 
temperatures of 350–370 °C (Maydagán et al. 2013a). 

Phyllic stage. Pyrite and chalcopyrite that precipi-
tated during this stage show significantly higher concen-
trations of trace elements. In contrast to the pyrite grains 
from the potassic zone, these do not show traces of Co 
and Ni. Pyrite has been corroded and partially replaced 
by chalcopyrite in the outer halos of type D veins. This 
texture indicates zones with phyllic alteration overlap-
ping (Fig. 2C). LA-ICP-MS analyses show that Au (up 
to 0.5 ppm) is heterogeneously distributed throughout 
pyrite and chalcopyrite as observed in other studies 
(e.g., Chenery et al. 1995, Fleet et al. 1993, Fleet & 
Mumin 1997, Cepedal et al. 2008). These diagrams also 

FIG. 11. (A) Trace-element contents (electron microprobe) in enargite from vein type E3 and from the epithermal siliceous 
ledges. (B) Binary plots of selected trace elements in enargite from the Altar deposit (see Table 4; r: Pearson correlation 
coefficient).
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FIG. 12. Variation in trace elements (LA-ICP-MS) of the enargite from type E3 veins 
(transitional stage) versus that of the enargites from the epithermal siliceous ledges 
(see Table 4). 

FIG. 13. 34δS isotopic values of Altar sulfides from the potassic, phyllic, and transitional 
alteration types from the porphyry deposit and from the epithermal siliceous ledges, 
versus their relative time and estimated temperature (°C) of precipitation, based in 
fluid inclusions analyses (FI), sulfur-sulfate and sulfide-sulfide thermometry (I), and 
associated mineral assemblages (ma).
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indicate the presence of micro-inclusions that probably 
correspond to tennantite-tetrahedrite (Sb, As, Zn, Ag, 
Bi) and colusite (Sn, V) in pyrite and a Bi-sulfosalt in 
chalcopyrite. Gold detected in the LA-ICP-MS compo-
sitional maps correlates with the presence of these 
sulfosalts micro-inclusions that were not recognized in 
the sulfides from the potassic stage. Progressive cooling 
during the phyllic stage and precipitation of abundant 
pyrite may had provoked a decrease of the fluid’s pH 
to less than 4.5, inducing the observed dissolution of 
some early Fe-Cu sulfides close to the fluid conduits 
(inner halo of veins type D; Fig. 2), and their precipita-
tion either in the outer envelopes of the veins or else-
where in the rock (see Brimhall 1979). We argue that 
the co-precipitation of micro-inclusions of sulfosalts 
+ Au (Ag alloys) within pyrite and chalcopyrite may 
correlate with these changes in the composition of the 
fluids (Fig. 14B). 

Transitional and late Pb-Zn stages. Few studies 
have examined the trace element variability in enargite, 
or other sulfosalts, and most rely on electron micro-
probe data (e.g., Ackerman & Petersen 1987, Takagi 
& Brimhall 1998, Camprubí et al. 2001). Deyell & 
Hedenquist (2011) report the first LA-ICP-MS study of 
trace element substitution in enargite. At Altar, electron 
microprobe and LA-ICP-MS techniques reveal traces 
of Au in tennantite and enargite from this stage. In 
addition, free gold was recognized in equilibrium with 
the assemblage tennantite + pyrite ± quartz of type E1 
veins. LA-ICP-MS ablation time-series of tennantite 
shows traces of Ag, Bi, Pb, Te, Mn, and Cd as solid 
solution or nano-inclusions (e.g., Cook et al. 2009). 
Regular depth profiles for Zn, Sb, Ag, and Bi in enar-
gite grains from type E3 veins suggest also their pres-
ence as solid solution or as nano-inclusions, whereas 
the ragged distribution of Fe and Pb indicates larger 
micro-inclusions. In addition, pyrite grains from type 
E3 veins host micro-inclusions of Pb and Zn (galena 
and sphalerite), reflected by the irregular profiles of 
these elements (Fig. 4C).

In the alteration halos of some E1 and E2 type 
veins, the transitional alteration kaolinite ± quartz ± 
rutile suggests that hydrothermal fluids attained lower 
temperatures and pH and higher fO2 than in the phyllic 
stage. The temperature must have dropped locally to 
~200 °C to form kaolinite, with a fluid pH <4 (Reyes 
1990). Some envelopes of type E1 and E2 veins contain 
a bornite + pyrite assemblage that suggests an increase 
of the fS2 in the fluids (Fig.14A). Nevertheless, these 

FIG. 14. (A) O2 versus S2 fugacity diagrams showing the 
stability fields of sulfides, oxides, and silicates in this 
hydrothermal system at 300 °C (modified from Losada-
Calderón & McPhail 1996). The arrows indicate the 
interpreted evolution of Altar hydrothermal fluids. (B) 
S2 fugacity versus temperature diagram (modified from 
Einaudi et al. 2003) with the numbers I, II, III, IV, V, and 

VI indicating the hydrothermal mineral assemblages in 
equilibrium determined for the porphyry Cu-(Au-Mo) and 
for the epithermal Au-(Ag-Cu) deposit. The arrows show 
the interpreted evolution of Altar hydrothermal fluids. The 
sulfidation state fields for mineral associations (very low, 
low, medium, high, and very high) are shown (Barton & 
Skinner 1967g, Barton 1970).
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sulfides are partially replaced by tennantite. Relict 
bornite occurs within sulfides from type E1 and E3 
veins. The destabilization of the assemblage bornite 
+ pyrite in the phyllic to advanced argillic transition 
and its replacement by tennantite may be related to 
a process that generated an increase in the fO2 and a 
slight decrease in the fS2 of the fluid (Fig. 14A), such as 
the incursion of meteoric waters into the system which 
mixed with the magmatic fluids. The decrease in the pH 
of the fluids and the increase in the fO2 observed in this 
stage (veins E1) should have promoted the precipita-
tion of gold transported as bisulfide (e.g., Romberger 
1988, Brown 1989, Gammons & Williams-Jones 1997, 
Corbett & Leach 1998). The assemblage enargite + 
pyrite of type E3 veins implies that the system evolves 
toward higher sulfur fugacity (Fig. 14A, B).

At the Altar porphyry deposit, the advanced argillic 
assemblages typically associated with high sulfida-
tion epithermal mineralization (e.g., Sillitoe 2010) 
are poorly developed. Only weak kaolinite alteration 
was found in some envelopes of type E veins. This 
indicates that the porphyry system did not attain very 
low pH conditions, probably due to a high buffering 
capacity of the host rocks (e.g., Einaudi 2003). Another 
example of a porphyry deposit without development of 
typical advanced argillic alteration in high-sulfidation 
assemblages of pyrite, enargite, covellite, and digenite 
is the giant Chuquicamata deposit (Ossandón et al. 
2001). Type E veins that cut the porphyry deposit 
at depth represent a transitional stage between the 
porphyry deposit and the epithermal siliceous ledges 
with advanced argillic halos (quartz + alunite) located 
on the high ridges of the district (e.g., Hedenquist et al. 
1998, Muntean & Einaudi 2001, Pudack et al. 2009) 
and constitute an evidence of the telescoping process 
of this deposit. 

The low concentration of Fe (below 0.1 wt.%) in 
the sphalerite of the late type E4 veins indicates a still 
high sulfidation state or high oxygen fugacity of the 
late stage fluids (Fig. 14; Czamanske 1974, Einaudi et 
al. 2003). Lead and zinc transported as Cl-complexes 
should precipitate as galena and sphalerite in these veins 
due to a decrease of temperature, pressure, and/or dilu-
tion of magmatic fluids with meteoric waters (Hemley 
& Hunt 1992, Heinrich et al. 1999). It is likely that a 
slight increase in pH (pH > 4) may have also favored the 
precipitation of these minerals (Corbett & Leach 1998), 
and correlates with the calcite precipitation in late veins.

High sulfidation epithermal stage. Differences in 
the composition of the enargite from the porphyry and 
the epithermal deposits were recognized (Fig. 12). 
Unlike the enargite of veins and disseminations in the 
porphyry deposit at depth, the enargite from the epith-
ermal siliceous ledges contains lower trace element 
concentrations (e.g., Sb < 1.1 wt.%). Isolated high Au 
(3.6 ppm) and Bi values were detected in these enar-
gite crystals by LA-ICP-MS. Temperature dependence 

of Sb substitution in enargite is well documented in 
studies of phase relationships between enargite and the 
luzonite-famatinite solid-solution series (e.g., Skinner 
1960, Pósfai & Buseck 1998). However, at Altar, the 
highest contents of Sb   were found in deeper enargites 
from the porphyry deposit and therefore the Sb would 
not be linked to lower fluid temperatures. We argue 
that the Sb content in Altar enargite grains should be 
attributed to different fluid pathways, different fluid 
compositions, and/or higher Sb concentrations, as was 
recently proposed by Deyell & Hedenquist (2011). 
The assemblage enargite ± quartz ± alunite (Table 
1) may have formed from successive diluted fluids 
with resultant temperatures of ~250 °C (Stoffregen 
1987, Hedenquist 1987), which results in a significant 
decrease in the solubility of Cu and Au (see Seward 
1981), but with still high S and/or low pH to precipitate 
alunite (Stoffregen 1987). Fine-grained quartz with low 
crystallinity (chalcedony) would precipitate from fluids 
with still lower temperatures (<150 °C, e.g., Corbett & 
Leach 1998). A S-enriched vapor phase separated from 
the early fluid by immiscibility should have condensed 
to produce a highly acidic aqueous phase still capable 
of transporting Au in the low temperature environment 
(Heinrich et al. 2004, Williams-Jones & Heinrich 2005), 
forming the epithermal siliceous ledges located on the 
Altar ridges. 

Supergene enrichment. Very acidic conditions (pH < 
2) in the leaching zone may have produced the dissolu-
tion of the hypogene sulfides, and the precipitation of 
supergene digenite ± covellite (Table 1) after the hypo-
gene copper sulfides downwards. The digenite ± covel-
lite assemblage represents a very high sulfidation state 
(Fig. 14B; Einaudi et al. 2003) and high S2 fugacity. 
Traces of Fe, Pb, Sb, Bi, Zn, and As were found in the 
digenite, and Zn and As contents correlate inversely 
with Fe. Covellite has traces of Fe, Ag, and Pb. 

Invisible gold in sulfides 

Chalcopyrite ± pyrite ± Au (capillary thin type A2 
veinlets), together with disseminated mineralization 
in the potassic alteration, constitute the first pulse of 
Cu-Au-bearing fluids at Altar (Maydagán et al. 2013b). 
In the central ore-body (central ridge) most Cu and 
Au grades correlate with the early stockwork veining 
and potassic alteration. This contribution revealed the 
presence of invisible Au in sulfides and sulfosalts that 
precipitated during the phyllic and transitional late 
stages of the evolution of the deposit. 

Invisible Au incorporation into arsenian pyrite and 
arsenopyrite has been described for metamorphic and 
sediment-hosted epithermal ore deposits (Richards & 
Kerrich 1993, Reich et al. 2005, Wagner et al. 2007, 
Large et al. 2009, Cepedal et al. 2008). Fleet et al. 
(1993) concluded that invisible Au is probably incor-
porated into a metastable solid-solution in arsenian 
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pyrite in As-rich growth surfaces. Mumin et al. (1994) 
suggested that most of the primary Au precipitated as 
solid solution in sulfides, and then was redistributed 
to form colloidal and micrometer-size particles of 
gold. The As content of pyrite grains at Altar is low, 
suggesting that incorporation of invisible Au into 
pyrite was not controlled by As substitution. We argue 
that invisible Au in sulfides (pyrite, tennantite, enar-
gite) occurs mainly as native gold particles on growth 
surfaces of the sulfides (e.g., Yan et al. 1998). 

The presence of sulfosalts and Au (Ag alloys) inclu-
sions in the chalcopyrite ± pyrite re-precipitated by the 
phyllic fluids, and the inclusions and free gold grains 
(0.05 mm diameter) associated with the late sulfosalt 
veins (type E) suggest a process of redistribution of 
Au and other trace metals during the evolution of the 
Altar deposit.

Sulfur Isotopes

The S isotopes of magmatic hydrothermal systems 
have been reviewed by Ohmoto (1986), Rye (1993, 
2005), and most recently by Seal (2006). Sulfides in 
porphyry deposits have δ34S values between –3 and 
+1‰, which is close to the mantle value (e.g., Rye 
2005). At Altar, there is no local biogenic S source and 
Altar S isotopic data provides evidence of magmatic 
derivation in both porphyry and epithermal deposit 
types. The isotopic composition indicates that the S 
was derived from igneous sources (e.g., Rye 2005). 
All sulfide minerals are isotopically light and all 
sulfate minerals are isotopically heavy, as observed 
in other magmatic-hydrothermal systems (e.g., Rye 
2005). Sulfides from the porphyry, intermediate to high 
sulfidation veins, and high sulfidation epithermal silica 
ledges have negative S isotope values (δ34S = –1.1 to 
–5.4‰) consistent with oxidizing (SO4

2– dominant) 
mineralizing fluids (e.g., Ohmoto & Rye 1979, Cooke 
et al. 2011).

Sulfur isotope thermometry was attempted for 
mineral pairs using the fractionation equations of 
Ohmoto & Rye (1979). Sulfur isotope data for two 
samples of coexisting anhydrite and pyrite corre-
sponding to a type D3 vein give isotopic fractionation 
temperatures of ~300 °C (Table 6), consistent with 
preliminary fluid inclusion data from these veins 
(Maydagán 2012). A sample of sphalerite and galena 
from a vein of type E4 yielded a S isotopic fractionation 
temperature of 424 °C. This temperature is not consis-
tent with the estimated temperature (<300 ºC) for this 
epithermal assemblage (e.g., Einaudi et al. 2003) and 
reflects that galena and sphalerite were not deposited 
in equilibrium.

Low negative Altar δ34S sulfide values close to zero 
were obtained in samples from 2890 to 3778 m.a.s.l 
that overlap with the main Cu ore zone, whereas lower 
values were identified in the sphalerite from the latest 
mineralized type E4 veins (3297 m.a.s.l) and in the 
enargite of the epithermal siliceous ledges located on the 
high ridges of the project (4042 m.a.s.l). This data might 
suggest a vector in Altar with more negative values in 
the periphery of the main Altar Cu zone. 

Temporal and/or spatial variations of the S isotopic 
compositions of minerals in magmatic-hydrothermal 
systems are therefore thought to reflect changes in 
temperature, pH, and/or oxidation state (H2S/SO4) of 
fluids after magmatic exsolution, assuming a constant 
composition of bulk S (δ34S ΣS) in the system (Ohmoto 
& Rye 1979). Under high oxidizing conditions, cooling 
of a magmatic fluid will result in a wide range of δ34S 
sulfide values that become increasingly depleted in 
heavy S with cooling (e.g., Wilson et al. 2007). We 
argue that changes in temperature and ƒO2 would have 
been required for the decrease in the δ34S values during 
the precipitation of the sphalerite of the vein type E4 
and the enargite of the epithermal siliceous ledges. This 
may be related to an increased contribution of meteoric 
waters (e.g., Cooke et al. 2011).

TABLE 6. TEMPERATURE ESTIMATIONS FROM SULFUR ISOTOPE FRACTIONATION BETWEEN SULFATE-SULFIDE  
AND SULFIDE-SULFIDE PAIRS

Location/ drill hole/depth Alteration stage

δ34SCDT (‰)
ΔA-B = 

δ34SA – δ34SB
Temp. 
(°C) Reference

sulfide sulfate/
sulfide

mineral  
pair

ALD-55-353 and ALD 
4-315

Phyllic Veins D3 –1.7 18.5 Anh/Py 20 315 °C Ohmoto & Rye (1979)

ALD-55-353 and ALD 
30-33

Phyllic Veins D3 –2.6 18.5 Anh/Py 22 277 °C Ohmoto & Rye (1979)

ALD-4-446 Late Pb-Zn Veins E4 –4.4 –2.9 Sp/Gn 1.5 409 °C Czamancke & Rye 
(1974)

ALD-4-446 Late Pb-Zn Veins E4 –1.1 –2.9 Py/Gn 1.8 508 °C  Kajiwara & Krouse 
(1971) 

Notes: Anh: anhydrite, Gn: galena, Py: pyrite, Sp: sphalerite. 
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CoNCLusIoNs 

The detailed study of the sulfides and sulfosalts 
that precipitated during different hypogene stages 
of alteration and mineralization at the Altar deposit 
has implications in the physicochemical evolution of 
hydrothermal fluids. 

Based on correlation analysis of assay results and 
alterations, chalcopyrite ± pyrite ± Au (capillary thin 
type A2 veinlets), together with disseminated miner-
alization in the potassic alteration, constitute the first 
pulse of Cu-Au-bearing fluids (Maydagán et al. 2013b). 
From the potassic to the phyllic stages of the porphyry 
deposit, intermediate sulfidation hydrothermal fluids 
changed to lower temperatures and pH, leached the 
early chalcopyrite ± pyrite, and re-precipitated them 
with micro-scale sulfosalts and Au (Ag alloys) inclu-
sions. In the transitional stage, fluids evolved to lower 
temperature, lower pH (<4), and higher fS2, precipi-
tating bornite + pyrite. But a sudden shift towards higher 
fO2 destabilized this assemblage into tennantite + pyrite 
+ Au of the type E1 veins and their halos. Then, the 
fluids again evolved toward higher fS2, precipitating 
enargite + pyrite. The fluctuations of the oxidation state 
of the fluids should have favored the precipitation of 
free gold. In this stage, advanced argillic assemblages 
are not well developed, indicating that the porphyry 
system did not attain very low pH conditions. The 
pyrite and sulfosalts are rich in trace metals, mainly 
Zn and Pb (in pyrite). In the latest porphyry stage, the 
fluids cooled, favoring the precipitation of sphalerite 
and galena in fractures (type E4 veins), as the system 
moved to greater depths. In contrast, the enargite from 
the epithermal environment precipitated with low pH 
mineral assemblages (quartz + alunite) and has very 
low concentrations of trace elements, except for Au-Bi 
bearing submicron inclusions.

Negative S isotope values (δ34S = –1.1 to –5.4‰) 
obtained for the sulfides and sulfosalts from the 
porphyry, intermediate to high sulfidation veins, and 
high sulfidation epithermal silica ledges are consistent 
with oxidizing (SO4

2– predominant) mineralizing fluids. 
More negative S isotope ratios recognized in the sphal-
erite from late E4 veins and enargite from the siliceous 
epithermal ledges reflect an increase in the oxidation 
state or a decrease of the temperature of the fluids during 
their deposition. 

The differences found in the trace element concen-
trations observed in the sulfides and sulfosalts from 
different alteration zones and depths of Altar may have 
implications for exploration in similar transitional 
porphyry-high sulfidation epithermal deposits. Sulfur 
isotopic data also suggest a vector in Altar with more 
negative values in the periphery of the main Altar Cu 
zone that have to be tested with greater amounts of data 
at different depths.
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