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Abstract

The Pingüino vein system forms part of the low-sulfidation epithermal mineralization associated with the Deseado Massif, 
Patagonia, Argentina. The ores are complex, with high tenors of Zn, Pb, Ag, Cd, Au, As, Cu, Sn, W and Bi. The mineralization 
developed in three stages: 1) an early Cu–As–Sn-(W–Bi–Ag–Au–In) stage (Ps1), 2) a Zn–Pb-(Ag–In–Cd–Sb) stage (Ps2), and 
3) a late Zn–Cd–In stage (Ps3). The polymetallic veins show a wide range of indium concentration (3.4 to 1184 ppm In). The 
highest values were achieved during the Ps2 stage of mineralization, although significant In anomalies are also present in Ps1 
(up to 159 ppm). Three types of In association can be distinguished, on the basis of a microanalytical study of the ores. Iron-rich 
sphalerite from Ps2, volumetrically important at this stage, has very high In contents (up to 2.56 wt.% In), and therefore is the 
most important carrier of In at Pingüino. Tin minerals (ferrokësterite and cassiterite) in the Ps1 assemblage are the second carriers 
in importance in these deposits, and their In contents may attain up to 3.02 wt.%. The third type is represented by greenockite 
crystals from assemblage Ps3, which presents important In contents (up to 3.63 wt.%), but these minerals are scarce in the deposit. 
The presence of high values of In and of Zn, Pb, Ag, Au, Cu, Sn, W and Bi in the polymetallic veins of the Pingüino vein system 
opens interesting possibilities for mineral exploration in the Deseado Massif.

Keywords: indium, sulfides, epithermal, sphalerite, cassiterite, ferrokësterite, greenockite, Deseado Massif, Argentina.

Sommaire

Le système de veines minéralisées de Pingüino fait partie d’une minéralisation épithermale à faible degré de sulfuration 
associée au massif de Deseado, en Patagonie, Argentine. Il s’agit de minerais complexes, enrichis en Zn, Pb, Ag, Cd, Au, As, Cu, 
Sn, W et Bi. La minéralisation s’est développée en trois stades: 1) stade précoce (Ps1) impliquant Cu–As–Sn-(W–Bi–Ag–Au–In), 
2) stade intermédiaire (Ps2) impliquant Zn–Pb-(Ag–In–Cd–Sb), et 3) stade tardif (Ps3), avec enrichissement en Zn–Cd–In. Les 
veines polymétalliques varient grandement dans leur teneur en indium, entre 3.4 et 1184 ppm. Les valeurs les plus élevées ont 
été atteintes au stade Ps2 de la minéralisation, quoique des anomalies importantes aient été signalées au stade Ps1 (jusqu’à 159 
ppm). Nous distinguons trois types d’associations de l’indium, suite à notre étude microanalytique des minerais. La sphalérite 
ferrifère du stade Ps2, composante prédominante à ce stade, possède une teneur très élevée en indium (jusqu’à 2.56%, poids), et 
serait donc le minéral hôte le plus important à Pingüino. Viennent ensuite les minéraux d’étain (ferrokësterite et cassitérite) de 
l’assemblage Ps1, seconds en importance dans ce gisement; leurs teneurs en indium peuvent atteindre 3.02%. Le troisième hôte 
en importance est la greenockite, de l’assemblage Ps3, dont les cristaux peuvent contenir jusqu’à 3.63%, mais ces minéraux sont 
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rares dans ce gisement. La présence de valeurs élevées en In et en Zn, Pb, Ag, Au, Cu, Sn, W et Bi dans les veines polymétalliques 
du système de Pingüino présente des possibilités intéressantes pour l’exploration minérale dans le massif de Deseado.

	 (Traduit par la Rédaction)

Mots-clés: indium, sulfures, épithermal, sphalérite, cassitérite, ferrokësterite, greenockite, massif de Deseado, Argentine.

type deposits (Palero-Fernández & Martín-Izard 2005), 
skarns (Ishihara et al. 2006), VHMS and the present-day 
exhalative equivalents (Binns & Scott 1993, Fouquet et 
al. 1993a, 1993b, Huston et al. 1995, Schwarz-Scham-
pera & Herzig 1997, Serranti et al. 2002, Benzaazoua 
et al. 2003, Ishihara et al. 2006), epithermal veins 
(Carrillo-Rosúa et al. 2008) and polymetallic veins 
linked with granites (Seifert 1999, Tsushima et al. 1999, 
Lenharo et al. 2002, Ishihara et al. 2006, Zhang et al. 
2006, Lerouge et al. 2007). Among them, the economi-
cally most interesting deposits are probably Sn-bearing 
Pb–Zn deposits (Qian et al. 1998, Zhang et al. 2007).

Indium may be encountered worldwide either as 
indium minerals or disseminated as a trace element in 
the structure of other minerals. Minerals of indium are 
extremely rare worldwide, and only a few occurrences 
have been described to date. The most common species 
of In minerals are roquesite [CuInS2], laforêtite [AgInS2], 
indite [FeIn2S4], petrukite [(Cu,Fe,Zn)3(Sn,In)S4] and 
sakuraiite [(Cu,Fe,Zn,Ag)3(Sn,In)S4]. Indium sulfides 
have been rarely found in polymetallic Sn-bearing 
vein-type deposits, generally related with differentiated 
granite intrusions (Shimizu & Kato 1991, Moura et al. 
2007). On the other hand, minor quantities of indium 
may substitute for elements with a similar ionic radius 
in some base-metal sulfides, specially sphalerite, chal-
copyrite (Boorman & Abbott 1967, Kieft & Damman 
1990), digenite (Boorman & Abbott 1967), stannite 
[Cu2FeSnS4] (Boorman & Abbott 1967), ferrokësterite–
kësterite [Cu2(Fe,Zn)SnS4] and cassiterite (Plimer et al. 
1991, Schwarz-Schampera & Herzig 2002, Gorelikova 
et al. 2006).

Geological Setting  
of the Pingüino Vein System

The oldest rocks in the study area (Fig.1a) are middle 
to upper Triassic continental sedimentary rocks of El 
Tranquilo Group (Jalfin & Herbst 1995; Fig. 1b). These 
are fine to coarse sandstones with volcanic components, 
which are rhythmically intercalated with siltstones, 
mudstones, black shales and coal horizons. Stocks 
of lower Jurassic diorite with associated mafic sills 
and dikes intrude the Triassic rocks (Jovic 2010). The 
lower Jurassic Roca Blanca Formation (Herbst 1965) is 
composed of volcaniclastic sandstones to fine conglom-
erates, some tuffaceous levels and minor ignimbrite 
deposits. Basaltic lava flows of the El Piche Formation 
(Jovic 2010) crop out in the northern sector of the area, 
and are interbedded within the volcaniclastic rocks 

Introduction

The Deseado Massif, located in the province of 
Santa Cruz in southern Argentinian Patagonia, is char-
acterized by the presence of low-sulfidation epithermal 
deposits that are spatially, temporally and genetically 
related to a complex and long-lived (more than 30 Ma) 
middle to upper Jurassic volcanic event associated 
with tectonic extension (Guido & Schalamuk 2003). 
The Deseado Massif is an important Au–Ag producer, 
with four mines (Cerro Vanguardia, Martha, San José 
and Manantial Espejo) in operation, as well as an area 
of intense prospecting activity. Mineralization consists 
mainly of quartz veins and veinlets, vein stockworks 
and hydrothermal breccias mainly hosted in Jurassic 
volcanic rocks. The dominant trend of mineralized veins 
is NW to WNW, with subsidiary veins oriented NE–SW 
and E–W. Quartz commonly is massive, brecciated and 
crustiform, or shows colloform banding, with comb, 
cockade and lattice-bladed texture. Ore minerals in the 
quartz veins, commonly less than 1% in volume, mainly 
consist of pyrite, native gold, acanthite, native silver, 
sulfosalts of silver, hematite, sphalerite, galena and 
chalcopyrite. The geochemical signature is character-
ized by anomalous levels of precious metals (Au–Ag) 
and locally anomalous contents of As, Sb, Hg, Mo, Pb, 
Zn, Mn and minor Cu (Guido & Schalamuk 2003).

Pingüino is an atypical area in the Deseado Massif 
(Guido et al. 2005). It is located in the central portion 
of the region, 40 km to the northwest of the Cerro 
Vanguardia mine (Fig. 1a). Pingüino is characterized 
by the presence of two different types of veins: a) 
early polymetallic sulfide-rich veins, and b) late Ag–Au 
quartz-rich veins. Geochemical exploration revealed 
that these sulfide-rich veins are enriched in Zn, Ag, Pb, 
Au, Cu, Sn, W, Bi and In. One of the most interesting 
elements, in view of its economic potential, is indium. 
Our aim in this study is to determine the In-bearing 
minerals and paragenesis, and to describe the behavior 
of indium in the polymetallic mineralization of the 
Pingüino vein system.

Background Information

Indium deposits are rare; unfortunately there is very 
little information about the potential for this element, 
which is basic for the industry of solar cells. High 
indium contents have been noted to date in different 
types of deposits: metamorphosed sedex deposits 
(Burke & Kieft 1980), low-temperature Pb–Zn vein-
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of the Roca Blanca Formation. In the northwestern 
sector, the sequence is intruded by subvolcanic bodies 
of porphyritic andesite which have been correlated 
with the middle Jurassic Cerro León Formation (Panza 
1995). A regional domed structure 15 to 20 km in diam-
eter, with associated radial faulting, and localized minor 
domal structures (<1 km) are recognized in the area. A 
deep intrusion (1.5 km) was proposed to be responsible 
for the regional doming and the radial fracture system. 
The minor domal structures represent local deformation 
associated with shallow, generally unexposed, plutonic 
and subvolcanic intrusions. These interpretations have 
been confirmed by aerial magnetometry survey (Peñalva 
et al. 2008) and mining and oil exploration drill holes 
(Argentex Mining Corp. 2009, and Cortiñas et al. 
2005). The El Tranquilo Fault (N325°, 70°ENE) is the 
principal brittle structure, and is associated, mainly to 
the east, with secondary extensional faults forming a 
NW-oriented extensional system with sinistral strike–
slip duplexes (Jovic et al. 2006).

Structure of the Mineralization  
in the Pingüino Vein System 

The Pingüino vein district is composed by 74 
linear km of veins that infill fault systems trending 
NW and ENE. Veins are hosted in Triassic continental 
sedimentary rocks and lower Jurassic volcaniclastic 
and volcanic rocks; they are genetically and spatially 
related to the lower Jurassic dioritic intrusions and the 
middle Jurassic andesitic subvolcanic porphyries (Jovic 
2010, Jovic et al. 2011a). Veins are present in the three 
recognized systems of faults: El Tranquilo (T) fault-vein 
system (N330°–N325°), Marta (M) fault-vein system 
(N300°–N310°), and Kasia (K) fault-vein system 
(N260°–N250°). The T and M systems host the most 
important veins: Marta Norte, Ana, Marta Noroeste, 
Savary, Marta Este, Marta Oeste, Marta Centro, Ivonne 
Norte, Marta Sur, Ivonne and Ivonne Sur. The K system 
also contains mineralized veins, such as Kasia, Kae and 
Kalia (Fig. 1b).

The deposits are characterized by the presence of 
two types of veins: a) early polymetallic sulfide-rich 
veins and b) late argentiferous quartz-rich veins. These 
late quartz-rich Ag–Au veins cross-cut the early poly-
metallic sulfide-rich veins, thus providing evidence of 
the overlapping of the two different styles of mineraliza-
tion in the same fault system. The quartz-rich veins have 
similar characteristics to the typical low-sulfidation type 
of mineralization from the Deseado Massif (Jovic 2010, 
Jovic et al. 2011a) and are not discussed here further.

Polymetallic Mineralization

The polymetallic mineralization is characterized by 
the presence of massive and banded sulfide veins and 
vein breccias (Figs. 2a, b) up to 13 m in width. Ore 
shoots, developed in the primary zones up to 400 m 

deep, are of high grade (Argentex Mining Corporation, 
2009). The ore’s composition reveals the presence of 
high values of Zn, Ag, Pb, Au, Cu, Sn, W and Bi in 
the sulfide-rich veins; indium show a wide range of 
concentration between 3.4 to 1184 ppm (Jovic et al. 
2011b). The association of major and minor elements 
reflects two different clusters, one characterized by 
anomalous values of Au, Cu, In, Sn, W and Bi, and the 
other with high values of Zn, Pb, Ag, In, Cd and Sb 
(Jovic et al. 2011b).

Recently, Jovic et al. (2011a) defined three main 
stages of mineralization (Fig. 3). The mineralogy of 
the different stages was determined by optical micros-
copy, scanning electron microscopy and quantitative 
electron-microprobe analysis. At all stages, the ore 
minerals tend to infill open cavities, and therefore they 
are idiomorphic.

The early stage (Ps1) is characterized by a complex 
paragenesis, composed mainly of idiomorphic pyrite 
crystals, zoned arsenopyrite crystals up to 1 cm across 
(Fig. 4a), and hypidiomorphic crystals of chalcopy-
rite between 10 mm and 2 mm. Cassiterite is present 
as allotriomorphic and idiomorphic crystals up 200 
mm across that fill fractures (Fig. 4b) or cross-cut 
pyrite (Fig. 4c), arsenopyrite and chalcopyrite. Radial 
aggregates of idiomorphic crystals of hübnerite 
[MnWO4] (<1 mm) are associated with the cassiterite 
(Fig. 4b). Ferrokësterite [Cu2(Fe,Zn)SnS4] replaces 
cassiterite (Figs. 4b, c and d), and is in turn replaced 
by stannite [Cu2FeSnS4] (Fig. 4e). Very fine-grained 
(<50 mm) acicular and prismatic Ag–Bi, Ag–Pb–Bi, 
Pb–Bi sulfosalts like aramayoite [Ag3Sb2(Bi,Sb)S6], 
owyheeite [Ag3Pb10Sb11S28], ourayite [Ag3Pb4Bi5S13], 
giessenite [(Cu,Fe)2Ag26.4(Bi,Sb)19.6S57] and izok
lakeite [Pb26.4(Cu,Fe)2(Sb,Bi)19.6S57] are present late 
at this stage (Fig. 4f). Minor amounts of bournonite 
[CuPbSbS3] and quartz were also recognized. This 
stage is best represented in the Ivonne vein (Jovic et 
al. 2005, Crespi 2006).

The second stage (Ps2) is characterized by a Zn, Pb, 
Ag, In, Cd and Sb paragenesis, where Ps1 minerals were 
brecciated and replaced mainly by banded sphalerite 
and galena (Figs. 5a, b). The sphalerite is black in hand 
specimen; in polished section, the crystals are allotrio-
morphic to idiomorphic and up to 2 cm across. Some 
crystals contain abundant inclusions of chalcopyrite 
that range from minute blebs a few mm or less in size 
to small irregular grains 20 to 50 mm in size. In some 
sphalerite grains, an irregular and widespread distribu-
tion of chalcopyrite is characteristic of the so-called 
“chalcopyrite disease” described by Barton & Bethke 
(1987). Minor late ferrokësterite crystals fill fractures 
in sphalerite. Galena is very abundant and present in 
irregular masses or as idiomorphic crystals a few centi-
meters across; it is intergrown with sphalerite. Grains 
of hypidiomorphic tetrahedrite and freibergite between 
100 and 500 mm across (Fig. 5c), allotriomorphic 
argentotennantite (<20 mm) and Pb–Ag sulfosalts (<20 
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Fig. 2.  a) Sulfide veins HQ diameter (65 mm) drill-core samples. Pyrite (Py) and 
arsenopyrite (Apy) crosscut by Fe-rich sphalerite (Sp) and galena (Gn); Ivonne vein 
(DDH–102; 53.3 meters below collar). b) Banded Fe-rich sphalerite and galena breccia 
with pyrite clasts; Marta Centro vein (DDH–53, 54.2 meters below collar).

Fig. 3.  Paragenetic diagram of the sulfide veins from the Pingüino deposit. Polymetallic 
stage 1 (Ps1), polymetallic stage 2 (Ps2), polymetallic stage 3 (Ps3). 
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Fig. 4.  Back-scattered images from Ps1 in the Ivonne vein. a) Zoned arsenopyrite (Apy) and stannite (Stn) crystals filling 
cavities. b) Cassiterite (Cst), ferrokësterite (Fks) and hübnerite (Hub) cross-cutting pyrite (Py). c) Pyrite (Py) and chalcopyrite 
(Ccp) crystals brecciated by cassiterite (Cst) and ferrokësterite (Fks). d) Ferrokesterite (Fks) replacing cassiterite (Cst). e) 
Zoned ferrokësterite (Fks) crystal with stannite (Stn) borders. f) Acicular Ag–Bi–Pb sulfosalts crystals; Grk: greenockite.
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Fig. 5.  Back-scattered images from Ps2 in the Marta Centro vein. a) Brecciated pyrite (Py) is cemented by Fe-rich sphalerite 
(Sp1). b) Galena (Gn) breccia with pyrite (Py), chalcopyrite (Ccp) and ferrokësterite (Fks) clasts. c) Fe-rich sphalerite (Sp1), 
freibergite (Frg) and galena (Gn) cross-cutting pyrite (Py) and chalcopyrite (Ccp) crystals. d) Enargite (Eng) and freibergite 
(Frg) cross-cutting Ps1 minerals.

mm) are present at this stage. Minor late grains (<50 
mm) of enargite are present in the cleavage planes of 
galena or as irregular masses related with freibergite 
(Fig. 5d). The Ps2 assemblage is best developed in the 
Marta Centro vein (Jovic et al. 2005, Crespi et al. 2006).

A third stage of mineralization (Ps3) was recognized 
only at the microscopic scale. It is characterized by an 
interbedding of botryoidal bands made up by Fe-poor 
sphalerite and greenockite, followed by tiny (<25 mm) 
idiomorphic crystals of greenockite (Figs. 6a, b). This 
stage is represented in the Ivonne and Marta Centro 
veins (Jovic et al. 2005, Crespi 2006).

Geochemical analyses show, for the Ivonne vein 
(dominantly Ps1), concentrations of indium up to 159 
ppm that strongly correlate with the amounts of Sn (r 
= 0.77), Sb (r = 0.77) and Ag (r = 0.70). The highest 
values of indium are present in Marta Centro vein 
(dominantly Ps2), with up to 1184 ppm; they have a 

high correlation with Zn (r = 0.77) and Cd (r = 0.80), 
but also with Sn (r = 0.70) (Jovic et al. 2011b).

Indium Mineralogy

In order to determine the distribution of indium in 
specific minerals, indium-rich samples from the Ivonne 
vein (Ps1 and Ps3) and the Marta Centro vein (Ps2 and 
Ps3) were selected for detailed mineralogical studies, 
quantitative electron-microprobe analyses and image 
analysis.

Analyses of minerals in polished thin sections were 
carried out at the Serveis CientíficoTècnics, Universitat 
de Barcelona, Spain, with a Cameca SX50 electron 
microprobe equipped with four wavelength-dispersive 
spectrometers and an energy-dispersive spectrometer. 
The analytical conditions for the study of ore minerals 
were: S, pyrite (Ka, PET); Fe, pyrite (Ka, LIF); Cu, 



938	 the canadian mineralogist

Fig. 7.  Binary diagrams of Sn–In and Cu–In proportions in ferrokësterite and Fe–In and Sn–In compositions of cassiterite. n: 
number of electron-microprobe measurements.

Fig. 6.  Back-scattered images from Ps3 in the Ivonne vein. a) Stannite (Stn) and idiomorphic greenockite (Grk) crystals are 
surrounded by botryoidal banded Fe-poor sphalerite (Sp2). b) Botryoidal banded Fe-poor sphalerite (Sp2) and greenockite 
(Grk) surrounding a pyrite (Py) crystal with Fe-rich sphalerite (Sp1) and an idiomorphic greenockite (Grk) crystal over the 
botryoidal bands.
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chalcopyrite (Ka, LIF); Zn, sphalerite (Ka, LIF); As, 
GaAs (Kb, TAP); Ag, Ag2S (Ka, PET); Sn, cassiterite 
(Ka, PET); Sb, InSb (Ka, PET); Pb, galena (Ma, PET); 
Bi, BiSb (La, LIF); Mn, rhodonite (Ka, LIF); Ge, Ge 
metal (Ka, LIF); Cd, CdS (Ka, PET); In, InSb (Ka, 
PET); Ta, Ta metal (Ka, LIF); Ca, wollastonite (Ka, 
PET); W (Ma, TAP). Table 1 summarizes the results of 
the electron-microprobe analyses of the host minerals 
of indium from each stage, and Table 2 shows the 

indium content (wt.% In) of In-bearing minerals from 
each stage.

During the Ps1 stage, the highest average content 
of In occurs in the ferrokësterite (0.51 wt.%, n = 52), 
followed by cassiterite and sphalerite (both with 0.22 
wt.% on average, n = 16 and n = 14, respectively). Chal-
copyrite does not concentrate significant amounts of In 
in this deposit. The variation of indium and other major 
and minor elements in ferrokësterite and cassiterite is 
shown as interelement plots in binary diagrams (Fig. 

Fig. 8.  (a) Representative sample of stage Ps1 from the Ivonne vein (DDH–102; 53.3 meters below collar). Pyrite (Py) and 
arsenopyrite (Apy) cross-cut by Fe-rich sphalerite (Sp) and galena (Gn). Location of back-scattered image and quantitative 
electron-microprobe study is highlighted. (b) Back-scattered image of ferrokësterite (Fks) and cassiterite (Cst) crystals. (c) 
Element-distribution maps of (b) showing S, Fe, Zn, Sn, Cu and In.
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7). The indium concentration in ferrokësterite presents 
a negative correlation with tin (r = –0.78, n = 52; Fig. 
7a) and copper contents (r = –0.71, n = 52; Fig. 7b), 
indicating structural substitution of Sn and Cu for In, 
whereas in cassiterite, the amount of indium is strongly 
correlated with iron (r = 0.85, n = 16; Fig. 7c) and 
correlated negatively with tin (r = –0.80, n = 16; Fig. 
7d), reflecting substitution of Sn for In and Fe. In Figure 
8, representative element-distribution maps of ferrokës-
terite and cassiterite (Fig. 8b) indicate the spatial 

Fig. 9.  Binary diagrams of Zn + Fe – In, Zn + Fe – Cu, Cd–In and Cu–In proportions in Fe-rich sphalerite; n: number of 
electron-microprobe measurements.

TABLE 1.  COMPOSITION OF THE MAIN MINERALS

FROM EACH STAGE OF MINERALIZATION

____________________________________________________________

1 2 3Ps Ps Ps

_______________________ __________ __________

Ccp Cst Fks Sp Sp Fks Sp Gck

n 11 16 52 14 10 4 12 5

____________________________________________________________

S wt.% 34.00 28.85 33.02 33.05 29.19 31.80 21.84

Mn 0.01 0.07 0.12 0.35 0.56 0.16 0.01 0.01

Fe 28.48 0.70 10.94 7.06 8.29 12.00 0.49 0.39

Zn 0.37 4.33 57.62 56.08 3.66 63.54 3.34

Ge 0.03 0.01 0.00

Cd 0.02 0.09 0.43 0.50 0.05 0.52 71.98

In 0.06 0.22 0.51 0.22 0.47 0.09 0.06 3.07

Sn 0.71 78.06 26.22 0.52 26.88

Cu 33.89 27.95 1.11 27.96

Ag 0.06

As 0.07

Sb 0.04

Pb 0.11

Bi 0.23

O 21.33

Total 97.75 100.38 99.04 98.70 100.68 99.99 96.42 100.64

____________________________________________________________

The data were acquired with an electron microprobe;  n: number of

electron-microprobe measurements.  Three stages of mineralization were

1 2identified: polymetallic stage 1 (Ps ), polymetallic stage 2 (Ps ), and

3polymetallic stage 3 (Ps ).  Symbols used: Ccp: chalcopyrite, Cst:

cassiterite, Fks: ferrokësterite, Sp: sphalerite, Gck: greenockite.

TABLE 2.  INDIUM CONTENT OF HOST MINERALS FROM

1 2POLYMETALLIC STAGE 1 (Ps ), POLYMETALLIC STAGE 2 (Ps ),

3AND POLYMETALLIC STAGE 3 (Ps )

____________________________________________________________

1 2 3Ps Ps Ps

___________________ ___________ ____

Cst Fks Sp Sp Fks Gck

n 16 52 14 10 4 5

____________________________________________________________

Average 0.22 0.51 0.22 0.47 0.09 3.07

Minimum 0.14 0.04 0.11 0.01 0.04 1.92

Maximum 0.36 3.02 0.55 2.56 0.16 3.63

____________________________________________________________

Symbols used: Cst: cassiterite, Fks: ferrokësterite, Sp: sphalerite, Gck:

greenockite. The indium contents are expressed in wt.% In.  n: number of

electron-microprobe measurements.
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distribution of S, Fe, Zn, Sn, Cu, and In concentrations 
in the crystals. Clearly, the highest indium contents are 
heterogeneously distributed in the ferrokësterite (Figs. 
4e, 8c), whereas in the cassiterite, the indium contents 
are lower but homogeneously distributed (Fig. 8c).

The indium concentration in Ps2 (Tables 1, 2) is 
associated mainly with sphalerite (0.47 wt.%, n = 10) 
and, to a lesser extent, with ferrokësterite (0.09 wt.%, 
n = 4). The sphalerite shows an average Cu content of 
1.11 wt.%, and significant Cd contents, 0.50 wt.%. This 
iron-rich sphalerite (8.29 wt.% Fe, n = 10) is charac-
terized by In contents between 0.01 and 2.56 wt.%. A 
negative correlation exists between Zn + Fe and In (r = 
–0.87, n = 10; Fig. 9a), Zn + Fe with Cu (r = –0.98, n 
= 10; Fig. 9b) and Zn + Fe and Cd (r = –0.27, n = 10), 
whereas the In concentration correlates positively with 
Cu (r = 0.82, n = 10; Fig. 9c) and Cd (r = 0.60, n = 10; 
Fig. 9d). These correlations reflect a structural substitu-
tion of In, Cu and minor Cd in sphalerite, for example a 
coupled substitution of 2(Zn,Fe) for CuIn (Johan 1988, 
Ohta 1989, Sinclair et al. 2006). Element-distribution 
maps of a sphalerite crystal with an incipient zonation of 
light and dark alternating bands (Fig. 10b) shows high 
levels of In concentrated mainly in the light bands (Figs. 
10b, c). The Zn and Fe contents are homogeneously 
distributed within the crystal, but with lower contents 
in the In-rich bands (Fig. 10c), whereas Sn in relatively 
high contents is related to the In-rich bands. The Cd 
distribution is not involved with the zonation bands and 
presents a homogeneous distribution (Fig. 10c).

Assemblage Ps3 contains the highest In contents 
(Tables 1, 2), but in this case related with greenockite; 
values range between 1.92 and 3.63 wt.% (3.07 wt.% 
on average, n = 5). The sphalerite of this stage shows 
very low Fe values (0.49 wt.% on average, n = 12) and 
only traces of In (0.06 wt.% on average, n = 12) in 
comparison with the sphalerite of Ps1 and Ps2 assem-
blages (Table 1). A quantitative element-distribution 
image (Fig. 11) of botryoidal banded greenockite and 
Fe-poor sphalerite shows a concentration of In and Cd 
in the greenockite crystals and bands (Fig. 11c), and 
trace values of In in the Fe-poor sphalerite and pyrite. A 
negative correlation exists between In and Cd, reflecting 
a substitution relationship between them (Fig. 12).

Discussion

Indium-bearing polymetallic vein-type deposits are 
characterized worldwide by multistage infilling of veins 
and a characteristic zonation of minerals, resulting in 
mineralogically complex ores with intense telescoping. 
The mineralogy of indium is dominated by solid solu-
tions with sphalerite, stannite, ferrokësterite, cassit-
erite, chalcopyrite, tetrahedrite, and minor roquesite, 
roquesite–sphalerite solid solution and sakuraiite 
(Schwarz-Schampera & Herzig 2002).

Ohta (1995) defined a common sequence of miner-
alization stages for the In–polymetallic deposits from 

Japan and Bolivia, with distinct geochemical signatures: 
an early Sn–W stage with cassiterite, minerals of the 
wolframite series, arsenopyrite and minor pyrrhotite, 
a Sn–In stage characterized by stannite, chalcopyrite 
and minor marcasite and sphalerite, and an Ag–Pb–Sn 
stage with Ag sulfosalts and minor Ag–Sn and Pb–Sn 
minerals. The most important minerals of indium are 
Fe-rich sphalerite and an unnamed Zn–In mineral that 
forms a continuous solid-solution with sphalerite and 
minor minerals of Sn (Ohta 1989). In fact, the mineral 
parageneses of the tin belt in Bolivia are similar to those 
found in Pingüino area. Keutsch & de Brodtkorb (2008) 
described the occurrence of ferrokësterite–kësterite as 
an important constituent of the San José mine in Oruro, 
Bolivia, but they did not provide data about the In 
content of this mineral.

In the Freiberg district, Germany, the polymetallic 
sulfide vein-type mineralization is characterized by 
As(–Au)–Zn–Cu(–In–Cd)–Sn–Pb–Ag–Bi–Sb in 
anomalous concentrations, with arsenopyrite, pyrite 
or marcasite (minor native Au), pyrrhotite, mostly 
Fe-rich sphalerite, stannite, chalcopyrite, cassiterite, 
tetrahedrite, bornite, and galena (Seifert & Sandmann 
2006). Three mineral sequences were recognized: an 
early Fe–As sequence, a Zn–Sn–Cu sequence with a 
high concentration of In (the indium stage) and a late 
Pb–Ag sequence. Iron-rich sphalerite from the Zn–Sn–
Cu stage is the most important indium-bearing mineral, 
characterized by In contents between 0.03 and 0.38 
wt.%. However, some small grains of undetermined 
Zn–Cu–Sn–In–S minerals have contents of In between 
1.3 to 2.9 wt.%.

Polymetallic mineralization in the Pingüino deposit 
presents similarities in the geochemical signature and 
mineralogy with these indium-bearing polymetallic 
veins from Japan, Bolivia and Germany. Moreover, the 
distribution of In among the minerals also is similar: In 
is concentrated in Sn minerals in the early stage (Ps1) 
and in sphalerite in a later stage (Ps2). The different 
mode of accommodation of In during the different 
stages may be related with changes in temperature.

During the first stage, In is homogeneously distrib-
uted in cassiterite but heterogeneously distributed 
in ferrokësterite. This fact suggests the existence of 
exsolution-induced domains at a submicroscopic scale. 
The extent of solid solution among ferrokësterite–këst-
erite and other stannite-group minerals has long been 
discussed (i.e., Kissin 1989, Bonazzi et al. 2003). 
However, the role of In in these structures is not yet 
well understood, although high contents of this element 
seem to be a key in the stabilization of the structure of 
petrukite (Kissin & Owens 1989). Petrukite is chemi-
cally similar to ferrokësterite but is richer in indium 
and has a different structure. Hence, these exsolution-
induced domains presumably are due to a miscibility 
gap between ferrokësterite and petrukite.

During the second stage, the zonal substitution of 
In + Cu in sphalerite can be attributed to changes in 
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pH during crystallization (Pattrick et al. 1993), which 
are more likely than late diffusion of In + Cu (Oen et 
al. 1980, Doering et al. 1994). Furthermore, textures 
indicative of sphalerite replacement by Sn–In sulfosalts, 
such as those described in Redziny in Poland (Pieczka 
et al. 2009), are lacking in Pingüino. It is also important 
to note that the In content is very high in comparison 
with the average of most of worldwide deposits, but it 
is far from the highest contents of In ever found in a 
vein-type deposit, 6.7 wt.% (Cook et al. 2009).

On the other hand, although the third stage (Ps3) 
is volumetrically not important, it is important to note 
that at least at low temperatures, In prefers the gree-
nockite structure to sphalerite. Greenockite crystals are 
commonly found as a late mineral in the Sn-bearing 
polymetallic veins deposits of Bolivia (i.e., Ahlfeld 
1951). Hence, a detailed geochemical study of these 
late stages can provide new data about the distribution 
of In at low temperatures. Also, it should be noted 
that deposits of this type are related to felsic igneous 
rocks, either plutonic or volcanic. In the Pingüino case, 

Fig. 10.  (a) Representative sample of stage Ps2 from the Marta Centro vein (DDH–53, 54.2 meters below collar). Banded Fe-rich 
sphalerite (Sp) and galena (Gn) breccia with pyrite (Py) clasts. Location of back-scattered image and quantitative electron-
microprobe study is highlighted. (b) Back-scattered image of banded Fe-rich sphalerite (Sp) crystal. (c) Element-distribution 
maps of (b) showing S, Fe, Zn, Sn, Cu and In.
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although these rocks do not outcrop, the domal struc-
ture of the area and the fractures have been attributed 
to a shallow (1.5 km) intrusion. Hence, the Pingüino 
veins can represent the distal part of a peribatholithic 
hydrothermal system.

Conclusions 

1) The polymetallic mineralization from Pingüino 
deposit results in high In values (up to 1184 ppm), 
representing an indium ore, and could be defined as an 
indium-bearing polymetallic vein deposit.

2) The mineral sequence in the veins indicates 
the existence of three main stages. At the first stage, 
rich in Sn and formed at higher temperature, the In is 

Fig. 11.  (a) Representative sample of stage Ps3 from the Ivonne vein (DDH–102; 53.3 meters below collar). Pyrite (Py) 
and arsenopyrite (Apy) cross-cut by Fe-rich sphalerite (Sp). Location of back-scattered image and quantitative electron-
microprobe study is highlighted. (b) Back-scattered image of botryoidal banded of greenockite (Grk) and Fe-poor sphalerite 
(Sp) and pyrite (Py) crystal. (c) Element-distribution maps of (b) showing S, Fe, Zn, Sn, Cu and In.
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fractionated into Sn minerals (ferrokësterite and cassit-
erite). At the second stage, In is concentrated in Fe-rich 
sphalerite. During the third stage, formed at lower 
temperatures, greenockite crystals are the main carrier 
of indium. Hence, the distribution of In among the 
mineral species seems to be controlled by temperature.

3) The presence of high values of In mainly and also 
of Zn, Pb, Ag, Au, Cu, Sn, W and Bi in the polymetallic 
veins of the Pingüino vein system opens interesting 
possibilities for mineral exploration in the Deseado 
Massif.
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