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The Nueva Esperanza and Restauradora are two of the twenty-three veins described at Capillitas mine, an epithermal 
precious- and base-metal vein deposit located in northern Argentina. Capillitas is genetically linked to other minera-
lizations of the Farallón Negro Volcanic Complex, which hosts several deposits. These include two world-class (La 
Alumbrera and Agua Rica) and some smaller (e.g., Bajo El Durazno) porphyry deposits, and a few epithermal deposits 
(Farallón Negro, Alto de la Blenda, Cerro Atajo and Capillitas). The main hypogene minerals found at these two ve-
ins include pyrite, sphalerite, galena, chalcopyrite, tennantite-(Zn) and tennantite-(Fe). Accessory minerals comprise 
hübnerite, gold, silver, stannite, stannoidite and mawsonite, and also diverse indium- and tellurium-bearing minerals. 
Quartz is the main gangue mineral.
Indium participates in the structure of sphalerite, tennantite-(Zn), ishiharaite and an indium-bearing mineral, still under 
study, the former being the most abundant of these phases. The chemical composition of sphalerite shows very low 
concentrations of Fe and a wide range in indium contents from below the detection limit (0.03 wt. %) to values close to 
22 wt. %. Atomic proportions of In and Cu correlate positively at a ratio In : Cu = 1 : 1 atoms per formula unit. Cadmium 
reaches up to 0.68 wt. %. Other analyzed elements (Ge, As, Se, Ag, Sn, Te, Au, Pb and Bi) are systematically below 
their respective detection limits. Indium-bearing tennantite-(Zn) (up to 0.24 wt. % In) is rare and restricted to the area 
where ishiharaite appears. Ishiharaite and the unclassified indium-bearing mineral are extremely scarce and host up to 
10 and 30 wt. % In, respectively.
The zoning in sphalerite and the variable indium content of the different bands could be ascribed to significant fluctua-
tion in the composition of the fluids (possibly pulses). They are evidenced by the presence of a high f Te2 mineral, like 
calaverite, and a low f Te2 phase, such as silver, within the same stage, with local periodic increments on In and Cu that 
could also be associated with recurring reactivation of fractures.
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Capillitas is well-known not only for its banded rhodo-
chrosite, but also for its mineralogical diversity. It hosts 
more than 100 identified mineral species and is the type 
locality of five minerals: putzite (Paar et al. 2004), cata-
marcaite (Putz et al. 2006), ishiharaite (Márquez-Zavalía 
et al. 2014), lislkirchnerite (Effenberger et al. 2015), and 
omariniite (Bindi et al. 2017). 

During a revision of the ore-mineral samples, it was 
found that some minerals are enriched in indium, includ-
ing ishiharaite and a potential new mineral, still under 
study. The findings encouraged us to perform deeper 
research on the subject, and the results are provided in 
this paper.

1.	Introduction

The Capillitas mine is an intermediate sulfidation epi
thermal precious- and base-metal vein deposit in north-
ern Argentina (Márquez-Zavalía 1988, 1999; Putz et al. 
2009). It is genetically linked to the other mineralizations 
of the Farallón Negro Volcanic Complex (Márquez-
Zavalía and Heinrich 2016, and references therein). This 
complex hosts two world-class porphyry deposits, namely 
La Alumbrera and Agua Rica, some smaller deposits 
such as Bajo El Durazno and a few epithermal deposits, 
including Farallón Negro, Alto de la Blenda, Cerro Atajo, 
and Capillitas.
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2.	Indium: geochemistry, mineralogy and 
uses

Indium was discovered by Reich and Richter (1863a, b) 
in sphalerite samples from the Freiberg district, Germany. 
It is estimated that the abundance of indium in the Earth’s 
continental crust is 0.05 ppm, in the oceanic crust 0.072 
ppm (Taylor and McLennan 1985, in Schwarz-Schampera 
and Herzig 2002), and in CI chondrites 0.08 ppm (Anders 
and Grevesse 1989). This element is most frequently 
present as substituent in the structures of several minerals 
(e.g., sphalerite, chalcopyrite, cassiterite), replacing the 
elements of similar atomic radii (e.g., Zn, Cu, Sn). More-
over, 14 valid mineral species contain essential indium: 
abramovite, cadmoindite, damiaoite, dzhalindite, indite, 
indium, ishiharaite, laforêtite, petrukite, roquesite, saku
raiite, yanomamite, yixunite and znamenskyite. Indium, 
roquesite, and, to a lesser extent, dzhalindite, petrukite 
and sakuraiite are the most widespread; the others were 
reported only from one or two localities.

Indium is a highly sought element for its extensive 
demand in forefront technologies. During the last decade, 
the consumption grew at about 10 % per year for varied 
applications, e.g., liquid crystal displays (LCD), high-
definition televisions, semiconductor materials, batteries, 
low-temperature solders, cell phones, touch screens, solar 
panels, light- and laser-emitting diodes (LED) or glass 
coating and nuclear medicine (Schwarz-Schampera and 
Herzig 2002; Royal Society of Chemistry 2020).

During the last three decades, the world’s annual 
indium production grew, on average, from 140 to 600 t. 
Most of the indium is obtained as by-product from zinc 
smelting of sphalerite, even though the recycling industry 
is increasing (Goonan 2012).

3.	Indium resources in Argentina

In Argentina, reports on indium enrichment in ore de-
posits are very scarce. Indium has been described only 
from six areas. The first description of indium in an 
Argentinean deposit was from Pirquitas, northwestern Ar-
gentina (Paar et al. 1998), dealing with sphalerite hosting 
petrukite and sakuraiite. The second find was mentioned 
by Zappettini et al. (2004), who described sphalerite 
from quartz veinlets of El Peladar prospect, Jujuy, with 
indium contents up to 0.29 wt. %. A short time later, 
Márquez-Zavalía (2005) mentioned an indium-bearing 
paragenesis from the Restauradora vein, in Capillitas, 
northwestern Argentina. Sphalerite, with contents of 
indium over 20 wt. %, is accompanied by two indium 
minerals: ishiharaite (Márquez-Zavalía et al. 2014), and 
a potential new mineral, still under study. The same year, 
Guido et al. (2005) reported the presence of indium in 

the Deseado Auroargentiferous Province (Schalamuk et 
al. 1999), Deseado Massif, Patagonia, with an average 
content of 9.02 ppm of In for the Cerro León prospect. 
Further studies in the Deseado Province focused on the 
Pingüino vein system concluded that indium is mainly 
concentrated in Fe-rich sphalerite and, to a lesser extent, 
in ferrokësterite and greenockite (Jovic et al. 2009, 2011, 
2015). The fifth occurrence was reported from the San 
Roque prospect, Macizo Nordpatagónico, by Gómez et 
al. (2008). They described the presence of sphalerite with 
indium contents up to 0.12 wt. %. Last, Gallard-Esquivel 
et al. (2018) described the occurrence in two prospects 
from La Carolina district, San Luis. They reported on 
sphalerite with contents of indium ranging from 0.01 to 
0.19 wt. %, and gave two analyses of the higher concen-
trations (0.36 and 0.59 wt. %). These authors pointed out 
that the highest analyzed indium contents corresponded 
to Fe-poor sphalerite.

To sum up, the indium exploration in Argentina should 
be encouraged and the zinc deposits re-studied since the 
presence of indium in them may have been overlooked.

4.	Analytical methods

Fieldwork at Capillitas was conducted during several 
field trips. Samples were collected from all veins of the 
deposit, both underground, as well as from outcrops and 
dumps.

Microscopic examinations of ore minerals were under-
taken on 29 polished thin-sections and 350 standard pol-
ished sections. All the polished thin-sections and 21 from 
the standard polished sections correspond to the Nueva 
Esperanza and Restauradora veins. These examinations 
were undertaken under a reflected-light polarizing mi-
croscope, before carbon-coating for electron-microprobe 
analyses (EPMA) took place.

A total of 53 chemical point analyses were obtained 
using a Cameca SX-50 electron microprobe at the Depart-
ment of Geological Sciences, University of Manitoba, 
Winnipeg, Canada. The analytical conditions were: an 
accelerating voltage of 15 kV, a beam current of 20 nA 
measured on a Faraday cup, a counting time of 20 s for 
each element, and 10 s for the background, with a beam 
diameter of 2 μm. The standards and analytical lines 
selected were as follows: S, Cu, Fe (CuFeS2, Kα), Mn 
[Mn3Al2(SiO4)3, Kα], Ni (Ni9S8, Kα), Zn (ZnS, Kα), Ga 
(GaAs, Kα), Au (Au100, Mα), Ag (Au60Ag40, Lα), In, As 
(InAs, Lα), Sn (SnO2, Lα), Sb, Te (Sb2Te3, Lα), Pb (PbS, 
Mα), Bi, Se (Bi2Se3, Mβ, Lα) and Cd (CdSe, Lα). Data 
were reduced using the PAP routine of Pouchou and 
Pichoir (1985). 

Sixty-five additional analyses were obtained with a 
JEOL JXA-8900R electron microprobe at the National 
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Institute of Advanced Industrial Science and Technology 
(AIST), Geological Survey of Japan, Tsukuba, Japan. The 
equipment was operated at 15 kV, 20 nA, measured on 
a Faraday cup, 2 μm beam diameter and a counting time 
of 20 s for each element, and 10 s for the background. 
Selected standards and analytical lines are the same as 
in the Canadian laboratory. The ZAF method (Armstrong 
1993) was employed for matrix corrections. The Cana-
dian and Japanese routines also included Ge, As, Se, Ag, 
Sn, Te, Au, Pb, and Bi, but all results were below their 
respective detection limits.

5.	Nueva Esperanza and Restauradora 
veins

The Nueva Esperanza and Restauradora are two of the 
twenty-three veins described (Márquez-Zavalía 1988) at 
Capillitas mine (Fig. 1). 
Nueva Esperanza vein (27°20'37" S, 66°23'24" W, 3190 
m a.s.l.) is hosted in the Capillitas Granite. It has an ap-
proximate length of 100 m and a thickness of 0.30 m, 
strikes N 80° E and dips 45° S. Mining operations along 
this vein have left two exploration galleries and a shaft, 
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Fig. 1 Schematic geology of Capillitas, showing the location of Nueva Esperanza and Restauradora veins (modified from Márquez-Zavalía 2008).
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with small dumps at the entrance of each gallery. One 
exploratory drill hole (JICA 1978–1981) cut the Nueva 
Esperanza vein at 372 m and yielded poor grades (0.77 
g/t Au, 39.5 g/t Ag, 0.3 % Cu) compared with the average 
grades obtained from the old galleries at surface level 
(6.2 g/t Au, 2413 g/t Ag, 13.83 % Cu). Three (I, III and 
IV) of the seven mineralization stages (Fig. 2) described 
for the deposit (Márquez-Zavalía 1988; Márquez-Zavalía 
and Craig 2004) are represented in this vein.

The Restauradora vein (27°20'22" S, 66°23'17" W, 
3190 m a.s.l.) is also hosted in the Capillitas Granite, 
has an average thickness of 50 cm and a total mea-
sured length of 106 m. The vein has two branches that 
strike and dip N10° W/N70° E and 75° E–75° W/70° 
S, respectively. Mine facilities along this vein consist 
of a 100 meters gallery, two inclines and a shaft. There 
are two dumps, one over the gallery level and other 
below it, formed from the droppings of the one above; 
most of this material is oxidized. The grades reported 
for this vein (JICA 1978–1981) are 0.6 g/t Au, 209 
g/t Ag, 7.10 % Cu, 1.11 % Pb, 1.49 % Zn and 0.07 % 
Mn. Only two (III and IV) (Márquez-Zavalía 1988) of 
the seven stages of mineralization recognized in the 
Capillitas deposit are represented in the Restauradora 
vein (Fig. 2).

The main hypogene minerals that have been found 
in the Nueva Esperanza and Restauradora veins are py-
rite, sphalerite, galena, chalcopyrite, tennantite-(Zn) and 
tennantite-(Fe). Accessory minerals include hübnerite, 
gold, silver, indium- and tellurium-bearing minerals, 
stannite, stannoidite and mawsonite in a gangue mainly 
represented by quartz. Digenite, chalcocite, covellite, 
goethite, antlerite, cyanotrichite, carbonate-cyanotrichite, 
grandviewite, linarite, malachite and gypsum are the main 
supergene minerals. In general terms, during the earlier 
stages of mineralization crystallized quartz and pyrite  
(± pyrrhotite and arsenopyrite), followed by sphalerite, and 
afterward by Cu-bearing minerals and galena. During late 
stages, quartz, pyrite, sphalerite, galena and Cu-bearing 
minerals continued depositing along with gold and small 
amounts of In-, Te-, W-, and Sn-bearing minerals (Fig. 2).

Microthermometrical data obtained from two-phase 
(L+V) fluid inclusions hosted in quartz of the fourth 
stage of the mineralization (i.e., when the indium miner-
als formed) gave averaged homogenization temperatures 
of 250 °C and salinities of 3 wt. % NaClequiv (Márquez-
Zavalía 1988). This is in line with the minimum forma-
tion temperature of indium-bearing sphalerite (Schwarz-
Schampera and Herzig 2002; Shimizu and Morishita 
2012).

Note: Stages in bold: represented in Nueva Esperanza (I,     and ) and Restauradora (    and ) veins.III IV III IV
*: tellurium, calaverite, (goldfieldite), hessite, krennerite, melonite, petzite, stützite, sylvanite, tetradymite, and volynskite

(Márquez-Zavalía and Craig 2004).
**: ishiharaite, undefined In-bearing mineral, In-bearing sphalerite, In-bearing tennantite-(Zn) (this paper).
***: mawsonite, stannite and stannoidite (Márquez-Zavalía 1988).

Minerals
Hypogene minerals

minerals
Supergene

Stage VIIStage VIStage VStage IVStage IIIStage IIStage I

Quartz

Pyrrhotite
Arsenopyrite
Pyrite
Enargite
Sphalerite

Tetrahedrite-group minerals

Chalcopyrite

Te-bearing minerals*
In-bearing minerals**
Gold (± silver)
Sn-bearing minerals***
Hübnerite
Digenite
Chalcocite
Covellite
Goethite

Rhodochrosite

Galena

Fig. 2 Schematic paragenetic sequence of Capillitas deposit; Nueva Esperanza and Restauradora vein stages in bold.
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ing crystal growth lines and have different thicknesses, 
ranging from <1 to tens of µm, (Figs 3–4). The richer 
in indium, the more intense the reflective power of the 
bands is. Increasing concentrations of indium correlate 
with a decreasing of the color of the mineral from me-
dium gray, sometimes with a brown tint, to light gray in 
air. The other optical properties remain the same, as for 
normal sphalerite. 

Indium content varies greatly among bands (Fig. 4a–b) 
along with Cu (Fig. 4c). Contents of In and Cu tend to 
decrease towards the rim of the crystals. Atomic propor-
tions of In and Cu show a positive correlation with an 
In : Cu ratio close to 1 : 1.

Indium-bearing sphalerite has In concentrations rang-
ing from 0.42 to 21.81 wt. %, with an average (n = 70) 
of 12.09 wt. % (Figs 5–6). This sphalerite is Fe-poor 

6.	Mineral paragenesis of the indium  
minerals

In the studied veins, indium is found to concentrate 
chiefly in sphalerite, tennantite-(Zn), ishiharaite and an 
indium-bearing mineral, potentially a new species, which 
is still under the study.

6.1.	Indium-bearing sphalerite

The indium-bearing sphalerite in the Nueva Esperanza 
and Restauradora veins belongs to the fourth miner-
alization stage (Fig. 2) (Márquez-Zavalía 1988, 1999; 
Márquez-Zavalía et al. 2014). It can be recognized under 
the reflected-light microscope for its zoning (Fig. 3a–b). 
The bands follow a crystallographic pattern, evidenc-
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Fig. 3a Photomicrograph under the reflected-light microscope (in air) of In-bearing sphalerite (Sp) showing zonality. b – BSE image of the same. 
c – Reflected-light microscope photomicrograph of ishiharaite (Ish) in tennantite-(Zn) (Tnt). d – Reflected-light microscope photomicrograph of 
In-rich mineral in sphalerite associated with galena (Gn) and tennantite-(Zn). Abbreviations for most minerals after Whitney and Evans (2010).
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(Tab. 1, Figs 4d, 5f) with less than 0.18 wt. % Fe. Cad-
mium, Ga and Sb, when present, have very low contents, 
with averages (n = 70) of 0.57, 0.54 and 0.11 wt. %, 
respectively. All other analyzed elements (Ge, As, Se, 
Ag, Sn, Te, Au, Pb and Bi) are systematically below their 
respective detection limits.

6.2.	Indium-bearing tennantite-(Zn)

Indium-bearing tennantite-(Zn) is scarce and its pres-
ence is restricted to the occurrence of ishiharaite. The 
concentration of indium in this mineral is up to 0.24 
wt. % and gives an average value (n = 6) of 0.18 wt. %. 
These figures contrast with those of tennantite-(Zn) or 
tennantite-(Fe) elsewhere in the deposit that systemati-

cally yield indium contents below its detection limit (0.03 
wt. %). Unlike sphalerite, the presence of In does not 
alter the optical appearance of the mineral. It is consistent 
with the results presented by George et al. (2017), who 
concluded that partitioning of In into tennantite is poor. 
One analysis of tennantite-(Fe) and one of tennantite-
(Zn) without indium and six analyses of indium-bearing 
tennantite-(Zn) are given in Tab. 2.

6.3.	Ishiharaite

Ishiharaite [(Cu,Ga,Fe,In,Zn)S] was discovered in Capil-
litas, at the Nueva Esperanza vein (Márquez-Zavalía et al. 
2014). Under the polarizing-reflected light microscope, 
ishiharaite is burgundy brown with a faint violet hue in 
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air and violet-burgundy in oil. This isotropic mineral oc-
curs in subhedral, equidimensional, individual grains, up 
to 50 μm in size, embedded in tennantite-(Zn) (Fig. 3c). 

It is associated with sphalerite, pyrite, chalcopyrite and 
galena in a quartz gangue. Three representative analyses 
are given in Tab. 3.

Tab. 1 Representative compositions of sphalerite, In-bearing sphalerite and an unknown In-bearing mineral from Nueva Esperanza and Restaura-
dora veins (wt. % and apfu)

Mineral Sphalerite In-bearing sphalerite In-rich mineral
Analysis Sp-01 Sp-02 In-Sp-01 In-Sp-03 In-Sp-04 In-Sp-05 In-Sp-07 Average of n = 10
S 33.13 33.18 32.46 32.49 32.81 30.40 31.02 29.78
Zn    66.11 66.38 63.21 60.09 54.66 43.82 39.37 31.43
Cu    0.15 0.10 1.26 2.90 4.10 9.66 10.06 13.24
In    b.d.l. 0.04 1.97 4.29 8.02 15.21 19.10 24.47
Fe    b.d.l. 0.11 b.d.l. 0.17 n.a. 0.13 n.a. 0.09
Cd b.d.l. n.a. b.d.l. n.a. 0.56 n.a. 0.70 0.54
Total  99.39 99.80 98.90 99.93 100.14 99.23 100.24 99.55
S 1.01 1.01 1.00 1.00 1.02 1.00 1.02 4.04
Zn    0.99 0.99 0.96 0.91 0.84 0.70 0.63 2.09
Cu    0.00 0.00 0.02 0.05 0.06 0.16 0.17 0.91
In    0.00 0.00 0.02 0.04 0.07 0.14 0.18 0.93
Fe    0.00 0.00 0.00 0.00 – 0.00 – 0.01
Cd 0.00 – 0.00 – 0.00 – 0.01 0.02
Total  2.00 2.00 2.00 2.00 2.00 2.00 2.00 8.00
b.d.l. – below detection limit; n.a. – not analyzed.
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6.4.	Indium-bearing mineral

During earlier stages of the research, ribbons of an un-
determined mineral of light color were noticed within 
sphalerite in samples from the Nueva Esperanza and 
Restauradora veins. These ribbons are generally thinner 
than a few microns, reaching occasionally up to 15 μm 

(Fig. 3d). This mineral is rich in indium, as well as some 
of the sphalerite grains that host the indium-bearing min-
eral, although it is noteworthy to say that other sphalerite 
crystals associated with this indium-bearing mineral are 
indium-free. In a few cases, in some areas of the zoned 
sphalerite crystals, and when the indium content in sphal-
erite exceeds 22 wt. %, the zoning on sphalerite stops and 

Tab. 2 Representative compositions of the three tennantite types [Tnt-(Fe), Tnt-(Zn) and In-bearing Tnt-(Zn)] from Nueva Esperanza and Restau-
radora veins (wt. % and apfu)

Mineral Tennantite-(Fe) Tennantite-(Zn) In-bearing tennantite-(Zn)
Analysis Tnt-(Fe)-01 Tnt-(Zn)-01 In-Tnt-01 In-Tnt-02 In-Tnt-03 In-Tnt-04 In-Tnt-05 In-Tnt-06
S 27.24 25.69 27.70 26.80 26.23 26.15 26.16 26.88
As    20.14 9.45 14.66 12.15 12.97 12.12 11.90 13.24
Sb    1.32 6.42 7.02 5.99 2.30 4.28 2.76 5.66
Bi    b.d.l. 12.69 1.07 7.60 11.44 10.75 12.77 6.19
Cu    45.59 38.91 40.17 40.15 38.86 39.08 39.75 40.24
Zn    3.23 7.32 8.84 7.91 7.26 7.84 7.14 8.23
Fe    3.08 0.16 0.13 0.14 0.71 0.14 0.10 0.19
In    b.d.l. b.d.l. 0.14 0.16 0.17 0.17 0.20 0.24
Total  100.60 100.64 99.71 100.90 99.94 100.52 100.78 100.86
S 12.63 12.80 13.23 12.83 13.17 13.12 13.17 13.10
As    4.00 2.01 3.00 2.49 2.79 2.60 2.56 2.76
Sb    0.16 0.84 0.88 0.75 0.30 0.57 0.37 0.73
Bi    0.00 0.97 0.08 0.56 0.88 0.83 0.99 0.46
Cu    10.66 10.54 9.68 10.45 9.84 9.89 10.10 9.90
Zn    0.73 1.79 2.07 1.86 1.79 1.93 1.76 1.97
Fe    0.82 0.04 0.03 0.04 0.20 0.04 0.03 0.05
In    0.00 0.00 0.02 0.02 0.02 0.02 0.03 0.03
Total  29.00 29.00 29.00 29.00 29.00 29.00 29.00 29.00
b.d.l. – below detection limit.
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Fig. 6 Ternary plot of Zn (+ Fe + Cd), 
Cu and In (in apfu) of In-bearing 
sphalerite from Nueva Esperanza and 
Restauradora veins.
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this independent mineral phase precipitates with indium 
contents ranging from 22.07 to nearly 30 wt. %, with 
an average (n = 20) of 24.47 wt. %. Furthermore, this 
indium-bearing mineral is also present in other crystals 
of sphalerite with no indium content. Table 1 displays the 
average chemical composition of the indium-bearing min-
eral still under study. It seems that there is a solid solu-
tion between In-bearing sphalerite and this new unnamed 
indium-bearing mineral (Fig. 7). Similar cases have been 
reported by Ohta (1980, 1989) from Toyoha mine (Ja-
pan), Semenyak et al. (1994) from the Pravourmiiskoe 
deposit (Russia) and Sahlström et al. (2017a) from Mt. 
Carlton, Queensland (Australia). Murakami and Ishihara 
(2013) described an undetermined Zn–In mineral in Huari 
Huari (Bolivia), with an average Fe content of 12.79 
wt. %, different to the mineral described here, which is 
characterized by an average content of 0.06 wt. % Fe.

7.	Discussion

The studied sphalerite that formed during the third min-
eralization stage does not contain any indium, in contrast 
with the one grown later on during the fourth stage. This 
suggests either unfavorable physico-chemical conditions 
for indium precipitation or that there was not enough 
indium in the fluids. This is coincident with observa-
tions made by Bauer et al. (2019) that In is introduced 
relatively late in the epithermal system. But, unlike in 
their observations, there is no evidence that a richer In-
sphalerite was formed as a result of the decomposition 
(diffusion-induced segregation) of In-bearing chalcopy-
rite (not found in Capillitas), at 
the rims and along the fractures 
inside the sphalerite crystals. In 
Capillitas, indium richer areas 
in sphalerite are indeed towards 
the center of the grains.

The indium-bearing sphaler-
ite crystals in these veins gener-
ally occur when they have small 
indium-free chalcopyrite inclu-
sions or veinlets associated with 
them (chalcopyrite disease tex-
tures were not found). This was 
also observed in Mount Pleas-
ant by Sinclair et al. (2006), 
and these authors ascribed the 
indium content in sphalerite 
to a possible diffusion as a re-
sult of a partial replacement of 

sphalerite by chalcopyrite. Since the latter was not able 
to incorporate in its structure the indium present in the 
replaced sphalerite, indium was concentrated in the sur-
rounding areas of the replacement. Cook et al. (2011a) 
also noted that chalcopyrite incorporates indium in its 
structure only when sphalerite plays a negligible role in 
the paragenesis. Indeed, this is not the case of the Nueva 
Esperanza and Restauradora veins, where sphalerite is 
abundant and the chalcopyrite crystals analyzed do not 

Tab. 3 Representative compositions of ishiharaite from Nueva Espe-
ranza and Restauradora veins (wt. % and apfu)

Mineral Ishiharaite
Analysis Ish-01 Ish-02 Ish-03
S     30.30 30.36 30.95
Sb    b.d.l. b.d.l. 0.12
Zn    4.54 4.78 5.08
Cu    34.47 34.48 33.92
In    9.81 10.33 9.80
Ga    13.17 12.76 13.56
Fe    7.09 7.07 6.84
Ge    n.a. n.a. 0.14
Total  99.38 99.78 100.40
S 0.97 0.97 0.97
Sb    0.00 0.00 0.00
Zn    0.07 0.07 0.08
Cu    0.55 0.55 0.54
In    0.09 0.09 0.09
Ga    0.19 0.19 0.20
Fe    0.13 0.13 0.12
Ge    – – 0.00
Total  2.00 2.00 2.00
b.d.l. – below detection limit; n.a. – not analyzed.
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Fig. 7 Binary plot In–Zn showing the 
compositions of In-bearing sphalerite 
and In-bearing mineral.
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contain any In above the detection limit (0.03 wt. %) of 
the electron-microprobe analyses.

To our best knowledge, sphalerite crystals investigated 
in the current study are the richest in indium ever found. 
They are closely followed by the indium-rich sphal-
erite (up to 19.59 wt. % In) described in Mt. Carlton, 
Queensland, Australia (Sahlström et al. 2017a). 

The indium-bearing sphalerite described here also 
bears some differences (Figs 5–6) from most other 
indium-bearing sphalerites (e.g., Pattrick et al. 1993; 
Sinclair et al. 2006; Cook et al. 2009; López et al. 2015). 
Sphalerite from Mt. Pleasant, New Brunswick, Canada 
(Sinclair et al. 2006) has higher content of Fe (up to 12 
wt. %) and its In : Cu ratio varies from close to 1 : 1 to 
almost 1 : 7 apfu. Sphalerite from Pasco, Perú (Benites et 
al. 2019) and Huari Huari, Bolivia (Torró et al. 2019a) 
are also systematically rich in Fe. 

Sphalerite from Capillitas is also different from the 
sphalerite described at the Pravourmiiskoe deposit, Rus-
sia (Semenyak et al. 1994), which has lower contents of 
In (up to 2.4 wt. % In) while Fe and Cd are present (up to 
2.3 and 1.1 wt. %, respectively). Sphalerite described at 
Huari Huari district, Bolivia (Torró et al. 2019a) reaches 
In concentrations up to 3.49 wt. %; similar data were 
presented by Murakami and Ishihara (2013). Torró et al. 
(2019a) reported an average concentration of 0.50 wt. % 
In in sphalerite of the Ánimas-Chocaya-Siete Suyos 
district, Bolivia.

Frequently, the high concentrations of indium occur 
in deposits where tin is abundant and widely represented 
(e.g., Oen et al. 1980; Ohta 1989; Guido et al. 2005; 
Sinclair et al. 2006; Zhang et al. 2006; Cook et al. 2011b; 
Torró et al. 2019a, b; Benites et al. 2019). However, in 
the Nueva Esperanza and Restauradora veins, the only 
Sn minerals (stannite, stannoidite and mawsonite) are 
extremely scarce. Their contents of indium are below 
the detection limit, and they generally do not occur in the 
vicinity of the indium-bearing paragenesis.

At the Toyoha mine, Hokkaido, Japan, the highest in-
dium concentration reported for sphalerite by Ohta (1989) 
is close to 9 wt. %, and the contents of Cu, Fe, Sn and Cd 
are up to 7.5, 7.2, 1.7 and 0.7 wt. %, respectively, with an 
In : Cu ratio close to 1 : 1. Sphalerite from the Capillitas 
veins is richer in indium despite having similar contents 
of Cu and Cd, but negligible amounts of Fe and no Sn. 
The indium-bearing sphalerite from Långban, Bergslagen, 
Sweden (Burke and Kieft 1980) contains up to 10 wt. % 
of In, and the rims of the crystals of sphalerite have high-
er concentrations of this element, just the opposite than 
in the indium-bearing sphalerite samples described in this 
contribution (Fig. 4b). Seifert and Sandmann (2006) gave 
a vast list of indium concentrations in sphalerites, as well 
as in other minerals and bulk-ore samples from deposits 
worldwide, which does not show any sphalerite with 

contents over 10 wt. % In, except for a single analysis on 
sphalerite from a basaltic andesite of an active magmatic 
system (Kudryavyi volcano, Kuril Island Arc, Russia) 
reaching 14.9 wt. % In, with an average of 5.9 wt. %. 
Cook et al. (2009) reported indium contents in sphalerites 
from several deposits located in the Golden Quadrilateral 
district, Romania, and also from Toyoha mine, Japan, 
with values ranging from 1 to 669 ppm In for the former 
and up to 58,752 ppm In for the latter.

Indium in the studied sphalerite crystals (Tab. 1; Figs 
5–7), as the example shown in Fig. 4b, shows a tendency 
to reach higher concentrations in the inner to intermedi-
ate parts of the crystals. The indium contents tend to 
decrease, along with alternating indium-rich and indium-
free bands, towards the rims. They indicate a generally 
diminishing concentration of indium in the mineralizing 
fluids as they evolved. A similar observation was reported 
from the Izumo vein of the Toyoha mine (Ohta 1989; 
Shimizu and Morrishita 2012). 

From the mineral assemblage and the homogeniza-
tion temperature of fluid inclusions (Márquez-Zavalía 
1988; Márquez-Zavalía and Craig 2004), we infer that 
the log f S2 values evolved from the initial stages with 
relics of pyrrhotite, pyrite (± arsenopyrite) to the later 
stages with pyrite, chalcopyrite and sphalerite instead 
of pyrrhotite, when the fluids deposited the In-bearing 
minerals. We deduce that the pH of the hydrothermal 
fluids increased, due to the absolute dominance of 
quartz over rhodochrosite, until the third stage of the 
mineralization. During subsequent stages it was fol-
lowed by a gradual increase of rhodochrosite occur-
rence, especially in other veins at the deposit; this pH 
change was accompanied by a gradual cooling of the 
fluids (Márquez-Zavalía 1988; Márquez-Zavalía and 
Craig 2004). Physico-chemical conditions favorable for 
the substitution of Zn for In–Cu (Schwarz-Schampera 
and Herzig 2002) concur with the microthermometrical 
data and the position of the indium-bearing sphalerite in 
the paragenetic sequence of this deposit. As the In : Cu 
ratio is consistently close to 1 : 1, we agree with Johan 
(1988), Cook et al. (2012) and Sahlström et al. (2017a, 
b) that Cu+ is the main cation involved in the coupled 
substitution 2 Zn2+ ↔ Cu+ + In+.

In the Capillitas veins, it was assumed that the fluids 
suffered from significant fluctuation in their composition 
(possibly pulses) during the fourth stage of the miner-
alization, as it is evidenced by the presence of both, a 
high f Te2 phase like calaverite and a low f Te2 one as 
silver (Márquez-Zavalía and Craig 2004). Accordingly, 
zoning in sphalerite could be ascribed to changes in the 
physical chemistry of the mineralizing fluids with local 
periodic increments on In and Cu that were associated 
with recurring reactivation of fractures, as has been 
suggested already (Sibson 1981; Pattrick et al. 1993). 
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Indium, among other chalcophile elements, might be 
sourced from a low- to intermediate-salinity fluid (e.g., 
Heinrich 2005), coming from an associated porphyry 
intrusion in the Farallón Negro Volcanic Complex (e.g., 
Sillitoe 1973, 1996; Márquez-Zavalía and Heinrich 2016, 
and references therein).

8.	Conclusions

1.	Sphalerite from the Nueva Esperanza and Restauradora 
veins is the richest known in indium among sphalerites 
from epithermal deposits. It keeps in its structure up to 
22 wt. % of In. Whenever that amount is surpassed, a 
new phase, still under study by the authors, began to 
crystallize, not as bands but as irregular ribbon-like 
inclusions with indium concentrations from 22 wt. % 
to close to 30 wt. %.

2.	Taking into account the constant In : Cu ratio close to 
1 : 1, we identify Cu+ as the principal cation involved 
in the incorporation of In in the structure of sphalerite 
through a 2 Zn2+ ↔ Cu+ + In+ coupled substitution.

3.	Cadmium reaches values up to 0.68 wt. % while Fe is 
almost absent from the structure of sphalerite (up to 
0.19 wt. %).

4.	Unlike most deposits, In-bearing sphalerite from the 
studied veins is not associated with minerals of the 
Sn-rich paragenesis.

5.	Exploration for indium in Argentina should be encou-
raged. It would be highly advisable to re-study the 
main zinc deposits, looking for the presence of this 
critical element, which in previous studies, may have 
been overlooked. 
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