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a b s t r a c t

The Arroyo Rojo ZnePbeCu volcanogenic massive sulfide deposit is the main deposit of the Fin del
Mundo District in the Fuegian Andes, Argentina. This deposit is hosted by a Middle Jurassic volcanic and
volcanoclastic sequence forming the Lemaire Formation. The latter consists, from the base up, of the
following: rhyolitic and dacitic porphyritic rocks, ignimbrite, tuff, and flow. It is underlain by a pre-
Jurassic basement and overlain by the hyaloclastic andesites of the Yahgán Formation. The Arroyo
Rojo consists of stacked lenticular lenses that are associated with disseminated mineralization in both
the footwall and the hanging wall. The internal structure of the ore lenses is marked by the occurrence of
massive, semi-massive and banded facies, along with stringer and brecciated zones and minor ore
disseminations. The mineral assemblage comprises mainly pyrite and sphalerite, with minor amounts of
galena and chalcopyrite and rare pyrrhotite, arsenopyrite, tetrahedrite and bournonite. The ores and the
volcanic host rocks have metamorphosed to greenschist facies and were overprinted by a penetrative
tectonic foliation, which led to the development of mylonitic, and cataclastic textures, recrystallization
and remobilization.

Primary depositional characteristics and regional and hydrothermal alteration patterns were
preserved despite deformation and metamorphism. Therefore, primary banding was preserved between
facies boundaries. In addition, some remnants of magmatic origin are recognizable in preserved
phenocrysts and volcaniclastic phenoclasts. Most of the volcanic and volcaniclastic rocks of the host
sequence show a rhyolitic to rhyo-dacitic composition.

Regional seafloor alteration, characterized by the presence of clinozoisite, Fe-chlorite and titanite,
along with quartz and albite, is partially obliterated by hydrothermal alteration. The hydrothermal
alteration is stratabound with the following assemblages, which developed from the base to top: (1)
Quartz-Chlorite � Sericite, (2) Quartz-Chlorite, (3) Chlorite � Quartz-Sericite-Calcite, (4) Quartz-
Chlorite � Calcite and (5) Sericite þ Quartz � Chlorite � Calcite. Magnesium-chlorite and phengitic white
mica typically occur in the vicinity of the Arroyo Rojo ore lenses. To provide field criteria for exploration
vectoring, the chemical composition of chlorite and the phengitic and paragonitic content of the white
mica were determined and correlated with PIMA FeeOH and AleOH absorption wavelengths, respec-
tively, relative to their proximity to the mineralized lenses.

The results of this study can be used to help identify (1) felsic proximal facies associations, (2) ore
horizons and (3) favorable hydrothermal alteration zones in other parts of the Fin del Mundo district.

� 2011 Elsevier Ltd. All rights reserved.
All rights reserved.
1. Introduction

The Arroyo Rojo deposit is a polymetallic ZnePbeCueAg
volcanic-hosted massive sulfide (VMS) deposit that consists of
stacked lenses hosted in Jurassic rhyolitic volcanic rocks that form
a linear belt in the Andes of Tierra del Fuego (Ametrano et al., 2000;
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Broili et al., 2000; Biel et al., 2010) (Fig.1). Exploration conducted by
several companies has outlined two main targets: Sierra de Sor-
ondo and Sierra de Alvear, two parallel EeW trending mountain
ranges belonging to the Fuegian Andes (Fig. 1). Polymetallic sulfide
occurs as disseminations, stringers, and semi-massive to massive
lenses, outcropping widely along these two ranges. The area as
a whole is now referred to as the Fin del Mundo mining district
(Broili et al., 2000). Despite significant exploration, sufficient field
criteria have yet to be developed to provide a vector toward
potential ore zones. With this in mind, the current study was
undertaken to characterize the lithogeochemical and mineralogical
alteration halo surrounding the Arroyo Rojo, which represents the
major deposit in the study area.

The absence of well-defined mineral alteration zones as a result
of the development of intense foliation and mylonitization has
hindered field identification and hydrothermal alteration mapping.
Nevertheless, the use of a Portable Mineral Analyzer (PIMA) using
an SWIR spectral range (Short Wave Infrared: 1300e2500 nm) has
proved a powerful tool in this context. As demonstrated here, this
technique is able to distinguish between minor compositional
variations in hydrous minerals (e.g., chlorite and white mica).

The aim of this paper is to document the type of hydrothermal
alteration of the Arroyo Rojo VMS deposit, and determine the
spatial distribution of the main alteration minerals recognized by
PIMA spectral analysis. The integration of all these data allows us to
develop a hydrothermal alteration model for the deposit and to
Fig. 1. Rhyolitic belt of the Andes Fueguinos, showing the location of the volcanic-hosted ma
5: Lago Guanaco; 6: Arroyo Rojo; 7: Beatriz mine). Inset is a plate tectonic map of Tierra d
define prospecting criteria applicable to other zones of the volcanic
belt of Tierra de Fuego.

2. Regional geology

The study area is located on the Isla Grande de Tierra del Fuego
(Fig. 1), which is the largest of the Fuegian Archipelago islands,
located in southern Argentina between latitude 53e56�S and
longitude 66e72�W. The Isla Grande is situated at the boundary
between the South America and Scotia tectonic plates, which are
separated by the Magellan Fault. The VMS deposits of the Fin del
Mundo district occur on the Scotia Plate whose geology is related to
the succession of extensive to compressive and transcurrent
tectonic regimes related to three major orogenic cycles: the
Gondwanian, Patagonian, and Andean cycles. Triassic rifts related
to the breakup of Gondwana were reactivated in Early to Middle
Jurassic times, generating a back-arc basin at Gondwana’s margin.
Felsic volcanism associated with this event is intercalated with
multiple marine deposition episodes. The resulting volcanic, vol-
canoclastic, and pelagic marine sequence comprise the Lemaire
Formation.

Jurassic rifting evolved into a back-arc basin, contemporary to
the basic volcanism that produced the oceanic crust (Dalziel et al.,
1974). Abundant outcrops of Late Jurassic to Early Cretaceous basic
pillow lavas (Ophiolitic Tortuga Complex and Sarmiento Formation)
represent remnants of this oceanic floor. Synchronously, marine
ssive sulfide prospects (1: Puerto Almansa; 2: Gregores; 3: Sargent; 4: Rancho Hambre;
el Fuego (Barker, 2001).
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sedimentation in the basin gave rise to the Springhill Formation in
proximal areas and to the Yahgán Formation in distal ones.

3. Geology of the Arroyo Rojo deposit

The Arroyo Rojo deposit occurs in a regionwith eastenortheast-
verging thrusts and folds within a Late Jurassic regional volcano-
sedimentary complex (Lemaire Formation) and in proximity to
the overlying turbidites of the Yahgán Formation. The deposit is
stratigraphically underlain by rhyolites and dacites and overlain by
a complex unit composed of felsic tuffs, ignimbrites, and flows
(Fig. 2A). The regional metamorphic grade reached in the afore-
mentioned Lemaire and Yahgán Formations is greenschist facies
based on mineral assemblages and crystallochemical parameters of
phyllosilicates (Olivero and Martinioni, 2001; Biel et al., 2007).
Shear zones related to regional metamorphism are associated with
the presence of penetrative structural fabrics and mylonitic
Fig. 2. A) Geological map of the Arroyo Rojo deposit showing the location of drill holes an
showing the relation between mineralization, alteration, and lithotypes. Q: Quartz; Chl: C
references to color in this figure legend, the reader is referred to the web version of this a
foliation; as a consequence, both mylonites and metarhyolites have
developed (Biel et al., 2010). Despite intense deformation and
metamorphism, protoliths are still recognizable.

At the Arroyo Rojo deposit, massive sulfide lenses have devel-
oped at several stratigraphic levels and are connected by an alter-
ation zone that contains disseminated sulfides (Fig. 2B) or a zone of
veins parallel to or cutting the foliation at a low angle. Despite their
short lengths, these veins are limited to the footwall in what seems
to preclude a remobilization process linked to deformation.
Therefore, we consider them stringers. Surface and drilling
programs indicated interceptions between 1.5 and 4 m thick with
a true thickness at depths between 3 and 18.6 m of 1% Cu, 1.4% Pb,
and 3% Zn. The stockwork zone has not been found in either the
surface exposures or the investigated drill holes. The ore body has
a pyrite-rich base that passes upward through a massive ore to
a laminated upper portion. Ore minerals include pyrite, sphalerite,
chalcopyrite, galena, andminor tetrahedrite and bournonite. Barite,
d volcanic sequence. Massive sulfide lenses are drawn in red. B) Drill core sketch map
hlorite; Ser: Sericite; Cte: Calcite; Diss.: Disseminated ores. (For interpretation of the
rticle.)



Fig. 3. Photomicrographs of A) devitrified glass vesicles totally replaced by mono- and polycrystalline quartz under crossed polars; B) chloritite with pyrite disseminations under
parallel polars; C) open space adularia filling in an albitized rock under crossed polars; D) quartz and calcite association in a mineralized rock also showing spar calcite as fracture
fillings under crossed polars.
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Fe oxides, and chert are not present within or above the massive
sulfide lenses.
Fig. 4. Schematic diagram showing the distribution of hydrothermal alteration zones
related to the Arroyo Rojo deposit. An example of stratabound altered zones (Gifkins
et al., 2005) is included for comparison purposes. Cp: chalcopyrite; Po: pyrrhotite,
Py: pyrite; Sl: sphalerite; Td: tetrahedrite.
4. Samples and methods

A suite of over 160 samples from 5 drill cores (AR2, AR3, AR4,
AR6, and AR7) and 50 samples from surface exposures covering all
lithological units, mineralizations and alteration styles recognized
in the deposit were collected. In addition, 10 samples of weakly
altered or unaltered host rocks belonging to the Lemaire Formation
were gathered for comparison purposes in areas with no mineral-
ization and/or without hydrothermal alteration. The latter samples
will be referred to in this paper as regional rocks.

Mineral identification has been performed by means of optical
and scanning electron microscopy (SEM), X-ray Diffraction (XRD),
PortableMineral Analyzer (PIMA) and electronmicroprobe (EPMA).

After grinding and homogenizing the selected samples to
powders of <53 mm in grain size, their global mineralogy was
studied with XRD. Oriented aggregates (OA) were prepared by both
the <20 mm fractions separated by sedimentation. The XRD data
were processed with the XPowder software (Martin, 2004).

White mica and chlorite composition were determined by
a Cameca SX-50 electron microprobe at the Universidad de Barce-
lona. Structural formulae of the aforementioned phyllosilicates
were calculated based on 22 and 28 oxygens, respectively.

Special sample preparation is not necessary for the PIMA SP
Infrared Spectrometer because data acquisition is performed by
placing a clean, flat and dry sample surface on the spectrometer
window (10 mm). Infrared spectra were stored as computer files
with the Pimaview 3.1 software. This software allows us to



Fig. 5. Photomicrographs under parallel polars of A) polyframboids consisting of individual euhedral crystals; B) oriented planar dislocations in euhedral pyrite crystal; C) coarse
sphalerite grains with deformational twins and fine-grained recrystallization on the rims; D) oriented fractures in pyrite with incipient developing of cataclastic flow.

Table 1
Selected electron probe microanalyses of white micas in the massive sulfide lenses and the related hydrothermal alteration of the Arroyo Rojo deposit (normalized to 22
oxygens O10(OH)2).

Distal (n ¼ 50) Proximal (n ¼ 50) Massive sulfide (n ¼ 4)

Min Max Med S.D Min Max Med S.D Min Max Med S.D

wt %
SiO2 46.06 59.16 50.31 2.70 47.19 58.95 50.46 2.07 48.50 51.20 50.04 1.14
TiO2 0.00 2.50 0.14 0.40 0.00 0.19 0.06 0.04 0.02 0.04 0.03 0.01
Al2O3 20.96 39.25 30.57 3.89 22.72 30.94 28.80 1.66 27.03 28.14 27.53 0.49
FeO 0.08 2.66 0.49 0.41 0.19 2.00 0.63 0.35 0.22 0.53 0.32 0.14
MnO 0.00 0.08 0.02 0.03 0.00 0.09 0.02 0.02 0.00 0.05 0.02 0.02
MgO 0.26 5.02 2.91 1.45 2.87 6.02 3.91 0.97 3.99 6.07 5.01 0.88
CaO 0.00 1.83 0.16 0.35 0.00 0.12 0.03 0.03 0.00 0.01 0.00 0.01
Na2O 0.00 5.34 0.88 1.56 0.00 0.35 0.12 0.07 0.06 0.09 0.07 0.02
K2O 2.28 10.60 8.63 2.44 8.72 10.96 10.34 0.51 10.23 11.05 10.75 0.36
BaO 0.00 1.10 0.40 0.30 0.00 0.77 0.36 0.20 0.00 0.63 0.36 0.26
H2O 4.14 4.83 4.44 0.15 4.30 4.72 4.49 0.07 4.31 4.54 4.46 0.10
Total 95.29 103.1 99.09 1.66 95.18 102.4 99.22 1.40 95.12 100.4 98.61 2.37

a.p.f.u.
Si 3.01 3.97 3.33 0.17 3.26 3.75 3.36 0.09 3.34 3.38 3.36 0.02
Ti 0.00 0.13 0.01 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Al IV 0.03 0.99 0.67 0.17 0.25 0.74 0.64 0.09 0.62 0.66 0.64 0.02
Al VI 1.41 1.99 1.71 0.14 1.45 1.70 1.62 0.07 1.47 1.61 1.55 0.06
Fe 0.00 0.15 0.03 0.02 0.01 0.11 0.04 0.02 0.01 0.03 0.02 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.03 0.49 0.29 0.14 0.29 0.61 0.39 0.10 0.41 0.61 0.50 0.08
Ca 0.00 0.13 0.01 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.67 0.11 0.19 0.00 0.05 0.02 0.01 0.01 0.01 0.01 0.00
K 0.19 0.89 0.73 0.21 0.73 0.93 0.88 0.05 0.91 0.94 0.92 0.01
Ba 0.00 0.03 0.01 0.01 0.00 0.02 0.01 0.01 0.00 0.02 0.01 0.01
OH 1.84 2.00 1.96 0.05 1.93 2.00 2.00 0.02 2.00 2.00 2.00 0.00
Total (cat) 8.54 8.98 8.90 0.09 8.77 9.04 8.95 0.06 8.97 9.06 9.01 0.04

Oct 1.85 2.20 2.03 0.06 1.96 2.15 2.05 0.03 2.04 2.11 2.07 0.03
Int 0.64 0.94 0.86 0.07 0.75 0.98 0.91 0.05 0.93 0.95 0.94 0.01
Fe þ Mg 0.03 0.51 0.31 0.15 0.33 0.67 0.42 0.09 0.43 0.64 0.52 0.09
K þ Fe þ Mg 0.22 1.37 1.04 0.33 1.13 1.57 1.30 0.10 1.33 1.56 1.44 0.09
Na/(Na þ K) 0.00 0.78 0.13 0.23 0.00 0.05 0.02 0.01 0.01 0.01 0.01 0.00
Si/Al 1.01 2.39 1.43 0.25 1.36 2.20 1.49 0.15 1.51 1.57 1.54 0.03
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Fig. 6. A) K vs. (Fe þMg) plot showing white mica composition relative to proximity to
the massive sulfide lenses; B) AlVIeMgeFe cation plot showing trend to Mg-rich
chlorite with proximity to the massive sulfide lenses.
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determine and quantify mineralogy by comparing absorption
spectra with a reference library created to fit our case study. The
library contains spectra representing different pure minerals and
water, as well as selected SWIR spectra of Arroyo Rojo chlorites and
white micas with known chemical composition. It covers the wide
compositional variations found at the deposit.

5. From regional to hydrothermal alteration: mineralogical
and geochemical assessment

5.1. Regional alteration and metamorphism

The existence of a hydrothermal propylitic association is evident
in many samples far from the deposit. This consists of albite,
titanite, and clinozoisite, which do not show either a coherent
distribution pattern or spatial relation with the VMS-related alter-
ation, which suggests a different origin for that alteration.

Titanite is more abundant in the followingmembers of the study
sequence: dacites, ignimbrites, and glassy tuff. It is foliated after
regional planar-layered foliation. Titanite chemistry shows Al and
Fe content as high as 0.15e0.35 atoms per formula unit (apfu) and
>4 wt%, respectively. This agrees with the regional alteration of
titanite described in the Abitibi district (Hannington et al., 2003).
Clinozoisite has also been described in the district, showing similar
Fe2O3T content (<10 wt%) to that in the Arroyo Rojo deposit. In
addition, ferrous chlorites with Fe/(Fe þ Mg) values reaching 0.52
have been identified (Biel et al., 2010). According to Hannington
et al. (2003), the abundance of ferrous chlorite (Fe/
(Fe þ Mg) � 0.5), along with titanite and clinozoisite, indicate
a regional hydrothermal origin related to fluid circulation associ-
ated with a synvolcanic intrusion. This mineral assemblage repre-
sents the basal zone of a regional hydrothermal alteration model
proximal to a synvolcanic intrusion at T > 400 �C (Gifkins et al.,
2005).

Albitization and silification are well developed in felsic rocks
distal to the mineralized zones; they almost totally replace the
original rock (Fig. 3C). This mineral assemblage is typical of the
silification zone immediately above the basal zone of the regional
hydrothermal alteration model and of fluid temperatures between
300 and 400 �C (Skirrow and Franklin, 1994; Gibson et al., 2000;
Gifkins et al., 2005).

According to Caminos (1980), the metamorphic peak reached by
the Lemaire rocks is very low, corresponding to the prehnite-
pumpellyite facies. The typical mineral assemblage of this facies
for submarine volcanic sequences consists of prehnite, pumpellyite
and minor chlorite, albite, quartz, epidote, calcite, titanite and,
rarely, garnet (see Gifkins et al., 2005 and references therein). The
systematic lack of prenhite and pumpellyite in the Arroyo Rojo
volcanic sequence is consistent with the regional alteration. These
considerations are in accordance with other pervasively altered
VMS deposits, such as Mt. Lyell and the Que River (Walshe and
Solomon, 1981; Offler and Whitford, 1992), San Telmo, San Miguel
and Peña del Hierro from the Iberian Pyrite Belt (IPB) (Sánchez-
España et al., 2000) and Noranda (Riverin and Hodgson, 1980), in
which low-grade regional metamorphism is only recognizable in
zones of dynamic deformation focused along shear zones, such as
those occurring in the Arroyo Rojo area.

5.2. Hydrothermal alteration

The overlap of metamorphism, deformation, and local myloni-
tization make the field recognition of alteration zones and lith-
ofacies difficult. However, microscopic, PIMA, and XRD studies
allow us to identify different hydrothermal alteration types
including silicification, chloritization, sericitization, local
albitization, and, more rarely, carbonatization. The main charac-
teristics of the alteration types are the following:

(1) Silicification is a widespread alteration type throughout the
volcanic sequence. Its intensity is highly variable and tends to
decrease within the massive sulfide zones, where quartz is
mainly observed as pressure shadows on pyrite and sphalerite
crystals. Under the microscope, silicification occurs as a perva-
sive development of fine-grained quartz replacing glassy or
microcrystalline groundmass of rhyolites and tuffs, embayed
quartz and feldspar phenocryst, and phenoclasts, and occa-
sionally occupying intercrystalline spaces. This fine-grained
quartz is frequently associated with sericite. In addition,
quartz also fills pumice shards and glassy clasts vesicles of tuffs
as monocrystals or polycrystalline aggregates (Fig. 3A).

(2) Chloritization is the most pervasive alteration type and is
characterized by the development of medium- to fine-grained



Table 2
Selected electron probe microanalyses of chlorite in the massive sulfide lenses and the related hydrothermal alteration of the Arroyo Rojo deposit (normalized to 28 oxygens
O10(OH)8).

Distal (n ¼ 100) Proximal (n ¼ 106) Massive sulfide (n ¼ 98)

Min Max Med S.D Min Max Med S.D Min Max Med S.D

wt %
Si02 24.01 32.76 27.55 1.99 27.30 33.21 31.10 1.65 27.74 34.87 31.00 1.44
TiO2 0.00 0.08 0.02 0.02 0.00 0.07 0.02 0.02 0.00 1.93 0.04 0.19
Al2O3 14.15 22.63 19.66 1.43 16.06 21.43 19.14 1.22 15.77 20.40 18.60 0.93
FeO 11.30 27.08 20.50 4.83 2.36 18.98 6.49 5.54 2.35 14.46 6.57 3.22
MnO 0.00 0.58 0.20 0.19 0.17 0.65 0.37 0.13 0.14 0.64 0.41 0.09
MgO 11.04 25.96 18.54 3.73 17.36 33.05 28.95 4.44 22.03 32.73 28.77 2.28
CaO 0.00 0.75 0.07 0.10 0.00 0.18 0.06 0.05 0.00 1.48 0.06 0.15
Na2O 0.00 0.10 0.02 0.02 0.00 0.27 0.01 0.04 0.00 0.23 0.01 0.02
K2O 0.00 1.87 0.15 0.36 0.00 2.26 0.10 0.35 0.00 1.16 0.09 0.19
Total 95.86 102.2 98.27 1.31 96.03 102.0 98.68 1.76 95.45 100.8 97.88 1.24

a.p.f.u.
Si 2.62 3.23 2.85 0.14 2.79 3.16 3.00 0.10 2.82 3.28 3.02 0.10
Ti 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.15 0.00 0.01
Al IV 0.77 1.38 1.15 0.14 0.84 1.21 1.00 0.10 0.72 1.18 0.98 0.10
AI VI 0.89 1.84 1.26 0.14 0.90 1.63 1.18 0.10 1.03 1.49 1.15 0.07
Fe 0.92 2.45 1.79 0.46 0.18 1.58 0.53 0.47 0.18 1.24 0.54 0.27
Mg 1.70 3.87 2.85 0.52 2.54 4.59 4.15 0.56 3.33 4.64 4.17 0.28
Mn 0.00 0.05 0.02 0.02 0.01 0.06 0.03 0.01 0.01 0.05 0.03 0.01
Ca 0.00 0.08 0.01 0.01 0.00 0.02 0.01 0.00 0.00 0.16 0.01 0.02
Na 0.00 0.02 0.00 0.00 0.00 0.05 0.00 0.01 0.00 0.04 0.00 0.00
K 0.00 0.24 0.02 0.05 0.00 0.28 0.01 0.04 0.00 0.14 0.01 0.02
Total 9.57 10.07 9.95 0.08 9.75 10.04 9.92 0.05 9.68 9.99 9.92 0.05

Oct 5.36 6.06 5.90 0.12 5.44 6.00 5.86 0.08 5.48 5.94 5.86 0.07
Int 0.00 0.26 0.03 0.05 0.00 0.29 0.02 0.04 0.00 0.20 0.02 0.03
Mg/(Fe þ Mg) 0.48 0.78 0.61 0.10 0.66 0.96 0.88 0.10 0.74 0.96 0.89 0.06
Fe/(Fe þ Mg) 0.22 0.52 0.39 0.10 0.04 0.34 0.12 0.10 0.04 0.26 0.11 0.06
Fe þ Mg 3.52 5.09 4.64 0.24 3.81 5.10 4.69 0.16 3.99 4.88 4.71 0.12

Fig. 7. Histograms of white mica AleOH (A, C) and chlorite FeeOH (B, D) band
wavelengths for barren and mineralized samples.
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and rare radial-growing fan-shaped chlorite as partial or total
replacement of tuff matrix and glassy clasts. By contrast, in the
massive sulfide lenses chlorite occurs as fine- to coarse-grained
aggregates, locally filling cracks. In addition, chlorite occurs as
fringes or halos accompanying pressure shadows developed on
pyrite and sphalerite crystals in both massive sulfide and
disseminated mineralization. As a result, an altered rock
composed of more than 90% modal chlorite (chloritite,
following Schermerhorn, 1978) is commonly located beneath
massive sulfide bodies, especially where country rocks have
pyrite-rich stringers (Fig. 3B).

(3) Sericitization is less pervasive than the previously mentioned
alteration types in the footwall and more extensive in the
hanging wall. Sericitization displays two petrographic types:
(1) fine-grained sericite þ quartz þ (calcite) aggregates
partially to totally replacing both K-feldspars phenocrystals
and the aphanitic volcanic groundmass, and (2) as elongate
coarse-grained aggregates within ore-bodies, forming pressure
shadows in relation to disseminated pyrite crystals in the
footwall. It is pertinent to our discussion that silicification
along with a weak sericitization is the main alteration type in
the so-called regional rocks.

(4) Albitization. Although the origins of this process at the Arroyo
Rojo deposit still remains controversial, textural evidences
suggest two different and overlapped albite formation stages:
(a) a regional hydrothermal alteration (e.g., Skirrow and
Franklin, 1994; Gibson et al., 2000; Gifkins et al., 2005) char-
acterized by albite fine-grained groundmass replacements of
volcanic glass and phenocrysts of the rhyolitic rocks, as well as
filling veins (Fig. 3C) and (b) an earlier local hydrothermal
alteration, similar to that reported at the IPB by Sánchez-
España et al. (2000), evidenced as Na-plagioclase rims and
patches replacing primary K-feldspar in weakly altered
volcanic rocks.
(5) Carbonatization is rare, but when found, it occurs as spar
crystals within sulfides, as filling veinlets and pumice vesicles
in the mineralized horizons, and as defining crystal growth
zones in quartz, suggesting a late hydrothermal alteration stage



Fig. 8. AleOH band of white mica and FeeOH band of chlorite of drill hole AR4.
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(Fig. 3D). In the AR6 drill hole (Fig. 2B) calcite appears as fine-
grained aggregates commonly associated with micas and lesser
amounts of chlorite in the sericitic zones.

The morphology and zonation of the hydrothermal alteration
halos associated with the polymetallic Arroyo Rojo deposit fit the
stratabound hydrothermal alteration model (Gifkins et al., 2005
and references therein), which is typically parallel to volcanic
stratigraphy (Figs. 2B and 4) with a footwall alteration that is more
intense and more extensive than the hanging wall alteration.
Nevertheless, the mineral replacement of the previously formed
seafloor sediments by fluids infilling primary pore spaces in host
rocks cannot be disregarded.

From footwall to hanging wall, the mineralogy is as follows
(Fig. 4):

Quartz-Chlorite � Sericite is the main footwall alteration
assemblage that occurs as a fine-grained groundmass totally
replacing volcanic matrix and partially replacing phenocrysts and
could be defined as a distal assemblage observed in country rocks
away from the mineralized domains. It hosts either barren rocks or
disseminated framboidal and euhedralesubhedral aggregates of
pyrite crystals, except at the bottom of drill hole AR6, where this
alteration assemblage is related to a distinct ore assemblage con-
sisting of semi-massive to massive pyrrhotite showing 120� triple
junctions in polygonal grains of granoblastic texture with dissem-
inated framboidal and poliframboidal pyrite and rare chalcopyrite
(Fig. 5A). Pressure shadows of quartz, chlorite, and muscovite are
also present.

Quartz-Chlorite. Passing upward gradually, the chloritization
becomes more intense and is associated with disseminated pyrite
showing primary depositional textures: framboidal, colloform and
euhedral relict cores with concentric growing zonation. Dissemi-
nated sphalerite grains display preferred oriented lattice disloca-
tions and develop pressure shadows, primarily of fibrous quartz, in
the proximal footwall zone. Quartz veins with subordinate pyrite,
sphalerite, and rare chalcopyrite and galena have also been iden-
tified as stringers.

Chlorite�(Quartz-Sericite-Calcite). Chloritite is the main hydro-
thermal alteration product at this level and coexists with massive
and semi-massive sulfides, consisting of coarse-grained porphyro-
blasts of pyrite in a fine-grained and layered matrix of sphalerite
with minor chalcopyrite and galena and rare tetrahedrite and
bournonite (Fig. 5B). Sphalerite and chalcopyrite display growth
twins and deformation textures such as twinning and dislocation
lattice, which are also present in pyrite and galena (Fig. 5B and C).
Triple junctions in polygonal grains of recrystallized sphalerite,
galena, and pyrite are observed. Finally, annealing twins have
appeared in sphalerite.

Quartz-Chlorite � Calcite. Deformation and metamorphism are
more intense in the proximal hanging wall zone (Fig. 4). Conse-
quently, mylonites, metarhyolites, and brecciated sulfide mineral-
ization are locally present, along with a widespread pyrite and rare
disseminated sphalerite mineralization. Pyrite elongation parallel
to regional foliation has been observed in mylonites, as well as
indentation and sutured grain boundaries. Major pyrite porphyr-
oclasts show aligned cracks and microfractures, which are filled
with ductile phases: gangue minerals, sphalerite, chalcopyrite, and
galena (Fig. 5D).

Sericite þ Quartz � Chlorite. This is the wider hanging wall
(Fig. 4) alteration zone, located at the top of the deposit,
exhibiting some telescoping with the previously mentioned
zone. It occurs as a fine-grained groundmass replacing the
volcanic matrix and partially replacing phenocrysts.
Although it contains locally disseminated pyrite, it is
essentially barren.
6. Mineralogical results

6.1. X-Ray mineralogy and mineral chemistry

Quartz, feldspars, and phyllosilicates are the most abundant
components. Minor amounts of sulfides, mainly pyrite and calcite,



Fig. 9. Contour maps of (A) white mica AleOH band and (B) and chlorite FeeOH band intensities.
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are also present. The phyllosilicates in all lithologies are chlorite
and illite.

Electron probe microanalysis (EPMA) shows that chemical
composition of white micas (Table 1) is controlled by their spatial
position relative to mineralization. Proximal white micas are
marked by amore phengitic composition ((FeþMg) content and Si/
Al ratios) in the proximity of sulfide zones: 0.42 and 1.49, respec-
tively, and 0.52 and 1.54 for ore lenses (Fig. 6A). The immediate
outer zones are marked by a less phengitic composition
((Fe þ Mg) ¼ 0.31 and Si/Al ¼ 1.43). Paragonite content, expressed
by the ratio (Na/(Naþ K)), is<0.05 in proximal areas, while in distal
areas it is 0.13 (Table 1; Fig. 6A).

Based on EPMA, the chlorites (Table 2, Fig. 6B) close to the
sulfide lenses are richer in Mg (4.15 apfu) than distal chlorites,
which show Mg content of 2.85 apfu.
6.2. Short-wave infrared spectroscopy

The SWIR spectra of white mica associated with mineralization
have AleOH absorptionwavelengths ranging from 2189 to 2228 nm
with two different populations. The vast majority of the samples
vary between 2215 and 2225 nm, and the remainder is set at
2190 nm (Fig. 7). According to Scott et al. (1998), these two pop-
ulations correspond to phengitic and paragonitic compositions,
respectively.

Variations of white mica AleOH bond absorption wavelengths
with lithology show that there is no clear relation between bulk
rock composition and white mica spectral features except on rocks
lacking white micas, that is, dacite and ignimbrite. In spite of
fluctuations in the bulk rock composition, there appears to be
a tendency toward increasing AleOH band wavelength close to



Fig. 10. PIMA data vs. EPMA chemical data for (A) white micas and (B) chlorites from
the Arroyo Rojo prospect. r: Pearson product correlation coefficient; Mg#: 100Mg/
(Mg þ Fe).
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massive sulfide (Fig. 7), highlighting a shift toward more phengitic
compositions. In fact, mineralized parts of the sequence showmost
values between 2205 and 2225 nm (muscovite-phengite), while
the non-mineralized parts have values ranging from 2190 to
2200 nm (paragonite). To better demonstrate the relationship
between the AleOH band wavelength and mineralization, an AR4
drill hole is plotted in Fig. 8. The AleOH band is<2195 nm in its first
non-mineralized 40 m and progressively reaches values of
>2215 nm in proximity to mineralization. The AleOH absorption
spectral mapping shows increasing AleOH wavelengths in the
proximity of the mineralized lenses, reaching values >2220 nm
(Fig. 9A), corresponding with the most important population of
mineralized samples (Fig. 7). The AleOH absorption feature
wavelength decreases progressively toward the north, far from the
sulfide mineralization and is well observed in the northwest part of
the map (Fig. 9A). Fig. 9A demonstrates that spectra distribution is
in line with mineralogical distribution because it agrees with the
lower white mica content relative to chlorite abundance in prox-
imity to mineralized lenses. This spatial distribution is at odds with
the observations at other VMS deposits, such as Myra Falls (Jones
et al., 2005) or Western Tharsis (Huston and Kamprad, 2000;
Herrmann et al., 2001; Gifkins et al., 2005), in which the AleOH
<2198 band is in the proximity of mineralized zones and progres-
sively increases to values >2204 in distal zones.

This agrees with EPMA data, which show a more phengitic
composition in proximity to sulfide zones and less phengitic
composition in the immediately outer zones. White mica compo-
sitions show a good linear correlation between AleOH absorption
wavelength and phengitic content (Fe þ Mg) and Si/Al and (Na/
(Na þ K)) ratios (Pearson’s r of 0.96, 0.81, and �0.86, respectively)
(Fig. 10A).

AleOH wavelength distribution in the Arroyo Rojo deposit
shows a sericitic alteration halo of phengitic composition
surrounding the main mineralized lenses. The occurrence of
phengite in the proximity of ore bodies has been described in other
VMS deposits like Prince Lyell (Hendry, 1981), Hellyer (Yang, 1998),
Salgandinho (Plimer and Carvalho, 1982), and Draa Sfar (Belkabir
et al., 2008).

Variations of chlorite FeeOH bond absorption wavelength
values in the deposit lie between 2231 and 2260 nm, corresponding
to Mg in intermediate-Fe chlorite compositions (Pontual et al.,
1997; Scott et al., 1998). No mineralized tuffaceous breccias or
glass and crystal tuffs show FeeOH wavelengths absorption values
ranging from 2230 to 2260 nm (Fig. 7). The lower values in this
range (<2250 nm) correspond to Fe/(Fe þ Mg) values from 0.04 to
0.26 for proximal samples, whereas values>2250 correspond to Fe/
(Fe þ Mg) from 0.26 to 0.36 for distal samples, showing a general
decreasing of FeeOH wavelength as the proximity to massive
sulfides increases (Fig. 9B). Although this tendency is graphically
depicted in Fig. 7, showing that the majority of wavelength values
are <2252 nm for mineralized areas and those >2252 nm for non-
mineralized areas, it is better defined in the AR4 drill hole (Fig. 8). In
this drill hole, FeeOH absorption wavelength decreases sharply in
mineralized zones.

The FeeOH absorption spectral mapping shows �2245 nm
values in the proximity of the mineralized lenses, reaching
>2250 nm values in distal zones. This increase is more evident at
the top of the deposit, as is observable in the SW part of the map
(Fig. 9B). This tendency is similar to that of the Myra Falls deposit
(Jones et al., 2005), where chlorite FeeOH wavelength decreases
progressively from >2250 nm to <2240 nm values in mineralized
zones.

As with the white mica, a comparison of spectral data with
chlorite compositions yields very good results. There is a linear
correlation of r ¼ �0.74 between the chlorite Mg number (100Mg/
(Mg þ Fe)) and the FeeOH absorption feature (Fig. 10B). Conse-
quently, the highest Mg/(Mg þ Fe) values, varying between 0.66
and 0.96, correspond to the proximal zone, while values ranging
between 0.48 and 0.78 are those from the distal areas. This
contrasts noticeably with previous studies (Herrmann et al., 2001;
Jones et al., 2005) in which FeeOH absorption feature has no
significant correlation to chlorite composition.

According to McLeod and Stanton (1984), this distribution
indicates a chlorite alteration pattern with an inner Mg-chlorite
core and an intermediate to ferrous chlorite external zone. This
pattern has also been observed in other VMS deposits, such as
Thalanga (Paulick et al., 2001), Noranda (Riverin and Hodgson,
1980), Myra Falls (Jones et al., 2005) and at the Japanese Kuroko
deposits (Urabe et al., 1983).

Regional rock samples taken from Lemaire Formation outcrops
far from the mineralization have also been analyzed with infrared
techniques for comparison purposes (Fig. 11). Weak silicification
and sericitization and rare chloritization are the main alteration
types of the regional rocks. The obtained chlorite spectra show
FeeOH band ranges between 2240 and 2259 nm, with most of the



Fig. 11. Histograms of (A) white mica AleOH and (B) chlorite FeeOH band wavelengths
for regional rocks.
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values between 2250 and 2258 nm, matching those from distal
areas at the Arroyo Rojo deposit. Therefore, ferrous chlorite may be
the result of regional hydrothermal alteration or metamorphism.
White mica AleOH absorption features do not fit as well with the
Arroyo Rojo trends as the chlorite spectra. Values varying from 2216
to 2229 nm are higher than those from the distal zone at the Arroyo
Rojo deposit (Fig. 7). This result may be due to a local distribution
pattern of white mica alteration in the deposit caused by hydro-
thermal alteration overprinting over regional alteration, meta-
morphic or diagenetic weathering. An external paragonitic zone
surrounding the main sericitic zone has also been described in the
VMS deposits of Aljustrel and Neves Corvo (Relvas et al., 1997), both
of which display a stratabound hydrothermal alteration model
similar to that of Arroyo Rojo.
7. Conclusions

(1) At Arroyo Rojo, massive sulfide lenses are developed at several
levels and are connected by a zone of stringers or alterations
with disseminated sulfides. Hydrothermal alteration, regional
metamorphism (greenschist facies), and local mylonitization
have modified the Arroyo Rojo stratigraphic sequence.

(2) The strongest hydrothermal alteration occurs immediately
below the ore lenses. This alteration consists of the assemblage
chlorite � quartz � sericite � calcite. Zones of strong sericiti-
zation are present elsewhere. Silicified zones occur primarily as
stringers, and albitized and carbonatized zones occur only
locally.

(3) Chlorite and mica compositions show systematic trends rela-
tive to spatial distribution: fromMg-rich chlorite and phengite-
phengitic muscovite in proximal zones to Fe-rich chlorite and
paragonitic muscovite in distal areas.

(4) Chlorite and white mica SWIR-characteristic bands have been
used to delimit the mineralized lenses and to define subzones
within the chlorite and sericite zones. The AleOH and FeeOH
absorption wavelengths can be considered diagnostic of
mineralization: 2220 nm and 2252 nm for white mica and
chlorite, respectively, define a sharp zone enveloping the
massive sulfide mineralization. Both AleOH and FeeOH
absorption features have a significant correlation with white
mica and chlorite compositions. Different lithologies generally
show a similar range of AleOH and FeeOH absorption features,
suggesting that lithology did not play a major role in deter-
mining the degree of alteration.

(5) The combination of mineralogical and spectral techniques
confirms the applicability of PIMA as an effective exploration
and vectoring tool in areas like Tierra del Fuego.
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