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Abstract

The Andean belt southwest of Mendoza, Argentina, hosts 23 Fe, Fe-Cu, and Cu (Ag) deposits classified vari-
ously in the literature as skarn, iron oxide-copper-gold (IOCG), and manto-type Cu deposits. The Vegas Peladas
deposit is one of the best exposed Fe skarns with mineral assemblages and hydrothermal features similar to many
other calcic Fe skarns of the world. The plutonic rocks of Vegas Peladas consist of a series of diorite to granite
stocks, dikes, and sills. The major-, trace-, and rare earth-element geochemistry analyses of these igneous rocks
indicate they were derived from subarc mantle sources. The Vegas Peladas deposit formed by the overprinting of
two different metamorphic and metasomatic events associated with early diorite and later granite intrusions.

Alteration associated with the early diorite intrusions consists of a metamorphic halo (800 m wide) and a
zoned calcic skarn with inner garnet (Adsiso Pyo.o) + clinopyroxene + magnetite + quartz, intermediate garnet
(Adss.s1 Py1a) = clinopyroxene, and distal veins of garnet (Adgs.100) + pyroxene (Hdra.9 Joi4). The latest alter-
ation consists of widespread albite (Abgs.gs) + epidote + quartz + calcite = chlorite = pyrite = titanite. Magnetite
and hematite are the main iron ore minerals and occur as massive orebodies and veins associated with retro-
grade epidote and amphibole. Alteration of the diorite consists of early orthoclase + quartz followed by later
amphibole + quartz + magnetite = epidote = feldspar.

The granite-related skarn overprints the earlier diorite-related skarn and consists of garnet + clinopyroxene
+ scapolite (Meas_36) + quartz = alkali feldspar endoskarn and a zoned exoskarn with proximal garnet + clinopy-
roxene = quartz, intermediate green garnet (Adso.si Pyo.1) + clinopyroxene (Dis2.93 Jos2), and distal scapolite
(Megs.36) + ferroactinolite + pyrite veins.

Based on fluid inclusion, stable isotope, and REE data, the prograde skarn formed at depths of ~ 3.5 km under
lithostatic pressure of ~1 kbar, from high temperature (670°—400°C), saline and iron-rich (>50 wt % NaCl equiv,
NaCl + KCI + FeCly) magmatic fluids (garnet 015020 = 7.2-8.5%0) with intermediate oxygen fugacity. Iron ore
and retrograde exoskarn assemblages formed under hydrostatic condition after the fracturing of early skarn. Flu-
ids in this stage had lower temperature (T<320°C) and salinity (<48.5 wt % NaCl equiv, NaCl-KCI-FeCl,-HO-
COs*). The mineralogy and positive Eu anomaly of the retrograde assemblage indicate an environment with high
oxygen fugacity. Mixing and dilution of early magmatic fluids with external fluids (e.g., meteoric waters) caused a
decrease in fluid temperature, salinity, and total REE concentration in latest stage of the skarn formation (epi-
dote, quartz, and calcite 0150mn20 = —4.66 to +4.3%o0; 03Cqua = —10.3 to —7.2%0). The intrusion of the granite
pluton increased the wall-rock temperature (>550°C) and also generated saline (30.3 to 45.3 wt % NaCl equiv,
H20-NaCl-FeCly) + vapor fluids by immiscibility that redistributed some of the iron from the previous skarn.
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Introduction

VEGAS PELADAS is one of 23 Fe, Fe-Cu and Cu (Ag) prospects
in a 20- by 200-km zone along the Andean belt of southwest
Mendoza province, Argentina (34°-36°S and 69.5°-70°W:
Figs. 1 and 2; Franchini et al., 2007). The deposits share a
number of mineralogical characteristics although individual
deposits have been classified as skarn (as described by Ein-
audi et al., 1981; Meinert et al., 2005), iron oxide-copper-
gold-(IOCG) type systems (as described by Williams, 1999;
Pollard, 2000), and manto-type Cu deposits (as described by
Espinoza et al., 1996) (see Franchini et al., 2007). This article
describes the geology of the Vegas Peladas deposit and its al-
teration characteristics and documents a variety of skarn types
among the prospects in the Mendoza belt. The excellent out-
crops of the Vegas Peladas Fe skarns make this an ideal region
to shed light on the genetic model for this type of deposit.
Vegas Peladas (35°20'07"S, 69°57'28"W) is located 35 km
northwest of Malargiie, Argentina, in the Vegas Peladas
glacial valley on the northeast slope of Las Minas Hill at an
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F1c. 1. Location map of (A) the Malargiie fault and thrust belt in the
Southern volcanic zone of the Andes Cordillera and (B) the Neuquén basin
in the Cordillera Principal of the southwest Mendoza province, Argentina.

elevation of 2,900 m (Fig. 2). The district was first studied by
Angelelli (1942) and more recently by Arrospide (1972), who
described the geologic setting and proposed a metasomatic
origin for the iron ore. The present study is the result of three
months of surface mapping between 2002 and 2004 and sub-
sequent petrographic and analytical work.

Regional Geology

Vegas Peladas is located in the continental margin of South
America, 317 km east of the trench where the oceanic Nazca
plate subducts eastward beneath the continental plate. Vegas
Peladas is in the Andes mountain segment known as
Cordillera Principal of southwest Mendoza (Mpodozis and
Ramos, 1989; Ramos and Nullo, 1993; Ramos, 1999a) (Fig.
2A, B). The Paleozoic basement was formed from multistage
accretion events that started in the Neoproterozoic (Mpodozis
and Ramos, 1989; Ramos, 1999a, b) and culminated with the
extensional collapse of the orogenic belt during the late Pale-
ozoic to early Mesozoic. This extensional event was responsi-
ble for the initial configuration of the Neuquén basin (Bor-
rello, 1969; Vicente, 1975; Uliana et al., 1989). The basin was
later filled with more than 6,000 m of Mesozoic and Tertiary
sedimentary rocks in the southwest Mendoza area (Yrigoyen,
1979) deposited during several sedimentary, marine, and con-
tinental cycles represented by siliciclastic, calcareous, and
evaporitic layers (Legarreta et al., 1993). The stratigraphic
section is illustrated in Figure 2C.

The current structural setting is the consequence of normal
subduction of the Nazca slab underneath the American plate,
which began in the Tertiary (Gulisano and Gutiérrez Pleim-
ling, 1995) and formed the thick-skinned Malargiie fold and
thrust belt (Ramos et al., 1996). This belt consists of thrust
slices of the sedimentary sequences with eastern vergence
and north-south, northeast-southwest, and northwest-south-
east trends (Fig. 2B). A period of intense magmatism consist-
ing of three magmatic cycles was synchronous with the com-
pression events (Ramos and Nullo, 1993): an upper Eocene to
lower Oligocene event restricted to the southwest Mendoza
region, a Miocene event consisting of widespread intrusive
and volcanic rocks (Bouza, 1991; Baldauf et al., 1992; Ramos
and Nullo, 1993), and a Pliocene to Quaternary event (Fig.
2B), which formed the Transitional southern volcanic zone
(TSVZ) (Lépez-Escobar, 1984). The plutonic rocks of the
Vegas Peladas are part of the Miocene magmatic cycle and
consist of a series of diorite to granite stocks, dikes, and sills.

Local Geology

The oldest geologic units in the Vegas Peladas district are the
early to middle Jurassic marine sedimentary rocks of the
Puchenque (Hettangian-lower Callovian) and Calabozo (early-
middle Callovian) formations. These units crop out to the north-
east of Las Minas Hill on both sides of the Vegas Peladas Creek
(Fig. 3A, B). The Puchenque Formation consists of 450 m of
claystone with interbedded siltstone, black shale, and sandstone
with calcareous cement. The Calabozo Formation is a 50- to
100-m-thick homogeneous package of mudstone-wackestone.
Evaporitic rocks of the Auquilco Formation (late Oxfordian to
Kimmeridgian Lotena-Chacay Group) crop out discontinuously
along the northeast side of Vegas Peladas Creek and overlay the
previous units with a tectonic contact (Fig. 3A). Southeast of
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Fic. 2. A. Inset showing the location of Figure 2B. B. Geologic map of the thrust belt of Malargiie (modified from Ko-
zlowski et al., 1993; Mendez et al., 1995; Nullo et al., 2002) showing the location of the Vegas Peladas iron skarns and other
Fe, Fe-Cu, and Cu (Ag) prospects (after Franchini and Dawson, 1999; Franchini et al., 2007). C. Detail of the stratigraphic
column (modified from Legarreta et al., 1993) in the thrust belt of Malargiie. F. = formation, Pm = Permian, Tr = Triassic.

Vegas Peladas Creek, continental and clastic sedimentary rocks
of the Tordillo Formation (Mendoza Group) unconformably
overlie the Auquilco Formation (Fig. 3A).

On both sides of the Vegas Peladas Creek, the sedimentary
rocks were intruded by a series of Neogene plutons, dikes,
and sills. In the southeast area of the valley, Quaternary
basalts overlie the sedimentary sequence and the intrusive
units in angular disconformity. Sediments of glacial, mass-
wasting, and fluvial origin partially cover the cirques, slopes,
creeks, and valleys (Fig. 3A, B).

At Vegas Peladas, Tertiary compression deformed the
Jurassic sedimentary rocks of the Puchenque and Calabozo
Formations into a south-southeast-trending anticline that
was intruded by a granitic pluton (Fig. 3A, B). The evaporitic
rocks of the Aquilco Formation behaved as bedding-plane
thrusts with eastern vergence that caused repetition of the
Tordillo Formation in the southeast portion of the area. A
subvertical fault developed along the anticline axis, cutting
the igneous bodies and exposing the contact between the ge-
ologic units.
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Fic. 3. A. Geologic map of the Vegas Peladas district with the location of analyzed igneous rocks shown in Tables 1, 2,
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Igneous rocks

Four hypabyssal igneous units have been identified and
mapped (Fig. 3A, B): diorite and granodiorite plutons that
form the Cerro de las Minas Hill, a granite pluton emplaced
in the periphery of the hill and elongated along Vegas
Peladas Creek, and andesite dikes and sills that cut the ear-
lier intrusions. The dioritic pluton is the oldest igneous unit.
Its composition ranges from diorite to tonalite, with diorite
being the most widespread. The diorite and tonalite contain
zoned plagioclase, pyroxene, amphibole, biotite, and quartz,
with accessory magnetite, minor titanite, and apatite, and
traces of zircon. In some diorite samples, amphibole contains
relict orthopyroxene and clinopyroxene cores. The texture
varies from microporphyritic to glomerophyritic. The gran-
odiorite pluton intruded the northern and central parts of
the diorite pluton. It contains plagioclase, amphibole, quartz,
and biotite, with accessory magnetite, apatite, and zircon,
and its texture varies from granular in the center to por-
phyritic at the margin.
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Locally, the presence of abundant diorite-tonalite xenoliths
(50 vol %) within the granodiorite pluton (Fig. 3A, B) and tex-
tural evidence for plastic flow suggest that mingling occurred
between the diorite-tonalite and granodiorite magmas (Pons
et al., 2007). The presence of primary magnetite and biotite
in both plutons suggests intermediate oxygen fugacity during
their emplacement. The granite pluton intrudes the diorite-
tonalite and the granodiorite stocks with sharp contacts in the
southeastern part of the district. In the northeastern sector,
the contact of the granite with the Puchenque Formation is
concordant and characterized by hydraulic fracturing of the
sedimentary rock; some fractures are filled with dikes and sills
of rhyolite. Andesite dikes and sills intruded all these igneous
units and are more abundant at the southeast end of the val-
ley. Rb-Sr isotope analyses of whole rock and biotite yielded
an isochron age of 15.19 + 0.24 Ma for granodiorite (Fig. 3A,
sample VP27-E: Pons, 2007).

The chemical classification of these rocks (Fig. 4A; Table 1)
is consistent with their mineralogy and similar to other
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FI1G. 4. Chemical characterization of least-altered igneous rocks of Vegas Peladas associated with Fe skarns. The compo-
sition of igneous rocks associated with the Hierro Indio Fe skarn (from southwest Mendoza; after Franchini et al., 2005), and
with Fe skarns worldwide (from Meinert, 1995) are shown for comparison. A. Total alkalis vs. silica classification (Bellieni et
al., 1996). B. Aluminum saturation index. C. AFM diagram with calc-alkali-tholeiitic boundary line from Irvine and Baragar
(1971). D. MgO vs. SiOz diagram.
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plutons of southwest Mendoza that are associated with iron
skarns and to intrusive rocks associated with iron skarns
worldwide (cf. Meinert, 1995). They are intermediate to sili-
cic in composition (Table 1), metaluminous, I-type (Chapell
and White, 1992) (Fig. 4A, B), and subalkaline with calc-alka-
line affinity (Fig. 4A, C). In SiOs versus total alkalis and SiO»
versus MgO diagrams (Fig. 4A, D), the diorite samples plot in
the less differentiated field, with low SiOs and high MgO,
similar to primitive plutons associated with iron and gold
skarns (Meinert, 1995). In both diagrams the granite samples
that lack mafic minerals plot in the opposite side of the dior-
ite samples (Fig. 4A, D).

The N-MORB normalized trace element patterns (Pearce,
1996) of all the Vegas Peladas igneous rocks show a negative
Nb anomaly relative to Th and Ce and negative Ti anomaly
relative to Zr and Y, with Zr and Y values close to 1 (Fig. 5A).
These patterns are all characteristic of calc-alkaline magmas
derived from a subarc mantle source, with scarce or no garnet
in the source. The REE patterns of the diorite and granodi-
orite plutons are similar to those of the igneous rocks associ-
ated with Fe and Au skarns, whereas the granite has a pattern
more similar to plutons associated with Zn skarns (Fig. 5A,
B). Like other plutons associated with iron skarns of south-
west Mendoza, the concentrations of trace elements and
REE in the Vegas Peladas igneous rocks are similar to the
Planchén-Peteroa (35°30°S) and Nevados del Chillan (36°30°S)
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Fic. 5. A. Trace element abundance normalized to N-MORB (Pearce,
1996) for the Vegas Peladas igneous rocks; for comparison, the field of ig-
neous rocks from Fe skarns worldwide and the Hierro Indio Fe skarn. B. The
average trace element contents of igneous rocks from Fe, Au, Cu, Zn world-
wide skarns (data from Meinert 1995).

Quaternary volcanic groups (Quaternary Volcanic Arc of the
Transitional southern volcanic zone, TSVZ, 34°30°-37°S),
which were emplaced in a relatively thin continental crust
(~35-50 km: Davidson et al., 1988; Hildreth and Moorbath,
1988; Tormey et al., 1991; Franchini et al., 2003; Pons et al.,
2007). The preliminary 87Sr/56Sr ratio of 0.704351 =+ 0.000044
(Pons, 2007) is consistent with a mantle source for these rocks
with little to no crustal contamination (cf. Hildreth and Moor-
bath, 1988).

Samples and Analytical Methods

This study is based on 400 samples collected from mapped
outcrops. Samples were analyzed by transmitted and re-
flected light petrography and X-ray diffraction (Rigaku-DII-
Max) at the Centro de Investigaciones de Minerales Arcil-
losos of the Universidad Nacional del Comahue (Neuquén,
Argentina). The chemical compositions of the minerals (220
analyses) were determined by electron microprobe at the
Centro de Desenvolvimento da Tecnologia Nuclear (CDTN,
CNEN, Belo Horizonte, Brazil, using a Jeol-JXA- 8900 RL
WD/ED microprobe), at the Servicios Cientificos-Técnicos
of the Universidad de Barcelona, and at the Departamento de
Geologia of the Universidad de Oviedo, Spain (using Cameca
SX50). Microprobe analyses of igneous and alteration miner-
als are available in Appendices 1-7 as a digital supplement
online at <http://www.geoscienceworld.org/> or, for sub-
scribers, on the SEG website, <http://www.segweb.org>.

Microthermometric analyses of fluid inclusions (270 inclu-
sions) in quartz, garnet, pyroxene and calcite were carried out
using Linkam (~180°/+600°C) fluid inclusion cooling-heating
stages at the Fluid Inclusion Laboratory of the Departamento
de Geologia of the Universidad Nacional del Sur, Bahia
Blanca, Argentina. Homogenization temperatures higher
than 550°C were measured with a Leitz Wetzlar Heating
stage 1350 for melt inclusions, with Heinzinger 16-30 control
system, at the Centro de Desenvolvimento da Tecnologia Nu-
clear, Belo Horizonte, Brazil. Synthetic standards from Bub-
bles Inc. were used to calibrate microthermometric analyses.

Sixteen samples of least-altered igneous rocks were ana-
lyzed for major and trace and rare earth elements by induc-
tively coupled plasma-emission spectrometry (ICP-ES), ICP
mass spectrometry (ICP-MS), and X-ray fluorescence at Alex
Stewart Assayers Ltd., Ireland, at Acme Analytical Laborato-
ries Ltd., Canada, and at the Instituto de Geociéncias of the
Universidade de Sdo Paulo, Brazil, respectively. Ten samples
of the sedimentary rocks, hornfels and skarn were analyzed
for REE concentrations at Acme Analytical Laboratories
Ltd., Canada. Seven samples of the Vegas Peladas mineral-
ized skarn were analyzed for base and precious metals by
ICP-ES and for Au by fire assay (with atomic absorption fin-
ish), at Acme Analytical Laboratories, Canada.

A radiometric age for an igneous rock sample (Vegas
Peladas granodiorite) was determined by $7Rb/Sr in whole
rock and in biotite at the CPGeo-Centro de Pesquisas
Geocronolégicas, Instituto de Instituto de Geociéncias of the
Universidade de Sdo Paulo, Brazil.

Selected silicates, carbonates and oxides were analyzed for
0180, 6D, and 8'3C, as appropriate, at the Servicio de Iséto-
pos Estables, Universidad de Salamanca, using two SIRA-II,
gaseous source, and dual inlet mass spectrometers. Samples
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were prepared by handpicking and then converted to a suit-
able gas in dedicated extraction lines. Oxygen from silicates
was analyzed as COz produced by laser fluorination, mostly
following Sharp (1990), using a 25-W CO; laser and a dedi-
cated extraction and purification line. Hydrogen extraction
for isotopic analyses was based on the work of Godfrey
(1962). Minerals were melted by induction heating and the
water released was reduced to Hs gas over hot depleted U.
Carbonates were analyzed as COs produced by acid reaction
using 103 percent H3PO4 (McCrea, 1950). Isotopic results
are reported in the familiar 0 notation relative to SMOW
(Standard Mean Ocean Water) for oxygen and hydrogen and
PDB (Pee Dee Belemnite) for carbon. Repeated analyses of
international and internal reference materials gave average
reproducibilities better than +0.02 per mil 63C and +0.12
per mil 60 for C and O in carbonates, +0.2 per mil for O by
laser fluorination, and +1 for D/H.

Alteration and Mineralization

On the northeast side of Las Minas Hill, several zones with
hydrothermal alteration and Fe mineralization crop out dis-
continuously for 3 km parallel to Vegas Peladas Creek (Fig.
3B). The field relationships between the sedimentary and the
igneous rocks and the alteration and Fe mineralization reveal
the following zonation: (1) hornfels and Fe skarns associated
with the diorite pluton, (2) hornfels and skarn with incipient
Fe mineralization associated with the granite pluton and re-
lated rhyolite dikes and sills, (3) hydrothermal alteration in
the margin of the granodiorite pluton and associated dikes,
and (4) hydrothermal alteration with disseminated Fe miner-
alization restricted to the later andesite dikes. The most im-
portant is the skarn related to the diorite pluton. The distrib-
ution of alteration and mineralization is shown in Figure 3B.

Fe skarn associated with the diorite pluton

There are six main outcrops of iron mineralization associ-
ated with diorite (numbered from 1 to 6; Fig. 3B). They con-
sist of bands and lenses concordant with the exoskarns that
replace the calcareous facies of the Jurassic sedimentary rocks
(Calabozo Formation). Other smaller iron bodies are hosted
in the exoskarn that replaces the less reactive sedimentary
rocks (Puchenque Formation) and in the altered igneous
rock. The banded bodies are localized in the exoskarn next to
the contact with the diorite pluton (<30 m wide). The most
important is the no. 1 body in Figure 3B. Based on old min-
ing activity it is 30-m long X 5-m thick and comprises epidote
+ quartz exoskarn accompanying massive magnetite (Ar-
rospide, 1972; Pons, 2007). At present, it is partially covered
by debris. The rest of the iron outcrops (no. 2-6) are smaller,
between 2 and 6 m2. The diorite pluton is cut by veins, vein-
lets, and stockwork, with iron mineralization next to the con-
tact with the sedimentary rocks and the granodiorite pluton
(Fig. 3B). Outcrop no. 7 is a mineralized breccia located in a
shear zone next to the contact with the granite pluton (Fig.
3B). Historical Fe production was small and total resources
are visually estimated at less than 10 Mt.

This iron skarn is characterized by the following elements:
(1) a ubiquitous metamorphic halo of banded hornfels after
sedimentary rocks around the diorite stock, (2) alteration of
the diorite pluton and dike margins (endoskarn) with variable

morphologies, and (3) zoned exoskarn with prograde and ret-
rograde paragenesis (in space and time), concordant mantle,
veins, and lenses of iron mineralization. The contacts be-
tween the igneous and sedimentary rocks, bedding planes,
and joints all served as channel ways for hydrothermal fluid
flow.

Alteration in the diorite: The margin of the diorite pluton
contains ~10 vol percent alteration minerals (Figs. 6-8). The
primary mafic minerals are replaced by actinolite + chlorite +
calcite + magnetite + titanite and the magmatic magnetite is
rimmed by titanite. The plagioclase has patches of orthoclase
(Orsr_gs; sample 2696, Table 2) + epidote = calcite. Pyrite oc-
curs as fine-grained disseminations (1 vol %). In contact with
the sedimentary rocks, the diorite is replaced by a massive,
0.5- to 2-m-thick, grayish white alteration of orthoclase +
quartz (Figs. 6, 7). Superimposed on these earlier minerals
are patches of quartz + epidote + actinolite + pyrite (Figs. 6,
7). Another less common texture consists of calcareous xeno-
liths in the diorite replaced by a core of red-brown garnet
with grayish white orthoclase + quartz halos partially replaced
by epidote + chlorite. Dikes and sills that emanate from the
diorite pluton have thin, light green epidote + calcite + alkali
feldspar selvages (Fig. 8). An igneous anastomosing breccia
(>15 cm thick) occurs at the contact between the thickest (>3
m thick) sills and dikes and the less reactive sedimentary
rocks. This breccia contains angular fragments of hornfels of
variable size and a leached igneous matrix with alkali feldspar-
rich alteration (Fig. 8). In the diorite margin there are nu-
merous veins, joints, and miarolitic cavities filled or coated by
amphibole + quartz + magnetite + epidote = alkali feldspar
(Fig. 6). The veins are zoned from a quartz + magnetite cen-
ter, an amphibole + epidote border and an envelope of white
alkali feldspar in the igneous wall rocks. Close to the granodi-
orite, the diorite hosts numerous veins and pockets of massive
magnetite that locally develops stockwork.

Alteration in the sedimentary rocks: At the contact with the
diorite pluton, the Puchenque and Calabozo Formations have
been transformed to hornfels (quartz-feldspar, clinopyroxene,
biotite, and sericite) and marble, respectively, forming a
metamorphic halo 800 m wide (Figs. 3B, 6-8).

The exoskarn crops out on the southwest side of the creek,
with a maximum thickness of 60 m. It replaces marble and
hornfels as concordant bands and discordant veins with the
following zones: (1) an inner zone of clinopyroxene + mag-
netite + quartz or brown garnet + quartz, (2) an intermediate
zone of massive garnet + clinopyroxene, (3) external veins
with a similar assemblage, (4) retrograde assemblages with
epidote + magnetite and epidote + hematite (or magnetite)
superimposed on the inner and intermediate zone, respec-
tively, (5) external, retrograde amphibole-rich zones with
hematite (or magnetite) replacing the prograde veins and cut-
ting the hornfels, and (6) ubiquitous, late albite(Abgs gs) +
epidote + quartz + calcite + chlorite + pyrite + titanite (Figs.
3B, 6-8) affecting all earlier alteration assemblages.

The prograde zones are exposed as parallel bands, 1.5 km
long and ~50 m thick, adjacent to the diorite pluton and its
dikes (Figs. 3B, 6-8). The inner clinopyroxene-rich zone (Fig.
7) along with massive magnetite as bands, lenses, and veins
replaces siliciclastic rocks close to the diorite contact. The
inner garnet-rich zone is at least 450 m long but based on
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FIG. 6. Schematic southwest-northeast profile of the Fe skarn associated with the diorite shown in Fig. 3B, including pho-
tographs of the main alteration and mineralization styles in the profile. Sample 2693-5: garnet exoskarn and its late retro-
grade alteration to epidote + chlorite controlled by joints in the pyroxene hornfels. Sample 2684: retrograde magnetite + epi-
dote + quartz alteration of the proximal garnet exoskarn zone. Sample 2642: intermediate garnet + clinopyroxene exoskarn
replaced by ferropargasite and late calcite. Sample 2687: intermediate garnet + clinopyroxene exoskarn cutting pyroxene
hornfels. The location of the samples Vp 21-G: actinolite + quartz + magnetite + epidote + alkali-feldspar replacing diorite

and 2634-A: intermediate garnet = clinopyroxene exoskarn partially altered to alkali-feldspar + epidote + calcite + chlorite
are shown in Figure 3B.
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+ quartz exoskarn. Sample 2651-B: garnet exoskarn vein cutting pyroxene hornfels. Sample 2653-A: epidote + magnetite +
quartz overprinting the inner exoskarn. Sample 2661-B: epidote + quartz + calcite + chlorite replaces the amphibole-rich
alteration. Sample 2656-3: distal, partially oxidized magnetite (after hematite) veins with actinolite envelopes.
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H: epidote + calcite + alkali feldspar endoskarn envelope replacing a diorite dike. Sample VP19-U: intermediate garnet =
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TABLE 2. Representative Electron Microprobe Analyses of Alkalic Feldpars from
the Skarn Associated with Diorite and from the Endoskarn Associated with Granite

Hydrothermal

Alteration alteration Exoskarn Exoskarn Endoskarn
Sample

no. 2696-1 2696-2 2648-6 2648-4 2701F-1 2701F-2-1 2629-B-2
Location Fig. 3A Fig. 7 Fig. 3B Fig. 3A
(Wt %)
SiOs 6421 6325 69.34 6129 5793 7253 6647 66.31 67.73 68.73 6839 6823 66.54 6389 63.53 61.34
TiOs 0.01 0.07 0.027  0.003 0.010 0.001 n.d 0.025 n.d. n.d. n.d. n.d. 0.02 n.d. n.d. n.d.
AlyO3 17.72 1741 2090 1945 1580 17.10 1995 2099 20.12 1970 1994 2050 20.63 22.14 2248 21.06
MnO 0.04 0.05 0.09 0.00 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.00 0.00 0.01 0.01 0.00
MgO 0.02 1.71 0.02 0.00 0.00 0.02 0.40 0.00 0.00 0.01 0.01 0.00 0.08 0.00 0.00 0.02
FeO 0.35 0.99 0.07 0.01 0.03 0.06 0.89 0.08 0.03 0.06 0.03 0.08 0.11 0.03 0.17 0.25
CaO 0.07 1.36 0.42 0.53 0.22 1.03 1.21 1.92 1.40 0.49 0.96 0.94 1.96 3.82 4.03 3.62
Na,O 0.73 0.63 6.20  10.30 6.05 9.06 10.73 10.78 1083 11.67 11.15 11.33 10.75 9.96 9.37 10.27
K20 1522 13.57 0.03 0.05 0.01 0.11 0.18 0.16 0.10 0.05 0.13 0.08 0.18 0.10 0.19 0.09
Total 98.40 99.12 97.1 91.6 80.1 99.9 99.8 100.3 100.2 100.7 1006 101.2 100.31 99.95 99.80 96.66
Cations based on 32 oxygens
Si 12.05 11.81 1217 11.71 1236 1252 11.73 11.63 11.83 1194 11.89 11.81 11.67 11.31 1126 11.28
Ti 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 3.92 3.83 4.32 4.38 3.98 3.48 4.15 4.34 4.15 4.03 4.09 4.18 4.27 4.62 4.70 4.57
Mn 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.48 0.01 0.00 0.00 0.01 0.10 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01
Fe+2 0.05 0.15 0.01 0.00 0.01 0.01 0.13 0.01 0.00 0.01 0.00 0.01 0.02 0.01 0.03 0.04
Ca 0.01 0.27 0.08 0.11 0.05 0.19 0.23 0.36 0.26 0.09 0.18 0.18 0.37 0.72 0.77 0.71
Na 0.27 0.23 2.09 3.79 2.49 3.03 3.67 3.67 3.67 3.93 3.76 3.80 3.66 3.42 3.22 3.66
K 3.64 3.23 0.01 0.01 0.00 0.02 0.04 0.03 0.02 0.01 0.03 0.02 0.04 0.02 0.04 0.02
Orthoclase  92.89  86.58 0.29 0.32 0.15 0.77 1.03 0.86 0.57 0.27 0.72 0.42 1.00 0.52 1.09 0.46
Albite 6.77 6.13  96.07 96.92 9787 93.36 93.19 90.26 9281 9745 9475 9520 89.94 82.08 79.91 83.30
Anortite 0.34 7.29 3.64 2.76 1.98 5.87 5.78 8.88 6.62 2.28 4.53 4.39 9.06 1740 19.00 16.24

n.d. = not detected

skarn fragments in surface float, may be more extensive. In
outcrop, it is massive and brown red (Fig. 6). In thin section,
garnet crystals have numerous clinopyroxene and quartz in-
clusions from the hornfels, complex twins, and optical zona-
tion; the cores are isotropic and greenish brown, and the in-
termediate and external bands are yellowish brown and
anisotropic. Microprobe analyses of garnet crystals show a
wide compositional range (Adsi_so Pyoso; Fig. 9A) as well as
zonation of individual crystals from cores of intermediate
composition (~Adys) to more andraditic rims (~Adioo).

The intermediate and outer zones crop out at 15 and 60 m
from the diorite pluton, respectively, and are best developed
where this alteration replaces marble (Calabozo Formation)
as massive bands up to 10 m thick (Fig. 8). The outer zone
consists of garnet + clinopyroxene bands, veins, and veinlets
that replace and cut the less reactive banded hornfels
(Puchenque Formation) (Fig. 6). The intermediate and outer
zones contain three types of garnet: (1) massive bands of
light-brown garnet with garnet crystals that are poikilitic (with
clinopyroxene hornfels minerals), anisotropic, with concen-
tric zoning and complex twins (Adss_s1 Py1_g; is similar to that
of the inner zone; Fig. 9A); (2) thin bands and veins of
isotropic, brown garnet of andradite composition (Adgs-100
Pyoo.1; Fig. 9A) that cut the previous garnet; (3) a green to
colorless, anisotropic garnet that forms concentric halos
around the isotropic garnet. The clinopyroxene (Diss70 Jo14

Fig. 9B) occurs as euhedral to subhedral and colorless crystals
that fill interstices between the garnet in the intermediate
zone or as discontinuous selvages around isotropic garnet
veins in the external zone (Fig. 6).

The epidote + magnetite + quartz assemblage replaces the
inner garnet-rich zone (Fig. 6), and the epidote + hematite
(or mushketovite = magnetite after specular hematite)
quartz + albite (Abgogs; sample 2701-F, Table 2; Fig. §) as-
semblage replaces the intermediate zone. In thin section, epi-
dote is pseudomorphous after garnet; it fills interstices and
veins along with quartz, albite and hematite or magnetite
(after hematite). Albite with specular hematite forms selvages
on the garnet + clinopyroxene bands. This alteration becomes
pervasive adjacent to the massive magnetite or hematite
bands (Figs. 6, 8).

The amphibole- rich assemblages consist of ferropargasite
(Fig. 10) + epidote + quartz and hematite (partly replaced by
magnetite) + actinolite (Fig. 10) + epidote + quartz. They re-
place exoskarn veins in hornfels and extend outward into the
hornfels along joints and bedding planes (Figs. 6, 7). In both
assemblages, epidote and granular quartz replace garnet as
veins and patches. Ferropargasite crystals replace early
clinopyroxene, which locally is preserved in the amphibole
core. Actinolite forms the selvages of the specular hematite
(partly replaced by magnetite) veins (Fig. 7) and contains mi-
croinclusions of iron oxides and quartz.

+
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The latest albite-rich (Abgs_gs; sample 2648, Table 2) alter-
ation fills open spaces and veins and forms patches that re-
place and cut previous alteration assemblages (Figs. 6, 7).
This alteration has a strong structural control along joints and
extends beyond skarn alteration into fresh host rocks (Fig. 6).

Mineralization: The main iron ores in Vegas Peladas skarns
consist of magnetite and hematite. Magnetite is closely asso-
ciated and in textural equilibrium with quartz, epidote, and
amphibole in endoskarn and with clinopyroxene in the

exoskarn (Figs. 6, 7). However, the largest massive magnetite
orebodies (30 m long X 5 m thick) occur with epidote and
quartz replacing the prograde inner garnet-rich exoskarn
zone (Fig. 6). This massive magnetite contains between 89
and 92 wt percent Fe;O3 + FeO, with minor SiOs, MgO,
CaO, NasO, and K20 due to calc-silicate mineral inclusions
(Table 3). MnO concentration in magnetite increases from
core (below detection) to rim (0.22 wt %: Table 3). Most
hematite occurs with epidote + quartz + albite (9ogs) filling
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External ferropargasite + epidote + quartz alteration (sample 2642)

Fic. 10. Composition of amphibole from the Vegas Peladas retrograde alteration stages associated with diorite (sample
2642, Fig. 6; sample 2656-3, Fig. 7) and granite (sample 2709-A, Fig. 12). Amphibole with A) (Na + K)x = 0.5 and Ti < 0.50
and B) with (Na + K)4 < 0.5 and Cax< 0.5.
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veins and irregular pockets that replace the prograde inter-
mediate (garnet + clinopyroxene) exoskarn zone (Fig. 8), and
much of this hematite was later replaced by magnetite (Fig.
8). Distal, iron-rich orebodies consist of hematite (partly re-
placed by magnetite) with amphibole envelopes (Fig. 7).
Magnetite that has replaced by hematite has higher FesOs +
FeO concentrations (between 94 and 96 wt %: Table 3) than
the early magnetite and has low MnO (up to 0.15 wt %) con-
centrations (Table 3). The geochemistry of seven Fe ore sam-
ples from different locations includes anomalous Cu (240
ppm) and Ag (2.9 g/t) in an external amphibole vein. Pyrite
concentration in the entire skarn averages 1 vol %. Supergene
alteration is minor and occurs as incipient oxidation of mag-
netite along cleavage surfaces and fractures and also as thin
veinlets of limonite and halos of iron oxides and hydroxides
replacing pyrite.

REE geochemistry of skarn

The distribution of rare earth elements in the fresh and al-
tered sedimentary rocks (hornfels and exoskarns) is shown in
Figure 11. Fresh calcareous sandstone and wackestone,
quartz feldspar hornfels, and pyroxene hornfels have similar
REE patterns and all show negative Eu anomalies (highest in
the sedimentary protolith). The garnet-rich inner exoskarn
zone is enriched in the intermediate and heavy rare earth el-
ements (e.g., Sm and Yb) compared to the sedimentary pro-
toliths and the hornfels. In contrast, the retrograde assem-
blages in the exoskarn are depleted in the REE. The
magnetite + amphibole-rich assemblage has the lowest REE
concentration, and all retrograde assemblages have positive
Eu anomalies, which are highest in the sample with abundant
magnetite and epidote.

10000

1000
100

10

REE (Chondrite-normalized)

N o
R Y

—

Fresh sedimentary protoliths

La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu
Exoskarn
——— Magnetite + actinolite + epidote + quartz (2656-2)
---------- Epidote + magnetite + quartz ( 2684-B)
———- Garnet + quartz (2651-B2)

Hornfels
—— Clinopyroxene (2651-B1)

Quartz + feldspar (2656-A)

Fic. 11. Rare earth patterns (normalized to chondrite; Boynton, 1989) of
the hornfels and exoskarn associated with diorite with the patterns of the
fresh sedimentary rocks.

Iron skarn associated with the granite pluton

On the northeast flank of the Cerro Las Minas Hill, the
granite pluton with numerous rhyolite dikes and sills intruded
the marble, hornfels, and the iron skarn associated with dior-
ite (Figs. 3B, 12). These igneous rocks formed a metamorphic
aureole only a few meters wide (Figs. 3B, 8) with clinopyrox-
ene, amphibole, and scapolite hornfels and a superposed
zoned skarn with iron mineralization (Fig. 12).

Alteration of the granite and rhyolite: The margins of the
granite pluton and dikes have minor hydrothermal alteration
(10 vol %) including chlorite + calcite (titanite) replacement
of mafic minerals, calcite + epidote replacement of feldspar
cores, and patches and veins of albite (Abso-go, sample 2629-
B2: Table 2) replacing feldspar. Pyrite (1 vol %) is dissemi-
nated in the altered rock. Chemical analyses of the granite
and a rhyolite dike (Table 1) located near the skarn are con-
sistent with the petrographic observations; both rocks are de-
pleted in K>O and enriched in NaqO compared to least al-
tered igneous rocks.

Near the contact with the sedimentary hosts, the granite
pluton and the rhyolite dikes contain lenses and veins of gar-
net + quartz + alkali feldspar endoskarn (Fig. 12), and the
rhyolite sills are replaced by scapolite (Mess_ss, sample 2709-
B: Table 4) + albite + clinopyroxene endoskarn with en-
velopes of green clinopyroxene (Fig. 12).

Alteration of the sedimentary rocks: In contact with the en-
doskarn, the marble is replaced by a zoned exoskarn with an
inner brown garnet + clinopyroxene + quartz zone, an outer
zone of green garnet (Adso_s1 Pyo-1, Fig. 13A) + clinopyroxene
(Diss93 Joss, Fig. 13B) + quartz, and lenses, bands, and veins
of scapolite + clinopyroxene (Diis4 Joga, Fig. 13B) + garnet
that replace the banded hornfels (Fig. 12). Numerous scapo-
lite (Megs_s6, sample 2709-A: Table 4) + ferroactinolite (Fig.
10) + pyrite veins cut the exoskarn and marble (Fig. 12). Veins
and veinlets of chlorite + calcite + quartz + hematite (partly
replaced by magnetite) + epidote (pyrite) cut earlier alter-
ation and extend outward into the fresh sedimentary rocks
(Fig. 12). The mineralized bodies associated with rhyolite
dikes that intrude marble are small in size (1.5 X 6 m) and
consist of lenses and veins of hematite (partly replaced by
magnetite) (Fig. 12). At the contact with the granite and the
early iron skarn, there is a breccia (Fig. 12) consisting of frag-
ments of brown garnet + pyroxene exoskarn cemented by
magnetite + quartz + epidote.

In the middle of the Vegas Peladas Valley, in the southwest
margin of the creek, the granite cupola crops out in contact
with a barren and zoned skarn (endoskarn + exoskarn) a few
meters wide (Fig. 8). The endoskarn consists of veins of light
brown garnet + quartz + calcite. In the contact with the en-
doskarn, the sedimentary protolith is replaced by an inner
zone of massive brown garnet + quartz + calcite that grades
to an intermediate zone of clinopyroxene + garnet + quartz
(feldspar) and extends outward as veins cutting pyroxene
hornfels (Fig. 8). On the northeast margin of the creek, in the
contact with granite dikes and sills, there is an exoskarn with
scapolite + Adjo-s3 Pykl + Diys96 ]03,1 (Flg 13A, B).

Fluid Inclusions

Secondary fluid inclusions are abundant in igneous quartz
in diorite, granodiorite, and granite, and also in quartz of the
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v e Chlorite + calcite

Calcite + magnetite

. Brown garnet + clinopyroxene
Green garnet + clinopyroxene —— =

Biotite hornfels

skarn I
VP-1 + pyrite
2688 m F T
Skarn associated with granite 2709 | Clinopyroxene hornfels
Exoskarn ;

[™dl Chlorite + calcite + quartz + hematite + epidote (pyrite)
Magnetite

Hematite

EM Scapolite + ferroactinolite = pyrite

Scapolite + hedenbergite (garnet)

Garnet (green) + clinopyroxene + quartz

= Garnet (brown) = clinopyroxene + quartz

Endoskarn
[¥] Mushketovite + calcite + chlorite
[-] Scapolite =+ albite = pyroxene

E*. Garnet + quartz + alkali feldspar

Banded hornfels
Clinopyroxene, amphibole and scapolite S R ¥ y.m;ene
. g ' \\)
E |Gamet + pyroxene + quartz 2cm
// Fault Rhyolite dikes and sills
Brecciated exoskarn I [=-] Granite with disseminated hydrothermal alteration
E=] Marble

FI1G. 12. Schematic east-west profile of the Fe skarn associated with granite and rhyolite, including photographs of the
main alteration and mineralization styles in the profile. Sample Vp 6: chlorite + calcite alteration of a rhyolite dike. Sample
Vp 5: brown garnet + quartz endoskarn partially altered to chlorite + calcite and calcite + magnetite-rich pockets. Sample
2711-1: contact between proximal brown garnet + clinopyroxene and distal green garnet + clinopyroxene exoskarn zones
cut by late calcite + pyrite veinlets. Sample 2709: scapolite + clinopyroxene exoskarn in pyroxene hornfels cut by late scapo-
lite + ferroactinolite + pyrite vein. Sample Vp 1: contact between the scapolite + albite = clinopyroxene endoskarn (rhyo-
lite) and the brown garnet + clinopyroxene + quartz exoskarn with late calcite + pyrite. A thin pyroxene envelope separates
both zones.



TaBLE 4. Representative Electron Microprobe Analyses of Scapolites from the Skarn Associated with Granite and Rhyolite

2709B-2 2709B-3 2709B-4 2709B-5 2709B-6 2709B-7 2709A-1 2709A-2 2709A-3 2709A-4 2709A-5 2709A-6

2709B-1
Fig. 12

Sample no.

Fig. 12

Fig. 12

Location
(Wt %)
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8.24 8.32 8.24 8.19 8.20 8.24 8.20 8.19 8.23 8.25 8.42 8.36 8.69 8.22 8.32 8.11
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
4.03 3.91 3.97 4.03 4.00 3.97 4.11 3.99 3.97 3.96 3.81 4.00 3.79 3.96 3.87 4.06
1.13 1.08 1.19 1.22 1.25 1.22 1.29 1.26 1.17 1.12 0.95 0.99 0.99 1.21 1.18 1.37
0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
0.02 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.02 0.01
0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.00
0.20 0.18 0.17 0.21 0.21 0.19 0.14 0.22 0.17 0.20 0.24 0.14 0.12 0.18 0.20 0.17
243 2.63 2.57 247 2.48 247 2.15 2.50 2.61 2.64 2.71 2.37 1.70 2.61 2.49 243

8.34
0.00
3.87
1.14
0.00
0.00
0.00
0.20
2.52

Si
Ti
Al
Ca
Mg
Fei+
Mn
K
Na

30.77 27.77 30.43 31.28 31.89 31.65 36.25 31.75 29.74 28.56 24.45 28.78 36.10 30.72 30.80 34.80

29.71

Meionite

n.d. = not detected

orthoclase + quartz alteration of diorite, but they are too
small for microthermometric measurements. Fluid inclusions
are well preserved in garnet, clinopyroxene, quartz, and cal-
cite from the exoskarn associated with the diorite, but only
fluid inclusions hosted in quartz from the clinopyroxene +
garnet = quartz (feldspar) external veins of the exoskarn asso-
ciated with granite were suitable for analysis.

Five types of fluid inclusions were identified based on their
characteristics at room temperature (Nash, 1976): (I) two-
phase, liquid-rich inclusions, (II) two-phase, vapor-rich inclu-
sions, (III) three-phase inclusions, (IV) multi-solid-bearing
inclusions, and (V) monophase vapor inclusions.

Fluid inclusions in igneous rocks

The interstitial quartz of the diorite, granodiorite, and gran-
ite has numerous planar arrays of secondary fluid inclusions
along multiple healed fractures (Fig. 14). Along these trails
saline fluid inclusions (types IIT and IV, with halite + sylvite +
hematite + FeCl,) coexist with aqueous, vapor-rich fluid in-
clusions (type II, V >40%) and monophase vapor inclusions

(type V).
Fluid inclusions in the skarn associated with diorite

In the inner exoskarn zone, garnet hosts primary and pseu-
dosecondary, type II, III, IV, and V fluid inclusions. Most
fluid inclusions have regular shapes, except for the vapor-rich
(type II and V) inclusions, which have irregular and tubular
shapes (Fig. 14). Solids identified in the three-phase and mul-
tisolid inclusions are halite, sylvite, and a reddish, slightly
translucent opaque that is assumed to be hematite. These in-
clusions homogenized to a liquid (Thy) at temperatures
>550°C (Fig. 15A). Type IV fluid inclusions have salinities be-
tween 39 to 41wt percent NaCl equiv, based on Sterner et al.
(1988) (Fig. 15B).

Quartz crystals of the inner exoskarn zone contain isolated
primary and smaller pseudosecondary, type 11, II1, IV, and V
fluid inclusions, and the most common solids are halite +
sylvite + hematite (Fig. 14) and a tabular, light green and bire-
fringent solid that could be FeCl, (cf. Shepherd et al., 1985).
These inclusions homogenized to a liquid between 265° and
579°C (n = 18; Fig. 15A), by halite dissolution (Ty; n = 13)
between 324° and >550°C, and by simultaneous halite disso-
lution and vapor disappearance (n = 2) at temperatures of
358° and 468°C. Only two type II fluid inclusions homoge-
nized to a vapor at 575°C (Fig. 15A). The fluid inclusions
have variable salinities between 39 to 67 wt % NaCl equiv
(Fig. 15B). Secondary, type I fluid inclusions in quartz ho-
mogenized to a liquid between 148° and 288°C (Fig. 15A),
and to a vapor at 280° and 320°C (Fig. 15A).

In the intermediate (garnet + clinopyroxene) zone of the
exoskarn, the isotropic garnet cores contain abundant primary
fluid inclusions. They are types II, III, IV, and V inclusions
with ovoid and irregular shapes (Fig. 14). The type IV inclu-
sions are more abundant, and solids comprise more than 50
percent of the inclusion volume. The fluid inclusions hosted
in pyroxene are primary, with regular shapes, contain multi-
ple solids (type IV) or are monophase (V) (Fig. 14). Identified
solids in fluid inclusions in both calc-silicates are halite =+
sylvite + FeCl, + hematite. Most fluid inclusions in pyroxene
and garnet homogenized to a liquid by halite dissolution (T.,)
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Alm Prp Sps

Grs
O Distal exoskarn (sample 2694-D)
@ Intermediate exoskarn (sample 2711-E)

B) Jo

Ad Di Hd
O Scapolite-rich exoskarn (sample 2709-A)

@ Compositional fields of garnet and pyroxene from iron skarns

Fic. 13. A. Composition of garnet from the Vegas Peladas exoskarns associated with granite (sample 2711-1, Fig. 12; sam-
ple 2694, Fig. 3B). B. Composition of pyroxene from the Vegas Peladas exoskarns associated granite (samples 2711-I and
2709-A, Fig. 12; sample 2694, Fig. 3B). The compositional fields for garnet and pyroxene in Fe skarn deposits (Meinert et
al., 2005) are shown in both diagrams for comparison. Ad = andradite, Alm = almandine, Di = diopside, Grs = grossular, Hd
= hedenbergite, Jo = johannsenite, Prp = pyrope, Sps = spessartine.

and by vapor bubble disappearance (Thy) at temperatures
higher than 500°C, similar to the fluid inclusions in garnet
from the inner garnet zone, but their salinities are higher
(38-67 wt % NaCl equiv: Fig. 15C, D). A group of seven fluid
inclusions in garnet homogenized by disappearance of the
vapor bubble at lower Th (304° to 400°C) and has salinities
between 38 and 42 wt % NaCl equiv (Fig. 15C, D). Sec-
ondary, type I fluid inclusions in garnet homogenized at lower
temperatures (180°-268°C) and have lower salinities (7.8 to
23 wt % NaCl equiv, n = 6: Fig. 15C, D) than the primary
fluid inclusions. Their eutectic temperatures (-34° to —38°C)
suggest that these fluids belong to a chemically complex sys-
tem such as mixed H2O-FeCl; (Te: —35°C), HoO-NaCl-FeCls
(Te: =37°C) and Hs0O-NaxCOs3-K2COs (Te: —37°C) (cf.
Borisenko, 1977).

In the external garnet + clinopyroxene veins, garnet hosts
primary type III fluid inclusions with halite daughter crystals
and pseudosecondary two-phase types I and II inclusions.
The primary fluid inclusions homogenized to a liquid by
vapor disappearance at >550°C and have salinities between
33 and 34 wt % NaCl equiv (Fig. 15C, D), whereas the pseu-
dosecondary fluid inclusions have lower salinity (19.5 wt %
NaCl) and homogenization temperatures (216°~400°C). The
eutectic melting temperatures of these pseudosecondary
fluid inclusions were variable (—40°, —48°, and -52°C), sug-
gesting similar chemically complex fluids as in garnet from
the intermediate zone, but with addition of MgCls and higher
CaClsy (cf. Borisenko, 1977; Crawford, 1981).

In the retrograde epidote + hematite (partly replaced by
magnetite) + quartz assemblage that replaces the intermedi-
ate exoskarn zone, the quartz contains numerous fluid inclu-
sions of types I, I, IIT, and IV (Fig. 14), with halite + sylvite
and less common FeCl, + COs= solids. In contact with mag-
netite after hematite, quartz hosts fluid inclusion trails
aligned along with opaque (hematite-magnetite?) microin-
clusions. Measured homogenization temperatures (Thy,) and
salinities from these inclusions were 215° to 436°C and 24.3
to 48.5 wt % NaCl equiv (Fig. 15E, F). In the saturated fluid

inclusions, the dissolution temperatures of daughter crystals
were lower than the homogenization temperatures. Six type
1T fluid inclusions associated with saturated fluid inclusions
homogenized to a vapor at similar temperatures (320° and
420°C) (Fig. 15E). The eutectic temperatures (ET) mea-
sured in the two-phase fluid inclusions (43 and -55°C) in-
dicate a chemically complex fluid with HoO-CaCly-KCl (with
a theoretical eutectic at —=50.5°C: cf. Borisenko, 1977), H2O-
CaCl; (with a theoretical eutectic at -49.8°C: cf. Borisenko,
1977) and other salts (NaCl, FeCls, and NasCO3) in variable
proportions.

In this external zone of the exoskarn, the interstitial calcite
and calcite in veinlets that cut garnet, clinopyroxene, and am-
phibole contain primary, two-phase fluid inclusions with tri-
angular and regular shapes (Fig. 14). These fluid inclusions
have homogenization temperatures between 165° and 315°C
(Fig. 15G) and the lowest salinities (8.4-13.51 wt % NaCl
equiv; Fig. 15H) measured in the system. The eutectic tem-
peratures vary between -15° to -35°C, indicating the presence
of NaCl-H»O and KCl with variable proportions of MgCls and
FeClz.

Fluid inclusions in the skarn associated with granite

In the inner zone of the exoskarn, clinopyroxene contains
primary saline and vapor-rich fluid inclusions, but they are
too small to be analyzed. Quartz from the external veins of
the exoskarn contains excellent primary and pseudosec-
ondary type III, IV and V fluid inclusions, with halite +
opaque (sylvite) and less common, two-phase type II fluid in-
clusions. The type III and IV fluid inclusions homogenized
to liquid at temperatures higher than the dissolution tem-
peratures of daughter crystals (289° to >550°C; Fig. 15I).
They have variable salinities between 30.3 and 45.3 wt %
NaCl equiv (Fig. 15]). The type II fluid inclusions homoge-
nized to a liquid between 469° and >550°C (Fig. 15I). Two
vapor-rich fluid inclusions associated with the saturated fluid
inclusions homogenized to a vapor at ~ 450°C, and another
two, at ~550°C (Fig. 15I). Based on the solids present in the
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I. 2642-Cal

50 um

Fi1c. 14. Photomicrographs of fluid inclusions hosted in quartz crystals from (A) diorite xenolith—sample Vp Bx1; Fig.
3A; (B) granodiorite—sample Vp 27-G; Fig. 3A; and (C) granite (sample Vp 10; Fig. 3A). (D) Fluid inclusions hosted in gar-
net—sample 2651-Grt; Fig. 7; and (E) in quartz—sample 2651-Qtz, Fig. 7, from the inner exoskarn zone associated with
diorite. (F, G) Fluid inclusions hosted in quartz (sample Vp19U, Fig. 8; sample Vpl1, Fig 3B) from the intermediate exoskarn
zone and (H) in late calcite—sample 2642; Fig. 6, from the external zone. Cal = calcite, Clpx = clinopyroxene, Grt = garnet,
H = halite, Hem = hematite, Qtz = quartz, Sn = multiple solids, Syl = sylvite. I = two-phase, liquid-rich fluid inclusions, IT

= two-phase, vapor-rich inclusions, III = three-phase inclusions, IV = multi-solid-bearing inclusions, V = monophase vapor
inclusions.
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saturated fluid inclusions, these fluids belong to the H>O-
NaCl- FeCl, system.

Pressure determination

In iron skarn associated with diorite, the presence of saline
fluid inclusions in the quartz of the retrograde alteration (epi-
dote + hematite or magnetite) associated with vapor-rich fluid
inclusions, which homogenized at similar temperatures (320°
and 420°C), suggests boiling during the formation of the
quartz. The temperatures and salinities of the boiling fluids
were between 320° and 420°C and 24.3 and 41.6 wt % NaCl
equiv, respectively, corresponding to vapor pressures of 125
and 325 bars (Zhang and Frantz, 1987). The maximum hy-
drostatic pressure for boiling fluids corresponds to depths of
at least 3.5 km. For fluid inclusions with evidence of boiling,
it is most likely that the fluids were trapped in growing min-
erals on the liquid-vapor curve and, thus, the homogenization
temperature is equal to the trapping temperature. However,
evidence for boiling was not found in other prograde silicate
minerals (garnet and pyroxene), suggesting that lithostatic
pressures may have prevailed in the initial stages of skarn for-
mation. For these early, nonhydrostatic conditions, 3.5 km of
rocks with an average density of 2.7 g/cm? corresponds to a
lithostatic pressure of approximately 1 kbar.

In skarn associated with granite, the presence of multisolid
inclusions (with 41 wt % NaCl equiv) and vapor-rich inclu-
sions hosted in the quartz of the external veins with similar
high homogenization (to liquid and to vapor) temperatures
(~450° and ~550°C) also probably indicates immiscibility
(Shepherd et al., 1985). Thus, these temperatures could be
interpreted as the fluid trapping temperature, corresponding
to a hydrostatic pressure of 450 bars.

Stable Isotopes

The 0180 values were determined on 18 minerals from the
iron skarn associated with diorite and in biotite and plagio-
clase from the diorite pluton (sample 2685, Table 5). The 6D
values were determined for epidote from the endoskarn asso-
ciated with diorite (sample 2653-C). 0'3C values were mea-
sured in calcite from the latest stage of retrograde alteration
(sample 2692) and in marble (sample 2711-F). The results are
summarized in Table 5. Garnet from the inner and interme-
diate exoskarn zone was not analyzed owing to its numerous
poikilitic inclusions.

Water composition and thermometry

Calculated values reported in Table 5 were obtained apply-
ing published fractionation factors. The equilibrium isotopic
temperature calculated for the plagioclase-biotite pair in the
diorite was ~638°C. Temperatures calculated for the epidote-
magnetite pairs from the retrograde alteration of the exoskarn
zones are 569° to 634°C. These temperatures are unreason-
ably high, consistent with these assemblages replacing the
prograde minerals of the exoskarn, indicating that they were
not deposited as an equilibrium assemblage. Temperatures
for the calcite-epidote mineral pair could not be determined
because of the lack of experimentally determined fractiona-
tion factors for this mineral pair.

The temperature ranges obtained from fluid inclusion
analyses, combined with the temperatures calculated using

the isotopic composition of mineral pairs, were used to con-
strain the isotopic compositions of coexisting fluids (Table 5).
The temperature of formation used for the magnetite, epi-
dote, and quartz alteration of the inner exoskarn zone and for
the epidote of the endoskarn was estimated, combining the
temperatures of the fluid inclusion data from quartz (garnet
+ quartz zone) and the lower T limit for andradite stability in
similar skarn environments (380°—450°C: Bowman, 1998).
Minimum temperatures of formation of the amphibole-rich
retrograde alteration were assumed to be similar to the ho-
mogenization temperatures of secondary fluid inclusions in
the garnet (180°-268°C), since they replace the garnet +
clinopyroxene veins of the external exoskarn zone and horn-
fels. The homogenization temperature range (165°-315°C) of
fluid inclusions in calcite was used for epidote from the latest
retrograde assemblage. Fluid inclusion data for calcite from
the marble were not available, so we used the homogeniza-
tion temperatures obtained for fluid inclusions in garnet and
clinopyroxene from the prograde exoskarn (580°-670°C).

The 6'%01,0 values in equilibrium with the quartz and epi-
dote alteration of the diorite are 6.2 to 7.1 per mil and —0.2 to
+3.8 per mil, respectively. The 0Di,0 of the fluids in equilib-
rium with epidote from the endoskarn are —51.9 to —44.1 per
mil. For the fluid in equilibrium with garnet, the §%0m,0 of
the fluid is 7.23 to 8.5 per mil. For the fluids in equilibrium
with the epidote + magnetite + quartz from the inner zone of
the exoskarn, 0'5011,0 values are 2.77 to 3.57 per mil for epi-
dote, 3.29 to 4.52 per mil for quartz, and 4.81 to 7.98 per mil
for magnetite. The 0'5011,0 values of fluid in equilibrium with
the retrograde amphibole from the external veins are 4.57 to
6.69 per mil for ferropargasite and —0.55 to +3.67 per mil for
the actinolite. For the fluids in equilibrium with the latest ret-
rograde minerals, 618011,0 values are —4.7 to +0.7 per mil for
epidote and —3.9 to +2.7 per mil for calcite. The '3C value of
the C (COz or HCO3?) in the fluid in equilibrium with this
calcite is —10.3 to —7.2 per mil. For fluids in equilibrium with
the marble the respective 61%01,0 and 013 C values are 9.96 to
10.5 per mil and 9.9 to —10.1 per mil.

Discussion

Two metasomatic events have been identified in the Vegas
Peladas district associated with two of the four igneous rock
types that intrude the Jurassic sedimentary rocks of the area.
Contact metamorphism and metasomatism resulted in the
transformation of sedimentary and igneous rocks into horn-
fels, marble, and skarn, and each of the mineralized skarns
has distinctive characteristics that reflect differences in hy-
drothermal fluid composition and source.

Geology and alteration

The skarn associated with the diorite pluton contains garnet
and subordinate clinopyroxene as prograde calc-silicates in
the exoskarn zones. The chemical compositions of garnet
show an increase in iron from inner (Ands;_sg Pyos-2) to exter-
nal zones (Andgs100 Pyoo.1). This is also manifested at the
scale of some individual garnet crystals, with an increase in
the andradite content from core (Adss Pyoss) to rim (Adio
Pyo). Clinopyroxene has a wide compositional range (Dia470
Joi4). The hydrous silicates (epidote and amphibole) with
quartz and albite replace the prograde calc-silicates. Epidote
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(rich in Al and Fe) is abundant in the inner and intermediate
exoskarn zones; it also dominates in the endoskarn. Amphi-
bole occurs in both the endoskarn and in the exoskarn, but it
is abundant in the external exoskarn zone. Actinolite that
forms a selvage on the iron oxide veins that cut the hornfels
has Ca, Ti, and Al concentrations similar to the secondary am-
phibole in the diorite, but higher iron concentration. The fer-
ropargasite that replaces the hedenbergitic clinopyroxene
veins from the external exoskarn zone has the highest Ti, Al
and Fe concentrations of all amphiboles. These compositional
variations are interpreted to reflect local fluctuations of the
hydrothermal fluid composition that reacted with the wall
rock (Hemley and Hunt, 1992). The positive Eu anomalies in
the retrograde assemblages with magnetite and hematite and
the increase of hematite relative to magnetite from inner to
outer zones indicate high oxygen fugacity during the retro-
grade stage (Rollinson, 1993).

The skarn associated with the granite pluton is rich in gar-
net and clinopyroxene replacing marble and scapolite,
clinopyroxene, garnet, and alkali feldspar replacing hornfels.
Where skarn is developed in marble, the garnet (Adio_s3) and
clinopyroxene (Disz-100) in the intermediate and distal ex-
oskarn zones are richer in Al and Mg than garnet and clinopy-
roxene from equivalent exoskarn zones associated with dior-
ite. Only clinopyroxene that replaces hornfels with scapolite
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(garnet + pyrite), has high Fe (Hdrsgs) due to reduction
(lower oxygen fugacity) of the hydrothermal fluids caused by
reaction with the more reduced wall rock (hornfels) (Fran-
chini et al., 2000). The scapolite (Megs35) + ferroactinolite +
pyrite assemblage replaces and cuts previous alterations and
marks the beginning of retrograde stage.

Fluid chemistry

The characteristics of the hydrothermal fluids that formed
the different skarn zones associated with the diorite pluton
are summarized in Figure 16A.The association of primary
multisolid and vapor-rich fluid inclusions in quartz of the
diorite and in silicates of the prograde exoskarn is interpreted
to have been a result of unmixing of a magmatic fluid of low
to moderate salinity (6-8 wt % NaCl equiv) that exsolved
from the diorite into a brine and a vapor of low density (Fig.
16B; e.g., Burnham, 1979; Bodnar et al., 1985; Cline and
Bodnar, 1991; Yang and Bodnar, 1994; Bordnar, 1995). This
unmixing occurred when the initial hydrothermal fluids were
exsolved from the diorite at 3.5 km depth, at temperatures of
~670°C, and lithostatic pressures of ~1 kbar.

Fluid inclusions in the inner and intermediate exoskarn
zones define three populations based on homogenization by
vapor disappearance (Th), by halite dissolution (Tm) or simul-
taneous halite-vapor disappearance (Th = Tm). Experimental
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work (Cline and Bodnar, 1994, p. 1795) suggests that saline
fluid inclusions that homogenize by halite dissolution or by si-
multaneous halite-vapor disappearance may have been
trapped as immiscible saline fluids, and this may have oc-
curred during the formation of the Vegas Peladas iron skarn
(Fig. 16B). The calculated 6180 values of waters in equilib-
rium with garnet (7.2-8.5%o) and with magnetite (4.8
7.98%o) are similar to the 0150 values of the magmatic fluids
(Fig. 17; Taylor, 1986; Meinert et al., 2003). Some of the fluid
inclusions in the garnet of the external garnet + clinopyroxene
veins also have homogenization temperatures and salinities
similar to fluid inclusions of the inner and intermediate pro-
grade exoskarn minerals (Fig. 16B).

The population of fluid inclusions hosted in the retrograde
quartz associated with the iron oxides from the intermediate
exoskarn zone recorded both boiling with decreasing temper-
atures and increasing salinities and mixing with external fluids
with a decrease in temperature and salinity (Fig. 16B). These
fluid inclusions have carbonate daughter minerals in addition
to some of the salts present in the fluid inclusions of earlier
silicate minerals.

The 6'5Om,0 values (4.57-6.69%o) of the fluid in equilibrium
with ferropargasite that replaces the clinopyroxene are inter-
mediate between the values obtained for the prograde and ret-
rograde minerals (Fig. 17). The general trend toward lower
0150 values of the fluid in equilibrium with the retrograde

epidote (2.8-3.57%o), quartz (3.29-4.52%0) and actinolite
(—0.55 to +3.67%o), suggests a decrease in temperature after
boiling and/or partial mixing of hydrothermal fluids with an-
other fluid of meteoric derivation. Gradual dilution of the
magmatic fluid by meteoric water is also suggested by the low
total REE concentration in the epidote-and amphibole-rich
alteration compared to the prograde exoskarn assemblages
(cf. Taylor, 1986).

Another population of saline aqueous fluid inclusions in the
garnet of the external garnet + clinopyroxene veins has lower
homogenization temperatures and salinities (Fig. 16A), and
has a different chemical composition (CaCly and possibly
MgClsin addition to FeCls and other salts). These fluid inclu-
sions are aligned in a trend with the fluid inclusion population
in late, retrograde calcite which have the lowest homogeniza-
tion temperatures (165°-315°C) and salinities (8.41-13.51 wt
% NaCl equiv) (Fig. 16B). The 680 values of the water in
equilibrium with this late epidote (—4.66 to —0.19%o) and cal-
cite (3.9 to —2.68%o) suggest mixing and dilution of the mag-
matic fluids with meteoric water (with predominance of the
later; Fig. 17) during the collapse of the hydrothermal system
(cf. Bowman, 1998; Fournier, 1999; Meinert et al., 2005).

The 6180 (9.98-10.45%0) and 613C (-9.86 to —10%o) values
of the fluids in equilibrium with calcite from the marble are
lower than the values of fluids in equilibrium with a marine
limestone (6150 >21%o and 6'3C >1%o) (Fig. 17). This could
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reflect isotopic exchange between calcite and graphite pre-
sent in the Calabozo Formation (Dessanti, 1978) during the
thermal metamorphism (Bowman, 1998) or between the host
rock and magmatic fluids with significantly different 5O con-
centration (Bowman, 1998).

Iron mineralization

The presence of hematite and FeCl, in the early, high-tem-
perature (homogenization temperatures up to 670°C), and
high salinity fluids (up to ~70 wt % NaCl equiv) indicates that
these fluids were capable of transporting abundant iron in so-
lution (Hemley et al., 1992; Hemley and Hunt, 1992). In con-
trast, the fluid inclusions in quartz associated with the iron
ore indicate boiling, lower temperature (320° and 420°C),
and lower salinity (23-41.6 wt % NaCl equiv) fluids at hydro-
static pressures (125 and 325 bars). Experiments on Fe solu-
bility under these conditions (Whitney et al., 1985; Hemley et
al., 1992, Simon et al., 2004) indicate that a decrease in tem-
perature from 670°C to the boiling temperatures (420°—
320°C) and salinity (6724 wt % NaCl equiv) documented for
the Vegas Peladas skarn system would cause a notable de-
crease in iron solubility despite the declining pressure.

Comparison with other Fe skarns

Skarns in the Vegas Peladas district are similar to other Fe
skarn deposits worldwide (Einaudi et al., 1981; Meinert, 1984;
Zhao et al., 1990; Ziircher et al., 2001; Foster et al., 2004;
Meinert et al., 2005) and to other iron skarns located in the
same belt of southwest Mendoza (Franchini and Dawson,
1999; Franchini et al., 2005): (1) they are associated with prim-
itive intrusions, (2) the skarns are zoned in space and time, (3)
the prograde exoskarn zones are rich in andradite-grossularite
garnet, diopside-hedenbergite pyroxene, and retrograde am-
phibole, epidote, quartz, chlorite, and calcite, (4) magnetite
and hematite are the main iron ore minerals, and the most im-
portant orebodies are associated with retrograde mineral as-
semblages, (5) sulfides, mainly pyrite, are scarce (1 vol %) and
occur in the endoskarn and distal zones, (6) the distribution of
alteration and mineralization during early, prograde stages was
strongly influenced by the composition of the host rocks (both
igneous and sedimentary), whereas late, retrograde alteration
was more strongly controlled by structure, (7) early, high-salin-
ity fluids contained large amounts of Fe in solution.

However, several features of the Vegas Peladas skarns dif-
fer from other Fe skarns: (1) they were formed in a Miocene
magmatic arc environment of an active continental margin,
(2) endoskarn is poorly developed, (3) they contain orthoclase
as an alteration product of the diorite, (4) Na metasomatism
and scapolitization does not correlate with the highest iron
ore grades, and (5) the total resource is lower than most of the
Fe skarns worldwide (<10 Mt), possibly owing to the present
erosion level of the hydrothermal system (Fig. 18A).

Conclusions

The geologic and geochemical characteristics of the Vegas
Peladas Fe skarn deposit are typical of the Fe skarns in the
Mendoza region of Argentina. The deposit formed by the over-
printing and juxtaposition of two different metasomatic events
associated with two different Miocene calc-alkaline plutons
that intruded the Jurassic sedimentary rocks as illustrated in

Figure 18. At a depth of ~3.5 km and lithostatic pressures of 1
kbar, high-temperature (~670°C) and low- to moderate-salinity
(6-8 wt % NaCl equiv), magmatic fluids exsolved from the
diorite pluton and separated into a dense, NaCl + KCI + FeCl,
saline fluid and a low density vapor. These early hydrothermal
fluids flowed up and outward from the igneous body and re-
acted with the metasedimentary host rocks to form the pro-
grade exoskarn with disseminated magnetite (670°—400°C).
Continued fluid exsolution from the magma and the sealing of
fluid flow conduits by early silicate minerals exceeded lithosta-
tic pressures, thus fracturing the rocks and causing boiling and
further fracturing. This permitted the entry of external fluids
into the hydrothermal system. The resulting mixed fluids
cooled (420° to <320°C), causing the replacement of the early
exoskarn silicates by hydrated minerals, quartz, and iron oxides.
The fluids continued cooling below 320°C and the proportion
of meteoric water increased gradually, generating the later and
distal retrograde assemblages rich in calcite, epidote, and chlo-
rite with scarce pyrite. The temperature and salinity decrease
of the hydrothermal fluids was the main cause of massive iron
precipitation. The early diorite-related skarn system was fol-
lowed by intrusion of the granite pluton which reheated the
wall rock to >550°C and also generated saline + vapor fluids by
immiscibility that were capable of redistributing some of the
iron from the preexisting skarn.

The Vegas Peladas Fe skarn is similar to the many other cal-
cic Fe skarns that have been described in the literature. The
multiple intrusive events produced a slightly more compli-
cated deposit, but the mineral assemblages and hydrothermal
processes are similar to those documented elsewhere. New
dating (Franchini et al., 2007) and the present study demon-
strate that the iron skarns of southwest Mendoza are associ-
ated with the least differentiated plutons, dikes, and sills of the
voluminous and ubiquitous magmatism of the Upper
Miocene. These Neogene igneous rocks were derived from
primitive magmas that originated in the mantle, with little to
no crustal contamination. These plutons occur at the intersec-
tion of the main lineaments, thrusts, and fold cores in poorly
explored areas, and may host potentially significant iron min-
eralization in associated skarn. The distribution of alteration
assemblages observed in Vegas Peladas can be used in these
poorly explored areas as a guide to skarn mineralization.
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