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The gondwanan magmatism in the San Rafael Massif, known as Choiyoi Magmatic Cycle, was emplaced
during the inception of a magmatic arc setting during the early Permian. Two different sections can be
differentiated in this volcanic sequence. The lower section (~281 up to ~265 Ma) consisting of andesites
and dacitic to low-silica rhyolitic ignimbrites has geochemical characteristics that indicate a subduction
zone setting. The upper section (~265 up to ~252 Ma) composed of rhyolitic ignimbrites and lava flows,
dacitic to rhyolitic subvolcanics and alkalic basaltic andesites has geochemical characteristics transitional
between subduction and continental intraplate settings. Several Cu-(Mo) porphyry deposits are geneti-
cally linked to the lower section (Infiernillo, San Pedro and La Chilca-Zanjén del Buitre). In this paper, we
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Cu-porphyry . . L . .
San Rafael Massif discussed the petrogenesis of the magmatism linked to the porphyry deposits from the San Rafael Massif.
Argentina The petrogenetic analysis suggests that the lower section was produced in a thickened crust resulting

in an adakite-like signature magmatism. The U/Pb LA-ICP-MS age of magmatic zircons from an intru-
sive associated to the San Pedro porphyry (263.1 +£4.2 Ma) allowed confirming that the emplacement
of Cu-Mo porphyry deposits in the San Rafael Massif occurred during the change in the geodynamical
conditions from a transpressive to a transtensive tectonic regime.

© 2014 Elsevier GmbH. All rights reserved.

1. Introduction

Adakite-like geochemical signatures within magmatic rocks
have been related to the melting of mafic rocks equilibrated at high
pressure (Defant and Drummond, 1990). This geochemical signa-
ture could be acquired following crustal thickening, slab melting of
ayoung and hot plate, during flat slab subduction, fore-arc erosion
or high-pressure fractional crystallization (Defant and Drummond,
1990; Atherton and Petford, 1993; Peacock et al., 1994; Rabbia and
Hernandez, 2000; Xu et al., 2002; Reich et al., 2003; among others).

Moreover, several authors have linked epithermal- and
porphyry-type deposits such as those found in the Cenozoic of the
Andes of Ecuador, Peru, Bolivia, Argentina and Chile to adakite-like
rocks (Bray Du et al., 1995; Thiéblemont et al., 1997; Bissig et al.,
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2003; Reich et al., 2003; Chiaradia et al., 2004; Coldwell et al., 2005;
Carrasquero et al., 2011).

The Gondwanan magmatism produced a large volume of vol-
canic and pyroclastic rocks along an NNW- to NW-trending belt
extending between 28° and 42° S in Argentina and Chile (Nasi et al.,
1985; Mpodozis and Kay, 1992; Llambias et al., 1993; Llambias and
Sato, 1995; Kleiman and Japas, 2009; among others). In Argentina,
these magmatic rocks named as the Choiyoi Magmatic Cycle (CMC)
are exposed in the Frontal Cordillera (Llambias and Sato, 1995;
Giambiagi and Martinez, 2008, among others), San Rafael Massif
(Llambias et al., 1993; Kleiman and Japas, 2009 and references
therein), North Patagonian Massif (Rapela and Llambias, 1985),
Precordillera (Strazzere et al., 2006 and reference therein), Princi-
pal Cordillera (Dessanti, 1973), Chadileuva Massif (Llambias et al.,
2003), Sierras Australes (Grégori et al., 2003) and Sierras Pam-
peanas (Ramos et al., 1988).

Particularly, in the San Rafael Massif (SRM), two different sec-
tions can be distinguished within the volcanic sequence. The lower
section (Early to Middle Permian) which was emplaced syntecton-
ically with the San Rafael Orogeny (SRO) has geochemical features
that indicate a magmatic arc setting (Llambias et al., 1993; Kleiman
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and Japas, 2009 and references therein). The upper section (Middle
to Late Permian) which was emplaced during the Post-San Rafael
extension (PSR) shows geochemical signatures that are transitional
between subduction and continental intraplate settings (Llambias
et al., 1993; Kleiman and Japas, 2009 and references therein).

Based on a Pb/Pb model age of 279 Ma and stratigraphic con-
straints, many hydrothermal ore deposits in the SRM were linked
to the Gondwanan magmatism (Carpio etal.,2001; Rubinstein etal.,
2004). The different styles of mineralization recorded in the upper
and lower sections, respectively, were linked to the evolution of the
Permian magmatic arc under a changing tectonic regime (Carpio
et al., 2001). Several Cu-(Mo) porphyry deposits are hosted by
the lower section (Fuschini, 1968; Delpino et al., 1993; Rubinstein
et al., 2002, 2012; Gémez and Rubinstein, 2010a,b). Related to the
upper section there are Mo porphyry prospects (Carpio et al., 2001)
and epithermal low-sulfidation deposits (Rubinstein and Gargiulo,
2005; Gargiulo et al., 2007).

In this paper, we discuss the igneous petrogenesis and the geo-
dynamic setting of the Gondwanan porphyry copper deposits from
the SRM. The new geochemical and U/Pb LA-ICP-MS zircon crystal-
lization geochronological results when integrated with available
geological constraints, trace the transition from crustal thickening
to a progressively extensional tectonic regime within a subduction-
related setting and also reinforced the view of the link between
adakite-like rocks and metalogenesis in subduction settings.

2. Regional geological setting

The SRM is located in the southern Mendoza Province, Argentina
(Fig. 1a). Mesoproterozoic terrains are scarce in this area and
include high-grade metamorphic rocks, granites, aplites and peg-
matites of Grenvillian age (Cingolani and Varela, 1999). From the
Ordovician to the Devonian, carbonatic and clastic sediments were
deposited and later metamorphosed by the Famatinian Orogeny
(Bordonaro et al., 1996). Carboniferous platform deposits were
deposited over the metamorphosed Palaeozoic terrains and later
folded during the SRO (Espejo and Lopez Gamundi, 1994). Dur-
ing the Late Paleozoic (~284 Ma up to ~252 Ma, Rocha-Campos
et al,, 2011; Tickyj et al., 2014), a magmatic arc that was active
on the western proto-margin of the Gondwana produced the
CMC (Llambias et al., 1993). Following the CMC, syn-rift Triassic
sequences were deposited associated with rhyolites, ignimbrites
and basalts (Kleiman and Salvarredi, 2001).

The geological record from the Late Cretaceous to the Pliocene
shows sequences of continental sedimentary rocks and volcanic-
arc and back-arc products, including pyroclastic and siliceous to
basaltic volcanic rocks, which were deformed during different
phases of the Andean Orogeny. From the Miocene to Pleistocene,
the geological record shows backarc deposits dominated by basalts
interbedded with continental sedimentary rocks. The Miocene
volcanics (Fig. 1a) have geochemical features that indicate a mag-
matic arc setting (Septlveda et al., 2007). On the other hand, the
Holocene volcanic rocks (Fig. 1a) have an alkaline geochemical
signature (Bermudez et al., 1993; Septlveda et al., 2007) which
was interpreted by Sgager et al. (2013) in the Payenia volcanic
province (southwest of the studied area) as a product of OIB mantle
upwelling in a backarc setting.

2.1. Gondwanan magmatism in the San Rafael Massif

The lower section of the CMC corresponds to the Cochico
Group which consists mainly of andesites and dacitic to low
silica rhyolitic ignimbrites with geochemical features indicative
of an arc tectonic setting (Llambias et al., 1993). This section
was emplaced during the SRO under a transpressional tectonic

regime (Llambias et al., 1993; Kleiman and Japas, 2009 and ref-
erences therein). The upper section includes the Quebrada del
Pimiento, Cerro Carrizalito and Choique Mahuida and El Por-
tillo Formations (Fig. 1a). These formations consist of rhyolitic
ignimbrites and lava flows, dacitic to rhyolitic subvolcanics and
alkaline basaltic andesites with geochemical characteristics tran-
sitional between subduction and continental intraplate settings.
This section was emplaced during the PSR extension under a
transtensional structural regime (Llambias et al., 1993; Kleiman
and Japas, 2009). Although Agua de los Burros Formation is affected
by the transpressional deformation of SRO, these volcanics are
geochemically more similar to the upper section, therefore it is
included in the upper section (Kleiman and Japas, 2009). Thus,
the volcanic successions of the CMC reflect the transition from a
convergence transpressional to a progressive extensional tectonic
regime.

The extensional regime ends in Middle Triassic times
(235.8+£2.0 Ma; Ottone et al., 2013) with the emplacement of the
rift-related bimodal alkaline magmatism of the Puesto Viejo For-
mation (Llambias et al., 1993; Kleiman and Salvarredi, 2001).

Previous radiometric ages, obtained by K/Ar from whole rocks
(Linares, 2007), suggest a middle Carboniferous (320 Ma) to early
Jurassic (192 Ma) age for the CMC. Rocha-Campos et al. (2011) pre-
sented SHRIMP (sensitive high-resolution ion-microprobe) U/Pb
ages of 281.4+2.5 Ma (lower Permian) for the lower part of the
Cochicé Group, 264.8+2.3 Ma (middle Permian) for the Agua
de los Burros Formation and 251.9+2.7 Ma (Permian-Triassic
boundary) for the Cerro Carrizalito Formation. More recently, U/Pb
crystallization ages obtained by Tickyj et al. (2014) for a dacitic
porphyry of the lower section and a granite intrusive of the upper
section, both located ~100km south-eastern of the San Pedro
porphyry returned an age of 283.8+£0.98 Ma (Lower Permian)
and 266.7+1.0 Ma (Middle Permian), respectively. These new
data constrain the age of the Gondwanan magmatism to the Per-
mian with a spanning of ~30 Ma for the volcanic activity in the
SRM.

2.2. Gondwanan porphyry Cu—(Mo) deposits from the San Rafael
Massif

Three porphyry Cu-(Mo) deposits are hosted in the lower sec-
tion of the CMC: Infiernillo, San Pedro and La Chilca-Zanjén del
Buitre (Fig. 1a-d).

2.2.1. Infiernillo porphyry

This deposit (Fig. 1b) is hosted by the rhyolitic tuffs of the
Cochicé Group composed of plagioclase, biotite and minor K-
feldspar and amphibole in a recrystallized felsitic matrix where
fiammes and shards are occasionally recognizable. The pyroclastic
rocks are intruded by basaltic andesites dykes from the Quebrada
del Pimiento Formation which are composed of plagioclase, olivine
and amphibole phenocrysts in a pilotaxitic groundmass (Rubinstein
et al, 2013).

The alteration zone only affects the pyroclastic rocks. It has
an oval shape (Fig. 1b) with an NNE-SSW trend (Fuschini,
1968; Di Tommaso and Rubinstein, 2007). The core consists of
an NNE oriented elliptical quartz plug sometimes with brec-
cia texture that contains oxidized pyrite, scarce sericite and
abundant hematite; locally it shows a boxwork texture. Sur-
rounding the quartz plug, there is a potassic alteration zone
which consists of pervasive K-feldspathization, silicification and
minor biotitization (Fig. 2b). Outwards of the potassic alter-
ation zone, there is a well-developed phyllic halo displaying
intense bleaching (Fig. 2a). The halo shows a pervasive and
veinlet-type silicification and pervasive sericitization. Abundant
pyrite occurs as disseminated crystals and in veinlets. A late
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Fig. 1. (a) Geology of the San Rafael Massif showing the location of the porphyry Cu-(Mo) deposits. (b-d) Detailed maps of Infiernillo, San Pedro and La Chilca Zanjén del
Buitre porphyries, respectively. Modified from Carpio et al. (2001), Gémez (2008, 2013) and Rubinstein et al. (2012).

carbonatization process overprints both the potassic and phyllic
alteration (Di Tommaso and Rubinstein, 2007). The mineralization
occurs as disseminated crystals and in quartz veinlets (Gomez
and Rubinstein, 2010b). In the potassic alteration zone, the par-
agenetic sequence includes: bornite, chalcopyrite-molybdenite,
pyrite, galena-sphalerite, chalcocite-covellite. In the phyllic zone,
the paragenetic sequence includes: chalcopyrite, molybdenite and
pyrite. Within or close to the outer border of the phyllic halo,
small polymetallic veins with Pb-Zn-Ag mineralization crop out
(Fig. 1b; Carpio et al., 2001). Surface geochemical analyses reveal
almost superimposed anomalies of Cu and Mo located at the
inner border of the phyllic halo (Fuschini, 1968; Di Tommaso and
Rubinstein, 2007). Significant Ag and Au anomalies, up to 118
and 0.68 g/t, respectively, have also been detected (Zanettini and
Carotti, 1993).

2.2.2. San Pedro porphyry

This deposit (Fig. 1c) is hosted by the Cochic6 Group which
consists of pyroclastic rocks intruded by a subvolcanic porphyry
stock (San Pedro) and andesitic dykes (Figs. 1c and 2c). Out-
wards of the mineralized area, the Cochicé Group is intruded by
basaltic andesites dykes from the Quebrada del Pimiento Forma-
tion (Fig. 1c). Volcanics of the Cerro Carrizalito Formation crop out
to the south of the San Pedro porphyry (Fig. 1c).

The pyroclastic rocks of the Cochicé Group correspond mainly
to a moderately welded massive dacitic tuff. They are composed
of quartz, feldspars, micas and volcanic fragments in a felsitic
matrix where recrystallized shards and fiamme are recognizable.
The San Pedro Porphyry (SPP) consists mainly of a facies with
porphyritic to granular texture and dioritic to tonalitic composi-
tion. It is composed of plagioclase, minor clinopyroxene, scarce
biotite, magnetite and interstitial graphic intergrowth of quartz
and K-feldspar. To the SE margin, scarce outcrops of a dacitic
facies have been recognized. They display a porphyritic texture
and are composed of plagioclase, biotite, quartz and amphibole
phenocrysts in a very fine groundmass. Intruding the pyroclastic

rocks and the SPP, there are andesitic dykes composed of pla-
gioclase, amphibole and scarce K-feldspar phenocrysts in a fine
plagioclase and quartz groundmass. The Quebrada del Pimiento
dykes are composed of olivine and plagioclase phenocrysts in an
intersertal groundmass.

The alteration zone covering the SPP and the surrounding pyro-
clastic rocks has an irregular shape (Fig. 1c). The potassic alteration
is mainly developed in the central part of the SPP and shows an
assemblage of K-feldspar, biotite, magnetite and quartz. It occurs
pervasively and in veinlets (Fig. 2d).

Propylitic alteration occurs pervasively in the western part of
the SPP and displays an assemblage of chlorite, epidote and car-
bonate. Chlorite-epidote veinlets are locally observed.

Weak phyllic alteration is irregularly distributed in the SPP
and the surrounding pyroclastic rocks. It is marked by perva-
sive silicification and sericitization with disseminated pyrite and
quartz-pyrite stockworks with minor chalcopyrite, sphalerite and
galena. The phyllic alteration does not affect the andesitic dykes
(see Fig. 1c). A late carbonatization process, locally pervasive
but also present in veins, overprints both the potassic and phyl-
lic alteration. Within or close to the potassic alteration zone,
Cu-Pb-Zn-Ag-(Mo) veins (Fig. 1c) crop out (Rubinstein etal., 2002).
Geochemical analyses yielded an average ore grade of 2.5% Cu and
542 ppm Mo (Davicino, 2008).

Based on the intrusion sequence and the mineralogy and the
alteration patterns of the intrusions, the dioritic-tonalitic facies of
the SPP is considered as an early-mineralization facies, whereas
the andesitic dykes are considered post-mineralization. Although
the link between the dacitic facies of the SPP and the miner-
alization is not clear, because of its mineralogy and location,
it could be considered as genetically linked to the mineraliza-
tion.

2.2.3. La Chilca-Zanjén del Buitre porphyry
La Chilca-Zanjén del Buitre is located at 7.5km to the south-
east of the SPP (Fig. 1a). The alteration zone consists of two
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Fig. 2. Alteration zones view. (a) Infiernillo. Regional view of phyllic alteration showing intense bleaching. (b) Infiernillo. Potassic alteration and silicification in stockwork
structure. (c) San Pedro. Regional view of the SPP and dacitic tuffs (Cochicé Group). (d) San Pedro. Pervasive K-feldspar alteration zone with quartz-magnetite veinlets. (e)
La Chilca-Zanjon del Buitre. Phyllic alteration area. (f) La Chilca-Zanjén del Buitre. Pyrite veinlets.

belts about 1km in length with an ENE strike which are hosted
by ignimbrites of trachyandesitic composition interbedded with
tuffaceous sandstones and andesitic lava flows (Fig. 1d). The ign-
imbrites are composed of feldspars, quartz, biotite and amphibole
clasts along with scarce volcanic fragments in a felsitic matrix
with recrystallized fiammes. The lava flows have a porphyritic tex-
ture and consist of plagioclase and amphibole in a groundmass
with pilotaxitic texture. This volcaniclastic sequence is intruded
by dacitic and andesitic subvolcanic bodies composed by feldpars
(plagioclase and K-feldspar) with subordinate biotite, quartz and
amphibole phenocrysts in a felsitic groundmass (Rubinstein et al.,
2012).

The altered area consists of a potassic zone with pervasive alter-
ation and a paragenesis of K-feldspar-quartz-magnetite partially
overprinted by a pervasive phyllic alteration with an assemblage
of quartz-muscovite-pyrite—(rutile) and pyrite-(quartz) veins
(Figs. 1d, 2e and f). A late carbonatization process overprints both
the potassic and phyllic alteration. Outside the alteration zone,
pyrite-chalcopyrite-galena-sphalerite veins with a quartz gangue
are observed. Chemical analyses indicate moderate Ag and Au

anomalies and small anomalies of Cu, Mo, Pb and Zn (Rubinstein
etal., 2012).

3. Methods and analytical procedures

Twenty-one rock samples from the SPP were analyzed for major
and trace elements at Actlabs (Canada) and SGS (Peru) laboratories.

One mineralized sample from the early-mineralization SPP
facies was selected for zircon U/Pb dating. Heavy mineral concen-
trates of the <350 wm fraction were separated using traditional
techniques at ZirChron LLC. Zircons from the non-magnetic fraction
were handpicked under the microscope and mounted in a 1-inch
diameter epoxy puck and slightly ground and polished to expose
the surface and keep as much material as possible for laser ablation
analyses. LA-ICP-MS U/Pb analyses were conducted at Washing-
ton State University prior to cathodoluminescence imaging using
a New Wave Nd:YAG UV 213-nm laser coupled to a ThermoFinni-
gan Element 2 single collector, double-focusing, magnetic sector
ICP-MS. Operating procedures and parameters are a slight modifi-
cation of Changetal.(2006). Laser spot size and repetition rate were
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Table 1
U/Pb isotopic data for zircons crystal from SSP obtained by LA-ICPMS.
CSP0913 U (ppm) Th/U 238U/2%6Ph 1sigma (%  207Pb/2%Pb 1sigma (% 2067238 3ge 1 sigma 207y[206ph age 1 sigma Bestage 1 sigma (abs
error) error) (abs err) (abs err) err Ma)
nora32 300 0.28 23.5875 1.97 0.0517 1.47 267.7 5.2 270.5 334 267.7 5.2
nora31 344 043 23.0370 1.95 0.0522 1.38 273.9 5.2 2923 313 273.9 5.2
nora_30 325 0.27 224295 2.10 0.0586 1.40 281.2 5.8 553.8 30.2 281.2 5.8
nora29 279 0.32 24.1438 1.91 0.0521 1.46 261.6 49 290.9 331 261.6 49
nora.28 90 0.75 16.9673 2.32 0.0570 1.90 369.2 8.3 491.9 414 369.2 8.3
nora27 374 0.43 9.3635 4.28 0.0832 1.16 654.1 26.6 1274.9 22.5 654.1 26.6
nora_26 839 0.33 6.5451 2.06 0.0847 1.14 916.6 17.6 1309.3 22.1 1309.3 221
nora24 298 0.21 25.6360 1.66 0.0522 1.28 246.7 4.0 310.9 30.2 246.7 4.0
nora-23 212 0.20 25.0660 1.68 0.0525 1.53 252.2 4.1 308.0 34.6 252.2 4.1
nora22 116 0.29 23.7907 1.69 0.0521 1.90 265.4 4.4 290.1 429 265.4 4.4
nora21 194 0.22 23.8677 1.69 0.0514 1.49 264.6 4.4 257.8 33.8 264.6 4.4
nora-20 275 0.26  25.3897 1.58 0.0512 1.40 249.0 3.9 281.7 321 249.0 3.9
nora_19 210 0.22 25.2793 1.81 0.0492 1.66 250.1 4.4 2033 379 250.1 4.4
nora_18 115 0.13 5.8719 1.68 0.0751 1.12 1013.8 15.7 1089.3 22.7 1089.3 22.7
nora.17 324 0.38 247924 1.82 0.0515 1.31 254.9 4.5 275.4 29.3 254.9 4.5
nora.16 302 0.37 23.8265 1.57 0.0523 1.25 265.0 4.1 305.9 284 265.0 4.1
nora_15 287 0.28 24.0579 1.76 0.0530 132 262.5 4.5 3303 29.8 262.5 4.5
nora.14 333 0.26  23.9694 1.59 0.0507 1.32 263.5 4.1 235.1 30.6 263.5 4.1
nora-13 299 0.30 244727 1.67 0.0526 1.30 258.2 4.2 322.1 29.8 258.2 4.2
nora_11 260 0.22 23.8730 1.55 0.0527 1.28 264.5 4.0 315.3 28.7 264.5 4.0
nora.10 211 0.93 24.2409 2.25 0.0515 1.81 260.6 5.7 263.7 40.9 260.6 5.7
nora.9 664 0.38 18.6541 2.06 0.0525 1.38 336.6 6.8 311.9 31.2 336.6 6.8
nora_8 298 0.24 24.3653 2.14 0.0519 1.61 2593 5.4 298.6 36.6 2593 54
nora_7 347 0.20 23.5893 2.16 0.0522 1.74 267.6 5.7 396.5 38.9 267.6 5.7
nora-6 502 0.38 23.9667 2.66 0.0593 1.82 263.5 6.9 576.7 39.1 263.5 6.9
nora.5 339 0.29 23.7154 2.09 0.0533 1.58 266.2 5.4 341.8 354 266.2 5.4
nora_4 423 0.56 24.0987 1.99 0.0522 1.52 262.1 5.1 292.7 343 262.1 5.1
nora.3 318 0.31 234787 2.07 0.0524 1.50 268.9 5.5 307.4 339 268.9 5.5
nora.2 270 0.19 23.6829 2.06 0.0524 1.63 266.6 5.4 308.3 371 266.6 5.4
nora-1 315 0.61 23.8069 2.07 0.0552 1.58 265.2 5.4 4249 35.0 265.2 5.4

30 pmand 10 Hz, respectively. He and Ar carrier gases delivered the
sample aerosol to the plasma. Each analysis consists of a short blank
analysis followed by 250 sweeps through masses 204, 206, 207,
208, 232, and 238, taking approximately 30s. Time-independent
fractionation was corrected by normalizing U/Pb and Pb/Pb ratios
of the unknowns to the zircon standards (Chang et al., 2006). U
and Th concentration were monitored by measuring the concentra-
tion of 610 NIST glass. Two zircon standards were used: Plesovice,
with an age of 338 Ma (Slama et al., 2008) and FC-1, with an age
of 1099 Ma (Paces and Miller, 1993). U-Pb ages were calculated

using Isoplot (Ludwig, 2003). U-Pb zircon crystallization age errors
are reported using quadratic sum of the weighted mean error plus
the total systematic error for the set of analyses (Valencia et al.,
2005).

4. Geochronology
Zircon crystals of the analyzed sample (CSP0913) have mainly

euhedral external analyzed morphologies and zoned inner struc-
tures typical of igneous zircons. Disruptions of the inner structure,
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Fig. 3. Tera Wasserburg diagram of LA-ICP-MS analyses of zircons from the SPP.



Table 2

Major (wt%) and trace element (ppm) contents of the CMC from the mineralized areas (San Pedro, Infiernillo and La Chilca-Zanjén del Buitre porphyries and Don Sixto epithermal ore deposit) and unmineralized areas of the SRM.

Mineralized areas
San Pedro Porphyry

cMC

Stratigraphic Unit

Lower Section

Cochicé Group

Lithology SPP Andesitic dykes Dacitic Tuffs Andesitic breccia
Samples CSP0940t CSP0943+ CSP0931 CSP09131 CSP0941 CSP0950* CSP0951* CSP0108971 CSPO108t CSPO15* CSP0944* CSP0945¢ CSP0941+1 CSP096+ CSP095¢ CSP09351 CSP098t CSP09121
Latitude S 35°21'51.05" 35°21751.0°  35° 207 50.08" 35°21739.03" 35°20750.08 35°21'58.417 35°21'57.25" 35°21'59.85" 35°22352" 35°21.633" 35°21'50.04" 35° 21”7 47.04" 35°21751.05" 35217238 35°21723.8" 35 2273601” 35 21583 35° 21" 23.5"
Longitude W 68° 24'58" 68°24756.02" 68° 26" 23.09" 68 26" 0.01” 68> 26'23.09" 682516.78" 68°25'17.89" 68°25'12.00" 6824.174"  68° 25.100" 68°24'51.09" 68° 24" 48.06" 68° 24" 58" 68° 25" 459" 68° 25459 68 23751.02" 68° 26.138" 68 26" 16.2
Si0, 63.48 67.37 63.01 58.99 62.80 61.95 61.18 64.20 64.14 64.93 63.53 62.09 63.95 59.32 61.11 63.00 62.02 56.33
Tio, 0.48 0.59 0.56 0.72 0.55 0.57 0.56 0.60 0.50 0.56 0.55 0.69 0.57 0.57 0.54 0.60 0.59 0.75
Al 03 14.80 16.51 16.90 18.07 16.57 14.51 14.84 1554 1517 14.64 1461 15.28 1630 15.68 15.71 16.17 16.01 16.02
FeO - - - 120 - - - - - - - - - - - - - -
Fe;03 231 1.98 4.32 5.70 4.57 5.04 4.74 4.73 378 3.97 1.83 3.93 2.86 4.44 4.28 4.04 4.99 6.62
MnO 0.12 0.03 0.07 0.09 0.09 0.15 0.14 0.08 0.05 0.03 0.07 0.11 0.08 0.07 0.11 0.13 0.03 0.07
MgO 0.80 1.17 1.36 1.52 123 1.94 1.55 1.54 0.52 1.41 1.38 0.95 0.12 0.44 0.53 0.89 1.41 258
Ca0 4.76 1.84 3.66 4.73 276 3.16 5.00 332 3.57 0.98 2.94 3.85 325 5.75 431 325 2.86 4.78
Na,0 6.27 4.71 4.98 4.89 524 4.87 575 4.76 4.04 4.90 7.37 5.44 521 4.42 4.44 4.59 5.64 5.84
K0 0.95 2.94 2.98 2.64 321 3.09 2.24 3.27 3.30 3.89 1.56 2.98 327 230 2.23 3.20 2.58 0.98
P,0s 0.22 0.25 0.22 0.27 0.26 0.24 0.22 0.22 0.20 0.26 023 0.30 0.26 0.23 0.21 032 0.26 030
Lol 5.90 238 273 1.66 211 1.63 0.81 2.68 439 227 3.63 4.21 4.05 6.55 5.83 4.46 3.61 5.51
Ba 41.00 1544.00 1359.00 1421.00 1539.00 1047.20 668.60 1351.00 1198.00 1977.50 669.10 1286.00 1464.00 1254.00 1611.00 1496.00 976.00 289.00
Rb 20.00 49.00 62.00 54.00 67.00 73.60 38.60 76.00 77.00 70.10 31.70 52.00 49.00 52.00 52.00 75.00 53.00 23.00
Sr 346.00 706.00 1494.00 1231.00 957.00 887.00 1345.20 802.00 481.00 464.90 624.00 685.00 637.00 478.00 470.00 419.00 496.00 402.00
Zr 165.00 184.00 246.00 211.00 243.00 118.00 126.00 175.00 154.00 103.00 129.00 203.00 183.00 195.00 193.00 173.00 202.00 156.00
Nb 8.10 12.20 11.80 12.50 9.90 14.00 16.00 8.20 6.80 11.00 9.00 11.90 9.20 10.90 10.70 10.00 8.90 8.20
La 28.20 15.50 35.30 37.50 32.10 27.40 22.10 33.70 27.40 16.30 10.60 34.50 39.90 31.50 30.90 32.70 26.70 25.00
Ce 59.40 24.20 69.90 74.60 66.70 62.30 49.00 61.60 48.30 33.00 23.40 70.10 76.70 62.70 61.30 64.20 56.80 50.50
Pr 6.84 3.21 8.27 8.95 7.64 6.24 5.20 6.98 5.79 4.13 2.56 8.44 8.56 7.44 7.25 7.52 6.79 5.92
Nd 26.60 11.10 28.20 31.10 30.80 2220 21.80 26.90 2270 16.50 12.20 29.50 33.50 25.70 25.30 26.00 26.90 20.70
Sm 478 241 5.12 5.75 539 4.50 3.60 4.77 422 3.00 2.40 5.79 5.82 5.00 4.88 4.80 5.22 4.19
Eu 138 0.79 1.40 1.74 1.47 1.15 0.90 131 121 139 0.94 1.70 1.65 1.42 1.40 135 1.40 1.24
Gd 3.15 1.89 333 3.69 3.84 3.79 3.49 3.50 3.07 295 248 429 4.04 3.49 333 3.20 3.67 3.16
Tb 0.40 0.29 0.44 0.48 0.48 0.52 0.50 0.46 0.41 037 0.32 0.60 0.54 0.45 0.43 0.42 0.46 0.46
Dy 1.89 1.58 2.05 221 2.10 253 245 229 2.08 1.78 1.65 3.06 253 2.05 1.89 1.94 2.10 239
Ho 033 0.30 033 035 034 0.40 035 0.40 0.36 0.28 0.24 0.53 0.44 033 0.30 0.32 035 0.43
Er 0.87 0.83 0.82 091 0.88 117 0.89 1.07 0.97 0.84 0.72 141 117 0.82 0.76 0.82 0.87 117
Tm 0.12 0.12 0.11 0.13 0.12 0.16 0.11 0.16 0.13 0.08 0.08 0.20 0.16 0.11 0.11 0.11 0.12 0.17
Yb 0.79 0.79 0.73 0.78 0.76 1.20 1.10 0.98 0.80 0.70 0.70 117 1.05 0.67 0.66 0.70 0.73 1.10
Lu 0.13 0.12 0.11 0.12 0.12 0.17 0.15 0.16 0.12 0.10 0.12 0.17 0.17 0.10 0.10 0.11 0.11 0.17

Y 8.80 8.70 10.50 11.00 9.20 12.20 10.90 11.80 10.60 8.20 6.70 17.20 12.00 10.30 9.70 10.00 9.10 13.10
Cs 130 7.20 8.00 4.50 4.60 6.30 130 7.10 15.60 1.70 1.00 9.30 4.80 8.50 5.60 6.00 3.40 6.70
Ta 0.46 0.71 0.63 0.62 0.52 - - 0.65 0.52 - - 0.63 0.54 0.57 0.58 0.56 0.48 0.46
Hf 4.10 5.10 6.00 5.40 5.80 3.00 2.00 4.40 3.80 3.00 3.00 5.20 4.50 5.00 4.90 4.60 4.70 4.00

v 52.00 70.00 58.00 83.00 60.00 103.00 110.00 77.00 56.00 96.00 102.00 88.00 66.00 61.00 63.00 72.00 64.00 100.00
Ga 21.00 23.00 23.00 26.00 21.00 19.00 24.00 23.00 21.00 21.00 22.00 22.00 22.00 22.00 23.00 22.00 22.00 19.00
Ge 1.20 1.20 1.40 1.20 1.30 1.00 1.00 110 1.00 2.00 - 1.30 0.90 1.10 1.20 0.90 1.20 1.00
w 0.00 1.50 0.70 0.70 0.00 14.00 453.00 - - 23.00 46.00 110 0.70 0.60 1.00 0.80 0.00 1.10
Tl 027 033 0.10 0.24 0.25 0.50 - 0.53 0.51 0.50 - 0.36 0.63 0.45 0.49 0.82 0.58 0.10
Th 4.11 4.74 4.36 3.92 4.46 7.60 5.50 7.15 473 4.20 4.40 4.12 5.03 3.67 374 4.02 5.01 3.74

u 124 4.44 235 1.83 1.29 2.50 1.60 293 1.77 1.50 1.70 239 4.86 1.48 191 145 141 3.47
Sc 4.00 6.00 4.00 6.00 4.00 52.70 85.60 6.00 4.00 53.70 46.90 7.00 5.00 4.00 4.00 5.00 4.00 8.00
Cr <20 <20 <20 <20 <20 266.00 188.00 50.00 <20 237.00 214.00 <20 <20 <20 <20 <20 <20 20.00
Co <1 1.00 7.00 10.00 7.00 11.00 7.20 10.00 5.00 8.00 2.70 7.00 4.00 7.00 7.00 7.00 2.00 13.00
Ni <20 <20 <20 <20 <20 14.00 14.00 <20 <20 15.00 17.00 <20 <20 <20 <20 <20 <20 <20
La/Yb 35.70 19.62 48.36 48.08 42.24 2283 20.09 34.39 3425 23.29 15.14 29.49 38.00 47.01 46.82 46.71 36.58 22.73
Sm/Yb 6.05 3.05 7.01 7.37 7.09 3.75 327 4.87 5.28 4.29 3.43 4.95 5.54 7.46 7.39 6.86 7.15 3.81
Eu/*Eu 1.09 113 1.04 1.16 0.99 0.85 0.78 0.98 1.03 143 118 1.04 1.04 1.04 1.06 1.05 0.98 1.04
(La/Sr)n 0.73 0.20 0.21 0.27 0.30 0.28 0.15 038 0.51 032 0.15 0.45 0.56 0.59 0.59 0.70 0.48 0.56
(La/Yb)n 12.14 6.67 16.44 16.35 14.36 7.76 6.83 11.69 11.65 7.92 5.15 10.03 12.92 15.99 15.92 15.88 12.44 7.73
ASI 0.74 1.16 0.94 0.93 0.97 0.85 0.71 0.89 091 1.04 0.76 0.80 0.90 0.78 0.89 0.96 0.93 0.83
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Table 2 (Continued )

Mineralized areas

San Pedro Porphyry

Infiernillo porphyry

cMC

Stratigraphic Unit

Upper section

Lower section

Quebrada del Pimiento F.

Cerro Carrizalito F.

Cochicé Group

Upper section

Quebrada del Pimiento F.

Lithology Basanite Rhyolitic tuff Dacitic Tuff Dacitic Tuff Dacitic Tuff Dacitic Tuff Dacitic Tuff Dacitic Tuff Dacite Andesite
Samples LP4t CSP1085+ 146/06 M11 M13 INF4 INF6 M39 INF7 M44D
Latitude S 35°21/43.39"'S 35°23.203" S 34°39.605" 34°38.720' 34°38.720 34° 38.086/ 34° 38.739 34°39.136 34°37.761" 34°38.860
Longitude W 68°23/3.56"0 68 24.286"70 68°47.977 68°47.091" 68°47.144' 68° 47.594' 68° 47.185 68°47.206 68°47.438 68°48.574
SiOy 50.21 76.33 65.70 68.8 69.11 69.6 69.4 69.34 67.3 -

TiOy 0.67 0.11 0.40 0.363 0.383 04 0.5 0.379 0.5 -

Al 03 13.35 12.16 13.80 14.14 15.30 14.40 14.60 14.77 14.40 -

FeO - - - - - - - - - -
Fep03 6.67 2.01 241 270 294 224 254 2.86 3.28 -

MnO 0.12 0.05 0.30 0.11 0.10 0.01 0.05 0.10 0.02 -
MgO 4.47 0.34 0.40 0.39 0.30 0.30 0.30 0.31 0.50 -

Ca0 8.90 0.29 4.20 3.30 1.46 2.80 2.80 1.83 2.70 -

Nay 0 2.57 2.89 2.00 2.67 3.01 3.40 3.30 2.62 3.00 -

K50 1.59 471 3.70 3.05 3.82 3.70 2.80 3.79 4.00 -
P»0g5 0.19 - 0.15 0.15 0.19 0.15 0.15 0.15 0.15 -

LOI 10.54 1.47 5.80 4736.00 3048.00 2.70 3.20 3.52 4.30 -

Ba 670.00 290.00 373.00 745.00 943.00 877.00 1090.00 1109.00 1680.00 473.00
Rb 29.00 160.00 152.00 120.00 122.00 80.00 91.00 120.00 147.00 135.00
Sr 846.00 68.00 128.00 315.00 244.00 311.00 518.00 287.00 436.00 861.00
r 135.00 114.00 152.00 139.00 143.00 157.00 151.00 133.00 165.00 161.00
Nb 4.60 11.10 6.30 7.00 7.00 7.60 7.20 7.00 7.90 6.60
La 24.40 16.80 32.20 29.50 30.00 28.60 28.50 30.00 29.20 2530
Ce 50.70 43.00 61.80 62.30 63.10 56.20 56.30 62.00 57.30 52.70
Pr 6.17 5.09 7.55 6.98 7.02 6.56 6.59 7.02 6.72 6.80
Nd 24.90 19.90 29.00 26.10 26.30 25.10 25.60 26.50 25.80 24.20
Sm 4.96 4.95 4.90 4.50 4.40 4.46 4.66 4.50 4.53 525
Eu 1.26 0.30 1.38 1.26 122 1.18 1.26 137 1.22 1.39
Gd 3.84 4.52 3.35 3.10 3.20 331 3.36 3.50 332 4.60
Tb 0.58 0.81 0.47 0.40 0.40 0.45 0.46 0.50 0.47 0.68
Dy 3.27 5.08 2.22 2.10 2.10 2.19 2.10 2.30 218 3.77
Ho 0.62 1.01 0.40 0.40 0.40 0.39 0.37 0.40 0.39 0.75
Er 1.82 2.99 1.11 1.00 1.00 1.11 1.05 1.10 1.07 2.26
Tm 0.27 0.49 0.16 0.15 0.15 0.16 0.15 0.16 0.16 0.33
Yb 1.70 3.09 1.00 1.00 0.90 1.01 0.98 1.00 1.02 2.09
Lu 0.25 0.46 0.15 0.15 0.15 0.15 0.14 0.15 0.15 0.31

Y 17.40 28.30 11.20 10.00 11.00 11.40 11.30 12.00 11.90 22.20
Cs 1.60 5.20 9.40 11.20 8.00 - - 9.30 - 26.20
Ta 0.28 1.24 0.58 0.60 0.70 0.67 0.62 0.60 0.66 0.41
Hf 3.20 3.90 430 4.00 3.90 4.20 4.00 3.70 4.50 4.20

v 159.00 12.00 39.00 40.00 40.00 - - 41.00 - 148.00
Ga 17.00 15.00 23.00 23.00 23.00 - - 22.00 - 17.00
Ge 1.10 1.20 1.50 1.00 2.00 - - 1.00 - 1.00
w - 0.60 3.20 <1 <1 - - <1 - 38.60
Tl 0.13 0.91 2.19 1.10 1.30 - - 1.40 - 224
Th 4.37 14.90 5.75 6.60 7.60 7.35 6.19 6.70 6.74 3.69

u 1.75 441 245 6.30 2.10 - - 2.50 - 129
Sc 21.00 6.00 - 4.00 5.00 - - 5.00 - -

Cr 280.00 <20 - 50.00 <20 - - 50.00 - -

Co 27.00 2.00 - 5.00 5.00 - - 2.00 - -

Ni 90.00 <20 - <20 <20 - - <20 - -
La/Yb 14.35 5.44 32.20 29.50 33.33 28.32 29.08 30.00 28.63 12.11
Sm/Yb 2.92 1.60 4.90 4.50 4.89 4.42 4.76 4.50 4.44 2,51
Eu/*Eu 0.88 0.20 1.04 1.03 0.99 0.94 0.97 1.06 0.96 0.86
(La/Sr)y 0.26 2.22 2.26 0.84 1.11 0.83 0.50 0.94 0.60 0.26
(La/Yb)y 4.88 1.85 10.95 10.03 11.33 9.63 9.89 10.20 9.73 4.12
ASI 0.60 117 0.92 1.03 1.30 0.98 1.08 1.26 1.02 NaN
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Table 2 (Continued )

Mineralized areas

San Pedro Porphyry
CMC

Stratigraphic Unit

Arroyo La Chilca - Zanjén del Buitre porphyry

Lower section

Cochicé Group

Don Sixto

Upper section

Choique Mahuida F.

El Portillo Group

Lithology Dacite Dyke Andesite Dacitic Tuff Dacitic Tuff Dacitic Tuff Rhyolite Rhyolite Rhyolite Rhyolite
Samples LCH5 LCH10 86010 86015 86017 CcM101 CM106 EP82 EP104
Latitude S 35°2528.2" 35° 2528.7" 35°25.450 35°.25.430 35°25.110 36°17/49.4" 36°17/59.8” 36°17/29.4" 36°17/50.5"
Longitude W 68°20'8.1” 68° 19/58.8” 68°19.944" 68°19.731 68°19.209 68°27'24.4" 68°27/17.8" 68°27/27.9” 68°27/20.8"
SiOy 62.46 60.03 - - - 77.19 77.55 78.03 78.81
TiOy 0.48 0.66 0.55 0.17 0.18 0.18 0.09 0.08 0.09
Al 03 14.70 16.26 - - - 13.63 12.22 12.00 12.56
FeO - - - - - 1.10 0.88 0.88 0.33
Fep03 3.95 4.65 - - - 0.55 0.44 0.44 0.17
MnO 0.10 0.09 - - - 0.01 0.03 0.02 0.01
MgO 1.62 1.38 - - - 0.14 0.04 0.07 0.07
Cao 3.82 4.04 - - - 0.17 0.64 0.58 0.24
Nay O 337 3.01 - - - 1.52 3.21 3.90 4.97
K0 3.50 3.09 2.66 3.17 299 5.47 4.88 3.97 273
P05 0.20 0.27 0.17 0.11 0.17 0.04 0.02 0.02 0.03
LOI 4.80 6.26 - - - 1.94 0.92 1.20 0.95
Ba 4722.00 1171.00 2810.00 1850.00 1040.00 762.00 84.00 159.00 216.00
Rb 99.00 104.00 120.00 115.00 64.00 173.00 149.00 164.00 115.00
Sr 583.00 479.00 524.00 374.00 453.00 39.00 21.00 28.00 57.00
Zr 141.00 213.00 - - - 253.00 164.00 155.00 173.00
Nb 7.60 10.30 - - - 14.00 15.00 28.00 27.00
La 29.00 31.70 34.00 27.80 27.30 38.30 35.80 34.00 33.90
Ce 52.30 64.00 72.00 57.00 54.00 50.60 82.40 81.10 68.10
Pr 5.88 7.67 - - - 8.02 9.82 10.10 9.68
Nd 22.40 30.40 - - - 29.90 36.20 38.00 36.30
Sm 3.94 5.44 6.00 3.40 3.70 5.10 8.60 10.70 9.90
Eu 1.06 1.46 1.50 0.60 0.90 0.29 0.16 0.15 0.22
Gd 283 3.62 - - - 3.80 6.80 8.90 8.10
Tb 0.39 0.43 - - 0.90 0.70 1.30 2.00 1.80
Dy 2.11 1.99 - - - 4.60 7.70 11.70 10.20
Ho 0.38 0.29 - - - 1.00 1.60 2.50 2.10
Er 1.07 0.73 - - - 3.10 4.50 7.00 6.10
Tm 0.16 0.09 - - - 0.54 0.76 1.21 1.06
Yb 1.05 0.52 0.80 1.00 0.40 3.40 4.60 7.40 6.30
Lu 0.16 0.07 0.31 0.13 0.08 0.52 0.65 1.04 0.88

Y 11.40 8.20 10.00 11.60 7.30 29.00 41.00 66.00 55.00
Cs 5.00 7.90 12.00 - - 29.00 41.00 66.00 55.00
Ta 0.62 0.69 0.60 - - 1.20 1.40 2.80 2.60
Hf 3.50 4.90 5.00 3.00 5.00 7.40 6.10 7.20 7.20

v 72.00 74.00 97.00 47.00 53.00 - - - -

Ga 20.00 24.00 - - - 18.00 17.00 20.00 21.00
Ge 1.10 1.00 - - - - - - -

w - - 35.00 117.00 59.02 - - - -

Tl 0.80 1.08 0.80 0.40 0.80 1.00
Th 6.67 4.40 2,50 7.60 5.90 18.40 17.60 30.00 28.00
u 2.76 1.24 1.70 3.60 6.50 3.70 5.10 9.50 6.60
Sc 6.00 5.00 - - - - - - -

Cr <20 20.00 - - - 10.00 10.00 10.00 10.00
Co 9.00 9.00 - - - 37.00 83.00 146.00 145.00
Ni <20 <20 - - - 10.00 10.00 10.00 10.00
La/Yb 27.62 60.96 42.50 27.80 68.25 11.26 7.78 4.59 5.38
Sm/Yb 3.75 10.46 7.50 3.40 9.25 1.50 1.87 1.45 1.57
Eu/*Eu 0.97 1.01 - - - 0.20 0.06 0.05 0.08
(La/Sr)y 0.45 0.60 0.58 0.67 0.54 8.84 15.34 10.93 5.35
(La/Yb)y 9.39 20.73 14.45 945 2321 3.83 2.65 1.56 1.83
ASI 0.90 1.04 0.00 0.00 0.00 1.56 1.04 1.02 1.09
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Table 2 (Continued )

Unmineralized areas
San Rafael Massif

cMC

Stratigraphic Unit

Lower section

Cochicé Group

Lithology Andesite Tuff Tuff Andesitic breccia Tuff Tuff Tuff Tuff Tuff Tuff
Samples LCA1 LCA2 LCI1 LCI2 LCI4 LCI5 LCI6 Laz LCI8 77/90
]I:::;liedi w Unspecified Unspecified Unspecified Unspecified Unspecified Unspecified Unspecified Unspecified Unspecified Unspecified
SiOy 63.24 59.11 63.70 66.37 67.80 68.43 68.59 69.71 67.09 70.04
TiOy 0.73 0.83 0.50 0.43 0.50 0.34 0.30 0.45 0.49 0.38
Al 03 16.73 17.28 15.40 14.98 15.74 15.33 15.01 14.47 15.94 15.68
FeO 220 1.04 0.87 0.15 0.18 0.31 0.20 0.22 0.49 0.24
Fey03 1.76 6.08 2,67 291 3.20 229 2.65 2.55 244 2.14
MnO 0.07 0.13 0.06 0.04 0.06 0.02 0.05 0.06 0.05 0.03
MgO 1.30 1.72 1.24 0.90 0.73 0.67 1.00 0.26 0.78 0.85
Cao 3.20 4.52 3.64 2.50 2.60 2.08 133 2.54 243 2.14
Nay O 3.35 4.09 3.22 4.05 3.39 4.89 4.38 3.83 4.03 275
K0 3.36 291 2.46 3.55 3.79 291 3.28 2.98 3.46 418
P05 0.22 0.37 0.13 0.18 0.20 0.09 0.15 0.10 0.14 0.13
LOI 3.85 1.92 221 2.60 2.00 2.85 235 2.88 2.28 1.44
Ba 875.00 1271.00 626.00 1070.00 1439.00 1256.00 1302.00 852.00 1055.00 980.00
Rb 120.00 66.00 101.00 93.00 133.00 81.00 97.00 82.00 105.00 122.00
Sr 460.00 904.00 495.00 688.00 708.00 723.00 776.00 691.00 665.00 540.00
Zr 183.00 182.00 90.00 75.00 80.00 75.00 65.00 84.00 92.00 98.00
Nb 13.00 11.00 13.00 2.00 6.00 11.00 7.00 5.00 - 11.00
La 34.90 31.00 29.30 25.90 27.20 27.80 26.60 26.20 28.60 26.75
Ce 70.10 70.20 56.90 51.90 57.70 54.30 53.50 52.00 57.50 56.24
Pr - - 7.81 - - - - - - -

Nd 33.60 3430 27.60 27.00 27.40 26.80 25.70 25.80 29.30 2297
Sm 6.88 6.42 532 5.02 528 5.06 4.85 4.72 5.37 3.61
Eu 1.40 1.77 1.48 1.29 1.28 1.18 1.37 1.21 1.40 0.99
Gd 6.44 5.44 4.24 3.70 4.09 3.69 3.41 3.28 3.92 3.06
Tb - - 0.59 - - - - - - -

Dy 5.27 4.09 2.54 221 2.60 2.28 215 2.07 242 1.30
Ho - - 0.47 - - - - - - -

Er 2.54 213 1.17 1.02 1.18 1.00 1.01 1.03 1.13 0.71
Tm - - 0.19 - - - - - - -

Yb 2.70 1.99 1.16 1.00 1.12 1.01 1.02 1.06 1.16 0.61
Lu 0.40 0.30 0.16 0.18 0.18 0.20 0.15 0.15 0.17 0.09
Y 33.00 25.00 15.30 13.20 15.00 13.10 13.30 12.40 14.60 -

Cs - - 34.50 - - - - - - -

Ta - - 1.17 - - - - - - -

Hf - - 4.02 - - - - - - -

\% 92.00 121.00 78.00 69.00 74.00 58.00 62.00 58.00 61.00 39.00
Ga 19.00 22.00 24.00 - - - - - - -

Ge - - 1.30 - - - - - - -

w - - 97.10 - - - - - - -

Tl - - 0.61 - - - - - - -

Th 7.00 5.00 8.07 6.51 10.00 6.64 6.65 6.70 7.15 7.00
u 0.90 1.10 145 0.35 1.57 1.82 1.04 2.07 134 1.40
Sc - - - - - - - - - 4.00
Cr 11.00 12.00 22.00 36.00 26.00 32.00 26.00 33.00 30.00 15.00
Co 55.00 23.00 15.90 - - - - - - -

Ni 7.00 5.00 28.00 - 10.00 - - 14.00 - 4.00
La/Yb 12.93 15.58 25.26 25.90 24.29 27.52 26.08 24.72 24.66 43.85
Sm/Yb 2.55 323 4.59 5.02 4.71 5.01 4.75 4.45 4.63 5.92
Eu/*Eu 0.64 0.92 0.95 0.92 0.84 0.83 1.03 0.94 0.93 0.91
(La/sr)N 0.68 0.31 0.53 0.34 0.35 0.35 0.31 0.34 039 0.45
(La/Yb)y 439 530 8.59 8.81 8.26 9.36 8.87 8.40 8.38 14.91
ASI 1.12 0.95 1.06 1.00 1.09 1.02 1.14 1.02 1.08 1.21
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Table 2 (Continued )

Unmineralized areas
San Rafael Massif

cMC Upper section

Stratigraphic Unit Agua de los Burros F. Quebrada del Pimiento F. Cerro Carrizalito F.

Lithology Tuff Tuff Tuff Andesites Andesites Tuff Tuff
Samples AB1 AB2 67/88 QP1 QP2 ccn CcCi2
IL'?’E::?;Z w Unspecified Unspecified Unspecified Unspecified Unspecified Unspecified [1,0]Unspecified
Si0y 71.07 75.94 76.66 60.08 56.70 71.85 76.04
TiOy 0.41 0.12 0.11 0.94 0.92 0.38 0.12
Al 03 15.26 12.87 13.96 16.99 15.45 13.81 12.30
FeO 0.00 0.06 0.15 4.42 0.00 0.69 1.64
Fey03 3.28 1.23 1.12 1.18 7.07 2.85 0.95
MnO 0.03 0.02 0.01 0.13 0.10 0.04 0.03
MgO 0.35 0.02 0.05 2.86 3.84 0.10 0.11
Cao 0.52 0.31 0.24 5.96 3.75 113 0.72
Nay 0 0.56 433 2.02 3.49 3.88 3.13 2.88
Ky0 4.54 4.48 5.30 1.83 2.60 5.48 4.67
P505 0.11 0.01 0.00 0.22 0.36 0.07 0.02
LOI 3.87 0.61 1.01 1.90 5.32 0.46 0.52
Ba 900.00 181.00 161.00 965.00 1496.00 1080.00 117.00
Rb 197.00 141.00 204.00 115.00 86.00 220.00 148.00
Sr 140.00 18.00 19.00 361.00 1020.00 128.00 37.00
r 306.00 141.00 129.00 240.00 209.00 327.00 122.00
Nb 13.10 20.00 16.00 13.00 9.78 15.00 15.00
La 54.60 32.40 28.43 27.60 58.80 51.80 25.80
Ce 112.00 73.40 67.94 63.70 116.00 106.00 60.00
Pr 12.80 8.56 7.61 - 13.70 12.20 -

Nd 46.00 31.20 27.93 28.00 51.20 43.30 30.20
Sm 8.68 6.93 6.14 5.69 9.64 8.43 7.20
Eu 1.45 0.35 0.34 147 2.20 1.30 0.50
Gd 7.62 6.68 5.92 5.55 6.98 7.42 6.16
Tb 1.26 1.10 1.02 - 0.99 1.27 -

Dy 6.20 5.54 513 4.81 4.50 6.41 5.14
Ho 1.34 1.20 1.09 - 0.91 1.38 -

Er 3.93 3.77 3.47 2.36 2.65 4.31 2.54
Tm 0.62 0.61 0.55 - 0.39 0.66 -

Yb 3.64 3.61 3.34 2.58 2.48 4.13 2.90
Lu 0.53 0.55 0.46 0.38 0.35 0.62 0.42
Y 37.50 36.00 31.80 33.00 26.30 38.90 29.00
Cs 9.42 2.07 6.09 - 10.60 10.90 -

Ta 1.28 1.75 1.43 - 0.64 223 -

Hf 8.66 3.78 3.26 - 5.41 8.53 -

\ 23.00 - - 162.00 412.00 - -

Ga 22.00 18.00 17.00 20.00 24.00 21.00 15.00
Ge 1.70 1.30 1.20 - 1.50 1.50 -

w 153.00 390.00 279.27 - 68.10 662.00 -

Tl 0.79 0.53 1.05 - 0.08 0.86 -

Th 18.40 16.60 15.14 6.00 11.20 20.10 17.00
U 1.80 2.84 5.21 1.50 3.71 3.61 3.30
Sc - - - - - - -

Cr - - 17.00 13.00 43.00 - 11.00
Co 22.10 57.50 31.80 63.00 31.60 81.40 52.00
Ni 14.00 10.00 38.00 13.00 43.00 - 11.00
La/Yb 15.00 8.98 8.51 10.70 23.71 12.54 8.90
Sm/Yb 2.38 1.92 1.84 221 3.89 2.04 2.48
Eu/*Eu 0.55 0.16 0.17 0.80 0.82 0.50 0.23
(La/sr)N 3.51 16.20 13.47 0.69 0.52 3.64 6.28
(La/Yb)y 5.10 3.05 2.89 3.64 8.06 4.26 3.02
ASI 2.25 1.03 1.47 0.92 0.96 1.05 1.11

In the San Pedro, Infiernillo and La Chilca-Zanjén del Buitre porphyries, the rocks were crushes (<7 kg) up to 90% passing 2 mm, riffle spitted (250 g) and pulverized (mild steel) to 95% passing 105 p.m including cleaner sand.
The major elements and trace elements were analyzed by 1 inductively coupled plasma/mass spectrometry (ICP-MS code 4LithoResearch) and *ICP e INAA (Neutron Activation Analysis). FeO (0.1%) was analyzed by titration. In
the Don Sixto ore deposit major elements (wt%) and trace elements (ppm) were analyzed by ICP in Actlabs. {Choique Mahuida F. and El Portillo Group are equivalent to the Cerro Carrizalito F (Mugas Lobos et al., 2010). Major
elements and trace elements in rocks from the unmineralized areas were analized by XRF and ICP-MS, Actlabs, Canada. Abbreviations: LOI: Loss ion ignition; ASI: aluminum saturation index; dashed lines: no data available; <20:
below the limit of detection.
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Fig.4. (a)SiO, vs. Zr/TiO, classification diagram of volcanic rocks of the CMC (Winchester and Floyd, 1977). (b) Th vs. Co diagram (Hastie et al., 2007). (¢) Aluminum saturation
index diagram (A/CNK) (Shand, 1943). Abbreviations: TrAn: trachy-andesite; AB: alkali basalt; Sub-AB: sub-alkaline basalt.

such as internal cracks or resorption textures are not observed and
the U/Th ratio<3 is consistent with a magmatic origin (Rubatto,
2002). A total of 30 zircons were analyzed (Table 1) which yielded
an age of 263.14+4.2 Ma (Fig. 3). A few older zircons were also
found, two of them with ages of ~1.1 and ~1.3 Ga (Grenvil-
lian). Records of Precambrian events of these ages were found
in the SRM in Cerro de la Ventana Formation (Cingolani and
Varela, 1999). Another inherited core zircon yielded an age of
369.2 + 8.3 Ma (late Devonian). This age could be correlated with
the collision of the Chilenia terrane to the Pacific side of Cuya-
nia terrane (which encompasses the Precordillera, the SRM, the
Pie de Palo area and the Las Matras block) by the end of the
Devonian (see Ramos et al., 1984; Ramos, 2004; Willner et al.,
2008).

On the other hand, three younger zircon analyzes (between
246.7 and 250.1 Ma, see Table 1) are considered as reflecting a lead
loss.

5. Geochemical characteristics of the Choiyoi Magmatic
Cycle

The samples from SPP area were analyzed in order to char-
acterize the volcanic sequence (Table 2) and compared to other
geochemical analyses of representative samples of the lower and
upper sections from mineralized and unmineralized zones of
the CMC (Kleiman, 1999; Kleiman and Japas, 2009; Gémez and
Rubinstein, 2010b; Mugas Lobos et al., 2010; Rubinstein et al.,
2012).

According to the SiO, versus Zr/TiO, diagram (Fig. 4a;
Winchester and Floyd, 1977), the Cochic6 Group rocks are
andesites, trachyandesites and dacites-rhyodacites with a wide
range of SiO, (59.69-72.12 wt%, in volatile-free basis) and vari-
able contents of Nay0 (2.15-7.83 wt%), K;0 (1.01-4.24 wt%) and
Al,03 (14.78-18.29 wt%). These rocks display a calc-alkaline affin-
ity (Fig. 4b; Hastie et al., 2007) and generally show a metaluminous
to slightly peraluminous character with an aluminum satura-
tion index (A/CNK) from 0.71 up to 1.1 (Fig. 4c). The rocks with
the higher A/CNK (>1.1) belong to phyllic alteration zones. On

the other hand, the upper section volcanics from Agua de los
Burros and Cerro Carrizalito Formations are predominantly high
silica rhyolites (Fig. 4a, SiO,: 72.19-78.80%wt in volatile-free
basis), whereas the Quebrada del Pimiento Formation consists of
basanites and andesites (Fig. 4a, SiO,: 56.58-61.24 wt% in volatile-
free basis). All the rocks of the upper section display a high K
calc-alkaline affinity (Fig. 4b, Hastie et al., 2007) and are pre-
dominantly peraluminous with an A/CNK from 0.6 up to 1.56
(Fig. 4c).

In the Harker diagrams, the rocks of the lower section show an
increase in KO (Fig. 5h) and a decrease in TiO,, Fe,03, MgO, CaO
and P,0s5 (Fig. 5a, ¢, e, f and i) from andesites to rhyolites. Rocks
from the upper section only show a very strong decrease in TiO5,
Fe, 037, MgO, CaO and P,0s, from basalts to rhyolites (Fig. 5a, e, f
and i). Both sections do not show any trend for Al;03 and Na,0
(Fig. 5b and g).

The N-MORB normalized trace element patterns from the lower
section rocks (Fig. 6a) show a strong relative enrichment in LILE
compared with HFSE and a Nb-Ta trough which are common fea-
tures of calc-alkaline arc magmas. Also, the REE patterns (Fig. 6b)
display steep slopes (high La/Yb and moderate to high Sm/Yb
ratios) with lack or slightly positive Eu anomalies. These geochem-
ical features suggest that the magma equilibrated with amphibole
and garnet-bearing mineral residues. Besides, the high Sr contents
together with the absence of negative Eu anomalies indicate that
no plagioclase is present in the residue. High La/Yb ratios in addi-
tion to low La/Sr ratios and the lack of Eu anomalies confirm the
presence of a high pressure phase in the mineral residues (Fig. 6e
and f; Kay et al., 1991).

The upper section has normalized trace element patterns similar
to that of the lower section but showing a less pronounced Nb-Ta
trough (Fig. 6¢). On the other hand, the upper section shows rel-
atively flat patterns of REE (medium La/Yb ratios and low Sm/Yb
ratios) and negative Eu anomalies indicating plagioclase fraction-
ation (Fig. 6d). The high La/Sr and Eu/Eu* ratios and the relatively
low La/Yb ratios suggest evolution of the magma under low pres-
sure conditions in which plagioclase is a stable mineral (Fig. 6e and
f; Kay et al., 1991).
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Fig. 5. (a-i) Harker variation diagrams for the CMC volcanics.

6. Discussion
6.1. Adakite-like signature in the CMC

The word adakite was introduced by Defant and Drummond
(1990) for intermediate to acidic plutonic and volcanic rocks
believed to be products of direct partial melting of subducted
oceanic lithosphere at high pressure where garnet is a stable resid-
ual phase and plagioclase is absent. The conditions under which the
adakites are formed were detailed by Peacock et al. (1994). Accord-
ing to these authors, the necessary geodynamic conditions to allow
the formation of adakitic magmas are the subduction of young
and hot oceanic plates. More recently, other authors proposed that
adakitic rocks can be generated in the presence of an astheno-
spheric window (Yogodzinski et al., 2001), the partial melting of
thickened lower crust (e.g. Atherton and Petford, 1993; Petford
and Atherton, 1996) or a delaminated mafic lower crust (e.g. Defant
etal., 2002; Xuetal.,2002). However, key adakitic geochemical fea-
tures (particularly low Y and Yb concentrations and high Sr/Y and
La/Yb ratios) can be produced in normal asthenosphere-derived
arc magmas by melting-assimilation-storage-homogenization

(MASH) and assimilation-fractional-crystallization (AFC) processes
(Richards and Kerrich, 2007) which have been well documented
particularly in the Central Andes (Lopez, 1982; Kay et al., 1987,
1991; Hildreth and Moorbath, 1988).

Later, Petford and Atherton (1996) found that these geochemical
features recognized in the Central Andes are similar to those of
adakites considered to be products of slab melting.

Richards and Kerrich (2007) reviewed the link between
adakite-like rocks and epithermal- and porphyry-type deposits
and concluded that usually the adakitic signature is due to
MASH and AFC processes affecting typical arc magmas, predom-
inantly sourced by partial melting of the asthenospheric mantle
wedge.

In this paper, we use the word adakite-like to describe rocks
with high La/Yb (>9) and Sr/Y (>20) and low Y (<18 ppm) and
Yb (<2ppm) according to the initial proposal of Defant and
Drummond (1990). Based on these criteria, the mineralized sub-
volcanic and pyroclastic rocks of the CMC lower section from
the SRM (San Pedro, Infiernillo and La Chica-Zanjon del Buitre
porphyries) show an adakite-like signature. Moreover, in the Y
vs. Sr/Y diagram, these rocks plot in the adakitic field just as
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adakite-like rocks genetically linked to Andean porphyry copper

deposits (Fig. 7).

6.2. Age of the magmatism related to mineralization

The age obtained for a mineralized sample from the SPP
(263.1+4.2 Ma) represents the timing of the CMC lower section
arc magmatism genetically linked to the Cu-(Mo) mineralization
which is coeval with the age of the Agua de los Burros Formation
(264.8 +2.3 and 264.5 +3.0 Ma; Rocha-Campos et al.,, 2011) that

has a geochemical signature more akin with the upper section of
the CMC (see Kleiman and Japas, 2009 and references therein).
Therefore, the overlapping of the age ranges of rocks with different
geochemical signatures constrains the timing of the emplacement
for the San Pedro ore deposit to the transition between a typical
subduction setting to a subduction-intraplate transitional setting
which is correlated with the change from a transpressive to a
transtensive tectonic regime. The link between porphyry type
deposits emplacement and the change in the tectonic regime was
already proved by Japas et al. (2013) for the Infiernillo ore deposit.
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6.3. Geochemical evolution of the CMC and petrogenetic
implications

The contrasted geochemical signatures recorded in the upper
and lower sections of the CMC are linked to the geodynamic evolu-
tion of the SRM. According to Kleiman and Japas (2009) during the
Early to Mid Permian (~280-265 Ma), the onset of arc-related rocks
of the lower section was coeval with the transpressional move-
ments associated with the SRO. The magmatic composition and
the inland expansion of the lower section volcanics, as well as the
kinematics of structures, reveal a shallowing of the slab at the SRM
latitude (Kleiman and Japas, 2009). The end of subduction and sub-
sequent gravitational collapse of the oceanic plate together with the
extensional collapse of the orogen resulted in the development of
the upper section volcanism by the Mid to Late Permian (~263-251
Ma; Kleiman and Japas, 2009).

The lower section volcanics (composed of intermediate to
acidic calc-alkaline lavas and tuffs) display a dominant adakite-like

signature. Moreover, the moderate to high Sm/Yb ratios suggests
that the mineral residue changed from amphibole to garnet (Fig. 8)
which would be consistent with crustal thickening related to a
progressive slab shallowing as proposed by Kleiman and Japas
(2009) for the Lower Permian in the SRM. This geodynamic set-
ting could favor AFC and MASH processes at higher pressure, which
could be responsible for the CMC lower section adakite-like signa-
ture.

The upper section volcanics (composed of acidic lavas and tuffs
and basaltic-andesitic dykes) differ from those of the lower section
by their lack of any adakitic signature. The spider diagram (Fig. 6¢)
shows a decrease in the subduction signature from the lower to
the upper section volcanics, suggesting a transition between a
subduction-related calc-alkaline suite and a mildly alkaline suite
indicative of an intraplate setting (Kleiman and Japas, 2009). The
REE diagram (Fig. 6d) displays a flat pattern for the HREE and exhibit
negative Eu-anomalies. These characteristics suggest that the mag-
mas evolved under conditions of plagioclase stability consistent
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Fig. 8. Sm/Yb vs. La/Yb diagram for the CMC volcanics. See Fig. 6 for references.
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with a normal thickness crust (Fig. 8; Kay et al,, 1991; Kay and
Mpodozis, 2001).

7. Conclusions

The tecto-magmatic evolution of the San Rafael Massif provides
animportant key to understanding the mineralizing potential of the
Gondwanan magmatism. The petrogenetic analysis of the Choyoi
Magmatic Cycle arc magmatism genetically linked to the Permian
porphyry copper deposits reveal an adakite-like signature which
would have acquired in a flat slab geodynamic setting. Moreover,
the age of the San Pedro porphyry deposit (~263 Ma) is within
the range of the age proposed for the tectonic regime change, con-
firming that the genesis of the porphyry copper deposits of the
San Rafael Massif took place during the waning of the San Rafael
Orogeny.

Because of the metallogenic significance of rocks with adakite-
like signature, geochemical characterization of such magmatism
could resultin a powerful tool during the initial stages of ore deposit
exploration in the San Rafael Massif.
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