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Infiernillo and Las Picazas are two small hydrothermal ore deposits in the northern San Rafael Massif (Argentina).
They are genetically linked to the Permian Choiyoi volcanic province which reflects the transition from a conver-
gent plate margin to an extensional regime: Calc-alkaline Early Permian Lower Choiyoi magmatism was
syntectonic with transpressional deformation of the San Rafael Orogeny whereas transitional Late Permian
Upper Choiyoi sequences were emplaced under a transtensional regime during the Post-San Rafael extension.
Infiernillo is a Cu–(Mo) porphyry-type deposit hosted by pyroclastic rocks of the Lower Choiyoi. It consists of a cen-
tral quartz plug surrounded by a potassic and a phyllic halo, and a set of peripheral polymetallic (Cu–Pb–Zn) veins
cropping out close to the alteration zone. The Las Picazas deposit consists of a group of low-sulfidation epithermal
galena-bearing veins hosted by Early Palaeozoic meta-sediments.
Strain fabric and available 2-D and 3-D kinematic analyses were performed in order to define the relationships
between both deposits and the geodynamic scenario. These data reveal that a) porphyry emplacement at
Infiernillo occurred during the declination of the San Rafael Orogeny, shortly before the change in stress regime,
and b) Las Picazas low sulfidation epithermal veins were emplaced during the subsequent transtensional
Post-San Rafael regime. These results prove that each ore deposit is linked to a different stress regime reflecting
the change in geodynamical conditions that prevailed during the emplacement of the Choiyoi volcanism. Thus,
strain fabric analysis at both ore deposits allows us to confirm that the tectonic regime is a major factor in con-
trolling the mineralization style of hydrothermal ore deposits.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Since the Plate Tectonics theory was proposed and accepted during
the sixties, identification and understanding of the geodynamical con-
trols on ore deposit formation has been a prolific research field and
from that time on, significant insight into the timing and location of
ore bodies has beenderived from tectonic, geochemical and radiometric
data (Jurković and Palinkaš, 2002; Mitchell and Garson, 1981; Pereira
and Dixon, 1971; Sillitoe, 1972; von Quadt et al., 2002; among others).
Modern research lines have shown that although transitory plate mo-
tions alone are insufficient to generate large ore deposits, they emerge
as a main trigger for magma-related ore deposits generation (Billa et
al., 2004; Blundell et al., 2005; Tosdal and Richards, 2001). In this con-
text, Cu-porphyry, high- and low-sulfidation epithermal ore deposits
are key cases to investigate the link between ore deposits styles and
specific structural–geodynamical settings, in particular since Sillitoe
and Hedenquist (2003) have considered most of the Cu-porphyry
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provinces and related high sulfidation epithermal deposits as having
been generated during compressional (or transpressional) tectonic re-
gimes, and low sulfidation epithermal deposits as related to extensional
(rift) settings.

During the Early to Mid Permian (~280–265 Ma), the onset of arc
related rocks of the Lower Choiyoi section (Kleiman and Japas, 2009;
Llambías et al., 1993) was coeval with the transpressional San Rafael
Orogeny. Magmatic composition and the inland expansion of the
Lower Choiyoi volcanics, as well as the kinematics of structures reveal
a shallowing of the slab at the San Rafael Massif latitude, and the devel-
opment of a flat slab region south of 36°S (Kleiman and Japas, 2009). The
end of subduction, subsequent gravitational collapse of the oceanic plate
and concomitant extensional collapse of the orogen resulted in the
development of the Upper Choiyoi volcanism by theMid to Late Permian
(~263–251 Ma; Kleiman and Japas, 2009). Intraplate rhyolitic rocks of
the Upper Choiyoi section were deformed during transtension
(Kleiman and Japas, 2009; Rocha-Campos et al., 2011). Recording
the transition from convergence-related to extensional intraplate
magmatism, the Permian Choiyoi volcanic province of Argentina and
Chile (23°S to 42°S) and its related hydrothermal ore deposits offers an
exceptional opportunity to check the hypothetical link between tectonic
regime and mineralization style. Both sections of this large magmatic
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Fig. 2. Kinematic indicators. a. Different types of structures that were considered in this
contribution. 1: Tensional veins and fractures; 2: Shear extensional veins and fractures;
3: Brittle–ductile transpressional shear zones with linked tensional fractures; 4: Brittle–
ductile transtensional shear zones displaying tensional fractures. It must be noted that
the presence of straight/planar tensional fI1 veins instead of more sigmoidal ones does
not necessarily imply a pure shear regime, because their presence could also be explained
during simple shearing by differences in inter-vein distances (that would trigger or not
bridge deformation; Bons et al., 2012; Peacock, 1991; Olson and Pollard, 1991; Smith,
1996), and/or rheological properties of rocks (mechanical stratigraphy, Bons et al.,
2012; different rock strength/stress ratio, Olson and Pollard, 1991; affected rock thickness,
Smith, 1996). Transpression and transtension refer to strike–slip deformations that devi-
ate from simple shear because of a component of, respectively, shortening (3) or exten-
sion (4). Notice that this component of shortening and extension imposes tensional
fractures at respectively higher (>45°) and lower (b45°) angles to the zone boundaries
than in simple shear strike slip (45°). b. Calculation of direction and sense of movement
of brittle–ductile shear zones based on minor structures (see explanation in Section 2).
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episode arewell preserved in the San Rafael Massif of western Argentina
(Fig. 1a), where the timing of deformation and magmatism is precisely
constrained (Kleiman and Japas, 2009).

Based on Pb/Pb model ages and stratigraphic constraints, many hy-
drothermal ore deposits in the San Rafael Massif were linked to this
Permian magmatic episode (Carpio et al., 2001; Rubinstein et al.,
2004). A number of Cu–(Mo) porphyry prospects were preliminarily
associated with the lower Choiyoi section. Examples include Infiernillo
(including Las Picazas veins), La Chilca, San Pedro and Cerro Tres
Hermanos (Delpino et al., 1993; Fuschini, 1968; Gómez and Rubinstein,
2010; Rubinstein et al., 2002a,b, 2012). Related to the upper Choiyoi sec-
tion there are Mo porphyry prospects, such as Germán and Elsiren
(Carpio et al., 2001; Delpino, 1997) and low-sulfidation epithermal
prospects (El Pantanito and Central II) (Gargiulo et al., 2007; Rubinstein
and Gargiulo, 2005; Rubinstein et al., 2001). These different types of
mineral systems were linked to the evolution of the Choiyoi magmatic
province under a changing tectonic regime (Carpio et al., 2001).

This paper presents strain fabric and kinematic analyses of the
Infiernillo Cu–(Mo) porphyry deposit and Las Picazas low-sulfidation
epithermal veins. These deposits were selected for this study because
they are linked to the same volcanic cycle and they are located in a
geographically restricted area. In spite of their reduced size, low
economical potential and present knowledge, Infiernillo and Las
Picazas represent two key cases that demonstrate the geodynamical
control on both, low-sulfidation epithermal and porphyry type
deposits. Comparisons with published strain fabric data from the San
Rafael Massif also allowed us to constrain the timing of both deposits
as well as the age of Infiernillo porphyry emplacement. Thus, strain
fabric analysis could be a complementary low-cost tool in ore deposit
research and exploration.

2. Methods

This paper is focused on strain fabric analysis at the Infiernillo and
at Las Picazas ore deposits; therefore a conventional analysis of the
whole structure was not performed in this study.

“Fabric” is regarded as the “complete spatial and geometrical config-
uration of all those components (fabric elements) that make up a rock”
(Hobbs et al., 1976). In order to be considered as fabric elements, struc-
tures must be penetrative and repeatedly distributed throughout the
rock (see Hobbs et al., 1976; Passchier and Trouw, 1996). Because the
fabric elements analyzed in this paper resulted from deformation, the
studied fabric will be considered here as “Strain Fabric” (see Chardon
et al., 2002; Lenauer and Riller, 2012; Taylor, 2009 p. 76). To avoid
some of the ambiguity associated with the scale-dependant elements
to be considered in a strain fabric analysis, we point out that this
study was carried out at the outcrop scale. With this in mind, the fabric
elements evaluated are: a) shape of strained geological elements, such
as elliptical alteration haloes, distribution of geochemical anomalies
and fracture patterns and b) planar structures such as brittle–ductile
shear zones (following Ramsay and Huber, 1987) and fractures
(tensional, shear extensional; Hancock, 1985) (Fig. 2a); microfabric el-
ements (grain attributes) were not considered in the present analysis.
Brittle–ductile, transpressional and transtensional shear zones (follow-
ing Dewey et al., 1998; Sanderson and Marchini, 1984; Tikoff and
Greene, 1997) were defined on the basis of a) geometrical relationships
between fabric elements and b) kinematic indicators. Kinematics was
established by the offset of structures, presence of releasing/restraining
bends, progressive evolution of minor structures (e.g.: folding of earlier
veins) as well as by distribution of en-échèlon gashes, tensional frac-
tures, rough cleavage and/or Riedel structures. Tensional fractures
were recognized based on the absence of slipwhereas shear extensional
Fig. 1. a. Location of the study area, and geological map from northern San Rafael Massif (a
Pablito. LCh: Lower Choiyoi; UCh: Upper Choiyoi. b. Deformation of the SWmargin of Gondw
first stage of the San Rafael Orogeny (SRO1); right: second stage of the San Rafael Orogeny
fractures and their kinematics were identified by the presence of dilata-
tional jogs and offset of other fabric elements. Timing of minor struc-
tures was defined by cross-cutting, overprinting and reactivation
relationships.

The strain fabrics of some key areas at the Infiernillo and at Las
Picazas deposits were analyzed. Orientation, relative motions and geo-
metrical and cross-cutting relationships of strain fabric elements as
well as shape-preferred orientation of alteration haloes were measured
and linked with the alteration zones. The results of these analyses were
compared with previous strain fabric data from other Permian rocks at
the SanRafaelMassif (Kleiman and Japas, 2009, and references therein).

The 3-D kinematic analysis allowed us to define the kinematic axes
of the deformational regime, whichwere compared with previous pub-
lished data obtained by Kleiman and Japas (2009). Where possible, 3-D
kinematic measurements on minor structures related to mineralized
veins were performed (e.g.: en-échèlon gashes, Riedel structures, etc.).
Instead of traditional kinematic measurements of striae on fault sur-
faces (which commonly record only the last relative movement) we
used these minor structures as they preserve the kinematic history
even when they are overprinted by later events. In this way, Cortés et
al. (2009) confirmed a unique kinematic result regardless the kinematic
indicator (striae and tensional fractures) used. In addition, Japas et al.
(2010) and Sruoga et al. (2010) demonstrated that using minor struc-
tures as 3-D kinematic indicators, it is possible to discriminate the dis-
tinct populations of different deformational stages in a comparable
manner as Lisle and Vandycke (1996) have done. As real “kinematic
memory” of rocks, these minor structures permitted the identification
fter Kleiman, 1999; Kleiman and Japas, 2009). I: Infiernillo, LP: Las Picazas, AP: Agua de
ana (29°–36°S segment) during the Early Permian (after Kleiman and Japas, 2009). Left:
(SRO2).
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Table 1
Stratigraphy of the San Rafael Massif.
After Carpio et al., 2001 and Kleiman and Japas, 2009.

Time Units Rock sequence Cycle Tectonic events

Late Cretaceous

to Quaternary

Back-arc magmatism

Back-arc continental deposits
Andean Andean Orogeny

Triassic Puesto Viejo Fm ~241-235 Ma
Synrift-continental successions 

Alkaline and bimodal magmatism

Gondwanian

Rifting

Permian

Late

Choiyoi 

Upper 
Choiyoi

Cerro Carrizalito Fm ~252 Ma
Quebrada del Pimiento Fm 
Agua de los Burros Fm ~265 Ma

Volcanic sequence   

(post-orogenic silicic magmatism)

Post-San Rafael Extension 

(transtension)

San Rafael Orogeny

(transpression)Early

Lower 
Choiyoi

Cochicó Gr ~281 Ma
Volcano-sedimentary sequence 

(arc magmatism)

El Imperial Fm Foreland deposits
Carboniferous

Chanic Phase

Ocloyic Phase

Devonian
La Horqueta / Río Seco de los Castaños Fm 

Pavón Fm

Lindero Fm

Ponón Trehué Fm

Passive margin deposits?

Carbonate platform sequences 

Igneous rocks (ultramafic belt)

Famatinian
Silurian

Ordovician

Proterozoic Cerro La Ventana Fm Metamorphic and igneous rocks Grenvillian
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of direction and sense of movement: Direction of movement is defined
by the perpendicular to the intersection of the gash/R structurewith the
fault or shear zone whereas its sense is indicated by the asymmetry of
the gash/R structure (Fig. 2b; Japas et al., 2008; see also Becker and
Gross, 1999).

3. Geological setting

The San Rafael Massif is located in the central part of southern Men-
doza, Argentina (Fig. 1a). Precambrian outcrops are scarce in the area.
From the Ordovician to the Early Permian, sediments were deposited
and successively deformedduring theMid-Late Ordovician, the LateDe-
vonian and the Early Permian (Table 1). The Early Permian orogeny
marked the end of the sedimentation and the beginning of the Choiyoi
magmatic cycle which represents a transition between a magmatic arc
to a rift tectonic setting (Kleiman and Japas, 2009; Kleiman and
Salvarredi, 2001). From the Late Cretaceous to the Pleistocene, the geo-
logical record shows a sequence of continental sedimentary rocks and
volcanic back-arc products that were deformed by the different phases
of the Andean Orogeny (Narciso et al., 2007; Sepúlveda et al., 2007a,b).

3.1. Permian Gondwana magmatism and deformation in the San Rafael
Massif

Emplaced in a magmatic arc setting, the Early to Middle Permian
Cochicó Group (lower Choiyoi section, Fig. 1a and Table 1) is represented
by andesites and dacitic to low-silica rhyolitic ignimbrites with associat-
ed sedimentary rocks (Kleiman, 1993, 1999; Kleiman and Japas, 2002).
The onset of the Lower Choiyoi was coeval with the transpression of
the San Rafael Orogeny (SRO, Kleiman and Japas, 2009).

The upper Choiyoi section (Middle to Late Permian, Fig. 1a and
Table 1) includes the Agua de los Burros, the Quebrada del Pimiento
and the Cerro Carrizalito Formations (González Díaz, 1973). These
successions comprise rhyolitic ignimbrites and lava flows, dacitic to
rhyolitic subvolcanics, andesitic dikes and alkalic basaltic andesites
(Kleiman, 1999, 2002). Although Agua de los Burros Formation volca-
nics are geochemically more akin with the upper Choiyoi section,
these rocks are affected by the transpressional deformation of the
San Rafael Orogeny. The Quebrada del Pimiento and Cerro Carrizalito
Formations were emplaced under the transtensional deformation of
the Post-San Rafael event (PSR, Kleiman and Japas, 2009).

Permian transpressional and transtensional deformation show a high
degree of partitioning of motions at the regional scale that could have
been conditioned by WNW to ENE and NW Precambrian anisotropies,
and the NNW Early Paleozoic structural grain (Kleiman and Japas,
2009). Based on relationships between en-échèlon folds, faults and brit-
tle–ductile shear zones, three different domains were defined (North,
Central and South, Japas and Kleiman, 2004; Japas and Tomezzoli,
2001; Kleiman and Japas, 2009) (Fig. 3a and b). During the San Rafael
Orogeny, the North domain was deformed by WNW-trending sinistral
transpression, the South domain by NS dextral transpression and the
Central domain by dextral and sinistral transpression overprinted by
NW thrusting (Kleiman and Japas, 2009; Fig. 3a).Minor structures reveal
the superposition of two stages of deformation within the San Rafael
orogeny (Kleiman and Japas, 2009): afirstmain stage of N–NNWdextral,
pure-shear-dominated transpression (SRO1; α~30°) was followed by a
second stage of WNW sinistral, pure-shear-dominated transpression
(SRO2; α~70°) that was synchronous with the emplacement of the
Cochicó Group (Kleiman and Japas, 2009). This second stage of deforma-
tion is more evident in the North Domain. The angular relationship be-
tween the WNW regional shear zone and the NNE shortening direction
for the second stage of the San Rafael Orogeny (α~80°) resulted in
transpression, a situation that is comparable with the Argentine
Precordillera modern analog (28°S–38°S, Central Andes, see Siame et
al., 2005). The low angle of partitioning recognized for the San Rafael
Orogeny (SRO2; Kleiman and Japas, 2009) resulted in a low degree of
misfit between the plate motion and the minimum infinitesimal
stretching axis (see Fossen and Tikoff, 1998). Considering the curvature
of the margin south of 31°S from ~NS in the north to NW in the south
(Fig. 1b), and the NNE convergence direction by the Early Permian
(Kleiman and Japas, 2009), the second stage of the San Rafael Orogeny
at San Rafael should have been linked to a “transpressional” restraining
bend (see Mann, 2007).

During the Late Permian Post-San Rafael extension, tectonic rever-
sion occurred, since its direction of maximum extension is coincident
with the maximum compression direction of the previous San Rafael

Unlabelled image
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orogeny (Kleiman and Japas, 2009; Fig. 3a and b). Because North,
South and Central domains remained active, then Post-San Rafael ex-
tension resulted in WNW dextral transtension (North), NNW sinistral
transtension (South) and NW-trending tensional structures (Central)
(Japas and Kleiman, 2004; Kleiman and Japas, 2009; Fig. 3b).
Fig. 3. Infiernillo and Las Picazas deposits in the geological context. a,b. Structural domains an
contractional structures in the study area (Northern Domain); RCD: regional contractional d
Some of these structures are reactivated structures; RED: regional extensional direction. I: In
map (modified from Gómez, 2008). Notice that Infiernillo deposit is localized where t
transpressional motions (as shown) but also sinistral transtensional reactivations (Kleiman
measured localities (Las Picazas and Las Picazas S). UCh: Upper Choiyoi.
Since they are located within the Northern Domain of the San Rafael
Massif (Fig. 1a), the Infiernillo and Las Picazas areas should have under-
gone NNW dextral transpression (SRO1), WNW sinistral transpression
(SRO2) during the Early Permian San Rafael Orogeny, andWNWdextral
transtension during the Late Permian Post-San Rafael extension.
d their kinematic (based on Kleiman and Japas, 2009). a. San Rafael Orogeny and main
irection. b. Post-San Rafael extension and main extensional structures in the study area.
fiernillo; LP: Las Picazas (modified from Kleiman and Japas, 2009). c. Infiernillo geological
wo sets of faults (WNW and NNW) cross-cut. NNW-trending faults show dextral
and Japas, 2009). LCh: Lower Choiyoi. d. Las Picazas geological map showing the two



Fig. 4. Infiernillo alteration zone. a. Infiernillo alteration area and mines (adapted from Fuschini, 1968 and Gómez and Rubinstein, 2010). Potassic and phyllic alteration are shown.
2-D kinematic indicators indicate fault displacement as shown but also later reactivation coherent with motions revealed by displacement of the phyllic halo. Cu and Mo are dis-
tributed around the central quartz plug in those areas showing weak silicification. b. The three main in-veinlet silicified zones shown in (a) are aligned following a NNW direction
suggesting they would be controlled by a brittle–ductile shear zone (dashed lines). NNW-striking Upper Choiyoi andesitic dykes were emplaced following this structure.
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4. Mineral deposits

The Infiernillo and Las Picazas deposits share a common hydrother-
mal origin linked to the Choiyoi magmatic cycle. Infiernillo (34° 38′
22″ S, 68° 47′51″ W) is a low grade Cu–Mo porphyry prospect (Di
Tommaso and Rubinstein, 2007; Fuschini, 1968), hosted by the
Cochicó Group (Fig. 3c). Las Picazas (34° 33′57″ S, 68° 49′34″ W,
Fig. 3d) consists of a group of galena-bearing veins hosted by Early
Palaeozoic schists (Fuschini, 1968) preliminarily interpreted as the
roots of a low sulfidation epithermal system (Rubinstein et al., 2008).

4.1. Infiernillo ore deposit

Exploration at the Infiernillo prospect started in the early 1960s and
finished in 1967 (Fuschini, 1968). This prospect is hosted by rhyolitic
tuffs from the lower section of the Choiyoi (Fig. 3c). The alteration
zone has an oval shape with a NNE–SSW trend (Di Tommaso and
Rubinstein, 2007; Fuschini, 1968) (Figs. 3c and 4a). Airborne magneto-
metric data (Johanis, 2003) show a positive anomaly approximately co-
incident with the potassic zone, surrounded by a relatively low
magnetic intensity halo suggesting magnetite destruction, typical of
the phyllic zone in porphyry deposits (Clark, 1999).

According to Fuschini (1968) the deposit is deformed by heteroge-
neously distributed faults arranged in a radial pattern; faults tend to
be more conspicuous to the east and to the south, and control the
mineralization. The core consists of a NNE oriented elliptical quartz
plug (Carlos Daniel mine area, Fig. 4a) which includes stockwork
and silicified host rock fragments. Two silicification stages were rec-
ognized in the quartz cement (Korzeniewski et al., 2008): the first
consists of quartz crystal aggregates and the second is made up of
quartz with textures typical of epithermal deposits. The quartz plug
is surrounded by a quartz stockwork with pyrite and hematite. High
temperature (>350°) and high salinity (30–55 wt.% NaCl eq.) inclu-
sions were recognized in the stockwork veins (Korzeniewski et al.,
2008). Surrounding the quartz plug there is a potassic alteration
zone (Fig. 4a) which consists of pervasive K-feldspathization, silicifi-
cation and minor biotitization.

Outwards of the potassic alteration zone there is a phyllic halo
(Fig. 4a) which is extensively oxidized and consists of pervasive and
veinlet-type silicification and pervasive sericitization. Abundant pyrite
occurs both disseminated and in veinlets. A late carbonatization process,
which occurs as veins and to a lesser degree pervasively, overprints both
the potassic and phyllic alteration (Di Tommaso and Rubinstein, 2007).

The ore minerals occur disseminated and in quartz veinlets (Gómez
and Rubinstein, 2010). In the potassic alteration zone the paragenetic se-
quence is: bornite, chalcopyrite–molybdenite, pyrite (galena–sphalerite),
chalcocite–covellite. In the phyllic zone the paragenetic sequence is: chal-
copyrite, molybdenite and pyrite. Surface geochemical analyses reveal
nearly coincident anomalies of Cu and Mo located at the inner border of
the phyllic halo (Di Tommaso and Rubinstein, 2007; Fuschini, 1968)
(Fig. 4a).

Small polymetallic veins with lead–zinc–silver mineralization crop
out within or surrounding the phyllic halo (Cardoza, San Francisco,
Santa Teresa, Carmen, Rosarito and Celia veins, Fig. 4a, Table 2). Low
temperature (335°–210 °C) and low salinity (20–0.5 wt.% NaCl eq.) in-
clusions were recognized in these veins and also in the stockwork sur-
rounding the quartz plug (Korzeniewski et al., 2008).

The ore assemblage of the polymetallic veins consists of pyrite, ga-
lena and sphalerite and minor arsenopyrite, chalcopyrite, magnetite,
tetrahedrite and electrum in a quartz gangue. The host rocks show in-
tense and mainly pervasive silicification and sericitization close to the
contact with the veins (Gómez and Rubinstein, 2010).

image of Fig.�4


Table 2
Location and main characteristics of the polymetallic veins of the district (from
Fuschini, 1968; Gómez and Rubinstein, 2008; Japas and Rubinstein, 2006). Ga: galena;
py: pyrite; sph: sphalerite; asp: arsenopyrite; cpy: chalcopyrite, ag-td: ag-tetrahedrite;
el: electrum. Silic: Silicification; ser: sericitization.

Mine Ore minerals Gangue Wall rock alteration

Cardoza Ga, py Quartz Silic — ser
San Francisco Ga, py Quartz Silic — ser
Santa Teresa Ga, py, asp, sph, cpy, (el) Quartz Silic — ser
Carmen Ga, py, sph, asp Quartz Silic
Rosarito Ga, sph, ag-td, cpy, mg Quartz,

carbonate
Silic — ser
Carbonatization

Celia Gal, asp Quartz Silic — ser
Las Picazas Py, ga, asp, sph,

(cpy desease), (cv)
Quartz Silic — ser

Carbonatization
Agua de Pablito Py, ga, chpy, ac, (cv) Quartz,

opal, (fluorite)
Silic — ser
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4.2. Las Picazas mine

Las Picazas mine comprises a set of NW-trending galena-bearing
veins (Fuschini, 1968), hosted by the La Horqueta Formation
(Fig. 3d). The two main veins are named La Juanita and La Picaza.
This mine was sporadically mined from the end of the 19th century
until the early 1930s (Carpio, 1999).

The ore assemblage is composed of galena, pyrite, arsenopyrite
and sphalerite in a drusy quartz gangue (Table 2). Two quartz stages
were recognized: the first is spatially associated with the mineraliza-
tion and is composed of fine-grained quartz aggregates and the
second has textures typical of epithermal ore deposits (Rubinstein
et al., 2008). Close to the contact with the veins, the host rocks
show intense pervasive sericitization and in-vein silicification.

About 3 km to the SE (34° 35′17″ S, 68° 48′08″ W) the Agua del
Pablito veins crop out (Carpio et al., 2001) (Fig. 3d, Table 2). The ore
paragenesis consists of galena with minor pyrite and pyrrothite and
scarce chalcopyrite and acantite. The gangue has drusy texture and con-
sists of opal and zoned quartz. Fluid inclusions studies reveal tempera-
tures of up to 200 °C (Korzeniewski, personal communication). Close to
the contact with the veins the schists show intense pervasive
sericitization and in-vein and pervasive silicification. Because of their
localization and similar trend and mineralogy to those of Las Picazas,
Agua de Pablito veins are preliminary linked with the Las Picazas ore
deposit.

5. Strain fabric analysis

Selected study areas at Infiernillo include the Carlos Daniel (central
quartz plug and surrounding potassic halo), Cardoza (phyllic halo),
and Santa Teresa–San Francisco and Carmen (close to the external bor-
der of the phyllic halo) areas (Fig. 4a). The strain fabric analysis at Las
Picazaswas carried out for the Las Picazas and Las Picazas S regions (W
and SW from cerro Mesón de las Picazas, respectively) (Fig. 3d). Ad-
ditionally, structural data from Agua del Pablito veins from Carpio et
al. (2001) were considered for this analysis.

5.1. Infiernillo ore deposit

At the Infiernillo deposit scale, the hydrothermal alteration area
presents a well defined elliptical shape with its maximum axis
trending NNE (Fig. 4a).

Some alteration zones such as veins and silicified zones are asym-
metrically distributed, and fractures also show an asymmetric pattern
(Fig. 4a). Tensional to shear extensional mineralized veins are only
present around the eastern border of the Infiernillo alteration area
(Fig. 4a). Within the potassic halo, three in-veinlets silicified zones
show elliptical shapes with a general NNE trend, and are aligned in
a NNW direction (Figs. 4a and b). Fractures show two different
fabrics. A nearly-radial array of barren sub-vertical fractures striking
NNE (010°–040°), ENE (080°) and WNW (120°) affects the core of
the alteration zone particularly at the eastern half of Infiernillo. On
the other hand, a barren NNE fracture set deforms the western alter-
ation zone (Fig. 4a). This overall non-symmetric pattern is coincident
with the magnetic minimums reported by Johanis (2003).

Minor structures are heterogeneously distributed around Infiernillo
and define specific structural grains at each alteration zone. Except
where indicated, structures are nearly vertical (Fig. 5).

At the central quartz plug (Carlos Daniel mine, Fig. 5ai and bi), a
strong NNE (010°–030°/80°E) joint fabric is present. Silicified breccias
striking ENE (080°) are the most conspicuous feature in this area.
They are dextrally displaced by late WNW (110°) brittle–ductile shear
zones.

Within the potassic halo, and near the quartz plug, there is a
stockwork structure composed of three sets of thin, sub-vertical
quartz–hematite veinlets striking NE (040°), ENE (080°) and WNW
(120°) (Figs. 5ai, bi and 6a). These sets show the same trends as the
nearly-radial fracture system previously described. Towards the outer
border of the potassic halo, NNE (020°–040°) shear extensional and
NNE (030°) tensional fractures are predominant (Fig. 5ai). Brittle–
ductile transpressional shear zones are frequent in this sector, with
twomain sets:WNW(110°) sinistral andNNW(150°) dextral (the latter
is not represented in Fig. 5a because of the unknown dip angles).
Some WNW sets display a rough cleavage or brecciation. Commonly
they show dextral transtensional reactivation (Figs. 5a, 6b and c). The
NNW set, instead, records sinistral transtensional reactivation.

Within the phyllic halo a strong planar fabric defined by fractures
and brittle–ductile shear zones developed in the host rocks at
the Cardoza mine (Fig. 5aii and bii). This structure striking NNE
(025°–030°) is parallel to the local phyllic alteration fringe. 2-D kine-
matic indicators reveal shear extensional fractures striking close to
Az. 020° (normal-dextral components of motions), and to ~Az.
030° (normal-sinistral movements). The ~NNE dextral shear exten-
sional set is predominant (Fig. 5a). Mineralized veins strike at 025°/
80°W (Cardoza Oeste and Cardoza Este veins). Late barren calcite veins
arewidespread all over this area displaying a typical transtensional pat-
tern (Figs. 5bii and 6d). They comprise tensional fractures (NW, 130°)
linked to reactivated transtensional structures (WNW, 110°–125°,
dextral, and scarce NNW, 150°, sinistral; Fig. 5aii and bii). Also, ENE-
striking, dextral transtensional brittle–ductile shear zones are present.

Close to the outer border of the phyllic halo, some small polymetallic
veins crop out (Santa Teresa, San Francisco, Carmen, Celia and Rosarito
veins; Fig. 4a). They constitute fillings of NNE striking (020°–045°) ten-
sional and shear extensional fractures (Figs. 5aiii–iv, biii and 6e). Vein
strikes at the Celia and Rosarito mines are referred to Fuschini (1968)
and Gómez and Rubinstein (2008) as NNE (20° subvertical and 5°–10°
to 30°/70° W, respectively). Transpressional zones are also frequent
showing both sinistral (WNW, 110°) and dextral (NNW, 150°) motions
(Fig. 5aiii–iv). Transtensional structures filled with late hydrothermal
calcite show similar patterns to those observed at the Cardoza mine
area (Fig. 5aiii–iv and biii). This transtensional strain fabric is best de-
fined at the Arroyo del Carmen area (WNW, 110°–125°, dextral and
NNW, 150°, sinistral; Figs. 4a, 5av and bv), confirming that deformation
is strongly heterogeneous.

In summary, two strain fabrics (fI1 and fI2) were recognized at
Infiernillo based on cross-cutting, re-shearing and overprinting rela-
tionships (that also allowed us to recognize their timing), vein infill
composition, orientation of tensional shear extensional fractures as
well as nature and attitude of brittle–ductile shear zones (Fig. 5a
and b). NNE tensional to shear extensional fractures, and WNW and
NNW transpressional structures (fI1) overprinted and/or reactivated
by NW tensional, and WNW and NNW transtensional structures
(fI2). The earlier fabric shows a structural zoning defined by a typical
array for each alteration zone whereas the later is homogeneously
distributed.
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5.2. Las Picazas mine

The Early Paleozoic host rocks of Las Picazas (La Horqueta Forma-
tion) show at least three different strain fabrics (fLP1, fLP2, fLP3;
Fig. 7a). The first one (fLP1) is represented by ductile structures such
as SW-striking transected folds (according to Borradaile, 1978), with
SE-vergence and axes plunging 235°–240°/30°. fLP1 also involves
NNW to NNE (350°–010°/35°–45°W) striking cleavage (Fig. 6f) as
well as a variable stretching lineation, and strongly folded quartz
veins. The younger two fabrics (fLP2 and fLP3) deform the older fLP1
and are represented by brittle–ductile transpressional structures
(fLP2: WNW sinistral and NNW dextral), transtensionally reactivated
(fLP3: WNW dextral and NNW sinistral; Figs. 6g and 7a), both with as-
sociated tensional structures. Post-fLP1 tensional structures involve
pre-mineralization (NNE 040°) and syn-mineralization La Picaza and
La Juanita veins (NW 135°–145°/70°W; Figs. 7a and biii).

Kinematic indicators in the La Juanita and La Picaza mineralized
veins show a predominant component of vertical (dip) displacement
and subordinate components of dextral and sinistral motions, imply-
ing a NE–NNE direction of extension during vein emplacement. Some
en-échèlon tensional gashes overprint some of these veins (Fig. 7biii)
and show sinistral component of motions.

Near themineralized veins, a first generation of barren,WNW strik-
ing shear extensional veins and breccias (Az 105°–110°) are found. A
second generation of barren, NWveins (Az. 125°–136°) showing quartz
comb-texture developed within this WNW dextral set. Sinistral
transtensional, brittle–ductile shear zones striking NNW (165°–180°)
are also present in the surrounding area (Fig. 7a and biv).

At about 1.5 km to the southeast of Las Picazas (Las Picazas S,
Fig. 3d) three veins striking WNW to NW (125°–135°/80° NE) follow
a horse tail design in the horizontal plane. They show similar strain
fabric and 2-D kinematic frame as the La Juanita and La Picaza veins
(Fig. 7a): brittle–ductile transtensional shear zones strike WNW
(110°, dextral) and NNW (140°–180°, sinistral), whereas tensional
fractures strike NW (130°).

Farther to the southeast of Las Picazas, the Agua del Pablito veins
(Figs. 1a and 3d) comprise two sets of NNW (170°/25°W) and WNW
(112°/60°S) trending mineralized veins (Carpio et al., 2001).
6. Discussion

Deformation at both the Infiernillo and Las Picazas deposits is
strongly heterogeneous in character. Brittle–ductile shear zones are
inhomogeneously distributed all around these areas and the aniso-
tropic nature of the host rock seems to be crucial. The main structural
trends are coincident with the WNW to ENE and NW-trending
Grenvillian structures recognized in well exposed outcrops of Sierra
Pie de Palo, ~330 km to the NNE of San Rafael (Ramos et al., 2000),
and NNW-striking structures that are representative of the structural
grain linked to the suture zone involving the collision of the Chilenia
terrane (W) to the Pacific side of Cuyania (E) by the end of the
Devonian (Ramos, 2004). This main control is reflected in the high
partitioning of motions (Kleiman and Japas, 2009).
Fig. 5. Minor structures from Infiernillo area. a. Equal-area stereonet plots of main structural el
f: Fabric. Two diagrams are presented for each locality sinceminor structures can be grouped foll
appear reactivating fI1 elements. Despite themines sharing common strain fabric elements, str
opment per area. In the Carlos Daniel plot, shaded areas representing the main stockwork fractu
not represented as no dip could bemeasured). The Santa Teresa plot comprises both, Santa Tere
the heterogeneous character of deformation. b. Schematic sketches (metric to decimetric scale)
show geometrical patterns of minor structures, kinematic indicators with inferred motions and
zones are represented by parallel straight lines. Some brittle–ductile transpressional shear zo
white, dilatational structures (veins and dilatational jogs) are represented. Black arrows indica
hemi-arrows indicate shearmotions for the represented fI1 structure; pairs of white hemi-arrow
6.1. Infiernillo and Las Picazas strain fabrics

In order to analyze the strain fabric of both ore deposits, a summary
of the main fabric elements shown in Figs. 5 and 7 (fI1, fI2, fLP3) is rep-
resented in Fig. 8.

The results from fI1 set are shown in Fig. 8a. WNW sinistral
transpressional brittle–ductile shear zones are present in all the studied
Infiernillo localities. The four sets of the shear structures measured at
Carlos Daniel mine area are coincident with the main sets of the
nearly-radial system of fractures represented in Fig. 4a. The kinematic
significance of the shear-extensional structures is uncertain. However,
outside the core zone, shear-structures seem to be more consistent.
NNW–NW dextral transpressional brittle–ductile shear zones were sig-
nificantly recognized at Cardoza and Carmen mines (Fig. 8a), very close
to the eastern margin of the proposed NNW dextral transpressional
structure that controls the three silicification zones (see Fig. 4b). These
would be the result of localized shear related to this NNW structure.

Considering fI2, the dextral transtensional kinematic of WNW
structures is consistent in all the measured localities (Fig. 8a) where
an equivalent ENE population is also present. Although NNW to
NW-striking brittle–ductile shear zones are not well represented in
all the selected areas, they show sinistral transtensional motions
(Fig. 8a). These sinistral transtensional structures are predominant
at the Arroyo Mina del Carmen area (the best developed fI2 fabric of
this ore deposit) where they show some degree of overlapping with
those WNW shear zones that show dextral transtensional kinematics.

When all the fI1 diagrams are superposed together (Fig. 8b), it is ev-
ident that the WNW sinistral transpressional set is dominant and that
the NNW dextral one comprises a subordinated group. A characteristic
pattern of shear extensional fractures reveals NNE overlapping of dex-
tral and sinistral structures with the dextral structures orientated at
lower Azimuth than sinistral structures. This can be interpreted as the
consequence of rotation linked to sinistral WNW shearing (Fig. 8c).
The higher angle between the WNW-striking shear boundary and the
NNE convergence direction calculated by Kleiman and Japas (2009) in-
duces the higher angle between the deformed zone and the Riedel
shear/tensional fracture system. This is because in a transpressional re-
gime, the component of shortening orthogonal to the shear zone causes
the long axis of the horizontal strain ellipse to develop at lower angles to
the zone boundaries than in simple shear strike–slip (Ghosh and
Chattopadhyay, 2008; Sanderson and Marchini, 1984; Schreurs and
Colletta, 1998). This causes Riedel shears and tensional fractures to de-
velop at high angles to the bounding zones (e.g. δ>45° for tensional
fractures; case 3 in Fig. 2a). This is evident at Santa Teresa–San Francisco
and Cardoza areas where WNW sinistral brittle–ductile shear zones are
the predominant transpressional structures (Fig. 5aii–iii). In this way,
some dispersion in vein and fracture trends (Figs. 5a and 8c) could be
explained as an effect of a counter-clockwise rotation during progres-
sive, sinistral, non-coaxial deformation (see Bons et al., 2012; Fig. 8c).
With rotation of tensional fractures, they were converted into sheared
extensional fractures (Fig. 8c) and then they become progressively
misoriented to accommodate extension and may themselves be de-
formed by the development of new, more ideally oriented, tensional
structures (Fig. 8c). The asymmetric and localized distribution of
ements (lower-hemisphere). SZ: Structural zones based on differences in structural grain.
owing two fabrics: fI1 (left plots) and fI2 (right plots). At Infiernillo, fI2 elements commonly
ain at Infiernillo is heterogeneous resulting in a different degree of minor-structures devel-
re trends are shown. Scarce NNW dextral transpressional structures are also present (but
sa and San Franciscomine data. Dissimilar frequency of structures at each locality confirms
of fI1 and fI2minor structures observed at the analyzed Infiernillo localities. These sketches
timing of both fabrics. Boundaries of brittle–ductile transpressional/transtensional shear

nes display rough cleavage (including sigmoidal cleavage) represented by black lines. In
te fI1 extension direction; white arrows indicate fI2 direction of extension; pairs of black
s indicate shearmotions for the represented fI2 structure. Sketches are scale independent.



Fig. 6. Structural fabric elements. a. Stockwork at the Carlos Daniel area (magnifying-glass for scale). Three preferred fracture trends are predominant (Azs 040°, 080°, 120°). b. Az 110°
sinistral transpressional San Rafael Orogeny shear zone affecting lower Choiyoi pyroclastites in the potassic halo. A notableNNE extensional penetrative fabric can be appreciated. Enlarge-
ment of the rectangle area is presented top-right of thefigure. c. Sketch of thepreviousplate. The relationship betweenbrittle–ductile transpressional and transtensional shear zones could
be observed. fI1 fabric elements: Tp fI1: transpressional zone; C fI1: contractional structures; E fI1: tensional structures (filled by quartz). fI2 fabric elements: Tt fI2: transtensional
reactivated zone; E fI2: extensional structures (overprinted and filled by calcite). d. fI2 brittle–ductile transtensional shear zone in the Cardoza Oeste Mine area. e. Mineralized vein at
the Santa Teresa mine (hammer for scale). F: fracture; V: vein. f. Las Picazas area showing the host rock (La Horqueta Fm. metaschists) with a strong planar fabric (s1 350°–010°/35°–
45°W; fLP1) overprinted by a parallel-to-the-vein fracture fabric (fLP3). g. Fabric of La Horqueta Fm. (Early Paleozoic) rocks near Las Picazas deposit. Solid line indicates cleavage of La
Horqueta Fm. schists (fLP1). Dashed lines remark structures representing transpressional (fLP2) and reactivated transtensional (fLP3) main fabric directions.
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Fig. 7. Overprinted fabrics in LaHorqueta Formation rocks at Las Picazas area. a. Equal-area stereonet plots ofmain structural elements (lower-hemisphere) considering the three different
recognized fabrics (fLP1, fLP2, fLP3). b. Sketches of tensional and shear extensional veins related to brittle–ductile transtensional shear zones of metric to decimetric scale. Kinematic in-
dicators and inferredmotions are shown.Geometries of veins and arrays of veins: en-échèlon (iii, iv, v), sigmoidals (i, ii, iii), straight (iv, v) and boudined-like (iii, defined by “boudins” of the
main vein formed as a consequence of a second generation of sigmoidal syn-mineralization veins). The latter case (iii) would reveal transtensional reactivation of themain tensional vein
as the result of vein rotation duringnon-coaxial deformation. (i), (ii) and (v) showmineralized veins associatedwith secondary post-mineralization veins. (i), (ii) and (v) belong to dextral
WNW bands whereas (iii) and (iv) belong to sinistral NNW bands.
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mineralized veins (Fig. 4a) would also support this non-coaxial model
as they would indicate favorable pathways changing during the history
of the hydrothermal system (see Jiang et al., 1997), enhancing asym-
metrical fracture connectivity.

The plot of the all the entire fI2 shear-structures diagrams reveals
principal dextral transtensional and shear extensional structures strik-
ing WNW and ENE. The sinistral transtensional set trends NNW–NW
and partially overlaps the dextral set. This could also be attributed to
non-coaxial deformation (Fig. 8c).

The results of strain fabric analysis performed both at the Infiernillo
and at Las Picazas ore deposits should be analyzed within the regional
context of the southwestern margin of Gondwana as Choiyoi
magmatism recorded major geodynamic changes during the Permian
(Japas and Kleiman, 2004; Kleiman and Japas, 2009). According to
these authors, the Lower Choiyoi rocks emplaced syntectonically with
the transpressional regime of the San Rafael Orogeny and display a
San Rafael Orogeny fabric. This fabric resulted from NNE oblique con-
vergence and consisted of NNE tensional and NW–WNW contractional
structures in association with NNW dextral and WNW sinistral
transpressional bands, which were reactivated by later Post-San Rafael
structures produced by a change to a transtensional regime. Also, and
as a consequence of their emplacement during the Post-San Rafael
transtension, Upper Choiyoi volcanics are affected by Post-San Rafael
structures which are represented by NW–WNW tensional fractures,
NNW sinistral and WNW dextral transtensional structures.
According to Tosdal and Richards (2001) structural zoning of por-
phyry systems would indicate core rocks deforming as a consequence
of magmatic pressure–tectonic stress interplay and peripheral cool
rocks revealing fracturing under the influence of the regional field. At
Infiernillo, both the peripheral tensional-to-shear-extensional veins
and themaximum axis of the elliptical alteration zone strike NNE, in co-
incidence with regional San Rafael Orogeny tensional structures. Addi-
tionally, main brittle–ductile transpressional shear zones (fI1) also
match with the San Rafael Orogeny fabric, since sinistral structures
strike WNW (110°; Fig. 6c) and dextral structures strike NNW (150°).
Moreover, although scarce, well preserved 3-D kinematic indicators
linked to the mineralization stage also reveal San Rafael Orogeny kine-
matic axes (fI1 in Fig. 9a; see Kleiman and Japas, 2009).

Further evidence of mineralization occurring during the San Rafael
Orogeny at Infiernillo includes: a) the presence of alteration bands
and breccias coinciding with San Rafael Orogeny transpressional
zones, b) the presence of en-échèlon-like pattern of silicified areas
within the potassic halo (Fig. 4b), and c) the location of ore deposits
at the intersection of two regional San Rafael Orogeny transpressional
structures (WNW and NNW, Fig. 3a and c). These WNW and NNW
San Rafael Orogeny trends were also interpreted using IP information
(Japas and Rubinstein, 2006).

As described above, Post-San Rafael extension fabric is also present
at Infiernillo (fI2, Figs. 5a, b, 8a and c). This is also supported by themin-
eralized vein striking NNE that is boudinaged revealing a late stage of
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NNE extension (San Franciscomine; Fig. 5biii). Fuschini (1968) also de-
scribed a late mineralizing stage represented by thin veins carrying
Fe-oxides which is orthogonal to the main NNE mineralized vein sys-
tem. Likewise, the transtensional array of late calcite veins suggest
that Post-San Rafael strain fabric both reactivated and overprinted the
San Rafael Orogeny structures (Fig. 6b and c). This reactivation/
overprinting event is also supported by 3-D kinematic data (Fig. 9a,
fI2 right plot). The presence of some andesitic dykes of the Quebrada
del Pimiento Fm. (Upper Choiyoi) striking NNW and WNW (Fig. 4a;
Gómez and Rubinstein, 2010) would confirm that the equivalent
transtensional fabric elements recognized at Infiernillo are Post-San
Rafael structures.
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Fig. 9. Comparative kinematic data obtained by the kinematic “P” (shortening) and “T” (extension) axes method. The 3-D kinematic plots were calculated via Allmendinger's
FaultKinWin Program (2001) and show the estimated kinematic axes for a. Infiernillo (fI1, left plot; fI2, right plot) and b. Las Picazas (fLP3) mineralized fabrics. “P” and “T” represent
the principal infinitesimal shortening and extension axes for each measured structure respectively. Planes (nodal planes) bound two pairs of areas; the gray area represents the
extension field whereas the white area refers to the shortening domain. Notice that although the data are scarce (see Arlegui-Crespo and Simón-Gómez, 1998), the results are con-
sistent with previous published data: The shortening direction (“3”) obtained for fI1is coincident with the direction that Kleiman and Japas (2009) consider as representative of the
San Rafael Orogeny fabric. fI2 structures indicate a NNE extension direction (“1”) in coincidence with the direction that Kleiman and Japas (2009) consider as representative of the
Post-San Rafael extension fabric. In Las Picazas area, fLP3 extension direction (“1”) is coincident with the Post-San Rafael extension direction defined by the same authors.

369M.S. Japas et al. / Ore Geology Reviews 53 (2013) 357–372
Strain fabrics fI1 and fI2 would indicate a main tectonic control
performed by the regional WNW structure that defines the North Do-
main (Fig. 3a and b). This agrees not only with the predominance of
WNWshear structures for both strain fabrics but alsowith paleomagnet-
ic data results reported by Tomezzoli and Japas (2006) who interpreted
clockwise tectonic block rotations linked to the Post-San Rafael regime at
the Agua del Toro dam region that is located ~20 km WNW from
Infiernillo (Fig. 1a).

This evidencepoints to a porphyry emplacement during the transition
from San Rafael Orogeny transpression to Post-San Rafael transtension.
Therefore, this porphyry system would have been emplaced at the time
of Agua de los Burros Formation volcanism (Kleiman and Japas, 2009).
This unit, which records the last stage of the San Rafael Orogeny, was
dated at ~265 Ma (Rocha-Campos et al., 2011).

Concerning fLP3, mineralized veins at Las Picazas show an exten-
sional imbricate fan design that results in different vein attitudes:
NNW–NWto the north andWNWto the south (Fig. 8a). Concomitantly,
sinistral and dextral transtensional brittle–ductile shear zones strike
NNW andWNW, north and south respectively. While angular relation-
ships between tensional barren veins and the transtensional structures
at Las Picazas (north) confirm sinistral motions (Fig. 8a), the nearly
symmetric distribution of structures at Las Picazas S would suggest a
tensional array. This is concordant with a vein array geometry caused
by the reactivation of previous structures. Las Picazas (north) shows
predominant NNW-striking sinistral brittle–ductile shear zones but
also some dextral transtensional ones.
Fig. 8. a. Synoptic rose diagrams showingmain fractures and brittle–ductile shear zones associa
Figs. 5a and 7a). Variable class intervals were selected in order to highlight the occurrence of sp
interval for strikes of barren tensional veins at Infiernillo. b. Data from each fabric set were grou
simply superposed and frequency was not re-calculated. Carlos Danielmine was excluded from
c. Simplified sketch to clarify how the rotation of tensional fractures and shear extensional frac
regimes could explain the coexistence of tensional (T) and dextral/sinistral shear-extensional fr
would be deformed once rotated. RCD: regional contractional direction; RED: regional extension
tures could develop. Ti, Tii, Tiii: tensional structures at the strain increments 1, 2 and 3, respect
developed at stage 1 (Ti) will rotate, and as a result of this new position they should be affected
Field I represents the attitude of those early sinistral shear extensional fractures (stage 1) that
sinistral shear extensional fractures (stage 2) that following strain increment 3 face dextralmoti
coexistence of tensional and shear extensional (sinistral and dextral) fractures. Coexistence o
explained using the same progressive deformation concept.
When all the fLP3 diagrams are shown together, shear structures ap-
pear grouped into a main NNW sinistral transtensional array, partially
overlapping the suite of dextral transtensional structures that trends
WNW–NW (Fig. 8b). Mineralized veins support main NNW sinistral
transtension.

Las Picazasmineralized veins are interpreted asNW-trending tension-
al to shear extensional fractures (130°–145°) and related to NNW (140°–
160°, sinistral) andWNW(110°–120°, dextral) fLP3 transtensional zones
(Figs. 3d and 7a), indicating that ore emplacement was controlled by
Post-San Rafael extension. This is also supported by the extensional im-
bricate fan design (following Woodcock and Fischer, 1986) that the
veins define (Fig. 3d). In Las Picazas case somedispersion in vein and frac-
ture trends (Fig. 7, fLP3) as well as the presence of sinistral and dextral
transtensional brittle–ductile shear zones displaying the same attitude,
could be also explained as an effect of rotation during progressive non-
coaxial deformation (Fig. 8c; see Fossen, 2010; Ghosh, 2001; Pollard
and Fletcher, 2005; Ramsay, 1967).

Since a) fLP3 fabric overprinted and reactivated the transpressional
fLP2 and b) both postdate fLP1, then fLP2 and fLP1 would be the result
of the Early Permian San Rafael orogeny and a pre-Permian (Chanic)
orogeny, respectively. Confirming this, fLP2 is concordant with the re-
gional San Rafael Orogeny structural grain (fLP1 stretching lineation fol-
low a great circle whose axis is coincident with the regional NNW San
Rafael Orogeny folding lineation defined for its first orogenic stage by
Kleiman and Japas, 2009; Fig. 7a), and the barren NNE veins (post-fLP1,
pre-mineralization) show a notable parallelism with the fI1 tensional
tedwithmineralization at Infiernillo (fI1 and fI2) and Las Picazas (fLP3) (summarized from
ecific groups of shear-structures at distinctive strike intervals. MV: mineralized vein, btv:
ped into single diagrams in order to visualize the regional tendency. Single diagrams were
the whole fI1 representation because of the presence of the mentioned structural zoning.
tures under WNW sinistral transpressional (left) andWNWdextral transtensional (right)
actures with the same strike. Also, sheared T fractures could be present, since T structures
al direction. Incremental strain ellipse (top) shows the fields inwhich shear related struc-
ively. Left: As a consequence of strain increment 2, for example, those tensional structures
by shear. Notice that at different stages, new sets of tensional structures couldmaterialize.
after rotation (increments 2 and 3) undergo dextral displacements. Field II refers to those
ons. Therefore, structures striking according to fields I and II should be characterized by the
f brittle–ductile shear zones showing different motions and the same attitude could be
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structures observed at Infiernillo. As additional evidence, although
scarce, well preserved 3-D kinematic indicators at Las Picazaswould in-
dicate Post-San Rafael kinematic axes (Fig. 9b).

NNW and WNW Post-San Rafael brittle–ductile shear zones at Las
Picazas comprise then transtensional reactivations of San Rafael Orogeny
structures that were re-sheared due to their optimal orientation that in-
duced failure at much lower differential stresses than those required for
newly-formed structures (see Sibson, 1998; Stephens et al., 2004). This
Fig. 10. a. Generic, schematic Mohr diagram showing the interpreted stress/fluid pressure c
Envelopes for intact rock and for frictional reactivation of an existing pre-Cochicó cohesion
structure. High pressure condition stage controlling peripheral vein emplacement; Pf: Fluid
Simplified sketch showing the relationships between ore deposit elements and structure (
phyllic halo are enhanced to visualize temporal relationships.
would support a non-coaxial regime controlling vein emplacement and
the consequent development of more-than-one generation of tensional
veins/fractures as the result of progressive deformation (e.g.: the late
generation of barren, NWveins showing quartz comb-texture developed
within the main WNW set; Figs. 7biii and 8c).

Las Picazas could either be genetically related to the Late Permian
Upper Choiyoi or to the Triassic Puesto Viejo volcanism since both se-
quences emplaced syntectonically with the Post-San Rafael extension.
onditions based on Infiernillo data (modified from Sibson, 1998; Stephens et al., 2004).
less fault are represented. Tp: Transpressional WNW structures controlled by previous
pressure; Se: shear-extensional; T: tensional structures. b. Infiernillo deposit evolution.
San Rafael Orogeny, and Post-San Rafael extension stages). Fault displacements of the

image of Fig.�10
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Thus, the maximum age for Las Picazas ore deposit should postdate the
age of Agua de los Burros Formation and therefore be younger than
265 Ma.
6.2. Low-sulfidation epithermal/porphyry-type deposits and geodynamical
setting

The emplacement of porphyry Cu deposits is generally related to
stress relaxation conditions at the end of an orogeny (Billa et al., 2004;
Tosdal and Richards, 2001). At the Infiernillo deposit, a waning contrac-
tional San Rafael Orogeny stress regime could be inferred based on the
presence of sets of transpressional/tensional/shear extensional fractures
(mixed-mode of fractures, Sibson, 1998). According to Cosgrove (1995)
the coexistence of these fractures would indicate both supra-lithostatic
fluid pressure (inducing hydraulic fracturing) and declining stress condi-
tions (see Fig. 10a). Moreover, the presence of a structural zoning would
also support the waning of the San Rafael Orogeny (see Tosdal and
Richards, 2001). Although these indirect lines of evidence support the
proposed relationship between stress relaxation and Cu-porphyry
deposits, strain fabric data at Infiernillo offer additional, measurable
evidence of an association between Cu-porphyry deposits and waning
orogenic systems as they reveal the change in the stress regime: an
early stage of mineralization that occurred under transpression of the
San Rafael Orogeny was followed by a late stage of carbonatization,
controlled by Post-San Rafael extension (Fig. 10b).
7. Conclusions

The present strain fabric analysis confirms previous proposals of
Billa et al. (2004), Sillitoe and Hedenquist (2003), and Tosdal and
Richards (2001) about the main role of the tectonic regime in control-
ling hydrothermal mineralization style, since it demonstrates that
mineralization at Infiernillo (Cu–Mo porphyry-type deposit) was con-
trolled by transpressional San Rafael Orogeny structures whereas
mineralization at Las Picazas (low-sulfidation epithermal veins) was
controlled by transtensional Post-San Rafael structures. Moreover,
strain fabric data at Infiernillo record the change in the tectonic re-
gime, confirming that porphyry emplacement occurs during a waning
transpressional (compressional) tectonic regime.

Strain fabric analysis proves to be a simple, low-cost tool that a) con-
tributes to the analysis and discrimination of ore deposits emplaced
under different geodynamical settings, b) allows the identification of
different stages during ore deposits evolution, and c) helps to examine
the incidence of the regional and the local tectonic controls.
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