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This paper discusses new structural, kinematic and geochronological data from polymetallic (Pb-Zn-Cu-
Ag + Au) vein-type deposits hosted in the metamorphic basement of the southern Sierras de Cérdoba. A
Carboniferous age was established for the hydrothermal event between ~329 and 315 Ma (Late
Mississippian-Early Pennsylvanian) by the K/Ar fine-fraction dating method of sericitic alteration related
to metallic ore deposition in the Las Guindas and Oro districts. The obtained ages postdate the spatially
associated Devonian magmatism and overlap the A-type Early Carboniferous magmatism defined for the
Eastern Sierras Pampeanas. The presence of non-exhumed granitic bodies at shallow depths, possibly
related to mineralization, is supported by available geophysical and field evidence.

The strain fabric and 3-D kinematic analyses constitute first kinematic data for the Carboniferous base-
ment of the Southern Sierras Pampeanas demonstrating that mineralization was controlled by NNW- and
ENE-trending brittle-ductile transtensional shear zones that overprint the earlier high-strain deformation
fabrics of the basement. Transtensional deformation has accommodated large amounts of strike-slip
movements and subordinated extensional components. The calculated kinematic axes indicate a coher-
ent kinematic pattern of the mineralized systems in the two studied districts, with a maximum extension
direction oriented NNE- to NE and maximum shortening direction oriented WNW- to NW. This deforma-
tion regime, active during mineralization, point to a non-compressive setting at the Late Mississippian-
Early Pennsylvanian boundary. In line with other regional evidence, we propose a distinctive
Carboniferous deformational phase in the Eastern Sierras Pampeanas, dominated by transtension. This
period would have occurred after the transition with the Devonian compressional/transpressional oro-
genic regime.
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1. Introduction

The Sierras de Cérdoba is the easternmost range system of the
Sierras Pampeanas of Argentina (Fig. 1), whose geologic history is
intimately related to the geodynamic evolution of the pre-
Andean margin of Gondwana. The metallogenic framework of the
Sierras de Cérdoba includes a wide diversity of mineralization
styles and deposits formed during different tectonic events, from
the Neoproterozoic to the Cenozoic (de Brodtkorb et al., 2014;
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Mutti et al., 2007; Mutti et al., 2005). Although the greatest metal-
liferous potential of this region was historically related to a signif-
icant production of W, a relatively large number of polymetallic
(following Cox and Singer, 1986) and auriferous vein-type deposits
were mined during the 20th century, with production of Ag, Pb, Zn
and Au. Likewise, this specialization in base and precious metals is
not only confined to the basement of the Sierras de Cérdoba, but
extends further west and northwest to the provinces of San Luis
and La Rioja (Skirrow et al., 2000), and possibly, forms part of a
continental-scale Paleozoic gold-rich belt prolonged to the north
of Peru (Haeberlin et al., 2003).
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Fig. 1. a) Location of the Sierras de Cérdoba in the regional framework of the Sierras Pampeanas of Argentina. b) Simplified geological map of the Sierras de Cérdoba including
the location of the main mining districts of auriferous, polymetallic and W-bearing vein-type deposits. The two districts studied in this work (Oro and Las Guindas) are

indicated.

Until the present, publications focused on the metallogenesis of
polymetallic and Au-bearing deposits of the Sierras de Cérdoba are
restricted to a few districts (Mir6, 1999; Mutti et al., 2007; Skirrow
et al., 2000; Sureda, 1978) and geochronological constraints on the
timing of mineralization are still scarce. With regard to this aspect,
the largest amount of age data (“°Ar/>°Ar dating of sericitic alter-
ation) was reported and compiled by Skirrow et al. (2000), who
defined a Devonian metallogenic epoch between ~390 and
360 Ma, temporally and spatially related to a major magmatic
event developed in the Eastern Sierras Pampeanas (the Achalian
magmatism; Dahlquist et al., 2014; Sims et al., 1998). Skirrow
et al. (2000) assigned to this period the emplacement of auriferous
and polymetallic veins in several districts of the Sierras Pam-
peanas, including Rio Candelaria, San Ignacio and El Guaico, situ-
ated in the Sierra Grande de Cérdoba (Fig. 1b). Although this
regional metallogenic epoch was later proposed to be extended
to Carboniferous times (Mutti et al., 2005), no Carboniferous ages
have been reported for this mineralization style in the Sierras de
Cérdoba.

The geological and tectonic setting of the Late Paleozoic is sub-
ject of ongoing discussion. Recent lines of investigation involving
the Carboniferous evolution of the Eastern Sierras Pampeanas are
mainly focused on: a) thermo- and geochronological constraints
on the low-temperature cooling history of the basement, associ-
ated with active deformation and exhumation of deep metamor-
phic levels (Bense et al., 2017; Lobens et al., 2016; Lobens et al.,
2011; Wemmer et al., 2011; Whitmeyer, 2008), b) petrogenetic
studies of Early Carboniferous A-type granites (Alasino et al.,
2012; Dahlquist et al., 2016; Dahlquist et al., 2013, 2010;
Morales Camera et al., 2016) and c) structural configuration and
sedimentary history of the retroarc Paganzo basin (Astini et al.,
2009; Astini and Del Papa, 2014; Enkelmann et al, 2014;
Limarino and Spalletti, 2006; Limarino et al., 2006). In contrast,
ore genesis has been poorly studied and, therefore, its tectonic sig-
nificance still remains unclear.

In this paper, we present geological data of polymetallic (Pb-Zn-
Cu-Ag, Au) vein-type deposits from two little known districts, Las
Guindas and Oro, situated in the Sierra de Comechingones, the
southernmost range of the Sierras de Cérdoba (Fig. 1b). These
new results complement preceding works of Maffini (2015) and
Maffini et al. (2017, 2012). Here, we combined field mapping,

structural and kinematic analysis, evaluation of vein textures in
relation to ore distribution and geochronological determinations
by the K/Ar fine-fraction dating method on sericitic alteration.
With this integrated information, we aim not only to temporally
constrain the hydrothermal activity related to polymetallic miner-
alization, but also to evaluate the structural controls and deforma-
tion regimes involved during vein emplacement. Likewise, our
interpretations are placed in the context of the Late Paleozoic tec-
tonic evolution of the Sierras Pampeanas, making possible to eval-
uate the connection between deformation, magmatism,
hydrothermal activity and sedimentation, in a still controversial
geological setting.

2. The polymetallic (Pb-Zn-Cu-Ag * Au) mineralization of the
Sierra de Comechingones

The metamorphic basement of the Sierra de Comechingones
(Fig. 1b) hosts several polymetallic vein-type deposits and minor
occurrences that are exposed in a total N-S-trending area of
approximately 1500 km?. The region is dominated by Cambrian
metasedimentary and metaigneous rocks, that have undergone
high-grade metamorphism and partial melting during the thermal
peak (700-800°C and 7-8 kbar; Guereschi and Martino, 2008;
Otamendi et al., 2004) of the first Paleozoic tectonic event, the
Pampean orogeny, between ~550 and 520 Ma (Guereschi and
Martino, 2014 and references therein; Rapela et al., 1998;
Siegesmund et al., 2010). These Cambrian metamorphic sequences
are reworked by the Ordovician- to Silurian Guacha Corral shear
zone (Martino, 2003; Otamendi et al.,, 2004; Steenken et al.,
2010), the widest mylonitic belt of the Sierras de Coérdoba
(Fig. 1b). Deformation along this shear structure, under ductile-
to ductile-brittle conditions, was contemporaneous with the Fama-
tinian orogeny (Collo et al., 2009; Ramos, 1988; Rapela et al., 2001;
Thomas and Astini, 2003). The Guacha Corral shear zone is
intruded in its central segment by the Devonian Cerro Aspero bath-
olith (Pinotti et al., 2006; Pinotti et al., 2002), and to the north by
the Achala batholith (Dahlquist et al., 2014; Lira and Kirschbaum,
1990; Rapela et al., 2008), the most voluminous granite intrusions
of the Sierras de Cérdoba (Fig. 1b) emplaced during the Achalian
orogeny (Sims et al., 1998). These Pampean, Famatinian and Acha-
lian orogenies, related to the collision and accretion of different
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terranes along the proto-Pacific margin of Gondwana, strongly
influenced the configuration of the Paleozoic basement of the
entire Sierras Pampeanas, exposed now in the Andean foreland
(Otamendi et al., 2004; Ramos, 1988; Rapela et al., 2007, 1998;
Sims et al., 1998).

The quartz vein systems hosting Pb-Zn-Cu-Ag + Au mineraliza-
tion of the Sierra de Comechingones are invariably emplaced in
metamorphic rocks, within or immediately adjacent to the Guacha
Corral shear zone, showing a distribution in the vicinity of the
Devonian plutons (Fig. 1b). The most representative mineralized
areas comprise, from north to south, three main districts: Oro,
Las Guindas and Piedra Blanca (Fig. 1b). The individual deposits
in these districts are of relatively small size and show similar geo-
logical features. Although these areas were targets of prospecting
and exploration between the 1940’s and 1980’s, only a few depos-
its were exploited by small-scale mining activities. Even though, no
historical data is registered about reserves and production.

2.1. Structural characterization of ore vein systems in the Las Guindas
and Oro districts

In the two selected study areas, Las Guindas and Oro districts,
local mapping and structural analysis of individual deposits were

combined to evaluate the role of different discontinuities and
deformation regimes during ore vein deposition. The mineralized
vein systems in the Sierra de Comechingones lack direct kinematic
indicators (e.g. striations). In both districts, investigations were
restricted to surface outcrops and, more rarely, to old exploration
cores.

2.1.1. Orientation and along-strike continuity

The Las Guindas district is made up of two major mineralized
NNW-trending shear structures, namely Guindas-I and
Guindas-II, whereas a third structure of similar orientation and
considerably minor extent, Guindas-IIl, was also recognized in
the area (Fig. 2a). These major structures are mostly composed
by an interconnected network of discontinuous ore quartz veins
and veinlets, enclosing wall-rock fragments and forming narrow
mineralized zones with an average width of 5 m and a maximum
of 20 m. The vein segments, of variable length up to 100 m and fre-
quent bifurcations from north to south, link to form a larger
through-going structure which extends up to ~4 km in the case
of the Guindas-I, and 2.5km in the case of the Guindas-II
(Fig. 2a). The most important past-producing mine of the district
for Pb-Ag-(Au), the Natacha mine, is located at the NW tip of the
Guindas-II (Fig. 2a).
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The Guindas-I and Guindas-II structures cross-cut mylonitic
rocks of the Guacha Corral shear zone and undeformed migmatites,
as well as several scattered bodies of granitic pegmatites (Fig. 2).
Migmatites exhibit a dominant NNW-striking foliation with mod-
erate to gentle dip to the NE (mean foliation 338°/47°NE; Fig. 3),
which is overprinted within the Guacha Corral shear zone by a
strong penetrative mylonitic E-ENE-dipping foliation, with slightly
variable strikes from NNW to NNE (mean foliation 354°/36°ENE;
Fig. 3). Both migmatic and mylonitic foliations markedly contrast
with vein orientations (Fig. 2 and Fig. 3). Although the intensity
of deformation and strain fabrics are notably distinct in these
two basement domains, no significant differences in the orienta-
tion of the veins and mode of emplacement were observed. Only
a few minor veinlets appear to exploit the stronger mechanical ani-
sotropies of the mylonites, being sub-concordant with the regional
foliation (Fig. 3).

The major mineralized veins show a dominant strike direction
of ~320-330° and are sub-vertical or dip steeply to the SW
(Fig. 3). A secondary set of steeply-dipping veins striking
~290-300° is also recognizable in both Guindas-I and Guindas-II
structures. Likewise, a large number of minor veinlets are fre-
quently developed between major veins, presenting more
variations in strike and dip angles. The whole data set of veinlets
shows two dominant strike directions of ~330° and ~300°, with
dips ranging between 30° and 88° both to the SW and NE
(Fig. 3). This last group comprising 300°-striking veinlets

Las Guindas district

commonly display en-échelon geometries throughout major 330°-
striking veins (Fig. 2b). Furthermore, other less frequent sets of
narrow anastomosing veinlets were measured, with strikes of
around 180°, 260-270° and 220-230° (Fig. 3).

In the northernmost portion of the Sierra de Comechingones,
the Oro district comprises five quartz ore veins, Oro-II to Oro-VI,
that are poorly exposed within Cambrian migmatitic rocks
(Fig. 4). Mylonitic deformation is incipient in this area, though it
is recognizable within interspersed and narrow N-trending ductile
shear zones consisting of deformed migmatites or protomylonites.
The mineralized structures are developed both within and outside
these bands cross-cutting the metamorphic foliation planes, which
show a variable strike from NNW to NNE, with moderate to gently
dip towards the E (mean foliation 004°/43°E; Fig. 3). Quartz veins,
in turn, have strike lengths up to 30 meters. The Oro-II veins strike
ENE and show a moderate to steep dip to the NNW, whereas the
Oro-IlIl comprises subvertical veins and veinlets striking WNW
(Fig. 3). On the other hand, the Oro-IV and Oro-V structures present
a dominant E-ENE strike and are mostly subvertical or dip steeply
towards the S. Internal NW-striking veinlets are frequently devel-
oped within these major E-ENE veins or fracture zones following
en-échelon patterns.

2.1.2. Kinematic analysis

Strain fabric and 3-D kinematic analyses were performed to
determine the principal kinematic axes of the deformation regime
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as well as direction and sense of slip along major mineralized
structures, following the methodology outlined by Japas et al.
(2013). Kinematic indicators were measured in brittle-ductile
shear zones (in the sense of Ramsay and Huber, 1987), displaying
tensional fractures. Passive markers (e.g. drag folds of the wall-
rock foliation) and shape-preferred orientation of quartz crystals
were locally considered. Data analysis and statistical procedures
were carried out using the FaultKin 6.0 software (Allmendinger,
2001; Allmendinger et al., 2012), on the basis of concepts and
methods provided by Angelier (1984) and Marrett and
Allmendinger (1990).

In the Las Guindas district, mineralized sinistral brittle-ductile
shear zones of meter-scale widths seem to be the dominant struc-
tures (Fig. 2). Steeply dipping 330°-striking vein segments with
internal en-échelon minor veins and veinlets striking ~300° with
variable dips, are the most common geometries used as kinematic
indicators (Fig. 5a, b). Considering criteria from Dewey et al.
(1998), Japas et al. (2013) and Sanderson and Marchini (1984),
the <45° angles between main vein systems and tensional minor
structures reveal a component of extension together with strike-
slip deformation (Fig. 5b). Furthermore, a consistent sinistral sense
of movement along the mineralized NNW-trending shear zones is
also evidenced by drag folds in the wall-rock foliation, which tends
to become parallel to vein orientation in strike and dip (Fig. 2b).
The major Guindas-I structure displaced the N-trending contact
between the Guacha Corral shear zone and the migmatic complex,
resulting in a sinistral strike-slip motion of approximately 120 m
along the shear plane (Fig. 2b).

The results of kinematic analysis are represented in Fig. 6 and
reveal a N- to NNE extension direction (X) and W- to WNW short-
ening direction (Z) for both Guindas-I and Guindas-II mineralized
structures (Fig. 6a). Steeply dipping Y axes and nearly sub-
horizontal X and Z axes (Fig. 6a) evidence a predominance of the
strike-slip component along the major NNW-trending shear zones.
Furthermore, the sub-parallel orientation of one of the nodal planes
(striking at ~320°) with respect to the main direction of mineral-
ized veins (see Fig. 3) supports this interpretation. On the other
hand, results from fault-slip data (Fig. 6b) confirm subordinated

components of normal dip-slip for most mineralized
NNW-striking brittle-ductile shear zones, though minor reverse
slip motions are recorded in three cases of NW-striking structures
in both Guindas-I and Guindas-II.

Though scarce, kinematic indicators in the Oro district mostly
comprise mineralized dextral E- to ENE-striking shear zones
(Oro-IV and Oro V) with internal en-échelon tensional veinlets
striking ~300° (Fig. 5¢). Dextral displacements along these struc-
tures are also indicated by drag-folds of the wall-rock foliation
and s-c shear fabrics (Fig. 4). The obtained kinematic axes are sim-
ilar to those obtained for the Las Guindas district. A NE direction of
extension (Fig. 6a) is supported by the low angles (<45°) between
the E-striking shear zones and their internal NW-striking minor
structures in addition to the presence of elongated quartz crystals
within these tensional veinlets (see section below), showing wall-
perpendicular growth (Fig. 5c). Fault-slip data in this district
(Fig. 6b) also demonstrate a subordinated normal dip-slip compo-
nent together with strike-slip motions along the major mineralized
ENE-trending shear zones.

2.2. Vein textures and mineralization

Analysis of infill textures and composition of the veins was used
to evaluate the relation between fracture sets and distribution of
the ores. At least two quartz generations are recognizable. Barren
milky quartz of massive to crustiform texture (quartz-1) infills
both major and minor fractures of different oriented sets. Within
major veins, it mostly occurs as subhedral and euhedral coarse
grains showing a variable degree of intracrystalline deformation.
Low-temperature deformation microstructures are observed in
single crystals with predominance of fine- to wide extinction
bands patterns (Derez et al., 2015), where en-échelon geometries
are often developed at the tips of these bands (Fig. 7a). In less
deformed tensional veinlets, quartz-1 crystals frequently are
elongated in the direction of opening and perpendicular to the
veins wall (Fig. 5c).

In contrast, the sulfide-rich and Ag-Au-rich vein infill is charac-
terized by the injection of a distinct mineralized white to grayish
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Fig. 5. Kinematic indicators. a) Field examples from the Guindas-I deposit showing at variable scale the development of internal en-échelon ~300°-striking minor veins and
veinlets within the major 330°-trending structures. The strike values of each vein/veinlet set are correspondingly indicated in the pictures. The arrows on both sides of the
thickest veins indicate the inferred sense of strike-slip movement. b) and c¢) Schematic geometrical relationships and kinematics inferred for the mineralized sinistral-normal
NNW-trending shear zones of the Las Guindas district, and dextral-normal E-trending shear zones of the Oro district, respectively. Notice the low angles (<45°) between
tensional veinlets and major veins of the zone boundary, as well as the strike-slip and extension directions. The sense of movement along the mineralized shear zones is given
by the orientation and asymmetry of minor structures following en-échelon patterns. Also notice in the scheme (c) the quartz crystals within en-échelon tensional veinlets,
showing a preferred shape elongation parallel to the direction of dilatation and perpendicular to the veins wall.

fine-grained quartz (quartz-2) into shear microfractures and void
spaces, accompanied by subordinated amounts of sericite
(Fig. 7b, ¢ and d). Evidence of cracking, brecciation as well as
resorption of quartz-1 crystals, caused by this episode of metallic
ore mineralization, are usually recognizable at the microscopic
scale. Preliminar fluid inclusion studies revealed similar homoge-
nization temperatures in the primary and pseudo-secondary
inclusions of both quartz-1 and quartz-2 varieties, into a range of
180-320 °C. Indeed, over 90% of the vein segments are made up
of both types of quartz and frequently host weak to moderate
disseminated metallic mineralization. However, there are some
ore-rich sites where mineralization appears to be strongly concen-
trated, preferentially within zones of very intense brittle fracturing
of the host rocks. Some of them constitute past-producing mines in
the studied districts (Fig. 2a and Fig. 4). The spatial distribution of
these sites does not seem to follow a specific control on surface. In
some cases, they show a close affinity with tensional veins striking
300° but, in general, their occurrence is rather irregular along the
extent of the major structures striking 330°.

Two main primary ore mineral assemblages were defined by
Maffini (2015), based on microscopic studies of polished sections,
EDS (Energy Dispersive Spectrometry) and EMPA (Electron
Microprobe Analysis) data: (1) a purely sulfide assemblage with
pyrite, galena, sphalerite, chalcopyrite and scarce tetrahedrite;
and (2) a Te-rich assemblage with (still) dominant sulfide mineral-
ogy but in association with Te-Ag-Au-bearing minerals. In the Las
Guindas district, Hessite (Ag,Te), Cervelleite (Ag4TeS) and Petzite
(AgsAuTe,) are the main telluride species which occur as inter-
grown grains associated with pyrite, whereas in the Oro district
the tellurides were mostly observed as complex polyphase grains
associated with galena. Although the paragenetic relationships
between both mineral assemblages are difficult to examine with
only surface mineralogical data, the deposition of tellurides
traditionally takes place after the initial deposition of sulfides in
most meso- and epithermal systems (Afifi et al., 1988).

Non-systematic precious metal analyses performed on
mineralized samples from the Las Guindas district (by the fire-
assay/atomic-absorption method; Maffini, 2015) revealed widely
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Fig. 6. Graphical representation of the kinematic analysis in the Las Guindas and Oro districts obtained using the FaultKin 6.0 software (Allmendinger, 2001; Allmendinger
et al., 2012). a) 3-D kinematic plots showing the estimated kinematic axes. “T” and “P” represent the infinitesimal extension and shortening axes, respectively, for each
individual measured structure. Two nodal planes delimit the extension (gray area) and shortening (white area) fields, whereas the main kinematic axes X, Y and Z (linked
Bingham axes) represent the average orientation (Trend/Plunge) of the principal incremental strain (Marrett and Allmendinger, 1990). Notice the coherent results obtained
for the two studied districts (see more explanation in text). b) Fault-slip diagrams (equal-area, lower-hemisphere projection) displaying the orientation of individual
measured mineralized structures (great circles). Solid dots and arrows represent the relative slip direction of the hanging-wall side of the corresponding structure.

Fig. 7. Main petrographic textures and microstructures related to quartz-ore deposition. a) Low-temperature deformation microstructures consisting of fine- to wide
extinction bands in the barren quartz type (Qtz-1). Notice the en-échelon arrangement developed at the tip of these bands (some indicated by white arrows). b) Brittle
cracking of a Qtz-1 crystal caused by the injection of the mineralized fine-grained Qtz-2 into a shear microfracture. c¢), d) Transmitted and reflected light views showing the
sulfide-rich Qtz-2 filling void spaces between Qtz-1 coarse grains. Notice how the upper part of the large euhedral crystal undergoes brittle deformation and partially breaks.
In this section, pyrite is the most abundant sulfide, containing very small inclusions of Ag-Au tellurides, which are not visible at the scale of the picture.



M.N. Maffini et al./Ore Geology Reviews 89 (2017) 668-682 675

variable Ag and Au contents at different vein segments. In areas
with weak disseminated metallic mineralization, Ag content can
range from <2 to 45 g/t and Au from <0.03 to 0.43 g/t, whereas in
the ore-rich sites Ag and Au contents can reach up to 216 g/t and
10.54 g/t, respectively. The precious metals always show a positive
correlation with base metals, such as Pb, Zn and Cu (Maffini, 2015).
These portions where metallic mineralization is largely concen-
trated usually manifest a significant degree of supergene oxidation,
with abundant boxwork textures and secondary mineral phases.
Current available metal chemistry data from the Oro district are
restricted to previous prospecting studies of Mir6 and Candiani
(1985), who reported an average content of 80 g/t Ag and 4 g/t
Au, without sampling or method specifications.

2.3. Wall-rock alteration

Hydrothermal alteration is structurally controlled and
restricted to continuous zones of 1-5 m width close to the veins.
It mainly consists of penetrative and widespread sericitization of
the mylonitic and migmatic host rocks and local carbonatization

Fig. 8. Hydrothermal sericite alteration (photomicrographs in cross-polarized
light). a) Total replacement of feldspar porphyroclasts by fine-grained hydrother-
mal sericite (Ser) in a mylonite from the Guacha Corral shear zone. Abundant biotite
grains of the matrix were also totally sericitized. b) Partial replacement of relic
metamorphic coarse muscovite (Ms) by hydrothermal sericite in a protomylonite
close to the eastern boundary of the Guacha Corral shear zone. The two mica
fractions from this sample (G302) were dated by the K/Ar method, yielding a
Silurian age for the coarse-grained muscovite and a Carboniferous age for the fine-
grained sericite (see data in Table 1).

(siderite-calcite) of interspersed amphibolites. A distal and subor-
dinated chlorite * sericite alteration (by chloritization of biotite
and/or amphibole) can be recognized in some altered zones.

The hydrothermal sericite occurs as fine-grained aggregates,
which partially or totally overprint the metamorphic paragenesis
(Fig. 8). This alteration is, in turn, usually more extensive and
intense within mylonitic areas than within non-deformed areas,
probably in response to a higher permeability. The paragenetic
relationship between sulfide-rich quartz (quartz-2) and sericite is
clear within the veins, even though it is no possible to unequivo-
cally ascertain that sericitization of the wall-rock was only
restricted to the episode of metallic ore deposition.

2.4. K/Ar dating of hydrothermal white mica

In order to constrain the timing of the hydrothermal activity in
the Las Guindas and Oro districts, five samples of the sericite-
bearing alteration zones were dated by the K/Ar fine-fraction
method (Clauer, 2013; Clauer and Chaudhuri, 1995). In the Las
Guindas district, four samples from the northern and southern seg-
ments of both Guindas-I and Guindas-II major veins were taken
(see sample location in Fig. 2a), whereas in the Oro district one
sample was taken from the Oro-V vein (sample location in
Fig. 4). All the samples were collected less than 30 cm from vein
contacts, where hydrothermal alteration is intense.

2.4.1. Sample preparation and data acquisition

At least 1 kg of rock material per sample was crushed, gently
ground in a shatter mill (for 12-15 s) and split by sieving into grain
sizes >63 pm and <63 pm. An additional fraction >250 pm was iso-
lated from the sample G302 (Guindas-II structure; Fig. 2a) in order
to enrich and subsequently separate the metamorphic coarse-
grained muscovite. The fractions <63 pm were used to extract the
fraction <2 pm by differential settling in Atterberg cylinders. The
obtained concentrates were subjected to isotope measurements
and X-ray diffraction (XRD) analyses for determination of the illite
crystallinity, mineralogical composition and illite polytypes. All
laboratory and analytical procedures were carried out at the
Geoscience Centre of the George-August University of Gottingen.

The XRD analyses were performed using a Philips PW 1800
diffractometer equipped with a copper-target tube operating at
45 kV and 30 mA. The illite crystallinity was determined on tex-
tured preparations under air-dried and ethylene glycol saturated
conditions by measuring the full width at half maximum height
of the 001 peak at 10 A. The samples were step-scanned from 7
to 10° 26 at 0.01° 20 steps with a counting time of 4sec/step and
the illite crystallinity is expressed as illite Kiibler index (KI;
Kiibler, 1967) using the software IDEFIX by Friedrich (1991). XRD
determinations on randomly oriented powders were also carried
out to monitor the mineralogical composition and illite polytypes.
The step scan conditions were extended from 4 to 65° 26 at 0.02°
20 steps with a time of 12 sec/step. The XRD profiles were analyzed
by using the PANalytical X'Pert HighScore Plus software version
2.1. Polytype identification was made using the relative intensities
at 3.88, 3.72, 3.49, 3.2, 2.98, 2.86 and 2.78 A for the polytype 2M;
and 3.07 and 3.66 A for the 1M (Drits et al., 1993; Moore and
Reynolds, 1997). Relative proportions between polytypes were
qualitatively assessed by comparing the obtained XRD patterns
with end-members and intermediate standards from the Owl
Creek pegmatite (Wyoming, USA) and the Silver Hill Formation
(Montana, USA), evaluated and characterized by Haines and van
der Pluijm (2008).

The argon isotopic composition was measured in a pyrex glass
extraction and purification line coupled to a Thermo Scientific
ARGUS VI™ noble gas mass spectrometer, operating in static mode.
The amount of radiogenic °Ar was determined by isotope dilution
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Table 1

Summary of K/Ar results, Kiibler indexes, illite polytypes and mineral composition of the analyzed hydrothermal fractions < 2 pm. K/Ar data for the mica fraction > 250 pum is also included. Minerals in each sample are indicated in order

quartz, Rt = rutile.

goethite, IIl = illite, Kao = kaolinite, Qtz

to their relative abundance: (++) Principal component, (+) Abundantly present or only in traces. Mineral abbreviations: Gth

Mineral components

Mlite

polytype

Illite crystallinity

K/Ar data

Grain
Fraction
(num)

Sample (lat/long coordinates)

(A°20)
Glycol.

Air dried

ge +20 error
(Ma) (Ma)
329.2

40p1"
%

4071
(nl/g) STP

K,0
(wt.%)
9.

1ll (++) - Qtz (+) - Gth (+) - Rt (+)

0.216 2M,
1M

0.216

98.83

109.43

40

G672 (32°34'40” S 64°44'06” W)

Il (++) - Qtz (+) - Gth(+) - Rt(+) - Kao (+)

84.86 98.78 315.7 3.7 0.216 0.212 2M,
1M
2M,
1M
2M,

7.63

<2

G49 (32°35'23" S 64°43'29"” W)

Il (++) - Qtz (+) - Gth(+) - Rt(+)

3.9 0.232 0.225

99.38 98.85 322.0

8.74

GN1 (32°33'34” S 64°44'17" W)

Il (++) - Qtz (+) - Gth (+) - Rt (+)

39 0.231 0.223

3273

7.72 89.35 98.56

<2

G302 (32°34/28" S 64°43'39” W)
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4233 4.2

319.3

11.29 173.70 97.90
98.32

7.19

>250
<2

Il (++) - Qtz (+) - Rt (+) - Kao (+)

2M;
1M

0.201 0.202

4.2

81.00

OR V (32°08'14” S 64°48'03" W)

method using a highly enriched 3®Ar spike from Schumacher, Bern
(Schumacher, 1975). The spike was calibrated against the biotite
standard HD-B1 (Fuhrmann et al., 1987) and the age calculations
were based on the constants recommended by the IUGS quoted
in Steiger and Jdger (1977).

Potassium was determined in duplicate by flame photometry
using a BWB-XP flame photometer™. The samples were dissolved
in a mixture of HF and HNOs; according to the technique of
Heinrichs and Herrmann (1990). The analytical error for the K/Ar
age calculations is given on a 95% confidence level (2c). Details
of argon and potassium analyses for the laboratory in Géttingen
are given in Wemmer (1991).

2.4.2. Results and interpretation

The obtained geochronological data as well as the XRD results
are summarized in Table 1 and Fig. 9. The separated fractions
<2 um are all enriched in illite with only minor amounts of other
minerals. Impurities of quartz and rutile are typically present in
all the samples, whereas goethite and kaolinite were detected in
some of them. The Kiibler index (KI) does not show significant vari-
ations and ranges from 0.201 to 0.232 A°26, indicating a relatively
high crystallinity of the illite. These values correspond to condi-
tions near the anchizone/epizone boundary around 300 °C in the
zonation scheme of Kiibler (1967) and Verdel et al. (2011). The
presence of expandable-layer clays (e.g. smectite) was excluded,
based on the small differences between the air-dried and ethylene
glycol saturated measurements (Table 1). Nevertheless, the XRD
analyses of random powders confirm the physical mixture of
2M; + 1M (llite polytypes in all the samples (Table 1; Fig. 9a). By
comparing the intensity and width of characteristic reflection
peaks, the proportion ratio between both polytypes does not seem
to vary markedly in the analyzed samples, this being fully consis-
tent with the almost constant KI values. The mixture of 2M; and
1M illites may possibly reflect progressive stages of crystallization
during the evolution and cooling history of the hydrothermal sys-
tem, resulting in a transition from 2M; to 1M polytypes. Another
likely explanation, however, could be attributed to differences in
composition. As it was previously demonstrated by other authors
(Peacor et al., 2002; Velde, 1965a,b), both polytypes can grow at
the same time fostered by compositional variations in some
hydrothermal systems. In this sense, crystallization of 2M; and
1M illites may not be related to a specific event, but rather to dis-
tinct physico-chemical conditions during fluid-rock interaction.
Despite of being speculative, it could be possible if considering
the usual compositional variations of the hydrothermal white
micas, from potassic to phengitic, already reported by Maffini
et al. (2017). Nevertheless, there is no conclusive indication if these
proportional mixtures of 2M; and 1M polytypes are closely related
to the temperature of illite formation or rather to compositional
factors, thus, both scenarios should be considered.

The K/Ar analyses of the fractions <2 pm yielded Carboniferous
ages (Fig. 9b). In the Las Guindas district, two main groups of K/Ar
ages can be recognized. The oldest correspond to Late Mississip-
pian ages (ca. 329-327 Ma) and are recorded in samples from the
Guindas-I and Guindas-II veins, respectively. The youngest group
is represented by Early Pennsylvanian ages (ca. 322-315 Ma) also
registered in both mineralized structures. Furthermore, the age
around 319 Ma recorded in the Oro district is certainly an interme-
diate age between both members of the second group. Such
distribution shows that the majority of the ages overlap within
error between ~322 and 325 Ma. On the other hand, the coarse-
grained fraction (>250 um) dated from sample G302 yielded a
onsiderably older age of 423.3 +4.2 Ma (Late Silurian; Table 1),
consistent with several petrographic and textural observations
where fine-grained hydrothermal white mica overprints the relic
metamorphic muscovite (Fig. 8b).
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The interpretation of the K/Ar ages requires the understanding
of the temperature at which the white micas are closed to argon
diffusion (Kelley, 2002; Villa, 1998). Minerals grown below their
closing temperature yield crystallization or formation ages, while
the ages obtained on minerals grown under higher temperatures
have to be interpreted as cooling ages representing the minimum
age for the formation of the paragenesis. For decades, this temper-
ature has been estimated to be 350 + 50 °C according to Purdy and
Jager (1976). More recently, Harrison et al. (2009) calculated a clo-
sure temperature of 425 °C for muscovites with 100 pm radius,
which is now widely accepted. As the closing temperature depends
on the effective grain size, it should be lower for <2 um fine frac-
tions, because of shorter diffusion path ways. Hunziker et al.
(1986) published a closure temperature for muscovite fractions
<2 um of 260 + 30 °C, while Wemmer and Ahrendt (1997) stated
that 270 °C are definitely not enough for a total reset of the isotope
system and suggested a closure temperature between 260° and
350 °C for mineral fine fractions.

Considering the evidence from mineral assemblages, illite crys-
tallinity and polytypes, deformation microstructures in quartz and
preliminar fluid inclusions microthermometry, suggesting that
temperatures in the hydrothermal system did not exceed
~320 °C, we interpret the K/Ar ages as the approximate crystalliza-
tion age of the newly formed hydrothermal white mica (<2 pm).
However, we do not totally exclude the possibility of partial loss
of argon to some extent in the finest fractions during cooling of
the hydrothermal system and the feasible transition from 2M; to
1M illite varieties, which could have given rise to slightly younger
ages. On the other hand, K/Ar ages are unlikely to represent mix-
tures between the hydrothermal alteration and older crushed
micas from the metamorphic host rocks, since these components
were ruled out within the separated fine-grain sizes, as it was con-
firmed by XRD data. If some muscovite from the host rock were
present, it would be identified by its crystallinity (~0.060 A°26;
Wemmer, 1991) Furthermore, the presence of kaolinite in some
of the sample material is also unlikely to disturb the isotopic sys-
tem, as this mineral does not contain K or Ar, and its origin is
restricted to the chemical weathering of feldspars.

3. Discussion
3.1. Structural controls on ore deposits

The structural elements preserved in the studied ore deposits
represent a distinctive structural and kinematic style within the
Early- to Middle Paleozoic metamorphosed basement of the Sierra
de Comechingones. Steeply dipping brittle-ductile shear zones
with associated en-échelon tensional fractures seem to be the dom-
inant structures in the Las Guindas and Oro districts, through

<

Fig. 9. Graphic representation of X-ray diffraction and geochronological data. a)
X-ray diffraction patterns of the separated illite-rich fractions <2 um. The interpre-
tation of characteristic reflection peaks of minerals and illite polytypes (2M; and
1M) is shown in the figure. b) Summary of Carboniferous geochronological data
from the Sierras de Cérdoba including the obtained K/Ar fine-fraction ages. The time
range assigned to the Early Gondwana Magmatism of the Eastern Sierras
Pampeanas (Alasino et al., 2012; Dahlquist et al., 2010, 2013, 2016) is shown as a
vertical rectangle with dashed lines. The limits between early (E), middle (M) and
late (L) Mississippian and Pennsylvanian epochs were taken from the International
Chronostratigraphic Chart (2016), available on the International Commission on
Stratigraphy webpage. Data Sources: (1) This work; (2) Steenken et al. (2010); (3)
Dahlquist et al. (2016); (4) Gomez (2003).
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Fig. 10. Geological sketch showing the Middle- to Late Paleozoic evolution of the Sierra de Comechingones, with special emphasis on the principal deformation structures in

the basement, and the associated magmatism and metallogenesis. Age data sources:

(1) Guereschi and Martino (2014 and references therein); (2) Siegesmund et al. (2010);

(3) Steenken et al. (2010); (4) Demartis et al. (submitted for publication); (5) Pinotti et al. (2006); (6) Dahlquist et al. (2014); (7) Dorais et al. (1997); (8) Rapela et al. (2008);
(9) This work. Abbreviations in the figure: AB = Achala Batholith; CAB = Cerro Aspero Batholith, CAMD = Cerro Aspero Mining District; GCSZ = Guacha Corral Shear Zone,

CPF = Comechingones Pegmatitic Field.

which the hydrothermal fluids were preferentially channelled.
Structural and kinematic data demonstrate that strike-slip defor-
mation played a major role during vein emplacement, with a sinis-
tral sense of shear along the principal mineralized NNW-trending
structures (Las Guindas district) and dextral shear along E- to
ENE structures (Oro district). However, minor components of
normal-slip movements were corroborated by fault-slip data for
the majority of the brittle-ductile shear zones (Fig. 6b), defining a
transtension regime (Transtension in the sense of Dewey et al.,
1998; Fossen and Tikoff, 1998; Sanderson and Marchini, 1984).
The <45° angles between major vein systems and multiple sets of
tensional minor structures (Fig. 5) further support a component
of extension together with strike-slip deformation (Japas et al.,
2013; Sanderson and Marchini, 1984). Nevertheless, reverse-slip
was found in some NW-trending segments of the shear zones in
the Las Guindas district.

Hence, we interpret that NNW-striking sinistral-normal brittle-
ductile shear zones represent the main structural control on min-
eralization, whereas E- to ENE-striking dextral-normal shear zones
comprise a less developed conjugated set. The compression (P) and
extension (T) axes inferred from kinematic analyses (Fig. 6a)
indicate a coherent kinematic pattern of the fracture systems, with

a maximum extension direction (X) oriented NNE- to NE and max-
imum shortening (Z) oriented WNW- to NW. This structural
arrangement for the Carboniferous is illustrated in Fig. 10 within
the context of the Middle- to Late Paleozoic evolution of the Sierra
de Comechingones (see section below).

A key structural aspect to also discuss is the role that the pre-
existing anisotropies of the basement played during vein emplace-
ment. Considering that large-scale shear zones behave as domains
of crustal weakness, one of the initial hypothesis of this investiga-
tion was the control that the Guacha Corral shear zone might have
had on strain accommodation. However, the strongly anisotropic
mylonitic fabrics were not a critical control on the orientation
and geometry of the brittle fracture planes. In fact, many of the
ore vein systems are very well developed outside the mylonitic
domain. The major steep-dipping mineralized structures cross-
cut all earlier regional foliations and deflect them as passive mark-
ers. This is particularly clear in the Las Guindas district, where the
2.5- to 4 km-long mineralized structures sinistrally displace the
NS-trending contact between the Guacha Corral shear belt and
the undeformed migmatitic massif (Fig. 2b). Nevertheless, a possi-
ble control and transtensional reactivation of other pre-existing
anisotropies of the basement is not here discarded. Similar sets
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of major NNW- to NW-trending fractures were already described
in the region as principal structural controls for the ascent and
emplacement of granite magma in the Devonian batholiths, such
as the Cerro Aspero in the Sierra de Comechingones (Pinotti
et al, 2002) and Las Chacras in the Sierra de San Luis
(Siegesmund et al., 2004). On the other hand, brittle structures
resulting from reactivation of mylonitic and metamorphic folia-
tions could be considered as well, though no regional data are
available so far to evaluate this hypothesis.

Furthermore, field evidence indicates that the spatial distribu-
tion of the metallic ore is essentially independent of the vein
geometries at the deposit scale. It is expected that larger amounts
of hydrothermal filling and mineral deposition would have
occurred at structurally favorable places within the transtensional
zones, such as tensional veins and dilation sites. However, this con-
trol is not observed. Thus, the structural and kinematic data do not
totally explain the variability in mineral assemblages and metal
content within the veins. We interpret that this irregular and selec-
tive distribution of the ores may probably reflect independent and
episodic fluid paths with variable concentration of metals, com-
bined with differential movements within zones of intense fractur-
ing during a transtensional deformation regime. Fluid flow should
have been promoted and channeled by irregular opening of the
host fractures. In turn, the higher permeability of the mylonitic
zones is evidenced by a more intense sericite alteration of the
wall-rocks. In this context, reverse osmosis can be an alternative
to explain ore concentration, similarly as it has been postulated
for porphyry metal zoning during the phyllic stage (Japas et al.,
2015). Japas et al. (2015) suggest that reverse osmosis could be
favored in a differential stress field that would enhance a differen-
tiated permeation phenomenon through the phyllic halo at tem-
peratures less than 335 °C.

3.2. Temporal and genetic connection between mylonitic deformation,
magmatism and metallogenesis

The new obtained K/Ar ages point to a Carboniferous long-
lasting episodic hydrothermal activity (~15 Ma) in the Sierra de
Comechingones, which postdates a polyphasic deformation history
of the basement (Fig. 10). The Ordovician to Silurian period, related
to the Famatinian orogeny, was dominated by ductile to ductile-
brittle deformation along the Guacha Corral shear zone (Fig. 10a;
Demartis et al.,, 2011; Otamendi et al.,, 2004; Steenken et al.,
2010). The K/Ar age of 423.3 + 4.2 Ma (Late Silurian) obtained in
our work in coarse-grained muscovite comprises a new cooling
age recording mylonitic deformation in the eastern boundary of
the shear zone. Interestingly, this age postdates the K/Ar age of
~439 Ma reported by Steenken et al. (2010) as the last phase of
shear reactivation, related to the final collision of the Cuyania ter-
rane at the western Gondwana margin. Likewise, thrusting along
this crustal-scale mylonitic belt exerted a strong structural control
on the emplacement of voluminous pegmatitic melts (Be-P-Nb-Ta-
U) at middle crustal levels (Comechingones Pegmatitic Field,
Demartis et al., 2011; Fig. 10a). The last authors determined a com-
pressive stress field for this event with sub-horizontal Z and Y axes,
oriented E-W and N-S, respectively.

The Guacha Corral shear zone was also a relevant control on the
channeling and intrusion of Devonian granitoids through major frac-
tures at shallow crustal levels (Coniglio, 2006; Pinotti et al., 2006;
Pinotti et al., 2002). In turn, some authors (Mutti et al., 2007) invoked
a sinistral sense of shear at the time of granite intrusion (Fig. 10b).
The ascent of magma during the emplacement of the Cerro Aspero
batholith generated a profuse set of circular and radial fractures con-
spicuously discordant to previous structures (Pinotti et al., 2002;
Fig. 10b). The crystallization age of 369 + 9 Ma determined for the
Cerro Aspero batholith (Rb/Sr isochrone; Pinotti et al., 2006) overlaps

the age range between ~370 and 365 Ma of the Achala batholith
(U/Pb zircon ages; Dahlquist et al., 2014, 2013; Dorais et al., 1997;
Rapela et al., 2008; Fig. 10b), thus placing this magmatism in the Late
Devonian. Important magmatic-hydrothermal W-Mo-bearing
deposits are hosted in many circular fractures at the northern tip
of the Cerro Aspero batholith, comprising the past-producing Cerro
Aspero Mining District (Coniglio, 2006; Coniglio et al., 2000; Mutti
and Gonzalez Chiozza, 2005; Fig. 10b). Accordingly, a Devonian
metallogenic epoch spatially and temporally related to this major
magmatism in the Sierras Pampeanas (the Achalian magmatism,
Dahlquist et al., 2014; Sims et al., 1998), was constrained between
~390 and 360 Ma (Skirrow et al., 2000).

It is clear that the Carboniferous hydrothermal event of the
Sierra de Comechingones (~329-315 Ma) significantly postdates
the Devonian magmatism and its related metallogenesis. Most of
the evidence thus allow ruling out a direct connection between
the studied mineralization and the large Devonian batholiths, in
spite of their relative spatial proximity. In fact, the Mississippian
to Pennsylvanian ages obtained here largely fall within the age
range of 357-322 Ma assigned by Dahlquist et al. (2016, 2013,
2010); and Alasino et al. (2012) to the A-type Early Carboniferous
magmatism of the Eastern Sierras Pampeanas (also referred as
Early Gondwana magmatism; Fig. 9b), and coincide with the Gond-
wana metallogenic epoch constrained for the Sierras de San Luis
(Ulacco, 2001; Ulacco et al., 2005).

It is possible that the polymetallic mineralization is linked to
the existence of non-exhumed granitic intrusions of presumed Car-
boniferous age at shallow depths (Fig. 10c). This hypothesis of bur-
ied young granites was already suggested by other authors based
on field evidence (e.g. widespread quartz-pyrite stockworks at
the north of the Cerro Aspero batholith, Boffadossi et al., 2016;
Coniglio, 2006; Fig. 10c), as well as recent geophysical studies
revealing noticeable gravimetric anomalies under the metamor-
phic basement (Radice et al., 2015). In addition, similar ideas were
also proposed to explain hydrothermal activity in distinct areas of
the Sierra Grande de Cérdoba (e.g. in the El Guaico and Agua de
Ramoén districts, Biglia et al., 2016; de Brodtkorb et al., 2014,
Lyons et al., 1997; see location in Fig. 1b). Hence, it is reasonable
to suggest that many hydrothermal ore deposits and alterations
in the Sierras de Cérdoba could reveal the regional extent of a
non-exposed younger (?) magmatism. These granites might have
a possible geotectonic connection with the scattered outcrops of
Carboniferous plutons of Cérdoba (Fig. 1b), such as the Serrezuela
(~322-303 Ma, K/Ar biotite, Fig. 9b; Gémez, 2003) or the Capilla
del Monte (~336-337Ma, U/Pb and Rb/Sr ages, Fig. 9b;
Dahlquist et al., 2016), and even with other A-type granites of La
Rioja and Catamarca provinces (Alasino et al., 2012; Macchioli
Grande et al., 2015; Morales Camera et al., 2016).

3.3. Tectonic setting at the time of metallogenesis: a distinctive
Carboniferous phase?

Though the Early- to Middle Paleozoic tectonic evolution of the
Sierras Pampeanas is well-constrained, the characteristics and sig-
nificance of Carboniferous tectonics are still an open debate.
Alasino et al. (2012) and Dahlquist et al. (2016, 2010) proposed
that the emplacement of Early Carboniferous A-type granites of
the Eastern Sierras Pampeanas took place in an extensional tec-
tonic regime, in contrast to the compressional setting inferred for
the Late Devonian batholiths of Cérdoba and San Luis, related to
the final stages of the Achalian orogeny (Lopez de Luchi et al.,
2004; Siegesmund et al., 2004; Sims et al., 1998; Stuart Smith
et al,, 1999). Consistently with the last authors, Skirrow et al.
(2000) and Mutti et al. (2007) proposed compressional
tectonics for Devonian mineralization of the Southern Sierras
Pampeanas.
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The transtensional deformation regime proposed in our study
for the Carboniferous would support the idea of a non-
compressive setting, even though no kinematic data are available
for mineralizations of comparable age in the Sierras de Cérdoba
or in the Sierras de San Luis. A transtensional regime controlling
Carboniferous magmatism and genetically linked mineralization
was as well defined for the Fiambala region at the northern Sierras
Pampeanas (Hongn et al., 2010; Japas et al., 2004). The last authors
proposed a kinematic evolution for that area and interpreted a
sinistral transtensional regime during a period of postorogenic
crustal relaxation. N-, NNW- and E-striking structures are also
described as the most relevant mineralized systems. Thus, the
subordinated transpressive mineralized brittle-ductile shear zones
found in the Las Guindas district may probably reflect an
emplacement very close to the transition between the Late Devo-
nian compressional/transpressional orogenic setting (following
Siegesmund et al., 2004; Sims et al., 1998; Skirrow et al., 2000)
and the subsequent Carboniferous extensional/transtensional
regime (following Dahlquist et al., 2010; Hongn et al., 2010;
Japas et al., 2004). The orientation of kinematic axes in the two
studied districts (Fig. 6a and Fig. 10c) supports this interpretation.
The W- to WNW-trending Z axis in the Las Guindas district
suggests a reactivation of the mineralized brittle-ductile shear
zones from the beginning of the transtension, whereas the
NW-trending Z axis in the Oro district may indicate a relatively
later stage.

The Late Paleozoic post-metamorphic history of the Sierras de
Cérdoba also implied progressive cooling and exhumation of dif-
ferent basement domains during the Carboniferous, synchronously
with active deformation under brittle conditions (Bense et al.,
2017; Lobens et al., 2016, 2011; Steenken et al., 2010; Wemmer
et al.,, 2011; Whitmeyer, 2008). This evolution of the basement
was concomitant with the development of the retroarc Paganzo
basin, whose sedimentation is recorded in the Sierras de Cérdoba
(Astini and del Papa, 2014 and references therein; see Fig.1b). This
basin was interpreted as a suite of transtensional pull-apart
depocentres linked along major strike-slip crustal faults (Astini
et al.,, 2009; Fernandez-Seveso and Tankard, 1995), thus also point-
ing to a non-compressive tectonic setting for the Early
Carboniferous.

Considering available data and new evidence presented here,
we propose a distinctive Carboniferous deformational phase for
the Eastern Sierras Pampeanas, dominated by transtension, in
agreement with the recent hypothesis of Lobens et al. (2016). Fur-
ther data are, however, required to constrain the time interval in
which the compressive setting of the Achalian orogeny changed
to a non-compressive one, in order to understand the early evolu-
tion of the proto-Andean margin of Gondwana.

4. Conclusions

Strain fabric and 3-D kinematic analysis performed here pro-
vides key elements to evaluate the structural controls on mineral-
ization and constitutes the first kinematic data for the
Carboniferous basement of the Southern Sierras Pampeanas. The
polymetallic (Pb-Zn-Cu-Ag + Au) vein systems of the Sierra de
Comechingones were emplaced within NNW- and ENE-trending
transtensional brittle-ductile shear zones that notably overprint
the earlier metamorphic fabrics of the basement. Kinematic data
indicate large components of strike-slip motion with subordinated
normal-slip for the majority of the mineralized structures.

K/Ar age data from sericitic alteration reveal a Carboniferous
hydrothermal event developed between ~329 and 315 Ma. These
results yield a time difference of around 40 Ma between
hydrothermal activity in the Las Guindas and Oro districts and

the intrusion of the Late Devonian Cerro Aspero and Achala bath-
oliths (Achalian magmatism), despite their close spatial proximity.
The mineralization is rather temporally related to the emplace-
ment of Early Carboniferous A-type granites of the Eastern Sierras
Pampeanas (Early Gondwana magmatism).

In line with other regional evidence, we suggest a possible Car-
boniferous deformational phase, dominated by transtension. The
polymetallic mineralization of the Sierra de Comechingones would
have been emplaced close to the transition with the Devonian
compressional/transpressional orogenic regime. This transten-
sional phase could play a significant role in the Sierras Pampeanas,
controlling the emplacement of granitic plutons, hydrothermal ore
veins, and sedimentation in the Paganzo basin.
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