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ARTICLE INFO ABSTRACT

Pirquitas is a polymetallic silver, tin, and zinc deposit, located in the Altiplano-Puna plateau, northwestern
Argentina. The mineralization occurs in veins and hydrothermal breccia hosted in Ordovician meta-sedimentary
rocks, but there is a lack of data on the structural geology of the deposit. In this paper we use detailed field
mapping accompanied by structural analysis and mineralogy (petrography and XRD) to infer: (i) the miner-
alization structural controls, (ii) the influence of regional structures on the deposit formation, and (iii) char-
acteristics of the Pirquitas deposit as compared with those from the Bolivian Tin-Silver Belt.

The main stage of deformation observed at Pirquitas is associated with the Late Ordovician-Early Silurian
Ocléyic orogeny. However, the ore deposition occurs as recurrent hydrothermal pulses related to the reactiva-
tion of Ordovician structures during the upper Miocene Quechua orogeny, which was partially contemporaneous
with volcanic activity. The NW-SE and WNW-ESE ore-bearing veins of the Pirquitas deposit represent, re-
spectively, second-order R— and T-fractures associated with major regional-scale, sinistral, brittle shear zones
such as the Lipez and the Olacapato—El Toro faults.

Similarities in mineralogy, structural control and association with magmatic activity indicate that Pirquitas is
the southernmost deposit of the Bolivian Tin-Silver Belt. As such, subvolcanic intrusions associated with the
Granada Volcano and the Coranzuli Caldera that are aligned along regional structures should be investigated by
future exploratory works looking for porphyry to epithermal mineralization in the region.
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1. Introduction

The Pirquitas deposit is a polymetallic (silver, tin, and zinc) ore
deposit located in the Altiplano-Puna plateau, Province of Jujuy,
northwestern Argentina. The ore exploration at Pirquitas started on tin
placers and changed to underground mining when primary silver, tin,
and zinc targets were discovered (Soler et al., 2008). The deposit was
exploited as an open pit mine since 2009, and comprised a vein system
hosted in Ordovician meta-sedimentary rocks.

Silver Standard Resources Inc. (2011) estimated proven reserves of
48 million ounces of silver at an average grade of 180 g/t, and probable
silver reserves of 26 million ounces at 169 g/t, ranking Pirquitas among
the largest primary silver ore deposits worldwide. Proven and probable
zinc reserves were 93 million pounds at 0.51% and 109 million pounds
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at 1.03%, respectively. After the discovery of the major new silver, lead
and zinc Chinchillas deposit, Silver Standard (now SSR Mining, SSRM)
entered into a Joint Venture with the Golden Arrow Resources Cor-
poration, in order to provide infrastructure to the development of
Chinchillas. Pirquitas operated until 2017 and is now moving to a re-
clamation and closure stage.

Based on mineralogical similarities, several authors (e.g., Malvicini,
1978; Paar et al., 2000; Coira et al., 2000) compared the Pirquitas
deposit with those of the Bolivian Tin-Silver Belt (BTSB). Although the
mineralization in this belt has been associated with mid-Miocene

ism, no intrusive ic body crops out at Pirquitas (Soler
et al., 2008). Exploration research developed during the mining activity
has suggested the Granada Volcano and the Cerro Galan dome, located
13 km to the north and 12 km to the east of the deposit, respectively, as
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probable intrusions associated with the ore genesis.

The identification of different stages of folding, faulting, and frac-
turing in mineralized regions is an important step to link tectonic events
with ore deposition, location, and distribution. Previous investigations
report mostly the sporadic rare associations of ore mineralogy at the
studied area. The scarce works on the structural geology of the Pirquitas
deposit focused solely on the former open pit area and did not integrate
the regional tectonics with the stratigraphic record and mineralogy.
This contribution aims to identify structural controls on the ore mi-
neralization at the Pirquitas deposit and its association with regional
deformational events, based on detailed field mapping and structural
geology analysis. Additional petrography (optical and SEM-EDS) and X-
ray diffraction were used in selected samples to identify the ore mi-
neralogy and its relation with vein types. We have gathered those data
to put the Pirquitas deposit from a regional perspective, in comparison
with those reported at the BTSB.

2. Geological overview
2.1. Geological setting

The Pirquitas deposit is located in an area between 4000 and
4800 m above sea level, at the southernmost Altiplano-Puna plateau.
This is the highest plateau in the world associated with a magmatic arc,
located in the Central Volcanic Zone of the Andes (CVZ; Fig. 1a), and
the highest and extensive plateau outside the Tibet, in the Himalayas.
The CVZ is an active volcanic area at the Andean Margin, the western
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margin of the South American plate. The CVZ comprises the Altipla-
no-Puna plateau, which is flanked by the Sub-Andean Region (Eastern
Cordillera and Sub-Andean thrust belts), Precordillera thrust belt, the
Pampean Ranges, and the Santa Barbara system (Isacks, 1988;
Allmendinger et al., 1997, Fig. 1a).

The plateau is subdivided into the Altiplano (Spanish for “high
plain”) and Puna domains, located in the Bolivian and Argentinean
territories, respectively. The Altiplano (14-21°S) is a broad flat basin
with an average elevation of 3.8 km (Isacks, 1988). The surface of the
Altiplano is covered by large salars, Quaternary sediments, locally late
Oligocene to Recent volcanic rocks, including Miocene to Pliocene ig-
nimbrites, and sparse exposures of Pre-Cenozoic basement
(Allmendinger et al., 1997). The Altiplano is flanked by the well-de-
veloped, thin-skinned Sub-Andean thrust belt to the east, while the
Puna (22-27°S) is flanked by the thick-skinned Santa Barbara System
(Allmendinger et al., 1997).

The study area is located in the northern part of the Puna domain
(Fig. 1a). The Puna domain is characterized by fragmented sedimentary
basins, with average elevation nearly 1km higher than the Altiplano
(Isacks, 1988). The higher relief has been attributed to thermal uplift
caused by the more significant thinning of the lithosphere beneath the
Puna, as a result of the variations in geometry of the subducted Nazca
Plate (Whitman et al., 1996).

The genesis of the polymetallic mineralizations of the Pirquitas
deposit has been interpreted as the southernmost manifestation of the
intrusion-related Bolivian Tin-Silver Belt (e.g., Turneaure, 1971;
Sillitoe et al., 1975; Malvicini, 1978; Sureda et al., 1986). The BTSB ore
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Fig. 1. Regional geology of the Altiplano-Puna plateau. (A) Location of the Pirquitas deposit in the northern Puna, northwestern Argentina, near the NW-SE
transition between Puna and Altiplano domains (yellow; transition is the hachured area). The Central Volcanic Zone (CVZ, grey zone on the inset map) also includes
the Sub-Andean (purple) and Precordillera (orange) fold and thrust belts, Pampean Ranges (pink) and Santa Barbara system (green). P — Poopd, and T — Titicaca
lakes, and ocean in blue. Based on Isacks (1988) and Allmendinger et al. (1997). (B) Location of the Pirquitas deposit in the southernmost sector of the Bolivian
Tin-Silver Belt (BTSB). Granitic intrusions occur in the Cordillera Real while porphyry-subvolcanic deposits are related to the Southern Sector. Main WNW
lineaments that cut across the Puna region are represented by the Lipez Fault Zone, Olacapato-El Toro Fault Zone an Archibarca Fault Zone. Number in boxes
indicate the main volcanic calderas: 1 — Vilama; 2 — Panizos; 3 — Coranzuli; 4 — Cerro Pastos Grandes; 5 — Cerro Guacha; 6 — La Pacana; 7 — Negra Muerta. Based on
Turneaure (1971), Dietrich et al. (2000), Riller et al. (2001) and Caffe et al. (2008). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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deposits (Fig. 1b) are subdivided into (i) the Sn-W Cordillera Real
plutonic type, related to a series of granitic batholiths of Triassic age
(Sillitoe et al., 1975; McBride et al., 1983), and (ii) the Cenozoic Sn-Ag
Southern Sector, with porphyry and epithermal ore associated with
shallow intrusive bodies (Turneaure, 1971). Within the Southern
Sector, the ages of the ore deposits vary from late Oligocene to the
North to upper Miocene to the South (Dietrich et al., 2000). Caffe and
Coira (1999) suggested that the metallogenetic epoch for the whole
northern Puna region coincides with the mid-Miocene volcanism, be-
tween 14 and 11 Ma.

Most of the BTSB deposits are associated with felsic intrusions and
volcanic domes (Cunningham et al., 1991; Sillitoe et al.,, 1998) of
granitic or rhyodacitic composition. These fractionated igneous rocks
are relatively reduced in the ilmenite series (e.g., Ishihara, 1977),
probably reflecting organic carbon content in the underlying meta-se-
dimentary rocks (Lehmann, 1994). Tin and silver from this area are
assumed to be derived mostly from peraluminous magmas, which may
have extracted metals from meta-sedimentary country rocks. On the
other hand, it may be argued that these magmas have only provided the
heat to concentrate ore (Turneaure, 1971).

The middle and upper Miocene volcanism and associated ore de-
posits of northwestern Argentina have been spatially correlated with
several structural features that cut across the Puna region, such as
Lipez—Coranzuli and Olacapato-El Toro (e.g., Riller et al., 2001,
Fig. 1b). These WNW lineaments are interpreted to be deep crustal
Paleozoic structures which have been selectively reactivated as sinistral
transcurrent faults in Cenozoic times (Allmendinger et al., 1983; Jordan
et al., 1983; Alonso et al., 1984; Salfity, 1985; Chernicoff et al., 2002).
On the other hand, NNE-striking structures are Cenozoic sutures be-
tween Paleozoic and Precambrian rocks.

The dominant Puna rock types are the Lower Paleozoic clastic se-
dimentary rocks (Fig. 1b). In the study area, the basement is re-
presented by Early Ordovician successions of metasandstones and me-
tapelites of the Acoite Formation, the uppermost member of the Santa
Victoria Group. Bahlburg (1990, 1998) interpreted the Acoite Forma-
tion as part of the ca. 2000 m thick “Lower Turbidite System” of the
“Puna Turbidite Complex”, deposited in the Puna basin.

Regional tectonic reconstructions show that the deposition of sedi-
mentary successions has taken place in the Puna back-arc to foreland
basin, between a magmatic arc to the west and the emerging Eastern
Cordillera (Bahlburg, 1990, 1998; Bahlburg et al., 1990; Mon and
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Salfity, 1995; Bahlburg and Hervé, 1997, Fig. 2a). Biostratigraphic data
of the Acoite Formation points to early Ordovician ages, near the Tre-
madocian-Floian boundary (ca. 478 Ma; Voldman et al., 2012). The
closure of the Puna basin has been associated with the collision of the
Puna basement against the Arequipa-Antofalla allochthonous Terrane
during the late Ordovician—early Silurian Ocléyic orogeny (ca. 444 Ma;
Bahlburg, 1990; Mon and Salfity, 1995; Bahlburg and Hervé, 1997,
Fig. 2b). In the northern Puna, this deformation event led to the de-
velopment of a west-vergent fold pattern with NNE-trending fold axes
and faulting, indicating WNW-ESE shortening (Mon and Hongn, 1987;
Bahlburg and Hervé, 1997; Cladouhos et al., 1994).

Thermal studies of metapelitic and metavolcanic rocks of the
Ordovician successions (Do Campo et al., 2017) show an E-W trend of
the metamorphic zones, from diagenesis/low anchizone in the eastern
Puna to high anchizone/epizone to the west. {According to those au-
thors, the secondary mineralogy along this trend and the development
of a slaty cleavage characterize the low-grade greenschist meta-
morphism.

At the Pirquitas deposit, the mid-Miocene is represented by sedi-
mentary and volcanoclastic sequences (Fig. 3) of the Tiomayo Forma-
tion, composed of sandstone, mudstone, and conglomerate, interbedded
with tuffs and ignimbrites (Coira et al., 2004). The sedimentation took
place in an intermontane basin between 18 and 12Ma filled by flu-
vial-lacustrine sediments with volcanic contribution, recording the first
evidence of the Cenozoic explosive volcanism (Coira et al., 2004; Caffe
et al., 2008). A whole-rock K-Ar determination on ignimbrite from the
Tiomayo Formation at the Pirquitas region yields an age of
14.9 += 0.5Ma (Coira et al., 2004).

During the Neogene, a compressive deformation event took place in
the Andes, named the “Quechua Phase” of the Andean orogeny. In the
Peruvian Andes, this event is subdivided into three compressive pulses
(Benavides—Caceres, 1999): Quechua I (17 Ma); II (8-7Ma) and Il
(5-4Ma). In northern Puna, strong crustal thickening and shortening
occurred during the Miocene, between 15 and 9-10Ma, and is de-
scribed in two different phases (Gubbels et al., 1993; Cladouhos et al.,
1994; Coutand et al., 2001): i) Miocene shortening appears to have
reactivated Cretaceous rift structures as NNE-SSW reverse faults of dip-
slip movement and subhorizontal, WNW-ESE (~110°) shortening; ii)
relatively minor deformation of the younger phase occurred as normal
and strike-slip faults, indicating ENE-WSW shortening and horizontal
extension. Balanced cross—sections suggest shortening of ~40-50 km
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Fig. 2. Structural evolution of the Mina Pirquitas region. (A) Location of the Puna backarc basin (includes the Acoite Formation) between the western magmatic arc
and the Cobres High, during the Early-Middle Ordovician. The Cobres High separates the Puna basin from the Eastern Cordillera basin. (B) Deformation of the Puna
basin and the Eastern Cordillera after the collision of Arequipa-Antofalla Terrane during the Late Ordivician — Early Silurian Ocléyic Orogeny.
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Fig. 3. Geologic map of northern Puna with
ages from the Granada Ignimbrite and other
Puna Upper Miocene volcanic rocks
(Extracted from Caffe et al., 2008). Granada
Ignimbrite: (A) “°Ar/*’Ar 9.76 + 0.07 and
9.70 + 0.09Ma; (B) K/Ar 8.9 + 0.26 Ma;
(C) *Ar/**Ar10.0 % 0.2Ma. Abra Granada
volcanic complex units: (D) Lagunillas ig-
nimbrite - “°Ar/*’Ar 10.25 + 0.12Ma; (E)
Caucani dome lava — K/Ar 7.9 + 0.2Ma.
(F) Cerro Granada platform lavas — K/Ar
5.05 *+ 0.16 Ma; Post-Granada units: (G) K/
Ar 9.5 = 0.5Ma.

subperpendicular to the orogen, and elevation of ca. 2000m on the
Puna domain during the Andean deformation (Cladouhos et al., 1994;
Coutand et al., 2001).

The upper Miocene transtensive regime favored explosive volcanic
activity between ca. 10 and 6 Ma (Caffe et al., 2008, Fig. 3), which
resulted in one of the most extensive ignimbrite provinces in the world
(De Silva, 1989; Coira and Kay, 2004; Caffe et al., 2008). Pyroclastic
deposits associated with this event in the study area are represented by
the Granada ignimbrite (ca. 9.8 Ma; Caffe et al., 2008). The Tiomayo
Formation and the Granada ignimbrite are flat-lying, but affected by
numerous minor (< 2m offset) strike-slip and normal faults which
indicate N-S extension and vertical to E-W shortening (Cladouhos
et al., 1994).

2.2. Summary of the previously proposed Pirquitas ore deposit models and
processes

The primary ore of Pirquitas is associated with veins and sub-
ordinately with hydrothermal breccia emplaced between mid-to upper
Miocene (Sureda et al., 1986; Coira and de Brodtkorb, 1995; Slater,
2016). They were historically grouped based on their strike during the
mining activity as (1) ESE (100° to 110° — azimuth), which represents
more than 60% of the veins, (2) NW (300° to 310°) and (3) ENE
(70°-80°).

The mineralized ESE-striking veins are subvertical, dozens to hun-
dreds of meters long and centimeter to meter-thick (30-50cm on
average). Malvicini (1978) identified a first mineralization period
(subdivided into early and late stages) and a second one. According to
that author, the first period early-stage ore mineralogy consists of
pyrite, pyrrhotite, arsenopyrite, and cassiterite. The late stage of this
period is characterized by deposition of colloform bands of sphaler-
ite-wurtzite, galena, Ag—sulfosalts, and scarce stannite along fracture
zones that crosscut the early veins. The second period is characterized
by re—fracturing of first-period mineralized veins-at deeper zones of the
ore system, and consists of Bi—sulfosalts, cassiterite, alunite, stannite,
and Ag-sulfosalts. Recent studies (Passamani, 2014; Desanois et al.,
2019) consider Pirquitas as an epithermal deposit of intermediate to
low-sulfidation subtype, with decreasing temperatures from < 400 °C
to ca. 150 °C, associated with mixing between magmatic and meteoric

fluids, which is usually found in such hydrothermal systems.

Pipes of hydrothermal breccia were described close to the miner-
alized veins and individualized by Coira et al. (2000) in two groups: (a)
polymictic breccia with fragments of sandstone, mudstone, and dacite
set in abundant matrix of similar composition that contains also or-
e-bearing quartz vein fragments; and (b) clast-supported oligomictic
breccia, locally mineralized, comprising mostly metapelite (65-70%)
and minor metasandstone fragments. Although ground geophysical
surveying (i.e., magnetometry and induced polarization) suggested the
occurrence of disseminated sulfides in a subvolcanic body or breccia
under the open pit area, three drills of ca. 800 m depth did not intersect
the expected rocks (Jacobs Engineering Group Inc, 1999).

Hydrothermal alteration assemblage composed of ser-
icite + quartz + pyrite was described both at the immediate vicinity of
the larger veins and in clasts of wall-rock within brecciated veins
(Malvicini, 1978; Silver Standard Resources Inc., 2011). Coira et al.
(2000) and Paar et al. (2001) report silicification and phyllic to ad-
vanced argillic alterations.

3. Methods

This work is based on detailed geological mapping with structural
cross—sections on the Acoite Formation to pursue the relation between
the development of folds, faults and fractures and the formation of the
ore-bearing veins. Systematic structural data was collected in 402
outcrops, and the statistical treatment was performed using the
Openstereo software (Grohmann and Campanha, 2010).

Macroscopic description of host rocks and veins was performed at
outcrops and along selected zones of drill cores containing structures
and/or mineralization. Petrographic observations of selected samples
used optical (transmitted and reflected) and Scanning Electron (SEM)
microscopy at Universidade Federal do Rio de Janeiro (UFRJ) and at
the Center for Mineral Technology (CETEM/RJ), respectively. Mineral
hips and c itions were elucidated using an FEI Quanta
400 SEM coupled to a Bruker Nano Quantax 800 EDS and an SDD
XFlash 4030 detector, after spectral calibration using a copper standard.
The equipment was operated at 20 kV, spot size 5, counting time of 60 s,
and standardless deconvolution with ®(pz) ZAF correction. The in-
strumental analytical error (20) for each analysis is below 1.5%. Few X-

relati
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Fig. 4. Geology of the Pirquitas deposit. (A) Geological map and structural data obtained during fieldwork. Litl
unconsolidated sediments; Mi— Upper Miocene Granada ignimbrite (9.7-9.8 Ma Ar/Al Caffe et al

(14.9 = 0.5MaK/Ar; Coira et al., 2004); Oa- Ordovician Acoite Formation,
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ray diffraction (XRD) analyses were performed at CETEM for mineral
identification in ore-bearing veins. We used a Bruker-AXS D4 Endeavor
diffractometer with CoKa radiation (35 kV/40 mA) in the 5-80° 20
range with a step size of 0.02° 20 and a counting time of 1s per step.

4. Results

4.1. Stratigraphy

The oldest and most common rocks that crop out near the Pirquitas
deposit are the Ordovician meta-sedimentary successions of the Acoite
Formation (Figs. 4 and 5). The clastic and volcanoclastic successions of
the Tiomayo Formation, the Granada ignimbrite and Quaternary

unconsolidated sediments lie unconformably over the Ordovician
basement. Ferruginous breccia and hydrothermal carbonate deposits
are scarce in the study area.

The Acoite Formation is mostly composed of metasandstone inter-
bedded with metapelite (Fig. 5a and b) and with scarce metaconglo-
merate. Metasandstone forms medium to very thick beds (10 cm to >
2m; cf. Boggs, 2001) massive or laminated tabular strata, mostly

posed of pelite fr: mono to polycrystalline quartz, and
minor plagioclase. Sedimentary structures in metasandstone consist of
ripple marks, metapelitic intraclasts (Fig. 5c), and wavy and flaser
bedding (Fig. 5d). Metapelite forms very thin siltstone—claystone la-
minae, and locally small lenses of sulfide-rich shale, including pre-
viously recognized graptolite (e.g., Moya et al., 1994) replaced by
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Fig. 5. Field aspects of the Acoite Formation. (A) Intercalation of metasandstone (medium to very thick beds) and metapelite tabular strata (person as scale, circle,

bottom right). (B) between
intraclasts (pi) in d: (D) d
Metaconglomerate (cg) eroding metasandstone layers (sd).

(sd) and

pyrite. Fine-grained (0.2-1 cm) metaconglomerate is found in medium
to very thick lenses (< 2m) with planar stratification, locally filling
erosive channels on the underlying sandstones (Fig. Se and f).

The mid-Miocene Tiomayo Formation covers the Acoite Formation
in angular unconformity. At the Pirquitas area, the lower portion of the
Tiomayo Formation crops out, and comprises thick reddish massive
tabular strata (Fig. 6a) of sandstone and polymictic conglomerate, in-
cluding d and pelite intraclasts of the Acoite For-
mation. In the northern portion of the study area, an ignimbrite plateau
of upper Miocene age — related to the Granada Volcano (Fig. 6a and b) -
lies at angular unconformity over the Tiomayo and Acoite formations.

Massive layers of iron-rich polymictic breccia, probably of
Quaternary age, vary from 4 to 10m thick and cover the Acoite
Formation at angular unconformity. The breccias are composed of an-
gular and rounded pebble to boulder-sized fr of d
stones and metapelites derived from the Acoite Formation and iron-rich

(pe) layers (hammer as scale). Cleavage refraction between layers is observed. (C) Pelite
(sd) with flaser bedding. (E) Fine-grained metaconglomerate showing planar stratification. (F)

cement found mostly in low topographic areas, near current drainages.

Active hydrothermal springs form oval-shaped deposits of up to 7 m
diameter that discharge hot water and gases (Fig. 6¢ and d) accom-
panied by white—colored carbonate deposition. These deposits occur lie
the NW-SE lineament to the east of the open pit (Fig. 4).

4.2. Structural geology

Stereograms and rose diagrams for the collected structural data are
shown in Fig. 7a. The Acoite Formation succession shows km-scale,
NNE-SSW-trending folds with sub-horizontal fold-hinge lines plunging
to NNE or SSW, which indicate WNW-ESE sub-horizontal shortening.
These are usually asymmetrical folds with steeply dipping axial sur-
faces, as it can be observed in the NW-SE structural sections (Fig. 7b).
East-vergent folds include the Cerro San Pedro anticline (CSPA, Figs. 7b
and 8a), near the open pit area, whereas west-vergent folds are mostly
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Fig. 6. Field aspects of the Tiomayo Formation, the Granada Ignimbrite and the hydrothermal springs. (A) View of stratigraphic relations between the Acoite (AF)
and Tiomayo (TF) Formations, the Granada ignimbrite (Gra) plateau and unconsolidated sediments. (B) Angular unconformity between the flat Granada ignimbrite
(Gra) plateau and the folded rocks of the Acoite Formation (AF). Picture was taken near the open pit area, with the Granada volcano in the background. (C, D) Active

d to carbonate

hydrothermal springs discharging hot water and gases
associated ignimbrite plateau in the background of (C).

located to the west of the open pit. Folds are mostly open and con-
centric (Fig. 8b), but tight kink bands, chevron and box—folds (Fig. 8c)
are also observed.

The folding of the Acoite Formation resulted in the local redis-
tribution of minerals by pressure solution processes. The slaty cleavage
planes in metapelites (< 1 mm) are marked by the crystallization of
fine-grained micaceous material, as well as quartz and pyrite. Their
steeply-dipping planes in metapelites are subparallel to the axial

within the Pirquitas deposit area. Note the Granada volcano and its

surfaces of the first-order folds, while S, foliation in metasandstones
displays a spaced convergent fan.

Striae (L) observed on sedimentary bedding planes (S,) dips to NW
and SE at a high angle with the fold-hinge lines and the bedding—
cleavage intersection lineation (L,;). These structures, associated with
preserved bed thickness of a layered 1 with strong hanical
anisotropy (i.e., intercalation of metapelites and quartzites), the par-
allel style (class 1B) of the folds, and the presence of different fold
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bedding (S0) planes, intersection lineation (L1) and flexural-slip-related striae (L1f). Density curves are applied with the Fisher distribution when n > 30. The rose
diagram shows the orientation of reverse fault planes and fractures. (B) NW-SE structural sections (A-A’, B-B’, C-C’ and D-D, see location in Fig. 4) along the Acoite
and Tiomayo formations. Folds, axial plane slaty cleavage (S1) and reverse fault planes are represented, as well as the open pit projection.

shapes, as chevron and box-folds, may indicate flexural slip folding
mechanism (e.g., Tanner, 1989; Fossen, 2016).
Although it is challengmg to 1dermfy fault planes in the homo-
on, reverse and normal faults were
locally observed or inferred by sedimentary bed truncations. Reverse
faults are mostly west— and minor east-vergent, with few to dozens of
meters of offset, and crosscut the bedding planes (Fig. 8, d1-d2 and el-
e2). Reverse faults within or sub—parallel to the bedding planes are also
recognized. Ramp—flat geometry and characteristic anticlines on the
hanging wall were recognized at several outcrops. Normal faults are
scarce, show few meters of offset, and usually develop tectonic breccia.
Subvertical fracture planes are widely distributed in the Acoite
Formation. They are represented by 1-10 mm-wide open fractures or up
to 10 cm-wide veins. The latter is usually associated with iron-rich
material, microbreccias and clay minerals, and locally with ore mi-
nerals. Two main sets of joints were individualized. They compose a
conjugate fracture system at the Pirquitas deposit, dipping to NNE and
SSW, and the main strike of 264" is shown in rose diagram (Fig. 7a).

4.3. Host rocks, veins, stockworks, and breccia

Fieldwork, drillcore descriptions, and petrographic analyses of

selected samples allowed the individualization of the mineralogical and
textural assemblages related to different depositional stages at the
Pirquitas deposit. A population of euhedral and compositionally
homogeneous pyrite crystals (~1pum) was observed via SEM-EDS. It
forms aggregates (< 2mm) that are observed conformably with the
bedding of the meta-sedimentary host rocks. Pyrite crystals are found
regionally in the Acoite Formation and may represent diagenetic sulfide
crystallized from sulfate reduction processes. These pyrite aggregates,
as well as quartz, are locally recrystallized along the S, slaty cleavage
planes, and are not associated with the ore-bearing assemblages.

4.3.1. Barren veins and stockworks (type-I)

Tabular, massive and low-sulfide content (ca. 1%) quartz veins are
nearly continuous, vary in width from 0.5 to 3m, and extend up to
dozens of meters. They are mostly parallel (locally discordant) to the
sedimentary bedding of the Acoite Formation and frequently occur in
the hinge zone of anticlines (Fig. 9a and b). N-S quartz—pyrite vein zone
with jigsaw puzzle breccia (Fig. 9c and d), displaying an E-W trending
orientation crops out only locally to the west of the Pirquitas deposit.
Both veins and jigsaw puzzle breccia of type-I are composed of milky
quartz, with high amounts of intracrystalline defects. They are barren,
whereas non-economic, very low gold contents have been locally
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Fig. 8. Field aspects of folding and faulting in the Acoite Formation. (A) Assymetrical east-vergent Cerro San Pedro anticline — CSPA (person as scale, circle, bottom
right). (B) Symmetrical open fold with subvertical axial plane (person as scale, circle, bottom left). (C) Box-fold (person as scale, circle, bottom left). (D1-D2)
West-vergent faults inferred from sedimentary bed truncations; (E1-E2) East-vergent reverse faults with flat ramp geometry and ramifications and west-vergent

fault with anticline developed at the hanging wall.

observed.

4.3.2. Ore-bearing veins and stockworks (type-II)

Ore-bearing silver, tin, and zinc veins cross—cut barren type-I veins
and are distributed in different sectors near the open pit area (Figs. 4
and 10).

Type-II veins have mostly WNW-ESE strike, are vertical to sub—
vertical, continuous (Fig. 9¢), with tabular or lenticular geometry. Ex-
ploitation was focused on the San Miguel and Potosi sectors. At the San
Miguel sector, tabular to lenticular, massive quartz-pyrite veins

predominate, mostly thinner than 15 cm, which constitutes a sheeted
vein system (Fig. 9f) of approximately 120 m width. The predominant
vein textures at Potosi and Veta Blanca sectors are colloform to crus-
tiform (Fig. 11a), with compositional banding composed of intercala-
tion of quartz, botryoidal pyrite, sphalerite, galena, and Ag-Sn sulfides
(see below). The Cortadera sector shows the predominance of both
breccia and colloform veins composed of pyrite (including botryoidal
type), sphalerite, galena, and quartz (Fig. 11b-d). Quartz breccia
(Fig. 11e) and stockworks usually contain medium to high sulfide
content, mostly pyrite. The host rocks and quartz-pyrite veins are
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type-l
quartz vein

Fig. 9. Vein types at Mina Pirquitas. (A and B) Tabular, massive, barren type-I quartz veins parallel to the sedimentary bedding of the folded Acoite Formation
(person as scale at B, circle, bottom right). (C) Barren type-I quartz veins. (D) Jigsaw puzzle breccia. (E) Subvertical, tabular, continuous type-II vein at Potosi sector,
nearby the open pit. (F) San Miguel sheeted vein system in the open pit. Note an old artisanal mining adit.

cross—cut by massive veins and veinlets (Fig. 11f). These are mostly
composed of pyrite, arsenopyrite, sphalerite, and quartz, locally asso-
ciated with centimetric normal and reverse faults (Fig. 11g).

Argentite occurs as inclusions in arsenian pyrite/arsenopyrite (with
7.72wt% Ag) and as individual crystals (with 7.42 wt% Ag) bordering
stannite and pyrite (Fig. 11h and i). Stannite occurs as inclusions or
bordering pyrite/arsenopyrite crystals. It contains freibergite inclusions
(with 5.76 wt% Ag) and locally native silver (Fig. 11j and k). These
veinlets also contain inclusions of cassiterite. The veins above described
and veinlets are cross—cut by several stages of colloform quartz—pyr-
ite-sphalerite-galena (and associated anglesite) veins, locally with
variable amounts of dickite and ordinary kaolinite. Sulfide-arsenide
immiscible inclusions in galena crystals show Ag, Sb, and As c

4.3.3. Ore-bearing hydrothermal breccia

Hydrothermal matrix-supported polymictic breccia were observed
near the open pit area in the Potosi and Oploca sectors, and in-
dividualized based on their framework and matrix composition. The
first type has angular fi of pelite and d from
the Acoite Formation immersed in a matrix composed of massive pyrite,
minor sphalerite, and quartz as gangue. The second stage of sphalerite
crystallization, as well as galena, represents the last ore-infilling stage
within the pyrite-dominant matrix (Fig. 12a).

The framework of the second breccia type includes fragments of
meta-sedimentary host rocks, very fine grained volcanic rocks, por-
phyritic dacite, and monocrystalline and polycrystalline quartz.

The colloform textures represent open-space fillings during multiple
stages of fracturing, as evidenced by cross—cutting relations. Other
minerals identified by SEM and XRD comprise F-Ba-rich goyazite, to-
sudite, xenotime, and Pb-Ba—Ca-sulfates of the alunite group.

pelite and d clasts are sub- lar, vary in size from
sand to cobble, and show incipient inherited foliation. Dacite fragments
(Fig. 12b) show abundant quartz and plagioclase phenocrysts, the latter
usually altered to sericite. Monocrystalline quartz is found as fragments
or euhedral to anhedral crystals. They locally show irregular, embayed
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Fig. 10. Detailed map of the open pit area, showing the distribution of the mineralized sectors, see location in Fig. 4 (Based on Malvicini, 1978; Silver Standard

Resources Inc., 2001, and collected field data).

or corroded borders (Fig. 12c). Pebble-sized polycrystalline quartz
fragments are sub-angular, and individual crystals show undulose ex-
tinction and comb texture, typical of quartz veins (Fig. 12d). Most li-
thoclasts contain euhedral pyrite crystals and very fine—grained kaoli-
nite patches (K—feldspar alteration?) that are crosscut by fractures filled
with galena. The matrix shows pyrite, sphalerite, and galena in ag-
gregates or as individual crystals. Pyrite aggregates locally show frac-
tures filled with sphalerite and galena (Fig. 12e). The latter infill the
inner fracture zones, or border pyrite and sphalerite crystals. Pyrite
crystals with arsenopyrite inclusions (Fig. 12f) predominate volume-
trically over the other individual crystals of opaque minerals in the
matrix. Low-Fe sphalerite and galena frequently show corroded crys-
tals, and arsenopyrite with low-Sb contents (sulfosalt?) shows exsolu-
tion textures within its host galena crystals (Fig. 12g).

5. Discussion
5.1. Ordovician deformation

The Early Ordovician Acoite Formation hosts the Pirquitas deposit
and comprises successions of metasandstone and metapelite with ripple
marks, wavy and flaser bedding, and fine-grained conglomerate lenses
filling erosive channels. The sedimentary structures are interpreted here
as registers of a lower flow regime and re-suspension of sediments as a
product of turbulent flow reworking (cf. Mutti et al., 2003), which is
consistent with the deposition in a turbidite system, as interpreted by
Bahlburg (1990, 1998). The structural data on the Acoite Formation
suggest the contemporaneous formation of folds, west-vergent and
minor east-vergent reverse faults, WNW-ESE fracture planes and
barren type-I quartz veins during Late Ordovician—Early Silurian times.
Plots of the structural data obtained on axial surfaces, faults, and sets of
fractures indicate coincident WNW-ESE orientation of the sub—
horizontal o1 (Fig. 13a and b). Flexural slip folding and barren sad-
dle-type (type-1) vein formation is associated with folding amplifica-
tion during the compressional stage. The intensity and style of the
deformation described in the Acoite Formation, such as regional-scale

open to tight folds, chevron folds, ramp-flat geometry with anticlines
associated, and the scarce occurrence of normal faults, are consistent
with those previously described as a result of the Ocldyic orogeny in the
Central Andes (e.g., Thomas and Astini, 2007). According to Mon and
Salfity (1995), the intense folding generated during this orogenic event
also developed faults and shear zones that began along a basal décol-
lement. Basal décollements, fault-bend-fold, and fold-bend-fold de-
formation styles have been recently identified at the Pirquitas mine
region by Rojas Vera et al. (2019), based on surface geology, seismics
(well data) and software-based structural modeling. The lack of major
thrusts and reverse faults in the study area could indicate the existence
of detachment folds or fault-propagation folds related to blind faults
connected to a basal décollement.

5.2. Middle to upper Miocene: the Quechua phase of the Andean Orogeny
and contemporaneous volcanism

The mid Miocene is considered the metallogenetic epoch in the
northern Puna, due to spatial and temporal links between ore deposits
and 16 to 12 Ma volcanic domes and dacitic stocks (Caffe and Coira,
1999; Caffe et al., 2002). During this time interval, the northern Puna
was assumed to be under a compressional regime related to the Que-
chua phase of the Andean Orogeny (ca. 15 to 10 Ma; Cladouhos et al.,
1994). According to Cladouhos et al. (1994), reverse faulting and minor
folding were generated by the Quechua phase, and that deformation
younger than 9 Ma is on normal and strike-slip faults that indicate di-
verse Plio-Quaternary strain orientations.

According to Cladouhos et al. (1994), fault kinematics from the
northern Puna region before ca. 9 Ma involved thrusting on NNE-SSW
striking faults, which produced an average shortening direction of
120° + 20°.

Available geochronological data indicate that the deposition of the
Tiomayo Formation (14.9 + 0.5 to 12.1 * 0.7 Ma; Coira et al., 2004)
was partly contemporaneous with the Andean Orogeny. This succession
lies in unconformity on the Acoite Formation and shows evidence of
low deformation intensity such as ample homoclines, open folds (axis
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Fig. 11. Macroscopic and microscopic aspects of ore-bearing veins (type-II). (A) Colloform texture of the Potosi vein. (B-C) Cortadera colloform vein composed of
pyrite-sphalerite-galena and quartz bands. (D) Botryoidal pyrite. (E) Quartz-pyrite breccias. (F) Massive pyrite veins and veinlets cross—cutting the metasedimentary
host rock. (G) Normal fault plane filled with pyrite. (H) Argentite inclusion in stannite. (I) Argentite crystals bordering stannite and pyrite. (J) Stannite bordering
pyrite/arsenopyrite crystals with freibergite inclusion. (K) Inclusion of native silver in stannite crystal. Py = pyrite, sp = sphalerite, gn = galena, qz = quartz,
stn = stannite, apy = arsenopyrite, arg = argentite, Ag = silver. A to H are drill cores, H to K are backscattered SEM images.

plunging towards North or South at a low angle) and normal faults,
both at the Pirquitas deposit and elsewhere in the Puna region (Coira
et al., 2004). The structures described in the field are taken as evidence
that the Tiomayo Formation was affected by a deformational event,
probably associated with the Quechua Phase, which is not compatible
with structures developed during the Ordovician Ocléyic Orogeny, both
in terms of timing and deformational pattern.

Similarly, the upper Miocene volcanic activity at the Puna region
(ca. 10 to 6 Ma; De Silva, 1989; Coira and Kay, 2004) overlaps the time
interval attributed to the Quechua Phase. As pointed by Riller et al.
(2001) and Holdsworth et al. (1997), a series of regional-scale, NW-SE
fault zones (Fig. 2) represents Paleozoic structures that were reactivated
as left-lateral transtensional faults during the Cenozoic. Those authors
consider that regional, upper—crust dilation favored the volcanic ac-
tivity after ca. 10 million years ago (i.e., registered as collapse calderas,
domes, dykes, vents, and hydrothermal alteration) along with re-
gional-scale structures, via channeling and accumulation of large
amounts of magma and interaction between magmatic and meteoric
fluids. Thus, we interpret that NW-SE and WNW-ESE ore-bearing veins
of the Pirquitas deposit represent, respectively, second-order R- and

T-fractures associated with major regional-scale, sinistral, brittle shear
zones such as the Lipez and the Olacapato-El Toro faults. In this sense,
the Granada volcano is linearly linked to the Coranzuli caldera (ca.
6.6 Ma; Caffe et al., 2002) and active hydrothermal carbonate springs
along a 40 km long NW-SE lineament (Fig. 13c), which are interpreted
here as an extension of the NW-SE Lipez fault (Fig. 1).

Indeed, the Granada volcano (i.e., the 9.8 to 9.7 Ma Granada ig-
nimbrite; Caffe et al., 2008), breccia pipes at the deposit area, and
possibly subordinate intrusions nearby may be the best candidates for
metal and magmatic fluid component suppliers to the Pirquitas deposit.
As reported elsewhere (e.g., Corbett, 2005), hydrothermal fluids can
travel long distances, mostly if fault-valve behavior is active along
brittle faults (e.g., Sibson et al., 1975; Sibson, 1994) in association with
assumed magmatic activity in depth (e.g., Sillitoe and Hedenquist,
2003). Magmatic and meteoric fluids would then mix with meteoric
fluids along those faults promoting channelized diffusion of hydro-
thermal cells.

The coinciding strike between Ordovician subvertical fractures and
WNW-ESE ore-bearing veins (type-1I) suggests the reactivation of
Paleozoic structures. Field and petrographic observations, and the
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Fig. 12. Macroscopic and microscopic aspects of hydrothermal breccia. (A) Drill core image of matrix-supported polymictic breccia with angular fragments of
(pe) and d from the Acoite Formation immersed in a matrix composed by massive pyrite (py), minor sphalerite (sp), galena (gn) and quartz

(qtz). (B) Drill core image of matrix-supported polymictic breccia with metassedimentary rocks (ms), dacite (da) and quartz fragments (qtz). Note altered feldspar
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Fig. 13. Schematic diagram showing the structural evolution of the Pirquitas region and the proposed link between regional structures, the Granada volcano and the
Corazuli caldera and hydrothermal fluids. (A) Folding during the Ocléyic Orogeny. (B) NW-SE and WNW-ESE ore-bearing veins of the Pirquitas deposit interpreted
as R and T shears fractures developed during the Quechua deformation phase, which is paralell with the Lipez Fault, a major regional-scale sinistral brittle shear
zone. LFL: Lipez Fault Lineament. (C) Schematic diagram showing the hydrothermal springs related to the NW-SE lineament between the Granada volcano and the
Coranzuli caldera. It is proposed a hydrothermal fluid migration, represented in part by an epithermal system of intermediate sulfidation (IS) type, with fluid-source
probably related to the activity of the Granada volcano or other hidden subvolcanic intrusions, that would interact with hydrothermal fluids of shallow meteoric
origin along regional structures. Schematic possibility for the occurrence of high sulfidation epithermal and porphyry mineralization is also represented.
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crosscutting relation between the Potosi vein system and older thrust
zones at the open pit area also support this assumption (Fig. 4). Ex-
ploration data shows high-grade Ag—Zn mineralization in quartz veins
at the hinge zone of the Cerro San Pedro anticline (CSPA; Figs. 4 and
10) in comparison with the surrounding areas (Mina Pirquitas staff,
pers. comm.). This structure was identified during underground ex-
ploration and named as Veta Crucero (‘Crossed Vein’). Considering the
Ocldyic deformation and related veins, the Veta Crucero probably de-
veloped at the intersection of an NNE-striking quartz vein (type-I) and
the WNW-ESE ore-bearing veins.

Moreover, most of the ore-bearing veins show undeformed collo-
form and comb textures of open-space infillings, typically formed in
near-surface, low-pressure environments (cf. Taylor, 2009). Jigsaw
puzzle breccia (cf. Sibson, 1986) are interpreted as a result of distention
induced by discrete, local slip planes along shear zones. Br d

Journal of South American Earth Sciences 100 (2020) 102537

e Future exploratory work searching for porphyry to epithermal de-
posits at the Puna region should consider the potential of the
Granada Volcano, the Coranzuli Caldera and other subvolcanic in-
trusions along with regional structures as sources for hydrothermal
fluids (magmatic + meteoric) and associated mineralization.
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veins with similar textures can also develop as a result of intense fluid
discharge. Sphalerite and galena show irregular/corroded textures
probably related to repeated hydraulic fracturing under the same stress
field, followed by a corrosive chemical process.

As summarized by Arce-Burgoa (2009), most of the Bolivian Belt
deposits are epithermal of the intermediate-sulfidation subtype, and
structurally—controlled along regional lineaments, transcurrent faults,
and local-scale tension fractures. Indeed, Simmons et al. (2005) showed
that there are exceptions to the general environments of formation for
ore deposits considered as epithermal, including association with
magmas from outside conventional volcanic arcs, location in areas
under transpressive tectonic regimes or in crustal zones where deep
tensional structures develop through rifting, among others.

Based on the above arguments, we interpret that older Ocldyic
structures acted as conduits for magmatic and meteoric hydrothermal
fluid flow during the upper Miocene at the Pirquitas deposit. As such,
Ag-Sn-Zn ore may have concentrated in intersections between Miocene
brittle structures and previous folds, faults and fractures. In a regional
perspective, the melting of meta-sedimentary host rocks could be the
source for peraluminous, low-oxygen fugacity magmas with potential to
host Sn-Ag-bearing ore, as proposed for the BTSB deposits (e.g.,
Cunningham et al., 1996). Melting of deeply seated units of the meta-
sedimentary successions that host the Pirquitas Mine might have pro-
duced magmas with similar geochemical affinity and metal contents,
discharging ore-bearing magmatic fluids that would interact with
near-surface meteoric fluids.

6. Conclusions

The Pirquitas mine was an important producer of Ag-Sn-Zn until
2017, but scarce works on the structural geology of the deposit were
carried out. Our investigation of geologic structures, coupled with
compiled regional information, permits to state the following:

e The Ag-Sn—Zn ore of the Pirquitas deposit represents a structur-
ally—controlled epithermal mineralization;
The main deformation of the Acoite Formation met: di y
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