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Abstract

The Patricia ore deposit represents an unusual example of economic Zn-Pb-Ag mineralization at the
northernmost end of the Late Eocene-Oligocene metallogenic belt in Chile. It is hosted by volcano-
sedimentary units, which are typically tuffaceous and andesitic breccias. The ore body consists of a set of
subvertical E-W vein systems developed under a sinistral strike-slip regime that included transtensive
domains with generalized extensional structures where the ores were deposited. The deposit is divided
into two blocks by a set of NNW-ESE-trending reverse faults, which uplifted the eastern block and
exhumed thicker and deeper parts of the deposit. At least 200 m of volcano-sedimentary pile hosting the
mineralization has been eroded in this block. By contrast, the western block exposes a shallower part of
the system where cherts, amorphous silica and jasperoids occur. Three main stages of mineralization have
been defined: (1) pre-ore stage is characterized by early quartz, pyrite and arsenopyrite, (2) base-metal
and silver stage; characterized by sphalerite (6 to 15 mol.% FeS), galena, chalcopyrite, pyrrhotite and Ag-
bearing minerals (freibergite, polybasite, stephanite, pyrargyrite, freieslebenite and acanthite) and (3)

post-ore stage; characterized by late quartz, kutnohorite and minor sulfides (arsenopyrite, sphalerite,



pyrite, galena, Ag-bearing minerals and Pb-sulfosalts). Whole-ore geochemistry shows two groups of
elements that are positively correlated; 1) Ag-Cd-Cu-Pb-Zn related to the base metal sulfides and 2) Au-
As-Ge-Sh-W related to arsenopyrite and pyrite. Hydrothermal alteration is pervasive in the outcropping
mineralized areas, including silicification and locally, vuggy silica textures. At depth, chloritic and
sericitic alteration is developed along vein selvages and is superimposed to the regional propylitic
alteration. Fluid inclusions indicate that the base-metal ores were deposited from 250-150° C moderate
salinity fluids (1-9 wt % NacCl). The pre-ore stage is characterized by a saline fluid (6-22 wt % NaCl) and
between 210 and 250°C whereas the post-ore stage has salinity of 4-8 wt % and temperature from 175 to
215°C. Cooling was the mechanism of ore mineral precipitation in the Patricia deposit, although mixing
of fluids could have occurred in the pre-ore stage. Mineralogical, geochemical and fluid inclusion
evidence is consistent with an intermediate sulfidation (IS) epithermal deposit type. This study highlights
the high potential for hidden economic mineralization at depth in the western block and for extension of
the ore body both to the south and to deeper levels in the eastern block of the Patricia ore deposit. To a
larger extent, the implications of finding such polymetallic epithermal style of mineralization in the
northern Chile Precordillera is relevant both to the regional metallogenic perspective and to the
exploration potential of the region, where the late Eocene-early Oligocene metallogenic belt apparently

disappears.
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1. Introduction

Several long and linear, orogen-parallel metallogenic belts have been defined along the Chilean
Andes, each one developed during a distinct metallogenic epoch, ranging from Cretaceous to Early
Eocene times (Fig. 1a) (Camus and Dilles, 2001). The metallogenic belts young continentwards away
from the subduction zone located at the Pacific western margin of South America, following a migration

similar to the active magmatic arc systems with time (Coira et al., 1982). The Late Eocene to Oligocene



belt is the most important because it hosts the largest concentration of Cu resources in the world, mostly
in the form of world-class porphyry copper deposits such as Chuquicamata, La Escondida and El
Salvador (Behn et al., 2001; Sillitoe and Perell6, 2005; Maksaev et al., 2007). These porphyry Cu
deposits are genetically related to epizonal plutons emplaced along the N-S oriented Domeyko fault
system (Maksaev, 1990; Behn et al., 2001), whose episodic transpressional/transtensional kinematics
eventually developed extensional areas favorable to the emplacement of shallow plutons. Queen Elizabeth
deposit is the northernmost porphyry copper occurrence in the late Eocene - Oligocene belt within Chile
(Sillitoe & Perelld, 2005). The apparent termination of the belt in this region is a result of concealment
beneath Miocene volcanic rocks (Sillitoe, 2010), and it further reappears in southern Peru (Los Chancas,
Cotabambas, Antapaccay, and Ataspaca porphyry-type deposits, among others; Sillitoe and Perelld,
2005).

The Patricia Zn-Pb-Ag ore deposit displays a vein-like geometry and intermediate sulfidation
epithermal characteristics and it is located close to the northernmost end of the Late Eocene to Oligocene
porphyry Cu belt in Chile, some kilometers apart from the Queen Elizabeth porphyry copper deposit (Fig.
1b). Geographically, it occurs in the Tarapaca Province, | Region, Chile, at latitude 19°81'S and longitude
69°06'W, 150 km northeast of Iquique and 30 km west of the international border with Bolivia (Figs. 1la
and 1b). Other porphyry copper mines and prospects in the nearby region occur either related to the
Paleocene-early Eocene belt (Cerro Colorado, Bouzari and Clark, 2002; Cotton, 2003; and Mocha,
Sillitoe and Perelld, 2005) or to the late Eocene-early Oligocene belt (Yabricoya, Sillitoe, 1981; Sillitoe
and Perelld, 2005) (Fig. 1b). The Patricia mineralization was identified in 2006 during the early stages of
exploration carried out by Herencia Resources Plc over historical mine workings that date back to the
nineteenth century. These historic workings focused on silver mining and consist of more than 1800 m of
underground galleries; a 400 m long gallery intersected several major Zn-Pb-Ag mineralized veins. The
Patricia ore deposit forms part of the Paguanta Mining Exploration Project and represents the only
example known to date of economic Zn-Pb-Ag epithermal in the northernmost part of the Chilean late
Eocene — Oligocene metallogenic belt, although other polymetallic epithermal deposits within the belt

occur further south in the Antofagasta region (e.g. Faride, Camus and Skewes, 1991). The scarcity of this



type of ore deposits in the Tarapaca region contrasts with the large number of examples known in the
Peruvian and Bolivian Andes such as Caylloma and Pallancata in Peru (Echavarria et al., 2006; Gamarra-
Urrunaga et al., 2013) and San Cristobal in Bolivia (Phillipson and Romberger, 2004).

From a metallogenic point of view, the interest of the Patricia deposit is double. The polymetallic
features of the Patricia mineralization, closer to those of the Peruvian and some Bolivian epithermal
deposits than to the Chilean ones, may be indicating a change in the style of outcropping deposits and/or
the level of erosion of the porphyry-epithermal systems in this area. On the other hand, the well-known
genetic and spatial relationships between porphyry and epithermal deposits as parts of larger magmatic-
hydrothermal ore systems (i.e. White and Hedenquist, 1995; Seedorff et al., 2005; Simmons et al., 2005;
Sillitoe, 2010) highlight the potential of the region for finding hidden deposits in a sector of the Andean
late Eocene-early Oligocene metallogenic belt apparently devoid of them.

In this contribution we describe a detailed study of the geology, mineralogy, geochemistry, and fluid
inclusions at the Zn-Pb-Ag Patricia ore deposit. A major emphasis of the work has been to define the
tectonic and structural framework of the deposit, and to identify and characterize the different stages of
mineralization regarding both the mineralogy of the economic phases and the nature of the fluids
responsible for ore deposition. The results allow us to address some key questions related to the evolution
of the hydrothermal system, the mechanisms of ore deposition, and the potential of the area for discovery
of new reserves in the future.

2. Regional context of the Paguanta Mining Exploration Project

The Paguanta Mining Exploration Project, led by Herencia Resources Plc, is located at an elevation
of approximately 3600 m above sea level on the Quebrada of Tarapaca, a deep valley that runs through
the Precordillera and the piedmont of the Andean Western Cordillera (Fig. 1b). In structural terms, the
Precordillera is characterized in this area by the development of a west vergent fault system and
associated folds (Pinto et al., 2004; Victor et al., 2004; Farias et al., 2005) corresponding to the southward
continuation of the west vergent thrust system observed at the latitude of Arica. This major tectonic
feature was likely associated with shortening and uplift of this part of the Andes during the Cenozoic,

Incaic and Quechua phases of the Andean cycle (see discussion by Garcia and Hérail, 2001 and Worner



and Seyfried, 2001). A thick sequence of clastic deposits and ignimbrites was also sourced in this part of
the uplifting Precordillera during Oligocene and Miocene times (Schlunegger et al., 2010). These
sediments unconformably overlie an early Palaeozoic to Palaeocene substratum.

At the regional scale, Mesozoic rocks are dominated by Cretaceous green-grey to black andesitic
terrestrial sediments and subaerial lavas (Cerro Empexa and Cauquima Formation; Galli and Dingman,
1962; Sayes, 1978) which unconformably overlie Jurassic marine to subaerial sediments and volcanic
sedimentary strata (Galli, 1957; Pacci et al., 1980; Tomlinson et al., 2001). These formations were
intruded by Late Cretaceous to Paleogene granitoid stocks (Thomas, 1967; Galli, 1968) (Fig. 1b) and
were deformed during the Incaic phase of the Andean orogenic cycle (Noble et al., 1979). Following this
deformation event, an Oligo-Miocene succession consists of thick sequences of ignimbrites and gravels
(Altos de Pica, Luja and Guavifia formations; Galli, 1957; Galli and Dingman, 1962; Pacci et al., 1980;
Tomlinson et al., 2001). North-trending faults are the dominant structures (Fig. 1b), delimiting the horsts
of the Sierra Juan de Morales and Sierra de Tarapaca (Galli, 1968) to the north of Yabricoya area. The
Palaeozoic and Mesozoic basement has experienced continuous uplift between these faults since the
initial Incaic Phase and subsequent Miocene uplift of the Altiplano. The area is incised by numerous
west-southwest trending valleys (Fig. 1b), among which the Quebrada de Tarapaca (Bouzari and Clark,
2002) exposes the volcanic rocks hosting the Patricia ore deposit.

The Paguanta Mining Exploration Project includes a proven economic deposit (Patricia) and two
prospects (La Rosa and Doris) in an area of around 40 km? (Fig. 2a). Patricia is an economic Zn-Pb-Ag
vein-type mineralization containing mainly pyrite, sphalerite, galena and Ag-sulfosalts and hosted by
hydrothermally altered andesitic rocks of uncertain age. Estimated mineral resources are 4.53 Mt, grading
3.7 % Zn, 1.3 % Pb, 83 g/t Ag and 0.2 g/t Au using a 2 % Zn cut-off grade (June 2012,
www.herenciaresources.com). The La Rosa prospect, located to the north of Patricia, consists of an
intensely leached area with argillic alteration that extends to the Patricia area and is likely part of the same
mineralizing system. The extension of the La Rosa prospect is well defined by a strong geophysical
anomaly obtained through airborne gravimeters and covering more than 3 km?® In spite of intense

weathering, rocks have anomalously high contents of lead (0.41 %), zinc (1.06 %), copper (0.04 %), gold



(0.22 gft) and silver (15.6 g/t). The Doris prospect is located north-northeast of Patricia and consists of a
strongly altered zone with fractures filled with secondary copper minerals, mostly chrysocolla and
malachite (Roel et al., 2013). Several sections of drill holes returned up to 2.5% Cu and 50 g/t Ag.

The country rocks in the Paguanta area are mostly volcanic and volcano-clastic in nature, probably
correlative of the Cretaceous Cerro Empexa and Cauquima Formation (Galli and Dingman, 1962; Sayes,
1978). They exhibit a relatively complex structure of NW-SE- oriented asymmetrical folds. Detachment
and fault-propagation types are present, the latter associated with steeply dipping sinistral thrust faults,
which generally suppress a large part of the anticlinal short limbs. Folds and thrusts show vergence to
both the SW and NE, suggesting the existence of flower structures at various scales. At the kilometer
scale, the overall NW-SE orientation of folds and faults in the Paguanta area swings to more northerly
orientations towards the north (Fig. 2a), suggesting it may represent the western part of a sinistral strike-
slip duplex structure. This would be compatible with its location within the regionally important
Domeyko fault system, a largely sinistral transpressional belt that has been active since ca. 35 Ma ago
(Fig. 1b), a period during which 37km of accumulated sinistral displacement has been estimated (Dilles et
al., 1997; Tomlinson and Blanco, 1997b; Maksaev and Zentilly, 1999; Campbell et al., 2006).

3. Analytical methods

In order to carry out mineralogical, geochemical and fluid inclusion studies, representative samples
were selected from 206 exploration cores drilled by Herencia Resources Plc and from surface exposures.
Detailed logging of more than 200 meters of 12 drill cores (8 in the eastern block and 4 in western block,
see below) was performed to determine vein mineral relationships, textures and hydrothermal alteration
patterns. A total of 221 polished thin sections were prepared and studied by transmitted and reflected light
optical microscopy. Most of them correspond to the eastern block where the mineralization is better
developed.

A semi-quantitative determination of the mineralogy of host rocks and mineralized veins was
performed by X-ray diffraction (XRD) using a Siemens D500 XRD diffractometer with Cu Ka radiation
and a graphite monochromator. The bulk mineralogy was studied in non-oriented powders and clay

minerals in oriented aggregates prepared with the < 2 pm fraction. The <2 pum clay fraction was



sedimented from an aqueous suspension according to Stokes law (Moore and Reynolds, 1989). These
oriented aggregates were air dried, treated with ethylene glycol and heated to 550 °C/2 h and then
analyzed. Random powders were scanned from 2 to 65° and oriented aggregates were scanned from 2 to
30° 26 with a scan speed of 0.02° 20/s.

The chemical compositions of ore minerals including base metal sulfides and Ag-bearing phases
were determined by electron microprobe in 73 samples using a JEOL Superprobe JXA-8900 at the Centro
Nacional de Microscopia Electrénica of the Universidad Complutense of Madrid, and a CAMECA
Electron Microprobe Analyzer SX-50 at the Serveis Cientifico-técnics of the Universitat of Barcelona. Ko
X-ray lines were measured for: S, As, Fe, Co, Ni, Cu, Zn, Ag, Au, Cd, Sh, Te, Pb and Bi. The
accelerating voltage was 20kV; 50 nA beam current and 1-5 um beam diameter. Counting times ranged
from 20 to 60s. The following standards were used: Galena, GaAs, Fe, NiCrCo, Cu, Zn, Ag, Au, Cd,
GaSh, Te and Bi from the Smithsonian Institution and Harvard University (Jarosewich et al., 1980;
McGuire et al., 1992).

Ten representative vein samples containing base metal sulfides and Ag-bearing phases were analyzed
for whole-ore composition in Genalysis Laboratory Services Pty. Ltd., Maddington (Australia). Ag, As,
Bi, Cd, Co, Mo, Se and Te contents were measured by inductively coupled plasma mass spectrometry
(ICP-MS, multi-acid digest); Cu, Pb and Zn contents by inductively coupled plasma atomic emission
spectrometry (ICP-OES, multi-acid digest); Au content by inductively coupled plasma mass spectrometry
(ICP-MS, lead collection fire assay) and S content by infrared spectrometry. Linear regression and
correlation between pairs of elements were computed using robust methods. These mathematical methods
are appropriate for estimating correlation coefficients when samples are heterogeneous and the
assumptions of normality and homoscedasticity required by classical statistical procedures cannot be
guaranteed. Moreover, these methods are less influenced by anomalous data (outliers) than other classical
methods. We computed correlation coefficients and p-value of the linear regression model with the Imrob
function of the R package robustbase. The Imrob function uses fast MM-type estimators for linear

regression models (Maronna et al., 2006).



Fluid inclusion chips were prepared from 13 core samples located between 94 m (lower limit of the
superficial oxidized zone) and 230 m (lower depth reached by drilling) below present surface. The study
of 108 fluid inclusions contained in 26 FIAs in these samples consisted of petrographic observations and
microthermometric, laser ablation inductively coupled plasma mass-spectrometry (LA-ICP-MS) analyses
and Raman spectroscopic analysis. Samples were selected in the Catedral vein drill cores as it is the
largest and the best drilled vein in the deposit. This allowed a thorough sampling both at different depths
(in order to check the occurrence of boiling) and along the vein strike. Besides the sample position in the
deposit, the main criterion was selecting samples where quartz and/or sphalerite were well represented.
This study was carried out in the Fluid Inclusions Laboratories of the Department of Crystallography and
Mineralogy at the Complutense University of Madrid (Spain) and Virginia Tech in Blacksburg (USA).
Fluid inclusion assemblages (FIAs) representing groups of inclusions that were trapped simultaneously
(Bodnar, 2003; Goldstein and Reynolds, 1994) were identified based on detailed petrographic
observations. Heating-freezing measurements were made on previously defined FIAs. Fluid inclusion
homogenization and final ice melting temperatures were obtained using a Linkam heating-freezing stage
(THMS600) mounted on an Olympus microscope. Salinity was calculated from final ice melting
temperatures using the equation of Bodnar (1993) for the NaCl-H,O system. The stage was calibrated
using synthetic fluid inclusion standards (Sterner and Bodnar, 1984). The precision and accuracy of
measured homogenization temperatures are estimated to be 1.0 C and the precision and accuracy of ice-
melting temperatures are estimated to be £ 0.1C.

The elemental concentrations of 46 individual fluid inclusions were measured using laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS). The LA-ICP-MS equipment consists of a
193 nm GeolLasPro Excimer Laser Ablation system coupled to an Agilent 7500ce inductively coupled
plasma mass spectrometer. Fluid inclusions were ablated with a laser beam diameter selected such that
the inclusion was wholly encompassed within the ablation pit. A NIST610 glass standard was analyzed
before and after each sample for calibration and to correct for drift. For all inclusions, we analyzed for Au
(dwell time: 50 milliseconds), Ag (dwell time: 30 milliseconds), Al, As, B, Ca, Cd, Cu, Fe, Ge, K, Mg,

Na, Pb, Sh, Se, Si, Re, Te and Zn (dwell time: 10 milliseconds). Data processing was carried out using the



AMS software (Mutchler et al., 2008). Ag, As, Au, Cd, Cu, Re and Te concentrations were less than their
detection limits in all analyzed samples with detection limits at 1 ppm. Qualitative element compositions
of the host mineral were also indirectly obtained during ablation to intercept fluid inclusions.

Raman analyses were performed using a laser Raman micro-probe based on the Horiba LabRam-
HR800 design with a high-resolution 800-mm spectrograph and equipped with an air-cooled 514-nm
(green) argon laser set at 50 mW for excitation. The goal of the Raman analysis was to test for the
presence of CO, and to identify clay minerals in fluid inclusions. Data management and analysis were
performed using the statistical software R 3.1.2 (R Core Team 2014).

4. The Patricia Zn-Pb-Ag ore deposit

The Patricia ore deposit crops out in a small area of ~2 km? in which the following lithological units
can be distinguished (Figs. 2b — 3a):

1) Pre-mineralization units consist of: (1.1) a lower sedimentary succession which is represented by
tightly folded and subvertical shales, sandstones and quartz-arenites, located NE of the Patricia
mineralization and probably correlative to the Jurassic Noasa Formation elsewhere (Harambour, 1990);
and (1.2) an upper volcano-sedimentary unit which hosts the Patricia mineralization and consists of a
succession of subaerial, andesitic volcanic rocks, including breccias, pyroclasts, agglomerates, tuffs,
lapilli and lavas, commonly affected by regional pervasive propylitic alteration. The volcano-sedimentary
unit is folded and fractured along northwest-trending faults. The age of these rocks is uncertain, although
a correlation with the Cretaceous Cerro Empexa and Cauquima Formations has been suggested (Galli and
Dingman, 1962; Sayes, 1978).

2) Apart from slope debris, post-mineralization units are mainly represented by: (2.1) an ignimbrite
sequence which unconformably overlies the folded volcano-sedimentary unit and the Patricia ore deposit
at its southern end; and (2.2) a non-consolidated polygenic breccia that hosts variably-sized

heterogeneous blocks of ignimbrite, andesite, quartzite, porphyritic rocks, hematite ore and granitoids.

Four main E-W- to ENE-WSW-oriented mineralized vein systems are recognized in the area, named

from north to south, Campamento, Central, Catedral (Fig. 2b - 3a) and Carlos. These vein systems are



better developed in the eastern part of the deposit (Fig. 2b) and they range in thickness from 1 to 100
meters in the Catedral vein and from 1 to 15 meters in the Campamento, Central and Carlos veins. The
vein length at surface varies from 400 m for the Central vein to around 600 m for the Catedral and
Campamento veins, whereas the Carlos vein does not crop out and is only observed in drill cores. The
vein systems generally thin out towards both the east and west from a thicker central zone where the
historical and present mine workings are concentrated. Internally, these vein systems consist of
stockworks with veinlets from 1 to 10 cm wide, striking NW-SE, NE-SW and E-W, and mostly showing
steep inclinations although some gently dipping veinlets are also locally recognized. E-W veinlets are
thicker than other veinlets in the stockwork and this is consistent with the E-W orientation of the four
major mineralized veins. These structural features of the mineralization within the dominant northwest-
trending fault system (Fig. 2b) indicate that the Patricia ore deposit was emplaced under a sinistral strike-
slip regime, probably as a part of an extensional (transtensional) duplex.

At the deposit scale, the area is transected by a prominent tectonic structure represented by a set of
parallel NNW-SSE thrust faults that post-date the mineralization, the most important of which is partly
exposed along an overhanging cliff close to the mining camp (Fig. 2b-3a). Kinematic indicators show
reverse fault movement. However, a mineralized stockwork area connects the Campamento and Catedral
veins along these faults in the central part of the deposit (Fig. 2b), thus suggesting that these NNW-SSE
structures were already active during the mineralization event, although not necessarily as thrust faults.
The thrust set structure divides the area into different blocks, with the eastern blocks always in the
hanging-wall. The easternmost block has steep relief and is characterized by a well-developed silicified
lithocap with intense oxidized-vein stockwork and locally vuggy silica textures at the surface (Fig. 3b-c).
Unmineralized silicification halos typically surround the outcropping mineralized veins (Fig, 2b) and
extend to ~30 m below the surface, according to drill core observations. The western blocks commonly
show less steep slopes and are characterized by an intense weathering and argillic alteration associated
with oxidized vein systems at the surface (Fig. 3d). Mineralized veins are here thinner and poorer in their

metal contents, although silicification and stockwork structures are also present but to a lesser extent. The
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occurrence of chert, amorphous silica, jasperoids and calcite in or close to the surface is also common in
the westernmost part of the deposit (Fig. 3e-f).

The host rocks are affected by locally intense hydrothermal alteration close to the mineralized veins.
This alteration is superimposed on the earlier regional propylitic alteration (Fig. 4a). As a consequence,
primary textures are poorly preserved. Hydrothermal alteration includes chloritization (chlorite * pyrite +
arsenopyrite + apatite * rutile, Fig. 4b) and sericitization (quartz + sericite/illite + pyrite + kutnohorite,
Fig. 4c). The chloritic alteration gives rise to a distinctive pale-green colors that is pervasive and results in
complete transformation of mafic minerals and plagioclase to chlorite (chamosite and clinochlore) along
with minor formation of pyrite, arsenopyrite, apatite and rutile. Pyrite and arsenopyrite occur as
disseminations of euhedral to subhedral crystals (0.5 - 3 mm) throughout the host volcanic rock (Fig. 4b).
The sericitic alteration surrounds and partially overprints the chloritic alteration (Fig. 4c). Chlorite and
illite also occur within the veins in contact with ore minerals.

5.  Mineralogy of the ore deposit

5.1. Mineral assemblages and paragenetic sequence

Ore minerals in the Patricia ore deposit consist, in decreasing order of abundance, of: pyrite,
sphalerite, galena and arsenopyrite, minor amounts of chalcopyrite, pyrrhotite and Ag-bearing minerals
(freibergite, polybasite, stephanite, pyrargyrite, freieslebenite and acanthite) and trace amounts of
boulangerite (PbsSb,S;1) and jamesonite (PbsFeSheS14). Representative chemical compositions of sulfide
phases and Ag-bearing minerals are given in Tables 1 and 2. Based on ore mineralogy and textures,
several distinct veins have been identified (Fig. 5): (a) symmetric mineralized veins composed mainly of
pyrite + arsenopyrite on the edges, quartz in the outer bands and sulfides, with chlorite + kutnohorite in
the center (Fig. 5a); (b) asymmetric veins with sphalerite, arsenopyrite and quartz (Fig. 5b); (c) brecciated
sulfides cemented by quartz and arsenopyrite (Fig. 5¢); (d) veinlets (from 0.1 to 5 cm) of pyrite and
sphalerite (Fig. 5d); (e) massive veins of sulfides (Fig. 5e); and (f) veinlets (from 0.5 to 3 cm) composed
of quartz and pyrite + arsenopyrite (Fig. 5f). Based on the different vein types and the textural
relationships between them, three mineralization stages (pre, main, and post-ore stages) have been

established (Fig. 6).
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5.1.1. Stage 1: Pre-ore stage

The stage 1, or pre-ore stage, is characterized by the deposition of quartz (Qz,), pyrite (Py,) and
minor arsenopyrite (Apy,) in veins that may be later filled by sphalerite and galena during the main stage
of mineralization (Figs. 5a and 7a), suggesting a successive re-opening of veins. At the contact with the
host rock, Qz; occurs as fine-grained crystals (<0.5 mm) that grow to elongated and larger crystals
(>2mm) towards the vein center, developing comb textures typical of open-space filling (Fig. 7b). Py,, the
main sulfide of the stage 1, occurs as euhedral to subhedral crystals (0.5-1.5 mm) distributed mainly along
the boundaries of the veins (Figs. 7a and 7¢) and also as individual euhedral grains in the central part of
the veins filled with Qz; (Fig. 5f). Py, is typically zoned with As-rich bands (up to 1.5 at. % As) (Fig. 7d).
In these zoned grains, S is negatively correlated with As and Sb whereas As is positively correlated with
Sh. Py, is selectively replaced by sphalerite and galena of the main stage (Fig. 7e). Apy; occurs as
euhedral to subhedral grains (0.5-1 mm) in close spatial relationship with Py; and usually shows zoned
crystals with Sb-rich bands (up to 5.2 at. % Sb) (Fig. 7f). The As content in Apy; ranges from 26.9 to 33.9
at. %. The Sb content is positively correlated with As and negatively correlated with S.

5.1.2. Stage 2: Base-metal and Ag stage

The stage 2, or base-metal and Ag stage, represents the highest volume of mineralization in the
Patricia ore deposit. During this stage, base metal sulfides and Ag-bearing minerals precipitated in
symmetric (Fig. 5a), asymmetric (Fig. 5b) and massive veins (Fig. 5e). This stage can be divided into two
substages (Fig. 6): substage 2A is characterized by sphalerite (Sp,») and minor amounts of chalcopyrite
and pyrrhotite, while substage 2B is characterized by abundant brecciation (Fig. 5¢) and the precipitation
of sphalerite (Sp,g) and galena (Gn,g) and minor chalcopyrite, pyrrhotite and Ag-bearing phases,
including freibergite, pyrargyrite, polybasite, stephanite, freieslebenite and acanthite. Minor quartz and
pyrite are occasionally observed in this stage. Sp,a 0ccurs as massive aggregates (0.5 to >2 mm) of zoned
crystals, locally forming banded sphalerite (Fig. 8a-b). Zn and Fe contents of Sp,a range from 37.9 to
45.9 at. % and from 3.2 to 10.9 at % (6.4-17.6 mol.% FeS), respectively. Sp,g also occurs as coarse to
fine-grained aggregates (<0.5 to >2 mm) of zoned crystals. In contrast to Sp,a, Spos hosts numerous blebs

of chalcopyrite (“chalcopyrite disease”) and pyrrhotite and is in close spatial relationship to galena (Gnyg)
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and Ag-bearing minerals (Fig. 8c-d). Sp,g has contents of Zn and Fe similar to Sp,a (39.3-44.8 at. % Zn
and 4.2-9.4 at. % Fe) with Fe ranging from 7.7 to 15.5 mol.%. The Cd content in both types of sphalerite
is typically less than 0.2 at. % and does not show any correlation with Zn. Gn,g usually fills voids within
Spzgs grains (Figs. 8d-8e). The Pb content ranges from 47.9 to 51.7 at. % and Ag content is invariably
below the detection limit of the EPMA. Gnyg contains significant amounts of Sb, usually higher than 0.2
at. % and up to 0.67 at. %, but no significant correlation between Sb and Pb contents is observed.
Chalcopyrite and pyrrhotite mainly occur as inclusions or blebs (< 50 um) within Sp,g (Fig. 8c-d), and
also as individual grains (10-100 pum) filling voids between Sp,g and Gnyg in close spatial relationship
with Ag-bearing minerals. Pyrrhotite is Fe-poor with an average Fe content of 46.1 at. %. Furthermore,
Fe-rich chlorite and illite occur in close association with sphalerite and galena within mineralized veins
(Fig. 8f). Fe-rich chlorite is more abundant than illite that occurs as small crystals intergrown with Fe-rich
chlorite. These chlorites are systematically of chamositic type with Fe content up to 46.4 at. %. The
presence of chlorite and illite may provide useful information about the pH of fluids (e.g Romberger,
1991; Moncada and Bodnar, 2012) and the existence of different mineralizing fluids.

5.1.3. Stage 3: Post-ore stage

The stage 3, or post-ore stage, is characterized by: (a) the formation of quartz (Qzs) and arsenopyrite
(Apys) cementing brecciated sulfides of the second stage (Figs. 5¢-9a); (b) small veinlets (0.2-5 cm) of
pyrite (Pys) and sphalerite (Sps) forming local stockwork (Fig. 5d) and (c) the late formation of
kutnohorite. During the post-ore stage, minor galena (Gns), Ag-bearing phases (freibergite, pyrargyrite,
freieslebenite and acanthite) and Pb sulfosalts (boulangerite and jamesonite) have also precipitated. In the
contact with brecciated sulfides, Qz; occurs as microcrystalline crystals (<0.2 mm) whereas outwards it
forms large mosaic-textured crystals (from 0.5 to > 5 mm) (Fig. 9b) and small geodes indicating open-
space filling. Apy; forms subhedral zoned grains with Sb-rich bands in close association with Qz; (Fig.
9c-d). In contrast to Apy, the As content of Apy; shows a narrow range (29.5-30.7 at. %) and the Sb
content of the Sb-rich bands is lower (up to 1.4 at. %). Sb content is positively correlated with As and
negatively correlated with S. Py; occurs as euhedral to anhedral crystals (0.2-1 mm) and usually contains

As-rich bands (up to 1 at. %). In these As-rich bands, S is also negatively correlated with As and Sb, and
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As is positively correlated with Sb as in Py;. Sps is similar to Sp; and Sp, and also occurs as massive
aggregates of zoned crystals (Fig. 9e-f). Zn and Fe contents of Sps are also similar to those of Sp; and
Sp,, ranging from 40.8 to 44.9 at. % and from 3.9 to 7.8 at. %, respectively (7.5-13.2 mol.% FeS). The Cd
content of Sps is less than 0.13 at. % and does not correlate with Zn. Gnz occurs as minor aggregates and
shows a narrow range in Pb content (46.3-48.6 at. %) and contains significant amounts of Sb (average 0.4
at. % and up to 1.9 at. %). The Ag content, in most analyzed Gns grains, is below the detection limit of the
EPMA. Freieslebenite, boulangerite and jamesonite, with grain sizes ranging from 5 to 25 um, occur in
close relationship with Ag-bearing minerals and filling voids within Gns (Fig. 9h). Kutnohorite,
interpreted as the last mineral that precipitated in the paragenetic sequence, occurs as euhedral and
subeuhedral grains forming narrow veins that cross-cut the brecciated sulfides of the second stage (Fig.
99).

5.2. Mineralogy and chemistry of Ag-bearing minerals

A total of 230 grains of Ag-bearing phases were identified and analyzed in 30 polished thin sections.
Ag-bearing minerals are present in substage 2B in close textural relationship to galena (more than 80 % of
the Ag-bearing minerals are located within galena), sphalerite and chalcopyrite and also in the post-ore
stage in close relationship to kutnohorite and minor sulfides. The Ag-bearing minerals identified are, in
decreasing order of abundance, freibergite, polybasite, stephanite, pyrargyrite, freieslebenite and
acanthite. They regularly occur as anhedral grains ranging in size from less than 10 um up to 200 um, but
average around 40 um and usually are located at the boundaries of galena and sphalerite or close to the
contact with sphalerite, chalcopyrite and pyrite (Fig. 10). Representative analyses of different Ag-bearing
phases are reported in Table 2.

Freibergite (Ag, Cu)ig(Fe, Zn),Sh,S;3 represents 90% of the total Ag phases identified. It occurs as
anhedral grains (15-500 um but commonly < 60 um) located at the boundaries of Gn,g and Sp,g grains
and close to the contact with pyrite, chalcopyrite, silicates and kutnohorite (Fig. 10a-b). The Fe and Zn
content in individual grains of freibergite is homogeneous and has an Fe content systematically higher
than Zn. Ag ranges from 11 to 21.7 at. % with an average of 15.1 at. %, and Cu ranges from 13.3 to 23.9

at. % with an average of 19.4 at. %. Arsenic content is invariably below 0.2 at. %.
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Polybasite (Ag, Cu):6(Sb, As),Si; typically forms fine-grained crystals (10-60 um) intergrowth with
freibergite (Fig. 10a) or elongated grains along cleavage planes within Gnyg crystals (Fig. 10c). Unlike
freibergite, polybasite is invariably contained within galena and has not been observed within sphalerite.
Electron microprobe analyses reveal that Ag content ranges from 46.9 to 49.8 at. % with minor
substitution by Cu (up to 1.5 apfu). Sb content ranges from 5.6 to 8.7 at. % and As content is below 0.3 at.
%.

Pyrargyrite (AgsShSs) occurs as anhedral grains (5-40 pum) disseminated within Gn,g, Gnz and
commonly in close relationship with kutnohorite (Fig. 10d). It is particularly common in samples with
high modal abundance of Ag-bearing minerals. Its composition is almost stoichiometric with Ag content
around 43.7 at. %.

Stephanite (AgsSbS,) is a very minor Ag-rich sulfosalt in the Patricia ore deposit and commonly
coexists with polybasite and freibergite with grain sizes of up to 30 um. It contains 53.7 - 55.7 at. % Ag
and up to 3 at.% Cu.

Freieslebenite (AgPbSbS3) forms small-elongated 30 to 200 um grains within galena (Fig. 10e), and
it is also in close relationship to other Pb sulfosalts such as boulangerite and jamesonite. Ag and Pb
contents range from 16.9 to 19 at. % and from 12.4 to 12.7 at. %, respectively.

Acanthite (Ag,S) represents the most Ag-rich mineral (from 60 to 71.1 at. %) found in the Patricia
ore deposit. However, it is a very minor phase and usually occurs as anhedral 5 to 10 pm grains, closely
related to freibergite and pyrargyrite (Fig. 10f). It is also observed at the boundaries between sphalerite
and galena or in close relationship to kutnohorite.

6. Whole-ore composition of the mineralized veins

Results of multi-element analyses for selected ore samples are given in Table 3. Matrices of
statistically significant correlations and scatterplots for pairs of elements in whole-ore samples are given
in Fig. 11. According to the p-value of the robust linear regression, analyzed metals can be classified into
two groups. The first group is comprised of the metals positively correlated with Ag, namely Zn, Pb, Cu
and Cd, and the second group by the metals positively correlated with Au, namely As, Sh, Ge and W. No

additional correlations have been observed between the remaining analyzed elements and the metals of
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both groups. The relative abundances of Zn and Pb can be expressed as simple ratios (e.g. Pb/Zn) or as
the zinc ratio 100*Zn/(Zn+Pb), defined by Huston and Large (1987) for massive sulfide systems. Huston
et al. (2006) extended the use of this ratio to Zn-Pb-Ag ore deposits. According to these authors the zinc
ratio is controlled mostly by metal solubilities in the ore fluid and the metal content of the source rocks,
establishing relationships between temperature and salinity of the fluids and the zinc ratio of whole-ore
composition. In the Patricia ore deposit, the zinc ratio of mineralized veins range from 37.3 in galena-rich
samples to 92.8 in sphalerite-rich samples, although the average is 64.4 (standard deviation, 13.81). The
Ag:Zn ratio ranges from 0.001 to 0.016 with an average of 0.005 (1:206). The Au content is below 1 ppm
in all samples and the Ag:Au ratio ranges from 200 to 6000 (average, 1300).

7. Fluid inclusions microthermometry and LA-ICP-MS

Fluid inclusion assemblages (FIAs) have been studied in quartz from the pre-ore stage (Qz,) and
post-ore stage (Qzs), and sphalerite (Sp,a and Spyg) from the base-metal and Ag stage. According to
Bodnar (2003) and Goldstein and Reynolds (1994) an FIA refers to a group of fluid inclusions that were
all trapped at the same time. Assuming that all of the fluid inclusions within an FIA show the same room
temperature phase ratios and microthermometric behaviour, one can assume that the inclusions record the
original trapping conditions. Fluid inclusions at the Patricia deposit are systematically liquid-rich at room
temperature and do not contain recognisable CO, Both primary and secondary fluid inclusions have been
identified in the system. Primary fluid inclusions are distributed along growth zones (Fig. 12a-c) and
represent the fluid from which the host mineral precipitated. Secondary fluid inclusions (Fig. 12d) occur
along fracture planes and represent fluids trapped after host-mineral precipitation. Fluid inclusions whose
origin is not clearly primary or secondary have only been incorporated in the paragenesis when they show
specific features that constrain the time of trapping (i.e. such as when a fluid inclusion forms around a
chalcopyrite bleb within sphalerite, indicating that the inclusion and chalcopyrite are coeval; Fig. 12e).

7.1 Pre — ore stage. A total of 39 fluid inclusions (9 FIAs) were studied in Qz; (Fig. 7b) located at
the outer bands of symmetric mineralized veins. Fine-grained Qz; crystals occurring at and close to the
vein walls do not contain fluid inclusion suitable for being studied. Therefore, fluid inclusion data were

obtained in Qz, larger crystals occurring vein inwards as comb-type quartz grains and in close proximity
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to the stage 2 base-metal sulfides. Primary FIAs are scarce (Fig. 12a-b) whereas secondary trails of FIAs
are common but the inclusions in the FIA are smaller than those in FIAs containing primary fluid
inclusions (Fig. 12d). Salinities estimated from primary FIAs range from 22 to 6 wt % NaCl and from
secondary FIAs vary from 15 to 3 wt % NaCl. Homogenization temperatures (Th) from primary FIAs
range from 236 to 205 °C and from 270 to 165°C for secondary FIAs (Table 4). Both primary and
secondary FIAs frequently contain a fibrous mineral with distinct Raman peaks at 204, 262, 355, 395,
466, 698, 798 and 1167 cm™, suggesting that the fibrous mineral is a hydrous phyllosilicate, interpreted as
illite (Fig. 12h).

7.2 Base - metal and silver stage. A total of 62 fluid inclusions (13 FIAs) were studied in sphalerite,
Sp,a and Sp,g, of the substages 2A and 2B, respectively. FIAs in Sp,a are common, usually showing
elongated fluid inclusions along growth bands in zoned sphalerite (Fig. 12c). Primary fluid inclusions are
usually larger than secondary inclusions, which commonly form trails cross-cutting growth bands within
the Sp,a. Salinities estimated from primary FIAs of substage 2A range from 9 to 1 wt % NaCl and for
secondary FIAs from 4 to 3 wt % NaCl. Homogenization temperatures (Th) from primary FIAs range
from 248 to 172°C and from 197 to 195°C for secondary FIAs (Table 4). FIAs in Sp,g were more
difficult to study than those in Sp,a, because Sp,g is more Fe-rich and darker, hindering the identification
of fluid inclusions (Fig. 12¢). Fluid inclusions observed in Sp,g are commonly associated with solid
inclusion of minor sulfides such as chalcopyrite, pyrrhotite and Ag-bearing minerals (Fig. 12e). Salinity
values from primary FIAs range from 10 to 2 wt % NaCl and Th from 182 to 138°C.

7.3 Post - ore stage. A total of 19 fluid inclusions (4 FIAs) were studied in large mosaic-textured
Qz; quartz crystals. Fluid inclusions were not observed in earlier microcrystalline Qzs crystals. Primary
fluid inclusions are observed in the growth bands of quartz but their dark colour makes them impossible
to study (Fig. 12f). FIAs consisting of clear primary inclusions rarely occur (Fig. 12g). These fluid
inclusion are commonly small (~ 10 um), reporting salinity from 8 to 4 wt % NaCl and Th ranging from
215 to 175 °C (Table 4). Many secondary inclusions along fractures could be observed in Qz; (Fig. 12h)

but only some could be studied because of their small sizes. FIAs of secondary inclusions have lower
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salinity, ranging from 4 to 2 wt % NaCl and Th ranging from 242 to 150 °C (Table 4). As observed in
Qz,, these FIAs have also trapped illite crystals.

LA-ICP-MS analyses were carried out on 46 individual inclusions. Fluid inclusions in quartz (stages
1 and 3) contain measurable concentrations of Na and commonly contain measureable concentrations of
K, Ca, Al and Sh. However, Al and Sh concentrations may reflect contributions from the host quartz.
Measurable concentrations of Fe are detected in 6 individual inclusions, and measurable concentrations of
Mg, Zn and Pb in 4 individual inclusions. Ag, As, Au, B, Cd, Cu, Ge, Re, Se and Te are below the
detection limit in all fluid inclusion in quartz. The Na content ranges from 5 to 340 ppm for inclusions in
quartz. In these inclusions, concentrations of Ca range from 2.2 to 183 ppm, K from 1.3 to 125 ppm and
Fe from 1 to 10 ppm. Strong correlation was observed between the Na content with Ca, K and Fe contents
and salinity calculated by microthermometry.

Fluid inclusions in sphalerite (stages 2A and 2B) also contain measurable concentrations of Na and
commonly contain measureable concentrations of K, Ca, Cd, Cu, Fe and Zn. However, Cd, Cu, Fe and Zn
concentrations may reflect contributions from the host sphalerite. Measurable concentrations of B (up to
14 ppm) are detected in 10 individual inclusions. Ag, Al, As, Au, Ge, Mg, Pb, Re, Se, Si and Te are
below the detection limit in all fluid inclusions in sphalerite. The Na content ranges from 3 to 73 ppm for
inclusions in sphalerite. In these inclusions, concentrations of Ca and K range from 1.3 to 43 ppm and
from 1.2 to 23 ppm, respectively. Strong correlation was observed between the Na content with Ca and K
contents and salinity calculated by microthermometry.

8. Discussion

8.1. Tectonic framework

The Patricia epithermal ore deposit was developed in an active tectonic system, as shown by its
structural features and internal vein textures. The main faults in the area strike N10-30W, whereas the
synthetic Riedel faults lie N50-70W. The extensional vector was located ~N-S, as indicated by the
mineralized structures occurring as parallel vein systems, E-W- to ENE-WSW-oriented, with stockwork
veinlets occurring along NW-SE, NE-SW and E-W orientations. These features indicate that the

mineralization formed under a sinistral strike-slip regime, which controlled the development of the
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mineralized structures and created open spaces where the mineralization was deposited. In fact,
transtensive domains with pull-apart and generalized extensional structures are suggested, as shown by
the infilling of veinlets of different orientations forming the stockwork. Furthermore, these veinlets were
continuously formed and/or repeatedly opened during the mineralization process as indicated by different
types of veinlets recognized in the deposit (Fig. 5), often showing open space filling textures, i.e.
symmetrical banding, crustification, quartz comb structures, etc. A strike-slip structural framework has
been also described in other epithermal deposits, such as the Pallancata deposit (Gamarra-Urrunaga et al.,
2013) and the Shila-Paula district in Peru (Chauvet et al., 2006), the Faride deposit in the Antofagasta
region, Chile (Camus and Skewes, 1991) and the Gandy and Abolhassani prospects in Iran (Shamanian et
al., 2004). In these deposits, the kinematics of the strike-slip structures also controlled mineral deposition
in parallel vein systems.

At a regional scale, the Patricia ore deposit is located in the Precordillera domain, which occupied the
Andean back-arc region during the Cretaceous (Mpodozis and Ramos, 1990). The main contractional
deformation event recorded in the Precordillera took place in the Eocene (Incaic Phase; Noble et al.,
1979). This event was coeval with the initial formation of the still active Bolivian orocline (Isacks, 1988;
Allmendinger, 2005; Arriagada et al., 2008; Capitanio et al., 2011), whose southern limb has since being
subjected to clockwise rotation accommodated by sinistral strike-slip along trench-parallel fault systems,
e.g. the Domeyko fault system. The Patricia deposit is located at the northern end of this fault system.
These regional constraints are in agreement with the features observed at the Patricia deposit and in
nearby rock units. The overall deformation of the host-rocks is compatible with the sinistral
transpressional regime during the Incaic Phase in this part of the Andes. The sinistral regime that is also
inferred from the structural characteristics of the deposit itself suggests that it may have formed during
later, post-folding stages within the same Incaic Phase or, alternatively, during a post-Incaic event with
similar kinematics. Whichever the case, the deposit was exhumed by the time of eruption of the
ignimbrite sequence that unconformably overlies its southern part (Fig. 2b). In the absence of absolute
ages for both the mineralization and the unconformable ignimbrites no further constraints on the timing

are possible. However, the above discussion reinforces the inclusion of the Patricia deposit within the late
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Eocene-early Oligocene metallogenetic belt. This interpretation is supported by the Patricia geographical
position (Fig. 1b), its proximity to the early Oligocene Queen Elizabeth porphyry copper deposit
(Davidson y Mpodozis, 1991) and its genetic, geometrical and kinematic relationships to the Domeyko
fault system, which is spatially and temporally coincident with the development of the metallogenic belt
(Sillitoe and Perell6, 2005; Sillitoe, 2010; and references therein).

The Patricia ore deposit is divided along its central part into two blocks (eastern and western)
separate from each other by a set of NNW-ESE-trending reverse faults. The kinematic movement on these
faults resulted in uplift of the eastern block (Fig. 3a), exhuming thicker and deeper parts of the deposit, as
confirmed by fluid inclusion data (see below). In contrast, a shallower part of the system is exposed in the
western block as suggested by the occurrence of cherts, cryptocrystalline silica and jasperoids (Fig. 3e-f),
which are absent in the eastern block. These siliceous formations are typical of thermal spring settings
(Camprubi et al., 2006).

8.2. Temperature and mechanisms of ore deposition

Based on the internal textures of veinlets and cross-cutting relationships among them, three main
mineralizing stages have been recognized in the Patricia deposit, with the second stage being the most
economically significant. The paragenesis of each stage and the evolution of the mineralizing fluids (Fig.
13) both indicate changes in mineralizing conditions over time.

8.2.1. Pre-ore stage

The pre-ore stage is defined by an early quartz Qz, coexisting with pyrite Py; and arsenopyrite Apy;.
Quartz grain size increases from vein walls inwards, where quartz crystals are often prismatic, thus
indicating a progressive decrease in silica super saturation as precipitation of quartz proceeded. Primary
fluid inclusions studied in coarse-grained Qz; indicate a wide range of salinities, from high salinity close
to the NaCl saturation at room temperature to 6 wt % NaCl, and homogenization temperatures from 236
to 205 °C. However, the lack of microthermometric data from fine-grained Qz; does not allow knowing
the fluid features during the early pre-ore stage. The salinity and temperature range obtained for the late
pre-ore stage is in general agreement with fluid inclusion data from other intermediate sulfidation

epithermal deposits (Bodnar et al., 2014). The observed salinity variation within this stage strongly
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suggests a process of mixing between brine and a more diluted fluid (Fig. 13).. This stage is similar to the
initial stages in other epithermal deposits where quartz, pyrite + arsenopyrite are typically deposited
during the earliest stages at the highest temperatures (e.g. El Bronce deposit, Camus et al., 1991; San
Cristobal deposit, Phillipson and Romberger, 2004; La Guitarra deposit, Camprubi et al., 2006; Caylloma
district, Echavarria et al., 2006). The frequent presence of illite trapped within fluid inclusions in Qz;
(Fig. 13) indicates that pre-ore stage mineralization took place under slightly acidic conditions, because
illite is formed at pH from 5.8 to 6.3 (Romberger, 1991) and temperatures from 220 to 300 °C (Henley
and Ellis, 1983; Reyes, 1990), which are compatible with the obtained homogenization temperatures of
the pre-ore stage fluid inclusions. Py, and Apy; are commonly zoned showing alternating As-rich and Sb-
rich bands, respectively. This may reflect slight compositional variations of the mineralizing solutions as
an expression of disequilibrium and metastable conditions, as is commonly observed in epithermal
deposits (e.g. Carrillo-Rosua et al., 2008).

8.2.2. Base-metal and Ag-bearing minerals stage

The main mineralizing event observed in the Patricia deposit is deposition of two generations of
sphalerite (Sp,a and Spyg), galena (Gnyg) and minor amounts of pyrite, chalcopyrite, Ag-sulfosalts and
trace of pyrrhotite within Sp,g. Primary fluid inclusions studied in Sp,a and Sp,g indicate lower salinity
(2-10 wt % NaCl) and lower homogenization temperatures than in the pre-ore stage. Stage 2 is
characterized by a gradual cooling from 250 to 140°C at constant low to moderate salinity. Ag-bearing
phases mainly occur at the end of this stage at temperatures ranging from 180 to 140°C. The temperatures
indicated by fluid inclusions for the substage 2B are in agreement with those estimated using freibergite
as geothermometer. This geothermometer is based on the isotherms calculated by Sack (2005) using the
molar Ag/ (Ag + Cu) and Zn/ (Zn + Fe) ratio of freibergite (Fig. 14).The geothermometric analyses of
freibergite, which is the most abundant Ag-bearing phase in the Patricia deposit, suggest that most of the
silver mineralization took place in the interval from around 230 to less than 170 °C, with most of the data
plotting below the 170°C isotherm. Moreover, the occurrence of minor stephanite in the substage 2A also
marks another upper limit for Ag deposition at 197 + 5°C (e. g Keighin and Honea, 1969; Pallancata

deposit, Gamarra-Urrunaga et al., 2013). Freibergite compositions giving temperatures above 200°C
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could represent re-equilibrated phases due to late higher temperature fluids that characterize the post-ore
stage (Fig. 13) (see below). In addition, the data in Fig.14 support the existence of a miscibility gap in
fahlores first predicted by O"Leary and Sack (1987) and confirmed by Sack et al. (2003) and Chutas and
Sack (2004).

Precipitation of ore minerals due to decreasing temperature in hydrothermal systems is generally the
result of either conductive loss of heat from the system or from mixing with a lower temperature fluid
(Leach and Corbett, 2008). Cooling has also been described in some deposit as the main deposition
process (e.g. San Cristobal deposit, Phillipson and Romberger, 2004) or as one of several mechanisms as
boiling or fluid mixing (e.g. Faride deposit, Camus and Skewes, 1991; El Barquefio and La Guitarra
deposits, Camprubi et al., 2006). Evidence in the Patricia deposit suggests that a combination of both
mixing and cooling likely occurred. As stated earlier, a decrease in fluid salinity between stage 1 and
stage 2 suggests possible dilution of an early brine due to mixing with a lower salinity fluid (e.g. Einaudi
etal., 2003; Sillitoe and Hedenquist, 2003; Simmons et al., 2005). However, cooling seems to be the most
important process responsible for the main stage of ore precipitation, as shown by fluid evolution during
stage 2. The LA-ICP-MS data from fluid inclusions also show evidence of dilution because the Na, Ca
and K contents decrease from stage 1 to stage 2. In addition, the model proposed by Sack (2005) for Ag-
Pb-Zn deposits, implying a primary high-temperature, high-Ag-galena phase that breaks down during
cooling and gives rise to the silver mineralization, provides a reasonable reference for the Patricia deposit,
which agrees with the cooling process recorded by fluid inclusions.

Sulfur and oxygen activities of the fluids during stage 2 have been estimated from the composition of
sphalerite in equilibrium with pyrite according to Barton et al. (1977). The composition of Sp,4 and Sp,g
in equilibrium with pyrite ranges from 6 to 15 mol.% FeS and plots within the sulfide dominant field in
the sulfur vs. oxygen activity diagram (Fig. 15). Accordingly, sphalerite precipitated from a fluid with
sulfur activity between -12.2 and -12.5 and oxygen activity around -38. Additionally, the stability limits
for Ag-bearing and Pb-bearing minerals have been obtained of the sulfur activity vs temperature diagram
from Jasinski (1983).

8.2.3.  Post-ore stage:
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The post-ore stage is defined by the deposition of quartz (Qzs), pyrite (Pys) and arsenopyrite (Apys),
minor sphalerite and galena and the final precipitation of minor kutnohorite and trace amounts of Ag-
bearing and Pb-bearing minerals. Primary fluid inclusions studied within Qz; indicate higher temperatures

(215-175 °C) and similar salinity (8-2 wt % NaCl) compared to the previous substage 2B (Fig. 13).

The rise in the temperature of the circulating fluids from stage 2B to stage 3 could have been as much
as 75 degrees Centigrade. This fact poses two important questions: 1) did fluid inclusions in sphalerite
Sp,a and/or Sphyg re-equilibrate during the post-ore stage? and, therefore 2) are the obtained
microthermometric data reliable? As pointed out by Bodnar and Bethke (1984), overheating of sphalerite
may cause the fluid inclusions to stretch, leak or decrepitate, thus yielding incorrect microthermometric
data. According to these authors, the amount of overheating necessary to initiate stretching in sphalerite-
hosted inclusions depends, among other factors, on the inclusion size and shape, and the confining
pressure, ranging from <8°C for inclusions several hundred um in diameter to >75°C for 10 um-sized
inclusions at 1 bar confining pressure. Fluid inclusion sizes in the Patricia sphalerites are usually below
10 um, and only exceptionally reach 20 um (i.e. Fig. 12e). Regarding the confining pressure, fluid
inclusion data presented in this paper belong to sphalerite from cores samples located at depths below
present surface of 95 to 150 m (stage 2A) and 195 to 228 m (stage 2B) which, assuming hydrostatic
pressure conditions as indicated by the veins open-space filling textures, correspond to minimum
confining pressure around 10-15 bars and 20-23 bars, respectively. These cores were drilled in the
uplifted eastern block of the deposit, which exposes a deeper part of the mineralization than the western
blocks. This means that an unknown thickness of volcanic mineralized rocks has been already eroded and
then, real confining pressures should be higher than the values estimated above (see below for further
discussion on depth of ore deposition). According to Bodnar and Bethke (1984), the higher the confining
pressure, the greater the amount of overheating required to initiate stretching for a given inclusion
volume. Therefore, reequilibration of inclusions in sphalerite might have occurred due to the increase of
temperature from stage 2A to stage 2B, however the confining pressure was, most probably, high enough

to prevent stretching, even in the shallower sphalerite samples (94 m below present surface, see below).
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Therefore, microthermometric data from sphalerite-hosted inclusions presented in this work are
considered fully reliable.

In the post-ore stage, Qzs, Pys and Apy; commonly cement the brecciated sulfides of the main-ore
stage, so the increase of temperature and similar salinity of the fluids in the post-ore stage were
accompanied by brecciation and opening of spaces where the mineralization was ultimately deposited.
These breccias indicate either a sharp pressure drop, maybe leading to limited boiling, or just a tectonic
process. Boiling is not supported by fluid inclusion observations, and although the lack of fluid inclusion
evidence for boiling does not preclude its occurrence, tectonic processes are likely to have occurred given
the deposit active tectonic setting. However, according to Fig. 13, cooling is likely to be the main
mechanism of mineral deposition in this stage.

The formation of zoned Py; and Apys with As-rich and Sbh-rich bands, respectively, in equilibrium
with Qz;z suggests compositional variations in fluids similar to those observed in the pre-ore stage. During
the final events of the post-ore stage and after precipitation of most sulfides, minor kutnahorite and Ag-
bearing minerals such as freieslebenite and acanthite were precipitated. The presence in the late
depositional stages of carbonates is a typical characteristic of the latest stages in epithermal deposits
(Baumgartner et al., 2008; Canet et al., 2009; Catchpole et al., 2012; Sillitoe and Hedenquist, 2003) as a
result of a last fluid pulse after the main mineralizing event. In other epithermal deposits, Ag-bearing
minerals commonly precipitate during the last stages (e.g. Baumgartner et al., 2008; Bendezu and
Fonboté, 2009; Camprubi et al., 2006; Gropper et al., 1991; Phillipson and Romberger, 2004; Vassileva et
al., 2014) usually due to a combination of different factors involving mixing between magmatic and
meteoric fluids, increasing oxygen fugacity and decreasing fluid temperature (Vassileva et al., 2014).
Ilite is also present as trapped crystals within fluid inclusions in Qz;. According to several authors (i.e
Romberger, 1991; Moncada and Bodnar, 2012) the pH stability field for illite is around 6, whereas
carbonates typically occur within neutral to alkaline conditions. The formation of kutnohorite is
comparable to similar phases of Ca/Mn-bearing carbonates described in other epithermal ore deposits,
whose deposition is favored by an increase of oxygen fugacity (fO,) and CO, concentration (e.g. Canet et

al., 2009; Catchpole et al., 2012; Damian, 2003). Therefore, the formation of kutnohorite in the final
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post-ore stage suggests that slightly acidic-neutral fluids dominant during previous mineralization stages
(from the pre-ore to post-ore stage), evolved at the end of the post-ore stage from neutral to alkaline
fluids.

8.3. Whole-ore composition

Statistically significant and positive correlations between Ag-Cd-Cu-Pb-Zn and Au-As-Ge-Sh-W
reflect the mineralogical control in the element distribution. The Ag-Cd-Cu-Pb-Zn group is related to
base-metal sulfides (sphalerite, galena and chalcopyrite) and Ag-bearing minerals whereas the Au-As-Ge-
Sh-W group is related to arsenopyrite and pyrite. The observed positive correlations between the Ag-Cd-
Cu-Pb-Zn group support the interpretation that these metals were preferentially deposited during the base-
metal stage characterized by precipitation of sphalerite, galena, chalcopyrite and Ag-bearing minerals.
The positive correlation between Zn and Cd (r* = 0.99 and p-value < 0.001) is consistent with the fact that
Cd substitutes for Zn in sphalerite, as reflected by the presence of trace amounts of Cd in sphalerite (up to
0.3 wt %). In contrast, the positive correlation between Pb and Ag (r* = 0.97 and p-value < 0.001) is not
related to the presence of Ag in galena because EPMA analyses of galena rarely show significant Ag
content (~0.1 wt %). Alternatively, the Pb-Ag correlation in whole-ore composition can be explained by
the fact of Ag-bearing minerals and galena are in close textural association with most of the Ag-bearing
minerals occurring within galena. This occurrence is in agreement with the possible break down of high-
Ag-galena into Ag-free galena and Ag-bearing phases during cooling (as proposed by Sack, 2005) that
would further explain the observed Pb-Ag correlation. The mean and standard deviation of the zinc/lead
ratio (64.4 - 13.81, respectively) is in agreement with the predominance of sphalerite in the Patricia
deposit.

The strong and positive Sh-As correlation (r* = 0.80 and p-value < 0.01), the wide distribution of
these elements in the scatterplot (Fig.11) and their positive correlations in Py and Apy, all indicate that Sb
and As substitute for each other in these minerals. Although Ag-sulfosalts also contain some Sbh, the
lower relative proportion of these minerals in the whole-ore volume in comparison to arsenopyrite and
pyrite probably led to the correlation of Sb with Au and As instead of Ag. The positive Au-As correlation

(f* = 0.94 and p-value < 0,001), the low Au concentrations in all analyzed samples (<1 ppm) and the
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absence of discrete Au-bearing minerals suggest that Au may be scarce (ppb or few ppm levels) within
arsenopyrite and As-rich pyrite, but this cannot be proven until analysis are carried out on these minerals.
The mineralogical control of Au by arsenopyrite or As-rich pyrite has been extensively documented
previously (e.g. Huston and Large, 1989; Camus et al., 1991; Genkin et al., 1998; Hedenquist et al., 2000;
Einaudi et al., 2003; John et al., 2003; Reich et al., 2005; Sung et al., 2009).

The presence of Fe in both arsenopyrite-pyrite and sphalerite-chalcopyrite explains the absence of
statistically significant correlation of Fe with any other metal in the whole-ore composition. The absence
of a statistically significant correlation of Se, Bi, Te, Co and Mo with other metals also indicates the lack
of mineralogical control for these metals within the paragenetic sequence established in the Patricia
deposit.

8.4. Depth of ore deposition and erosion of the eastern block

Minimum depth of ore deposition below the paleowater table in the Patricia deposit can be estimated
from hydrostatic boiling point curves (Haas, 1971) given that 1) hydrostatic pressure is indicated by open-
space filling textures in the mineralized veins, and 2) there is no evidence for fluid boiling, at least in the
pre-ore and main ore stages.

Microthermometric data, sampling depth and theoretical boiling depth (Haas, 1971) for some
selected inclusions in Qz;, Sp.a YV Spos are shown in Table 5. As indicated previously, fluid inclusions
were studied in samples located between 95 m (lower limit of the oxidized zone) and 230 m deep (lower
depth reached by drilling) in the deposit eastern block. Minimum depth of ore deposition estimated from
boiling curves in this mineralized interval (Table 5) is only significant if it is equal or larger than the
sampling depth below present surface (i.e. data from Qz; and Sp,a). Thus, ore deposition in the studied
vertical section of the Patricia eastern block would have taken place, at least, from 210 m in the
shallowest level below the oxidation blanket (Sp,a at 94 m deep) to 320 m close to the deepest areas
drilled to date (Qz; at 205 m deep). However, these values represent minimum depths as Ag-rich
polymetallic epithermal mineralization usually occurs in relatively deep sections (~ 500 m) of the

epithermal environment (Hedenquist et al., 2000; Albinson et al., 2001; Camprubi and Albinson, 2006).
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The difference between theoretical boiling depths and sampling depth for each inclusion also
provides an approximation to the minimum amount of erosion suffered by the uplifted eastern block of
the Patricia deposit. The maximum difference obtained by this method (Table 5) indicates more than 200
m of volcano-sedimentary pile has been eroded. However, further geological evidence is needed to better
constrain this value.

8.5. Sulfidation state of the Patricia ore deposit

The hydrothermal alteration, ore mineralogy and structural features of the Patricia vein system
correspond to a Zn-Pb-Ag epithermal deposit mainly developed under intermediate-sulfidation (IS)
conditions. The hydrothermal alteration characterized by illite £ sericite £ chlorite + quartz is typical of 1S
deposits (Einaudi et al., 2003). However. According to Einaudi et al. (2003), the absence of pyrrhotite in
equilibrium with pyrite or arsenopyrite suggests that the first and last stages of the Patricia deposit took
place under IS conditions, although maybe close to the limit with the LS field.

The paragenetic sequence of the main ore stage consists of sphalerite, galena, chalcopyrite, pyrrhotite
and Ag-bearing minerals. The sphalerite, galena and chalcopyrite deposition is usually related to IS
conditions and it has been commonly described in some epithermal deposits. (e.g. Hedenquist et al., 2000;
Einaudi et al., 2003; Sillitoe and Hedenquist, 2003; Camprubi and Albinson, 2006; Carillo-RosUa et al.,
2008; Bendezu and Fonboté, 2009). Moreover, the composition of the sphalerite ranges from 6 to 15
mol.% FeS, which is consistent with sphalerite compositions from IS systems that range from <1 to 10
mol.% FeS and locally up to 20 mol.% FeS (Hedenquist et al., 2000; Einaudi et al., 2003; Simmons et al.,
2005). The Ag:Au ratio of the whole-ore composition in the Patricia deposit ranges from 200 to 6000,
values in accordance with IS systems where the Ag:Au ratio is always higher than 100 (Einaudi et al.,
2003).

On the basis of stability fields of common sulfide species in T- fS, space, Einaudi et al. (2003)
characterized the mineralogy of very low, low, middle, high and very high sulfidation systems.
Accordingly, the whole paragenetic sequence observed in the Patricia ore deposit belongs to the
intermediate sulfidation type within the stability field of chalcopyrite and pyrite (Fig. 16). Fluids of the

pre-ore stage plot in an area on the T- fS, space characterized by moderate sulfur fugacity during pyrite
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and arsenopyrite deposition. During the main-ore stage, fluids progressed to lower sulfur fugacities and
cooler conditions favoring the precipitation of sphalerite, galena and chalcopyrite, as well as Ag-bearing
minerals. Finally, during the post-ore stage, fluids plot are higher sulfur fugacity and temperature, similar
to those of the pre-ore stage, supporting the deposition of additional arsenopyrite and pyrite. The
formation of kutnohorite and Ag-bearing minerals during the final post-ore stage indicates progressive
cooling with an increase of pH and oxygen fugacity. Therefore, the suggested evolution for the Patricia
deposit implies the existence of different pulses of fluids and fracturing supported by open-space filling

and brecciation textures observed in the mineralized veins.

9. Concluding remarks

The Patricia Zn-Pb-Ag ore deposit is an intermediate sulfidation hydrothermal system associated
with Cordilleran volcanism (i.e. Camprubi and Albinson, 2006). The localization of the ore bodies is
controlled by extensional structures developed during the regional dominant sinistral strike-slip
movement along the Domeyko fault system, at the northern extent of which the Patricia deposit is located.
This overall sinistral transpressive regime created local transtensive domains with development of open
spaces for hydrothermal ore deposition.

The mineralizing system was characterized by reduced fluids with pH close to neutral conditions that
evolved from an initial stage characterized by saline fluids (6-22 wt %NaCl) with a minimum circulation
temperature of 205°C, likely reflecting the mixing between brine a more dilute fluid. This was followed
by the main mineralization event that precipitated base metals- and Ag-bearing minerals, from a low to
moderate salinity (1-9 wt % NaCl) fluid that progressively cooled from ~250°C to ~140°C. The late stage
is characterized by a fluid temperature increase to ~215°C and subsequent cooling to 175°C with no
salinity variation.

The Patricia deposit is presently divided into two blocks by a set of NNW-ESE-trending reverse
faults, which uplifted the eastern block and exhumed thicker and deeper parts of the deposit that exhibit

IS features. At least 200 m of the host volcano-sedimentary pile have been eroded from this block. In
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contrast, the western block exposes a shallower part of the system where cherts, amorphous silica and
jasperoids, typical of thermal spring settings, occur. So far, exploration activity has focused in the eastern
part of the deposit, and little attention has been paid to the western areas as early drilling intersected
veinlets with little interesting mineralization. However, the structural framework defined in this paper
strongly suggests that surficial thermal spring showings in the western block could likely progress to low-
sulfidation conditions at shallow depths followed by a gradual variation towards a polymetallic
intermediate-sulfidation ore system at depth, equivalent to the one observed in the eastern block.
Furthermore, the eastern part of the deposit most probably has an extension of the mineralized veins both
at depth, as drilling has not reached the lower limit of mineralization, and towards the south beyond the
ignimbrite unit, as stockwork and silicification were observed in that area during the mapping campaign
included in the present work. Therefore, we propose that the Patricia ore deposit can be significantly

larger than the reserves estimated at present and hidden resources are still to be discovered.
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Figure captions

Fig. 1. (a) Location of the Patricia deposit and other Cenozoic deposits and prospects within major
metallogenic belts of northern Chile and southern Peru (modified from Camus and Dilles 2001) (b)
Simplified regional geologic map of the Tarapaca region. The location of the Patricia deposit and nearby
deposits and prospects in the area (Cerro Colorado, Sagasca, Yabricoya, Mocha and Queen Elizabeth) are

shown.

Fig. 2. (a) Simplified geological map showing the location of the three prospects (Patricia, Doris, La
Rosa) within the Paguanta Mining Exploration Project (b) Geological map of the Patricia deposit showing
the main units and the location of the three main mineralized veins (Campamento, Central and Catedral).
Location of the drillcore sampling is also shown in the map. Drill cores are commonly N-S oriented and

dip 40-60°S.

Fig. 3. (@) General view of the western block in the Patricia ore deposit with the mineralized units within
the volcano-sedimentary unit represented in solid lines and the post-mineralization unit represented by
dashed lines. The main thrust fault system and the position of the western and eastern blocks are also
shown, (b) overview of the Patricia silicification and stockwork area in the eastern block, (c) detailed
photograph of the vuggy silica texture observed at Patricia ore deposit, (d) general geometry of the
hydrothermal vein system in the western block, (e-f) sample of amorphous silica and jasperoids,

respectively, located in the Patricia western block.

Fig. 4. () Drill core section showing the volcanic and volcano-clastic andesitic breccias hosting the
mineralization and regionally affected by chloritic alteration. Photomicrographs in transmitted light with
one polarizer of: (b) the typical altered host rock in the Patricia deposit affected by chloritic alteration

(greenish to brownish colors). Relicts of plagioclase and disseminate of pyrite are also visible and (c) vein
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showing sericitic (illite) alteration selvage overprinting the chloritic alteration of the host rock.

Abbreviations: Py = Pyrite , Plag = Plagioclase, Chl = Chlorite, Ser = Sericite.

Fig. 5. Drill-core sections showing the different types of mineralized veins observed in the Patricia ore
deposit; (a) symmetric, (b) asymmetric, (c) brecciated sulfides cemented by Qzsand Apys, (d) veinlets of
pyrite and sphalerite, (¢) massive sulfide and (f) veinlets mainly composed of quartz and pyrite £
arsenopyrite. Abbreviations: Py; = Pyrite stage 1, Apy; = Arsenopyrite stage 1, Sp,, = Sphalerite stage
2A, Sp,s = Sphalerite stage 2B, Gn,z = Galena stage 2B, Py; = Pyrite stage 3, Sps = Sphalerite stage 3,
Gn; = Galena stage 3, Apys = Arsenopyrite stage 3, Qz; = Quartz stage 1, Qzz = Quartz stage 2 and Kut =

Kutnohorite.

Fig. 6. Mineral assemblages and paragenetic sequence present in the Patricia ore deposit. Thick bars

indicate higher abundances, thin and dashed lines refer to lower abundances.

Fig. 7. Photomicrographs of pre-ore stage samples; (a) detailed photograph of a thin section showing the
typical occurrence of Py, near the vein-wallrock contact. (b) photomicrograph in transmitted light,
crossed-polar, showing the typical “comb” texture of quartz (Qz;), (c) reflected light photomicrograph,
one polar, showing Py; at the contact between the host rock and the mineralized vein. EPMA
photomicrographs; (d) zoned idiomorphic grain of Py, with As-rich bands, (e) Py grain being replaced by
galena and sphalerite, (f) zoned idiomorphic grain of Apy; with Sb-rich bands. Abbreviations: Qz =

quartz, Py = pyrite, Apy = arsenopyrite, Gn = galena, Sp = sphalerite.

Fig. 8. Photographs of samples from de base-metal and silver stage: (a) detailed photograph of a thin
section showing zoned sphalerite grains, Sp,a, within a symmetrical vein, (b) Fe concentration map
superimposed onto a grain of Fe-zoned sphalerite, Sp,a. (¢ - d) photomicrographs in reflected light, one
polar, showing the typical texture of the sphalerite, Sp,g, in relationship to chalcopyrite, galena, pyrrhotite

and freibergite, (¢) EPMA photomicrographs showing the typical distribution of Ag-bearing mineral
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within galena and filling voids between sphalerite, (f) Photomicrographs in transmitted light, one polar,
showing chlorite at the contact with sphalerite. Abbreviations: Sp = sphalerite, Py = pyrite, Frb =

freibergite, Gn = galena, Ccp = chalcopyrite, Po = pyrrhotite, Chl = chlorite and Qz = quartz.

Fig. 9. Photographs of post-ore stage samples: (a) detailed photograph of a thin section (DPTS) showing
the typical brecciated texture of sulfides cemented by quartz. (b) Photomicrograph with transmitted light,
crossed-polar, showing mosaic (jigsaw)-textured quartz as a cement of the brecciated sulfides. (¢c) DPTS
showing the distribution of Qtzs and Apys; cementing brecciated sulfides. (d) EPMA photomicrograph of
an oscillatory zoned grain of arsenopyrite, Apys, with a Sb-rich core. (¢) DPTS showing thin vein of
pyrite, Py,, and sphalerite, Sps, with the presence of (f) zoned sphalerite crystals. (g) DPTS showing a

late-vein of Kut crosscutting Qz; and the brecciated sulfides. (h) EPMA photomicrograph of a lead

sulfosalt (boulangerite) within a silver sulfosalt (freibergite). Abbreviations: Frb = freibergite, Apy

arsenopyrite, Bou = boulangerite, Gn = galena, Kut = kutnohorite, Qz = quartz, Py = pyrite, Sp

sphalerite.

Fig. 10. Scanning Electron Microscope photomicrographs: (a) Ag-bearing minerals filling spaces among
aggregates of sphalerite grains; EPMA photomicrographs: (b) freibergite filling spaces between sphalerite
grains in close association with chalcopyrite, galena and kutnohorite (c) elongated polybasite grains
within galena (d) boulangerite, freibergite and pyrargyrite within galena and kutnohorite filling voids in

sphalerite (e) freieslebenite within galena (f) tiny acanthite grain and freibergite within galena in a

kutnohorite matrix. Abbreviations: Agt = acanthite, Bou = boulangerite, Ccp = chalcopyrite, Fres

freieslebenite, Frb = freibergite, Gn = galena, Kut = kutnohorite, Pl = polybasite, Py = pyrite, Prg

pyrargyrite, Sp = sphalerite.

Fig. 11. Matrix of scatterplots of the two groups of elements (Ag and Au groups) with positive
correlations calculated from whole-ore composition of the mineralized veins. Lower panels contain the

scatterplot of each pair of elements, the model of the robust linear regression (red) and the Tukey
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smoothing line (green). Upper panels contain the r squared coefficient and the level of significance of the
robust linear regression (*** = 0.999; ** = 0.99; * = 0.95; - = 0.90). Units are in ppm except for Au

which is in ppb.

Fig. 12. Photomicrographs of fluid inclusion assemblages (FIAs) of the three main stages of
mineralization: (a-b) Primary FIAs in growth bands of quartz (Qz,). (b) Detail of fibrous hydrous
phyllosilicate, likely illite, trapped within a primary fluid inclusion. (c) Primary FIAs in Sp, distributed in
parallel growth bands of Sp. (d) Secondary FIAs occurring as parallel trails in Qz;. Note that these
inclusions are smaller than primary ones. (e) Primary FIAs in Spyg characterized by the presence of
chalcopyrite and Ag-sulfosalt inclusions. (f) Dark primary FIAs distributed in parallel growth bands of

Qzs. (g) Individual groups of primary FIAs in Qzs. (h) several trails of secondary FIAs in Qzs.

Fig. 13. Range in measured homogenization temperature and salinity of individual fluid inclusion
assemblages (FIAs) observed in the Patricia ore deposit. Each data point corresponds to the average
homogenization temperature and salinity for the fluid inclusion assemblage and the error bars represent
the minimum and the maximum values for each FIA. A possible evolution path of the mineralizing fluids

in the deposit is shown in the lower right corner (n) Number of fluid inclusions in each FIA.

Fig. 14. Molar Ag/ (Ag + Cu) and Zn/ (Zn + Fe) concentration of freibergite from the Patricia ore deposit
compared with the maximum solubility of Ag in freibergite in the system Ag,S-Cu,S-ZnS-FeS-Sh,S; at
170, 200, 250, 300, and 400 °C [freibergite in equilibrium with pyrargyrite (Prg), sphalerite (Sph), and
miargyrite (Mia)] modified from Sack (2005). It is also shown, with a solid line, the approximate
miscibility gap for fahlores for the 170°C isotherm calculated by Sack (2005) and, with a dashed black
curve, the approximation for the polythermal miscibility gap intersection with the isotherms and
translated it downwards in Ag/(Ag+Cu) ratios while maintaining the width of the gap calculated at 170°C

(adjusted from Sack 2005; Sack and Lichtner 2009).
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curve).

Two shaded areas (A-B) delimit the areas with the most common freibergite analysis which indicates
temperatures <200 °C. The darker shaded area (B) below the 170 °C isotherm shows higher concentration
of freibergite. The solid bar show the range of homogenization temperature (Th) of FI observed in

sphalerite containing Ag-bearing minerals from sub-stage 2B.

Fig. 15. Activity of sulfur versus activity of oxygen diagram showing the stability fields for the main
minerals in the Patricia deposit at 250°C. Dashed colored lines show the 3 sphalerite assemblages
observed in the Patricia ore deposit. Also, show by the heavy vertical dashed-dot line is the boundary
between fields of dominant aqueous sulfur species, H,S and NaSQO, at a pH = 5.4. Modified from Barton

etal., 1977.

Fig. 16. Log fS, vs. Temperature diagram showing the inferred evolution path of the hydrothermal fluids
in the Patricia ore deposit. (1) Pre-ore stage; (2a-2b) Base-metal and Ag stage and (3) Post-ore stage,
based on observed mineral assemblages, fluid inclusion microthermometry and sulfide geothermometer.
The diagram shows the relative sulfidation states of hydrothermal fluids in porphyry deposits and

epithermal ore mineral stability fields (modified from Einaudi et al. 2003).

60



Table 1 Representative EPMA analyses of the sulfides minerals in the Patricia ore deposit from each
stage of mineralization. n = Number of electron microprobe analyses of each mineral. LOD = limit of
detection of the Electron Microprobe for each element in wt.%. Abbreviations: Py, = Pyrite stage 1, Apy:
= Arsenopyrite stage 1, Sp,a = Sphalerite stage 2A, Sp,g = Sphalerite stage 2B, Gnys = Galena stage 2B,
Pys = Pyrite stage 3, Sps = Sphalerite stage 3, Gn; = Galena stage 3, Apys = Arsenopyrite stage 3. *b.d=

below detection limit.

Stag Stage 1 (pre-ore stage)

Stage 2 (Base-metal and silver

Stage 3 (post-ore stage)

oor

stage)
Subst
Subs age 2-
tage A Substage 2-B
As- A Sb- Chalc Pyrr As- Sh-
Min Py rich py rich Sp Gn opyrit othit Py rich Sp G Ap rich
eral . Pys 1 Apya SP2a 2B 2B e e 3 Pys 3 ng ys Apys
21 17 17 13 20
# 5 145 0 162 132 2 6 29 4 37 14 23 17 9 205
As ( 42 0.
wt% 0.8 9 b. 0.1 b. b. 42. 0
) 3 270 6 4586 b.d d bd bd bd 2 185 d d 77 4104 5
0.
b. b. 0.0 0.0 b. 0. 00 0
Ag bd bd d bd b.d d 8 bd bd 2 bd d 03 3 bd 2
0.
0.0 0. b. b. b 0
Au 3 bd 07 0.03 b.d d bd bd bd bd bd d d bd 005 3
35 0.
46. 452 2 8. 0.1 59.1 46. 458 5. 0. 35. 0
Fe 23 5 1 34.06 6.56 44 2 2922 7 49 6 90 14 69 3577 2
56 59 0.
0.0 b. 5 0.4 .6 0. 0
Zn 7 bd d bd 58.90 3 bd 087 178 0 005 9 09 bd 003 3
0.
0.0 0. 0. 0.0 b. b. 00 0
Co 5 005 04 0.05 b.d 02 b.d 0.03 0.06 2 007 d d 6 003 2
0.
0. 0. 01 0.0 0. 0. 0
Cd bd bd 03 bd 0.27 30 0 bd bd 4 006 22 07 bd bd 2
21 33 33 13 0.
53. 521 .0 8 13. 39.2 52, 521 7 2 22 0
S 05 3 1 18.10 34.05 9 07 3565 1 93 3 4 3 03 2062 5
0.
b. b. b. 0. 0
Cu bd bd d bd b.d d bd 3436 003 bd 007 d 58 bd bd 3
85 0.
0.2 0. 0. 87. 0.2 0. .2 00 0
Pb 6 025 11 0.13 0.14 15 12 018 0.22 0 015 14 8 9 008 3
0.
0.0 0. 0. 03 0. 0. 02 0
Sh 3 002 22 245 0.07 09 2 002 005 bd 005 02 16 5 314 2
10 99 99 10 10 99 99 10
Tota 0.5 100. .6 100.6 4 08 1003 100. 0.2 100. .7 .5 0.9 1007
I 5 39 4 8 99.99 3 0 2 51 2 29 0 7 2 7
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Table 2 Representative EPMA analyses of the Ag-bearing minerals present in the Patricia ore deposit.
LOD = limit of detection in wt%. *b.d = below detection limit. Abbreviations. Py = Pyrite, Sp =
Sphalerite, Gn = Galena, Ccp = Chalcopyrite.

Sa Pyrargyrit Freieslebe L

mpl Freibergite Polybasite y egy Stephanite nite Acanthite O

e D
PT PT- PT- PT- PT- PT5 PT4 PT5 PT- PT PT4 PT- PT5
PT5 52- 41 52- 52- 52- 2- 1- 2- b52- 35-  1- 41 2-
Lab 2.20 205. 193. 188, 188, 209, 205, 193, 208, 209, 68. 192, 193. 203,
el 546 84 00 19 19 93 62 00 82 95 45 92 25 52

Ana
lysi

s# 15 137 196 52 53 77 94 275 62 98 105 183 230 60

0

As .

(wt 0

%) 0.11 0.08 006 011 bd 031 013 bd 032 bd bd bd 006 023 5

0

21.8 332 282 67.7 678 682 605 606 726 751 21. 241 821 87.2 0

Ag 6 8 8 8 0 4 2 6 9 9 0 6 6 6 2

0

0

Au bd bd bd bd bd bd bd bd bd bd bd bd bd bd 3

0

0.4 0

Fe 533 450 534 068 324 030 0.34 0.05 0.26 0.04 4 0.03 031 004 2

0

0

Zn 108 176 0.68 038 0.03 0.16 0.09 bd 164 003 bd 010 0.08 0.03 3

0

0

Cd bd 027 0.39 bd bd bd bd bd bd bd bd 034 122 bd 2

0

220 203 21.0 139 16.2 153 168 17.0 137 144 19. 186 154 10.0 O

S 1 0 5 3 5 5 4 9 4 8 71 1 7 4 5

0

22.7 13.4 15.8 0

Cu 2 9 6 412 442 337 012 006 281 204 bd bd 022 004 3

0

30. 310 0

Pb 0.15 0.11 1.89 bd bd bd 019 096 035 024 93 6 038 221 3
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Sh
Tot
al
As

(apf
u)
Ag
Au

Fe
Zn
Cd

Cu
Pb
Sh
Tot
al
Size

Hos

min
eral

27.7
100.
98
0.03

3.70

1.74
0.30

12.5
6.53

0.01

4.16
29.0

250
Py /

Gn/
Ccp

25.9

99.7

0.02

6.05

1.58
0.53

0.05
124

4.16
0.01
4.18
29.0

40

Sp/
Gn

27.1
100.
73
0.01

5.03

1.84
0.20

0.07
12.6

4.79
0.18

4.28
29.0

100

Sp

13.3

100.
31

0.03
14.5

0.28
0.13

10.0
1.50
2.52
29.0

90u

Gn

9.14
100.
92

0.01
13.6

1.26
0.01

10.9

1.51

1.63
29.0

20

Sp/
Gn

11.3

99.0

b.d
144

0.12
0.06

10.9

1.21

2.13
28.9

45u

Sp/
Gn

22.5
100.
77
0.01

3.06

0.03
0.01

2.86
0.01

0.01
1.01
7.00

15u

Gn

22.8

101.
66

2.89
0.01

0.03
1.02
6.99

20

Gn

8.97
100.
78
0.03

5.37

0.04
0.20

341
0.35

0.01
0.59
10.0

651

Sp/
Gn

8.42
100.
44

5.57

0.01

3.61
0.26

0.01

0.55
10.0

145

Gn

217.
93
100
.92

Gn

26.5

100.
85

1.14

0.01
0.02

2.96

0.76

1.11

6.00

Gn

0.10
100.
01

1.80

0.01

0.03

1.14
0.01

2.99

15p

Gn

b.d
99.8

0.01

2.13

0.83

0.03

3.00

12p

Gn

2
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Table 3 Bulk rock analyses from mineralized veins in the Patricia ore deposit. *b.d= below detection

limit.
Sa”s‘p'e dl  units 1 2 3 4 5 6 7 8 9 10
Cu 05 ppm 59 239 486 1156 142 994 408 265 897 19.9
1175
Zn 1 ppm 7 7286 10304 2019 2165 23597 8155 6047 12903 9423
Ag 001 ppm 3431 2087 3375 4803 1842 683 2591 2548 4236 9.56
168.8
Cd 002 ppm 8453 4342 7908 1522 1152 7  47.76 3565 8292 115
0.00 0.04
In 5 ppm 0065 002 0054 0065 0056 0056 0054 0054 0067 4
2107, 1142, 1484 982.
As 05 ppm 2152 13257 2 4572 7 7758 2 13363 8911 3
wt,
S 001 % 616 1166 296 371 739 883 618 866 118 194
200.5 102.9 177.7 2137 2355
Sb 005 ppm 6816 6 8298 9 4306 6 579 7 3 381
Se 05 ppm 0.7 6.2 25 b.d 2.7 35 24 3.2 13 2.1
1969, 732.
Pb 05 ppm 5717 3166 4592 7 3635 13265 4775 4967 6512 5
Bi 001 ppm 013 08 042 103 008 03 017 033 041 084
Te 005 ppm bd bd bd bd bd 05 bd 037 bd bd
Co 01 ppm 175 167 89 15 122 223 84 144 87 277
Mo 01 pm 1 07 09 08 06 33 06 07 08 101
Ai 1 ppb 10 8 30 8 65 79 162 129 106 36
Ge 005 ppm 097 08 096 085 081 106 135 135 124 105
W 1 ppm 2 21 14 5 o 17 22 26 21 4
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Table 4 Microthermometric results from each fluid inclusion assemblage (FIA) in quartz and sphalerite
from each mineralization stage in the Patricia ore deposit.

Level Sta Host Typ FI Tn, Av Salinity Av
Sample Vein (m) ge  mineral e A range ¢ range g Solid
inclusio
(°C) (% NaCl) ns
PT105-  Catedr 220- 22 12.
177,60 al 1458 1 Quartz P 1p1 231 5 6.4-166 7 -
PT109-  Catedr 228- 23
235,85 al 204.3 1p2 236 2 7-9.3 8.2 llite
Catedr 205- 22
PT96-161 al 117.7 1p3 236 4 14.0-215 20 llite
PT96- Catedr 248- 25
158,70 al 116.0 S 1sl 269 6 4.0-46 43 llite
Catedr 165- 17 13.
PT96-161 al 117.7 1s2 175 2 12.0-154 1 -
PT109-  Catedr 245- 24
235,85 al 204.3 1s3 252 8 1.7-15 6.2 llite
PT73- Catedr 205- 21
115.95 al 93.8 2A Sphalerite P 2pl 214 1 7491 86 -
PT73- Catedr 173- 17
115.95 al 93.8 2p2 186 7 2.1-27 24 -
PT73- Catedr 202- 22
115.95 al 93.8 2p3 232 2 5759 58 -
PT96- Catedr 176- 18
199,20 al 145.7 2p4 200 5 12-22 138 -
PT96- Catedr 190- 19
199,20 al 145.7 2p5 201 3 50-64 57 -
PT96- Catedr 172- 18
199,20 al 145.7 2p6 196 4 5.0-54 52 -
PT105-  Catedr 177- 17
182,80B al 149.7 2p7 178 7 5.4-6.9 6 -
PT105-  Catedr 207- 20
182,80A al 149.8 2p8 212 8 4.0-46 45 -
PT96- Catedr 240- 24
199,20 al 145.7 2p9 248 4 4351 48 -
PT105-  Catedr 2pl 189- 19
183,20 al 150.0 0 198 2 2.7-45 35 -
PT96- Catedr 196- 19
199,20 al 145.7 S 2sl 197 6 3.1-34 32 -
PT73- 2bp 168- 17
241,40 Carlos 1953 2B P 1 182 3 2.2-7.3 5 -
PT109-  Catedr 2bp 134- 14
263,40 al 228.1 2 168 9 56-95 7.6 -
PT96 - Catedr 172- 17
199,20 al 1457 3 Quartz P 3pl 186 9 72-81 1.7 -
PT96 - Catedr 190- 20
199,20 al 145.7 3p2 216 1 2.1-5.9 5 -
PT73- Catedr 227- 23
115,90 al 93.8 S 3s1 242 5 2.1-29 25 llite
PT96 - Catedr 148- 14
199,20 al 145.7 3s2 149 9 3.6-42 39 |llite

66



67



Table 5 Calculated boiling depths for some fluid inclusions in the Patricia ore deposit. Sample depth
means core sample depth below present surface. Boiling depth refers to results from the Haas diagram.
The depths represent minimum depths because no evidence of boiling was observed.

Salinity Th Sample depth Boiling depth

(wt.% NacCl) °C (m) (m)
Q1 20.5 235.5 118 250
Q1 15 223.2 146 220
Q1 9.3 235.8 205 320
Q1 7 228.3 205 300
Spl 9.1 205.3 94 145
Spl 7.4 214.3 94 210
Spl 5 189.5 146 120
Spl 5.1 240.1 146 355
Spl 3.2 190.2 150 123
Sp2 4.8 170.1 195 71
Sp2 5.6 137.9 228 25

Sp2 9.2 168.2 228 65
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Highlights

iy
2)
3)
4)

5)

Patricia is a recently discovered epithermal deposit located in northeastern Chile
Main mineralogy consists of base-metal sulfides, pyrite and Ag-sulfosalts.

Mineralization is emplaced as E-W veins within a sinistral strike-slip regime.

Mineralogy is consistent with an intermediate sulfidation epithermal deposit type.

High potential for hidden economic mineralization at depth in the western block.
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