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The complexity of high-grade ore-shoot formation is addressed through a detailed study of the Martha mine
epithermal deposit (Deseado Massif, Patagonia, Argentina). The mine was active from 2002 to 2012, producing
over 21million oz of silver from an intermediate sulfidation vein systemhosted in a pyroclastic sequence erupted
during Upper Jurassic times (40Ar–39Ar age: 157.6 ± 1 Ma). The Martha deposit is composed of more than 15
different veins, 8 of which show high grade ore-shoots (locally up to 45,000 g/t Ag). Veins are hosted in a sinistral
transtensive horst structure delimited by twoNW–SE trendingfirst-order veins (up to 600m long and 5m thick).
Inside this horst, a series of E–W trending veins (up to 450 m long and 2.5 m thick) developed as second-order
structures in response to growth and linkage of the two overlapping first-order vein structures. Ore is character-
ized by a complex paragenetic sequence of Ag–As–Sb sulfosalts and Cu–Pb–Zn sulfides, with an adularia-quartz-
illite gangue. Hydrothermal alteration is zoned outward and rarely extends for more than 15 m away from the
vein walls; five alteration zones were defined: an adularia zone close to the veins, an intermediate halo charac-
terized by illite and illite–smectite zones, and a distal smectite zone, additionally a late and supergene kaolinite
zone can be found near the surface in close association with the mineralized structures. High grade “bonanza”
ore-shoots are the result of the interplay of a series of structural, hydrothermal (mostly physicochemical) and
supergene processes. The mineralization evolved through three main phases: a main hydrothermal tectonically
controlled phase, a late tectonic–hydrothermal phase and a post-mineral supergene phase. Themain hydrother-
mal phasewas the result of mineral deposition from low salinity (0.5 to 3.5wt.% NaCl eq.) near-neutral toweakly
alkaline chloride aqueous hydrothermal solutions with estimated temperatures ranging from 215.5 °C to
316.5 °C, and isotopic composition suggesting high proportions of meteoric waters (δ18OH2O from −8.1‰ to
−2.7‰). Relatively constant fluid inclusion liquid-to-vapor ratios and a trend of decreasing Th and δ18OH2O

with increasing time suggest that cooling and dilution were the main mechanisms controlling ore deposition.
These physicochemical conditions, combinedwith an efficient network of structural conduits (vein intersections,
jogs and step-over zones)were the first step in the construction of the high grade ore shoots that characterize the
vein system. 40Ar–39Ar dating in adularia crystals constrains the hydrothermal activity to the Upper Jurassic
(156.5 ± 0.9 Ma). Afterwards, a late tectonic–hydrothermal phase occurred through the development of
irregularly-shaped bodies of massive fault breccias and foliated cataclasites related to tectonic reactivations of
the vein system in synchronism with the waning stages of the hydrothermal system. The interplay between
deformation andfluid circulation resulted inmechanical and chemical remobilization of the previously deposited
Ag-rich sulfosalts by lower temperature (138 °C to 168 °C) and higher salinity fluids (7.7 and 9.9 wt.%. NaCl eq.),
possibly reflecting a latemagmatic input into thewaning system. This late tectonic–hydrothermal phase strongly
contributes to increase the grades in some veins, and therefore is considered an essential process in order to build
the highest-grade portions of the ore-shoots found at the mine. Finally, a post-mineral supergene phase defined a
20 m thick oxidized zone close to the surface, followed by a 20–30 m thick secondary enrichment zone below it,
developed in response to the circulation of descending coldmeteoric waters. Despite its small size and vertical ex-
tension, the secondary enrichment level at Martha mine constitutes an important economic factor for the mining
ales (INREMI), Calle 64 esquina calle 120, (1900) La Plata, Provincia de Buenos Aires, Argentina.
áez).
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Fig. 1. a) Simplified geological map of the Deseado Massif
south at the Martha mine operations area showing the lo
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operations as it helped to increase the silver grades in the shallower portion of the vein system. The Martha mine
vein system constitutes an excellent example of how the interplay of hydrothermal processes controlling mineral
deposition, structural factors building up an efficient plumbing system, tectonic ore-remobilization, and late
supergene secondary enrichment processes, are combined in order to build “bonanza”-grade ore shoots in the
epithermal environment.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In this paper, the complexity of high-grade ore-shoot formation in
the epithermal environment is addressed (Hedenquist et al., 2000;
Sillitoe and Hedenquist, 2003; Simmons et al., 2005) through a detailed
study of theMartha mine epithermal deposit, located in the southwest-
ern portion of the Deseado Massif, Southern Patagonia, Argentina
(Fig. 1a). The vein system was first discovered by Yamana Resources
Inc. in 1997 and mining operations started at 2001, during early 2002
the mine was bought by Coeur d'Alene Mines Corporation and was in
production until 2012 (Figs. 1b and 2a) when the resources were
completelymined out. Currently themine remains closed and no explo-
ration has been conducted since late 2012. Silver concentrations were
very high grade, such that in 2002 the mine was ranked 15th among
the world's silver producers (www.silverinstitute.org). It has produced
more than 21million oz of silver (more than50% of theDeseadoMassif's
total silver production) and over 28,000 oz of gold, with an average
grade of about 3500 g/t Ag and almost 5 g/t Au (Páez, 2012).
showing distribution of Jurassic volc
cation the studied veins.
Previous studies of Páez et al. (2011) and Páez (2012) at theMartha
mine showed a close relationship between high grade ore shoots
and the location of structural features (vein intersections, dilatational
jogs and step-overs), suggesting that structure played a significant
role during ore-shoot formation, controlling preferential pathways for
hydrothermal solutions, leading to ore deposition.

However, the presence of highly permeable conduits per se is insuffi-
cient to lead to high grade “bonanza” mineralization. The interplay of
those structureswith an efficient ore depositionmechanism is considered
critical in order to form an economic-grade deposit (Simmons and
Browne, 2000; Berger et al., 2003; Cox, 2005; Simmons and Brown,
2006; Micklethwaite, 2009).

This research complements the observations of Páez et al. (2011) by
giving new insights into the study of the vein infills with the aim to
constrain the physicochemical processes leading to the formation of
high-grade “bonanza” style ore-shoots in the epithermal environment.
We combine field, underground and drill-hole observation with miner-
alogical, textural, microthermometric, isotopic and geochronological
anic rocks and the location of the four mine sites mentioned in the text. b) Photo looking

http://www.silverinstitute.org


Fig. 2. a) Geological map of Martha mine vein system showing the location of the main vein trends and the vertical projection of mineralized areas (Ag equivalent N 300 g/t).
b) Longitudinal section of Catalina vein (del Medio trend) showing Ag equivalent grades. The plunge of the first order ore-shoot is represented by a black arrow, whereas second order
ore-shoots are shown by white arrows. Dashed lines represent post-mineral faults dislocating ore-shoots. Altitude is in meters with respect to sea level (m RSL). In both cases Ag
equivalent = (Ag + 60*Au), modified from Páez et al. (2011).
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data obtained on selected samples, in order to propose a comprehensive
model of vein and ore-shoot formation.

2. The Deseado Massif

2.1. Regional geology

During theMiddle to Upper Jurassic, a volcanicmega-event occurred
in Patagonia, giving rise to the Chon Aike Large Igneous Province
(Pankhurst et al., 1998, 2000). In the Deseado Massif (Fig. 1a), this
event is represented by a volcanic suite that was named the Bahía
Laura Volcanic Complex (BLVC) by Feruglio (1949) and Guido (2004),
and consists of the Bajo Pobre, Cerro León, Chon Aike and La Matilde
formations, including lavas, ignimbrites and reworked volcaniclastic
rocks ranging from intermediate to acidic in composition (Pankhurst
et al., 1998, 2000; Panza and Haller, 2002). Intricate stratigraphic
relationships characterize this volcanic complex, with complex
interfingering of different facies (Echeveste et al., 2001; Guido et al.,
2006; Ruiz, 2012).
2.2. Mineral deposits

This region is characterized by numerous gold and silver epithermal
deposits, leading Schalamuk et al. (1999) to define the Deseado Massif
as an Au–Ag metallogenic province. Most Au–Ag occurrences within
the Deseado Massif correspond to the low sulfidation style (Guido and
Schalamuk, 2003; Echavarría et al., 2005; Fernández et al., 2008),
however intermediate sulfidation and polymetallic deposits are also
common (González Guillot et al., 2004; Guido, 2005; Jovic et al., 2011;
Páez, 2012; Permuy Vidal, 2014). These deposits are commonly hosted
in the BLVC rocks, mainly in the Chon Aike and Bajo Pobre Formations;
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however there are also epithermal occurrences in older pre-BLVC rocks
of sedimentary or metamorphic nature (Jovic et al., 2011).

The typical mineralization style consists of veins, veinlets, vein
stockworks and hydrothermal breccias (Schalamuk et al., 1997, 1999;
Guido and Schalamuk, 2003), which are strongly controlled by Jurassic
rift structures, hosted in dominant NW and WNW orientations, and
locally in NE and E–W directions (Giacosa et al., 2010). Associated
with the epithermal veins, widespread silica and carbonate Jurassic
hot spring deposits are present (Guido and Campbell, 2011). Available
geochronological data reveals that epithermal veins and hot spring
deposits were formed during the Jurassic widespread extensional
event, contemporaneous with the last stages of the BLVC event
(Arribas et al., 1996; Schalamuk et al., 1997; Guido and Schalamuk,
2003; Echavarría et al., 2005).

According to Fernández et al. (2008) and Páez et al. (2011), between
1998 and 2011 theDeseadoMassif has producedmore than 3million oz
of gold and over 40 million oz of silver from four mines (Cerro
Vanguardia, Martha, Manantial Espejo and San José; Fig. 1a). Most of
the precious metals have been extracted from Cerro Vanguardia mine
(about 77%, beginning in 1998), followed by 11% from Martha mine
(producing between 2001 and 2012), and the remaining 12% from San
José and Manantial Espejo mines (producing since 2008 and 2009,
respectively), revealing the importance of Martha mine in the overall
precious metal production of this relatively young gold and silver
producing region.

3. Local geology

The mineralization at Martha mine is hosted in Jurassic felsic volca-
nic rocks of the BLVC that are locally represented by thick ignimbrites
(Figs. 1 and 2) with thin intercalations of epiclastic sediments derived
from a pyroclastic source (tuffites). In total, mineralization extends
across a 300 m-thick volcanic pile, located about 2–3 km southward of
the of Primero de Abril Caldera margin (Ruiz et al., 2008a, 2008b; Páez
et al., 2010; Ruiz, 2012), a 10 km wide volcanic edifice resulted from
mixing of two magmas of andesitic and rhyolitic compositions during
Upper Jurassic Times (156.9 ± 0.7 Ma; Ruiz, 2012).

The oldest geological unit in the study area is represented by a
crystal-rich dacitic ignimbrite, which is overlain by a thin tuffaceous
unit (Páez et al., 2010). Upwards in the sequence there is a crystal-
rich rhyolitic ignimbrite followed again by a thin layer of tuffaceous sed-
iments. The upper part of the sequence is composed of a lithic-rich
rhyodacitic ignimbrite related to the caldera-forming volcanic event.
The entire sequence dips about 10° toward the NE (Páez et al., 2010).
Most of the high grade ore bodies are developed in the crystal-rich
ignimbrites and tuffaceous units (Páez, 2012).

All pyroclastic rocks at Martha mine are characterized by a
calcalkaline, peraluminous and high potassium signature (Páez et al.,
2010; Páez, 2012; Ruiz, 2012), in concordance with other reported
areas of the BLVC (Pankhurst et al., 1998; Guido, 2004). Regional studies
performed by Echeveste (2005), Wallier (2009) and Ruiz (2012)
indicates that outside the Martha mine area, the described sequence is
partly buried by younger Jurassic units (mostly ignimbrites and lavas),
tertiary marine sediments and modern alluvial to colluvial sediments.

4. The Martha mine vein system

TheMartha deposit is composed ofmore than 15 different veins, 8 of
which show high grade ore-shoots (locally up to 45,000 g/t Ag, Páez
et al., 2011): Martha, R4, Nordeste, R4-A, Catalina, Francisca, Belén and
Isabel (Fig. 2a).

4.1. Vein system and ore shoot geometry

The Martha mine veins can be grouped into three major vein trends
according to their general orientation and location (Fig. 2a). First, the
NW–SE trending Martha–R4 vein trend (including Martha Oeste,
Martha, R4, Martha Este, Martha Sur and Sugar Hill veins); second, in
a parallel array but toward the northeast, the Isabel vein trend (includ-
ing Isabel and Isabel Oeste veins); and third, the Del Medio vein trend
grouping all the E–W trending veins (including Nordeste, R4A, Belén,
Francisca, Catalina and Futuro veins).

The Martha–R4 vein trend is characterized by a moderately SW
dipping segmented array with an overall NW–SE orientation (Fig. 2).
The vein trend is composed of a single 1.5 to 5 m thick structure made
of a dense network of anastomosing veins and veinlets, partially devel-
opedwithin a 10m thick clay-rich (gouge) fault zone. This structure can
be followed long strike for 600 m in a series of discontinuous outcrops,
and mineralization has been reported down to depths of about 250 m
below the surface (Páez et al., 2011; Páez, 2012). Limited surface
(open-pit) andwidespread undergroundworkings have been conducted
on this vein trend, especially in high grade portions of theMartha and R4
veins.

The Del Medio vein trend constitutes a subparallel array of steeply
south dipping E–W trending structures (Fig. 2), ranging between 0.5
and 1m thick and which locally can reach up to 2.5m, and is character-
izedmostly by tabular geometries. This vein trend extends 150 to 450m
along strike, and mineralization is reported down to depths of about
200 m below the surface (Páez et al., 2011; Páez, 2012). Underground
mining have been conducted on Francisca, Catalina, Belén veins; where-
as R4-A and Nordeste veins were mined out using both underground
and surface workings.

The Isabel vein trend is made of two NE dipping disconnected vein
segments with a NW–SE orientation (Fig. 2). Only minor underground
workings were developed in these veins, which have poor grades and
crop out infrequently (Páez et al., 2011; Páez, 2012).

Structural studies atMarthamine (Páez et al., 2011) suggest that the
vein system was emplaced in a sinistral transtensive horst structure
delimited by the Martha–R4 and Isabel vein trends (Fig. 2a). Within
this model, the geometries of the three main vein trends where
interpreted as a hard-linked extensional step-over, where the Del
Medio vein trend developed as second-order structures in response to
growth and linkage of two overlapping, first-order structures composed
of theMartha–R4 and Isabel vein trends (Fig. 2a). Geometric analyses of
Marthamine veins also showed a normal-sinistral slip kinematic mode,
with an associated opening component for all considered structures; in
addition, the geometry of ore-shoots at Martha mine suggests a first-
order structural control on their location and orientation (Páez et al.,
2011).

On this structural framework, ore-shoot geometry was also
described by Páez et al. (2011), who defined them as irregular and
discontinuous silver-rich bodies that can reach very high grades (up to
more than 45,000 g/t Ag and up to 170 g/t Au). At the deposit-scale, a
series of several hundred meters long ore bodies are observed within
the hard-linked extensional step over zone, in close affiliation with
vein intersections (Fig. 2a). Within single veins, mineralization is repre-
sented as broad areas defining gently plunging first order ore-shoots of
irregular shapes (black arrow in Fig. 2b), which are a result of the
combination of numerous high grade second order ore-shoots (white
arrows in Fig. 2b). First order ore-shoots are developed as broad areas
extending almost the entire length of the veins (Fig. 2b). They typically
have surfaces exceeding 15,000 m2 and are dominated by medium to
high silver grades. However, they are quite irregular in shape and
include some low grade portions. These ore-shoots are characterized
by a very gentle plunge of less than 10° toward the SE. Second order
ore-shoots are smaller, extending between 10 and 70 m along the
vein strike (Fig. 2b), commonly they show surface areas not exceeding
2500 m2, and are defined by the high grade portions of the first order
ore-shoots. These shoots form the highest grade bodies (Fig. 2b),
which plunge 30° to 40° toward the SW, and can be individually associ-
ated with dilatational jogs and step-over zones developed within veins
(Páez et al., 2011).
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4.2. Vein geochemistry

Statistical analysis of geochemical data from 1553 drill-core samples
shows that Martha mine veins are characterized by strong silver
contents with associated gold anomalies. Statistical analysis indicates
a mean precious metal content of 3500 ppm Ag and 5 ppm Au, with
a strong correlation between Ag and Au grades (R2 = 0,9), and a
mean Ag/Au ratio of about 900:1. Maximum grades may rise up to
45,000 ppm Ag and 170 ppm Au within high grade ore shoots (Páez
et al., 2011; Páez, 2012). Additionally, silver values show a strong corre-
lation with Sb contents (R2 = 0,8) which show an average content of
0.2% Sb. Precious metals are accompanied by base metals, with mean
values of 0.14% Cu, 0.2% Pb and 0.12% Zn, and maximum contents of
about 0.94% Cu, 0.68% Pb and 0.22% Zn. Moreover, anomalies of As, Hg,
Bi and Cd can be locally recognized within the veins.

5. Hypogene vein mineralogy and textures

The mineralized structures at Martha were developed under a
complicated history of fracturing and cementation (Páez et al., 2011;
Páez, 2012). Nine mineralizing pulses (stages) of primary origin were
identified based on their crosscutting relationships, and were grouped
into four main episodes based on the presence or absence of ore
minerals in their mineral assemblage (Fig. 3).

5.1. Vein paragenesis

5.1.1. Episode 1
This episode (E1, Fig. 3a) includes the barren pre-ore stage 1, which

is poorly representedwithin thedeposit. This stage ismade of a network
of thin 0.5 mm thick veinlets, of sacharoidal quartz with minor sub-
rhombic adularia (Dong and Morrison, 1995) and no associated ore
minerals except for traces of pyrite and arsenopyrite.

5.1.2. Episode 2
The second episode (Fig. 3a) comprises four stages with a progres-

sively decreasing sulfide content, ranging from a massive sulfide stage
(stage 2, Fig. 3b) to a sulfide poor stage (stage 5, Fig. 3c). This episode
is responsible for part of the high grade ore and contains silver and
base metal bearing sulfides and sulfosalts. Gangue minerals of this epi-
sode are adularia, quartz and minor illite. It typically has a brecciated
texture; with locally developed crustiform banding.

Stage 2 consists of coarse-grained sulfideswith no associated gangue
minerals (Fig. 3a–c), and marks the onset of the first sulfide-bearing
episode. Stage 2 is characterized by the deposition of coarse-grained
pyrite (up to 1 cmwide) carrying numerous sulfide and sulfosalt inclu-
sions (Figs. 3a, 4a and b), with both regular and irregular distribution
patterns (Fig. 4a). In both cases, the inclusions are mostly galena,
polybasite, acanthite and native silver (Figs. 3a and 5b), with minor
chalcopyrite (Figs. 3a and 5a), pyrargyrite and arsenopyrite. This stage
can be found both asmassive veins or breccias, and also as clasts within
later stages in most mineralized structures. Additionally, within the Del
Medio vein trend, this stage can also be found as part of a crustiform
banding along with stages 3 and 4 (Fig. 4b and c).

Stage 3 is characterized by a high sulfide and sulfosalt content (com-
monly around 50 vol.%) in a mosaic-like intergrowth with sub-rhombic
adularia (Dong and Morrison, 1995) and anhedral to subhedral quartz,
with minor illite (Figs. 3a and 4c). This stage displays a medium to
fine-grained massive texture commonly with host rock and stage 2
clasts; also it may form part of a crustiform array along with stages 2
and 4 in the Del Medio vein trend (Fig. 3b). Ore mineral deposition
starts with an intergrowth of galena and sphalerite with associated
chalcopyrite, arsenopyrite, polybasite and native silver (Figs. 3a and
4d). Later on this stage, chalcopyrite contents increases, crosscutting
and replacing previously deposited mineral phases, especially galena
and sphalerite.
Sulfide and sulfosalts contents on stage 4 are commonly around 30
vol.%, but locally can reach up to 50 vol.%, and are developed in an inti-
mate mosaic-like intergrowth along with gangue minerals (Figs. 3b, 4e
and f). This stage is typicallymassive andmay includehost rock, stages 2
and 3 clasts; and in some cases it may form the central band of
crustiform veins along with stages 2 and 3, especially within the Del
Medio vein trend. Gangue minerals are represented by sub-rhombic
adularia, anhedral to subhedral quartz, minor illite and traces of chlorite
(Figs. 3a and 4e). Gangue mineral deposition starts with a slightly
higher content of sub-rhombic adularia compared to quartz; however
this proportion changes toward the end of this stage, where the quartz
content is slightly higher, and small drusy cavities can be observed.

Ore minerals are represented by a complex sulfide and sulfosalt
assemblage (Figs. 3a and 4f) represented by widespread Ag-bearing
tetrahedrite, sphalerite, galena, chalcopyrite and pyrite, with subordi-
nated amounts of Se-rich polybasite (Márquez-Zavalía et al., 2008),
miargyrite, pyrargyrite, freieslebenite, native silver, acanthite and
minor arsenopyrite. In most cases, tetrahedrite crystals are typically
replaced by a rim of chalcopyrite and acanthite toward the edges,
suggesting high contents of silver within the tetrahedrite. Finally, two
pyrite generations can be recognized, an early-stage pyrite character-
ized by subhedral and inclusion-free crystals (Fig. 4f) and a late-stage
pyrite formed as a replacement over tetrahedrite, and characterized
by minute inclusions of tetrahedrite, acanthite and/or native silver all
of them showing vermicular textures.

Stage 5 is mostly comprised of gangueminerals, whereas oreminer-
al contents typically range between only 5 and 10 vol.% (Fig. 3a and c).
This stage ismade of amedium-grained intergrowth of sub-rhombic ad-
ularia, subhedral to euhedral quartz and traces of illite (Figs. 3a and 4g),
with a massive texture that may include several clasts of the host rocks
and/or previous stages.

Ganguemineral deposition starts with a high proportion of adularia,
minor quartz and no ore minerals (Fig. 3a and c). Later on in this stage,
the adularia contents decrease whereas the quartz increases alongwith
the contents of sulfides and sulfosalts (Fig. 3a and c). These changesmay
occur both as a progressive increase in the quartz/adularia proportion,
or it can be defined by a relatively sharp change (as the case of
Fig. 3c). Finally, small drusy cavities lined with amethyst can be
observed on the quartz-rich portions of this stage.

Ore minerals are typically late and interstitially developed among
the gangue minerals (Fig. 4g and h). Sulfides and sulfosalts are repre-
sentedmostly bymiargyrite and acanthitewith associated arsenopyrite,
chalcopyrite, and traces of galena and sphalerite (Figs. 3a and 4h).
5.1.3. Episode 3
The third episode (Fig. 3a) is composed of two barren stages charac-

terized by massive adularia (stage 6, Fig. 3d and e) and quartz with
minor adularia (stage 7, Fig. 3e). These stages are typically massive to
brecciated in texture and widespread among all veins, in most cases
building up to the 95 vol.% of the veins, especially stage 6.

Stage 6 is the volumetrically most important stage within the
Martha mine vein system, building up to 95 vol.% of most veins (up to
1.5 m in thickness); it consists of a sulfide-free assemblage of coarse-
grained adularia (up to 1 cm long) with minor amounts of quartz
(Fig. 3a, d and e). Tabular euhedral to subhedral adularia (Fig. 5a,
Dong and Morrison, 1995) represents almost 80 vol.% of this stage and
is best developed as an early-stage mineral phase (Fig. 3a). On the
other hand, quartz and amethyst are typically late within this stage
(Fig. 3a), tending to concentrate toward the center of the structures,
and showing comb, zoned and feathery textures (Fig. 5b, Morrison
et al., 1995). Additionally, large drusy cavities up to 30 cm in diameter
can be recognized in the central portions of this stage with several
centimeter long quartz and amethyst crystals.

Stage 7 consists of a poorly represented network of anastomosing
veinlets (Fig. 3a and e) containing a fine-grained intergrowth of



Fig. 3. a) Paragenetic diagram of ore-gangue minerals at the Martha mine vein system. b) Textures and crosscutting relationships between stages 2, 3 and 4 at Catalina vein (Sample Id:
P.Cata-A; Drill-hole M-512 at 188.5 m; Ag grade: 10,602 ppm). c) Textures and crosscutting relationships among stages 2, 5, 7 and 9 at Belén vein (Sample Id: 11301; Drill-hole M-259 at
174.5m; Ag grade: 12,595 ppm). d) Hand specimen of R4 veinwith crosscutting relationships between stages 6, 8 and 9 (Sample Id: 10689, undergroundworkings at 215 level; Ag grade:
not available). e) Drill-hole sample of Catalina vein showing crosscutting relations between stages 6 and 7 (Sample Id: 10324; Drill-hole M-512 at 188.5 m; Ag grade: 1026 ppm).
f) Detailed view of stage 8 breccias in R4 vein (Sample Id: R4-524; Drill-hole M-524 at 187.2 m; Ag grade: 47,463 ppm), the reddish to purple color of the matrix is due to the presence
high amounts of pyrargirite.
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sacharoidal quartz, rhombic adularia and minor illite (Fig. 5c and d),
with no associated ore minerals.

5.1.4. Episode 4
The fourth and last primary episode (Fig. 3a) is characterized by two

late stages, composed by discontinuous chalcedonic breccias with a
highly variable sulfide content (stage 8, Fig. 3d and f), and a system of
thin sulfide veins that can locally build up to a dense network (stage
9, Fig. 3b–d). This episode has a widespread distribution between
Martha and R4 veins, but is commonly absent among the E–W trending
veins. This final episode, despite its late nature, can become an impor-
tant component of the high grade ore shoots as it strongly contributes
to the grades of the mineralization (Páez et al., 2011).

Stage 8 consists on irregularly-shaped bodies of a massive cohesive
fault breccia (Passchier and Trouw, 2005), with angular to subangular
clasts, surrounded by a fine-grained silicified milled matrix (Figs. 3d, f,



Fig. 4.Ore and ganguemineralogy and textures of mineralizing episode 2 viewed under the polarizingmicroscope. a) Stage 2: coarse-grained pyrite crystals carrying regular and irregular
sulfide and sulfosalt-rich inclusions. Reflected light. b) Stage 2: pyrite-hosted irregular inclusion of galena, acanthite, polybasite and native silver. Reflected light. c) Stage 3: gangue
assemblage of subrhombic adularia, quartz and illite with opaque ore minerals. Transmitted light, crossed polarizers. d) Stage 3: intergrowth of galena, sphalerite and chalcopyrite
with polybasite and native silver. Reflected light. e) Stage 4: mosaic texture of subrhombic adularia, quartz and illite with opaque ore minerals. Transmitted light, crossed polarizers.
f) Stage 4: intergrowth of galena, pyrite, chalcopyrite and sphalerite with tetrahedrite, native silver and miargyrite. The tetrahedrite crystals show an overgrowth of chalcopyrite and
acanthite. Reflected light. g) Stage 5: coarse-grained sub-rhombic adularia and quartz with interstitially developed ore minerals (opaque). Transmitted light, crossed polarizers.
h) Stage 5: intergrowth of miargyrite (with less scratches), acanthite (with more scratches) and minor chalcopyrite and arsenopyrite. Reflected light. Abbreviations: Aca = acanthite,
Adu = adularia, Ag° = native silver, Apy = arsenopyrite, Cpy = chalcopyrite, Gn= galena, Ill = illite, Mia =miargyrite, Pir = pyrargirite, Pol = polybasite, Py = pyrite, Qtz = quartz,
Sph = sphalerite, Tt = tetrahedrite.

552 G.N. Páez et al. / Ore Geology Reviews 72 (2016) 546–561
5e and f). Clasts typically show a large variability in size, ranging in di-
ameter from decimeter down to millimeter scales (Figs. 3d, f and 5e).
In some cases, these breccias transitionally grade into foliated cohesive
cataclasites (Passchier and Trouw, 2005), showing smaller clast sizes
and a higher proportion of matrix material (Fig. 5f). In this case the
foliation is usually enhanced by the presence of sulfides/sulfosalts.

When crosscutting previous mineralizing stages, the breccia bodies
are characterized by the presence of large quantities of clasts from
previous stages andminor host rock clasts, surrounded by a dark to red-
dish coloredmatrix (Fig. 3f), due to the presence of a new generation of
abundant silver sulfosalts. When this occurs, the breccias tend to show
high to very high silver grades, typically well above 1500 ppmAg. How-
ever, when these breccias crosscut only host rocks with no significant
mineralization, clasts are mostly monolithologic in nature, and made
exclusively of the ignimbritic sequence that hosts the mineralization.
When this happens, the matrix is commonly light gray in color and



Fig. 5. Ore and gangue mineralogy and textures of mineralizing episodes 3 and 4 viewed under the polarizing microscope. a) Stage 6: coarse-grained tabular adularia with crosscutting
stage 7 veinlets. Transmitted light, crossed polarizers. b) Stage 6: coarse-grained plumose quartz and tabular adularia. Transmitted light, crossed polarizers. c) Stage 7: mosaic texture
made of quartz and rhombic adularia. Transmitted light, crossed polarizers. d) Stage 7: Stage 6 tabular adularia cut by a stage 7 veinlet made of quartz and rhombic adularia. Transmitted
light, crossed polarizers. e) Stage 8:massive fault brecciawith E2 and host rock clasts in amilledmatrix. Transmitted light, parallel polarizers. f) Stage 8: foliated cataclasitewith quartz and
sulfide clasts in a milled foliatedmatrix. Opaque minerals (sulfides) tend to enhance the foliation by alignment of grains. Transmitted light, parallel polarizers. g) Stage 8: pyrargirite and
miargyrite filling cavities within the breccias. Reflected light. g) Stage 9: veinlet infill consisting of pyrargyrite, miargyrite tetrahedrite and native silver. Abbreviations as in Fig. 4.
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exhibits very low silver grades (normally barren); however, silver
grades progressively increaseswhen the breccias approach themineral-
ized zones of the vein trend (Páez et al., 2011).

In this stage, previous mineralizing stages are present as fractured
sulfide and sulfosalt-rich clasts, commonly with evidences of cataclasis.
Newly formed sulfides (mostly arsenopyrite, pyrite, sphalerite, chalco-
pyrite and galena, Fig. 3a) are generally developed as overgrowths or
healing fractures over previous sulfides. Moreover, high grade areas
are dominated by the widespread development of newly formed silver
and copper bearing sulfosalts (Figs. 3a and 5g), mostly pyrargyrite,
miargyrite and Ag-bearing tetrahedrite, infilling small irregular cavities
within the breccia matrix (Fig. 5g). Gangue minerals are mostly absent,
with the exception of minor chalcedony on the breccia matrix.

Stage 9 consists of a discontinuous network of thin veinlets, up to
2 mm thick, containing of silver and copper sulfosalts (Fig. 3a, c and
d). This stage is closely associated with stage 8 breccias, and therefore
is unlikely to be found when stage 8 is absent. Gangue minerals are
absent within this stage (Fig. 3a), and ore minerals are characterized by
an irregular intergrowth of silver and copper sulfosalts (Figs. 3a and
5h), mostly pyrargyrite and miargyrite, with associated Ag-bearing
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tetrahedrite, native silver andminor amounts of bournonite and arseno-
pyrite. Additionally, pyrargyrite and miargyrite may be also present as a
myrmekitic intergrowth, and native silver may be present as minute
inclusions within miargyrite crystals, especially toward the crystal
borders (Fig. 5h).

6. Supergene ore modifications

Studies of the vein mineralogy, textures and geochemistry demon-
strate that the shallowest portions of the Martha vein system have
been affected by oxidation and secondary enrichment, as noted by
Páez (2012).

Themetal ratio (Ag/Au) vs. depth profile shows a shallow 20m thick
oxidation zone (Fig. 6a) dominated by amaximumAg/Au value of about
2000:1 (with ameanvalue of 800:1); this shallowportion of the deposit
is also characterized by higher Pb contents along with lower Cu and Zn
grades, with respect to the primary zone. The ore mineral association of
the oxidized zone is characterized by native silver, limonites, jarosite,
plumbojarosite [PbFe6(SO4)4(OH)12], chlorargyrite–embolite
[Ag(Br,Cl)], boleite [KPb26Ag9Cu24Cl62(OH)48], cerussite, malachite and
azurite. This assemblage is recognized usually as thin veinlets and/or
as cavity infill within the vein (Fig. 6b).

Below the oxidized zone, a 20–30 m thick enrichment zone can be
recognized by a sharp increase in the maximum value of the Ag/Au
ratio (up to 20,000:1, Fig. 6a); this change is followed by an increase
in Cu and Zn grades, and a progressive reduction in Pb contents. This
zone is typically dominated by acanthite (Ag2S), pyrargyrite, native sil-
ver, chalcocite, digenite, covellite, and minor bornite and spionkopite
[Cu1,4S]. Theseminerals can be identified partially replacing the primary
sulfides (Fig. 6c), forming thin veinlets, or also as small cavity infill.

Downwards, the enrichment zone grades into the primary mineral
association (Fig. 3a). This transition is defined by a progressive reduc-
tion in the Ag/Au ratio (Fig. 6a) to values as high as 4500:1 (with a
mean of 1000:1), Cu and Zn values are also lower but remaining higher
than in the oxidized zone; finally, Pb values reach the lowest values in
the profile.
Fig. 6. a) Ag/Au versus depth profile showing the vertical extent of the oxidation, enrichment a
were plotted (n=9245). b) Secondary copper and silverminerals found as veinlets in the oxida
the enrichment zone.
7. Hydrothermal alteration

The extent and intensity of the alteration halo is closely related to
the proximity and to the magnitude of the mineralized structures,
however strongly altered rock rarely extends more than 15 m from
the vein walls (Fig. 7a). Five alteration zones were defined: (1) adularia
zone, (2) illite zone, (3) illite + smectite zone, (4) smectite zone, and
(5) a late and overprinting kaolinite zone.

Unaltered samples of the crystal-rich rhyolitic ignimbrite (Páez et al.,
2010) exhibit a high proportion of quartz, sanidine, plagioclase, biotite
and amphibole crystal fragments surrounded by an ash-sized matrix
made of deformed glass-shards. Fiamme structures up to several centi-
meters long arewidespread in the rock, defining a eutaxitic texturewith
associated spherulitic textures developed inside the fiamme structures.

Petrography and standard X-ray diffraction treatment methods
were used for clay mineral identification in 88 surface and drill-hole
samples. Additionally, selected samples were studied with a JEOL JSM-
6400 scanning electron microscope with a EDS detector coupled
(Inca-xSight, Oxford Instruments) (SEM/EDS), at the ZaragozaUniversity,
Spain.
7.1. Adularia zone (adularia + albite + quartz + illite + pyrite)

This alteration zone is pale-gray in color and is characterized by its
pervasive silicification. Primary pyroclastic textures are completely
obliterated; quartz crystals are the only surviving primary mineral
phase, but exhibit overgrowth textures; alkali feldspar, plagioclase and
mafic minerals are completely replaced by an aggregate of quartz and
adularia. The ignimbrite matrix is completely replaced by a polygonal
mosaic of adularia, secondary quartz, illite, and variable amounts of al-
bite (Fig. 7b). Pyrite is common as disseminations and is typically
coarse-grained (usually between 5 and 7 vol.%). This alteration zone
can be found only in the proximity of the ore shoots (Páez, 2012), and
is commonly absent along low-grade and barren areas of the vein
system.
nd primary ore zones of the Martha mine vein system. All available drill hole vein-assays
tion zone. c) Secondary acanthite and chalcocite partially replacing chalcopyrite crystals in



Fig. 7. a) Schematic cross section (not of scale) summarizing the distribution and abundance of alteration minerals around the veins at the Martha Mine. b) Adularia zone: ignimbrite
matrix completely replaced by a polygonal mosaic of adularia, secondary quartz and illite. Kaolinite alteration can be recognized in the adularia crystal as an overprint. c) Illite zone:
biotite crystal fragments and fiamme structures replaced by illite crystals, and alkali feldspar completely replaced by quartz and adularia. The ignimbrite matrix is completely replaced
by fine-grained quartz and illite crystals. d) Smectite zone: biotite crystaloclast completely replaced by chlorite and smectite, smectite is also present in the ignimbrite matrix. On this par-
ticular sample a kaolinite overprinting can be recognized in the alkali feldspar crystals. e) Kaolinite zone: scanning electron microscope image showing plumbogummite and kaolinite
crystals replacing part of the pyroclastic matrix ignimbrite. Abbreviations: Adu= adularia, Chlo= chlorite, Ill = illite, Kao= kaolinite, Kfs = alkali feldspar, PbGum= plumbogummite,
Py = pyrite, Qtz = quartz, Sm= smectite, Zir = zircon.
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7.2. Illite zone (illite + quartz + adularia ± albite ± chlorite ± pyrite)

This pale-gray to light-green alteration zone is characterized by
weakly to moderately silicified rocks. Primary textures are commonly
obliterated; however, further away from the vein walls some fiamme
structures can still be identified on the rocks. Most crystal fragments
are completely replaced (Fig. 7c), with the exception of quartz, which
only shows minor overgrowths closer to the vein walls. Alkali feldspars
are replaced by quartz+adularia or adularia+ illite aggregates,where-
as plagioclase crystals are commonly replaced by adularia + illite ±
albite. Biotite is completely replaced by illite + adularia + opaque
minerals ± chlorite. Ignimbrite matrix is always completely replaced
by an aggregate of illite, secondary quartz and adularia; both the illite
crystallinity and the content of quartz + adularia increase toward the
vein walls. This alteration zone can be found right next to the adularia
zone, or next to the vein walls around low grade or barren areas of the
deposit.

7.3. Illite+ smectite zone (illite+ smectite±adularia± chlorite±pyrite)

The illite zone grades laterally to less altered rocks with greenish
colors. Silicification is commonly weak, and primary pyroclastic tex-
tures can be identified in some cases, especially in the outer regions of
this alteration zone. Original feldspar and plagioclase crystals show
partial alteration to an illite ± adularia association. Glass shards in the
matrix and fiammes are replaced by illite + smectite, were the two
clay minerals coexist without forming any interlayered structure.
Secondary quartz, adularia and pyrite are commonly subordinated,
and can be absent. Illite content decreases as smectite increases away
from the vein walls.

7.4. Smectite zone (smectite ± chlorite ± pyrite)

This is the outer expression of the alteration halo, where primary
textures are usually preserved. Most crystal fragments are largely unal-
tered; however, in some cases mafic minerals (mostly biotite) may be
partially replaced by chlorite ± smectite ± opaque minerals (Fig. 7d).
Glass shards in the matrix and most fiamme structures are altered to
smectite. The intensity of this alterations decreases with increasing
distance from the vein and is transitional to unaltered rocks.

7.5. Kaolinite zone (kaolinite + plumbogummite + jarosite)

This is a late and overprinting supergene alteration assemblage
developed near the surface in close association with the mineralized
structures. Hydrothermal adularia and alkali feldspars crystals are
partially replaced by an fine-grained aggregate of low crystallinity
kaolinite + plumbogummite (a lead-rich alunite group mineral
[PbAl3(PO4)2(OH)5·H2O], Fig. 7e; Scott, 1990; Tzvetanova, 2003).
Mafic minerals (mostly biotite) and hydrothermal pyrite are partially
replaced by jarosite. Finally, the glass in the matrix and fiammes is
replaced with a fine-grained aggregate of low crystallinity kaolinite +
plumbogummite ± jarosite.
Table 1
Summary information for samples used for fluid inclusion studies.

Sample ID Vein Sample type Location Mineralizing stage Analyz

P.Cata-A Catalina DDH sample M-512 (188.5 m) S3 Quartz
10688 R4 Hand specimen Level 205 S4 Quartz
11321 Belén DDH sample M-360 (161.3 m) S4 Quartz
P.Cata-B Catalina DDH sample M-512 (188.5 m) S4 Quartz
10689 R4 Hand specimen Level 215 S5 Quartz
11301 Belén DDH sample M-259 (174.5 m) S5 Quartz
11301 B Belén DDH sample M-259 (174.5 m) S5 Quartz
11324 Catalina DDH sample M-151 (51.5 m) S6 Quartz
MM-9 Martha Hand specimen Level 290 S9 Pyrarg
8. Fluid inclusion and stable isotopes

8.1. Fluid inclusion studies

Fluid inclusion studies where focused on primary inclusions
(Shepherd et al., 1985; Bodnar et al., 1985; Wilkinson, 2001) found
within quartz crystals from stages 3, 4, 5 and 6 mineralizing stages.
Additionally, fluid inclusions analyzed by Rios et al. (2006) in pyrargyrite
crystals, using NIR-SWIR light were also considered for stage 9.

Fluid inclusion studies were carried out at the Laboratorio de
Inclusiones Fluidas y Metalogenesis (LIFM) of the Centro de
Desenvolvimento da Tecnologia Nuclear (CDTN), Belo Horizonte,
Brazil. Microscopy and microthermometric characterization of fluid in-
clusions were done using a Linkam FTIR-600 heating–freezing system
stage attached to a modified Leica DMR-XP microscope (Rios et al.,
2006). All determinations were photographed and recorded in video
using a QICAM imaging system connected to a computer using Linkam
Linksys 32 software. Primary fluid inclusions were selected and studied
on the basis of their occurrence in growth zones and their morphology.
Salinity values were calculated from the Tm(ice) values using themethod
of Bodnar and Vityk (1994).

All analyzed samples contain two-phase (L + V) liquid-rich regu-
lar to ovoidal fluid inclusions, with filling (L:V) values between 75
and 90%, and size ranging from 4 μm to 30 μm. Obtained homogeni-
zation temperatures (Th) range from 215.5 °C to 316.5 °C, and salin-
ities from 0.5 to 3.5 wt.% NaCl eq., with the results summarized for
each sample and mineralizing stage in Table 1 and in Fig. 8a. No
clathrate formation was observed during these studies, suggesting
a low CO2 content, probably below 3.7 wt.% CO2 (Hedenquist and
Henley, 1985a).

When comparing the mean values of Th and salinity from each
mineralizing stage (Fig. 8a), two distinctive groups of fluid inclusions
can be defined. The first group corresponds to a low salinity and high
temperature cluster that includes stages 3, 4, 5 and 6; whereas the sec-
ondone is a high salinity and low temperature group comprising stage 9
fluid inclusions. Moreover, Th values decrease progressively within the
first group (Fig. 8a), ranging from mean homogenization temperatures
of 289.8 °C (stage 3) to 254.9 °C (stage 6).
8.2. Oxygen stable isotope study

Representative samples of quartz and adularia from severalmineral-
izing stages (stages 1, 4, 5, 6 and 7) were selected for stable isotope
determinations, which were performed at the Laboratorio de Isótopos
Estables, of the Salamanca University, Spain (Table 2). Extracted gases
were analyzed in a VG Isotech Micromass SIRA-II spectrometer,
equipped with a cryogenic dispositive (cold finger). The measured iso-
topic ratios were reported in the conventional δ notation (‰). Oxygen
extractions were performed by conventional methods (Clayton and
Mayeda, 1963). The isotope ratios are given relative to the Standard
Mean Ocean Water (SMOW) standard, with an analytical error of
±0.8‰ for δ18O.
ed mineral Salinity range (wt.% NaCl) Th range (°C) Number of measurements

0.53–1.74 270.3–307.5 8
3.36–3.55 280.8–304.6 4
2.24–2.41 266.8–277.6 2
1.22–2.74 255.5–280.1 4
1.05–1.91 259.2–314.5 3
1.4–1.91 239.5–316.5 4
1.4–1.91 231.8–284.4 5

1.05–1.57 215.5–291.3 5
irite 7.59–10.11 138–168 21 (Rios et al., 2006)



Fig. 8. a) Plot of homogenization temperature (Th) versus salinity for fluids inclusions of
Martha mine paragenetic stages 3, 4, 5, 6 and 9. b) Stable isotope (δD versus δ18O) plot
showing the isotopic ratios of Jurassic meteoric waters for the Deseado Massif (Cravero
et al., 1991), volcanic vapors, felsic magmas and porphyry ores (Hedenquist and
Lowenstern, 1994; Taylor, 1986; Giggenbach, 1992), compared to δ18O histograms of
isotopic values ofMarthamine (this work) and other DeseadoMassif epithermal deposits
(Schalamuk et al., 1997; Guido, 2002; Moreira, 2005; Permuy Vidal, 2014). c) Stable
isotope (δ18O) values versus paragenetic stages, Jurassic meteoric waters for the Deseado
Massif (Cravero et al., 1991) are shown for reference.
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Obtained δ18OH2O values range between−8.1‰ and−2.7‰ (Table 2
and Fig. 8b and c), and were recalculated from isotopic measurements
following the fractionation equations of Zheng (1993), using the mean
temperature of the fluid inclusion study (285 °C).
9. Geochronology

Sanidine (crystal-rich rhyolitic ignimbrite) and adularia (stage 6,
Catalina Vein) step-heating 40Ar–39Ar gas release determinations were
conducted at the National Geological Survey of Chile (SERNAGEOMIN)
to constrain the timing of the hydrothermal activity and its temporal
relation to their host rocks. Neutron-irradiation was performed at the
nuclear reactor of the National Commission of Nuclear Energy,
Chile (CChEN). For isotopic determination, samples were fused using a
CO2-laser system operating at a nominal output power of 30 W, and
then analyzed in a MAP 215-50 mass spectrometer. Analytical condi-
tions of the Ar–Ar system are described in more detail in Pérez de
Arce et al. (2000, 2003).

Sanidine crystal fragments from the crystal-rich rhyolitic ignimbrite
(sample 6627) yielded a plateau age of 157.6 Ma ± 1 Ma (Fig. 9a);
this is a surface sample collected about 3 km to the west of the mine
operations area, in order to avoid potential hydrothermal alteration of
the mineralization host rocks.

Geochronologicalmeasurements on coarse-grained adularia crystals
from stage 6 (sample 11329) yielded an age of 156.5± 0.9Ma (Fig. 9b);
this sample was collected from the underground workings of the
Catalina Vein at the 170 level.

10. Discussion

Based on the paragenetic sequence, ore and gangue mineralogy,
fluid inclusion data and stable isotopes information, the Martha mine
vein system can be classified as an intermediate sulfidation epithermal
deposit, with similar characteristics to those described by Hedenquist
et al. (2000), Sillitoe and Hedenquist (2003) and Simmons et al.
(2005) in several localities around the world, and also by Guido and
Schalamuk (2003), Echavarría et al. (2005) and Fernández et al.
(2008) in other areas of the Deseado Massif and Patagonia.

The complex paragenetic sequence of Ag–As–Sb sulfosalts and
Cu–Pb–Zn sulfides, with the associated adularia-quartz-illite gangue
(Fig. 3), can be simplified into three main evolutionary phases: a main
hydrothermal phase, a late tectonic–hydrothermal phase and a post-
mineral supergene phase.

10.1. Main hydrothermal phase

The main hydrothermal phase was developed as the infill of a series
of vein structures with brecciated, massive, and minor crustiform to
colloform textures (Figs. 3–5). The similarity and continuity of the hy-
drothermal infill on all the vein trends, and the absence of cross cutting
relationships between them, suggests that all veins were formed during
the evolution of the same hydrothermal system, as was previously pro-
posed by Páez et al. (2011).

The paragenetic sequence of this phase is characterized by signifi-
cant variations in the ore and gangue minerals contents (Fig. 3). As a
general rule, base metal-bearing sulfides are better represented at
early mineralizing stages (stages 2, 3 and 4), with their relative
abundance progressively decreasing toward stage 4 (Fig. 3). On the
other hand, silver-bearing sulfosalts increase in abundance from stage
2 to stage 4, and subsequently decrease in abundance from stage 4 to
stage 5 (Fig. 3). Finally, these changes in oremineralogy are also follow-
ed by an overall increase in abundance of adularia and quartz from stage
3 to stage 7 (Fig. 3). Mentioned changes in the mineralogy of the veins
reflect an increase in the Ag/(Cu + Pb + Zn) ratio during the evolution
of the vein system, occurring simultaneously with an overall decrease
in the metal contents, as reflected by the overall decrease in the ore-
bearing minerals in relation to the gangue minerals occurring from
stage 2 to stage 7 (Fig. 3).

The hydrothermal alteration is zoned outward from the vein system,
from the intense altered adularia zone, through the illite and illite-
smectite zones, to the slightly altered smectite zone (Fig. 7a). The clay



Table 2
Summary information for samples used for oxygen isotope analyses.

Sample ID Vein Sample type Location Mineralizing stage Mineral δ18Omin (‰) δ18OH2O (‰)

10657 R4 DDH sample M-11 (77.1 m) S1 Quartz 4.8 −2.75
10666 R4 DDH sample M-472 (146.3 m) S4 Adularia −1.5 −6.14
P.Cata-B Catalina DDH sample M-512 (188.5 m) S4 Adularia −0.1 −4.74
10666 R4 DDH sample M-472 (146.3 m) S4 Quartz −0.1 −7.65
11331 Catalina Hand specimen Level 170 S4 Quartz 2.6 −4.95
P.Cata-B Catalina DDH sample M-512 (188.5 m) S4 Quartz 0.9 −6.65
11301 Belén DDH sample M-259 (174.5 m) S5 Adularia −1 −5.64
11301 Belén DDH sample M-259 (174.5 m) S5 Quartz 0.3 −7.25
11311 Francisca DDH sample M-515 (65 m) S5 Quartz 0.4 −7.15
11335 Catalina Hand specimen Level 200 S5 Quartz 0.2 −7.35
11317 Francisca DDH sample M-112 (79.4 m) S6 Adularia −2.4 −7.04
11317 Francisca DDH sample M-112 (79.4 m) S6 Adularia −2.5 −7.14
11329 Catalina Hand specimen Level 170 S6 Adularia −2.5 −7.14
11302-A Belén DDH sample M-223 (162 m) S6 Adularia −3.5 −8.14
11317 Francisca DDH sample M-112 (79.4 m) S6 Quartz −0.1 −7.65
11302-A Belén DDH sample M-223 (162 m) S6 Quartz 3 −4.55
11302-A Belén DDH sample M-223 (162 m) S6 Quartz 0.3 −7.25
11302-B Belén DDH sample M-223 (162 m) S7 Quartz 0.1 −7.45
11329-B Catalina Hand specimen Level 170 S7 Quartz 0.4 −7.15
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paragenesis of the alteration is in agreementwithmeasured homogeni-
zation temperatures from stages 3 to 6 (Figs. 8a), suggesting tempera-
tures higher than 220–250 °C close to the vein walls grading into
temperatures below 150 °C away from the mineralized structures
(Reyes, 1990; Simmons and Browne, 2000). The alteration mineral
assemblage of quartz, adularia, albite, illite, smectite, chlorite and pyrite,
indicate precipitation from a near-neutral to weakly alkaline chloride
aqueous fluid, similar to those found in the main upwelling waters at
active geothermal fields (Reyes, 1990; Simmons and Browne, 2000;
Simmons et al., 2005). The overall CO2 content of these chloride waters
is interpreted to be low, as can be indirectly constrained from the ab-
sence of calcite in the alteration assemblage (Hedenquist and Browne,
1989; Simmons and Browne, 2000; Simpson and Mauk, 2007), and
also due to the lack of clathrate formation during the fluid inclusion
studies (Hedenquist and Henley, 1985a).

Fluid inclusion data also shows that hydrothermal fluids were low
salinity chloride aqueous solutions (0.5 to 3.5 wt.% NaCl eq.) that
evolved following a progressive cooling pattern from about 290 °C in
stage 3, to around 255 °C in stage 6 (Figs. 8a), including a slight salinity
peak associated to stage 4 (with mean salinity = 2.25 wt.% NaCl).

Obtained δ18OH2O values show a strong correlation between the
isotopic values of Jurassic meteoric waters in the Deseado Massif,
determined by Cravero et al. (1991), and the obtained δ18OH2O values
of Martha mine veins (Fig. 8b), implying a high proportion of meteoric
waters at the hydrothermal fluids responsible of the ore deposition of
stages 1, 4, 5, 6 and 7. However, a small magmatic component can be
interpreted as some of the δ18OH2O values are higher than the reference
isotopic values determined for the Jurassic meteoric waters (Cravero
Fig. 9. Laser 40Ar–39Ar age determinations for the Martha mine veins and host rocks. a) Sanid
outcrop sample). b) Adularia crystals from stage 6 at Catalina vein (Sample Id: 11329, undergr
et al., 1991; Hedenquist and Lowenstern, 1994; Taylor, 1986;
Giggenbach, 1992), especially considering isotopic values of stages 1
and 4 (Fig. 8c).

Finally, geochronological measurements on coarse-grained adularia
crystals from stage 6 yielded an age of 156.5 ± 0.9 Ma (Fig. 9b), con-
strain the hydrothermal activity into Upper Jurassic (Kimmeridgian)
times (Cohen et al., 2013). This age is comparable to similar values
determined for the volcanic activity of the Primero de Abril Caldera
(156.9 ± 0.7 Ma; Ruiz, 2012), suggesting a possible relationship
between the Martha mine hydrothermal system and the waning stages
of the caldera volcanism (late to post-caldera stage)whose approximate
edge is located 1–3 km to the north of the vein system (Páez et al.,
2010). The obtained sanidine age for the crystal-rich rhyolitic ignim-
brite (157.6 Ma ± 1 Ma, Fig. 9a) shows this unit as clearly pre-mineral
in nature, and also as a pre-caldera volcanic deposit in the model of
Ruiz (2012). Both obtained ages are in agreement with other regional
Ar–Ar and U–Pb geochronological studies performed by Féraud et al.
(1999), Echeveste (2005),Wallier (2009) andRuiz (2012) on the south-
western portion of the Deseado Massif.

10.2. Ore deposition mechanisms during the main hydrothermal phase

Boiling, mixing and/or cooling of the hydrothermal solutions are
considered the main mechanisms controlling ore deposition in shallow
epithermal environments (e.g., Hedenquist et al., 2000; Simmons et al.,
2005; Leach and Corbett, 2008). Among these three, most researchers
recognize boiling as themain process affecting the pH, fluid composition
and mineral solubility in the hydrothermal solutions, and therefore
ine crystal fragments from the crystal-rich rhyolitic ignimbrite (Sample Id: 6627, surface
ound workings at 170 level).
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controlling ore deposition (e.g., Skinner, 1997; Simmons et al., 2005;
Canet et al., 2011; Moncada et al., 2012). Boiling is also the most cited
ore-controlling process in the low- to intermediate-sulfidation
epithermal veins from the Deseado Massif (e.g., Cerro Vanguardia
Mine, Manantial Espejo Mine, Cerro Negro Project, La Josefina Project;
see Schalamuk et al., 2005; Echavarría et al., 2005; Wallier, 2009;
Permuy Vidal, 2014; Moreira and Fernández, 2014).

Mineralogical and fluid inclusion evidence of a boiling system
includes ore-bearing colloform-banded textures with amorphous silica,
platy calcite (commonly later replaced by quartz), adularia, and
coexisting liquid-rich and vapor-rich fluid inclusions, among others
(Hedenquist et al., 2000; Simmons et al., 2005; Leach and Corbett,
2008). Except for the presence of widespread adularia across most of
the paragenetic scheme (stages 3 to 7, Fig. 3), veins at the Martha
mine lacks most of these features, suggesting non-boiling conditions
for mineral deposition during the main hydrothermal phase. Relatively
constant fluid inclusion liquid-to-vapor ratios were observed among
samples from different mine levels, and across all stages of mineraliza-
tion (L:V variations below 15%), which also is one line of evidence for
a non-boiling system. Additionally, the absence of more indirect
evidence of boiling, such as hydrothermal eruption breccias, and/or
extensive steam-heated alteration zones capping the epithermal veins,
also points for a non-boiling system (Hedenquist and Henley, 1985b;
Hedenquist et al., 2000).

Considering the progressive cooling pattern evidenced by fluid
inclusions from stages 3 to 6 (Fig. 8a), and the overall decrease in
δ18OH2O values from stages 1 to 7 (Fig. 8c), cooling of the hydrothermal
solutions along with dilution by “fresh” deep-circulating non-saline
(i.e., meteoric) waters, fits with the results of the analyses and observa-
tions. Dilution by a cooler meteoric component is also consistent with
the overall decrease in ore-bearing mineral contents with increasing
time (Fig. 3), as more diluted solutions would have been responsible
for mineral deposition of each successive mineralizing stage.

Cooling and dilution involving different types of meteoric-dominant
waters (e.g., deep-circulating ground waters, shallow oxygenated
ground waters, bicarbonate waters and low pH acid sulfate waters;
see Leach and Corbett, 2008) have been reported as an important ore-
controlling process in epithermal deposits such as Veta Madre
(Mexico, Mango et al., 2014), Buckskin Mountain (USA, Vikre, 2007),
Creede district (USA, Plumlee, 1994), Tayoltita (Mexico, Conrad et al.,
1992), and several other low-sulfidation epithermal deposits around
the world (Hedenquist and Lowenstern, 1994; Hedenquist et al., 2000;
Simmons et al., 2005; Leach andCorbett, 2008), however this represents
the first mention of these processes for any epithermal deposit at the
Deseado Massif.

10.3. Late tectonic–hydrothermal phase

After the main hydrothermal event, irregularly-shaped bodies of
massive fault breccias and foliated cataclasites (Passchier and Trouw,
2005) developed in response to the tectonic reactivation of the
Martha–R4 vein trend, defining a late-stage tectonic–hydrothermal
phase for the evolution of the Martha mine vein system (Stage 8,
Fig. 3). These cemented breccias are the result of the deposition of min-
erals from circulating fluids in synchronism with the deformation
(Passchier and Trouw, 2005); in the case ofMarthamine thoseminerals
are mostly silica-group minerals, especially chalcedony (Fig. 3).

As these breccia bodies cross cut the previously deposited minerali-
zation (Figs. 3 and 5), the presence of circulating fluids resulted in the
mechanical and chemical remobilization of the silver-rich sulfosalts
(e.g., Gilligan and Marshall, 1987; Marshall and Gilligan, 1987; Hobbs,
1987; Gu et al., 2007). Mechanical remobilization (Marshall and
Gilligan, 1987) occurred along with fragile deformation, and is
evidenced by the presence of cataclastically deformed angular-shaped
sulfide clasts within the breccias and cataclasites, and also by the pres-
ence of mechanically concentrated sulfide grains within the foliation
planes of the cataclasites. Chemical remobilization occurs through dis-
solution and re-precipitation of previously deposited ore-minerals in re-
sponse of fluid circulation in close relationship with the deformation
(Marshall and Gilligan, 1987). At Martha Mine, this is evidenced by
the spatial association observed between the high-grade stage 8 brec-
cias and the high-grade hydrothermal mineralization (stages 2 to 6),
and by the association of barren stage 8 breccias to the barren mineral-
izing stages (stages 6 and 7) or the host-rock. Additional evidence
supporting this idea is the presence of a new generation of sulfides,
especially pyrite and chalcopyrite, overgrowing and healing fractures
over cataclastically deformed sulfides in stage 8 breccias. Finally, these
ideas are also supported by the depositional textures of some of the
stage 8 and stage 9 sulfosalts, developed as cavity infill in stage 8 or
small veinlets in stage 9 (Fig. 5), which suggest their precipitation
from hydrothermal solutions.

Based on the fluid inclusionsmeasured in stage 9, the fluids circulat-
ing in synchronismwith the deformation are interpreted to be aqueous
solutions of lower temperatures and higher salinities than those of the
main hydrothermal phase (Figs. 8a). Measured homogenization tem-
peratures show amean temperature of 152.9 °C, which seem to contin-
ue the overall cooling pattern identified in the main hydrothermal
phase (Figs. 8a). In contrast, salinities measured show significantly
higher values during this phase, ranging between 7.7 and 9.9 wt.%.
NaCl eq. (Figs. 8a). These higher salinities are difficult to interpret
based on the available data, however it possible to speculate on a
small magmatic input occurring along with deformation, as there is no
pre-Jurassic marine or evaporitic rocks that can be the source of these
high salinity fluids in the Deseado Massif.

Constraining the age of these processes is complicated as there are
no datable mineral phases to analyze. However, Páez et al. (2011)
identified a series of post-mineral fault systems that crosscut and dis-
place both the hydrothermal veins and tectonic–hydrothermal breccias,
and interpreted them to be post-Kimmeridgian to pre-Aptian in age
(i.e., between 152 and 113 Ma). This age constraint supports the
interpreted continuation of the overall cooling pattern identified in
the main hydrothermal phase, and allows speculating that the tecton-
ic–hydrothermal phasewas developed during tectonic reactivations oc-
curring in the waning stages of the main hydrothermal system, and
therefore they are also Late Jurassic in age.

10.4. Post-mineral supergene phase

The shallow portions of the vein system are characterized by a series
of post-mineral vertical changes in both geochemistry and mineralogy,
allowing the definition of a 40–50 m thick zone with evidences for
dissolution and re-precipitation of silver and copper minerals due to
the extensive weathering of the mineralized bodies (Fig. 6a).

The presence of Fe and Pb sulfates, Cu and Pb carbonates and Ag, Cu
and Pb chlorides in the upper portions of the mineralized structures
(Fig. 6b), along with jarosite, kaolinite and alunite group minerals
(plumbogummite) in the host rocks (Fig. 7a), suggests that acidic and
oxidizing conditions prevailed in the upper 20 m of the deposit due to
the destruction of the ore-sulfides by the circulation of descending
cold (b40 °C) meteoric waters, dissolving and mobilizing Ag and Cu
from their hosting minerals (Scott, 1990; Sillitoe and McKee, 1996;
Hartley and Rice, 2005). Below this supergene zone, the presence of
Cu and Ag sulfides and sulfosalts with replacement textures over prima-
ry ore minerals (Fig. 6c), indicate the presence of a 20–30 m thick sec-
ondary enriched zone developed where reduced conditions prevailed,
leading to the precipitation of the previously mobilized metals from
the descending meteoric waters (Scott, 1990; Sillitoe and McKee,
1996; Greffié et al., 2002; Hartley and Rice, 2005).

These changes are the youngest evidence of a post-mineral modifica-
tion occurring to the Martha mine vein system, and its close association
to the current topography suggests a Pleistocene to Holocene age for
these mineralogical changes.
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11. Conclusions

Martha mine is an intermediate sulfidation epithermal system
characterized by a strong structural control on its grade distribution.
Within single veins (Fig. 2b), mineralization is represented as broad
areas defining gently plunging first order ore-shoots resulting from
the combination of several high grade second order ore-shoots, which
can be individually associated with dilatational jogs and step-overs
(Páez et al., 2011). Within this structural environment, mineralization
evolved through three main phases, which can be defined based on
the processes operating during its formation: a main hydrothermal
phase, a late tectonic–hydrothermal phase and a post-mineral super-
gene phase.

The main hydrothermal phase was the result of mineral deposition
due to cooling and dilution of low salinity hydrothermal solutions
with isotopic compositions resembling high proportions of meteoric
waters. These physicochemical conditions combined with an efficient
network of structural conduits (vein intersections, jogs and step-over
zones), provided the necessary conditions for the construction of the
high grade second order ore-shoots that characterize the Martha mine
epithermal vein system, which are the result of the focusing and con-
centration of the ascending hydrothermal solutions. The overlapping
of these small-sized ore-shoots led to the development of the first
order ore-shoots.

Afterwards, the late tectonic–hydrothermal phase occurred
through the development of irregularly-shaped bodies of fault brec-
cias and cataclasites related to tectonic reactivations of the Martha–
R4 vein trend during the waning stages of the hydrothermal system.
The interplay between deformation and fluid circulation resulted in
mechanical and chemical remobilization of the previously deposited
silver-rich sulfosalts. This late tectonic–hydrothermal phase strongly
contributes to increase the grades along the Martha–R4 vein trend,
and therefore is considered an essential process in order to build
the highest-grade portions of the ore-shoots developed along the
Martha–R4 vein trend.

Finally, the post-mineral supergene phase was responsible for the
generation of a 40-50 m thick zone with evidence of weathering of
the mineralized bodies in response to the circulation of descending
cold (b40 °C) meteoric waters. These changes defined a 20 m thick
oxidized zone close to the surface, followed by a 20–30 m thick sec-
ondary enrichment zone below it. Despite its small size and vertical
extension, the secondary enrichment level at Martha mine consti-
tutes an important economic factor for the mining operations as it
helped to increase the silver grades in the shallower portion of the
vein system.

Marthamine constitutes an exceptional example of the interplay of a
series of hydrothermal (mostly physicochemical), structural and super-
gene processes in order to form high grade “bonanza” ore-shoots in the
epithermal environment, and show that relatively small deposits can
show very high grades if the required conditions occurred during the
circulation of the hydrothermal solutions.
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