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A B S T R A C T   

This work describes the structural and lithological controls that affect the distribution, orientation, and pre-
cipitation mechanism of mineralization in the Martinetas district, from the structural context and the analysis of 
the role played by the geological units that host the mineralization. Martinetas is a low sulfidation epithermal 
gold and silver mining district located in the northeastern sector of the Deseado Massif, Argentina. The district is 
characterized by numerous quartz veins, sheeted veinlets and breccias, developed in pyroclastic and volcanic 
rocks of the Bahia Laura Volcanic Complex. 

The analysis of fractures, faults and host rocks of the vein systems show that the main factors controlling the 
formation and distribution of the mineralization are the lithology, deformation style and fault kinematics. Their 
interplay led to positive feedback between the evolution of plane aperture through time, strain localization and 
the resulting mineralization. Vein orientations are indicative of a NE-SW extensional stress field at the time of 
hydrothermal fluid ascend, which favored fluid input and pervasive flow within the active fractures and the 
matrix of the geological units. Subsequently, cyclic channelized fluid flow during repeated fluid input caused 
extensive veining and numerous filling events. A link between hydrothermal organic matter and the presence of 
gold in the vein system has been recorded. 

Knowledge of the structural and lithological controls that set the structure and the distribution of higher 
grades ore shoots of the mineralization in the Martinetas district constitutes information of high value as an 
exploratory tool for the region.   

1. Introduction 

The transport of fluids from metals sources to the sites where the ore 
is deposited responds to pressure gradients of these fluids, buoyancy 
effects and the permeability of the host rock (Cox et al., 2001). High 
permeability and high-pressure gradients lead to high flow gradient, 
resulting in significant heat, fluid, and metal transport, favorable for the 
formation of epithermal deposits (Ingebritsen and Appold, 2012). 
Magmatic-hydrothermal fluids heated at depth, commonly due to the 
emplacement and crystallization of magmas, ascend to the depositional 

sectors in the form of plumes due to their low density, following high 
permeability planes, generally represented by faults. 

The three-dimensional distribution of faults and fractures is pri-
marily controlled by fluid gradient and stress field but may also be 
influenced by pre-existing mechanical anisotropies and rheological 
characteristics of the host rocks (Cox et al., 2001). Faults act as channels 
for fluid movement and portions with greater openness may increase 
hydrothermal fluid flow and thus promote the development of ore 
shoots registered in many low sulfidation epithermal systems (Corbett, 
2002). The zones of greatest dilatancy are often related to changes in the 
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Fig. 1. Location of the study area and main Au–Ag deposits and prospects in the Deseado Massif epithermal province, Argentinian Patagonia. Modified from 
Schalamuk et al. (1999), updated data from Secretaría de política minera (2020). 

Fig. 2. Map and geological profile of the Martinetas district and demarcation of operating sectors. *CVZ: Central Vein Zone; CY: Coyote; CO: Cerro Oro.  
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strike of the hosting faults. Also, the termination of fault zones, fault 
relays, and jogs, bifurcations and branch lines are sectors of high frac-
turing. Permeability increases in favorable structural zones, developing 
areas with high potential for ore deposition (Cox et al., 2001; Mick-
lethwaite, 2009; Faulds et al., 2011; Rowland and Simmons, 2012; Rhys 
et al., 2020). 

In volcanic sequences, epithermal veins may be confined only to 
competent rocks, while the less competent ones host only barren fault 
structures (Corbett, 2007) or thin and discontinuous fractures/faults. 

Chemically reactive host rocks can generate the precipitation of 
solutes transported by the hydrothermal fluids, promoting their depo-
sition. The spatial association of gold mineralization with carbonaceous 
rocks is a notable feature in gold-rich systems (Cline et al., 2005; Large 
et al., 2011; Fuchs et al., 2017). Organic matter and its derivatives can 
have different active roles to form or preserve metalliferous deposits, e. 
g. concentration and reduction of metals (Leventhal and Giordano, 
1997). 

Martinetas is an active mining district located in the northeastern 
sector of the Deseado Massif, 220 km from Puerto Deseado city (Fig. 1). 
The deposit is currently mined for gold and silver by Cerrado Gold Inc., 
producing from three discrete vein systems (Fig. 2): Armadillo, Choique 
and Central Vein Zone, which have characteristics of a low sulfidation 
epithermal veins composed of numerous fault-fill quartz veins, sheeted 
extensional veinlets and vein breccia (De Martino et al., 2020b). The 
Central Vein Zone (CVZ), is represented by a sheeted vein system with 
some veins greater than 2 m. In Armadillo the mineralization is char-
acterized by veins up to 7 m thick with veinlets and breccias associated. 
Choique sectors present thicker veins (exceeding 5 m thick in some 
sections) with breccias and associated stockwork. 

The Martinetas district is part of the Don Nicolas mining project, 
recently acquired by Cerrado Gold mining company. It has been in 
operation since 2016. It has a total measured and indicated resources of 
1.14 Mt @ 4 g/t Au and 10.41 g/t Ag (Technical Report, 2018) at a cut- 
off grade of 1.6 g/t. The tonnage and grade are slightly below the limit 
that encompasses the category of sub-economic deposits (Hedenquist 
et al., 2000), so the Don Nicolás mining project complements its 
exploitation with that of the La Paloma district, located 40 km to the 
NW. Beyond the low tonnage, the martinetas deposit is one of the few 
deposits in exploitation in the eastern sector of the Macizo del Desierto. 

This work describes the structural and lithological controls that 
affect the distribution, orientation, and precipitation process in the 
Martinetas deposit, from the structural context of the Deseado Massif 
and the district. It also analyses the physicochemical role played by the 
geological units affected by the hydrothermal system. Knowledge of the 
structural and lithological controls that condition the structure and the 
distribution of higher grades ore shoots of the mineralization in the 
Martinetas district constitutes information of high value as an explor-
atory tool for the region. 

2. Methodology 

This study is based primarily on mine mapping, and more than 1500 
m of diamond drill cores logging corresponding to vein intercepts and 
host rocks. The samples were analyzed in detail from the mineralogical 
and textural characterization of the mineralizing pulses, in hand samples 
and polished and thin sections under an Olympus model BX53 micro-
scope equipped with an Olympus model UC30 digital camera. The 
organic matter was determined from Raman spectrometry on a Jasco 
microscope model NRS-4100 and kerogens were determined under mi-
croscope with reflected light and oil immersion on a CRAIC 508 PV™ 
Microscope Spectrometer. Both analyses were carried out at the micro-
scopy and Raman spectroscopy laboratory of YPF Tecnología (YTEC). 
The determination of the mineral species and chemical composition was 
performed at the Laboratory of Electron Microscopy and X-ray Analysis 
(LAMARX), of the Universidad Nacional de Córdoba, by means of a 
scanning electron microscopy (SEM) analysis, executed by means of a 

FE-SEM Σigma mineral microscope. The X-ray analyses were carried out 
in a Philips X’Pert PRO diffractometer model 2009 with Cu anode, in the 
Centro de Investigaciones Geológicas (CIG; UNLP-CONICET). 

The structures, ore shoots and geological bodies were modeled using 
LeapfrogGeo by triangulation (interpolation) between geological sec-
tions (explicit model; Cowan et al., 2003) combined with mathematical 
function from drill holes data (implicit model; Vollgger et al., 2015). 

3. Deseado massif 

3.1. Regional geology 

The Deseado Massif is one of the main morphostructural regions of 
southern Patagonia (Fig. 1), covering a surface of about 60,000 km2. The 
geology of the northeastern sector of the Deseado Massif is represented 
by a basement of metamorphic and igneous rocks assigned to the Río 
Deseado Complex, of probable Precambrian to Devonian age (Viera and 
Pezzuchi, 1976; Guido, 2004). 

The development of a set of rift basins, product of the collapse of the 
Gondwanic orogeny (Haller, 2002; Ramos, 2008), resulted in the 
deposition of a thicker sequence of continental sediments of Permian 
age, gathered under the Tres Cerros Group (Herbst, 1965), which in-
cludes the La Golondrina Formation (Archangelsky, 1958) and La Jua-
nita Formation (Arrondo, 1972). These are coarse-grained rocks 
(sandstones and conglomerates) with abundant fossil content. 

Towards the Triassic, Pangea would have undergone a counter-
clockwise rotation (Riel et al., 2018) giving rise to a transtensional 
regime associated with an oblique subduction environment (Zerfass 
et al., 2004). This second extensional stage allowed the deposition of the 
sedimentary and volcanic sequence of the El Tranquilo Group (Haller, 
2002). During the Upper Triassic to Lower Jurassic, a calc-alkaline 
magmatic belt of NNW-SSE distribution is implanted that crosses from 
the southwestern region of Río Negro province to northeastern Santa 
Cruz province (Navarrete et al., 2019), whose intrusive bodies are 
grouped under the name of Central Patagonian Batholith (Rapela et al., 
1991). These rocks are represented in the Deseado Massif by the La 
Leona Formation (Arrondo, 1972), integrated by granites, tonalites and 
leucogranites (Rapela and Pankhurst, 1996), which origin would be 
linked to arc magmatism (Godeas, 1992; Rapela and Pankhurst, 1996) in 
an extensional-transtensional regime (Rapela et al., 1991; Rapela and 
Pankhurst, 1992) associated a low-angle, flat slab-type subduction 
(Navarrete et al., 2019). 

Subsequently, and during most of the Jurassic, the southwestern 
region of Gondwana underwent a voluminous magmatic event domi-
nated by an extensional tectonic regime, resulting in three volcanic 
events (Pankhurst et al., 2000) denominated V1 (188-178Ma), limited to 
the North Patagonian Massif and south of the Antarctic Peninsula, V2 
(173-160Ma), located in the central and eastern sector of Patagonia and 
north of the Antarctic Peninsula, and V3 (157-145Ma) located west of 
Patagonia and north of the Antarctic Peninsula. The origin of magma-
tism has been historically related to the generation of three large 
Igneous Provinces (LIPs), known as Karoo, Ferrar and Chon Aike (Storey 
et al., 1992, 2013; Storey and Kyle, 1997). The latter covers much of 
Argentine Patagonia and the Antarctic Peninsula (Kay et al., 1989; 
Pankhurst et al., 1998), and is responsible for extensive bimodal 
volcanism (Féraud et al., 1999), represented in the Deseado Massif by 
the Bahía Laura Volcanic Complex (Pankhurst et al., 1993). Thus, these 
rocks would be related to an intraplate environment, associated with 
lithospheric extension (e.g., Riley et al., 2001; Márquez et al., 2011), 
product of the presence of a mantle plume (Storey and Kyle, 1997; Riley 
et al., 2001; Storey et al., 2013; Tassara et al., 2017). 

Jurassic units make up more than 60% of the outcrops in this region 
of Patagonia (Fig. 1), and among them pyroclastic flows and fall deposits 
predominate, with a minority presence of lavas and sectors with a large 
number of dikes and domes (Guido, 2004). 

The extension, magmatism and high thermal gradient were 
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responsible for the volcanic activity of the Bahía Laura Volcanic Com-
plex and the installation of the hydrothermal systems of the Deseado 
Massif, evidenced by numerous hydrothermal paleosurfaces (Guido and 
Campbell, 2011) and metalliferous occurrences, mainly classified as low 
sulfidation epithermal (Schalamuk et al., 1999). 

After the Jurassic volcanic event, we recognize sandstone outcrops 
assigned to the Baqueró and Laguna Palacios Formations (Hechem and y 
Homovc, 1987), of Lower Cretaceous age, and those corresponding to 
the continental sediments with pyroclastic participation of the Río Chico 
Formation (Simpson, 1933), Koluel Kaike Formation (Feruglio, 1949) 
and Sarmiento Formation (Feruglio, 1949), corresponding to the Ter-
tiary, on which the marine strata of the Patagonian (Zambrano and 
Urien, 1970) and continental deposits of the upper Tertiary of the Santa 
Cruz Formation (Ameghino, 1898) are supported. 

The Cenozoic is highlighted by extensive basaltic plateau, repre-
sented in the eastern sector of the Deseado Massif by the La Angelita 
Basalt (Panza, 1982), produced from the southwest to northeast 
migration of an asthenospheric window, generated by the subduction of 
the triple point between the South American, Pacific and Nazca plates 
(Ramos and Kay, 1992). 

3.2. Structural framework 

The Deseado Massif records a complex deformation history, given 
the variations that its geotectonic setting has undergone since the 
Paleozoic. 

The basement of the Deseado Massif shows a dominant structural 
trend with a direction N35◦W (Giacosa et al., 2002). According to 

Fig. 3. Stratigraphic correlation between the Armadillo, Choique and Central Vein Zone (CVZ) sectors, showing the facies that compose the different units and the 
mineral structures developed in them. 
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Fracchia and Giacosa (2006) the basement in the northeast of the 
Deseado Massif shows evidence of transcurrent deformation of dextral 
NNW structures and ductile-brittle strain, corresponding to the Late 
Silurian-Devonian, representing an important regional shortening in 
NNE-SSW to NE-SW direction and suggesting that the geodynamic 
context of the Paleozoic orogen of the Deseado region in this sector has 
been maintained during the Late Silurian-Early Permian period. 

The Jurassic of the Deseado Massif is characterized by rifting. It has 
been part of the initial division of Pangea, with the breakup of the 
Weddell Sea triple junction around 177 to 168 Ma and originated the 
development of rift basins with grabens and hemi-grabens filled by syn- 
depositional volcanic and volcaniclastic products of Bahía Laura Vol-
canic Complex (Homovc and Constantini, 2001). 

Continued extension, magmatism and the formation of associated 
hydrothermal systems gave rise to the development of low to interme-
diate sulfidation epithermal veins which have predominant NW strike 
(Echeveste, 2010). The distribution and orientation of these coincide 
with regional geological lineaments of NW and NNW orientation (Guido 
and Campbell, 2011; Giacosa et al., 2010), which imply reactivation of 
Lower Paleozoic NNW to NW basement structures (Homovc and Con-
stantini, 2001; Giacosa, 2020). In turn, the effusive facies are associated 
with ENE and NNW lineaments, showing that the volcanic materials 
were mostly extruded through the Jurassic extensional fractures, occa-
sionally generating caldera structures (Guido, 2004). 

Post-mineral deformation coincided with the return to ENE-normal 
extension that may have signaled a return to regional stress dictated 
by subduction to the west (roll-back of the subducted slab: Navarrete 
et al., 2019). 

Multi-scale structural analysis of Au–Ag mineralization in veins 
shows that the distribution of the districts is regionally controlled by 
normal to oblique slip fault system, in response to the NE-SW exten-
sional direction (Jovic et al., 2014; Fernández et al., 2019). However, 
each district shows local controls dependent on its own geological, 
lithological and structural characteristics (Jovic et al., 2014). 

4. Local geology 

4.1. Hosting volcanic sequence 

The Martinetas deposit is hosted by the Jurassic Bahía Laura Vol-
canic Complex (BLVC; De Martino et al., 2020a). The BLVC is locally 
represented by extensive pyroclastic (dilute and dense) and interbedded 
coherent silicic and meso-silicic volcanic units. This sequence is covered 

by massive ignimbrites and intruded by a swarm of rhyolitic dykes 
(Fig. 2). 

The oldest volcanic unit in the Martinetas District is the Martinetas 
Ignimbrite, which outcrops in the northeastern sector of the district 
(Fig. 2). It is a poorly-sorted, massive crystal-rich rhyolitic ash-flow tuff, 
with a thickness of at least 200 m. Its base has not been intercepted by 
drillings. 

After a volcanic hiatus, deposition of sediments with associated plant 
fossils occurred. The sequence and underlying tuff were subsequently 
intruded by subvolcanic bodies of rhyodacitic composition and are 
associated with phreatomagmatic breccia and tuff of what is termed 
Phreatomagmatic Sequence. It is composed of an alternating centimeter 
to meter-thick layers of massive ash-flow tuffs and surge deposits with 
wavy bedding, cross-stratified and planar laminations and the presence 
of small fragments of carbonized wood. This unit has a poor surface 
expression, is better developed in the Armadillo area and the Central 
Vein Zone (Fig. 2), and its thickness is at least 120 m. The phreato-
magmatic origin of this unit was interpreted by De Martino et al. (2017) 
based on its thickness, the presence of accretionary lapilli, 
syn-sedimentary deformation structures and bomb impact structures. 
The interaction of magma with unconsolidated sediments (Phreato-
magmatic Sequence) and the water table produce peperite and hyalo-
clastite breccia at the edges of the subvolcanic intrusions (De Martino 
et al., 2020a). The generation of these facies is only feasible in a shallow 
environment, less than 1600 m deep (Kokelaar, 1982). 

Following the previous units, an effusive volcanic cycle represented 
by rhyodacitic extrusive and subvolcanic bodies occurred in the south-
western portion of the district. This is represented by domes, crypto-
domes, lava flows and several dykes, which were informally named the 
Rhyodacitic Lava unit (Fig. 2). These in turn are intruded by a set of 
porphyritic dykes of andesitic composition (Andesitic Lavas in Fig. 2), 
assimilating blocks of the Phreatomagmatic Sequence in its ascent. 

After the intrusion of the rhyodacite and andesite units, a period of 
intense hydrothermal activity occurred in the district overprinting these 
and underlying units and giving rise to the Martinetas Au–Ag epithermal 
deposit that is currently being mined (De Martino, 2021). 

Subsequently, another explosive volcanic cycle developed, which 
originated the Carbonaceous ignimbrite, a poorly-sorted rhyolitic ash 
flow tuff. Its outcrops are espacially associated with those of the 
Phreatomagmatic Sequence and are better developed toward the north 
of the Choique Area and west of the Central Vein Zone (Fig. 2). This unit 
is also characterized by the presence of carbonized wood fragments. 

The Eutaxitic Ignimbrite overlies the previous units to the northwest 

Fig. 4. Photographs of the open pits (a) Cerro Oro (CVZ) and (b) Armadillo, showing the structure of the vein/vein system.  
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Fig. 5. Paragenesis of mineralizing events in the Martinetas district. (a,b,c and d) HQ Core drillhole photographs (diameter: 63,5 mm) showing the temporal re-
lationships between the different events forming the fault hosting veins in the Martinetas district. The red rectangle in figure c shows the location of the thin section 
corresponding to figure e. *HR: Host Rock. (e) Photomicrograph of thin sections showing pulse textures and opaque flecks present in event 3. (f) Photomicrograph of 
a polished specimen containing events 2 and 3 with gold (Au) and auriferous pyrite (Py), respectively. (g) Schematic diagram of the temporal relationship between 
the hydrothermal pulses that make up the mineralized structures of the Martinetas district vein system, discriminated in 6 events. 
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of the district (Fig. 2). This is a poorly-sorted matrix supported ash flow 
tuff of rhyolitic composition that is characterized by a moderate to high 
degree of welding and thicknesses exceeding 50 m. 

Finally, a swarm of rhyolitic porphyritic dykes was emplaced, cutting 
the whole sequence from SW to NE. These dykes represent the last stages 
of volcanism in the district (Fig. 2). The absence of hydrothermal 
alteration and veins in the last three units allows us to characterize them 
as post-mineral in nature. 

The south of the district is characterized by veins up to more than 5 m 
thick, hosted by the rhyodacitic and, to a lesser extent, andesitic bodies, 
forming the main host rocks of the Armadillo and Choique sectors 
(Fig. 3). Hydrothermal fluids interaction with the host rock (Phreato-
magmatic Sequence) results in the generation of peperitic breccias and 
intrusive hyaloclastites (De Martino et al., 2020a), where mineralization 
occurs as lithic breccias with hydrothermal quartz cement, taking 
advantage of the primary texture for their injection (Fig. 3). Similarly, 
the Phreatomagmatic Sequence acts as host rock for the mineralization, 
with the same texture as the breccias at the edge of the subvolcanic 
bodies. 

The northern Martinetas, represented by the Central Vein Zone, 
comprises only the Martinetas ignimbrite as host rock for mineraliza-
tion. Although no marked discontinuities have been observed within this 
unit in the mapping and logging of drill cores, the gradual transition in 
the degree of deformation of the pumice between 70 and 100 masl in the 
Coyote and Cerro Oro sectors, respectively. This distinction in texture 
allowed differentiating two facies within the ignimbrite, a Eutaxitic 
facies at the base and a pumiceous facies above (Fig. 3). The gradual 
boundary between the two facies coincides with the densification of the 
veinlets towards the surface, quantified from the vein/drilled meter 
ratio (Fig. 3). 

4.2. Mineralization 

The district has two well differentiated sectors from the point of view 
of the bedrock and vein structure. To the north, the Central Vein Zone 
sector (CVZ) includes the Coyote open pit, located to the north and the 
Cerro Oro pit to the south. The vein system is composed of numerous 
sub-parallel centimeters veinlets and few veins up to 2 m thick which 

have NW and WNW trends, forming vein sets that cross the pits from ESE 
to WNW (Fig. 4a). Mineralization is mainly associated with scarce veins 
that do not exceed 2 m in thickness and a large development of thinner 
veins with a parallel distribution (sheeted vein; Fig. 4a) and to a lesser 
extent, stockwork. 

On the other hand, to the south of the district, the Armadillo (Fig. 4b) 
and Choique sectors present thicker veins (exceeding 5 m in some sec-
tions) with breccias and associated stockwork. Both sectors were mined 
in open pits. 

Before the development of quartz veins, a faulting episode is inter-
preted (Event 0; E0) to have occurred (De Martino, 2021) as a network of 
fractures. 

The hydrothermal events commenced with Event 1 (E1), which 
comprises a pulse (P1) formed by a network of veinlets and small breccia 
veins of colorless to light gray quartz, of pre-mineral nature. Event 2 
comprises two infill/replacement pulses of colloform banded texture, 
formed by bands of micro-to cryptocrystalline quartz-adularia (Pulse 2) 
with gold and electrum disseminated, followed by (Pulse 3) bands of 
quartz of saccharoidal texture with adularia of massive texture and light 
gray to white color. Event 3 corresponds to two filling pulses with col-
loform banded texture, one with very fine-grained pyrite, sphalerite, 
chalcopyrite, gold and electrum (ginguro bands; Pulse 4) with carbo-
naceous debris spatially associated to gold and the other with gray and 
black cryptocrystalline bands (Pulse 5) with scarcegold, pyrite and 
sphalerite disseminated. Event 4 is light gray to white microcrystalline 
quartz, generally with lattice quartz after calcite replacement texture. 
Event 5 comprises a microcrystalline quartz cement breccia (Pulse 7), 
generally dark gray in color, incorporating fragments of the previous 
vein stages and bedrock as lithic fragments. The final stage, event 6 
corresponds to quartz cemented breccia consisting of silica with iron 
oxides and hydroxides (Pulse 8), showing a tectonic component 
(cataclasite). 

The temporal relationship of the different events keep (Fig. 5a–e), 
allowed us to confirm events 2 and 3 as the ore containers at the 
sequence of events that formed the mineralized structures (Fig. 5f). 

The textural and mineralogical characteristics found in the Marti-
netas district, comprising predominantly colloform and costriform 
quartz bands, rhombic adularia, pseudomorphic carbonate quartz 

Fig. 6. Schematic diagram of alteration mineral assemblage in CVZ (Cerro Oro).  
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(lattice bladed) and ginguro bands, suggest boiling as the main process 
responsible for mineral deposition (Henley et al., 1984; Browne and 
Ellis, 1970; Tharalson et al., 2019). 

4.3. Alteration 

The hydrothermal alteration presents a superposition of synchronous 
and post-mineralization events. 

Adjacent to the epithermal veins and veinlets, there is an aggregate 
of quartz-adularia and illite, covering the first few centimeters a few 
meters from the structures, followed by interstratified illite/smectite 
(Fig. 6). Below the oxidation level (70 m below the surface on average), 
the alteration adjacent to the vein/vein system is accompanied by pyrite 
disseminations and towards the distal portions (tens of centimeters to 
tens of meters from the veins/veins), the bedrock presents mafic crystals 
altered to chlorite and plagioclase mainly to carbonates, forming a 
propylitic alteration, which is linked to the epithermal event related to 
the mineralization of the district (syn-mineral). 

The shallow portion of the vein/vein systems and host rocks are 
affected by a penetrative and intense alteration to high crystallinity 
kaolinite accompanied by jarosite (Fig. 6), which covers from the 

Fig. 7. Pole diagram showing vein/vein orientation in the Martinetas district 
based on the 768 measurements. 

Fig. 8. Orientation of veins/veinlets in the Martinetas district. (a) Rose diagram indicating the frequency of orientation of veins/veinlets discriminated according to 
their thickness. Data correspond to a total of 768 measurements of vein/veinlets strike and inclination with Brunton compass within the open pits. (e) Frequency plot 
discriminating the dip of veins/veinlets according to their thickness. 

Fig. 9. Cross sections of the Armadillo veins and CVZ veinlets showing the structure at depth. The morphology of the fault allows the generation of dilational spaces 
or jogs from normal kinematics on the plane. 
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topographic surface to some tens of meters in depth. The spatial asso-
ciation of subhorizontal silicifications, interpreted as silica cap and the 
association of kaolinite and jarosite allow interpreting this event as 
steam heated, formed from fluids charged with H2S that when inter-
acting with O2 in the vadose zone forms H2SO4, generating sufficiently 
acidic conditions to form kaolinite (pH 2–3; Hedenquist and Arribas, 
2019). The superposition of this alteration with that associated with the 
mineralization of the district evidences a relative ascent of the miner-
alized blocks with the consequent lowering of the water table in a late 
event of the epithermal system, post-mineral in nature. 

This relationship allows us to interpret at least two alteration events. 
The first one corresponds to the ascent of hydrothermal fluids respon-
sible for the Martinetas epithermal mineralization, formed by interme-
diate argillic alteration halos in the proximal zone and propylitic 
alteration distally to the veins/veins. The second is generated by the 
collapse of the system or the possible relative ascent of the mineralized 
blocks and consequent overprinting of a steam-heated environment over 
the vein/vein system and its associated alteration. 

5. Structural control 

5.1. Geometry and syn-mineral kinematics 

As illustrated in Fig. 7, 768 vein orientation measurements from the 
Martinetas Mine workings illustrate that veins are predominantly sub-
vertical and trend northwest. 

Vein segments were classified according to thickness. A rose diagram 

allows to visualize the vein orientation frequency classified by thickness 
(Fig. 8a). The thicker veins (greater than 50 cm) have an azimuth range 
between 300◦ and 310◦, while veins smaller than 50 cm have a more 
dispersed distribution. 

The thickness of the structures also varies with respect to dip 
(Fig. 9b). Veins smaller than 50 cm show a large dispersion in dip, while 
structures thicker than 50 cm tend to have a subvertical dip (Fig. 8b). 

The maximum opening of the veins is in subvertical directions, 
therefore σ1 is vertical and it is compatible with NE-SW extension at the 
time of mineralization (Fig. 9). 

The maximum opening vector for the syn-mineral event can be 
determined either qualitatively or quantitatively. Qualitatively, the di-
rection of maximum openness can be interpreted based on the obser-
vation of the morphology of the structure and the hydrothermal infill 
textures. In the veins of the district, the infill textures imply open space 
filling, such as the presence of crustiform/colloform banding (De Mar-
tino, 2021). In contrast, the WNW to E-W veins are thinner. 

To further evaluate the kinematics implied by the veins, the graph-
ical method of McCoss (1986) was used to determine the opening vector 
in mineralized structures. Being a simple geometrical construction, this 
graphical method has the advantage of being fast and expeditious. In the 
Martinetas district, field observations show that both vein systems are 
characterized by a mixed displacement with a shear component and an 
opening component. However, the shear component appears to be 
greater in the E-W structures than in the NW structures, where opening 
predominates over shear (Fig. 10a and b). 

These characteristics allow us to pose two contrasting hypotheses 

Fig. 10. (a) NW oriented sigmoidal veinlet in plan view, bounded by E-W planes, evidencing dextral shearing. (b) Schematic representation of the sigmoidal vein 
shear zone of Figure (a) with: (1) the identified orientations of the minimum and maximum principal axes of the deformation ellipse and (2) the displacement vector 
obtained according to the graphical resolution of McCoss (1986). (c) Graphical resolution according to the method of McCoss (1986) using the mean orientations of 
the NW and WNW veins under the assumption that both orientations have equal shear and aperture ratios. (d) Resolution plot according to McCoss (1986) method 
using the mean orientations of NW and WNW veins assuming that the WNW veins accommodate all shear deformation, while the NW veins accommodate all 
openness. (e) Theoretical stress diagram proposed for the study area compared with the orientation of the obtained opening vector. 
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using the mean orientations of each vein system. The first assumes that 
both systems experienced equal proportions of shear and opening 
(Fig. 10c). The second hypothesis is that the E-W to WNW (290◦) veins 
accommodate all shear deformation and that the NW (310◦) veins 
represent a pure opening situation. According to the above and the 

geometric constructions (Fig. 10c and d), the opening direction would 
have an orientation between N30E◦ and N40E◦, with an average value of 
N35E◦, consistent with regional NE-SW extension at the time of miner-
alization (Fig. 10e). 

Fig. 11. (a) Location map of the V10 vein within the Armadillo pit. Longitudinal sections and stereograms of the V10 vein, showing the (b) thickness of the vein, (c) 
Au grade and (d) Ag grade and their relationship with the mean orientations of the vein that were derived from the 3D model and subdivided by Au and Ag grade. 
*The dotted lines of the stereograms indicate the mean attitude of the vein within each Au or Ag grade interval, and the great circles correspond to their poles. *The 
grades are Au or Ag per meter. 
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5.2. 3D vein analysis: Armadillo 

In the southern sector of the district, the Armadillo and Choique pits 
are currently being mined, allowing collection of a significant quantity 
of data and detailed structural analysis. 

The mineralization in this sector consists of three main WNW 
trending veins of which have small variations in their azimuth and dip. 
The North vein, named V10 (Fig. 11) and the central vein, named V20 
(Fig. 12), were analyzed. 

Vein V11 (Fig. 11a), has a thickness greater than 5 m in its central 

Fig. 12. (a) Location map of the V20 vein within the Armadillo pit. Longitudinal sections and stereograms of the V20 vein, showing the (b) thickness of the vein, (c) 
Au grade and (d) Ag grade and their relationship with the mean orientations of the vein that were derived from the 3D model and subdivided by Au and Ag grade. 
*The dotted lines of the stereograms indicate the mean attitude of the vein within each Au and Ag grade interval and the great circles correspond to their poles. *The 
grades are Au or Ag per meter. 
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and eastern sectors where it has a strike of 290–300◦ azimuth (Fig. 11b), 
showing a gradual decrease in its thickness in the E-W trend. Higher Au 
grades (Fig. 11c), correspond with areas where the V10 has an azimuth 
close to 300◦, decreasing considerably when it turns to E-W trends. At 
grades higher than 50 ppm Au are concentrated in the sections with an 
average dip of 85◦, while the lowest grades are distributed in areas 
where dip is less than 80◦. The Ag grades behave in a similar way, those 
above 25 ppm are grouped in sectors of the vein with an azimuth of 
300◦, with a subvertical dip (85–90◦ average), while the lower grades 
tend to be located in the E-W oriented sections with a lower average dip 

(75◦). 
The V20 vein is the central structure of the Armadillo system 

(Fig. 12a), and like V10, exhibits different thickness distribution, and Au 
and Ag grades dependent on the vein attitude. The highest vein thick-
ness occurs in the western and central sections of the vein, where it has 
an azimuth of between 290 and 300◦ (Fig. 12b), exhibiting a gradual 
decrease in thickness towards 280–290◦, indicating less variation with 
respect to V10. This behavior also agrees with the Au (>50 ppm) and Ag 
(>50 ppm) distribution (Fig. 12c), which have higher composited grades 
over vein width where the structure shows an azimuth close to 300◦, 

Fig. 13. (a) Map of the vein system modeled from gold geochemistry and major faults within the Cerro Oro (south) and Coyote (north) pits. (b) Map of the Cerro Oro 
veinlet system generated from interpolation of drill hole logging and surface mapping of the Cerro Oro pit, colored according to gold content within the veinlets. (c) 
Representation of the vein system by structural disks, classified according to the gold content in the structures. (d) Average stereographic projection of the structural 
disks representing the mineralized structures of Cerro Oro, differentiated by gold content. (e) Slickensides on the vein surface evidencing oblique normal setting. 
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both decreasing considerably in the stretches of average azimuth 290◦. 

5.3. 3D vein analysis: CVZ 

The thinner and close spacing between the veinlets makes it difficult 
to track individual veins in 3 dimensions, so to generate a 3D model we 
interpolated the logged structures from the diamond drillholes and 
reverse circulation drilling together with the structures mapped and 
analyzed at surface with a thickness of at least 25 cm within 461 drill 
holes and 1800 dip structural measurements of veinlets from mapping of 
open pits and trenches. 

Using this method, 24 veins/veinlets of more than 25 cm in thickness 
were modeled, within which the Au content was evaluated (Fig. 13a and 
b). Of these, the orientations of the veins with the highest quantity of 
mapping structural data were subdivided by Au content in a stereo-
graphic diagram by they average Au grade (Fig. 13c and d). The ste-
reogram shows a trend of highest gold concentration where the average 
azimuth of the structure is approximately 305◦, decreasing its content as 
the strike diminishes to 290◦. 

In the model of Fig. 13b, it is seen that the highest metal values are 
found in the NW-trending parts of the veins and where veins intersect, 
defining optimal areas of permeability and dilation (Fig. 13d). 

Fig. 13a and b, show multiple veins hosted by sets of parallel WNW 
faults. The veinlets show a main 300–320◦ orientation, with high Au 
grades in 305–310◦ (Fig. 13c and d), represented by fill faults with a 
mainly extensional with minimal strike slip displacement (Fig. 13e). 

This pattern is interpreted as a WNW oblique normal faults with NW 
jogs and oblique fill faults intersection favoring the conformation of the 
mineralized ore shoots. 

6. Lithological controls 

A lithological control on mineralization corresponds to the lithol-
ogies with which the hydrothermal fluid interacts, since mechanical 
anisotropy can generate variations in fracture density, changes in the 
orientation of the structures, or a combination of both. 

The distribution and geometry of mineralized structures responds 
largely to the competence and permeability of the units they pass 
through (Corbett, 2007), while their composition can play a funda-
mental role in the precipitation or concentration of metals in the deposit. 
Also, hydrothermal alteration within the epithermal environment can 
profoundly modify rock rheological properties, and therefore influence 
the distribution and geometry of mineralized structures (Rhys et al., 
2020). In the following section, we describe two aspects of the controls 
that the host rock defines to the mineralization of the Martinetas district, 
from the permeability point of view and the reactivity of its components. 

6.1. Permeability of host rocks 

Shallow epithermal environments usually encompass large varia-
tions in the permeability of the geological units present, primary 
permeability is low in rocks with low interconnected intergranular 
porosity, such as densely welded ignimbrites, or coherent volcanic 
rocks, which forces the flow of hydrothermal fluids to be channeled 
through fractures (Cox et al., 2001; Corbett, 2007). In contrast, lithol-
ogies with high primary permeabilities, such as clastic and volcaniclastic 
sedimentary rocks, are usually hydraulically conductive. 

The presence of impermeable and competent rocks within a lower 
competent and permeable rock can lead to the accumulation of hydro-
thermal fluids along contacts, resulting in large variations in fluid 
pressure (Pf). The Pf gradient can promote fracturing of the more 
competent rock in the zone of dilatancy created by the variation in such 
stress and thus trigger the opening of spaces, providing a potential site 
for mineralization (Phillips, 1972). Overpressure leading to fracturing is 
usually much easier to achieve along such boundaries than in homoge-
neous rock bodies. 

The mineralized structure of the district comprises veins, sub-parallel 
veinlets and quartz cement breccias, whose distribution is closely 
influenced by the host rock. The southern sector of Martinetas includes 
Armadillo and Choique sectors, which are characterized by the presence 
of subvolcanic bodies hosted in the Phreatomagmatic sequence. The 
preferential host rock corresponds to the coherent rhyodacitic 

Fig. 14. (a) Quartz vein (red) cutting the rhyodacitic cryptodomes in the Armadillo pit. (b) Core sample photograph with quartz veinlets cutting the andesitic dyke 
and filling its vesicles (with low Au grade). (c) Core sample photograph, siliceous cement breccia affecting the matrix of the peperitic breccia of the Armadillo 
cryptocrypt rim. (d) Core sample photograph of the Armadillo sector showing a quartz cement breccia affecting the volcaniclastic sequence. 
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subvolcanic unit and minor andesitic dykes, where the structure forms 
veins up to 5 m thick (Fig. 14a), and the host rocks exhibit intense 
silicification. The different physical characteristics of these units are 
related to changes in the type of the mineralization. This is reflected, for 
example, in the andesitic dyke, where the vesicles are filled by the 
mineralizing fluid when the quartz veinlets cut them (Fig. 14b). The 
rhyodacitic cryptodomes exhibit wider veins in its more coherent por-
tions, while at the edges, where peperitic breccias and intrusive hyalo-
clastites are generated, the matrix is cemented with hydrothermal 
quartz (Fig. 14c). On the other hand, the Phreatomagmatic Sequence is 
restricted to lithic breccias of hydrothermal siliceous cement with varied 
size of skeletal clasts from the host rock itself (Fig. 14d). In contrast, in 
the northern sector of the Martinetas district, represented by the Cerro 
Oro and Coyote (CVZ) pits, the mineralization is characterized mainly 
by sheeted vein (Fig. 15). The host rock corresponds to the Martinetas 
ignimbrite, composed broadly by two facies, a eutaxitic facies at the base 
and another less welded (pumiceous) towards the top, exhibiting a 
gradual transition between them (Fig. 15a). 

A transversal section shows a multiplication of the veinlets towards 
the surface from the aforementioned elevation (Fig. 15a). In order to 
quantify the veinlet volume in the rock at both levels, the ratio between 
meters of mineralized structure and meters drilled was calculated, which 
shows a participation of 0.8% of veinlets for the pumiceous facies and 
0.4% for the eutaxitic facies (Fig. 15a). These discontinuity planes were 

used by the hydrothermal fluid for its ascent (Fig. 15b). The dense 
sheeted veins in the CVZ pit (Fig. 16c and d) can respond to two situa-
tions: (1) The mineralized bodies are mainly hosted in the disseminated 
adularia-quartz-altered zone, within the most permeable facies. (2) On 
the other hand, the ore is controlled by upward steeping of vein-hosting 
faults accompanied by branching into multiple parallel extensional 
veins (Sibson, 2000; Rhys et al., 2020). 

6.2. Reactivity of the host rock 

Another aspect to highlight as a lithological control of mineralization 
is the reactivity of the host rocks and their interaction with the hydro-
thermal fluid. Gold precipitation has been recorded by reduction pro-
cesses linked to the presence of type III kerogens in siliceous pulses 
forming the veins (De Martino et al., 2020b). 

Vitrinite macerals are derived from parenchymatous and woody 
tissues of roots, stems, bark and leaves composed of cellulose and lignin 
(ICCOP, 1998). Inertinite is considered to be derived from plant material 
that has been strongly altered and degraded under oxidizing conditions 
(Falcon and Snyman, 1986), which is associated with forest fires (Cope 
and Chaloner, 1985; Guo and Bustin, 1998; Glasspool, 2000) or sub-
aerial oxidation (Gize, 1997). The latter may be evidence of carbon-
ization pre or syn-deposition of the pyroclastic flow containing the 
carbonaceous debris. Kerogen is an insoluble organic component, which 

Fig. 15. (a) Geological profile of the 
Coyote - Cerro Oro (CVZ) sectors inte-
grating the model of mineralized struc-
tures and the ratio meters drilled/ 
meters with mineralized structures in 
the pumiceous and eutaxitic facies, 
within the Martinetas ignimbrite.*The 
section has a radius of influence of 20 m 
for the drill holes. (b) Core photograph 
with quartz veinlets (Vn) cutting a fault 
breccia (FBx) in the eutaxitic facies 
(MI). (c) Photograph of the SE front of 
the Cerro Oro pit, showing the pumi-
ceous facies of the Martinetas ignim-
brite cut by subparallel veins (sheeted 
veins). For scale, the mining face is 5m 
high. (d) Coronal core photograph, Vein 
with colloform banded texture within 
the pumiceous facies.   
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implies its mobility as debris within the hydrothermal fluid that contains 
it (Hu et al., 1999). 

The event E3 in the Armadillo vein system is characterized by the 
presence of gold-linked components of organic origin (Fig. 16a–c), 
determined from Raman microscopy (Fig. 16d). By analysis of these 
components under reflected light optical microscopy and oil immersion, 
it has been determined that they correspond to macerals of vitrinite and 
inertinite (Fig. 16e; De Martino et al., 2020b). Within the 
kerogen-loaded pulse (Event 3), gold grains are observed surrounded or 
attached to the organic debris (Fig. 16). Also, the distribution of hy-
drothermal events in the Armadillo veins (Fig. 17) demonstrate a close 
spatial relationship between the higher gold grades and the 
kerogen-loaded event. 

The kerogen in the Armadillo veins may be genetically associated to 
a pyroclastic event causing the carbonization of the plants, which may 
be the deposits of the Phreatomagmatic Sequence with carbonaceous 
debris, as the older unit with this component observed in the sector (De 
Martino et al., 2017). 

7. Discussion 

7.1. Syn-mineral kinematics and structural control of mineralization 

The permeability of the rock mass is a determining factor for the 
transport and deposition of mineralizing hydrothermal fluids. The cir-
culation within a structure will depend mainly on the degree of frac-
turing of the host rock (Kim et al., 2003; Sibson, 1996). Main structures 
are usually relatively continuous and thicker, given the repetition of 
sliding caused by successive seismic events that concentrate on them, 
allowing the deposition of repeated hydrothermal pulses in the same 
structure (Blenkinsop, 2008). While transfer zones form damage sites 

and generate a greater number of thinner fractures. This property allows 
these sectors to contain high grades by concentrating fluid circulation 
(Seebeck et al., 2014; Sibson, 1996; Cox, 2005). 

Generally, mineralized structures present a heterogeneous metal 
content distribution, where the zones with higher contents are called 
mineralized ore shoots (Nelson, 2006) and usually constitute the sectors 
of greater localized opening within the structure, so they usually coin-
cide with the thickest portions within the structure, coinciding with 
curvatures or jogs (Corbett, 2007). Although ore shoots may occur at 
branch lines and dilatational jogs along the main fault strand and in the 
extensional relays and upwars-bifurcating dilatational fans in normal 
faults, as well as interactions between structures of different ages (Rhys 
et al., 2020); in stress controlled vein systems, the orientation of these 
ore shoots is controlled by the direction of slip of the blocks bounding 
the structure, which is controlled by the orientation of the principal 
stress field (σ1> σ2> σ3; Poulsen and Robert, 1989). The last case allows 
us to predict ore shoots positions and geometry with an accurate kine-
matic interpretation of controlling faults. 

From the analysis of the Armadillo and Central Vein Zone sectors, it 
has been possible to determine the preferential orientations of the 
structures for the highest metal contents in the Martinetas district. 

In order to analyze in detail the relationship between the geometry of 
the structure with the Au content and to complement the study of the 
structural disks carried out in both Armadillo and CVZ (Figs. 11–13), the 
information obtained in the 3D structural model generated from the map 
of the open pit mine and logged drill holes was graphically arranged. 
The northern structure of the Armadillo vein system was chosen as it 
contained the most information (Fig. 18a). 

The veins present in Armadillo have a general WNW orientation, 
with thicker segments of NW trend and strong dip to the NE. Second-
arily, there are sections of ENE orientation and strong dip to the south, 

Fig. 16. (a) Hand sample photograph, where Event 3 of dark color is observed in the Armadillo system. (b) Photomicrograph with plane polarized light, black bands 
correspond to carbonaceous material in Pulse 3. The red box shows the sector where the detailed analyses of figures (c), (d) and (e) were performed. HR: Host rock 
clasts. (c) Photomicrograph under reflected light into the red box (figure b). The gold is surrounded by black material, the red dot indicates the sector where the 
Raman spectrometry was performed. (d) Spectral signature of Raman spectrometry in red dot (figure c), indicating the presence of organic matter (OM). (e) Vitrinite 
and inertinite observed in Pulse 3 under reflected light and oil immersion in sample of figure a. 
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where the structure has less thickness. The grades are distributed 
following the NW to WNW segments, constituting mineralized ore 
shoots with a subvertical dip where the structure presents a NW orien-
tation, inclining 45◦ to the NW where the structure presents flexures 
with this orientation, while the ENE azimuth sections present low grades 
(Fig. 18b). The distribution of Au content in the vein coincides with its 
thicknesses, as shown in Fig. 18c, the NW oriented segments exhibit up 
to 7m of thickness, representing the sectors of greater openness, while, 
in the ENE segment its thickness is reduced to less than 1 m, representing 
the closure of the structure. The latter is related to the kinematics of the 
blocks containing the vein. This arrangement of ore shoots is compatible 
with the σ3 oriented N35◦E, as estimated for the study area from sig-
moids and slickenlines. This results in an oblique normal-dextral syn- 
mineral kinematics for the NW oriented sections (oblique ore shoots) 
and a greater component of movement in the direction (dextral) where 
the vein has a WNW azimuth (vertical ore shoots). 

Although this geometrical analysis is difficult for CVZ, given the low 
thickness and continuity of the veinlets present there, the statistical 
analysis performed for that sector from the generation of structural disks 

(Fig. 13c and d), allowed determining an azimuth of 306◦ as the 
orientation with the highest Au contents within the veinlets, with a 
reduction in the average grade as the veinlets exhibit an E-W orienta-
tion. This pattern is similar to that of Armadillo, so it is considered that 
the orientation of the syn-mineral stress field is the same in both sectors. 

7.2. Host rocks and lithological control of mineralization 

Low and intermediate sulfidation epithermal deposits often develop 
predominantly in dilational structures, e.g., Amancaya (Lopez et al., 
2018), Martha mine (Páez et al., 2011) and Manantial Espejo (Eche-
veste, 2010). At other times, fluids are deposited by moving from host 
structures in impermeable to permeable lithology (e.g., Maragorik; 
Corbett and Hayward, 1994), where the intersection of extensional 
structures with permeable horizon planes represent ideal environments 
for fluid deposition (Corbett, 2002). Thus, structural control commonly 
extends from major structural corridors that localize the mineral system 
to second- or third-order fractures with lithologic control. 

Mineralized structures in the district include veins, isolated veinlets, 

Fig. 17. Longitudinal section of the main vein in the Armadillo sector (Fig. 3.3), showing the distribution of Au values and the relative abundance of the structure- 
forming events. The black dots indicate the diamond drill holes used to model the distribution of the events (hole ID in Au profile). 
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closely spaced sub-parallel veins (sheeted veins) and hydrothermal in-
jection breccias. These patterns have a distribution strongly controlled 
by the lithology hosting the structure. 

In shallow epithermal environments there are often large variations 
in permeability (k) between and within geological units, such as in ig-
nimbrites with variation in their degree of welding, whose permeability 
can vary by a factor of 104, (Ingebritsen and Manning, 2010). Although 
according to John et al. (2018), primary permeability is low in rocks 
with low interconnected intergranular porosity (k less than 10–16/m2), 
such as densely welded ignimbrites and coherent magmatic rocks, and 
hydrothermal fluid flow depends on secondary permeability; and li-
thologies with high primary permeabilities (k greater than 10–16/m2), 
such as in unwelded ignimbrites and poorly cemented clastic rocks, 
hydrothermal fluids flow through them in response to fluid pressure 
gradients. Once altered the mechanical and permeability characteristics 
of the rocks will change. 

Therefore, it is interpreted that in the rhyodacitic and andesitic 
subvolcanic rocks that characterize the south of the district, fluid ascent 
would be controlled by fracture permeability (Cox et al., 2001; Inge-
britsen and Manning, 2010; Rowland and Simmons, 2012). Similarly, 
the Martinetas Ignimbrite’s pumiceous facies allowed the hydrothermal 
fluids a wide dispersion of quartz-adularia alteration, which, along with 

the upward steeping of vein-hosting faults accompanied by branching 
into multiple parallel extensional veins that localized ore shoots. 
Whereas, in the poorly cemented or welded clastic rocks of the district, 
represented by the Phreatomagmatic Sequence and the edge breccias of 
the rhyodacitic Cryptodome, the ascent of fluids would clearly respond 
to their pressure gradients, generating breccias by injection of the hy-
drothermal fluid. 

On the other hand, from the compositional point of view of the 
bedrock, a close relationship has been determined between the organic 
matter present in the veins and the higher metal contents. The associ-
ation of organic matter with mineral deposits, gangue and bedrock in 
low (<120◦) and moderate (120–350◦) temperature hydrothermal de-
posits is a well-studied and recognized phenomenon since the beginning 
of the 20th century (Harder, 1919; Schneiderholm, 1923; Saxby, 1976; 
Campbell, 1993; Parnell et al., 1993; Giordano, 1996; Leventhal and 
Giordano, 1997; Gize, 1999; Kettler, 2000; Pirajno, 2009). 

Kerogens and their derivatives (bitumen, pyrobitumen) can act in 
different ways in the formation of a metalliferous deposit. According to 
Leventhal and Giordano (1997), organic matter and its derivatives can 
have six active roles in the processes that form or preserve metalliferous 
deposits. These can be: 1- Mobilization (when the source of metals are 
linked to surface rocks and sedimentary environments, anomalies are 

Fig. 18. (a) Location map of the Armadillo vein system. (b) Plan view map of longitudinal section with grade distribution within the northern Armadillo vein with 
direction of opening, perpendicular to NW jogs. *Black arrows indicate the inclination of the ore shoots within the vein. (c) Plan view map of longitudinal section 
showing the thickness distribution of the north Armadillo vein with the direction of opening and syn-mineral movement of the structure. 
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associated with dissolved organic matter), 2-Transport (by organic 
metal complexes in groundwater and hydrothermal fluids), 3- Concen-
tration (metals in the deposit are better correlated with organic matter 
than with sulfides), 4- Reduction (there is partially oxidized organic 
matter and both metals and sulfides correlate with organic matter con-
centrations, autochthonous kerogen can serve as a reductant for metals 
and sulfides), 5- Oxidation (by microorganism activity), 6- Preservation 
(mineral grains surrounded or covered by micro or macroscopic organic 
matter). Considering this, organic matter playing some role in the gen-
esis of a deposit can be used as an exploratory tool (Levinson, 1974; Rose 
et al., 1979; Carlisle et al., 1986; Landis and Hofstra, 1991; Brooks et al., 
1995; Leventhal and Giordano, 1997). 

Since there is a correlation between the anomalous gold values in 
Event 3 and the concentration of organic matter within these pulses, and 
the grains of gold are covered by kerogen, a relationship between 
precious metal precipitation and organic matter is interpreted. Kerogen 
would be one of the direct (Au fixation by lignite) or indirect (reduction 
by bacteria or thermochemically induced by changes in fluid Eh and pH 
by organic matter) responsible for gold precipitation (Leventhal and 
Giordano, 1997). This would involve the passage of the hydrothermal 
fluid through carbonaceous levels (Pheatomagmatic Sequence or 
another unit below the volcanic sequence) and the uptake of the kero-
gens it contains, causing the subsequent reduction and precipitation of 
the metal (Fig. 19). The organic material is derived from deep hydro-
thermal circulation through rocks with high carbonaceous content. 

Although the boiling of the hydrothermal fluid is understood to be 
the main process driving the deposition of metals in the Martinetas 
district, it is interpreted that the carbonaceous debris present in the 
Armadillo veins migrated as a result of the hydrothermal event 
responsible for the generation of the metals, playing a secondary role as 
a reducing or preserving agent for gold, increasing the grades where 
they are present (De Martino et al., 2020b). 

8. Conclusions 

The Martinetas district has two distinct sectors from the point of view 
of the geometry of the mineralized structure and the permeability and 
competence of the host rocks. The southern portion of the district is 
represented by the Armadillo and Choique sectors, whose preferential 
hostrocks correspond to coherent subvolcanic units of rhyodacitic and 
andesitic composition, where the mineralized structure forms a WNW 
corridor with NW oriented sigmoid and flexures, where it exhibits the 
highest metal concentrations. Secondarily, clastic rocks adjacent to 
these subvolcanic bodies present scarce mineralized structures, mainly 
represented by mineralized quartz cement breccias. On the other hand, 
the northern half of the district, represented by the Coyote and Cerro 
Oro sectors is characterized by a dense concentration of subparallel 
veinlets of few centimeters of thickness, hosted in an ignimbrite 
composed of two facies with different degree of welding. The lower 
facies is eutaxitic and contain minor dispersion of quartz-adularia-illite 
alteration and lower density of veinlets than the pumiceous facies above 
it. This distribution is associated with the primary permeability differ-
ences, modified by syn-mineral alteration, in addition to upward 
steepening, branching and dilation of extensional fault hosted vein 
system near surface. The deflection and bifurcation of faults became 
important permeable fluid conduits and dilational sites during vein 
formation. 

The highest Au and Ag grades in Armadillo and CVZ are concentrated 
in the thickest, most dilatant vein sections, implying an extensional 
vector of approximately N35◦E orientation. From the geometric 
arrangement observed in both vein systems, it is interpreted that the 
active tectonic environment at the time of operation of the hydrothermal 
system corresponds to an oblique extensional regime characterized by 
normal-dextral kinematics. 

On the other hand, gold was mainly enriched in insoluble organic 
matter-kerogen and a close relationship has been determined between 
the kerogens present in the veins and the higher metal contents. 

Fig. 19. Schematic representation in profile of the ascent of the hydrothermal fluid through rocks with high carbonaceous content and incorporation of the kerogens 
it contains. 
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