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ABSTRACT 

Bonanza-type epithermal deposits are formed within hundreds of meters of the paleowater 

table. They typically consist of banded veins and associated breccia, with quartz being the 

dominant gangue mineral. Petrographic evidence suggests that much of the quartz in these veins 

formed through recrystallization from a thermodynamically silica precursor. Recrystallization of 

this originally microspherical noncrystalline silica precursor resulted in vein textures that mask 

original relationships complicating reconstruction of the processes of ore deposition. The 

noncrystalline silica originally forming the bands in the bonanza-type ores is interpreted to have 

formed through rapid deposition from supersaturated liquids. The presence of ore mineral 

dendrites within the microspherical silica suggests that mineral deposition occurred at far-from-

equilibrium conditions. Mineral deposition occurred during flash vaporization of the 

hydrothermal liquids. Fluid inclusion evidence from the Arista intermediate-sulfidation deposit 

in southern Mexico suggests that flashing along the major extensional structures controlling the 

location of the deposit occurred over ~1 km below the paleosurface. Deposition of high-grade 

ores over such a large vertical extent is inconsistent with models invoking that mineralization in 

the epithermal environment is formed by gentle boiling.  

The study of the Arista intermediate-sulfidation epithermal deposit demonstrated that vein 

formation at this prolific polymetallic (Au-Ag-Zn-Pb-Cu) deposit was controlled by a relay ramp 

providing linkage between two adjacent extensional faults. The banded veins at Arista consist of 

quartz that formed through recrystallization of a noncrystalline precursor. The quartz hosts 

dendritic to massive sulfide minerals. Rare bands of quartz formed by deposition in open space 

are present. The veins crosscut felsic dikes and are also crosscut, themselves, by variably altered 

as well as unaltered dikes. The geological relationships suggest that igneous activity resulting in 
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dike emplacement overlapped with the formation of the epithermal veins at ~18.1ï18.6 Ma. 

Seismicity and dike emplacement may have been important in triggering rapid depressurization 

along the controlling structures, leading to repeated flash vaporization of the hydrothermal 

liquids and the formation of high-grade mineralization. 
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CHAPTER 1   

INTRODUCTION 

This chapter introduces the thesis topic and outlines the scientific motivation. A brief 

overview of the thesis structure and the main results of the research are given.  

 

1.1 Scientific Mot ivation 

Intermediate sulfidation epithermal deposits are an important subclass of epithermal 

deposits. They occur in the shallow subsurface (<1.5 km) in arc volcanic terrains or post-

collisional orogenic belts and form from hydrothermal liquids that have temperatures of up to 

~300°C (Simmons et al., 2005; Wang et al., 2019). The hydrothermal fluids forming 

intermediate-sulfidation deposits are thought to be of magmatic origin and have partially or 

entirely equilibrated with the country rock during fluid migration (Sillitoe, 1993; White and 

Hedenquist, 1995; Hedenquist et al., 2000; Einaudi et al., 2003; Wang et al., 2019). The deposits 

typically comprise crustiform banded veins or high-grade breccia zones (Gemmell et al., 1988; 

Cooke and Simmons, 2000; Wang et al., 2019). Common ore mineral assemblages in 

intermediate-sulfidation deposits include chalcopyrite-pyrite-argentite as well as tennantite or 

tetrahedrite (Einaudi et al., 2003).  

Mineralization in intermediate-sulfidation deposits is formed through (1) cooling and/or 

mixing of the hydrothermal liquids with connate groundwaters, (2) gentle boiling as liquids 

ascend along fluid pathways, or (3) by flashing events caused by rapid pressure drops and near 

instantaneous vaporization of the liquids (Henley and Ellis, 1983; Drummond and Ohmoto, 

1985; Hayba et al., 1985; Heald et al., 1987; Muntean and Einaudi, 2000). The degree of fluid-
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rock interaction during fluid migration controls the acidity and sulfidation state of the ore-

forming fluids (Hedenquist et al., 2000).  

Intermediate-sulfidation epithermal deposits contain higher base metal and silver contents 

with a higher Ag/Au ratio compared to other subclasses of epithermal deposits (Hedenquist et al., 

2000; Wang et al., 2019). Since these deposits have only been recognized as a separate subtype 

of epithermal deposits by Hedenquist et al. (2000), only limited research has focused on these 

deposits in a modern economic geology context (Wang et al., 2019). The research of this thesis 

was designed to shed new light on the processes by which high-grade intermediate-sulfidation 

epithermal deposits are formed. Specifically, the thesis focuses on the importance of fluid 

flashing in the formation of intermediate-sulfidation epithermal deposits. 

 

1.2 Thesis Structure 

This thesis comprises three manuscripts on epithermal deposits. The first manuscript 

summarizes textural observations made on epithermal veins, suggesting that much of the quartz 

is formed through recrystallization of originally noncrystalline silica, which precipitated during 

the flashing of the hydrothermal liquids. The second manuscript showed that flashing was an 

important ore-forming process at the Arista intermediate sulfidation deposit in Mexico and that 

flashing at this deposit occurred to a depth exceeding ~1 km below paleosurface. The third 

manuscript provides a comprehensive geological study of the Arista deposit. This study included 

detailed underground work establishing the relative timing of hydrothermal vein formation with 

respect to the emplacement of dikes. Seismic activity along the extensional structures and dike 

emplacement during hydrothermal activity triggered the flashing of the hydrothermal liquids. 
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1.2.1 Vein Textures Indicative of Flashing 

Several previous studies have focused on determining the precipitation mechanisms that 

result in precious metal enrichment in epithermal deposits (Cooke and Simmons, 2000; Simmons 

et al., 2005; Sanchez-Alfaro et al., 2016). It is now widely accepted that phase separation is an 

important mechanism for the formation of high-grade ores (Christenson and Hayba, 1995; 

Simmons and Browne, 2000), with cooling and mixing being additional processes of metal 

deposition (Hayba, 1997). However, debate still exists around the relative importance of gentle 

boiling and what data would allow distinction of both processes in a given deposit.  

Flashing ï defined here as near instantaneous vaporization of a hydrothermal liquid due 

to depressurization ï represents a plausible alternative mechanism to gentle boiling, capable of 

precipitating metals and other minerals (Fournier, 1991; Christenson and Hayba, 1995; Zeeck et 

al., 2021; Monecke et al., 2023). Currently, the mineral textures produced by flashing are poorly 

understood and require further clarity on whether evidence of flashing can be visually 

distinguished using low-cost petrographic methods traditionally employed by exploration 

geologists. Previous work suggests that silica scales formed in geothermal power plants (van den 

Heuvel et al., 2018) and experimental systems (Weres et al., 1980, 1982; Amagai et al., 2019) 

are composed of noncrystalline silica, not quartz.  

Chapter 2 of this thesis proposes that noncrystalline silica, formed initially because of 

flash vaporization in relation to high-grade ore formation. The non-crystalline silica matures and 

recrystallizes to quartz, explaining why this mineral is the most common gangue in epithermal 

veins. In contrast, barren quartz bands consist mostly of primary, zonal quartz indicative of 

steady-state precipitation in open space. Based on samples from the McLaughlin epithermal 

deposit in California, it is shown that noncrystalline silica originally deposited in the veins is 
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isotropic in crossed-polarized light and consists of compacted microspheres of opal-AG that are 

up to several micrometers in size. Incipient recrystallization of the opal-AG formed lepispheres of 

opal-CT. Continued maturation caused the growth of elongated quartz crystals or complexly 

shaped quartz aggregates. The amalgamation of quartz crystals resulted in the development of 

mosaic or flamboyant quartz. Ultimately, large prismatic quartz crystals that have a feathery 

appearance are formed. Bands of fluid inclusions occurring along former recrystallization fronts 

in the prismatic quartz resemble growth zones in zonal quartz. In areas where recrystallization of 

the opal-AG proceeded to completeness, the quartz textures could be misinterpreted to indicate 

that quartz growth occurred in open space. Correct recognition of recrystallization textures has 

significant implications for paragenetic investigations on epithermal deposits and the design of 

fluid inclusion studies. 

 

1.2.2 Depth of Flashing 

Chapter 3 of this thesis focuses on unraveling the precipitation mechanisms that resulted 

in the formation of the high-grade veins at the Arista intermediate-sulfidation deposit in Mexico. 

The veins at Arista are banded and extend from near surface to several hundred meters deep. The 

veins of quartz formed through recrystallization from a noncrystalline silica precursor. The 

quartz is host to mineral dendrites that must have grown under conditions far-from-equilibrium. 

The textural evidence suggests that mineral deposition occurred during short-lived events of 

flash vaporization. The textural observations are inconsistent with the widespread occurrence of 

gentle boiling during deposit formation. Maximum homogenization temperature data determined 

on fluid inclusions show a general trend towards higher homogenization temperatures with depth 

within the mine. The microthermometric data are enveloped by a common boiling-point-to-depth 



 

5 
 

curve, suggesting that the paleosurface of the Arista hydrothermal system was located at ~370 - 

440 m above the current level of erosion, exposing the veins on surface. The salinity of the fluid 

inclusions is highly variable, ranging from 0 -16.4 wt.% NaCl equiv., which is consistent with 

the proposed model of fluid flashing. As the same textures can be observed in the deepest levels 

of the mine, flash vaporization must have occurred over 1 km below the paleosurface. It has not 

been previously demonstrated that pressure drops causing flash vaporization in natural 

hydrothermal systems can occur to such depths. 

The findings of this study have important implications for exploration. Existing models 

of mineral deposition propose that mineralization in epithermal veins forms through gentle 

boiling. Thermodynamic modeling has shown that gold deposition in the epithermal environment 

occurs at temperatures between 260° -180°C (Simmons and Browne, 2000). At a salinity of 5 

wt% and hot hydrostatic conditions, gold deposition would thus occur in a well-defined boiling 

zone at a depth of ~500 - 100 m below the paleosurface. The findings at Arista demonstrate that 

metal deposition can occur over a larger vertical extent in flashing hydrothermal systems. 

Considering these findings, mineral exploration models for intermediate-sulfidation epithermal 

deposits must be revised as the ore zones may be deeper below the paleosurface than previously 

thought.  

 

1.2.3 Geological Mechanisms Controlling Flashing 

 The Arista intermediate-sulfidation epithermal deposit in southern Mexico is located in 

the southernmost extent of the well-endowed Tertiary Mexican Epithermal Belt (Camprubi and 

Albinson, 2007). Previous academic studies have not focused on the deposit, and little is known 
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about how the mineralization at this deposit was formed and what geological controls caused 

repeated flash vaporization events during the duration of the hydrothermal activity. 

Chapter 4 of this thesis provides a detailed account of the geologic characteristics of the 

Arista and Switchback vein systems of the Arista deposit. Extensive fieldwork improved the 

understanding of the stratigraphy of the host rock succession and provided a better understanding 

of the physical nature of Arista and the structural controls on mineralization. It is shown that the 

veins formed along a relay ramp. Understanding the structural framework allowed the 

reinterpretation of magnetic and radiometric datasets. A magnetic anomaly and surface 

geological maps revealed a deep-seated intrusive root coinciding with the Cerro Pilón lava dome. 

Radiometric potassium maps were overlain on area geological maps and compared with 

validated surface geology, which revealed a correlation of areas of known mineralization with 

zones containing elevated K, including the adjacent Aguila open pit mine and the surface 

expression of the Arista vein system at Arista Ridge, indicating significant clay alteration.  

Underground mapping revealed that dike emplacement predated and postdated the 

formation of the Arista veins. Based on U/Pb ages of zircons separated from the dikes, the age of 

mineralization can be bracketed to 18.4±1.25 Ma. Together with potential seismic activity on the 

extensional faults, dike intrusion, which must have been contemporaneous with the hydrothermal 

system, likely triggered the repeated flashing events that resulted in the formation of the banded 

veins at Arista. The research demonstrates that the formation of the Arista intermediate-

sulfidation deposit occurred in a favorable structural setting, with the hydrothermal activity being 

closely related in time and space to igneous activity. Identifying these controlling factors has 

implications for near-mine exploration and general refinement of exploration strategies for this 

deposit type. 



 

7 
 

 

1.3 Implications 

This thesis consists of three chapters that contribute to the refinement of the mineral 

deposit model of intermediate-sulfidation epithermal deposits. They demonstrate that fluid 

flashing is a viable mechanism of mineral precipitation, resulting in the deposition of ore and 

gangue minerals in hydrothermal systems to form precious metal deposits in the shallow 

subsurface. The study of the Arista deposit demonstrates that fluid flashing along major 

extensional structures can occur to a depth of ~1 km below the paleosurface. This finding has 

significant implications for the design of exploration strategies for this deposit type, as 

mineralization can occur deeper than predicted by the currently prevailing deposit model. 

This work also contributed to Gold Resource Corporation targeting a new zone of 

mineralization and eventually announcing the discovery of the Three Sisters Vein system in 

between the Arista and Switchback vein systems along the strike of the fault identified in the 

relay ramp structure proposed early on during fieldwork for this Ph.D. The news release on 

February 28th, 2023, titled ñGold Resource Corporation Reports Positive Drill Results at DDGM 

With the Potential to Improve the Near to Mid-Term Mine Plan, " details the newly discovered 

vein system. 
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CHAPTER 2   

RECRYSTALLIZATION TEXTURES OF QUARTZ IN EPITHERMAL                         

VEINS: A CASE STUDY ON OPALINE VEIN FROM THE                               

MCLAUGHLIN DEPOSIT, CALIFORNIA 

Reproduced with permission of all co-authors 

Garrett D. Gissler, 1Thomas Monecke, 1 T. James Reynolds, 1,2 Mario Guzman,1 

Eric T. Ellison,3 Ross Sherlock 4 

2.1 Abstract 

High-grade ores in low- and intermediate- sulfidation epithermal deposits commonly 

consist of banded veins containing quartz as the most abundant gangue mineral. Previous studies 

suggested that at least some of the quartz has formed as a product of recrystallization from a 

noncrystalline silica precursor. Detailed petrographic studies confirm that high-grade veins from 

the <2.2 Ma McLaughlin deposit in California were originally entirely composed of opal-AG. 

The noncrystalline silica is isotropic in crossed-polarized light and consists of compacted 

microspheres that are up to several micrometers in size. In many bands of the high-grade veins, 

the thermodynamically unstable opal-AG has matured to quartz. The recrystallization of the 

noncrystalline silica resulted in the development of quartz and ore textures that mask the original 

conditions of vein formation. Incipient recrystallization of the opal-AG resulted in the formation 
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of concentrically banded silica spheres, many of which host elongate quartz crystals or 

complexly shaped quartz aggregates in their cores. Amalgamation of quartz crystals results in the 

development of mosaic quartz or flamboyant quartz. Ripening causes the growth of large 

prismatic quartz crystals, which are characterized by zones of feathery appearance. Fluid 

inclusions within the quartz formed through recrystallization are typically highly irregular in 

shape and show inconsistent liquid to vapor volumetric proportions, but assemblages with 

consistent ratios are also present. Bands rich in fluid inclusions occurring along former 

recrystallization fronts in prismatic quartz crystals resemble growth zones in zonal quartz. 

Recrystallization of the silica matrix has resulted in grain coarsening of the ore minerals and 

encapsulation of ore minerals by quartz. In areas where recrystallization of the noncrystalline 

silica has proceeded to completeness, the quartz textures could be easily misinterpreted to 

indicate that quartz growth occurred in open space with the ore minerals infilling vug spaces. 

Correct recognition of recrystallization textures has significant implications for paragenetic 

investigations on vein material from epithermal deposits as well as the design of fluid inclusion 

studies. 

 

2.2 Introduction  

Low- and intermediate- sulfidation state epithermal deposits are a significant source of 

precious and base metals (Hedenquist et al. 2000; Simmons et al. 2005; Lipson 2014). The 

deposits form within hundreds of meters from the paleosurface from hydrothermal liquids having 

temperatures of up to 250°C. The ore-forming liquids are dilute aqueous solutions with low (<2 

mol %) CO2 contents (Hedenquist et al. 2000; Simmons et al. 2005). In many epithermal 

deposits, metal enrichment is confined to banded quartz veins that have formed along faults that 
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control the upflow of the hydrothermal liquids to the surface (Rowland and Simmons 2012). Ore 

minerals are hosted in certain bands within the veins suggesting that the deposition of metals 

occurred intermittently during vein formation (Hedenquist et al. 2000; Sanematsu et al. 2006; 

Shimizu 2014; Tharalson et al. 2019, 2023; Zeeck et al. 2021). Deposition of the ore minerals in 

these bands is widely attributed to metal supersaturation associated with vapor loss from the 

ascending hydrothermal liquids (Drummond and Ohmoto 1985; Brown 1986; Christenson and 

Hayba 1995; Simmons and Browne 2000), with high-grade bands probably recording periods of 

flashing resulting in the near-instantaneous vaporization of a large amount of liquid (Christenson 

and Hayba 1995; Taksavasu et al. 2018; Tharalson et al. 2019, 2023; Zeeck et al. 2021). 

Studying active subaerial geothermal systems can provide important insights into the 

hydrothermal processes that form the high-grade, banded veins in low- and intermediate- 

sulfidation epithermal deposits. Scales in these systems are typically composed of opal-AG 

(Smith 1998), a noncrystalline silica phase consisting of microspheres that range up to several 

micrometers in diameter. Scales of opal-AG occur within production wells (Henley and Brown 

1985; Brown 2011; Chambefort and Stefánsson 2020) and geothermal surface installations 

(Reyes et al. 2002; Smith et al. 2003; Raymond et al. 2005; Taksavasu et al. 2018; van den 

Heuvel et al. 2018). The fact that banded veins in low-sulfidation epithermal deposits are 

primarily composed of quartz while scales in geothermal wells are composed of opal-AG is likely 

related to the recrystallization of the thermodynamically unstable opal-AG over time. Maturation 

of opal-AG has been well documented in the case of silica deposits on hot springs where the 

noncrystalline opal-AG transforms to opal-CT, which in turn recrystallizes into opal-C and then 

into quartz (Herdianita et al. 2000; Campbell et al. 2001; Lynne and Campbell 2004; Lynne et al. 

2005; Rodgers et al. 2004).  
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Dong et al. (1995) proposed that quartz in epithermal veins formed through 

recrystallization of a noncrystalline silica precursor can be identified based on its textural 

characteristics. Following the original suggestion of Lovering (1972), Dong et al. (1995) 

hypothesized that mosaic quartz, which is microcrystalline quartz characterized by highly 

irregular and interpenetrating grain boundaries, is such a product of recrystallization. 

Recrystallization of siliceous phases to quartz in epithermal deposits has been suggested by 

various studies (White et al. 1989; Saunders 1994; Hedenquist et al. 2000; Camprubi and 

Albinson 2007). Mosaic quartz is one of the most common quartz textures in epithermal deposits 

of diverse ages (Saunders 1990, 1994; Scott and Watanabe 1998; Dong et al. 1995; Moncada et 

al. 2012; Taksavasu et al. 2018; Tharalson et al. 2019, 2023; Zeeck et al. 2021). Sander and 

Black (1988) and Dong et al. (1995) speculated that recrystallization of a noncrystalline 

precursor can also result in quartz crystals showing flamboyant textures. 

This contribution focuses on the study of opaline vein material from the McLaughlin 

deposit in California, which is unusually well-preserved and has not been subjected to tectonic or 

metamorphic overprint (Sherlock et al. 1995). Opaline veins from McLaughlin still contain relict 

microspherical opal-AG (Monecke et al. 2023), which has only partially matured to quartz, 

allowing the identification and study of the textures associated with the transformation of opal-

AG to quartz. Identifying these recrystallization textures is critical to studies on vein material 

from epithermal deposits where the original noncrystalline silica has entirely recrystallized to 

quartz. It is shown here that the maturation of the silica matrix can result in complex textural 

relationships, which can be easily misinterpreted to indicate that mineral deposition occurred in 

open space. Accurate interpretation of the textural relationships has significant implications for 

paragenetic studies as well as fluid inclusion investigations of epithermal deposits. 
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2.3 Geology 

In 1978, the Homestake Mining Company discovered the McLaughlin deposit, which is 

located ~120 km north of San Francisco at the junction between Napa, Yolo, and Lake counties 

in California. Open pit mining was conducted from 1983 to 1996 at an average grade of 4.49 

grams per ton Au (Sherlock and Lehrman 1995; Sherlock et al. 1995). Prior to mining, the total 

resource of the deposit was calculated at 3.5 million ounces of Au contained within 24.3 million 

tonnes of ore (Sherlock and Lehrman 1995). Precious metals enrichment occurred from the 

surface to a depth of ~350 m (Sherlock et al. 1995). 

The McLaughlin low-sulfidation epithermal deposit is located along the moderately 

northeast dipping Stoney Creek fault, which separates serpentinized ultramafic and mafic rocks 

of the Middle Jurassic Coast Range ophiolite in the southwest from hangingwall mudstone of the 

Late Jurassic Great Valley sequence to the northeast (Tosdal et al. 1993). The main ore body 

comprised a pipe-like sheeted vein complex formed in a dilatant zone between tholeiitic basalts 

and a mélange of sedimentary rocks and serpentinite of the Coastal Range ophiolite. The sheeted 

vein zone is up to 100 m in width and is composed of centimeter to meters wide, crosscutting 

opaline veins (Tosdal et al. 1993; Sherlock et al. 1995). Epithermal mineralization is late 

Pliocene to Pleistocene in age (Lehrman 1986) and has not been affected by a tectonic or 

metamorphic overprint. 

 

2.4 Materials and Methods 

Detailed fieldwork was performed at McLaughlin in California to constrain the geology 

of the deposit and to allow representative sampling of high-grade ores (Sherlock et al. 1995). 

Polished thin sections were obtained from opaline vein material to study the microtextural 
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characteristics. Petrographic investigations in both transmitted and reflected light were 

conducted using an Olympus BXM53 optical microscope. Inspection of the sections under 

ultraviolet light was conducted on the optical microscope using a high-pressure mercury lamp 

with excitation filtration to wavelengths of 330-380 nm. Optical cathodoluminescence 

microscopy on carbon-coated thin section was performed using a HC5-LM hot cathode CL 

microscope by Lumic Special Microscopes, Germany. The instrument was operated at 14 kV and 

a current density of ~ 10 µA mmï2 (Neuser 1995). Images were captured with a Teledyne 

Lumenera Infinity 5-5 digital camera. 

Raman spectra on texturally distinct phases were collected using a Horiba LabRAM HR 

Evolution spectrometer equipped with a 532 nm frequency-doubled Nd:YAG laser (Laser 

Quantum, Torus 532 + mpc3000) coupled to an Olympus BXFM optical microscope. The laser 

beam was focused through a 100× objective lens and operated at a 100% laser power. A 600 

lines/mm grating was used. Spectra were collected from 100 to 1500 cmī1 using a Si-based CCD 

detector (1024 × 256 pixels). The spectrometer was calibrated using the 520 cmī1 Raman peak of 

Si prior to analysis. 

A TESCAN MIRA3 LMH Schottky field emission-scanning electron microscope 

equipped with a single-crystal YAG backscatter electron detector was used to determine small-

scale textural relationships. Imaging was performed at a working distance of 10 mm and an 

accelerating voltage of 15 kV. Semiquantitative chemical analyses of ore minerals were 

conducted by energy-dispersive X-ray spectroscopy using an attached Bruker XFlash 6|30 silicon 

drift detector. 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/optical-microscope
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/laser-beams
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/laser-beams
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2.5 Results 

2.5.1 Noncrystalline Silica Matrix  

Ore minerals in the opaline veins at McLaughlin are hosted by silica bands that are light 

tan to amber in color (Fig. 2.1a, b). The silica bands have variable thicknesses and often exhibit 

botryoidal and wavy surfaces. In addition to ore minerals, the opaline bands host concentrically 

banded silica spheres, small elongate quartz crystals, and complexly shaped quartz aggregates 

(Fig. 2.11c-f). In contrast to the high-grade band with a non-crystalline silica matrix, some bands 

are barren with abundant zonal quartz textures. 

At high magnification, the silica bands are composed of relict microspheres that are 

round and range from 1-5 µm in size. Cavities between the relict microspheres have sickle-like 

shapes (Fig. 2.1c). Variations in packing density of the relict microspheres appear to result in 

different colors of the opaline bands. The relict microspheres are isotropic in crossed-polarized 

light (Figs. 2.1e, f and 2.2a, b). Under ultraviolet light excitation, the isotropic silica shows a 

blue and orange luminescence (Fig. 2c). Raman spectroscopy did not yield descernable peaks 

due to the strong background luminescence (Fig. 2d). Based on the isotropic nature and the 

microspherical texture, the noncrystalline silica forming the opaline bands is classified as opal-

AG (cf. Smith 1998). 

The silica in the opaline veins has undergone partial recrystallization in some of the 

opaline bands. In those bands, the relict microspheres are compacted and commonly non-

spherical. High-magnification microscopy in crossed-polarized light shows that the silica matrix 

in these areas is only partly isotropic. The opaline bands containing relict microspheres that are 

non-spherical are composed of small grains of a non-isotropic silica phase. 
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Figure 2.1 Noncrystalline silica and incipient recrystallization textures in opaline veins from the 

McLaughlin deposit, California. (a) Opaline band hosting a delicate sphalerite dendrite. The 

groundmass is largely isotropic in crossed-polarized light suggesting that recrystallization of the 

opaline matrix is limited. Plane-polarized light. (b) Silica band composed of relict opal-AG 

microspheres that host delicate dendrites of sphalerite and native gold. Pyrargyrite forms 

euhedral crystals that are suspended in the silica matrix. The groundmass is largely isotropic in 

crossed-polarized light. Discrete small areas showing concentrical zoning locally occur in the 

silica matrix between the ore mineral dendrites (arrow). Plane-polarized light. (c) High-

magnification image showing that the concentrical zoning surrounds cores of individual 

elongated quartz crystals. Zones containing relict microspheres occur between the areas of 

concentrical banding (arrows). Plane-polarized light. (d) High-magnification image of a 

complexly shaped quartz aggregate showing a dentine texture. Plane-polarized light. (e) 

Recrystallization of the silica matrix resulted in the development of a mosaic texture through 

amalgamation of elongate quartz crystals (left). The vein-like zone of quartz crystals (right) 

exhibits a dentine texture in contact with concentric banding in the noncrystalline silica matrix. 

Plane-polarized light. (f) Crossed-polarized light image of the same field of view showing that 

the quartz aggregates within the silica matrix have a mosaic texture where the grain boundaries 

between the quartz crystals are irregular and interpenetrating. The matrix containing abundant 

relict microspheres is optically isotropic. Au = native gold, Pyg = pyrargyrite, Sp = sphalerite 
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2.5.2 Incipient Recrystallization 

In many of the opaline bands, the silica matrix has begun to recrystallize. Incipient 

recrystallization textures include the formation of concentrically banded silica spheres, which 

have a heterogeneous turbid appearance (Fig. 2.1b). Variations in color between adjacent bands 

are commonly pronounced in these silica spheres, with outer bands being amber to brown-tan in 

color, whereas inner bands are lighter in color. When near one another, the silica spheres become 

amalgamated. The concentrically banded silica spheres are isotropic in crossed-polarized light 

and show luminescence under ultraviolet light (Fig. 2.2b, c). The absence of discernable Raman 

peaks (Fig. 2d) and the strong background luminescence may indicate that the concentrically 

banded silica spheres are also primarily composed of noncrystalline silica. 

The concentrically banded silica spheres may contain elongate quartz crystals that range 

up to ~50 mm in length (Fig. 2.1c). At low magnification, the quartz crystals appear to be doubly 

terminated. However, at high magnification it is apparent that the elongate shapes are commonly 

caused by intergrowth of several smaller quartz crystallites of similar orientation (Fig. 2.1c). The 

elongated quartz crystals show well-defined Raman spectra (Fig. 2.2d). Where the orientation of 

the intergrown quartz crystallites differ, more complexly shaped quartz aggregates are formed 

(Fig. 2.1d). In these aggregates, quartz crystallites with subhedral terminations point towards the 

opaline matrix (Fig. 2.1d). The texture resembles a row of teeth and is thus referred to as dentine 

texture in this contribution. In contrast to the elongated quartz crystals, the complexly shaped 

quartz aggregates are not always surrounded by concentrically banded silica. 
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Figure 2.2 Partially recrystallized silica matrix in opaline vein from the McLaughlin deposit, 

California. (a) Elongate quartz crystals in noncrystalline silica matrix composed of relict 

microspheres. The quartz crystals are surrounded by concentrically banded silica spheres. Plane-

polarized light. (b) Crossed-polarized light image of the same field of view illustrating that the 

silica matrix surrounding the elongate quartz crystals is isotropic. (c) Luminescent light image of 

the same field of view collected during ultraviolet light illumination. The noncrystalline silica 

matrix exhibits a bluish or orange luminescence whereas quartz shows no response. (d) Raman 

spectra obtained at the four locations indicated in the images. The quartz shows well-defined 

spectra whereas the noncrystalline silica matrix is characterized by strong luminescence with no 

Raman peaks. 
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2.5.3 Mosaic Quartz 

The packing density of elongated quartz crystals is variable and individual crystals in the 

matrix are randomly oriented. With further maturation, clusters of intergrown quartz crystals 

occur (Fig. 2.1e, f). The clusters of quartz crystals exhibit a jigsaw-like geometry with 

interpenetrating grain boundaries. In crossed-polarized light (Fig. 2.1f), these clusters show a 

mosaic extinction pattern as described by Lovering (1972) and Dong et al. (1995). Depending on 

the degree of recrystallization, the mosaic quartz can be massive or contain small areas of relict 

microspheres between the newly grown quartz crystals. 

 

2.5.4 Flamboyant Quartz 

Recrystallization of the noncrystalline silica matrix can also result in the development of 

flamboyant quartz aggregates (Fig. 2.3). An entire progression of textures can be observed from 

the small complexly shaped quartz aggregates to circular or oval quartz aggregates (Fig. 2.3b). 

The cores of these aggregates are cloudy, or the inclusions are arranged into radial patterns (Fig. 

2.3c). The inclusions are commonly void spaces and appear dark in plane-polarized light. The 

flamboyant quartz shows a radial extinction pattern in crossed-polarized light (Fig. 2.3d). The 

outer margins of the quartz aggregates are irregular or frayed, in many cases forming a dentine 

texture (Fig. 2.3c). The density of the flamboyant quartz aggregates is variable. In some opaline 

bands, these circular to oval quartz aggregates are suspended in the matrix or only locally 

impinge on each other (Fig. 2.3b). Where the quartz aggregates are fully amalgamated, mosaic 

textures may develop. The boundaries between the individual flamboyant quartz aggregates are 

interpenetrating (Fig. 2.3e, f). 
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Figure 2.3 Flamboyant quartz in partially recrystallized opaline veins from the McLaughlin 

deposit, California. (a) Quartz aggregate formed by amalgamation of quartz crystals growing in 

different directions in the silica matrix. The core of the aggregate is rich in inclusions. The outer 

margin of the quartz aggregate shows a dentine texture. The matrix surrounding the large quartz 

aggregate shows other areas that are recrystallized to quartz (arrows). Plane-polarized light. (b) 

Flamboyant quartz aggregates surrounded by a silica matrix. Some of the quartz aggregates 

contain cores with radially arranged inclusions. The outer margins of the round to elongate 

quartz aggregates show a dentine texture. Plane-polarized light. c High-magnification image of a 

flamboyant quartz aggregate showing radiating arrays of inclusions. The contact between the 

quartz and the surrounding silica matrix shows a dentine texture. (d) Partially crossed-polarized 

light image of the same field of view showing the radial extinction pattern of the flamboyant 

quartz aggregate. e Aggregate of amalgamated flamboyant quartz grains. Radiating inclusion 

patterns are locally preserved. (f) Crossed-polarized light image of the same field of view 

illustrating that the flamboyant quartz grains exhibit interpenetrating grain boundaries. 
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2.5.5 Prismatic Quartz Crystals 

In some cases, recrystallization of the noncrystalline silica matrix has resulted in the 

formation of coarse-grained, prismatic quartz crystals. The prismatic quartz forms individual 

crystals suspended in the noncrystalline matrix or occurs in vein-like zones (Fig. 2.4a, b). Vein-

like zones of quartz are commonly present parallel to the original banding of crustiform veins, 

but also occur at high angles along fractures or possible desiccation cracks (cf. Sherlock and 

Lehrman 1995). A progression can be observed from individual flamboyant quartz grains 

forming within bands of noncrystalline silica to bands of flamboyant quartz grains that have 

amalgamated (Fig. 2.4a-d). Continued ripening results in the transformation of flamboyant 

quartz to prismatic crystals. Along the margins of vein-like zones, prismatic quartz is fine-

grained. Dentine textures suggest that growth of the quartz occurred outward into the 

noncrystalline matrix. The largest prismatic quartz crystals are present in the centers of the vein-

like zones (Fig. 2.4a, b, e, f). Zones of prismatic quartz formed through recrystallization of the 

noncrystalline silica may be easily mistaken as colloform quartz veins formed in open space. 

Prismatic quartz crystals also occur in massive zones. In these patches, individual crystals 

appear to have competed for space during recrystallization from the noncrystalline matrix (Fig. 

2.5a). Optical cathodoluminescence shows that the large prismatic grains show well-developed 

zoning patterns, with individual zones ranging from yellowish green to purple in color (Fig. 

2.5b). The cathodoluminescence emission is short-lived. The colors of the quartz change to dull 

brown during continued electron bombardment. The internal zoning patterns are complex. 

Oscillatory zoning and sector zoning are most pronounced. Individual oscillatory zones are 

commonly kinked or wavy in nature, suggesting that they formed during recrystallization from 

the noncrystalline silica and are not growth zones that developed in quartz crystals grown in 
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open space (Fig. 2.5b). Oscillatory zones can be traced across multiple adjacent quartz crystals 

that have slightly different orientations in crossed-polarized light (Fig. 2.5a, b). 

The prismatic quartz crystals contain abundant inclusions that are commonly distributed 

along parallel bands (Fig. 2.5a). These bands resemble growth zones in crystals formed in open 

spaces. However, the inclusion-rich bands can commonly be traced across several prismatic 

crystals having different orientations and sizes (Fig. 2.5a, b). These bands likely represent 

remnant recrystallization fronts. In some of the opaline bands that are largely recrystallized to 

quartz, dark bands of remnant silica are located between the prismatic quartz crystals. The quartz 

crystals show dentine textures in contact with the dark material in these bands and appear to 

grow into the matrix (Fig. 2.5c, d). As the crystals grow into the matrix, inclusion-rich bands 

form along the rims of groups of prismatic crystals competing for space (Fig. 2.5e, f). The 

inclusion-rich bands can be wavy or have round edges (Fig. 2.5e). The textural evidence suggests 

that the inclusion-rich bands represent recrystallization fronts formed during the transformation 

of opal-AG to quartz or the continued ripening of the quartz resulting in the formation of the large 

prismatic crystals. 

Many of the prismatic quartz crystals show feathery domains (Fig. 2.5a, d, f) in which the 

quartz has a splintery appearance in crossed-polarized light. Individual quartz splinters vary 

slightly in their extinction positions. Feathery domains can be present in the cores of the 

prismatic crystals but are most common in rims of grains having clear cores. Zones of feathery 

quartz can also occur along the outer margins of prismatic quartz crystals. In these cases, the 

grain boundaries of the large prismatic crystals with the surrounding finer-grained quartz vary 

from irregular to frayed in nature (Fig. 2.5f). 

 



 

28 
 

 

 

 

 

 

Figure 2.4 Prismatic quartz crystals in partially recrystallized opaline veins from the McLaughlin 

deposit. (a) Flamboyant quartz aggregates formed along a band in the opaline vein (upper part of 

the image). The aggregates grew within the noncrystalline silica matrix. Amalgamation of the 

quartz aggregates results in a zone of quartz (lower part of the image) that resembles a vein. The 

contact between the vein-like quartz aggregate and the surrounding matrix has a dentine texture 

(arrows). Plane-polarized light. (b) Crossed-polarized light image of the same field of view 

illustrating that the inner part of the vein-like quartz aggregate formed through recrystallization 

of the silica matrix is coarser grained than the outer margin where the quartz crystals are close to 

the surrounding matrix. (c) High-magnification image of flamboyant quartz aggregates that have 

formed along a silica band and start to amalgamate. The contact between the quartz and the 

surrounding matrix is characterized by a dentine texture. Plane-polarized light. (d) Crossed-

polarized light image of the same field of view showing the radial extinction of pattern of the 

flamboyant quartz. The grain boundaries between the quartz grains are interpenetrating. (e) Vein-

like zone of quartz formed through recrystallization from the noncrystalline silica matrix. 

Inclusion bands in the quartz formed along recrystallization fronts. Current recrystallization 

fronts are located in the lower part of the picture (arrow) as indicated by the dentine texture. The 

zone of quartz could be misinterpreted as a crustiform vein formed in open space. Plane-

polarized light. (f) Crossed-polarized light image of the same field of view. The grain size of the 

prismatic quartz is coarsest away from the recrystallization fronts. 
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Figure 2.5 Prismatic quartz crystals in partially recrystallized opaline veins from the McLaughlin 

deposit. (a) Prismatic quartz crystals formed through recrystallization of a noncrystalline silica 

precursor. Inclusion bands formed during the recrystallization process are preserved and can be 

traced across several of the large prismatic crystals that were competing for space during crystal 

growth (arrows). The prismatic quartz crystals show a feathery texture defined by the presence of 

quartz splinters that have slightly different extinction positions. Crossed-polarized light. (b) 

Optical cathodoluminescence image of the same field of view. The prismatic quartz shows 

pronounced oscillatory zoning. However, the zoning is complicated in detail, with individual 

zones being kinked or wavy in nature (arrows), confirming that the prismatic quartz formed 

through recrystallization of a non-crystalline precursor and not through precipitation in open 

space. (c) Silica band that is largely recrystallized to prismatic quartz. The prismatic quartz 

crystals were competing for space as they grew outward from the cores through recrystallization 

of a noncrystalline silica precursor into the dark bands between crystals (arrows). The contact 

between the quartz crystals and the dark bands containing a silica precursor is characterized by 

dentine textures. Plane-polarized light. (d) Crossed-polarized light image of the same field of 

view showing that prismatic quartz crystals formed by recrystallization of the noncrystalline 

silica are competing for space. Zones of feathery quartz are present in some of the crystals 

(arrow). e Remnant recrystallization fronts in an area that is entirely recrystallized to quartz. The 

bands defining the remnant recrystallization fronts are rich in inclusions. Plane-polarized light. 

(f) Crossed-polarized light image of the same field of view. Feathery extinction patterns occur in 

some of the prismatic quartz crystals or in halos surrounding the crystals (arrows). 
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2.5.6 Fluid Inclusions 

The microspherical silica matrix that is anisotropic in crossed-polarized light does not 

contain fluid inclusions suggesting that the conditions at which the noncrystalline silica was 

deposited and the ore minerals formed within the silica matrix cannot be determined based on 

microthermometric investigations. However, fluid inclusions are present in the different textural 

types of quartz formed through recrystallization from the noncrystalline precursor. 

Flamboyant quartz grains contain abundant inclusions. These are present in dark bands 

surrounding cores on the grains (Fig. 2.6a) or form radiating arrays that are typically parallel to 

the quartz splinters in zones of feathery quartz (Fig. 2.6b). The textural relationships suggest that 

these inclusions formed as imperfections in the quartz during recrystallization from the 

noncrystalline precursor. The inclusions are highly irregular in shape and typically are empty 

void spaces giving inclusion-rich zones the dark color. In some cases, fluid inclusions containing 

a liquid and a vapor bubble are present in arrays of empty inclusions (Fig. 2.6c). 

The prismatic quartz crystals contain abundant bands of pseudoprimary inclusions (Figs. 

2.5a and 2.6c-e) that were entrapped along recrystallization fronts (Fig. 2.5c, d). The inclusions 

are commonly highly irregular in shape, forming dark, empty void spaces. Where inclusions are 

more mature, the inclusions have equant to negative-crystal shapes (Fig. 2.6e). At room 

conditions, these more mature inclusions are commonly filled with liquid and contain a vapor 

bubble. The liquid to vapor volumetric proportions are typically variable but may also be 

consistent. They could be mistakenly interpreted as primary fluid inclusions entrapped along 

growth bands. Large prismatic quartz crystals may contain many secondary fluid inclusion 

planes. Fluid inclusion assemblages within healed secondary planes can show inconsistent or 

consistent liquid to vapor volumetric proportions. In rare cases, pseudosecondary inclusion 
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planes were observed suggesting that growth of the prismatic quartz crystals into the surrounding 

matrix continued after entrapment of the fluid inclusions (Fig. 2.6f). 

 

2.5.7 Ore Textures 

Some silica bands in the opaline veins from McLaughlin contain preserved delicate ore 

mineral dendrites. This includes dendrites of native gold and sphalerite (Fig. 2.7a, b). Some of 

the sphalerite dendrites are spinifex-like and up to 500-µm in length. These dendrites are 

oriented approximately perpendicular to the colloform banding (Fig. 2.1a, b). Large stubby 

pyrargyrite crystals occur in the mineralized silica bands (Fig. 2.7a, b).  

The mineralized silica bands are variably recrystallized. In some cases, the silica matrix 

consists of relict microspheres. The ore mineral dendrites or the pyrargyrite crystals are 

frequently encased by quartz formed through recrystallization of the silica matrix, suggesting 

that the ore minerals functioned as nuclei for recrystallization (Fig. 2.7c). Parts of dendrites or 

entire dendrites are encapsulated by a single quartz crystal or encased by a group of quartz 

crystals that formed through recrystallization of the silica matrix (Fig. 2.7c, d). Quartz crystals 

also occur in the matrix between the dendrites (Fig. 2.7d). Agglomeration results in the 

formation of large quartz aggregates showing a mosaic texture. At high magnification, it is 

apparent that the quartz encapsulating the ore minerals shows a dentine texture in contact with 

the surrounding matrix, suggesting that the quartz aggregates formed through growth into the 

matrix (Fig. 2.7e). However, the encapsulating quartz commonly forms small euhedral crystals in 

contact with the opaque phases. Quartz growth around the opaque phases appears to have been 

accompanied by coarsening of the ore mineral grains (Fig. 2.7f). This textural feature could be 

misinterpreted to represent infilling of a vug by the ore minerals (Fig. 2.7e, f). 
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Figure 2.6 Fluid inclusion characteristics of quartz formed through recrystallization of the non-

crystalline silica in the opaline veins from the McLaughlin deposit, California. (a) Flamboyant 

quartz aggregates surrounded by noncrystalline silica matrix (Page 32). The quartz in contact 

with the surrounding matrix has a dentine texture. The flamboyant quartz aggregates are 

characterized by clear cores that are surrounded by zones that are rich in inclusions (arrows), 

which are interpreted to represent recrystallization fronts. Plane-polarized light. (b) Crossed-

polarized light image of the same field of view. The outermost zone of the flamboyant quartz 

aggregate shows a well-developed feathery texture characterized by quartz splinters having 

slightly different extinction positions. Zones of abundant inclusions occur between the cores of 

the flamboyant quartz aggregates and the outer zones having a feathery texture. Inclusions are 

also present between the quartz splinters enhancing the radiating appearance of the quartz 

aggregate (arrows). (c) Flamboyant quartz aggregate that shows a dentine texture in contact with 

the surrounding matrix. The quartz aggregate contains a zone of inclusions that were entrapped 

during the recrystallization process. The inclusions are highly irregular in shape. Most inclusions 

are empty void spaces although fluid inclusions are also present (arrow). Plane-polarized light. 

(d) Bands of pseudoprimary inclusions that have formed along two recrystallization fronts that 

can be traced across several prismatic quartz crystals (see Fig. 5a for location of image). The 

inclusions are highly irregular in shape. In the outer band, most of the inclusions are empty void 

spaces. However, in the inner band many of the inclusions are liquid-rich inclusions with a vapor 

bubble. Plane-polarized light. (e) Pseudoprimary inclusions with rough to smooth surfaces and 

elongate, equant, and negative-crystal shapes in a prismatic quartz crystal. Many of the 

inclusions show consistent liquid to vapor volumetric proportions (arrows). Plane-polarized light. 

(f) Pseudosecondary fluid inclusion plane crosscutting a larger prismatic quartz crystal. The 

crystal has formed through recrystallization of the originally noncrystalline silica matrix and is in 

contact with the matrix on the left side of the picture. The fluid inclusion plane is truncated by a 

narrow zone of clear quartz (arrow) suggesting that growth of the prismatic crystal into the 

matrix continued after healing of the microfracture. The inclusions are mostly equant in shape 

and have consistent liquid to vapor volumetric proportions. Plane-polarized light. 
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Figure 2.7 Ore textures in partially recrystallized opaline veins from the McLaughlin deposit, 

California (Page 33). (a) Dendrites of native gold and sphalerite set in a matrix consisting of 

relict silica microspheres. In addition to the dendrites, large euhedral pyrargyrite grains occur. 

Plane-polarized light. (b) Reflected light image of the same field of view. The image highlights 

the abundance of native gold. (c) Dendrites of native gold and sphalerite as well as euhedral 

crystals of pyrargyrite in a silica band that shows incipient recrystallization. Some of the ore 

minerals functioned as nucleation sites for the recrystallization of the noncrystalline silica to 

quartz. As a result, the ore minerals are partially encapsulated by quartz (arrows). Plane-

polarized light. (d) Silica band that is partly recrystallized (left side of image). Quartz crystals 

formed through recrystallization partially or entirely encapsulate the delicate ore mineral 

dendrites or occur in the silica matrix between the dendrites. Amalgamation of the quartz grains 

results in the development of quartz aggregates showing a mosaic texture (see Fig. 1e, f) that will 

host encapsulated ore minerals. Plane-polarized light. (e) Ore minerals in a partially 

recrystallized silica band. The ore minerals functioned as nucleation sites for the recrystallization 

of the noncrystalline silica, with the quartz growing outwards into the matrix as indicated by the 

presence of dentine textures (arrow). The color variations in the matrix are most likely a product 

of recrystallization and not a primary feature caused by the deposition of the microspheres along 

the vein wall. Plane-polarized light. (f) Pyrargyrite and small ore mineral dendrites in a 

noncrystalline silica matrix that is partially recrystallized. Pyrargyrite in the lower part of the 

image is encased by quartz crystals formed through recrystallization of the noncrystalline silica 

precursor. The pyrargyrite functioned as a nucleus for recrystallization. The quartz crystals have 

grown outward into the silica matrix as indicated by the dentine textures. Small euhedral quartz 

crystals are present along the contact with the pyrargyrite. The textural relationship could be 

easily misinterpreted as pyrargyrite infilling a vug surrounded by quartz. Au = native gold, Pyg = 

pyrargyrite, Sp = sphalerite 
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2.6 Discussion 

2.6.1 Formation of Noncrystalline Silica 

High-magnification optical microscopy demonstrates that the opaline veins at 

McLaughlin were originally composed mainly of microspherical silica. The silica matrix in some 

of the least-recrystallized bands in the opaline veins is still isotropic in nature (Fig. 2.1), 

suggesting that this silica phase was noncrystalline at the time of deposition. Raman 

spectroscopy confirmed that areas of isotropic extinction do not contain quartz. Following Smith 

(1998), the microspherical noncrystalline silica at McLaughlin can be classified as opal-AG. 

Saunders (1990) proposed that opal-AG was originally gel-like when deposited along the vein 

walls explaining that bands of opal-AG are often wavy in nature, which is most easily explained 

by hydraulic shaping of the silica. 

Ore minerals at McLaughlin form dendrites or euhedral grains within the microspherical 

silica matrix originally composed of opal-AG (Figs. 2.1 and 2.7). Monecke et al. (2023) 

hypothesized that the ore minerals grew within the gel-like silica matrix through a diffusion-

limited growth process. Textures similar to those observed in the samples from McLaughlin have 

been obtained in crystal growth experiments in silica gels (Oaki and Imai 2003; Monecke et al. 

2023). The growth of the ore minerals in a silica gel matrix explains the delicate nature of the ore 

mineral dendrites and their orientations in the mineralized bands. Although the larger dendrites 

have nucleated at the base of mineralized bands and appear to have grown towards the top of the 

bands, many smaller dendrites have radiating shapes and appear to have grown in all directions, 

which cannot be explained by growth in open space along the vein walls. 
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2.6.2 Crystallographic Changes 

Similar to natural gem opals (Jones et al. 1968; Gaillou et al. 2008), the opal-AG in the 

studied veins from McLaughlin was originally composed of silica microspheres having a gel-like 

SiO4 linked arrangement. According to Smith (1998), opal-AG lacks long-range order even 

though the microspheres are typically regularly stacked. 

At McLaughlin, a substantial proportion of the original opal-AG has recrystallized to 

quartz. The nature of this transformation could not be resolved confidently by Raman 

spectroscopy due to the high background luminescence. However, a series of studies have 

demonstrated that the thermodynamically unstable opal-AG in silica sinters formed at subaerial 

hot springs, which are common surface manifestations associated with low-sulfidation 

epithermal deposits (Sillitoe 2015), is transformed into quartz through the formation of opal-CT 

and opal-C (Campbell et al. 2001; Lynne and Campbell 2004; Rodgers et al. 2004; Lynne et al. 

2005; Jones 2021). In opal-CT, domains of short-range order are present, while opal-C has more 

ordered domains (Smith 1998). Recrystallization occurs through a coupled dissolution-

reprecipitation process as described by Williams et al. (1985), Rice et al. (1995), and Jones and 

Renaut (2007). Studies on silica sinters have shown that naturally occurring opal-AG typically 

recrystallizes to quartz within tens of thousands of years at surface conditions (Herdianita et al. 

2000; Rodgers et al. 2004; Lynne et al. 2005). In hydrothermal experiments at temperatures of 

300-500°C, this crystallographic transition has been achieved in as little as days to months 

(Ernst and Calvert 1969; Bettermann and Liebau 1975; Oehler 1976). 
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2.6.3 Textural Evolution 

Textural changes accompanying the recrystallization of microspherical opal-AG have 

been extensively studied in hot spring deposits. These studies show that the smooth microspheres 

in opal-AG initially convert to bladed lepispheres of opal-CT (Lynne and Campbell 2004; 

Rodgers et al. 2004; Lynne et al. 2005). During continued recrystallization, the blades on the 

lepispheres can develop sharp-peaked pyramid or blocky structures, which subsequently 

recrystallize to quartz microcrystals (Lynne et al. 2005, 2007). Small doubly terminated quartz 

crystals and drusy quartz can form because of silica recrystallization in silica sinters originally 

consisting of opal-AG (Rodgers et al. 2004). Identification of these microtextural changes 

accompanying the crystallographic transition from noncrystalline silica to thermodynamically 

stable quartz requires the use of electron microscopic methods due to the small size range of 

silica microspheres and their recrystallization products. 

The study at McLaughlin highlights that recrystallization of opal-AG to quartz in 

epithermal veins resulted in textural changes observable by optical microscopy. Initial 

maturation of the originally microspherical matrix in the studied opaline veins resulted in the 

formation of concentrically banded silica spheres. Recrystallization of the opal-AG results in the 

formation of elongated quartz crystals, which commonly occur in the cores of the concentrically 

banded silica spheres, and the growth of complexly-shaped quartz aggregates. As the amount of 

elongated quartz crystals within the silica matrix increases, mosaic quartz is formed through the 

amalgamation of the quartz crystals. The mosaic quartz formed through recrystallization of the 

opal-AG and amalgamation of quartz crystals is characterized by interpenetrating grain 

boundaries (cf. Dong et al. 1995). Continued growth of the complexly-shaped quartz crystals 

results in the development of flamboyant quartz, which is characterized by rounded grain shapes 
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and radiating extinction patterns. As the flamboyant quartz crystals grow, they also compete for 

space and develop interpenetrating grain boundaries. Ripening results in the growth of large 

prismatic quartz crystals.  

Some of the opaline bands in the veins of the <2.2 Ma McLaughlin epithermal deposit are 

almost entirely recrystallized to the large prismatic quartz crystals, suggesting that opal-AG or 

many of the textures of incipient recrystallization documented in this contribution are unlikely to 

be preserved in older epithermal deposits. In older epithermal deposits, microspherical opal-AG 

that may have been originally present is likely entirely transformed to mosaic quartz, flamboyant 

quartz, or vein-like prismatic quartz, as originally suggested by Sander and Black (1988). 

 

2.6.4 Timing of Fluid Inclusion Formation 

During recrystallization, the noncrystalline opal-AG originally deposited along the vein 

walls will have successively lost its water content. Opal-AG in silica sinters can contain over 10 

wt.% total H2O (Graetsch et al. 1985; Day and Jones 2008). Water loss during the dissolution-

reprecipitation process resulting in the transition from opal-AG to quartz may result in 

entrapment of some of the water in microcavities, along grain boundaries, or as microstructural 

defects in the recrystallizing silica precursor phases (Graetsch et al. 1987; Graetsch 1994; Moxon 

2017), and the formation of fluid inclusions in the newly formed quartz. The fluid inclusion 

assemblages formed this way commonly show variable liquid to vapor volumetric proportions 

and are thus not suitable for the determination of homogenization temperatures. However, at 

McLaughlin, rare assemblages containing consistent phase ratios are present (Fig. 2.6d, e) that 

may record the thermal conditions of recrystallization. 
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The nature of the fluid inclusions in the recrystallized quartz at McLaughlin is similar to 

those described by Sander and Black (1988). These authors studied the formation of prismatic 

quartz crystals in the veins from the Rawhide and Round Mountain low-sulfidation epithermal 

deposits in Nevada. Sander and Black (1988) suggested that prismatic quartz crystals in the vein 

material could have formed due to the recrystallization of a noncrystalline precursor. However, 

these earlier workers did not document the occurrence of relict microspheres. Sander and Black 

(1988) proposed that the prismatic quartz crystals formed through aggregation of microscopic 

crystallites growing from the noncrystalline precursor and envisaged that submicroscopic to 

micrometer-sized fluid inclusions were entrapped during aggregation. They proposed that 

subsequent maturation to progressively coarser prismatic quartz crystals resulted in the 

coalescence of small fluid inclusions to larger and more regularly shaped inclusions. Sander and 

Black (1988) concluded that bands of such pseudoprimary fluid inclusions formed through 

recrystallization of a noncrystalline silica precursor can be easily mistaken as primary fluid 

inclusion assemblages entrapped along growth zones in quartz crystals formed in open spaces.  

Results of this study on opaline veins from McLaughlin confirm that there is an important 

subtle distinction between the bands of pseudoprimary fluid inclusions formed through 

recrystallization of the noncrystalline silica precursor and growth zones defined by fluid 

inclusions formed during crystal growth in open spaces (cf. Bodnar et al. 1985). Curved or 

rounded outer margins of the bands of fluid inclusions provide unequivocal evidence for the 

entrapment of the fluid inclusions along recrystallization fronts and indicate that quartz has 

recrystallized from noncrystalline microspherical silica precursor (Fig. 2.5e, f). 
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2.7 Implications 

The study at McLaughlin provides an important link between modern geothermal 

systems where silica scales are mainly composed of noncrystalline opal-AG (Reyes et al. 2002; 

Smith et al. 2003; Raymond et al. 2005; Brown 2011; Taksavasu et al. 2018; van den Heuvel et 

al. 2018; Chambefort and Stefánsson 2020) and epithermal veins that are primarily composed of 

quartz (Dong et al. 1995; Moncada et al. 2012; Shimizu 2014). The evidence from McLaughlin 

suggests that silica bands hosting ore minerals were originally composed mainly of a 

noncrystalline silica precursor that recrystallized to quartz during or after deposit formation.  

This study confirms that mosaic quartz is a common product of the recrystallization of 

the opal-AG, which is consistent with previous textural investigations (Taksavasu et al. 2018; 

Tharalson et al. 2019, 2023; Zeeck et al. 2021). Similarly, flamboyant quartz aggregates, 

prismatic quartz crystals with zones having a feathery appearance, and the presence of banded or 

radiating pseudosecondary fluid inclusion patterns in quartz are indeed recrystallization textures 

resulting from the transformation (maturation?) of opal-AG to quartz. Recognition of these quartz 

textures as products of recrystallization of noncrystalline silica in epithermal veins is of 

paramount importance when studying the processes that result in precious metal mineralization 

in shallow hydrothermal systems. In contrast to mineralized bands in colloform epithermal veins 

that commonly contain quartz showing these textures (Moncada et al. 2012; Shimizu 2014; 

Taksavasu et al. 2018; Tharalson et al. 2019, 2023; Zeeck et al. 2021), barren bands show 

different textural characteristics suggesting that they did not form by the same processes 

(Moncada et al. 2012; Zeeck et al. 2021). 

It is proposed here that mineralized and barren bands in epithermal veins record 

fundamentally different conditions of fluid flow. Not unlike modern geothermal systems, opal-
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AG deposition in mineralized bands likely occurred rapidly under conditions of two-phase liquid 

and vapor flow as silica supersaturation can be readily achieved under these conditions (Fournier 

1985; Saunders 1990; Simmons and Browne 2000). The generation of significant amounts of 

vapor under two-phase flow conditions, referred to as fluid flashing, results in metal 

supersaturation in the liquid phase promoting ore deposition (Drummond and Ohmoto 1985; 

Brown 1986; Christenson and Hayba 1995; Simmons and Browne 2000). Indeed, sulfide scales 

in geothermal systems commonly form under these conditions (Raymond et al. 2005; 

Hardardóttir et al. 2010; Grant et al. 2019). In contrast to mineral formation during the typically 

short-lived events of fluid flashing (cf. Rowland and Simmons 2012), the formation of barren 

quartz bands, including growth of zonal quartz in open spaces, records periods of fluid flow at 

near steady-state conditions. Steady-state fluid flow may have occurred under single-phase 

conditions or may have been accompanied by the generation of small amounts of vapor, referred 

to as gentle boiling (Moncada et al. 2012).  

The present study shows that mineralized silica bands do not contain primary fluid 

inclusions as they originally consisted of microspherical opal-AG. Fluid inclusions bands that 

mimic growth zones are present in flamboyant and prismatic quartz. However, these 

pseudoprimary fluid inclusions were entrapped during recrystallization and not at the time of 

silica and ore mineral deposition as previously noted by Sander and Black (1988). Evidence for 

flashing is, therefore, not commonly found in the fluid inclusion inventory of quartz in 

mineralized bands. In contrast, zonal quartz, which forms a common late open space infill in the 

center of epithermal veins, commonly contains primary fluid inclusions (Bodnar et al. 1985; 

Brathwaite and Faure 2002; Shimizu 2014). However, these inclusions do not constrain the 

conditions of ore deposition as this quartz type was not formed at the same time as the ore 
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minerals in the mineralized bands. Therefore, previous studies drawing conclusions on the 

processes of ore formation in the epithermal environment based on microthermometric data 

obtained on quartz formed by recrystallization or late zonal quartz grown in open spaces must be 

viewed with skepticism. 

 

2.8 Conclusions 

Opaline veins at the McLaughlin low-sulfidation epithermal deposit were originally 

composed of mostly noncrystalline, microspherical opal-AG. The opal-AG deposited along the 

vein walls due to silica oversaturation caused by the flashing of the hydrothermal liquid. Ore 

mineral dendrites, including native gold, formed within the gel-like silica matrix as suggested by 

the delicate intergrowth between the ore minerals and the microspherical silica matrix. Growth of 

the ore mineral dendrites occurred at far-from-equilibrium conditions (Monecke et al. 2023; 

Tharalson et al. 2023). Following deposition, the noncrystalline silica recrystallized to quartz, 

resulting in a modification of the original textures. 

Most notably, the recrystallization of opal-AG to quartz causes the formation of a 

sequence of unique textures, beginning with the growth of elongate crystals suspended in the 

noncrystalline silica matrix. Coalescence of these crystals results in the development of mosaic 

extinction patterns and dentine surface textures in quartz and quartz crystallites. Flamboyant 

quartz represents another product of recrystallization of the noncrystalline silica matrix. 

Complete recrystallization of the noncrystalline silica matrix leads to the formation of large 

prismatic quartz crystals, which commonly show feathery internal textures and can exhibit bands 

of pseudo secondary fluid inclusions. Maturation and recrystallization of the matrix results in the 
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opaque phases to be encapsulated or encased by quartz. This is accompanied by the coarsening 

of the ore minerals. 

The study of recrystallization textures at McLaughlin provides the missing link between 

the primary deposition of opal-AG from hydrothermal liquids in the epithermal environment, 

which is not unlike the formation of silica scales in geothermal systems, and the fact that most 

high-grade veins in low-sulfidation epithermal deposits are composed of quartz and not opal-AG. 

Similar processes may have occurred at many other epithermal deposits. However, textural 

evidence may be sparse if recrystallization of the original noncrystalline silica to quartz has 

progressed to completeness. Correct identification of the products of recrystallization in 

epithermal quartz veins is critical to investigations aiming to unravel the conditions of mineral 

precipitation as well as microthermometric studies requiring correct identification of primary 

fluid inclusion assemblages. 
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CHAPTER 3   

ORE DEPOSITION BY FLUID FLASHING AT UP TO 1 KM DEPTH AT THE        

ARISTA INTERMEDIATE-SULFIDATION EPITHERMAL                                        

DEPOSIT, OAXACA, MEXICO 

Reproduced with permission of all co-authors 

Garrett D. Gissler 1, Thomas Monecke 1, and T. James Reynolds 1,2 

 

3.1 Abstract 

High-grade precious and base metal mineralization in epithermal deposits is commonly 

hosted in banded veins extending from the surface to several hundreds of meters deep. Metal 

deposition in some deposits occurs through flash vaporization of the hydrothermal liquids caused 

by transient pressure drops along the high-permeability host structure. Based on petrographic and 

fluid inclusion evidence from the Arista intermediate-sulfidation epithermal vein deposit in 

southern Mexico, we show for the first time that flash vaporization in natural hydrothermal 

systems can occur over 1 km below paleosurface. Supersaturation of the hydrothermal liquids 

during vigorous vapor loss resulted in mineral deposition at far-from-equilibrium conditions, 

which included the growth of ore mineral dendrites within noncrystalline silica deposited along 

the vein walls. Revised mineral discovery strategies for this deposit type must consider that ore 

bodies formed by flashing may be located at greater depth than previously assumed.  
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3.2 Introduction  

Intermediate-sulfidation epithermal deposits are a major resource for gold and silver and a 

significant contributor to global base metal production (Albinson et al., 2001; Wang et al., 2019). 

Mineral deposition in these epithermal deposits occurs in the shallow subsurface (<1.5 km) in arc 

volcanic terrains or post-collisional orogenic belts from hydrothermal liquids that have 

temperatures of up to ~350°C (Wang et al., 2019). The deposits commonly show a spatial and 

temporal link to porphyritic intrusions (Sillitoe and Hedenquist, 2003). 

Metal deposition in intermediate-sulfidation epithermal vein deposits is widely believed to 

result from phase separation when ascending hydrothermal liquids experience a decrease in 

confining pressure within hundreds of meters from surface, triggering vapor generation (Kamilli 

and Ohmoto, 1977; Simmons et al., 1988; Albinson et al., 2001; Moncada et al., 2012). The 

phase separation alters the chemistry of the hydrothermal liquid, enhancing mineral deposition 

through volatile partitioning from the liquid into the vapor phase (Drummond and Ohmoto, 

1985; Simmons and Browne, 2000). Two fundamentally distinct types of phase separation can 

occur in the epithermal environment (Bodnar et al., 1985; Moncada et al., 2012). In gentle 

boiling, small amounts of vapor are produced in the liquid column within a defined boiling zone 

along the structure that controls fluid upflow (Moncada et al., 2012). In flash vaporization, phase 

separation takes place through transient pressure drops within the upflow zone, causing the 

conversion of substantial amounts of liquid to vapor (Christenson and Hayba, 1995; Moncada et 

al., 2012; Sanchez-Alfaro et al., 2016; Zeeck et al., 2021). At present, it has not been established 

whether flash vaporization plays a role in forming many intermediate-sulfidation epithermal 

deposits and to what depth mineral deposition occurs in hydrothermal systems undergoing 

flashing, which potentially has important implications for mineral exploration. 
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This contribution reports a case study of the Arista intermediate-sulfidation epithermal 

deposit in southern Mexico, where precious and base metal mineralization occurs in banded 

veins along extensional faults. For the first time, this study demonstrates the depth extent of flash 

vaporization, which resulted in ore deposition in a natural hydrothermal system. 

 

3.3 Geological Setting  

The Arista epithermal deposit is located in Oaxaca in southern Mexico. The ~18.5 Ma 

mineralization formed in association with arc magmatism in the Sierra Madre del Sur magmatic 

province (Morán-Zenteno et al., 1999), which comprises discontinuously distributed Late 

Cretaceous to Tertiary volcanic fields stretching over ~1000 km from the states of Michoacán in 

the northwest to Oaxaca in the southeast. At Arista, andesite and rhyolite flows, as well as 

pyroclastic deposits unconformably overlie Cretaceous pelite basement rocks. A 1.2-1.5 km 

large rhyolite lava dome is located immediately to the NW of the deposit. 

Arista consists of three sets of veins (Arista, Switchback, and Three Sisters) formed along 

NW-trending extensional faults defining a relay ramp. The veins of the western Arista vein set 

are most economically important. They outcrop at surface along a ridge at 1028 to 959 meters 

above sea level (msl), where metal grades are subeconomic (up to 0.3 ppm Au). Underground 

mining of the Arista veins occurs over an elevation range of 887 msl (mine level 1) to 402 msl 

(mine level 27). Drilling below the deepest levels of the mine revealed that mineralization 

continues to at least 361 msl. The veins have a known strike length of over 1000 m, varying from 

0.5 to ~30 m in width. Precious metal grades in the mine (up to 80 g/t Au) tend to be 

continuously distributed at higher elevations and are more heterogeneous at depth. Since 2010, 
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the mine has produced ~5.5 million tonnes of ore at an average grade of ~2.02 g/t Au, 139.1 g/t 

Ag, 3.20 % Zn, 1.16 % Pb, and 0.27 % Cu (Brown et al. 2021).  

 

3.4 Ore and Gangue Textures 

At Arista, veins containing precious and base metals in economic grades are crustiform, 

consisting of successive bands that differ in texture, mineral composition, and color (Fig. 3.1A). 

The veins are typically symmetrically developed from both margins of the veins. Ore minerals, 

including sphalerite, galena, tennantite-tetrahedrite, and chalcopyrite, occur in distinct bands 

separated by white or tan-colored bands primarily composed of quartz. Brecciation of the veins 

and wall rocks along the vein margins is common. The ore minerals in the veins form dendrites 

characterized by multi-branching shapes pointing toward the interior of the veins (Figs 3.1B and 

3.1C). Ore dendrites can occur as individual branching structures set in a matrix of fine-grained 

quartz or form undulating bands of amalgamated aggregates. 

Microscopically, the ore mineral dendrites are typically composed of more than one 

mineral species. Sphalerite commonly occurs in the same mineralized bands as chalcopyrite and 

galena (Figs. 3.2A and 3.2B). Where the dendrites have not merged into massive bands, they 

exhibit fragmented shapes that can be split into several bulbous parts, each of which resembles 

the geometry of the whole (Fig. 3.1C). This fractal geometry of the ore mineral grains can be 

observed in samples collected from the shallowest to the deepest levels of the underground mine. 
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Figure 3.1 Macroscopic textural relationships at Arista. (A) Underground image of crustiform 

vein. The center of the vein is extensively brecciated. (B) Hand specimen of crustiform vein 

composed of parallel bands that differ in texture, mineral composition, and color. Sphalerite 

dendrites hosted by quartz occur in many of the bands (arrows). (C) Delicate ore mineral 

dendrite composed of sphalerite and minor galena. The dendrite is hosted by quartz, which also 

contains abundant ankerite-kutnohorite. 
 

The ore mineral dendrites are hosted by quartz (Fig. 3.2B). The quartz is typically fine-

grained, showing a mosaic texture in crossed-polarized light. The grain boundaries of these 

quartz grains are irregular and interpenetrating. Zones of fine-grained mosaic quartz commonly 

transition to polygonal quartz that exhibits straight grain boundaries (Fig. 3.2B). In many veins, 

larger prismatic quartz grains occur that are interpreted to have formed through maturation and 

recrystallization of an originally noncrystalline silica matrix. Prismatic quartz crystals commonly 
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host dark bands containing abundant void spaces (Fig. 3.2D). The dark bands can be traced 

across multiple adjacent grains and can be wavy or have round edges (Fig. 3.2D), suggesting that 

they represent recrystallization fronts (Gissler et al., in prep; Chapter 2 of this thesis). These 

crystals commonly have feathery extinction domains in cross-polarized light. The crystal grain 

boundaries vary from irregular to frayed and are surrounded by finer-grained quartz. 

 

  
 

Figure 3.2 Microtextural relationships in samples from Arista. (A) V-shaped sphalerite dendrite 

hosted in quartz. Reflected light. (B) Same field of view showing that the dendrite is hosted by 

fine-grained quartz exhibiting a mosaic texture (lower arrow). Larger polygonal quartz grains 

(upper arrow) occur on top of the dendrite. Slightly crossed-polarized light. (C) Sphalerite 

dendrite showing a fractal geometry. The arrows mark necks between bulbous parts of the 

dendrite. Each of these parts is composed of smaller sphalerite bulbs. Reflected light. (D) Quartz 

formed through recrystallization of a noncrystalline precursor. The quartz hosts dark bands 

(arrows) having angular to round shapes. (E) Plane of secondary fluid inclusions in sphalerite, 

with chalcopyrite inclusions occurring on the same plane. Liquid-to-vapor volumetric 

proportions within the inclusions are consistent. Seven inclusions defining the assemblage 

homogenized at 255-260°C. (F) Healed microfracture in quartz that contains fluid inclusions 

showing consistent liquid-to-vapor volumetric proportions. Qz = quartz, Sp = sphalerite. 
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3.5 Fluid inclusion Microthermometry  

Fluid inclusion petrography was conducted on 128 thick (80 µm) sections prepared from 

vein samples collected at different elevations in the vein systems of Arista. The sphalerite and 

the recrystallized host quartz are devoid of primary fluid inclusions. Despite careful inspection, 

secondary fluid inclusion assemblages of coexisting liquid-rich and vapor-rich fluid inclusions 

recording phase separation (cf. Bodnar et al., 1985) could not be identified. However, secondary 

assemblages consisting of vapor-rich inclusions are common, suggesting that phase separation 

did occur during vein formation. 

In the absence of assemblages with coexisting liquid-rich and vapor-rich fluid inclusions, 

minimum pressures of entrapment were determined by microthermometric measurement of the 

highest temperature assemblages with consistent liquid-to-vapor volumetric proportions (Figs. 

3.2E and 3.2F) using a gas-flow stage. This was accomplished by heating the samples until all 

fluid inclusion assemblages were homogenized (cf. Goldstein and Reynolds, 1994). The 

salinities of the highest temperature assemblages were determined in subsequent freezing runs 

(Table 1). 

Maximum homogenization temperature data (Table 1) shows a general trend towards 

higher homogenization temperatures with depth within the mine (Fig. 3.3). The 

microthermometric data can be enveloped by a common boiling-point-to-depth curve (Fig. 3.3), 

suggesting that the paleosurface of the Arista hydrothermal system was located at ~1400 msl, 

which is ~370-440 m above the current surface level of the outcropping veins. The salinity of 

the fluid inclusions is highly variable, ranging from 0-16.4 wt.% NaCl equiv. (Table 1). 
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Table 3.1 Microthermometric data obtained on the highest temperature, secondary fluid inclusion 

assemblages hosted by quartz and sphalerite in samples collected from different elevations of the 

Arista vein set. 

Elevation 

(msl) 

Sample Mineral n Th in °C Tm,ice in °C Salinity (wt% 

NaCl equiv.) 

878 156509 Sp 6 260-265 n.d. n.d. 

864 108843 Sp 4 250-260 n.d. n.d. 

825 108802 Sp >10 265-275 n.d. n.d. 

814 108807 Sp 3 265-270 n.d. n.d. 

814 156556 Sp 5 245-250 n.d. n.d. 

797 108805 Qz 6 265-270 0.0 to -0.5 to  0.0 to 0.9 

780 108838 Sp 3 250-255 -12.0 to -12.5  16.0 to 16.4  

779 108839 Sp 7 255-260 -6.0 to -6.5 9.2 to 9.9 

720 156559 Qz 4 260-265 -1.5 to -2.0  2.6 to 3.4 

573 108042 Sp 3 260-270 -7.0 to -8.0- 10.5 to 11.7 

555 111708* Sp 4 

2 

4 

5 

310-320 

310-315 

310-315 

315-320 

-3.5 to -4.0  5.7 to 6.5 

555 111708 Qz 7 260-265 n.d. n.d. 

484 156614 Sp 4 275-280 n.d. n.d. 

385 323674 Sp 4 280-285 n.d. n.d. 

384 323678 Qz 6 270-280 n.d. n.d. 

n number of fluid inclusions in assemblage; n.d. not determined as the small inclusion size did 

not allow reliable determination of the melting of the last ice during the cycling technique used 

(cf. Goldstein and Reynolds, 1994); Qz quartz; Sp sphalerite; Th final homogenization 

temperature; and Tm,ice ice-melting temperature; * Outliers are from a sample collected near a 

dike. 
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Figure 3.3 Diagram showing the homogenization temperatures of high-temperature (>250 °C) 

secondary fluid inclusion assemblages hosted by quartz and sphalerite from Arista. The data 

points are enveloped by the boiling-point-to-depth curve of H2O containing 5 wt.% NaCl (cf. 

Haas, 1971). The plot shows that the paleowater table was located at ~1400 msl during deposit 

formation. Outliers are from a sample collected near a dike. 
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3.6 Mechanisms of Vein Formation 

The observations of this study constrain the processes that resulted in ore formation at 

Arista. Ore minerals in the crustiform veins sampled from different elevations of the mine form 

dendrites with fractal shapes. The complex and delicate shapes of the dendrites suggest that they 

did not form in open spaces. Monecke et al. (2023) proposed that ore mineral dendrite growth in 

epithermal veins takes place within a matrix of noncrystalline silica deposited along the vein 

walls. The gel-like noncrystalline silica provides a medium in which the ore minerals nucleate 

and grow. Solutes required for dendrite growth are supplied by diffusion from the hydrothermal 

fluids flowing across the top of the silica layer. The dendritic shapes of the growing aggregates 

directly reflect this solute diffusion process (Witten and Sander, 1983) through the gel. 

The growth of ore mineral dendrites in silica gel occurs far from equilibrium under 

conditions of solute supersaturation (Monecke et al., 2023). Non-equilibrium conditions, in 

which the liquid contains more solutes than the equilibrium solubility allows, drive crystal 

nucleation and growth (Oaki and Imai, 2003). Observations in modern geothermal systems 

suggest that supersaturation of solutes resulting in sulfide scaling is most pronounced in areas 

where sharp pressure drops result in near-instantaneous vaporization of a large amount of liquid 

(Brown, 1986; Hardardóttir et al., 2010). 

Flashing of the hydrothermal liquids is also responsible for the deposition of the gel-like 

silica that hosts the ore mineral dendrites. Silica scales formed in modern geothermal systems at 

high degrees of supersaturation are composed of opal-AG (Reyes et al., 2002; von Hirtz, 2016), 

which consist of 1-5 mm large silica microspheres (van den Heuvel et al., 2018). Noncrystalline 

microspherical silica is also formed in experimental studies simulating fluid flashing (Amagai et 

al., 2019). Opal-AG is thermodynamically unstable and matures to quartz (Reyes et al., 2002; 
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Amagai et al., 2019; Gissler et al., in prep; Chapter 2 of this thesis), explaining why ore mineral 

dendrites are now hosted by quartz at Arista.  

In some young epithermal deposits, relic microspheres are present in the quartz that 

forms crustiform veins (Zeeck et al., 2021; Tharalson et al., 2023). However, maturation and 

recrystallization typically result in the obliteration of original silica textures. Dong et al. (1995) 

and Gissler et al. (in prep; Chapter 2 of this thesis) showed that mosaic quartz, which is 

microcrystalline and characterized by highly irregular and interpenetrating grain boundaries, is 

the most common product of recrystallization of noncrystalline silica. Ripening causes the 

growth of polygonal quartz as well as prismatic crystals showing zones with feathery extinction 

and inclusion-rich bands (Sander and Black, 1988; Gissler et al., in prep; Chapter 2 of this 

thesis). 

At Arista, mature quartz formed by recrystallization hosts secondary fluid inclusion 

assemblages that homogenize at elevated temperatures. This suggests that the transformation of 

the noncrystalline silica to quartz occurred under hydrothermal conditions. Experimental studies 

demonstrate that noncrystalline silica can mature to quartz within weeks to months at elevated 

temperatures (Oehler, 1976). Substantial amounts of vapor need to form to increase the salinity 

of the parental liquid (Simmons and Browne, 1997). Microthermometric measurements show 

that secondary fluid inclusions in sphalerite and quartz with high homogenization temperatures 

can also have high salinity at Arista. The variable salinities of these inclusions are consistent 

with inferred fluid flashing.  

Flashing is a highly dynamic process, and the degree of vapor production will vary with 

depth along the host structure and with changing pressure conditions over time (Henley and 

Hughes, 2000). In a simplistic model of flashing, vapor flow predominates in the uppermost 
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portion of the upflow. Deeper, the vapor-dominated flow transitions to a region of two-phase, 

liquid+vapor flow. At greater depths still, the hydrothermal upflow is dominated by liquid. As 

more vapor is produced during a transient flashing event, the zone of vapor flow expands down 

the controlling structure. This results in a decrease in pressure head, allowing the area of two-

phase flow to propagate to greater depths. Ore deposition occurs in this region of two-phase 

flow, with the amount of vapor produced being an important control on metal deposition 

(Christenson and Hayba, 1995). As the degree of flashing and the amount of vapor present varies 

between consecutive flashing events, crustiform veins are formed in which adjacent bands are 

compositionally distinct. Higher ore grades will develop if repeated flashing forms veins 

containing multiple mineralized bands with limited intervening silica, such as those in Arista 

(Fig. 1B). 

 

3.7 Exploration Implications 

The findings of this study require modification of the exploration model for precious and 

base metal mineralization in the epithermal environment. The current prevailing model assumes 

that mineral precipitation in these deposits results from gentle boiling, not flashing. In gentle 

boiling, pressure along the structure controlling fluid upflow is fixed and equal to the hydrostatic 

head developed by the overlying water column of hydrothermal liquid (Haas, 1971). The depths 

of ore zones formed by gentle boiling can be determined from the boiling-point-to-depth curve, 

which gives the maximum temperature a hydrothermal liquid can have at a given depth in an 

open flow system. In the case of Au, previous thermodynamic calculations suggest that > 90% of 

Au contained in typical geothermal liquids experiencing gentle boiling is lost over the 

temperature range of 260°-180°C (Simmons and Browne, 2000). At a salinity of 5 wt% and hot 
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hydrostatic conditions, gold deposition would occur in a well-defined boiling zone at a depth of 

~100-500 m below the paleosurface. 

At Arista, the paleosurface of the hydrothermal system was located at ~1400 msl (Fig. 3). 

Although the top of the hydrothermal system has been removed by erosion, the veins appear to 

have had subeconomic metal grades to ~550 m below paleosurface as suggested by the low 

grades encountered in surface outcrops. The Arista orebody is located ~550-1000 m below 

paleosurface, well below the gentle boiling ore zone. The observed textural relationships suggest 

that mineral precipitation at far-from-equilibrium conditions occurred over the entire extent of 

the Arista veins. This, for the first time, provides evidence that fluid flashing along a major 

extensional structure can occur to ~1 km in natural hydrothermal systems and is not restricted to 

the near-surface environment. 

A revised mineral exploration model must consider that the ore zones in intermediate-

sulfidation epithermal deposits may be deeper below the paleosurface than previously thought. In 

flashing hydrothermal systems, ore deposition is not restricted to a discrete boiling zone 

predicted from the boiling-point-to-depth-curve. Consequently, flashing depth depends on the 

permeability and continuity of the structure(s) controlling the upflow of the hydrothermal fluids. 

Where major faults control upflow, deep drilling will be required to unravel the true depth extent 

of mineralization. 
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CHAPTER 4   

THE TIMING, STRUCTURE, AND MINERALIZATION OF THE ARISTA DEPOSIT:  

       A CASE STUDY OF A POLYMETALLIC (AU-AG-ZN-PB-CU)   

    INTERMEDIATE-SULFIDATION EPITHERMAL    

            VEIN MINERALIZATION  IN CENTRAL                                

OAXACA, MX  

 

4.1 Abstract 

The Tertiary Arista intermediate-sulfidation epithermal deposit is located in a central 

Oaxaca, Mexico. The high-grade banded veins and associated breccia zones are hosted in 

Cretaceous basement rocks and unconformably overlying Tertiary andesitic to rhyolitic lavas and 

tuffs. Vein formation occurred along extensional structures defining a relay ramp which was 

identified by three-dimensional modeling of the unconformity surface. The relay ramp consists 

of three major faults that trend NW-SE, with the down-dropping of blocks occurring in a 

northeasterly direction. The polymetallic Au-Ag-Zn-Pb-Cu ores at Arista are compositionally 

zoned with precious metals with higher grades shallower below the paleosurface and base metals 

concentrated at lower elevations. Polymetallic ore consists of three distinct types of bands that 

contain variable amounts of dendritic to massive sulfide minerals. Crosscutting relationships 

with dikes and U/Pb dating of zircon separated from the dike intrusions suggest that the 

epithermal mineralization at Arista formed at 18.4±1.25 Ma. 

The Arista deposit is likely to have formed by repeated flash vaporization of magmatic-

hydrothermal fluids along the host structures. Fault slip and rupture, as well as dike emplacement 

during the hydrothermal activity, resulted in a rapid pressure drop along the host structures, 
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causing near-instantaneous vaporization of the liquid. Supersaturation of the liquids resulted in 

the deposition of silica and ore minerals under far-from-equilibrium conditions. 

 

4.2 Introduction  

The Arista intermediate-sulfidation epithermal deposit is located in the state of Oaxaca in 

southern Mexico. Discovered in 2006, commercial production of precious and base metals 

commenced in 2010. Since then, the mine has produced ~5.5 million tonnes of ore at an average 

grade of ~2.02 g/t Au, 139.1 g/t Ag, 3.20 % Zn, 1.16 % Pb, and 0.27 % Cu (Brown et al., 2021). 

Mineralization at Arista consists of banded quartz veins and associated breccia zones that occur 

along a known strike length of ~1000 m and vary from 0.5-30 m in width. Underground mining 

of the quartz veins occurs to a depth of ~600 m below the current topography.  

Previous work focusing on the geology of the deposit and the nature of mineralization has 

been limited (Cabrera-Roa, 2019). Similar to other intermediate-sulfidation epithermal deposits 

in Mexico, the mechanism resulting in high-grade vein formation is not currently well 

constrained. Different models exist suggesting that mineral deposition in the epithermal 

environment occurred as a result of phase separation of the hydrothermal liquids (Simmons et al., 

1988; Albinson et al., 2001; Simmons et al., 2005; Camprubi and Albinson, 2007), although 

other processes such as fluid mixing have also been invoked to be responsible for the formation 

of polymetallic ores. However, recent research on other intermediate-sulfidation epithermal 

deposits has shown that flash vaporization may also be important in the formation of these 

deposits. In flash vaporization, hydrothermal liquids depressurize and near-instantaneously 

undergo phase separation producing large amounts of vapor , with the residual liquid becoming  

supersaturated with dissolved solutes and rapidly precipitating minerals. 
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This contribution reports on a comprehensive study of the Arista intermediate-sulfidation 

epithermal deposit. This included extensive mapping, drill core logging, and the interpretation of 

radiometric data collected across the deposit. Three-dimensional modeling of the deposit 

stratigraphy allowed recognition of the structural controls on mineralization. It is shown that the 

major vein arrays at Arista exploited extensional structures that define a relay ramp. Based on 

underground mapping, it is demonstrated that vein formation was contemporaneous to dike 

emplacement. The study of vein petrography revealed that ore and gangue minerals at Arista 

formed at far-from-equilibrium conditions, presumably due to rapid deposition during flash 

vaporization of the hydrothermal liquids. Based on the geological relationships, it is proposed 

that seismic activity and dike emplacement may have triggered the repeated flashing of the 

hydrothermal liquids, resulting in the formation of the banded veins and associated breccia 

zones. 

 

4.3 Regional Geology 

The Arista intermediate-sulfidation epithermal deposit is located in the Mexican state of 

Oaxaca in the southern extent of the Tertiary Mexican Epithermal Belt (Camprub² et al., 2007), 

which has formed in close spatial and temporal association with volcanism associated with the 

late stages of subduction of the Cocos Plate underneath the North American Plate and the 

formation of the Sierra Madre Occidental and the Sierra Madre del Sur (Clark et al., 1982, 

Simmons et al., 2005; Camprub² et al., 2007). The Mexican Epithermal Belt hosts many well-

endowed, Ag-rich intermediate-sulfidation epithermal deposits, making Mexico one of the top 

global Ag producers (Camprub² et al., 2007). 
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The Oaxaquia terrane makes up most of central Oaxaca (Fig. 4.1). The Oaxaquia 

basement rocks are Proterozoic (~1.0 Ga) granulite facies and were emplaced during the 

Paleozoic Grenville orogeny (Ortega-Gutierrez et al. 1995). The sedimentary cover of 

Proterozoic metamorphic rocks consists of Tremadocian, Mississippian-Permian, and Jurassic-

Cretaceous sedimentary rocks (Moran-Zenteno et al., 1999). These sedimentary shelf sequences 

were obducted onto the Oaxaquia terrane, followed by arc-related volcanism in the Cenozoic 

(Keppie, 2004). Active tectonism during the northeasterly subduction of the Farallon and Cocos 

plates formed the Inland Volcanic Field and Coastal Plutonic Belt during the Tertiary, which 

accounts for a significant amount of extensional deformation in Oaxaca (Morán-Zenteno et al., 

1998, 1999; Keppie, 2004).  

Prolonged Tertiary magmatism resulted in pluton emplacement and deposition of a thick 

volcanic succession (Martiny et al., 2000). These Tertiary igneous rocks are typical of 

continental arc-magmatism observed along the North American margins (Lipman et al., 1976; 

Buchanan, 1981; Morán-Zenteno et al., 1999, 2018; Martiny et al., 2000; Sillitoe and 

Hedenquist, 2003). These Tertiary volcanic and magmatic rocks that make up the Sierra Madre 

Occidental and the Sierra Madre del Sur formed in association with the subduction of the 

Farallon plate along the Acapulco trench, which then fragmented into the Cocos plate from 29ï

12.5 Ma (Fig. 4.1; Morán-Zenteno et al., 1999; Martiny et al., 2000).  

 There are four Tertiary igneous regions identified by Morán-Zenteno et al. (1999) that 

make up the majority of the Pacific continental margin of Mexico, including the Coastal Plutonic 

Belt, the Inland Volcanic Field, which collectively comprise the Sierra Madre del Sur and the 

Sierra Madre Occidental. The Arista deposit is located in the central zone of the Inland Volcanic 

Field, which is composed of rhyolitic to andesitic igneous rocks. Age dates from previous studies 
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that constrain the absolute age of volcanism in the Inland Volcanic Field in Oaxacan between 

~49 Ma to ~15 Ma (Morán-Zenteno et al., 1999; Keppie, 2004).  

 

 

 

 

Figure 4.1 Regional geologic map of volcanic belts. The map shows the extent of Tertiary 

igneous provinces of the Sierra Madre Occidental (SMO), Sierra Madre del Sur Inland Volcanic 

Fields (SMS-IVF), Sierra Madre del Sur Coastal Plutonic Belt (SMS-CPB), and the Trans-

Mexican Volcanic Belt (TMVB). The map also delineates the modified Mexican terrane 

boundaries (Ortega-Gutierrez et al., 1995; Morán-Zenteno et al., 1999; Keppie, 2004; Centeno-

Garc²a et al., 2008). The locations of major epithermal deposits are highlighted (Camprub² et al., 

2003, 2007; Zamora-Vega et al., 2018). The Arista deposit (marked by the yellow star) is located 

in the Mexican state of Oaxaca at the southernmost extent of the Sierra Madre del Sur Inland 

Volcanic Fields. 
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The dispersed intermittent volcanic fields of the Inland Volcanic Field are differentiated 

from the intrusive magmatic activity responsible for the emplacement of Coastal Plutonic Belt 

bodies near the western coast of Oaxaca (Morán-Zenteno et al., 1999, 2018). The section of the 

Inland Volcanic Field within the Oaxaquia Terrane is composed of variably welded and non-

welded tuffs with interbedded lacustrine sedimentary deposits and sparsely distributed lava flows 

that form a zone of rhyolitic to andesitic igneous rocks that formed between the late Tertiary 

(Morán-Zenteno et al., 1999; Keppie, 2004). Compositionally varied ignimbrites, breccias, and 

nearby caldera structural features throughout the area signify an extended period of eruptions as 

part of the history of this area (Lipman, 1976). Rhyolitic to latitic hypabyssal intrusions are 

common and crosscut the Tertiary volcanic-sedimentary stratigraphy in Oaxaca (Morán-Zenteno 

et al., 1999).  

Miocene aged faulting and tilting in response to subduction-related arc magmatism and 

trans-tension have exposed sedimentary, metamorphic, and plutonic basement rocks throughout 

Oaxaca (Morán-Zenteno et al., 2018). 

 

4.4 Deposit Geology 

The Arista deposit comprises three polymetallic Ag-Au-Zn-Pb-Cu vein systems referred 

to as Arista, Switchback, and Three Sisters. The veins have average reserve grades of 2.15 g/t Au 

and 121 g/t, with an Ag/Au ratio of the processed ore is approximately 60:1. The Arista 

underground mine produces base metal concentrates as a co-product of precious metals with 

average grades of 0.4 % Cu, 1.6 % Pb, and 4.4 % Zn (Brown et al., 2021). Aristaôs high-grade 

Ag-Au-Zn-Pb-Cu ore is hosted in quartz veins that span 600 m vertically across twenty-seven 
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levels of mine workings from an elevation of ~1000 m above mean sea level (msl), reaching a 

maximum mineralized depth of approximately 400 msl.  

Veins are commonly banded at greater depths, but minimal banding is present in the 

surface outcrops of veins. The bands can be high-grade with a abundance of visible sulfides and 

a dark appearance, low-grade with a gray-tan appearance, or barren with a light grey-white 

appearance. Many veins are brecciated or are associated with wall rock brecciation and 

stockwork zones as much as 5 m in thickness that carry economic grades. Various breccia types 

are associated with mineralization, including clasts of wall rock, quartz-vein breccias, rounded-

clast breccias, and cockade zonation patterns within veins. Brecciated veins can contain quartz 

clasts of banded vein material. 

The westernmost vein set is known as the Arista vein system, and outcrops at the surface 

form a high relief ridge known as Arista Ridge. Outcropping quartz veins are mostly white, 

containing visible sulfides and anomalous metal content up to 0.3 ppm Au, 62.7 ppm Cu, 244 

ppm Zn, and 539 ppm Pb. The known extent of quartz veins in the Arista veins system contains 

1,370,750 tonnes of measured, indicated, and inferred reserves and is the currently largest of the 

three known vein systems with average grades of 2.99 ppm Au, 291.6 ppm Ag, 0.39 % Cu, 1.58 

% Pb, and 4.21 % Zn.  

The easternmost vein set, known as the Switchback vein system, contains 2,277,800 

tonnes of measured, indicated and inferred reserves. It is the deepest of the three systems and 

does not outcrop at the surface. Known quartz veins associated with this vein system extend from 

an elevation of 585-360 msl with average grades of 1.87 ppm Au, 75.0 ppm Ag, 0.42 % Cu, 

1.62 % Pb, and 4.64 % Zn.  
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The Three Sisters vein system is newly discovered, and its extent, mineral tonnage, and 

average grades are not currently established. Three Sisters exists to the northwest of the Arista 

and Switchback vein systems along strike of a fault that is central to the western and eastern 

faults that host two other vein systems, respectively.  

In addition to the three vein systems mined underground, a small zone of mineralization 

occurs on surface exploited by the Aguila open pit. It was the first known mineralization in the 

Arista mine area and was historically mined by locals prior to modern commercial production at 

Arista.  

Figure 4.3 is a surface map with veins and sericite-clay and silicification alteration 

patterns surrounding the surface expressions of the deposit. The alteration pattern corresponds to 

areas that have known veins, anomalous metal content, and sulfidic mineralization. Pervasive 

sericite-clay alteration at the surface forms a halo around outcropping mineralized zones. Fig. 4.4 

shows prominent topographic features associated with the Arista mine area geology, as shown in 

Figures 4.2 and 4.3. The ore zones at Arista are hosted by Cretaceous basement rocks that are 

unconformably overlain by a Tertiary volcanic succession (Fig. 4.2).  

The Cretaceous basement rocks are assigned to the 108.5-67.0 Ma Yucunama Formation 

(Vergara-Martínez et al., 2003). Cerro Colorado is a local topographic high made up of 

Cretaceous basement rock (Fig. 4.4a). A series of down-dropped blocks form a graben to the 

northeast of the Cerro Colorado horst, exposing higher-level volcanic stratigraphy (Fig. 4.3). An 

angular unconformity separates the Cretaceous basement rocks from overlying volcanic rocks of 

the Miocene Laollaga Formation (Vergara-Martínez et al., 2003). Arista Ridge represents the top 

of the Arista vein system and is a silicified portion of the Laollaga Formation (Fig. 4.4b). The 

Laollaga Formation hosts much of the Arista mineralization, including Arista Ridge and the 
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small Aguila stockwork zone near Cerro Colorado (Fig. 4.3). The Aguila open pit is 

characterized by high-grade precious metals in quartz stockwork veins and is also hosted by 

volcanic rocks of the Laollaga Formation (Fig. 4.4c). A series of down-dropped blocks form a 

graben to the northeast of the Cerro Colorado horst, exposing higher-level volcanic stratigraphy. 

Cerro Pilón, a 1.2 to1.5 km Tertiary rhyolitic lava dome (Fig. 4.4d), is a prominent local feature 

of the Gieujiet Formation, which is stratigraphically above the Laollaga Formation.  

At Arista, the Yucunama Formation consists of fine-grained marine mudstones. The 

deformed Cretaceous-age basement rocks closely resemble those described in regional 

geological studies of Oaxaca. They formed during Laramide uplift along the continental margin, 

which arrested deep marine sedimentation and accreted sedimentary units to the continental 

margin of Mexico (Ortega-Gutierrez et al., 1995; Morán-Zenteno et al., 1999). They can be 

cataclastic (Fig. 4.5a) or show thin laminations of individual sedimentary layers (Fig. 4.5b).  

The Laollaga Formation consists of andesitic lavas, pyroclastic deposits, polymictic 

lapilli tuffs, and ignimbrites (Fig. 4.6a-c). These volcanic rocks show varying welding and 

contain fiamme (Fig. 4.6a) or pseudofiamme (Fig. 4.6b). Andesitic flows may be porphyritic 

with amphibole and plagioclase phenocrysts ranging from 2-9 mm. Pyroclastic beds of the 

Gieujiet Formation can be interbedded with coherent rhyolitic lavas (Fig. 4.6c,d). The Laollaga-

Gieujiet volcanic package has been intruded by Gieujiet rhyolitic feeder dikes associated with 

the Cerro Pilón lava dome. These dikes can be feldspar- or quartz-phyric, with phenocrysts 

ranging from 0.2-0.6 mm (Fig. 4.7a) and can exhibit flow banding (Fig. 4.7b). The volcanic and 

subvolcanic rocks of the Laollaga and Gieujiet formations host much of the epithermal 

mineralization at Arista and crop out at Arista Ridge (Fig. 4.7c).  
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Figure 4.2 Local stratigraphy of Arista. The Cretaceous basement is separated from the Tertiary 

stratigraphy by an angular unconformity. A polymictic lapilli tuff overlies lower andesites, and 

the Cerro Pilón rhyolite dome is interpreted to be genetically related to rhyolitic flow banded 

dikes and lava flows observed in the mine workings and drill core.  
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Figure 4.3 Geologic map of the Arista area. The area shows an interpreted horst structure in 

Cerro Colorado that exposes Cretaceous pelitic basement rocks. The Aguila open pit sits on the 

down-dropped block east of Cerro Colorado. Cerro Pilón is a silicified rhyolite dome that hosts 

the topmost vein of the Arista vein system. The inset map shows the surface expression of the 

northwest-trending epithermal veins hosted by a stair-stepping; zigzag geometry interpreted as a 

relay ramp structure extending to the northeast. 
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Figure 4.4 Prominent topographic features in the Arista area. (a) Cerro Colorado composed of 

Cretaceous basement rocks of the Yucunama Formation. (b) Arista Ridge hosted in Laollaga 

volcanic rocks adjacent to Cerro Pilón. (c) The Aguila open pit within the Laollaga Formation with 

prominent sericite-clay alteration and Cerro Pilón in the background. (d) Cerro Pilón composed of 

Gieujiet Formation rocks. 

 

 
 

Figure 4.5 (a) Cataclastic marine pelite of the Yucunama Formation. (b) Thinly laminated pelitic 

facies of the Yucunama Formation.  
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Figure 4.6 Outcrop images. (a) Massive vesicular andestitic ignimbrite with pseudofiamme of the 

Laollaga Formation. (b) Strongly welded andesitic ignimbrite with fiamme of the Laollaga 

Formation. (c) Contact between an andesite flow of the Laollaga Formation and an overlying 

rhyolite flow of the Gieujiet formation. The white line marks the contact. (d) Contact between 

volcanic beds within the Gieujiet Formation. Shown are a pyroclastic flow above and a coherent 

rhyolite below the dashed line. E) Rhyolitic pyroclasitc flow adjacent to Cerro Pilón, which 

forms part of the Gieujiet formation. (f) Weakly welded rhyolitic ignimbrite with pseudofiamme 

of the Gieujiet Formation.  
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Figure 4.7 (a) Non-flow-banded rhyolite with quartz and feldspar phenocrysts (Gieujiet 

Formation). (b) Flow-banded rhyolite dike (Gieujiet Formation). (a) The silicified Laollaga 

surface expression of the Arista vein system that forms the Arista Ridge. 
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Tertiary subvolcanic andesites (Fig. 4.8a) and intermediate porphyritic intrusions (Fig. 

4.8b) form finger-like dikes that have intruded along faults at deeper levels of the mine and trend 

WNW along mineralized structures within the mine similar to Gieujiet feeder dikes. 

 

 
 

Figure 4.8 Drill core photos of intermediate intrusive rocks near Arista. (a) Andesitic dike with 

amphibole and plagioclase phenocrysts. (b) Plagio-phyric porphyritic intrusion.. 
 

 

4.5 Geophysical Surveys 

Airborne radiometric and magnetic geophysical surveys were conducted in the Arista 

Area in 2013. Airborne data was collected from helicopter-mounted instrumentation on 3000 m 

flight lines with 300 m line spacing and a grid cell size of 41 m, with infill data collected on 

1000 m lines with 100 m spacing and a 20 m grid cell size.  

Radiometric K data were corrected by microleveling, and an area map of apparent K 

concentration at the surface was calculated for the Arista area (Fig. 4.9a). The radiometric K map 

of the Arista area shows an anomalous concentration of K-bearing minerals above the vein 

zones, marking areas of intense sericite-clay and silicification alteration styles on surface (Figs. 
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4.3 and 4.9a). These high-K zones are associated with the Aguila open pit and overlap with 

Arista Ridge, where the top of the Arista vein system outcrops on the surface.  

The total magnetic field was reduced to pole, and the area map of the analytical signal of 

the vertical derivative was calculated (Fig. 4.9b). The analytical signal of the vertical integration 

of airborne magnetic data shows a magnetization high corresponding to mapped Gieujiet 

boundaries of Cerro Pilón and directly adjacent to the mineralized structures of the Arista vein 

systems (Figs. 4.3 and 4.9b).  

 

 
Figure 4.9 (a) Radiometric K distribution at the surface in the Arista mine area. Anomalous 

accumulation of K (red to purple) is observed in known mineralized and altered areas associated 

with the Arista and Three Sisters polymetallic veins. The Switchback vein system is deep and 

shows no detectable radiometric K signatures at the surface. (b) Airborne magnetic map showing 

the analytical signal of the vertical integration of the magnetic field in the Arista mine area with 

magnetic highs corresponding to Cerro Pilón and the underlying intrusive rocks.  
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4.6 Structural Setting 

Aristaôs veins are hosted in normal faults that down drop the stratigraphy to the northeast, 

representing the orientation of regional extension in the area (Fig. 4.10). Structural 

measurements were collected from mine plans, underground workings, and surface outcrops. In 

total, 942 structural measurements were collected from 22 separate veins (Fig. 4.11) across 27 

mine level depths. Representative vein geometries of the Arista veins are shown for the 800 msl 

level (Fig.4.11a), the 650 msl level (Fig. 4.11b), and the 500 msl level (Fig. 4.11c). Switchback 

vein geometries at the 400 msl level are shown in Figure. 4.11d. Structural data from the deposit 

was plotted on equal area projection plots and analyzed using Stereonet version 11 

(Allmendinger et al., 2012; Cardozo and Allmendinger, 2013). Post-mineral faulting is present at 

Arista but is only of minor importance.  

 

Figure 4.10 Schematic cross-section of the subsurface of the Arista veins and surrounding geology 

along the A-Aô in Figure 4.2. The subsurface interpretation is compiled data from local drill holes 

and underground mapping and shows a series of extensional faults and down-dropped blocks. The 

Cretaceous basement is overlain by a Tertiary volcanic succession and intruded by dikes. 




































































































































