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ABSTRACT 

The Central City district played a major role in the early settlement and prosperity of 

Colorado, providing a major resource of Au, Ag, Cu, Pb, and Zn in the 19th century totaling more 

than $100 million during the time of production. Gold mineralization at Central City occurs in 

two main vein types: pyrite-quartz and base metal veins, which have been related to Tertiary 

intrusives. These veins occur in concentric zones with pyrite-quartz veins in the central zone of 

the district and base metal veins in the peripheral zone of the district. Although the broad vein 

distribution is well understood from previous studies, the evolution of the Central City district 

remains unclear, particularly when and how Au is introduced in the system. The goal of the study 

was to determine the hydrothermal evolution between the two major vein types, and their 

association to Au. This research combines textural, mineralogical and geochemical observations 

at the field and thin section scales across the district utilizing field emission scanning electron 

microscopy (FE-SEM), automated mineralogy (AM), electron microprobe analysis (EMPA), 

optical cathodoluminescence (CL), and laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) analysis. We have identified three significant alterations, four vein 

types, five types of pyrite, and two stages of mineralization: the pyrite stage and the base metal 

stage. These observations were used to construct a detailed paragenesis of both the pyrite and 

base metal stages of mineralization, which has allowed us to interpret the evolution of 

hydrothermal fluids in this district and under which conditions Au was introduced into the 

system. Fluids early in the pyrite stage were magmatic in origin with pyrite enriched in Ni and 

Co and related to Mo-bearing veins and K-feldspar alteration, followed by the formation of 

pyrite-quartz veins and phyllic alteration. Fluids of the base metal stage transition from Cu-Zn-

(Pb) mineralizing chalcopyrite, sphalerite, and galena to Cu-Sb-As-(Au) mineralizing 

tetrahedrite and enargite and then to Pb-Zn-(Ag) mineralizing late base metal veins with argillic 



 iv 

alteration. We conclude that Au was primarily introduced in the base metal stage of 

mineralization, together with the sulfosalts, and it occurs dominantly as electrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

TABLE OF CONTENTS 

ABSTRACT……………………………………………………………….…………………..… iii 

LIST OF FIGURES………………………………………………………………..…….……... vii 

LIST OF TABLES…………………………………………………………………….…….…... ix 

ACKNOWLEDGMENTS…………………………………………….………………...………... x 

CHAPTER 1 GENERAL INTRODUCTION……………………...……………….…………... 1 

CHAPTER 2 HYDROTHERMAL EVOLUTION OF AU-BEARING PYRITE-QUARTZ 
VEINS AND THEIR ASSOCIATION TO BASE METAL VEINS IN 
CENTRAL CITY……............................................................................................ 3 

 
 2.1 Abstract………………………………………………………………….....…….. 3 

 2.2 Introduction……………………………………………….………………..…….. 5 

 2.3 Geologic Setting…………………………………………………………….…..... 7 

  2.3.1 Regional Geology…………………………...………………………......... 7 

  2.3.2 District Geology …………………………………………..………….… 11 

  2.3.3 Previous Description of the District Vein Mineralogy…………….…….. 14 

 2.4 Methods………………………………………………..………………………... 16 

  2.4.1 Sampling Strategy………………………………………………………. 16 

  2.4.2 Analytical……………………………………………………..………… 17 

 2.5 Results………………………………………………………………………...… 19 

  2.5.1 Vein Reclassification and Field Relations………………………..…...… 19 

  2.5.2 Alteration Types………………………………………………………… 33 

  2.5.3 Sulfides and Sulfosalt Mineralogy………………………………..…...… 40 

  2.5.4 Mineral Geochemistry………………………………………….……..… 51 

 2.6 Discussion………………………………………………...…………………..… 64 



 vi 

  2.6.1 Mineral Paragenesis and Mineralization Events………………………… 64 

  2.6.2 Physicochemical Constraints of the Fluids……………………………… 68 

  2.6.3 Ore Genesis Model and Deposit Classification………………………..… 71 

 2.7 Conclusions………………………..………………………………….………… 75 

CHAPTER 3 GENERAL CONCLUSION…………………………………………...……....... 77 

REFERENCES…………………………………………………….……………………………. 79 

APPENDIX A   LIST OF SAMPLES ANALYZED AND MAIN CHARACTERISITCS.……. 83 

APPENDIX B   TIMA OVERVIEW SCAN OF SAMPLE CH-1A DISPLAYING 
      PHASES + BSE.………………………………………………………......…... 86 

APPENDIX C   CHEMISTRY OF BIOTITE ALTERING TO MUSCOVITE II + RUTILE...... 87 

APPENDIX D   BACKSCATTERED PHOTOMICROGRAPHS OF ELECTRUM AND 
   EDS SPECTRA………………………………..…………………………...…. 88 

APPENDIX E   ADDITIONAL LA-ICP-MS DATA OF PYRITE………………….......……... 93 

 

 

 

 

 

 

 

 

 

 

 



 vii

LIST OF FIGURES 

Figure 2.1 Regional geologic map of Central City……………………………..…………..… 9 

Figure 2.2 Map of the Central City and Idaho Springs mining districts………….…………. 10 

Figure 2.3 Simplified geologic map of the Central City Mining District, CO……….……… 13 

Figure 2.4 Field and hand sample scale photos of representative rock types, veins and 
alteration……………………………………………………………………….... 23 

Figure 2.5 Automated mineralogy TIMA scan of a sample with Type 1a and Type 2 veins…25 

Figure 2.6 Automated mineralogy TIMA scan, CL and SEM images of Type 1b and  
Type 1c veins……………………………………………………………………. 27 

Figure 2.7 Automated mineralogy TIMA scan and SEM images of Type 2 and Type 3 
veins....………………………………………………………………….......…... 31 

Figure 2.8 Automated mineralogy TIMA scan and photomicrographs of a Type 4 vein........ 32 

Figure 2.9 Transmitted light photomicrographs of phyllic alteration textures in host 
gneiss.…………………………………………………………………………… 38 

Figure 2.10 Photomicrographs displaying representative appearances of different pyrite 
types……………………………………………………………………………...42 

Figure 2.11 Backscattered photomicrographs showing distinct pyrite textures and mineral 
inclusions……………………………………………………………………...… 43 

Figure 2.12 Reflected light photomicrographs displaying sulfide and sulfosalt textures in 
a Type 3 vein……..………………………………………………………………48 

Figure 2.13 Backscattered photomicrographs of various electrums occurrences in Type 2 
and Type 3 veins………………………………………………………………….50 

Figure 2.14 Histograms of Cu, As, Au, Sb concentrations in pyrite types from  
LA-ICP-MS data……………………………………………………………...… 57 

Figure 2.15 Histograms of Co and Ni concentrations in pyrite and vein types from 
LA-ICP-MS data………………………………………………………….…….. 58 

Figure 2.16 Binary plots of element concentration in pyrite types from LA-ICP-MS data…... 60 

Figure 2.17 Mineral paragenesis, vein and alteration types, and metal distribution  
in Central City……..………………………………………………………….… 66 



 viii 

Figure B.1 TIMA overview scan from sample CH-1A displaying K-feldspar, pyrite, 
And muscovite.…………………………………………………………….……. 86 

Figure C.1 Chemistry of four EDS analyses from the biotite grain altering to muscovite 
and rutile……….………………………………………………………………... 87 

Figure D.1 Backscattered photomicrographs of electrum occurrences in sample CH-3…..… 88 

Figure D.2 Backscattered photomicrographs of electrum occurrences in sample HB-02…… 89 

Figure D.3 Backscattered photomicrographs of electrum occurrences in sample VL-01…… 90 

Figure D.4 Backscattered photomicrographs of electrum occurrences in sample JS-09..….... 91 

Figure D.5 Energy dispersive spectra from SEM analysis of electrum occurrences………… 92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix 

LIST OF TABLES 

Table 2.1 Summary and major characteristics of vein types at Central City.………….…… 20 

Table 2.2 Summary of alteration observed and their characteristics.……………….……… 34 

Table 2.3 Summary of pyrite types and their characteristics.…………………….………… 45 

Table 2.4 Representative electron microprobe analyses of major and minor elements  
in pyrite…….……………………………………………………………………. 52 

Table 2.5 Representative electron microprobe analyses of major and minor elements 
in sulfosalts…………………………………………………………………..….. 53 

Table 2.6 Trace and minor elements in different pyrite and vein types from LA-ICP-MS 
data……………………………………………………………………………… 61 

Table A.1 Summary of all thin sections analyzed and their major characteristics …….…… 83 

Table E.1 Additional trace and minor elements in pyrite and vein types from LA-ICP-MS 
data……………………………………………………………………………… 93 

 

 

 

 

 

 

 

 

 

 

 

 

 



 x 

ACKNOWLEDGMENTS 

First and foremost, I would like to express immense appreciation for my advisor, Alex 

Gysi, who has provided constant guidance and enthusiasm for this research. He has always been 

available for discussions and assistance, without which the completion of this thesis would not 

have been possible. Additionally, I would like to thank my committee members, Thomas 

Monecke and Yvette Kuiper, who have helped with data collection and discussions over the 

course of two years of this project. I owe much appreciation to Katharina Pfaff, whose expertise 

helped facilitate my many hours of SEM and TIMA data collection. Thank you to Nicole Hurtig, 

who was always readily available to look at geochemisty or discuss ideas both in the field and 

over email. Additionally, I want to express my gratitude for Alan Koenig at the USGS for his 

help collecting and interpreting the LA-ICP-MS data and Julien Allaz during electron 

microprobe data analysis. Thank you to Jae Erikson for thin section training and preparation. I 

am indebted to Jesse Peterson who was more than helpful in sample collection and kind enough 

to take us underground at the Chaffee Mine. Thanks to Lew Kleinhans, Jim Piper, Larry James, 

and Brian Alers whose interest, resources, and knowledge of Central City has allowed for some 

enlightening conversations and guidance. Thank you to Jacob Smith who allowed me to 

investigate his initial samples from Central City. Additionally, I would be remiss if I didn’t 

acknowledge my fellow students here at Mines, with whom I have shared countless 

conversations and classes with that have helped me become a better economic geologist. Partial 

funding for this thesis was provided by the Colorado Scientific Society, Barrick Gold, and the 

Society of Economic Geologists Foundation. Last but not least, thank you to my family for 

emotional and financial support, for which I am immensely appreciative. Their encouragement to 

pursue a master’s degree has served as constant motivation over the past two years. 



 1 

 

CHAPTER 1 

GENERAL INTRODUCTION 

Central City, a historic mining district located ~40 km west of Denver, played a large role 

in the early settlement and prosperity of Colorado. Following the first discovery of gold at 

Gregory Gulch in 1859 settlers began mining in Central City and what is colloquially referred to 

as the “richest square mile on earth”. Gold accounted for more than 85% of the value at Central 

City, although it was also mined significantly for Ag, Cu, Pb, and Zn until a decline in the early 

1900s. In 1910, 89 mines were in operation, which dropped precipitously to 23 operating mines 

in 1919 and never reached the same productivity that it once had. While Central City may never 

be as profitable as it once was, studying this mining district offers insight into a complex 

geologic history of a historically significant deposit. Aside from several USGS reports and 

publications on the geology at Central City, very little investigation has been done since the 

1980s. Past literature has provided extensive observations on the macro-scale features of the 

mineralogy, vein style, and alteration across the district (Sims et al., 1963; Kramer, 1984; Rice et 

al., 1985; Spry, 1987). However, the geochemistry of sulfides and associated evolution of 

hydrothermal fluids has not been analyzed in detail. An understanding at the micro-scale allows 

this study to resolve several questions at Central City in more detail, such as: 

1) How did fluids evolve during vein mineralization? Is the vein mineralization from the 

central to the peripheral zone genetically linked? Detailed petrography permits determining 

quartz and sulfide generations in thin sections to be correlated across multiple zones, 

mineralization and vein types.  
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2) What were the physicochemical conditions controlling the transport and mineralization 

of Au? Trace element compositions are determined for the different pyrite types in traverses 

across mineral grains and veins to determine chemical variations in space.  

3) To what extent did fluid-rock interaction occur with the host rock during sulfide vein 

formation? Detailed petrography combined with automated mineralogy are used to identify 

alteration textures of the pyrite-quartz veins and their alteration halo in comparison to the host 

rock mineralogy. 

Since the most recent research at Central City was conducted in the 1980s, analytical 

geochemical techniques have improved tremendously, particularly in detection limits of electron 

microprobe (EMPA) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-

MS). This research is the first to apply modern analytical geochemical methods such as EMPA 

and LA-ICP-MS at Central City, which not only helps to understand Central City from a 

geochemical perspective at the micro-scale, but also helps to connect it to its regional geology, 

and provides comparison to deposit types across the world. This thesis attempts to categorize the 

vein types, pyrite types and alteration at Central City and develop an integrated interpretation to 

better understand the hydrothermal evolution of this deposit, and perhaps set the observational 

foundation for future research projects to come. 
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CHAPTER 2 

HYDROTHERMAL EVOLUTION OF AU-BEARING PYRITE-QUARTZ VEINS AND 

THEIR ASSOCIATION TO BASE METAL VEINS IN THE CENTRAL CITY DISTRICT, 

COLORADO 

A paper to be submitted to Economic Geology 

Lee Alford1*, Alexander Gysi1, Thomas Monecke1, Katharina Pfaff1, Nicole Hurtig2 

2.1. Abstract 

The Central City district in Gilpin County, Colorado, is part of the Colorado mineral belt 

that provided a major historic mining resource of Au, Ag, Cu, Pb, and Zn. Mineralization of base 

and precious metals occur in a concentric distribution constrained to sulfosalt-bearing pyrite-

quartz and sphalerite-chalcopyrite veins, and later galena-sphalerite carbonate veins hosted 

within Precambrian gneiss. Two stages of mineralization were recognized, including the pyrite 

and base metal stages, which were related in previous studies to a thermal gradient across the 

district. However, the evolution of this system remains unclear, particularly the textural relation 

and detailed mineralogy of the different vein types, and when and how Au, Cu, Pb and Zn are 

introduced in the system.  

In this study, we examined in more detail the pyrite and base metal stages of 

mineralization, and categorized the vein types and their different pyrite types by combining 

textural, mineralogical and geochemical observations at the field and thin section scales. A 

              

*Primary author and editor.  
1Department of Geology and Geological Engineering, Colorado School of Mines, 1500 Illinois 
St, Golden, Colorado 80401, USA 
2 Colorado State University, Fort Collins, Colorado, 80523 
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detailed investigation of these veins was undertaken for the first time using a combination of 

SEM and automated mineralogy, CL images, EMPA on the sulfosalt compositions and LA-ICP-

MS trace element analysis of the different pyrite types. The veins were categorized into four 

main types: i) Type 1 pyrite-quartz veins, ii) Type 2 sulfosalt-bearing pyrite-quartz veins, iii) 

Type 3 sulfosalt-bearing sphalerite-chalcopyrite veins, and iv) Type 4 galena-sphalerite 

carbonate veins. Type 1 veins correspond to the pyrite stage of mineralization, where several 

subtypes were recognized including molybdenite-bearing veins and crosscutting K-feldspar 

veins. Type 2, 3, and 4 veins correspond to the base metal stage of mineralization, and are 

separated from the pyrite stage by a period of brecciation. Sulfosalt compositions were 

determined indicating enargite is most common in Type 2 veins and tetrahedrite replacement 

textures are the most common in Type 3 veins. Pyrite across all vein types and in the host rock 

have been categorized into five different types. Pyrite in Type 1 veins of the pyrite stage 

contained quartz inclusions and were enriched in Co and Ni (up to 500 ppm), whereas pyrite in 

Type 2 and 3 veins contain inclusions of galena and electrum marking the transition to the base 

metal stage. Pyrite associated with the base metal stage of mineralization (pyrite IV and V) had 

enrichments of Cu, As, and Sb and the highest concentrations of Au (up to 21 ppm), whereas 

pyrite associated with the pyrite stage of mineralization (pyrite II and III) had low Cu, As and 

Sb, and negligible Au concentrations (several ppm). We conclude that the pyrite stage of 

mineralization began with an early introduction of Mo, but was largely uneconomic. Gold was 

primarily introduced in the base metal stage of mineralization with later sulfosalts, and occurring 

dominantly as electrum. Base metal stage hydrothermal fluids enriched in Cu-Zn-(Pb) 

mineralized chalcopyrite and sphalerite ( galena), followed by a Cu-Sb-As-(Au) enriched fluid 

mineralizing sulfosalts of tetrahedrite and then enargite to form Type 2 and Type 3 veins, and 
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later Pb-Zn-(Ag) fluids forming Type 4 veins with argillic alteration. The new vein and pyrite 

types defined in this study, and their trace element signatures, provide important fingerprints for 

vectoring the mineralization stages at Central City.  

2.2. Introduction 

Central City is a historic mining district located along the northeastern extent of the 

Colorado Mineral Belt (COMB), once at the heart of the gold rush in Colorado in the mid-19th 

century (Sims et al., 1963). The Central City district yielded a major resource of precious (Au 

and Ag) and base metals (Cu, Pb and Zn) worth over $100 million dollars during the time of 

production (Sims et al., 1963). This deposit has been classified previously as an alkaline 

molybdenum porphyry system and interpreted to result from the intrusion of a quartz syenite 

associated with Laramide orogeny plutonism ~60 Ma (Rice et al., 1982; Rice et al., 1985). 

Porphyry deposits define linear belts of plutonic activity at Phanerozoic convergent plate 

boundaries mined primarily for Cu ± Au ± Mo (Sillitoe, 2010). They are characterized by 

stockwork veining and large scale propylitic, potassic, phyllic and argillic alteration halos in 

felsic porphyritic intrusions (Sillitoe, 2010). Even though the genesis of the veins at Central City 

have been related to Tertiary intrusives (Rice et al., 1985), several key characteristics associated 

with porphyry deposits were not identified, most notably, the deposit is lacking any stockwork 

veining, potassic and propylitic alteration haloes.  The host rock of the district consists of 

Precambrian gneiss, with several Laramide age plutons and mineralized breccia pipes.  

Based on geological observations, Sims et al. (1963) described two different vein types, 

including pyrite-quartz veins and galena-sphalerite veins, which were associated to a pyrite and a 

base metal stage of mineralization, respectively. The veins are concentrically zoned in the district 

and were ascribed to a steep thermal gradient (Sims et al., 1963). The pyrite stage veins are 
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concentrated in a central zone, and the base metal stage veins concentrated in an intermediate 

and peripheral zone of the district (Sims, 1956). The major event of Au and Ag mineralization 

were ascribed to the base metal stage (Sims, 1956) but the exact mineral paragenesis, vein types 

and sequence of metal enrichment remain to be determined.  

Few constrains on the properties of the hydrothermal fluids associated to the pyrite and 

base metal stages of mineralization have been made in several previous studies. Quartz-hosted 

fluid inclusion analyses indicate that the pyrite stage veins contain an early molybdenite 

mineralization with CO2-rich fluid inclusions and homogenization temperatures of ~300 to 420 

C (Rice et al., 1985). Aqueous saline fluids with temperatures ranging between ~200 and 370 

C were described for the base metal stage mineralization (Kramer, 1984; Rice et al., 1985; Spry, 

1987). Pressure estimates based on fluid inclusions data suggest ~480-500 bars (Rice et al., 

1985; Spry, 1987) equivalent to shallow depths of ~1.4 to 1.9 km (Sims and Barton, 1961; Spry, 

1987). Sphalerite-hosted fluid inclusions indicate that mineralization temperatures may have 

ranged between 170-340 C (Sims and Barton, 1961). Additionally, sphalerite thermometry 

based on the composition of sphalerite solid solutions indicates temperatures may have been as 

high as 620 C (Sims and Barton, 1961). Stable isotope D and 18O analyses determined from 

vein quartz, suggest a magmatic origin for the pyrite stage of mineralization (Rice et al., 1985; 

Spry, 1987). Relatively depleted D and 18O isotopic values for the base metal stage of 

mineralization are interpreted to be a result of an influx of meteoric water (Rice et al., 1985). 

Results from these isotopic and fluid inclusion studies have defined broad physicochemical 

constraints of the veins at the Central City district. However, the detailed evolution of the vein 

types of the pyrite and base metal stages, and their role in the economic grades of Au, Ag, Cu, 

Zn, and Pb remain unclear. 
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Here, we present new data on the hydrothermal evolution of Central City using textural, 

mineralogical and geochemical evidences of the pyrite and base metal stages of mineralization. 

This research utilizes field emission scanning electron microscopy (FE-SEM), automated 

mineralogy (AM), electron microprobe analysis (EMPA), cathodoluminescence (CL) to identify 

textural relationship in the veins and classify them, and establish a detailed mineral paragenesis. 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was used to 

determine trace elements in pyrite and combined with textural observations to fingerprint the 

metal evolution stages in the district. In particular, we show that pyrite can be used to fingerprint 

the transition between the pyrite and base metal stages, and permit to determine when Au, Ag 

and the base metals were introduced into the vein system. This study is the first to combine 

advanced microanalytical techniques and trace element compositions of pyrite to vector the 

different stages of alteration and mineralization in the Central City district.   

2.3 Geologic Setting 

2.3.1 Regional Geology 

The Central City district is part of the central Front Range in Colorado, which consists of 

Proterozoic rocks accreted during several northward amalgamation events to form the North 

American craton. A map of the regional geology is included in Figure 2.1. The earliest of these 

events are the 1.71-1.68 Ga Yavapai orogeny and the 1.65-1.60 Ga Mazatzal orogeny, which 

formed during the collision of juvenile crusts of the Yavapai and Mazatzal terranes with the 

Laurentia province, respectively (Whitmeyer and Karlstrom, 2007). During the Yavapai orogeny, 

a series of granite to monzogranite of the ~1.71 Ga Routt plutonic suite were intruded (Tweto, 

1987; Premo and Fanning, 2000). Precambrian rocks along the Front Range consist of ~1.7 Ga 

old folded and interlayered upper amphibolite facies metapelitic rocks, amphibolite lenses, partly 
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deformed granodiorite and weakly foliated quartz-feldspar pegmatite (Lovering and Goddard, 

1950; Monech, 1963; Tweto, 1987). These metamorphic rocks are transected by a number of 

northeast- to east-trending, discontinuous, en echelon shear zones consisting of steeply dipping 

mylonitic and non-mylonitic rocks  (Tweto and Sims, 1963; Tweto, 1987; Shaw et al., 2001). 

This was followed by the Picuris orogeny (~1.49-1.38 Ga), deforming previously accreted 

terranes of the North American continent (Whitmeyer and Karlstrom, 2007; Daniel et al. 2013; 

Aronoff et al., 2016; Shaw et al., 2001). This orogeny occurred in combination with widespread 

plutonism of the Berthoud Plutonic Suite (~1.4 Ga), which emplaced primarily ferroan granites 

across the Front Range including the Mt. Evans and Silver Plume batholiths (Tweto, 1987; Du 

Bray et al., 2018).  

Mylonites and ultra-mylonites within shear zones formed during or slightly after the 

emplacement of the ~1.4 Ga Berthoud Plutonic Suite (Lovering and Goddard, 1950; Tweto, 

1987; Mccoy, 2001; Shaw and others, 2001). The Idaho Springs–Ralston shear zone, located in 

the Idaho Springs district south of Central City, is one of these shear zones (Caine et al., 2010). 

The final major Proterozoic event in the Front Range is the emplacement of the anorogenic ~1.1 

Ga Pikes Peak Granite batholith (Unruh et al., 1995; Guitreau et al., 2016). The Precambrian 

metamorphic rocks that are exposed in the Central City and Idaho Springs districts contain 

several significant structural features including prominent NW-trending strike-slip faults, such as 

the J. L. Emerson Gem, Idaho Springs and Blackhawk faults, and later NE-trending strike-slip 

faults, such as the Dory Hill fault (Fig. 2.2).  

In the Central City district, there was a long period of quiescence until the Laramide 

orogeny which occurred between ~70 and 45 Ma (Tweto, 1975, Dickinson et al., 1988; Kellogg 

et al., 2004). This orogeny originated when the Farallon plate subducted eastward beneath the 
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Figure 2.1: Regional geological map of Central City modified from Kellogg et al. (2004). Note 
the extent of the COMB, Proterozoic and Tertiary intrusives, shear zones, and mining districts. 
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Figure 2.2: Map of the Central City and Idaho Springs Mining Districts modified from Kellogg 
et al. (2004) to display the most significant Tertiary plutons near Central City. Note the plutons 
near Central City, extent of the Idaho Springs-Ralston Shear Zone, and major faults in the 
district. 
 
 North American plate (Kellogg et al., 2004). A series of Tertiary granodioritic to syenitic 

plutons (Mutschler et al. 1987) were intruded between segments of the subducting Farallon plate 

(Chapin, 2012) forming the Colorado Mineral Belt (COMB). The COMB is a ~500 km-long and 

25 to 50 km wide belt that stretches from the Four Corners region to Boulder County, Colorado 

(Tweto and Sims, 1963; Chapin, 2012). The majority of the mining districts in Colorado lies 

within the COMB and represents a combined historic metal endowment of more than $3 billion 
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in Au, Ag, Mo and base metals (Tweto and Sims, 1963). Prominent examples include historic 

mining districts such as Central City, Leadville, Creede and more recently mined deposits such 

as Climax and Henderson. Additionally, a series of steeply-dipping E to NE trending strike slip 

faults developed that cut across Precambrian foliation at high angles (Fig. 2.3). These faults 

formed late in the Laramide orogeny after the earliest Tertiary intrusive activity, and perhaps 

contemporaneously with later intrusives ~59 Ma (Rice et al., 1982). Ore-bearing veins are hosted 

primarily in these E to NE Laramide-age faults (Sims et al., 1963). 

2.3.2 District Geology 

Central City is a historic gold and silver mining district located ~40 km west of Denver in 

Gilpin County, Colorado, along the eastern edge of the northeastern extent of the COMB (Fig. 

2.1). The district covers ~10 km2 in area and consists of Au-, Ag- and base metal-bearing veins, 

and two hydrothermal breccia pipes hosted within Precambrian gneiss (Fig. 2.2). The 

Precambrian rocks are folded along a northeast trending axis that plunges gently to the northeast 

with moderately to gently dipping limbs that form the Central City anticline and bisects the 

district (Sims et al., 1963; Lytle, 2016). The Precambrian gneiss consists of two main lithologies, 

including a fine to medium-grained feldspar-rich gneiss and a fine-grained sillimanite-biotite 

gneiss (Fig. 2.3). The feldspar-rich gneiss contains microcline, plagioclase, quartz, and biotite 

with a conspicuous foliation defined by feldspar and biotite. The sillimanite-biotite gneiss 

contains biotite, muscovite, quartz, plagioclase, and fibrous sillimanite commonly containing 

layers of weakly foliated quartz-feldspar pegmatite (Lovering and Goddard, 1950; Sims, 1964; 

Monech and Drake, 1966b; Sims and Gable, 1967; Taylor, 1975; Gable, 2000; Lytle, 2016). 

 Of the leucocratic hypabyssal porphyritic intrusives identified by Wells (1960) in the 

Front Range, six occur in the Central City district from oldest to youngest: leucocratic 
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granodiorite, alkali syenite, quartz monzonite, bostonite, trachytic granite, and quartz bostonite 

(Wells, 1960; Sims et al., 1963). The most common intrusive rocks along the western part of the 

district are the intrusive rocks historically called bostonite porphyry and quartz bostonite 

porphyry occurring mainly as long, complex dikes (Wells, 1960; Sims et al., 1963). The 

bostonite porphyry is a porphyritic hypabyssal alkali syenite consisting of 50-70% K-feldspar, 

20-45% plagioclase, <10% quartz, and <10% aegirine-augite. The quartz bostonite is a 

porphyritic hypabyssal quartz alkali syenite consisting of 10-25% quartz, 70-80% alkali feldspar, 

<10% magnetite (Wells, 1960; Sims et al., 1963). The most significant outcropping of 

hypabyssal quartz alkali syenite close to Central City is the Banta Hill pluton and has been 

interpreted by Rice et al. (1985) to be associated to the causative intrusion to mineralization at 

Central City. The Banta Hill pluton is located ~3 km southeast of Central City and was emplaced 

at ~63 Ma based on a K-Ar dating of associated sericite (Fig. 2.2) (Rice et al., 1982). The 

leucocratic granodiorite forms irregular stocks across the eastern area of the district including the 

Elkhorn pluton and the Gregory Hill pluton (Fig. 2.2). The alkali syenite, quartz monzonite and 

trachytic granite units at Central City are less extensive and/or relatively uncommon (Sims et al., 

1963). Abundant E-trending faults and NE-trending faults form a system of simple well defined 

fractures (Fig. 2.3), where veins along those faults have been inferred to be associated with the 

presence of Tertiary felsic plutons intruded during the Laramide orogeny (Rice et al., 1982).  

Two mineralized hydrothermal breccia pipes, the Gold Cup and the Patch, have been 

associated with the felsic Tertiary intrusive rocks (Sims, 1963; Rice et al., 1985; Spry, 1987). 

The Gold Cup breccia pipe is located northwest of Central City (Fig. 2.3), outcropping over an 

area of ~0.3 km2, and is the largest breccia pipe at Central City. Evidence for mineralization is 

fine veinlets and disseminated chalcopyrite, pyrite, sphalerite, galena, and tetrahedrite (Spry, 
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1987). The Patch breccia pipe is located 2 km southwest of Central City (Fig. 2.3) covering an 

area of ~0.04 km2, and plunging to the north to a depth of 500 meters (Spry, 1987). Chalcopyrite, 

sphalerite, galena, and pyrite occurs between clasts of sericite altered Precambrian gneiss.   

 

 

Figure 2.3: Simplified geologic map of the Central City Mining District, CO displaying main 
structural features, landmarks, mineralization zones, and all sample locations. The map was 
modified from Sims et al. (1963).  
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Both the Gold Cup and Patch breccia pipes have been emplaced ~60 Ma, based on K-Ar dating 

of sericite associated with phyllic alteration (Rice et al., 1985; Rice et al., 1982). 

2.3.3 Previous Descriptions of the District Vein Mineralization 

The district mineralization is characterized by four significant veining stages, which were 

defined based on the observed mineralogy and spatial distribution (Bastin and Hill, 1917; 

Lovering and Goddard, 1950; Sims, 1956; Sims et al., 1963; Monech and Drake, 1966; Rice et 

al., 1982). With decreasing age, these stages were described as (Sims et al., 1963): i) uranium 

stage, ii) pyrite stage, iii) base-metal stage, and iv) telluride stage.  

The base metal stage of mineralization has been ascribed to introduce the majority of Au 

and Ag in the district (Sims, 1956). Gold has been found as native gold and tellurides, but is also 

hosted most prominently as finely disseminated inclusions and/or within the crystal lattice of 

sulfides (Sims et al., 1963). Based on early assays and investigations at Central City, Au was 

found to some degree in all metallic minerals, but more so in chalcopyrite and sulfosalts than 

pyrite, galena, and sphalerite (Sims and Barton, 1961; Sims et al., 1963). Silver was described to 

be present significantly in galena, chalcopyrite, and tennantite (Sims et al., 1963). The most 

significant stages of veining and mineralization responsible for the majority of economic 

production in the Central City district are the pyrite and base metal stages (Sims, 1956), and 

these are therefore of interest for this study and will be described further in detail in the results 

section. 

The pyrite and base metal stage of mineralization have been attributed to produce two 

distinct types of veins in the district: pyrite veins and galena-sphalerite veins, respectively (Sims, 

1956). Pyrite type veins were subdivided based on mineralogy into type A veins: pyrite and 

quartz only, B veins: pyrite with copper minerals (i.e. chalcopyrite and tennantite), and C veins: 



 15 

pyrite with moderate to abundant sphalerite, galena, and chalcopyrite. These veins define a 

concentric pattern in the district described as the central, intermediate, and peripheral zones by 

Sims (1956) (Fig. 2.3). The central zone was primarily valuable for Au hosted in type A veins in 

the inner central zone and Au, Ag and Cu hosted in type B veins along the outer central zone 

with a Ag:Au ratio of 3:1. The intermediate zone was primarily valuable for Au, Ag, and Cu 

hosted in C veins with a Ag:Au ratio of 6:1. The peripheral zone was primarily valuable for Ag, 

Pb, and Zn hosted in galena-sphalerite veins with a Ag:Au ratio of 75:1 (Sims et al., 1963). The 

most productive veins in the district were type B veins in the outer central zone and type C veins 

in the intermediate zone. 

Other locally-distributed veins in the district that have been interpreted to be unrelated to 

the pyrite and base metal stages of mineralization, including the uranium and telluride stage 

veins (Sims, 1956; Sims et al., 1963; Rice et al., 1985), a series of molybdenite veins (Rice et al., 

1985), and fluorite-bearing veins (Bastin and Hill, 1917; Sims et al., 1963). Pitchblende veins 

occur locally in the peripheral zone of the district, and have been ascribed to the uranium stage 

(Sims, 1956). Veins are predominantly composed of pitchblende, quartz and pyrite, and were 

measured to have high Mo concentrations (Sims, 1956; Sims, 1963). Telluride veins are found in 

separate fractures that appear to be later than veins hosting pyrite and base metal stage 

mineralization (Bastin and Hill, 1917; Sims et al., 1963). Veins of telluride ore were found 

mainly in the southeastern part of the district athwart the N-NE trending Dory Hill Fault (Sims et 

al., 1963) and have been reported to contain 20 oz/t Au and 3.5 oz/t Ag (Bastin and Hill, 1917). 

These veins consist primarily of sylvanite and quartz with various amounts of molybdenite, 

tennantite, barite, and fluorite. Alteration associated with telluride veins is unclear, but tellurides 

are observed to replace the wall rock in some places adjacent to fractures (Bastin and Hill, 1917; 
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Sims et al., 1963). Molybdenite veins contain quartz, pyrite, minor sericite, tellurides and fluorite 

(Rice et al., 1985). Molybdenite veins are distributed along a N-NE trend near the Dory Hill fault 

similar to the telluride vein distribution (Rice et al., 1985) and in several instances both occur in 

the same fractures (Sims et al., 1963). Similarities between Mo-bearing veins and tellurides 

including mineralogy, distribution, and relative timing in the district have led Rice et al. (1985) 

to suggest a genetic relationship to one another. Fluorite is most common in Willis Gulch at the 

southern end of the Dory Hill fault in the intermediate zone. It forms as gangue in both pyrite 

stage and base metal stage veins as well as telluride and enargite bearing veins. Fluorite has been 

reported to form as massive vein fill 5 inches wide at the War Dance mine, in the host gneiss 

wall rock as replacement, and stringers crosscutting pyrite stage veins. 

2.4 Methods 

2.4.1 Sampling Strategy 

 Representative samples of the pyrite and base metal vein stages defined by Sims et al. 

(1963), host gneiss, and the Patch hydrothermal breccia were collected at Central City to more 

closely investigate mineralogical and textural relationships. The areas of focus were the outer 

central and intermediate zones with detailed sampling locations shown in Figure 2.3. Samples 

from the central and intermediate zone were taken from historic mines, breccias and veins, most 

notably: Chase, War Dance, Silver Dollar, Powers, Pittsburgh, Hidee, Notaway, Saratoga, 

Mammoth, Ground Hog, Vasa Leavitt, Cook, and the Patch. In addition, samples were collected 

from the Chaffee silver mine located ~4.5 km southeast of Central City, which contains late 

galena-sphalerite veins. Grab samples from exposed mine dumps, drill core samples, and mine 

outcrop samples that displayed several cm-wide veins and alteration envelopes were collected 

and a portion of each sample cut into billets and polished for thin section petrography using 



 17 

optical microscopy under transmitted and reflected light. Five samples (CH-1A, CF-03A, VL-01, 

CH-3, JS-09) that displayed representative textural relationships of the different vein and 

alteration types were carbon coated and selected for automated mineralogy, scanning electron 

microscope (SEM), electron microprobe (EMP), and laser ablation inductively coupled plasma 

mass spectrometry (LA-ICP-MS) analysis for more detailed mineralogical identification. See 

Appendix A for sample locations and properties.  

2.4.2 Analytical 

Mineral identification, textural relationships and automated mineralogy were analyzed in 

the scanning electron microscope (SEM) laboratory at the Department of Geology and 

Geological Engineering at Colorado School of Mines. Carbon coated polished thin sections were 

analyzed at high magnification using a TESCAN Mira3 LMH Schottky field emission (FE)-SEM 

combined with a Bruker energy dispersive X-ray spectrometer (EDS) for semi-quantitative 

mineral identification. Backscattered photomicrographs were acquired using a working distance 

of ~10 mm and an acceleration voltage of 20 keV. For automated mineralogy, a TESCAN-

VEGA-3 variable pressure SEM was combined with four energy dispersive X-ray (EDX) 

spectrometers at an accelerating voltage of 25 keV. Energy spectra for overview scans were 

acquired with an electron beam step interval (i.e., spacing between acquisition points) of 25 µm. 

The EDX spectra and backscatter electron signal intensity were compared to mineral phase 

definitions within a species identification protocol (SIP) list. Each acquisition point was assigned 

a composition from the SIP list, based on first fit comparison. Results were output by the TIMA 

software as a spreadsheet giving the area percent of each composition in the look-up table. This 

procedure allows a mineralogy map to be generated. Composition assignments were grouped 

appropriately. It is important to note that the software cannot identify the difference between 
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minerals with very similar molar ratios of elements (i.e. tennantite and enargite). Some minerals, 

when present in minor quantities, were categorized into groups for simplicity. “Sulfates” refers 

to anhydrite, barite and celestite. “Other minerals” refers to 87 mineral phases together 

accounting for <0.11 vol.% of any scan. 

Electron microprobe analysis (EMPA) was carried out on carbon coated polished thin 

section (JS-09, CH-9, CH-1B, CH-3) using a JEOL JXA-8230 at the University of Colorado at 

Boulder for major element and some trace element analysis of pyrite, enargite and tetrahedrite. 

For all spot analyses, the beam current was set to 50 nA, accelerating voltage was 20 kV, and 

beam size was 5 µm. Quantitative analysis was carried out using five wavelength dispersive 

spectrometers (1-TAP, 2-PETL, 3-PETL, 4-LIFL, 4-LIFL) to measure the following 10 elements 

and X-ray energy lines: (1) As-L, Se-L, (2) S-K, Sb-L, (3) Te-L, Ag-L, (4) Au-L, (5) Fe-k, Cu-k, 

Zn-k. Counting times were 120 s for Se and Au, 90 s for Sb, 80 s for Te and Ag, 60 s for As, 50 s 

for Zn and Cu, and 20 s for Fe and S. Background counting time was half of counting time 

except for Au and Te which both had background counting times of 45 s. The following Astimex 

material and metal calibration standards were used: Ga, As, Se, Ag, Sb, Te, Au, arsenopyrite, 

chalcopyrite, pyrite, sphalerite, stibnite, antimony telluride, cassiterite, galena, hematite. 147 

total spots were analyzed across different pyrite grains. 

Trace element concentrations in pyrite were determined using LA-ICP-MS. 

Backscattered photomicrographs and transmitted/reflected light images of grains of interest were 

used to guide LA-ICP-MS analyses. A Photon Machines Analyte G2 LA system (193 nm, 4 ns 

excimer) was coupled to a PerkinElmer DRC-e ICP-MS. Spot analyses were used for individual 

analyses of known location. Ablation was carried out using a 20 m square spot size at 1.3 

J/cm2. Single spot analyses were ablated using 5 pulses/sec (5 Hz). Ablated material was 
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transported via a He carrier gas to a modified glass mixing bulb where the He+ sample was 

mixed coaxially with Ar prior to the ICP torch. Concentration and detection limit calculations 

were conducted using the protocol of Longerich et al. (1996). Signals were calibrated using 

USGS MASS-1 sulfide reference material (Wilson, Ridley and Koenig, 2002). The reference 

material (MASS-1) was analyzed 5-10 times at the beginning of the analytical session and 

monitored throughout the session for drift. Iron (57Fe) was used as the internal standard element 

(assuming a near stoichiometric Fe concentration of 46 wt.%) for concentration calculations. 

Signals were screened visually for heterogeneities such as micro-inclusions or zoning before data 

processing. Elements measured were Na, S, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Mo, 

Ag, Cd, In, Sn, Sb, Te, W, Au, Tl, Pb and Bi for 226 spot analyses. 

A HC5-LM hot cathode cathodoluminescence (CL) microscope was used to recognize 

unique signatures of quartz and feldspar that cannot be distinguished using optical microscopy 

alone. Samples were carbon coated before analysis and exposed for 11 seconds under CL. 

2.5 Results 

2.5.1 Vein Reclassification and Field Relations 

Using our new detailed petrographic observations, and considering the mineralogy and 

overprinting relationships of the veins, we have reclassified the pyrite vein types and subtypes 

(i.e. subtypes A, B and C) of Sims (1956) and Sims et al. (1963), and we have changed the 

terminology of the later galena-sphalerite veins to galena-sphalerite carbonate veins. The new 

classification is summarized in Table 2.1 and field relations of the four main vein types are 

shown in Figure 2.4. Temporal relationships between veins have been determined by 

crosscutting relationships and vein textures using automated mineralogy, SEM and CL (Figs. 2.5 

to 2.8). 



 20 

Table 2.1: Summary and major characteristics of sulfide and sulfosalt vein types of the Central City district reclassified in this study 
and compared to the previous study and classification of Sims (1956). 

 

  

Vein Type

Classification 

from Sims 

(1956)

Mineralization 

stages from 

Sims (1956)

Metal association 

from Sims 

et al. (1963)

Location

Primary 

host rock 

(in this study)

Main vein minerals
Main alteration 

associated
Textures

Type 1a: pyrite-

quartz veins

Pyrite, subtype 

A veins (devoid of 

base metal sulfides 

and sulfosalts)

Pyrite stage Au Central zone

Feldspar-rich gneiss, 

sillimanite-biotite 

gneiss

Quartz, pyrite Late Phyllic

Varies: thin parallel 

veinlets to coarse 

grained

Type 1b: 

Molybdenite

-bearing 

pyrite-quartz veins

n/a Pyrite stage Mo

Southern end of 

DH fault 

(Intermediate zone)

Sillimanite-biotite 

gneiss

Quartz, pyrite

 ± molybdenite
K-feldspar

Thin molybdenite 

band at contact of 

vein and gneiss

Type 1c: (pyrite)-K-

feldspar veins
n/a Pyrite stage?

Southern end of 

DH fault 

(Intermediate zone)

Sillimanite-biotite 

gneiss

K-feldspar 

± pyrite
K-feldspar Pervasive network

Type 2: sulfosalt-

bearing pyrite-

quartz veins

Pyrite, subtype 

B veins (abundant 

Cu minerals)

Pyrite/Base metal 

stage (transitional)
Au, Ag, Cu

Outer central zone 

and Intermediate 

zone

Sillimanite-biotite 

gneiss

Quartz, pyrite, 

enargite ± tetrahedrite

Late Phyllic (from 

reopened Type 1a 

vein)

Sulfosalts fill in

 open space between 

euhedral qtz

Type 3:  sulfosalt-

bearing sphalerite-

chalcopyrite veins

Pyrite, subtype 

C veins (sphalerite, 

galena, and Cu minerals

Base metal stage Au, Ag, Cu, Zn

Outer central zone 

and intermediate 

zone

Feldspar rich-gneiss

Chalcopyrite, sphalerite, 

tetrahedrite ±  tennantite, 

galena, pyrite, 

marcasite, quartz

n/a
Forms adjacent to 

breccias

Type 4: galena-

sphalerite carbonate 

veins

Galena-sphalerite 

veins
Base metal stage Ag, Pb, Zn Peripheral zone Feldspar rich-gneiss

Carbonate, sphalerite, 

galena ± barite
Argillic

Forms in open space 

between euhedral 

carbonate
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The four veins types include: Type 1 pyrite-quartz veins (Figs. 2.4a, c, d), Type 2 

sulfosalt-bearing pyrite-quartz veins (Fig. 2.4f), Type 3 sulfosalt-bearing sphalerite-chalcopyrite 

veins (Fig. 2.4e), and Type 4 galena-sphalerite carbonate veins (Fig. 2.4g).  Type 1 pyrite-quartz 

veins were further subdivided into Type 1a pyrite-quartz veins (Fig. 2.4a, c, d), Type 1b 

molybdenite-bearing pyrite-quartz veins, and Type 1c (pyrite)-K-feldspar veins.  

The central zone consists primarily of Type 1a: pyrite-quartz veins within the inner central zone 

and Type 2: sulfosalt-bearing pyrite-quartz veins along the outer central zone (Fig. 2.3). This 

study also identified Type 3 veins at ~300-400m below the central zone. The intermediate zone 

of mineralization contains primarily Type 2 and Type 3 veins, and less commonly Type 1a veins. 

Additionally, Type 1b: molybdenite-bearing pyrite-quartz veins and Type 1c: (pyrite)-K-feldspar 

are located together in the intermediate zone near the southern extent of the Dory Hill fault, but 

overall are uncommon at Central City. The peripheral zone of mineralization contains Type 4: 

galena-sphalerite carbonate veins where carbonate is the dominant gangue material. 

Type 1a pyrite-quartz veins (Fig. 2.4a, c, d) are found primarily in the central zone of the 

Central City district (Fig. 2.3) and crosscut the fabric of feldspar-rich gneiss and sillimanite-

biotite gneiss at high angles with sharp contacts (Caine et al., 2010; Sims, 1956). Veins are 

concentrated within closely spaced NE-trending faults that range from 0.25 to 5 cm in width and 

form sub-parallel oriented networks of veins at the outcrop scale (Fig. 2.4c). These veins consist 

of fine to coarse-grained (~0.25-5 mm) quartz and fine to coarse-grained (~0.1-5 mm) pyrite 

with minor muscovite. Individual veins have varying amounts of quartz and pyrite, but both are 

having widths up to 0.5 meters at depth at the Saratoga Mine (Bastin and Hill, 1917), and lengths 

tend to be ~150m (Sims et al., 1963) with some to segments of longer vein extensions more than  
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Figure 2.4: Field and hand sample scale photos of representative rock types, veins, and alteration. 
(a) Road outcrop of Type 1a vein of the Mammoth vein in the central zone of the district hosted 

within feldspar-rich gneiss. Note the rock hammer for scale. (b) Representative texture and 
appearance of sillimanite-biotite gneiss from the Chase Mine. Note the distinct difference in 

appearance of well-defined, sillimanite-rich fabric (bottom) and quartz-feldspar pegmatite (top). 
Also, note the tan phyllic alteration of feldspar grains. (c) Outcrop scale example of thin Type 1a 
pyrite-quartz veins crosscutting feldspar-rich gneiss from a road outcrop of the Mammoth vein in 

the central zone, rock hammer for scale. Extensive yellow-orange discoloration is common 
around mineralization hosted within this lithology. (d) Outcrop from the underground Chase 

mine of Type 1a: pyrite-quartz veins crosscutting sillimanite-biotite gneiss. (e) Drill core sample 
of Type 3 sulfosalt-bearing sphalerite-chalcopyrite vein showing a chalcopyrite-rich vein (top-

right) crosscutting a breccia with sulfide-rich matrix from the Vasa Leavitt vein taken ~400 
meters below the central zone. (f) Representative hand sample of a Type 2 sulfosalt-bearing 

pyrite-quartz vein from the Pittsburgh mine in the outer central zone displaying a crosscutting 
sillimanite-biotite gneiss. The darker vein mineral is enargite and a late phyllic alteration halo 
surrounds the vein roughly the width of the vein (outlined in dashed white line). (g) Outcrop 

from the underground Chaffee adit of Type 4 galena-sphalerite carbonate veins forming a 
network of veinlets crosscutting feldspar-rich gneiss. Note light colored argillic alteration and 

orange oxidation surrounding these veins. Qtz: Quartz; Fsp: Feldspar; Sil: Sillimanite; Py: Pyrite. 
Gn: Galena; Sp: Sphalerite. 
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1000m in length (Mammoth-Bobtail Vein) (Bastin and Hill, 1917; Sims, 1956; Sims et al., 

1963). These veins are reported to have been mined for minor Au, Ag, and Cu but are generally 

not profitable (Sims et al., 1963). 

Type 1b molybdenite-bearing pyrite-quartz veins were observed in one instance from the 

War Dance Mine in the intermediate zone crosscutting sillimanite-biotite gneiss (Fig. 2.3). The 

vein is roughly 1 cm in width and has a ~50 m band of acicular molybdenite at the contact 

between the vein and gneiss (Fig. 2.6a). Medium to coarse-grained brecciated pyrite occurs along 

the outer edges of the vein sample with coarse-grained and brecciated quartz toward the center of 

the vein. The vein has open spaces both as small vugs between quartz grains and as large 

polygonal openings where previous minerals may have been, which is presumably pyrite based 

on similar samples. Previous studies have not identified these veins (Sims, 1956; Sims et al., 

1963) and their distribution is unclear in the deposit, apart from the study of Rice et al. (1985) 

however, who seemed to have ascribed the molybdenite occurrences to the earliest and latest 

veining stages without showing petrographic evidence for crosscutting relationships.  

Type 1c (pyrite)-K-feldspar veins occur as very thin (generally 10m-1mm) veinlets that follow 

and others that crosscut the foliation of the sillimanite-biotite gneiss (Fig. 2.6a). These veins 

have been found in one sample from the War Dance Mine in the intermediate zone (Fig. 2.3) 

adjacent to a Type 1b vein. Type 1c veins display several vein generations recognizable as a 

series of complex crosscutting relationships using automated mineralogy and CL (Fig. 2.6b). 

Some veinlets consist of K-feldspar, whereas others include pyrite in the assemblage (Fig. 2.6a, 

b) (Appendix B). This vein network defines a pervasive K-feldspar alteration at the thin section 

scale (described in details further below). Previous studies have not identified these veins (Sims, 

1956; Sims et al., 1963) and their distribution is unclear in the deposit, however we have  
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Figure 2.5: Automated mineralogy TIMA thin section scan of a series of Type 1a pyrite-quartz 
veins crosscutting a late phyllically altered host sillimanite-biotite gneiss, all of which is 
horizontally crosscut by a larger Type 2 sulfosalt-bearing pyrite-quartz vein. Enargite appears to 
be replacing pyrite in the Type 2 vein. This sample is from the Silver Dollar Mine in the 
intermediate zone. 
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Figure 2.6: (a) Automated mineralogy TIMA scan overview of Type 1b molybdenite-bearing 
pyrite-quartz vein crosscut by Type 1c (pyrite)-K-feldspar veins and showing contacts of 

sillimanite-biotite gneiss and Precambrian pegmatite. Sample is from the War Dance mine in the 
intermediate zone. K-feldspar veinlets include several generations, some that are pyrite-bearing 

(see Appendix 3 for composite maps) and crosscut the gneiss foliation. Molybdenite is at the 
contact to the gneiss which shows pervasive K-feldspar alteration, phyllic alteration. Note 

albitization is mostly constrained to the pegmatite area. (b) Photomicrograph of CL signatures of 
Type 1c K-feldspar veinlets that display crosscutting relationships of a pyrite-K-feldspar vein 
oriented top right to bottom left by a thin K-feldspar vein without pyrite oriented top left to 
bottom right. Location is labelled in (a). (c) Backscattered photomicrographs of Type 1c K-

feldspar vein crosscutting albitization and the early phyllic alteration characterized by a pyrite 
and muscovite II + rutile pseudomorphs after biotite. (d) Alteration texture of Type 1c K-feldspar 

veinlets forming a network through quartz and overprinting pseudomorphed biotite from the 
gneiss, which shows a thin rim of rutile, perhaps as a result of early phyllic alteration before 

Type 1c vein emplacement. (e) Backscattered photomicrograph of a pyrite-K-feldspar vein (Type 
1c) crosscutting and weakly altering an albitized metamorphic, early K-feldspar grain from the 
pegmatite. Pyrite within the Type 1c vein is not seen in this field of view but can be recognized 

in (a). (f) Photomicrograph of CL signatures of early K-feldspar from the pegmatite and the Type 
1c veins of the same crosscutting relationships observed in (e). Note that the blue albitized K-

feldspar grain by maroon albite has a different CL signature than the blue-purple K-feldspar vein 
(Type 1c) crosscutting it. Locations of subfigures b, c, d, e, and f are labeled in subfigure a. Qtz: 

Quartz; Bt: Biotite; Ms: muscovite; Kfs: K-feldspar; Ab: Albite; Sil: Sillimanite; Zrn: Zircon; 
Py: Pyrite. 
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classified these veins together in the group of Type 1 pyrite-quartz because of their spatial 

association with Type 1b veins. 

Type 2 sulfosalt-bearing pyrite-quartz veins are hosted within sillimanite-biotite gneiss in 

the intermediate zone and along the outer edge of the central zone (Fig. 2.3), where they 

generally follow the fabric of the gneiss with sharp contacts (Fig. 2.4f). These veins are 5 to 30 

mm thick and consist of quartz, pyrite and sulfosalts primarily of enargite and minor tetrahedrite 

(Fig. 2.5, 2.7a). Late phyllic alteration and minor argillic alteration occur adjacent to Type 2 

veins as illustrated in Figure 2.7a, where a decrease in host rock alteration intensity can be 

observed in relation to distance from the vein. In one vein, zoning was observed where pyrite-

rich zones were concentrated near the edge of the vein with euhedral comb-texture quartz 

forming toward the center of the vein and subsequent infill by enargite and tetrahedrite (Fig. 

2.7a). This texture suggests that mineralization of quartz and pyrite was followed by a reopening 

of the veins and later mineralization of sulfosalts. This texture was also commonly observed by 

Sims et al. (1956) for pyrite-quartz veins overprinted by base metal stage mineralization, which 

were identified previously as subtype B veins. In a Type 2 vein from this study (Fig. 2.5), the 

previously described zoning is not observed, but rather enargite appears to replace pyrite. These 

veins were exceptionally profitable at Central City valuable for Au, Ag, and Cu (Sims et al., 

1963). 

Type 3 sulfosalt-bearing sphalerite-chalcopyrite veins consist predominantly of 

chalcopyrite, sphalerite, and tetrahedrite, with lower modal amounts of galena, enargite, quartz, 

pyrite and marcasite (Fig. 2.4e, 2.7c). Veins are roughly 5 mm thick and have sharp boundaries 

at lithological contacts where they crosscut gneiss that has late phyllic and argillic alteration 

halos wider than the vein itself. For this study, samples containing Type 3 veins were collected 
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from the Patch in the intermediate zone and from the Vasa Leavitt and Ground Hog vein ~300-

400 meters depths below the outer central zone within feldspar-rich gneiss (Fig. 2.3). These 

veins have a strong association with brecciation, primarily at the Patch where Sims et al. (1963) 

observed that the intensity of mineralization correlates with the intensity of brecciation. Type 3 

veins occur between larger clasts of the breccia such as veins from the Patch or at a sharp 

boundary between breccia and feldspar-rich gneiss such as the Vasa Leavitt and Ground Hog 

veins. The matrix of the breccia adjacent to the Vasa Leavitt and Ground Hog veins is sulfide-

rich suggesting the incorporation of Type 3 vein fragments into the matrix around clasts of 

feldspar rich gneiss (Fig. 2.4e, 2.7c), although the origin of this breccia is unknown. Previous 

studies have reported that these veins can be several feet thick and up to ~1500 meters in length 

(Kansas Vein) in the intermediate zone. (Bastin and Hill, 1917; Sims, 1956; Sims et al., 1963). 

These veins resemble the veins previously described by Sims et al. (1956) as pyrite subtype C 

veins and accounted for some of the highest producing veins in the district primarily for Au, Ag, 

Cu, and Zn.  

Type 4 galena-sphalerite carbonate veins consist of sphalerite, galena and euhedral 

gangue Fe-Mn-carbonates. Quartz, pyrite and barite also occur as gangue minerals. Veins of this 

type vary in width from 0.2 mm to 10 cm with sulfides more common at the intersection of 

multiple sub-parallel veins (Fig. 2.4g). These veins are found in the peripheral zone of the district 

(Fig. 2.3) and were collected at the Chaffee mine. The veins are commonly oriented along 

gneissic foliation and crosscutting feldspar-rich gneiss (Fig. 2.8c). On fresh surfaces a light green 

argillic alteration halo surrounds these veins larger than the width of the vein itself. These veins 

were previously classified by Sims (1956) by the same name and were mined primarily for Ag, 

Pb, and Zn from galena and sphalerite (Sims et al., 1963).  
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Figure 2.7: Automated mineralogy TIMA thin section scans (a, c) and backscattered 

photomicrographs (b, d) of Type 2 and 3 veins. (a) Type 2 sulfosalt-bearing pyrite-quartz vein 
with enargite (and minor tetrahedrite) crosscutting a phyllically altered sillimanite-biotite gneiss. 

Sample is from the Pittsburgh Mine in the outer central zone. Euhedral quartz forms a comb 
texture around which anhedral enargite and minor tetrahedrite fill open space. (b) Tetrahedrite 

displaying a replacement texture by an unusually zoned Sb-rich enargite. Lighter areas of 
enargite are relatively Sb-rich while darker areas are relatively As-rich. (c) Type 3 sulfosalt-
bearing sphalerite-chalcopyrite vein crosscutting a breccia from the Vasa Leavitt Vein ~400 
meters below the outer central zone. Sulfide-rich matrix surrounds clasts of phyllic-altered 

gneiss. The medium grained pyrite crosscut by chalcopyrite in Type 3 veins is pyrite IV. (d) 
Zoned tetrahedrite within breccia matrix labelled from subfigure (c). Light bands are Sb-rich 

compared to As-rich dark bands. Chalcopyrite occurs as fine inclusions within a light band. Py: 
Pyrite; Ccp: Chalcopyrite; Eng: Enargite; Ttr: Tetrahedrite. 
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Figure 2.8: (a) Transmitted light and (b) reflected light photomicrograph displaying a Type 4 
vein from the Chaffee Mine representative of the peripheral zone. In the field of view, sphalerite 
occurs with carbonate while galena occurs in the open space of the vein. An argillically altered 
vein halo forms on both sides of the vein. (c) Automated mineralogy TIMA overview scan of 
several galena-sphalerite carbonate veins crosscutting an argillically altered feldspar-rich gneiss. 
Sphalerite and minor galena, pyrite and barite form within the open space of these veins. Qtz: 
Quartz; Cb: Carbonate; Ms: Muscovite; Py: Pyrite; Sp: Sphalerite; Gn: Galena. Color legend 
applies to the false-colored automated mineralogy scan. 
 

Crosscutting relationships between the different veins permits categorizing them from 

earliest to latest: Type 1, Type 2 + Type 3, and Type 4. As shown in Figure 2.5, Type 1a pyrite-

quartz veins are sharply crosscut by Type 2 sulfosalt-bearing pyrite-quartz veins, indicating that 

Type 2 veins postdate Type 1a veins, which was also identified in previous studies (Sims et al., 
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1963). Type 1b molybdenite-bearing pyrite-quartz veins display quartz dissolution textures 

crosscut by Type 1c (pyrite)-K-feldspar veins, therefore predating Type 1c veins (Fig. 2.6a). No 

equivocal temporal relationship between Type 1a and Type 1b has been found in the studied 

samples. Based on base metal sulfides filling veins of pyrite and quartz, previous studies have 

suggested the interpretation that Type 1a veins of quartz and pyrite were first mineralized, then 

reopening allowed base metal fluids to fill open space to create Type 2 veins (Bastin and Hill, 

1917; Sims, 1956). Textures in a Type 2 vein from this study may support this interpretation 

where enargite forms in the middle of a vein around comb texture quartz with pyrite 

concentrated along the edges (Fig. 2.7a). Figure 2.5 displays a thicker Type 2 vein crosscutting 

thinner Type 1a veins, interpreted to be a thicker Type 1a crosscutting thinner Type 1a veins and 

partially replaced by enargite. This texture may suggest that enargite not only fills, but also 

overprints and replaces previously formed Type 1a veins. 

Type 1 pyrite-quartz veins (1a, 1b, and 1c) correspond to the early pyrite stage of 

mineralization defined by Sims (1956), whereas Type 2 sulfosalt-bearing pyrite-quartz veins are 

associated with both the pyrite stage and the base metal stage of mineralization according to 

Sims (1956). Type 3 sulfosalt-bearing sphalerite-chalcopyrite veins and Type 4 galena-sphalerite 

carbonate veins correspond only to the later base metal stage of mineralization of Sims (1956). 

2.5.2 Alteration Types 

In the Central City district, two main alteration types associated to the veins were 

distinguished by Tooker (1963). These include a late phyllic alteration that surrounds all vein 

types, but is most prominent in the central zone as an alteration halo surrounding Type 1a and 

Type 2 veins, and an argillic alteration that overprints late phyllic alteration in vein Types 1a, 2, 

and 3, but is most prominent in the peripheral zone around Type 4 veins. In-depth petrographic 
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observations in this study led us to distinguish several types of alteration including albitization, 

K-feldspar alteration, phyllic alteration, and argillic alteration. A summary of these alterations 

and their characteristics can be found in Table 2.2. 

Table 2.2: Summary of alteration observed and their characteristics. 

 

Two styles of phyllic alteration can be distinguished, which include an early phyllic 

alteration affecting mostly the host gneiss and a late phyllic alteration related to Types 1a, 1b, 

and 2 veins. The temporal relationship between the early and late stage is determined by 

overprinting textures (Fig. 2.9). The early phyllic alteration is constrained primarily to the 

sillimanite-biotite gneiss in the outer central and intermediate zones, but it was also observed in 

one instance from a sample within the feldspar-rich gneiss in the central zone (Fig. 2.3). Early 

phyllic alteration resulted in the pseudomorphic replacement of biotite and early coarse-grained 

muscovite by muscovite, pyrite and rutile along cleavage planes (Figs. 2.9a-c). Muscovite 

pseudomorphs after biotite vary significantly in size from 0.1-3 mm, but generally are 0.75 mm 

with larger grains being associated with larger pyrite grains. In hand sample, early phyllic 

alteration appears as a light brown color within the conspicuous fabric of the gneiss (Fig. 2.4b). 

Alteration Type
Primary 

Minerals

Alteration 

Minerals

Pyrite 

Association
Texture Location

Albitization
K-feldspar 

(metamorphic)
Albite n/a

Replaces partially and along 

cleavage of K-feldspar

Southern end of 

Dory Hill fault

Early Phyllic
Biotite, Muscovite 

I

Muscovite II + 

rutile + pyrite
Pyrite I

Interstitial network of 

muscovite, pyrite within 

cleavage of Ms

Central and 

Intermediate 

zones

K-feldspar
Albite, Biotite, 

Muscovite II

K-feldspar 

+ pyrite 

(Type 1c veins)

Pyrite IIIa
Pervasive network of veinlets, 

often 1c veins with pyrite

Southern end of 

Dory Hill fault

Late Phyllic

Plagioclase +/- 

Sillimanite, 

Muscovite II

Muscovite III + 

quartz + pyrite 

Pyrite II within 

host gneiss

Moderate to pervasive 

replacement of plagioclase, 

adjacent to Type 1a veins

Central and 

Intermediate 

zones

Argillic
Muscovite III, 

plagioclase (?)
Clay minerals n/a

Overprints fine-grained 

muscovite
Peripheral zone



 35 

Several hand samples are affected by this alteration with seemingly no vein in proximity such as 

in the area labeled Sil-rich zone of Fig. 2.4b. Type 1a veins are observed crosscutting the fabric 

altered by early phyllic alteration too, but there is no consistent relationship between the intensity 

or distribution of early phyllic alteration related to pyrite-quartz veins. Therefore, early phyllic 

alteration may have occurred earlier than pyrite-quartz vein formation. Distribution of this 

alteration is constrained primarily where the metamorphic fabric is best formed, and where 

biotite may have been most concentrated.  

Late phyllic alteration is very common affecting both the feldspar-rich gneiss and the 

sillimanite-biotite gneiss, and occurs most prominently across the central and intermediate zones 

(Fig. 2.3) and surrounds primarily vein Types 1a and 2, which are interpreted to be reopened 

Type 1a veins. Late phyllic alteration occurs also in the peripheral zone around Type 3 and 4 

veins, but disseminated pyrite is not typically present and late phyllic alteration is overprinted by 

argillic alteration (Fig. 2.9d), especially in Type 4 veins. In hand sample, the alteration appears 

as a tan or gray color on fresh surfaces and pale yellow to light brown under plane polarized 

transmitted light (Fig. 2.4b). Late phyllic alteration ranges from moderate to intense and is 

defined by the degree to which plagioclase alters to fine-grained muscovite. Moderate alteration 

is determined where plagioclase is partially altered to fine-grained muscovite along albite twins 

and grain boundaries (Fig. 2.9e). Intense alteration is identified where fine-grained muscovite 

has completely replaced plagioclase (Fig. 2.9f). Late phyllic alteration primarily affects 

plagioclase, but it is also weakly altering grain boundaries of primary K-feldspar, muscovite and 

replacing sillimanite to varying degrees. Late phyllic alteration typically forms an alteration halo 

roughly the width of the vein or wider and is more intense adjacent to the vein (Fig. 2.4f). 

Alteration halos around veins in the central zone are generally wider than those in the 
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intermediate and peripheral zones (Fig. 2.3), but there is also significant variability in alteration 

halo width depending on the host rock composition (Tooker, 1963). Quartz and disseminated 

pyrite is commonly associated with this late phyllic alteration around veins of Type 1a and 2 

(Fig. 2.7a). Disseminated pyrite preferentially mineralizes where feldspar was altered by late 

phyllic alteration in the host rock (Fig. 2.9g) and results in a poorly-defined alteration halos for 

some Type 1a veins in the central zone.  

Three different generations of muscovite associated to phyllic alteration can be 

distinguished, which include (Fig. 2.9): i) a primary kinked coarse-grained muscovite (Ms I) 

from the gneiss (Fig. 2.9b, c), ii) the medium-grained muscovite pseudomorphs (Ms II) (Fig. 

2.9a), which also forms a network intergrowth interstitial to quartz, and iii) a finer-grained 

muscovite replacing plagioclase (Ms III) (Fig. 2.9f). Muscovite II is related to the early phyllic 

alteration and muscovite III to the late phyllic alteration, respectively. The pyrite and muscovite 

II paragenesis in the pseudomorphs are inversely correlated to the abundance of biotite in the 

gneiss, suggesting that the pyrite-muscovite intergrowth are a result of hydrothermal replacement 

of biotite. Analysis of EDS spectra of the metamorphic biotite reveals Ti peaks beside Fe, which 

suggest that biotite could provide Ti for rutile and Fe to form pyrite during alteration (Appendix 

C). 

Argillic alteration is most prominent around Type 4 veins within the feldspar-rich gneiss 

of the peripheral zone (Fig. 2.3) and strongly overprinting late phyllic alteration (Fig. 2.9d). 

Argillic alteration less commonly and less intensely overprints Ms III from the more prominent 

late phyllic alteration within feldspar-rich gneiss and sillimanite-biotite gneiss in the central and 

intermediate zones (Fig. 2.3) around veins Types 1a, 2, and 3. Argillic alteration is best 

distinguished in hand sample as a pervasive white-tan clay that is soft and easily friable, and it 
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Figure 2.9: Transmitted light photomicrographs of phyllic alteration textures in sillimanite-

biotite gneiss host rock. (a) Cross-polarized light image displaying pseudomorphic alteration of 
coarse-grained muscovite I to muscovite II (yellow outline) as a result of early phyllic alteration 

of the host gneiss.  Fine-grained muscovite III (red outline) from the late phyllic alteration 
overprints muscovite II. Blue outline delineates the extent of argillic overprint of muscovite III 

(b) Photomicrograph in plane polarized light of muscovite I intergrowths with sillimanite 
overprinted by muscovite II and pyrite in sillimanite-biotite gneiss. (c) Same photomicrograph as 

in (b) in cross-polarized light. (d) Plane-polarized light image displaying interstitial irregular 
phyllic alteration (red line) overprinted by argillic alteration (blue line) within quartz-feldspar 
pegmatite.  (e) Cross-polarized light image displaying the textures of moderate intensity late 

phyllic alteration with fine-grained muscovite III replacing plagioclase along cleavage. Red line 
outlines plagioclase grain, dashed line delineates moderately altered plagioclase and relatively 
unaltered grain where first order gray birefringence of plagioclase can still be seen. (f) Cross-
polarized light image displaying intense alteration of plagioclase to muscovite III as a result of 

late phyllic alteration from the sillimanite-biotite gneiss. (g) Type 1a pyrite-quartz vein 
crosscutting quartz and late phyllically altered plagioclase in the gneiss, where pyrite 

preferentially occurs near the phyllically altered host rock. (h) Type 1c (pyrite)-K-feldspar vein 
crosscut by muscovite III of late phyllic alteration in a sample from the War Dance mine in the 

intermediate zone. Qtz: Quartz; Ksp: K-feldspar; Pl: Plagioclase; Rt: Rutile; Ms: Muscovite; Sil: 
Sillimanite; Py: Pyrite. 
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appears dark-brown to gray in plane polarized transmitted light (Fig. 2.9d). On fresh surfaces a 

light green argillic alteration halo surrounds base metal veins and is larger than the width of the 

vein itself.  

Based on the samples studied, K-feldspar alteration and albitization appear to be less 

pervasive alteration types in the Central City district in comparison to phyllic and argillic 

alteration. These alteration types are found to be localized at or near the southern end of the Dory 

Hill fault in the intermediate zone within the sillimanite-biotite gneiss (Fig. 2.3). K-feldspar 

alteration forms as veins described above as Type 1c veins, and they are typically fine to 

medium-grained and crosscut the gneiss and pegmatite, overprinting early phyllic alteration (Fig. 

2.6c) and quartz grains (Fig 2.6d). K-feldspar alteration is located ~3 cm into the host gneiss 

adjacent to Type 1b veins (Fig. 2.6a) and is overprinted by late phyllic alteration (Fig. 2.9h). Fine 

grained muscovite III associated with late phyllic alteration of primary plagioclase and 

sillimanite is clearly overprinting Type 1c veins (Fig. 2.9h). Therefore, these textural 

relationships would suggest a sequence of events that follows: early phyllic alteration, K-feldspar 

alteration, late phyllic alteration. Additionally, randomly oriented biotite is clustered ~3 mm 

away from the Type 1b vein in the host gneiss and may be hydrothermal in origin (Fig. 2.6a). 

The two varieties of Type 1c veins intersect one another, but have unique CL signatures with 

pyrite-K-feldspar veins having a dark violet/pink color crosscut by bright blue K-feldspar veins 

without pyrite (Fig. 2.6b). These two generation of veins have also been recognized using 

automated mineralogy (Appendix B), by separating pyrite, K-feldspar, and muscovite 

occurrences. The image analysis indicates pyrite trending sub-horizontally and from top-left to 

bottom-right and is strongly correlated with K-feldspar rather than late phyllic alteration. This 
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observation may suggest multiple stages of Type 1c veining during K-feldspar alteration. In hand 

sample, K-feldspar alteration is blue-gray in color. 

Albitization appears as a pervasive light gray alteration of metamorphic K-feldspar in 

plane polarized and cross polarized transmitted light. This alteration is best observed in the 

pegmatite lens of sillimanite-biotite gneiss altering metamorphic K-feldspar (Fig. 2.6e), but may 

also be present to minor degrees in the gneiss. CL imagery clearly shows metamorphic K-

feldspar being albitized along grain boundaries and cleavage planes, with Type 1c pyrite-K-

feldspar veins overprinting it (Fig. 2.6f) indicating that albitization predates K-feldspar 

alteration. Minor dissolution textures can be observed at the lower boundary between the vein 

and albitization (Fig. 2.6e). 

2.5.3 Sulfides and Sulfosalt Mineralogy 

Pyrite occurring in the veins, as pseudomorphs and disseminated in the host gneiss can be 

categorized into five types based on texture, chemistry, and mineral associations. Table 2.3 lists a 

summary of the characteristics of the different pyrite types and Figures 2.10 and 2.11 display 

their textures. 

Pyrite I occurs as subhedral to anhedral, rounded to elongate grains within the cleavage 

of pseudomorphs after muscovite (Ms II) and biotite associated to early phyllic alteration 

primarily in the sillimanite-biotite gneiss (Fig. 2.10a). This type of pyrite ranges from <100 µm 

up to 0.5 mm and is commonly associated to very fine grained rutile along cleavages of the 

pseudomorphs and as inclusions within pyrite (Fig. 2.6c).  

 Pyrite II refers to disseminated pyrite found in the late phyllic alteration halos adjacent to 

vein Types 1a pyrite-quartz veins and as relicts of the Type 1 veining stage adjacent to Type 2 

sulfosalt-bearing pyrite-quartz veins. This pyrite is ~100 to 200 µm in size forming euhedral 
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cubes or sections of pyritohedrons (Fig. 2.10b) and subhedral rounded partially resorbed grains. 

Mineral inclusions consist primarily of quartz concentrated in the core of the pyrite grains 

(2.11a). This pyrite preferentially forms where plagioclase has altered to Ms III within the host 

rock as a result of late phyllic alteration. The association of pyrite II with late phyllic alteration is 

interpreted to be a primary control on the distribution of this pyrite type, which follows the 

extent to which alteration halos form around the hydrothermal veins during the Type 1 veining 

stage.  

 Pyrite III refers to 0.1 to 5.0 mm large pyrite, commonly with few quartz inclusions, 

occurring within Type 1a/b pyrite-quartz veins (Fig. 2.10c, d) and Type 1c pyrite-K-feldspar 

veins (Fig. 2.6a). Less commonly pyrite III can occur as relicts within Type 2 veins, Type 3 

veins or breccias. Pyrite III occurs with quartz within the center or along the rim of pyrite-quartz 

veins and within K-feldspar veins crosscutting quartz veins, in contrast to pyrite II, which is finer 

grained and exclusively found disseminated with muscovite within the host gneiss. The 

appearance of pyrite type varies significantly, which permits us to subdivide it into pyrite IIIa 

and IIIb. Pyrite IIIa is small to medium sized (0.1 to 1.0 mm) and forms euhedral to subhedral 

cubes or octahedral sections with sparse to abundant fine inclusions of quartz, feldspar and rutile 

in the core of the grains (Fig. 2.11b). Pyrite IIIa also displays resorbed and/or rim overgrowth 

textures (Fig. 2.12h). Pyrite IIIb refers to coarser grained (0.5 to 5.0 mm) and brecciated pyrite 

with angular to polygonal crystal shapes (Fig. 2.10d). This pyrite type is typical for Type 1a and 

1b pyrite-quartz veins where clusters of brecciated pyrite and larger fragmented anhedral to 

subhedral pyrite crystals are intergrown with subhedral, fine to coarse grained quartz. Pyrite IIIb 

can have moderate to severe dissolution textures along edges and may have minor aligned quartz 

inclusions parallel to growth surfaces. Pyrite IIIb is best distinguished from pyrite IIIa by its  
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Figure 2.10: Reflected light and transmitted light thin section photomicrographs displaying 
representative appearances of different pyrite types. (a) Pyrite I forming as pseudomorphs within 
the cleavage of Ms II in a sillimanite-biotite gneiss. (b) Pyrite II disseminated in the host gneiss 
with Ms III and quartz of late phyllic alteration. (c) Pyrite IIIa in a narrow Type 1a pyrite-quartz 
veins with sharp boundary to the host feldspar-rich gneiss. Dotted yellow lines indicate vein-host 
rock boundary; dotted red lines indicate microcline grains from the host rock. (d) Pyrite IIIb with 
a distinctive brecciated texture between quartz grains in a Type 1 pyrite-quartz vein. (e) Pyrite IV 
with significant galena inclusions in a Type 2 sulfosalt-bearing pyrite-quartz vein. (f) Pyrite V 
intergrown with enargite and crosscutting tetrahedrite in a Type 2 sulfosalt-bearing pyrite-quartz 
vein. Qtz: Quartz; Ms: Muscovite; Mc: Microcline; Sil: Sillimanite; Py: Pyrite; Gn: Galena; Ttr: 
Tetrahedrite; Eng: Enargite. 
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Figure 2.11: Backscattered photomicrographs showing distinct pyrite textures and mineral 
inclusions. (a) Pyrite II grains associated to late phyllic alteration in host gneiss adjacent to a 
Type 2 sulfosalt-bearing pyrite-quartz vein. Note the quartz inclusions concentrated within the 
core. (b) Euhedral pyrite IIIa grains with many quartz inclusions in the core in Type 1c pyrite-K-
feldspar veins. (c) Representative pyrite IV grain with inclusions of galena and sphalerite along 
the edge of a Type 2 sulfosalt-bearing pyrite-quartz vein. (d) Large pyrite IV relict grain in Type 
2 sulfosalt-bearing pyrite-quartz vein with dissolution textures and inclusions of anhydrite and 
galena along rims. (e) Anhedral pyrite IV with significant galena inclusions partially replaced by 
enargite in a Type 2 vein. (f) Subhedral pyrite V within a Type 2 sulfosalt-bearing pyrite-quartz 
vein displaying characteristic fine-grained texture. Qtz: Quartz; Rt: Rutile; Ms: Muscovite; Kfs: 
K-feldspar; Py: Pyrite; Gn: Galena. Sp: Sphalerite; Eng: Enargite; Anh: Anhydrite. 
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larger grain size, anhedral and brecciated texture as opposed to fine-medium grained cubic shape 

of pyrite IIIa which commonly contains quartz inclusions. 

Pyrite IV is distinguished from other pyrite types by core and rim inclusions of base 

metal minerals (i.e. galena, sphalerite), anhydrite, quartz and rutile (Figs. 2.10e and 2.11c-e). 

This pyrite type forms small to medium sized (0.1 to 1.0 mm) subhedral to anhedral crystals with 

dissolution textures along grain boundaries. Subhedral cubes and octahedral sections are also 

common. Pyrite IV occurs predominantly in Type 2 sulfosalt-bearing pyrite-quartz veins and 

Type 3 sulfosalt-bearing sphalerite-chalcopyrite veins. In Type 2 veins, pyrite IV displays 

intergrowths and/or replacement textures by/with enargite (2.11e). In Type 3 veins, chalcopyrite 

commonly crosscuts pyrite IV (Fig. 2.7c). Pyrite IV is best distinguished from pyrite III by the 

presence of galena and sphalerite inclusions. 

 Pyrite V refers to <100 m subhedral to anhedral rounded cubes and hexagonal sections 

of pyrite found with quartz or included within sulfosalts, primarily enargite (Fig. 2.10f). Where 

enargite crosscuts tetrahedrite, pyrite V type is observed to occur preferentially as clusters within 

enargite (Fig. 2.10f) suggesting they are coeval. This is in line with the presence of inclusions of 

galena and enargite in pyrite V occurring in Type 2 veins, in contrast to pyrite IV, which displays 

replacement textures by enargite and no enargite inclusions. Further, pyrite V can be 

distinguished from other pyrite in Type 2 veins by its very fine-grained and rounded texture (Fig. 

2.11f). This texture is illustrated in figure 2.5, where pyrite V occurs near the top of a Type 2 

sulfosalt-bearing pyrite-quartz vein clustering in a thin band from left to right. Figure 2.5 also 

shows earlier pyrite IV replaced by enargite at the center of the vein.  

Base metal sulfides and sulfosalts are predominant in Type 2, 3 and 4 veins. The main 

base metal sulfides found in Type 3 veins consist of sphalerite, chalcopyrite, and galena. The 
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Table 2.3: Summary of pyrite types and their characteristics. Qtz: Quartz; Fsp: Feldspar; Rt: 
Rutile; Ms: Muscovite, Bt: Biotite; Gal: Galena; Sp: Sphalerite; Ccp: Chalcopyrite; Eng: 
Enargite; Anh: Anhydrite. 

 

main base metal sulfides found in Type 4 veins are galena and sphalerite. Sulfosalts of enargite, 

tetrahedrite, and minor tennantite are predominant in Type 2 and 3 veins, and were not found in 

other vein types. Reflected light photomicrographs (Fig. 2.12), automated mineralogy and SEM 

photomicrographs (Fig. 2.7) display the mineral textures and their crosscutting relationships. 

Figure 2.12 shows typical crosscutting relationships between chalcopyrite, sphalerite, 

galena and tetrahedrite in a Type 3 vein. Chalcopyrite occurs either as large euhedral to 

subhedral crystals intergrown with and/or crosscut by sphalerite (Fig. 2.12a-c, e) or as 

exsolutions/veinlets within sphalerite (Fig. 2.12f). Galena forms small subhedral to anhedral 

crystals along the corners or edges of chalcopyrite grains, and is generally not predominant in 

these veins (Fig. 2.12a). Sphalerite commonly occurs as large anhedral crystals embaying 

chalcopyrite, pyrite and galena and crosscutting chalcopyrite (Fig. 2.12a). Tetrahedrite 

preferentially replaces chalcopyrite in large crystals (Fig. 2.12 b-c) and in exsolutions/veinlets of 

Pyrite I <0.1 - 0.5 Rt (minor) Host gneiss

Ms/Bt 

pseudomorph 

and Rt

Early Phyllic 

Alteration
Within cleavage of Ms/Bt 

Pyrite II 0.1  - 0.2 Qtz (minor)

Host gneiss 

adjacent to 

Type 1a veins

Fine grained 

muscovite

Late Phyllic 

Alteration

Cubic sections within host 

gneiss with Ms + Qtz 

adjacent to Type 1a veins

Pyrite IIIa 0.1 – 1 Qtz, Rt, Fsp
Type 1c, 

also 1a/1b
Qtz

K-feldspar 

Alteration

Resorbed and/or overgrowth 

textures, with qtz inclusions 

in the core

Pyrite IIIb 0.5 - 5 Qtz (minor) Type 1a and 1b Qtz n/a

Large grains, brecciation 

and fragmented clusters lacking 

abundant qtz inclusions

Pyrite IV 0.1 -1

Gal, Sp, Anh, 

Qtz, Rt (common), 

electrum 

(uncommon)

Type 2 and 3 Eng n/a

Base metal sulfide 

inclusions in core and

 rim of pyrite grain

Pyrite V <0.1

Gal, Eng (common), 

electrum 

(uncommon)

Type 2 Eng n/a

Fine grained, anhedral 

rounded cubic sections, in 

Type 2 veins with enargite

Name
Inclusions: 

Type (amount)
Identifiable Textures

Alteration 

Association

Mineral 

Associations
Vein TypeSize (mm)
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chalcopyrite after sphalerite (Fig. 2.12f). Tetrahedrite also commonly crosscuts sphalerite (Fig. 

2.12 b-c) and in some instances, even chalcopyrite in microfractures (Fig. 2.12e), indicating the 

tetrahedrite is late in this mineral paragenesis. Locally tetrahedrite can make up a significant 

portion of the vein and shows slight to pervasive replacement of chalcopyrite with inclusions of 

galena or chalcopyrite (Fig. 2.12d). Marcasite was also observed to occur with tetrahedrite in 

chalcopyrite (Fig. 2.12g) where it is nearly always surrounded by chalcopyrite or tetrahedrite 

with open spaces filled in by tetrahedrite (2.12g, h). This observation may suggest the 

replacement of chalcopyrite by marcasite and tetrahedrite. This replacement texture is observed 

crosscutting pyrite IIIa where relicts of pyrite are found with infills of tetrahedrite and 

chalcopyrite (Fig. 2.12h). This texture indicates that pyrite IIIa is earlier in the paragenesis than 

the other base metal sulfides. Pyrite IV is crosscut by chalcopyrite within Type 3 veins (Fig. 

2.7c) and is subsequently replaced by tetrahedrite which suggests that pyrite IV forms early with 

base metal sulfides as well. The predominance of pyrite IIIa in Type 1 veins with no base metal 

inclusions compared to the predominance of pyrite IV in Type 2 and 3 veins with significant 

base metal inclusions suggests that pyrite IV forms later than pyrite IIIa. Enargite, tetrahedrite 

and minor tennantite are the main sulfosalts found in Type 2 and 3 veins, with enargite and 

tetrahedrite present in Type 2 veins (Fig. 2.7a) and tetrahedrite and minor tennantite present in 

Type 3 veins (Fig. 2.7c). Enargite was observed to occur as anhedral grains in the center of a 

vein Type 2 with minor tetrahedrite, where enargite and pyrite V crosscuts tetrahedrite (Fig. 

2.7b). This textural relationship indicates that enargite postdates tetrahedrite. Enargite and minor 

tetrahedrite both typically display textures that suggest infilling of open space and fractures with 

quartz crosscutting Type 1a pyrite-quartz veins (Fig. 2.5) or occurring at the center of Type 2 

sulfosalt-bearing pyrite-quartz veins, which are interpreted as reopened veins (Fig. 2.7a). In 
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Figure 2.12: Reflected light photomicrographs displaying sulfide and sulfosalt microtextures 
from a Type 3 sulfosalt-bearing sphalerite-chalcopyrite vein within a breccia from the Vasa 
Leavitt and Ground Hog veins ~300-400 meters below the central zone. (a-c) Early euhedral 

chalcopyrite intergrowths with sphalerite and crosscut by veinlets of galena and later tetrahedrite. 
(d) Tetrahedrite with galena inclusions with pervasive chalcopyrite replacement texture with 
remains of “wisps” of chalcopyrite. (e) Sulfide veinlets and their crosscutting relationships, 

showing a sphalerite veinlet crosscutting an early chalcopyrite grain, which are both crosscut by 
a late tetrahedrite veinlet. (f) Exsolution/veinlets of chalcopyrite replaced by tetrahedrite along 

cleavage and fractures of a sphalerite grain. (g) Fine marcasite grains filled in by tetrahedrite and 
surrounded by chalcopyrite. (h) Relicts of pyrite IIIa crosscut and surrounded by chalcopyrite 
replaced by tetrahedrite and marcasite. Py: Pyrite; Ccp: Chalcopyrite; Ttr: Tetrahedrite; Mrc: 

Marcasite; Gn: Galena; Sp: Sphalerite. 
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addition, crosscutting textures between Type 1a pyrite-quartz veins and a Type 2 vein shows a 

replacement texture of pyrite IV by enargite (Fig. 2.5, 2.11e). Base metal minerals inclusions of 

sphalerite, and minor chalcopyrite occur preferentially with pyrite IV and enargite inclusions 

occur preferentially with pyrite V, and galena is common in both pyrite IV and V. Tetrahedrite 

nearly always displays significant compositional zoning patterns with tennantite, located along 

the outer edge of the grain (Fig. 2.7d). 

The overall paragenesis and crosscutting relationships indicate the following general 

mineral occurrences: pyrite IIIa > pyrite IV (galena and sphalerite inclusions) > chalcopyrite > 

sphalerite ( galena) > tetrahedrite ( galena) > enargite + pyrite V (enargite inclusions). 

Gold was identified in both pyrite IV and pyrite V in the form of micron-size electrum inclusions 

in Type 2 and 3 veins (sample CH-3 and VL-01). In pyrite IV, electrum is commonly within 

sphalerite and galena inclusions (Fig. 2.13a), and also forms single inclusions in pyrite (Fig. 

2.13b). In contrast, electrum in pyrite V occurs within enargite inclusions (Fig. 2.13c), and was 

not observed forming single inclusions within pyrite.  

Besides occurring as single or composite inclusions in pyrite, electrum also forms within 

galena, sphalerite and sulfosalts (tetrahedrite and enargite). Electrum occurs as single inclusions 

within enargite in Type 2 veins (Fig. 2.13d) and was also found within small quartz veinlets. In 

Type 3 veins, electrum occurs in association with galena, sphalerite and tetrahedrite intergrowths 

that replace chalcopyrite and form pyrite overgrowths (Fig. 2.13e). In one instance, electrum, 

sphalerite, and tellurides were found together (Fig. 2.13f) in the late breccia adjacent and 

crosscutting a Type 3 vein (Fig. 2.7c). Other electrum occurrences and EDS spectra from SEM 

analysis are included in Appendix D. 
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Figure 2.13: BSE photomicrographs of various electrum occurrences across Type 2 and Type 3 
veins from sample CH-3 from the Silver Dollar Mine, VL-01 from the Vasa Leavitt Vein, and 
HB-02 from the Ground Hog Vein. (a) Pyrite IV grain with characteristic sphalerite and galena 
inclusions, and electrum within a sphalerite inclusion from a Type 2 vein. (b) Pyrite IV with 
abundant galena and electrum inclusions within a Type 3 vein. (c) Pyrite V grain with enargite 
and electrum inclusions in a Type 2 vein. It forms adjacent to a pyrite II with inclusions of quartz 
associated to phyllic alteration of the surrounding host rock. (d) Electrum inclusions within an 
enargite grain from a Type 2 vein. (e) Pyrite IV with overgrowths of galena, quartz, tetrahedrite, 
chalcopyrite, tetrahedrite, and electrum within a Type 3 vein. (f) Electrum, sphalerite, and 
tetrahedrite forming together in the breccia adjacent to a Type 3 vein. el: Electrum; py: Pyrite; 
ccp: Chalcopyrite; ttr: Tetrahedrite; en: Enargite; gn: Galena; sp: Sphalerite; qtz: Quartz; ms: 
Muscovite; rt: Rutile. 
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2.5.4 Mineral Chemistry 

The major and few minor elements were analyzed in pyrite, enargite and tetrahedrite 

using EPMA (Tables 2.4 and 2.5). Trace elements in the different pyrite types were analyzed 

using LA-ICP-MS (Table 2.6). Mineral formulae were re-calculated from EMPA data and 

normalized based on 2 S atoms for pyrite, based on 4 S atoms for enargite, and based on 13 S 

atoms for tetrahedrite.  

Re-calculated pyrite formulae ranged between Fe0.985S and Fe1.008S, close to the ideal 

pyrite composition (Table 2.4). Minor amounts of As, Cu, Zn, Te, and Sb were detected in 

various pyrite grains using EMPA, with high As and Cu content between 0.02-0.34 wt. % and 

0.01-0.98 wt. % respectively, both of which were detected in pyrite V (Table 2.4). Gold, Ag, Zn, 

Te, and Sb concentrations were generally, below the limit of detection (<50-180 ppm). 

Re-calculated mineral formulae of tetrahedrite and enargite are close to their ideal 

formulae Cu12Sb4S13 and Cu3AsS4, respectively (Table 2.5). The composition of tetrahedrite 

varied in Sb (2.50-2.95 apfu) and As (0.98-1.46 apfu), indicating a solid solution between 

tetrahedrite and tennantite, with tetrahedrite being the major component. All tetrahedrite-

tennantite grains that were measured were found to have ratios of Sb:As between 3:1 and 2:1 and 

therefore have been referred to in this study as tetrahedrite for simplification. The tennantite 

component of the solid solution can be recognized by dark As-rich zones of tetrahedrite observed 

in backscattered photomicrographs (Fig. 2.7d) and determined by EDS. Tennantite was only 

observed as solid solution of tetrahedrite in these dark As-rich zones (Fig. 2.7d). Where As-rich 

sulfosalts were observed forming massive crystals in veins (Fig. 2.5, 2.7a), EMPA always 

indicated that they were enargite (Table 2.5). The compositions of enargite varied in two 

populations from two different Type 2 sulfosalt-bearing pyrite-quartz veins. In analyses from 
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Table 2.4: Representative electron microprobe analyses (in wt. %) of major and minor elements in cores and rims of different pyrite 
types. All core and rim analyses are averages of 3 spot analyses unless otherwise noted. Detection limits (d.l.) are shown in brackets. 
Au (<180 ppm), Se (<110 ppm) and Ag (<75 ppm) not reported here were all below the limit of detection. 
 

 

Sample Pyrite Type
Core/Rim 

(3)

Associated 

vein/alteration

Fe (wt. %)

(0.006)
 +/-

As

(0.019)
 +/-

Sb

(0.008)
 +/-

Te

(0.005)
 +/-

Cu

(0.007)
 +/-

Zn

(0.009)
 +/-

S

(0.09)
 +/- TOTAL  +/-

CH-3 II core late phyllic 45.88 0.07 0.03 0.01 d.l. d.l. d.l. d.l. 52.87 0.07 98.80 0.12

CH-3 II core late phyllic 45.91 0.10 d.l. d.l. d.l. d.l. d.l. 52.81 0.06 98.74 0.16

CH-3 II core late phyllic 45.97 0.17 d.l. d.l. d.l. d.l. d.l. 52.81 0.17 98.80 0.33

CH-3 II rim late phyllic 45.91 0.07 d.l. d.l. d.l. d.l. d.l. 52.80 0.05 98.73 0.12

CH-3 II rim late phyllic 45.93 0.11 d.l. d.l. 0.01 0.01 0.01 0.01 d.l. 52.87 0.05 98.82 0.17

CH-3 II rim late phyllic 45.78 0.13 0.02 0.01 d.l. 0.01 0.01 d.l. d.l. 52.76 0.09 98.58 0.21

JS-09 II core late phyllic 46.18 0.09 0.05 0.01 d.l. d.l. d.l. d.l. 52.62 0.03 98.85 0.13

JS-09 II core late phyllic 46.13 0.05 d.l. d.l. 0.01 0.01 d.l. d.l. 52.73 0.07 98.87 0.06

JS-09 II rim late phyllic 45.92 0.02 0.03 0.02 d.l. d.l. d.l. d.l. 53.04 0.10 99.00 0.10

JS-09 II rim late phyllic 45.92 0.12 0.02 0.01 d.l. d.l. d.l. d.l. 53.14 0.02 99.10 0.14

CH-3 IIIa core 1a 46.05 0.06 d.l. d.l. d.l. 0.01 0.01 d.l. 52.82 0.08 98.89 0.14

CH-9 IIIa core 1a 46.19 0.09 d.l. d.l. d.l. d.l. d.l. 52.88 0.03 99.10 0.12

CH-9 IIIa rim 1a 46.14 0.03 d.l. d.l. d.l. d.l. d.l. 52.82 0.02 98.98 0.03

CH-1B IIIa core 1b 46.20 0.09 d.l. d.l. d.l. d.l. d.l. 53.44 0.04 99.67 0.12

CH-1B IIIa rim 1b 46.19 0.15 d.l. d.l. d.l. d.l. d.l. 53.43 0.08 99.66 0.22

CH-1B IIIa core 1c 46.17 0.12 d.l. d.l. d.l. d.l. d.l. 53.26 0.07 99.45 0.09

CH-1B IIIa core 1c 46.34 0.11 d.l. d.l. 0.01 0.01 d.l. d.l. 53.18 0.12 99.56 0.16

CH-1B IIIa core 1c 46.33 0.03 0.03 0.02 d.l. d.l. d.l. d.l. 53.26 0.09 99.63 0.06

CH-1B IIIa rim 1c 46.20 0.05 d.l. d.l. d.l. d.l. d.l. 53.15 0.07 99.39 0.13

JS-09 IIIa core 2 46.41 0.02 0.02 0.02 d.l. d.l. d.l. d.l. 53.18 0.13 99.61 0.12

JS-09 IIIa rim 2 46.26 0.02 d.l. d.l. d.l. d.l. d.l. 53.17 0.03 99.44 0.02

CH-9 IIIb core 1a 46.26 0.06 d.l. d.l. d.l. d.l. d.l. 53.14 0.05 99.41 0.04

CH-9 IIIb core 1a 46.27 0.02 d.l. d.l. d.l. d.l. d.l. 53.09 0.05 99.39 0.05

CH-9 IIIb core 1a 46.41 0.05 d.l. d.l. d.l. d.l. d.l. 53.03 0.08 99.45 0.14

CH-9 IIIb rim 1a 46.07 0.03 d.l. d.l. 0.01 0.01 d.l. d.l. 52.98 0.07 99.06 0.09

CH-9 IIIb rim 1a 46.37 0.04 d.l. d.l. 0.01 0.01 d.l. d.l. 53.17 0.06 99.56 0.07

CH-9 IIIb rim 1a 46.29 0.05 d.l. d.l. d.l. d.l. d.l. 52.87 0.08 99.17 0.14

CH-1B IIIb core 1b 46.43 0.08 d.l. d.l. d.l. d.l. d.l. 53.20 0.07 99.66 0.14

CH-1B IIIb rim 1b 46.32 0.05 d.l. d.l. d.l. d.l. d.l. 53.17 0.00 99.53 0.05

CH-3 IV rim 1a 46.11 0.03 d.l. d.l. d.l. d.l. d.l. 52.89 0.07 99.01 0.08

CH-9 IV core 1a 46.21 0.05 d.l. d.l. d.l. d.l. d.l. 52.87 0.09 99.11 0.14

CH-9 IV rim 1a 45.97 0.01 d.l. d.l. d.l. d.l. d.l. 52.64 0.11 98.62 0.10

CH-3 IV core 2 46.04 0.06 d.l. d.l. 0.01 0.01 0.07 0.05 d.l. 53.16 0.04 99.28 0.10

CH-3 IV core 2 46.05 0.06 d.l. d.l. d.l. d.l. d.l. 52.83 0.07 98.89 0.11

CH-3 IV rim 2 45.90 0.09 d.l. d.l. 0.01 0.01 0.03 0.01 d.l. 53.10 0.06 99.04 0.13

CH-3 IV rim 2 46.27 0.04 0.02 0.01 d.l. 0.01 0.01 d.l. d.l. 52.99 0.05 99.29 0.05

JS-09 IV core 2 46.18 0.02 d.l. d.l. d.l. d.l. d.l. 52.83 0.04 99.03 0.01

JS-09 IV rim 2 46.35 0.05 d.l. d.l. d.l. d.l. d.l. 52.96 0.08 99.34 0.13

CH-3 V core 2 45.78 0.05 0.09 0.01 d.l. d.l. 0.03 0.01 d.l. 52.88 0.14 98.78 0.15

CH-3 V core 2 46.17 0.08 d.l. d.l. 0.01 0.01 0.01 0.01 d.l. 52.84 0.12 99.02 0.20

CH-3 V core 2 45.78 0.14 0.15 0.01 d.l. d.l. 0.18 0.01 d.l. 52.84 0.17 98.97 0.30

CH-3 V core(2) 2 45.82 0.17 0.14 0.05 d.l. d.l. 0.04 0.01 d.l. 52.79 0.25 98.79 0.38

JS-09 V core 2 45.59 0.22 0.34 0.03 d.l. d.l. 0.87 0.23 0.03 0.01 52.87 0.13 99.71 0.10

JS-09 V core 2 45.48 0.05 0.20 0.01 0.01 0.01 d.l. 0.98 0.01 d.l. 52.65 0.09 99.33 0.11

JS-09 V core 2 45.57 0.19 0.21 0.04 0.07 0.03 0.01 0.01 0.47 0.12 0.01 0.01 53.15 0.29 99.50 0.43
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Table 2.5: Electron microprobe analyses (in wt. %) of major and minor elements of enargite (Eng) and tetrahedrite (Ttr) in Type 2 
veins. Detection limits (d.l.) are shown in brackets. Au not listed here was below the limit of detection (<180 ppm).  

 
 

 
 

Sample
Vein 

Type
Mineral

Cu (wt. %)

(0.009)

Sb

(0.009)

As

(0.020)

  Fe

(0.006)

Zn

(0.010)

 Ag

(0.008)

Se

(0.016)

Te

(0.006)

S

(0.011)
   TOTAL

JS-09 2 Ttr 42.17 20.30 6.07 3.71 0.73 0.44 d.l. d.l. 26.95 100.37

JS-09 2 Ttr 42.01 20.27 6.04 3.70 0.73 0.44 d.l. d.l. 26.09 99.28

JS-09 2 Ttr 42.10 20.19 6.12 3.71 0.73 0.44 d.l. d.l. 26.11 99.40

JS-09 2 Ttr 42.18 19.02 6.85 3.79 0.73 0.43 d.l. d.l. 26.08 99.08

JS-09 2 Ttr 41.99 20.28 6.00 3.70 0.74 0.46 d.l. d.l. 26.01 99.18

JS-09 2 Ttr 42.06 19.86 6.27 3.70 0.73 0.45 d.l. d.l. 26.13 99.20

JS-09 2 Ttr 40.06 20.67 5.62 1.93 4.55 0.42 d.l. 0.01 25.95 99.21

JS-09 2 Ttr 39.62 20.97 5.38 1.34 5.57 0.35 d.l. 0.01 25.97 99.21

JS-09 2 Ttr 39.68 22.28 4.56 1.78 4.65 0.41 d.l. 0.01 25.86 99.23

JS-09 2 Ttr 38.61 20.78 5.84 1.70 5.36 0.41 d.l. d.l. 25.26 97.96

JS-09 2 Ttr 39.61 19.77 6.10 1.64 5.15 0.37 d.l. d.l. 25.78 98.42

JS-09 2 Sb-rich Eng 45.17 17.69 6.65 d.l. d.l. d.l. d.l. d.l. 30.26 99.77

JS-09 2 Sb-rich Eng 46.26 12.46 10.10 0.01 d.l. d.l. 0.05 d.l. 30.87 99.75

JS-09 2 Sb-rich Eng 45.56 16.29 7.65 0.01 d.l. d.l. 0.03 d.l. 30.29 99.83

CH-3 2 Eng 48.48 0.31 18.04 0.01 0.09 d.l. 0.13 d.l. 32.34 99.40

CH-3 2 Eng 48.39 0.32 17.94 0.01 0.07 d.l. 0.13 d.l. 32.27 99.13

CH-3 2 Eng 48.42 0.26 18.05 0.01 0.08 d.l. 0.13 d.l. 32.37 99.32

CH-3 2 Eng 48.33 1.32 17.49 0.01 0.04 d.l. 0.13 d.l. 32.30 99.62

CH-3 2 Eng 48.41 0.90 17.62 0.01 0.08 d.l. 0.12 d.l. 32.22 99.36

CH-3 2 Eng 48.30 1.20 17.52 0.01 0.04 d.l. 0.13 d.l. 32.18 99.38

CH-3 2 Eng 48.60 0.37 18.16 d.l. d.l. d.l. 0.13 d.l. 32.46 99.72

CH-3 2 Eng 48.52 0.38 18.14 0.01 d.l. d.l. 0.13 d.l. 32.37 99.55

CH-3 2 Eng 48.53 0.39 18.14 d.l. d.l. d.l. 0.14 d.l. 32.41 99.61

CH-3 2 Eng 48.54 0.14 18.33 d.l. d.l. d.l. 0.14 d.l. 32.54 99.69
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Table 2.5 (continued): Calculated apfu of electron microprobe analyses of major and minor elements of enargite (Eng) and tetrahedrite 
(Ttr) in Type 2 veins. Au not listed here was below the limit of detection (<180 ppm). 

 
  

JS-09 2 Ttr 10.262 2.578 1.253 1.028 0.172 0.064 - - 13.000 28.356

JS-09 2 Ttr 10.560 2.659 1.288 1.057 0.178 0.065 - - 13.000 28.808

JS-09 2 Ttr 10.573 2.647 1.305 1.059 0.177 0.065 - - 13.000 28.826

JS-09 2 Ttr 10.610 2.496 1.462 1.085 0.179 0.063 - - 13.000 28.894

JS-09 2 Ttr 10.589 2.670 1.283 1.061 0.180 0.069 - - 13.000 28.852

JS-09 2 Ttr 10.555 2.602 1.336 1.056 0.177 0.067 - - 13.000 28.792

JS-09 2 Ttr 10.127 2.728 1.205 0.556 1.119 0.062 - 0.001 13.000 28.797

JS-09 2 Ttr 10.005 2.764 1.153 0.384 1.368 0.052 - 0.001 13.000 28.726

JS-09 2 Ttr 10.064 2.948 0.981 0.514 1.146 0.061 - 0.002 13.000 28.716

JS-09 2 Ttr 10.025 2.816 1.285 0.501 1.352 0.062 - - 13.000 29.042

JS-09 2 Ttr 10.079 2.625 1.316 0.475 1.274 0.055 - - 13.000 28.824

JS-09 2 Sb-rich Eng 3.012 0.616 0.376 - - - - - 4.000 8.004

JS-09 2 Sb-rich Eng 3.024 0.425 0.560 0.001 - - 0.003 - 4.000 8.012

JS-09 2 Sb-rich Eng 3.035 0.566 0.432 0.001 - - 0.002 - 4.000 8.036

CH-3 2 Eng 3.025 0.010 0.955 - 0.005 - 0.006 - 4.000 8.002

CH-3 2 Eng 3.026 0.010 0.951 - 0.004 - 0.007 - 4.000 8.000

CH-3 2 Eng 3.019 0.009 0.955 - 0.005 - 0.006 - 4.000 7.994

CH-3 2 Eng 3.020 0.043 0.927 - 0.002 - 0.006 - 4.000 7.998

CH-3 2 Eng 3.032 0.029 0.936 0.001 0.005 - 0.006 - 4.000 8.010

CH-3 2 Eng 3.029 0.039 0.932 0.001 0.002 - 0.007 - 4.000 8.009

CH-3 2 Eng 3.021 0.012 0.958 - - - 0.007 - 4.000 7.998

CH-3 2 Eng 3.025 0.012 0.959 0.001 - - 0.007 - 4.000 8.004

CH-3 2 Eng 3.021 0.013 0.958 - - - 0.007 - 4.000 7.999

CH-3 2 Eng 3.010 0.005 0.964 - - - 0.007 - 4.000 7.985

   TOTALFe Zn Ag Se Te SAsSample
Vein 

Type
Mineral Cu (mol) Sb
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sample JS-09, the composition of enargite varied between 0.425-0.616 apfu Sb and 0.376-0.560 

apfu As, indicating an enrichment in Sb compared to its ideal formula (Cu3AsS4) (Table 2.5). In 

analyses from sample CH-3, enargite was much closer to the ideal composition with 0.005-0.043 

apfu Sb and 0.927-0.964 apfu As. The Type 2 vein from sample JS-09 had enargite veins 

crosscutting tetrahedrite while CH-3 had no tetrahedrite, which may suggest that the enrichment 

in Sb is a result of tetrahedrite replacement by enargite in sample JS-09.  

Tetrahedrite display varying contents of Fe (0.38-1.06 apfu), Zn (0.17-1.37 apfu), and Ag 

(0.05-0.07 apfu) (Table 2.5). In contrast, Fe, Zn, and Ag content were <0.01 apfu for all enargite 

analyses. All sulfosalt analyses had low Te and Se contents, although Se was above detection 

limits for all enargite analyses and below the limit of detection (160 ppm Se) for all tetrahedrite 

analyses. Au was below detection limit (<180 ppm) in all the sulfosalt and pyrite analyses. 

 In total, 227 spots were analyzed across pyrite type II, III, IV and V in vein Type 1a-c 

and Type 2 using LA-ICP-MS. The measured trace element concentrations of the different pyrite 

types are shown in a series of histograms for Cu, As, Au and Sb in Figure 2.14 and for Co and Ni 

in Figure 2.15. The X-axis indicates bins and their max value, y-axis displays the frequency of 

measured concentrations ranges. Bins labeled “more” indicate ppm values greater than any other 

bins. 

Among all trace elements analyzed, Cu and As are the most abundant in pyrite, with 

highly variable concentrations ranging from 1.9 ppm to 4.2 wt. % Cu and from 2.2 ppm to 3.8 

wt. % As, respectively. The highest Cu concentrations were observed in pyrite V with the highest 

frequency of pyrite V spots clustering >5000 ppm (Fig. 2.14a). High Cu concentrations were 

observed in pyrite IV with the highest frequency clustering <100 ppm, eleven spots clustering 

<500 ppm and one anomalous value of 1080 ppm. Among pyrite II, IIIa, IIIb, Cu concentrations 
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were low with the highest frequency of Cu values <10 ppm and few anomalous grains >100 

ppm. The highest As concentrations were observed in pyrite V with the highest frequency of 

pyrite V spots <10000 ppm and five analyses >10000 up to 38200 ppm (Table 2.6). Pyrite IV 

had five high values <10000 ppm with the highest at 3810 ppm. Pyrite II and III had high 

frequencies of values, <1000, <100, and <10ppm, with few anomalously high values as high as 

2260 ppm for pyrite III and 4500 ppm for pyrite II (Fig. 2.14b). Gold was detected in 186 

analyses having concentrations ranging from 0.16 to 20.8 ppm with the highest concentrations 

clustering in pyrite IV and V of Type 2 veins (Fig. 2.14c). Pyrite V consistently had the highest 

concentrations with ranges of values between 1.52-20.8 ppm, followed by pyrite IV with 

concentrations clustering <1 ppm, but also with fourteen values >1 ppm and as high as 16.1 ppm. 

Pyrite II and III had low Au concentrations with frequencies clustering <1 ppm with the highest 

values of 1.79ppm for pyrite II and 2.37ppm for pyrite III. Antimony has concentrations ranging 

between 0.54 ppm and 3.2 wt.% with the highest Sb concentrations in pyrite V with eight values 

clustering <1000 ppm and seven values >1000 ppm (Fig. 2.14d). Pyrite IV displayed one 

anomalously high Sb value of 153 ppm, but otherwise pyrite IV was most frequently below <1 

ppm. Pyrite II values cluster <100 ppm with the highest values of 82.9 ppm. Pyrite IIIa and IIIb 

had Sb values clustering <5 ppm, with Sb detected more commonly in IIIa than IIIb.  

Concentrations of Co ranged between 0.97 and 933 ppm and Ni between 4.76 and 1610 

ppm, respectively, with the highest concentrations detected in pyrite IIIa (Fig. 2.15a, b). The 

frequency of Co and Ni analyses generally decreased at higher concentrations for all pyrite types 

except for pyrite IIIa with the highest frequency of Co and Ni detected in pyrite IIIa <500 ppm. 

Six pyrite IIIa grains had Co concentrations >500 ppm and thirteen pyrite IIIa grains had Ni  
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Figure 2.14: Histograms of Cu, As, Au and Sb concentrations (ppm) in different pyrite types 
measured using LA-ICP-MS. X-axis indicates bins and their max value, y-axis displays the 
frequency of measured concentrations ranges. Bins labeled “more” indicate ppm values greater 
than any other bins. Among all pyrite types, pyrite IV and V display the highest concentrations 
of Cu, As, Au, and Sb from Type 2 veins. Nearly all pyrite IV measurements and all pyrite V 
measurements are from Type 2 veins.  
 
concentrations <1000 ppm with two anomalously high values up to 1610 ppm Ni. Pyrite IIIa had 

a high frequency (~24-25) of elevated Ni and Co values (>100 ppm) particularly in Type 1c 

veins (Fig. 2.15c, d). Pyrite IIIa with Co values >500 ppm was in Type 1a and Type 2 veins, and 

pyrite IIIa with Ni values >1000 ppm were in Type 2 veins. Among pyrite II, two values 

displayed an enrichment of <500 ppm Co, and two values displayed an enrichment of <1000 Ni 

with one anomalous Ni value of 1210 ppm. Pyrite IV and V had low Co and Ni concentrations 

displaying the highest frequency of Co and Ni in the lowest concentration bins. Co and Ni values 
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Figure 2.15: Histograms of Co and Ni concentrations (ppm) across different pyrite types (a-b) 
and vein types (c-d) measured using LA-ICP-MS. X-axis indicates bins and their max value, y-
axis displays the frequency of those measured. Bins labeled “more” indicate ppm values greater 
than any other bins. Pyrite II and particularly pyrite IIIa are enriched in Ni and Co compared to 
other pyrite types. Among pyrite IIIa, the highest frequency of values enriched in Co and Ni up 
to 500ppm occur in type 1c veins. 
 
>50 ppm for these pyrite types were uncommon. 

Similarly, other trace elements including Mn, Zn, Pb, and Ag were detected with highly 

variable concentrations nearly always with the highest values in pyrite V grains (Table 2.6). 

Manganese was commonly below 100 ppm, but it was detected in every spot analysis and had 

several high outlier concentrations as high as 1.1 wt. %. Zinc concentrations were between 5.7 

and 3001 ppm. Lead concentrations were between 0.36 ppm and 1.0 wt. %, with the highest 

values detected in a pyrite IV grain likely from a galena inclusion in the depth profile. Silver 
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concentrations range between 0.64 and 185 ppm, with highest concentrations found in pyrite V.  

Several other trace elements including Bi, Te, Cr, V were detected but generally had low 

concentrations (<30 ppm), but several anomalies where detected in individual grains (Appendix 

E). Bismuth had values of up to 1365 ppm in pyrite IIIa, and up to 1179 ppm in a pyrite V. 

Tellurium had a value of up to 513 ppm in pyrite IIIa. Chromium had one value of 270 ppm and 

V had one value of 645 ppm in a pyrite V grain. The concentrations of Ga, Ge, Cd, In, Sn, W, Tl, 

Mo, and Se averaged <1 to 50 ppm and were detected in less than half of all spot analyses. 

Among these Se was the largest with concentrations between 18 and 178 ppm, but there was no 

distinct trend between Se concentrations and pyrite type nor vein types. 

 Binary element plots of Cu vs. As and Au vs. As in mol % (Fig. 2.16) were used to 

determine possible trends and coupled element substitutions, which is commonly observed in 

arsenian pyrite (Reich et al., 2013; Deditius et al., 2014). In the Au vs. As diagram (Fig. 2.16b) 

an equation from Reich et al. (2005) labeled “Au nanoparticle line” indicates whether gold can 

occur either as nanoparticles or within the pyrite lattice in arsenian pyrite based on Au vs. As. 

Points plotting above the nanoparticle line indicates Au can occur as nanoparticles, and points 

plotting below the equation line indicates gold occurs as solid solution with the lattice of pyrite. 

In addition, in figure 2.16 ratio lines of Cu:As and Au:As are plotted for reference. A positive 

correlation was observed for both Cu and Au with increased As concentrations. In the Cu vs. As 

diagram (Fig. 2.16a), several trends emerge among different pyrite types. Pyrite II, IIIa, and IIIb, 

have generally low Cu concentrations (<30 ppm) with variable to high As (<10 ppm to 1000 

ppm). Pyrite IV has a fairly wide distribution of Cu and As values also with a population with 

high Cu concentrations (~100-1000 ppm) and low constant As (<20 ppm) plotting well above the 

1:1 Cu:As ratio line and another population with low Cu (<40 ppm) and high As concentrations 
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Figure 2.16: Binary plots of element concentration (mol %) across different pyrite types from 
LA-ICP-MS data. (a) Cu  vs As  by pyrite type. (b) Au  vs. As  by pyrite type. The navy line 
represents the solubility line of Au from Reich et al. (2005). Au occurs as nanoparticles for 
points plotting above the line, and occurs as solid solution for points plotting below the line. 
Gray lines represent different ratio lines of Cu:As in subfigure (a) and Au:As in subfigure (b). 
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Table 2.6: Trace and minor elements (ppm) analyzed using LA-ICP-MS in different pyrite and 
vein types. Detection limits (d.l.) are shown in brackets.  Sulfur and other additional element 
concentrations, including Na, Bi, Te, Cr, V, Ga, Ge, Cd, In, Sn, W, Tl, Mo, and Se, are found in 
Appendix E. 

 

JS-09 II 2 11.7 173 d.l. 8.83 7.08 35.7 d.l. 1.60 d.l. 19.3

JS-09 II 2 d.l. 110 0.60 3.09 7.35 47.8 d.l. d.l. d.l. 0.70

CH-3 II 1a 6.53 2.88 0.51 73.2 252 41.9 d.l. d.l. d.l. 1.54

CH-3 II 1a d.l. 14.6 0.39 24.1 d.l. 48.8 10.1 d.l. d.l. 1.12

CH-3 II 1a d.l. 12.8 0.18 159 1210 62.4 d.l. d.l. 0.99 1.91

JS-09 II 2 49.5 389 0.41 28.7 14.4 52.5 6.94 4.39 49.6 921

JS-09 II 2 6.38 196 1.79 14.7 13.3 58.0 12.2 2.15 d.l. 21.1

CH-3 II 1a d.l. d.l. d.l. 23.3 136 42.8 d.l. d.l. d.l. 0.60

CH-3 II 1a d.l. d.l. 0.46 12.9 35.5 44.9 d.l. 1.77 1.25 4.64

JS-09 II 2 d.l. 527 d.l. 1.29 d.l. 73.6 d.l. 0.64 d.l. 4.98

JS-09 II 2 7.42 363 1.12 d.l. d.l. 46.7 d.l. 1.37 39.8 9.85

CH-3 II 1a 132 4500 0.63 3.63 8.27 32.9 19.8 d.l. 42.7 3.20

JS-09 II 2 d.l. 199 0.53 0.97 6.36 54.4 d.l. d.l. d.l. 1.15

CH-3 II 1a 8.71 11.3 0.35 93.2 754 97.1 d.l. 1.07 0.86 11.0

JS-09 II 2 9.56 173 1.61 13.1 d.l. 50.8 d.l. d.l. d.l. 6.01

CH-3 II 1a d.l. d.l. 0.99 d.l. d.l. 33.1 40.0 3.49 d.l. 19.6

JS-09 II 2 d.l. 64.3 0.46 4.84 d.l. 55.5 17.6 d.l. d.l. 13.8

CH-3 II 1a d.l. 7.45 d.l. 30.5 44.6 51.6 d.l. d.l. d.l. 3.13

CH-3 II 1a 6.31 4.59 0.36 164 866 55.1 10.1 d.l. d.l. 2.74

JS-09 II 2 d.l. 121 d.l. 4.69 10.1 56.2 d.l. 1.16 d.l. 4.77

JS-09 II 2 6.27 153 0.27 3.26 d.l. 43.1 27.6 d.l. d.l. d.l.

JS-09 II 2 d.l. 218 d.l. 1.20 d.l. 47.4 7.90 d.l. d.l. 1.42

JS-09 II 2 4.46 219 d.l. d.l. d.l. 60.0 d.l. d.l. d.l. 1.46

JS-09 II 2 d.l. 106 1.31 1.23 d.l. 46.2 d.l. 1.12 10.5 0.74

JS-09 II 2 9.90 195 1.69 4.05 d.l. 54.6 7.93 2.88 d.l. 2.24

JS-09 II 2 80.8 642 0.87 84.9 26.0 49.2 29.8 3.31 82.9 1770

JS-09 IIIa 2 d.l. 300 0.45 0.97 d.l. 53.0 10.8 0.97 4.51 2.21

CH-3 IIIa 1a d.l. 13.2 0.67 35.1 36.3 52.0 12.8 d.l. 1.04 1.62

CH-1B IIIa 1c 16.5 102 1.05 283 548 49.8 d.l. 0.98 d.l. 11.5

CH-1B IIIa 1c d.l. d.l. 0.33 123 730 51.5 18.9 0.86 d.l. d.l.

CH-3 IIIa 1a 6.46 6.28 0.51 2.37 d.l. 59.2 d.l. 3.95 d.l. 3.36

CH-1B IIIa 1c 25.3 37.7 d.l. 340 87.6 43.1 d.l. 1.03 d.l. 0.90

CH-1B IIIa 1b 7.69 d.l. 0.19 d.l. 12.5 44.2 d.l. 1.44 0.72 12.2

JS-09 IIIa 2 24.7 223 0.97 2.83 d.l. 36.2 d.l. 1.19 2.53 10.6

CH-1B IIIa 1b d.l. d.l. d.l. d.l. d.l. 53.1 d.l. 0.98 d.l. 24.2

JS-09 IIIa 2 22.3 d.l. 0.50 d.l. d.l. 51.0 d.l. d.l. d.l. d.l.

JS-09 IIIa 2 5.10 131 0.77 d.l. d.l. 48.9 7.78 0.98 d.l. 1.24

CH-1B IIIa 1c d.l. 27.6 d.l. 505 592 59.1 d.l. d.l. d.l. 10.4

CH-1B IIIa 1c d.l. 21.2 0.63 427 818 51.9 d.l. d.l. d.l. 1.39

JS-09 IIIa 2 60.1 127 1.36 d.l. 12.9 73.3 1540 7.14 1.75 269

CH-1B IIIa 1c 9.25 151 0.55 49.1 733 49.4 7.36 d.l. d.l. 3.81

CH-1B IIIa 1c d.l. d.l. 1.02 258 627 50.9 9.53 1.52 d.l. 0.53

CH-1B IIIa 1c d.l. 207 1.19 319 334 52.6 18.1 d.l. d.l. 7.64

CH-1B IIIa 1c 3.92 162.93 d.l. 804.83 128.66 61.8 d.l. d.l. 1.22 2.56

CH-1B IIIa 1c 8.39 23.8 0.56 355 219 55.7 d.l. d.l. d.l. 1.72

CH-1B IIIa 1c 1.88 68.3 d.l. 362 442 47.0 d.l. 0.88 d.l. d.l.

JS-09 IIIa 2 23.4 1040 2.06 1.21 6.85 49.7 d.l. 2.98 d.l. 24.0

CH-1B IIIa 1c 9.12 52.5 d.l. 289 450 52.1 d.l. d.l. d.l. 5.32

CH-1B IIIa 1c d.l. 457 1.29 56.1 170 48.0 d.l. d.l. d.l. 5.51

CH-3 IIIa 1a d.l. 4.36 0.40 d.l. 5.42 52.9 6.77 d.l. d.l. d.l.

CH-1B IIIa 1b 7.50 d.l. 0.46 24.0 101 72.5 11.1 4.52 d.l. 59.5

CH-1B IIIa 1c 5.76 d.l. d.l. 222 636 43.4 d.l. d.l. d.l. 1.41

CH-1B IIIa 1c 2.98 62.6 d.l. 103 177 53.0 d.l. d.l. 1.29 5.30

CH-1B IIIa 1c d.l. 2.27 d.l. 241 536 52.6 d.l. 1.79 d.l. d.l.

CH-1B IIIa 1c 7.93 31.0 0.46 221 483 51.6 d.l. d.l. d.l. 15.4

CH-1B IIIa 1c d.l. d.l. d.l. 64.4 302 48.6 d.l. 1.42 d.l. 0.88

CH-1B IIIa 1c 2.57 372 0.50 37.6 88.0 41.3 d.l. 0.89 1.48 17.0

CH-1B IIIa 1c d.l. 71.3 0.60 175 80.5 41.6 d.l. d.l. d.l. 2.83

CH-1B IIIa 1c d.l. d.l. 0.23 137 247 50.1 d.l. d.l. d.l. d.l.

CH-1B IIIa 1c d.l. 246 d.l. 67.0 54.7 44.5 d.l. d.l. d.l. 1.41

CH-1B IIIa 1c 3.77 698 0.32 19.8 96.9 49.1 d.l. 3.26 d.l. 9.51

CH-1B IIIa 1c 2.49 589 0.56 50.5 149 102 d.l. d.l. d.l. 26.7

CH-1B IIIa 1c 2.47 141 2.37 284 99.6 50.2 6.91 1.12 1.72 2.84

CH-1B IIIa 1c 4.26 11.7 0.30 257 200 41.9 d.l. d.l. d.l. 2.60

Pb

(0.4)

Co

(0.9)

Ni

(4.2)

Mn

(2.0)

Zn

(5.1)

Ag

(0.6)

Sb

(0.5)
Sample Pyrite Type Vein Type

Cu (ppm)

(1.8)

As

(2.0)

Au

(0.2)
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Table 2.6 continued. 

 

CH-1B IIIa 1c 5.37 81.6 0.32 91.6 72.3 46.3 d.l. 1.15 2.40 2.18

CH-1B IIIa 1c 3.64 35.7 0.16 115 110 46.7 d.l. 2.12 d.l. 23.5

CH-1B IIIa 1c d.l. 46.3 0.16 90.3 215 49.9 d.l. d.l. d.l. 0.59

CH-1B IIIa 1c 10.5 18.1 d.l. 933 763 43.2 d.l. 0.92 d.l. d.l.

CH-1B IIIa 1c d.l. 28.6 0.38 386 145 49.4 d.l. d.l. d.l. d.l.

CH-1B IIIa 1c d.l. 28.3 0.49 495 63.7 48.8 d.l. 0.91 d.l. d.l.

CH-1B IIIa 1c d.l. 40.3 0.23 447 575 46.9 d.l. 2.12 d.l. 0.43

CH-1B IIIa 1c d.l. 125 0.84 350 473 59.3 d.l. 2.54 6.28 39.2

CH-1B IIIa 1c d.l. 749 d.l. 141 59.0 54.6 d.l. d.l. d.l. d.l.

CH-1B IIIa 1c 2.78 4.01 0.32 611 309 61.7 d.l. d.l. d.l. 0.51

CH-1B IIIa 1c d.l. d.l. 0.36 456 460 57.4 9.73 d.l. d.l. d.l.

CH-1B IIIa 1b 9.24 d.l. 0.18 d.l. 38.7 68.9 d.l. d.l. 1.70 9.99

CH-1B IIIa 1b 2.00 3.20 0.32 d.l. 39.0 43.4 14.8 d.l. d.l. 14.6

CH-3 IIIa 1a d.l. 5.24 0.40 d.l. d.l. 47.8 d.l. 4.58 1.22 33.2

CH-3 IIIa 1a 2.29 6.53 0.36 d.l. 10.4 43.5 d.l. 3.15 1.46 6.43

CH-3 IIIa 1a d.l. d.l. 0.27 d.l. d.l. 39.7 7.84 d.l. d.l. 0.61

CH-3 IIIa 1a d.l. 3.96 d.l. d.l. d.l. 48.6 d.l. d.l. d.l. 3.19

CH-3 IIIa 1a 4.33 d.l. 0.56 d.l. d.l. 51.8 d.l. 0.89 0.89 d.l.

CH-3 IIIa 1a d.l. 6.02 0.34 6.10 13.1 55.6 d.l. 9.27 d.l. 36.9

CH-3 IIIa 1a 13.5 6.53 0.48 1.49 18.8 45.3 46.1 11.7 d.l. 37.4

JS-09 IIIa 2 81.1 d.l. 0.39 d.l. d.l. 56.6 d.l. 1.63 d.l. d.l.

JS-09 IIIa 2 52.5 d.l. 0.26 d.l. d.l. 48.9 d.l. 0.94 d.l. d.l.

JS-09 IIIa 2 105.65 d.l. d.l. d.l. 19.38 48.6 15.70 2.01 d.l. 0.97

CH-1B IIIa 1c 2.24 d.l. d.l. 241.22 672.79 50.9 d.l. d.l. d.l. 3.64

CH-1B IIIa 1c 2.46 165 0.50 291 691 90.4 8.90 1.95 d.l. 4.51

CH-1B IIIa 1c 52.7 568 d.l. 4.26 1010 117 21.2 2.69 d.l. 29.7

CH-1B IIIa 1c 521 2260 0.66 531 1610 53.7 d.l. 7.01 76.7 799

CH-1B IIIa 1c 2.10 63.2 1.01 150 613 51.3 15.0 d.l. d.l. 0.48

CH-1B IIIa 1c 18.2 53.1 1.17 375 209 48.3 d.l. 37.4 2.00 1830

CH-1B IIIa 1c 5.31 53.2 0.79 742 131 45.4 7.65 1.16 d.l. 1.26

CH-1B IIIa 1c d.l. 12.7 d.l. 58.8 55.1 52.7 d.l. d.l. d.l. d.l.

CH-1B IIIa 1c 8.07 537 d.l. 56.3 210 46.5 d.l. 0.65 d.l. 0.84

CH-1B IIIa 1c d.l. 77.4 d.l. 499 112 47.7 d.l. d.l. d.l. 0.91

CH-1B IIIa 1c d.l. 57.2 1.29 453 198 41.5 7.30 2.34 d.l. 4.82

CH-1B IIIa 1c 7.79 4.14 0.81 4.94 111 54.1 d.l. 1.25 d.l. d.l.

JS-09 IIIa 2 5.15 112 0.84 2.29 d.l. 50.9 d.l. d.l. 26.9 3.30

JS-09 IIIa 2 d.l. 212 0.88 d.l. 11.6 45.6 34.5 d.l. d.l. 3.37

JS-09 IIIa 2 d.l. 196 0.87 d.l. d.l. 47.8 40.5 d.l. 17.6 6.23

CH-9 IIIb 1a 7.13 6.76 0.91 1.63 d.l. 49.2 d.l. d.l. d.l. d.l.

CH-9 IIIb 1a 11.1 d.l. 0.81 3.20 d.l. 58.8 8.19 2.02 d.l. 5.17

CH-9 IIIb 1a 4.41 8.60 0.46 9.08 108 54.9 8.30 d.l. d.l. 6.39

CH-9 IIIb 1a 4.97 7.24 1.65 6.71 41.1 58.0 15.5 1.06 d.l. 4.83

CH-9 IIIb 1a d.l. 12.5 1.51 5.09 d.l. 51.3 d.l. 0.84 d.l. 0.96

CH-9 IIIb 1a d.l. 4.72 0.83 2.94 26.8 52.7 d.l. d.l. d.l. 0.92

CH-1B IIIb 1b 3.60 d.l. d.l. d.l. d.l. 52.4 d.l. d.l. d.l. 2.77

CH-9 IIIb 1a 3.08 29.5 1.09 4.60 103 63.1 23.0 5.74 d.l. d.l.

CH-9 IIIb 1a 6.26 5.88 0.73 3.47 13.9 57.3 d.l. 1.35 d.l. d.l.

CH-9 IIIb 1a 10.5 d.l. 0.32 4.47 d.l. 46.3 7.85 1.06 d.l. 0.87

CH-9 IIIb 1a d.l. d.l. 0.63 d.l. 13.1 46.1 11.1 d.l. d.l. d.l.

CH-9 IIIb 1a 29.5 21.9 0.63 6.67 46.3 53.9 d.l. 2.46 d.l. 5.62

CH-9 IIIb 1a 4.24 9.63 0.93 2.83 10.0 54.9 d.l. d.l. d.l. 14.0

CH-9 IIIb 1a 11.7 6.77 0.87 3.69 d.l. 38.6 13.0 d.l. d.l. 1.56

CH-9 IIIb 1a d.l. d.l. 0.82 d.l. 18.6 48.4 16.6 2.36 d.l. d.l.

CH-9 IIIb 1a d.l. d.l. 0.42 d.l. 17.2 46.5 13.6 d.l. d.l. 0.52

CH-1B IIIb 1b d.l. 6.76 d.l. 1.93 71.8 51.0 d.l. d.l. d.l. 2.76

CH-9 IIIb 1a 3.21 d.l. 0.80 d.l. d.l. 48.9 d.l. d.l. d.l. d.l.

CH-1B IIIb 1b 2.72 d.l. 0.29 78.8 81.2 50.9 d.l. 1.51 d.l. 6.53

CH-1B IIIb 1b 2.85 d.l. 0.18 d.l. 8.79 55.9 7.01 d.l. d.l. 0.67

CH-1B IIIb 1b d.l. d.l. 0.22 1.01 d.l. 43.6 d.l. 1.24 0.68 d.l.

CH-1B IIIb 1b d.l. 5.00 d.l. 1.23 d.l. 57.5 d.l. d.l. d.l. 4.99

CH-1B IIIb 1b 2.80 d.l. d.l. 2.06 28.9 60.6 d.l. 1.10 d.l. 4.52

CH-1B IIIb 1b 3.21 6.87 0.35 d.l. d.l. 54.6 8.97 1.79 d.l. 6.13

CH-1B IIIb 1b 2.39 d.l. 0.42 1.53 d.l. 53.2 d.l. 1.39 d.l. 5.59

CH-9 IIIb 1a 4.47 3.23 0.70 d.l. 9.59 46.0 11.4 d.l. d.l. d.l.

CH-9 IIIb 1a 8.87 d.l. 0.71 5.28 d.l. 53.5 d.l. 1.06 d.l. d.l.

CH-9 IIIb 1a 5.29 5.06 0.53 d.l. 15.28 51.7 d.l. d.l. d.l. 1.32

CH-9 IIIb 1a d.l. 5.28 1.29 12.43 140.52 45.8 17.12 d.l. d.l. d.l.

CH-9 IIIb 1a 2.39 6.26 0.79 11.76 91.39 46.1 7.69 d.l. d.l. d.l.

CH-9 IIIb 1a d.l. 9.03 0.92 3.63 21.5 58.6 19.8 1.71 1.60 d.l.

CH-9 IIIb 1a 2.96 7.29 0.86 9.67 56.0 41.1 9.24 d.l. d.l. 1.06

Pb

(0.4)

Co

(0.9)

Ni

(4.2)

Mn

(2.0)

Zn

(5.1)

Ag

(0.6)

Sb

(0.5)

Au

(0.2)
Sample Pyrite Type Vein Type

Cu (ppm)

(1.8)

As
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Table 2.6 continued. 

 

CH-9 IIIb 1a 2.34 16.6 0.38 64.3 261 39.1 24.1 1.79 1.81 d.l.

CH-9 IIIb 1a 20.6 6.45 0.96 25.7 59.1 63.1 d.l. 2.88 d.l. 1.54

JS-09 IV 2 83.6 7.19 0.29 5.19 d.l. 57.1 d.l. 1.86 d.l. 1.13

JS-09 IV 2 145 15.8 d.l. 1.42 8.71 50.1 d.l. d.l. d.l. 0.37

JS-09 IV 2 122 3.99 1.00 d.l. d.l. 40.6 d.l. 1.08 20.7 7.83

JS-09 IV 2 122 4.85 0.92 d.l. d.l. 51.2 10.5 4.79 d.l. d.l.

JS-09 IV 2 77.3 d.l. 0.34 d.l. d.l. 50.7 d.l. d.l. 19.6 59.0

JS-09 IV 2 77.4 d.l. 0.30 d.l. d.l. 54.2 6.40 1.01 d.l. 0.86

CH-3 IV 2 2.83 d.l. 0.16 60.0 8.67 52.6 11.3 d.l. 0.64 0.57

CH-3 IV 2 39.5 d.l. 0.33 2.08 d.l. 40.4 d.l. 0.86 d.l. 0.81

JS-09 IV 2 2.34 31.0 0.77 3.34 d.l. 48.4 d.l. 1.14 d.l. 0.55

CH-3 IV 2 d.l. 4.96 0.65 d.l. 12.9 55.4 23.7 2.57 1.91 0.36

CH-3 IV 1a 154 7.07 0.95 d.l. 16.8 55.8 11.1 1.69 0.71 4.33

JS-09 IV 2 70.9 1150 2.49 d.l. 75.1 50.5 14.6 d.l. d.l. d.l.

JS-09 IV 2 24.2 d.l. 0.59 d.l. 6.21 41.2 d.l. 0.72 d.l. d.l.

JS-09 IV 2 20.2 2860 4.54 2.81 d.l. 50.3 9.79 7.74 5.17 1890

CH-3 IV 2 29.2 d.l. 0.28 1.45 8.68 54.8 7.58 2.29 d.l. 0.48

JS-09 IV 2 230 d.l. 2.00 d.l. 9.85 48.2 16.1 d.l. d.l. d.l.

CH-3 IV 2 37.9 d.l. 0.34 d.l. d.l. 44.5 d.l. 1.47 d.l. 0.74

CH-3 IV 2 60.1 2.32 0.46 d.l. d.l. 43.9 d.l. d.l. d.l. d.l.

CH-3 IV 2 7.01 124 d.l. 11.9 73.2 44.1 d.l. d.l. 5.96 21.1

CH-3 IV 2 1080 7.39 0.56 d.l. d.l. 40.6 15.8 d.l. d.l. d.l.

CH-3 IV 1a 42.5 2.93 0.20 d.l. d.l. 52.1 d.l. d.l. d.l. 0.55

CH-3 IV 1a 46.1 2.60 0.92 d.l. d.l. 42.9 13.3 2.20 d.l. 19.7

CH-3 IV 1a 233 11.1 2.25 1.35 d.l. 42.8 13.1 2.20 0.71 4730

CH-3 IV 1a 120 d.l. 0.51 d.l. d.l. 51.8 d.l. d.l. d.l. 14.5

CH-3 IV 1a 79.1 d.l. 0.40 d.l. 4.76 44.3 d.l. d.l. d.l. 14.7

CH-3 IV 1a 74.1 3.45 1.24 d.l. 14.1 51.9 d.l. 3.20 1.38 16.2

CH-3 IV 2 d.l. d.l. d.l. d.l. d.l. 51.3 d.l. d.l. 0.91 0.60

CH-3 IV 2 19.6 1340 7.16 7.82 28.6 47.4 d.l. d.l. 2.19 15.3

CH-3 IV 2 2.93 4.38 0.39 5.11 22.2 43.3 d.l. d.l. d.l. d.l.

CH-3 IV 2 3.24 9.33 0.57 10.7 149 47.3 d.l. d.l. d.l. d.l.

CH-3 IV 2 75.3 2500 16.1 9.99 47.4 50.6 d.l. 4.70 0.59 9.53

CH-3 IV 2 10.5 839 1.70 16.6 23.3 53.0 d.l. 1.25 0.84 4.33

CH-3 IV 2 6.04 d.l. 0.31 5.58 9.27 47.1 d.l. d.l. d.l. 5.30

CH-3 IV 2 8.60 d.l. d.l. d.l. d.l. 48.8 d.l. d.l. 0.54 d.l.

CH-3 IV 2 3.95 d.l. 0.29 d.l. 28.1 46.5 10.2 3.28 d.l. 0.99

CH-3 IV 2 4.75 2.18 0.28 d.l. 8.33 41.4 9.84 0.94 d.l. d.l.

CH-3 IV 2 246.72 3.52 d.l. 1.42 d.l. 53.3 d.l. 1.62 d.l. d.l.

CH-3 IV 2 14.08 d.l. 0.33 2.66 d.l. 51.8 d.l. 0.99 d.l. 0.50

JS-09 IV 2 3.68 d.l. 0.80 d.l. d.l. 49.9 d.l. 0.92 d.l. 1.09

JS-09 IV 2 3.16 35.82 0.56 d.l. d.l. 53.5 d.l. 0.78 d.l. 0.76

JS-09 IV 2 d.l. 37.3 0.63 d.l. d.l. 38.1 7.48 d.l. d.l. 1.04

JS-09 IV 2 42.2 d.l. 0.47 d.l. 6.12 55.0 d.l. d.l. d.l. 0.51

JS-09 IV 2 51.8 4.84 0.73 2.23 d.l. 45.2 7.93 d.l. d.l. 17.8

JS-09 IV 2 19.0 d.l. 1.22 2.07 d.l. 39.7 14.5 3.80 d.l. 1.41

JS-09 IV 2 23.2 27.0 0.61 d.l. d.l. 46.6 6.16 d.l. 48.7 3.69

JS-09 IV 2 4.07 d.l. 0.65 d.l. 6.02 48.5 5.73 d.l. d.l. 0.85

JS-09 IV 2 d.l. d.l. 0.28 d.l. d.l. 49.3 d.l. 0.84 d.l. d.l.

JS-09 IV 2 5.10 d.l. 0.33 d.l. d.l. 48.3 d.l. d.l. d.l. 0.62

JS-09 IV 2 27.9 d.l. 0.47 d.l. 7.93 52.7 d.l. d.l. d.l. 0.72

JS-09 IV 2 49.2 d.l. 0.35 d.l. 29.2 54.5 7.99 2.88 d.l. d.l.

JS-09 IV 2 7.29 d.l. d.l. 2.00 26.5 39.8 d.l. d.l. d.l. 1.35

CH-3 IV 2 6.12 329 d.l. 22.5 42.1 52.8 d.l. d.l. 6.88 2.38

CH-3 IV 2 3.28 3.65 0.43 d.l. d.l. 51.9 6.48 1.34 d.l. 0.78

CH-3 IV 2 6.46 d.l. d.l. d.l. 9.22 49.7 8.97 d.l. d.l. d.l.

CH-3 IV 2 d.l. d.l. 0.34 d.l. 18.7 44.6 d.l. d.l. d.l. d.l.

JS-09 IV 2 34.3 415 0.67 12.0 d.l. 50.3 d.l. 63.5 2.93 10400

CH-3 IV 2 300 3800 3.26 d.l. d.l. 29.4 376 29.3 153 82.1

CH-3 IV 2 263 5.0 9.16 d.l. 15.8 45.3 16.1 14.0 d.l. 29.5

CH-3 IV 2 94.3 197 8.84 1.07 d.l. 50.4 33.2 3.70 d.l. 4.19

CH-3 IV 2 30.3 21.0 1.75 d.l. 5.72 19.2 d.l. 2.62 11.1 513

JS-09 IV 2 6.7 132 0.59 3.21 d.l. 48.8 d.l. 1.19 11.8 3.74

JS-09 V 2 6520 752 2.01 1.48 22.1 38.4 28.2 2.57 115 5.06

JS-09 V 2 6140 2100 6.05 3.56 d.l. 58.9 5.90 d.l. 68.9 8.43

CH-3 V 2 360 180 5.30 3.58 d.l. 11500 d.l. 27.9 2.25 181

JS-09 V 2 16200 3660 1.52 d.l. 7.14 63.8 1860 185 10200 56.0

CH-3 V 2 1730 4300 15.3 6.05 d.l. 287 d.l. 22.7 163 187

CH-3 V 2 904 300 7.10 d.l. d.l. 63.7 3000 12.5 12.5 44.3

JS-09 V 2 11900 5730 14.3 2.07 d.l. 46.5 255 30.0 2830 117

Pb

(0.4)

Co

(0.9)

Ni

(4.2)

Mn

(2.0)

Zn

(5.1)

Ag

(0.6)

Sb

(0.5)

Au

(0.2)
Sample Pyrite Type Vein Type

Cu (ppm)

(1.8)

As

(2.0)
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Table 2.6 continued. 

 

(up to >2800ppm). Among pyrite V grains, high As values are associated with high Cu values 

with few exceptions (Fig. 2.16a). Pyrite V has high Cu ( >0.079 mol %) and high As (>0.061 

mol %) with values plotting along the 1:10 Cu:As ratio line or above the 1:1 Cu:As ratio line. In 

the Au vs. As diagram, pyrite II, IIIa, and IIIb have low Au concentrations (<3 ppm) with 

variable As plotting below the 1:10 and 1:100 Au:As ratio line (Fig. 2.16b). Higher Au 

concentrations occur in pyrite IV (up to 16 ppm) and pyrite V (up to 21 ppm) and appear to 

suggest a positive correlation between Au and As concentrations among these pyrite types. All 

values plot below the Au nanoparticle line and indicate that Au would not occur as nanoparticles. 

This agrees with the observations of Au in pyrite IV and V occurring as electrum inclusions 

rather than nanoparticles, and therefore may also explain why Au concentrations among all 

pyrite is fairly low (<21 ppm). 

2.6 Discussion 

2.6.1 Mineral Paragenesis and Mineralization Events 

Observations from this study are in accordance with the early study of Sims et al. (1956), 

and suggest that mineralization in the Central City district occurred in two distinct stages, i.e. the 

CH-3 V 2 822 13100 8.85 d.l. 8.56 59.6 44.8 45.6 553 625

CH-3 V 2 863 10900 4.15 5.35 6.21 474 25.7 33.3 427 68.8

CH-3 V 2 2410 27100 16.1 8.33 32.2 2180 5.75 77.4 1100 657

JS-09 V 2 7730 6140 3.51 2.78 d.l. 50.2 d.l. 32.4 32200 217

CH-3 V 2 71.3 1100 3.22 30.5 81.3 766 15.9 2.09 0.68 6.79

JS-09 V 2 41900 11700 2.86 17.4 226 50.2 805 105 16500 339

CH-3 V 2 1570 38200 5.34 d.l. d.l. 412 144 80.7 1900 495

CH-3 V 2 1220 9480 11.7 5.71 d.l. 6390 d.l. 42.2 424 250

CH-3 V 2 35.6 723 1.69 481 133 45.6 d.l. 9.82 d.l. 22.1

CH-3 V 2 599 5620 20.8 d.l. 38.0 54.6 10.2 40.3 249 306

JS-09 V 2 6740 1430 16.7 d.l. d.l. 51.1 8.71 d.l. 117 41.1

JS-09 V 2 4350 1610 9.39 d.l. d.l. 62.0 d.l. 2.48 35.2 55.5

JS-09 V 2 6270 848 4.40 d.l. d.l. 50.6 d.l. d.l. d.l. 5.52

JS-09 V 2 9540 1540 2.27 d.l. d.l. 46.6 38.1 1.26 347 30.1

JS-09 V 2 7650 1650 7.98 1.28 d.l. 42.7 d.l. 3.52 95.2 80.9

JS-09 V 2 6700 350 2.52 d.l. d.l. 65.9 54.3 23.7 1750 190

Au

(0.2)
Sample Pyrite Type Vein Type

Cu (ppm)

(1.8)

As

(2.0)

Pb

(0.4)

Co

(0.9)

Ni

(4.2)

Mn

(2.0)

Zn

(5.1)

Ag

(0.6)

Sb

(0.5)
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pyrite and the base metal stages. Figure 2.17 shows a summary of the petrographic, 

mineralogical and geochemical observations made in this study with an overall mineral 

paragenesis and sequence of events. The pyrite stage is characterized by Type 1 pyrite-quartz 

and (pyrite)-K-feldspar veins which formed pyrite III, and the associated late phyllic alteration 

with pyrite II disseminated in the host rock. The base metal stage is characterized by the 

introduction of base metals (chalcopyrite, sphalerite, and galena) and sulfosalts (tetrahedrite and 

enargite) in the paragenesis of Type 2 sulfosalt-bearing pyrite-quartz veins, Type 3 sulfosalt-

bearing sphalerite-chalcopyrite veins and the later Type 4 galena-sphalerite carbonate veins. The 

Type 2 and 3 veins mark a sharp transition to the pyrite stage by the presence of breccia, 

fractures and crosscutting veins, which contain pyrite IV and V. Type 4 veins are more distal in 

the district in the peripheral zone, where a strong argillic alteration was observed with the 

presence of carbonate veins and Ag mineralization, which represent a distinct, later 

mineralization event that has not been investigated in detail in this study. 

Early in the pyrite stage of mineralization, molybdenite-bearing pyrite-quartz veins of 

Type 1b, are crosscut by (pyrite)-K-feldspar of Type 1c veins (Fig. 2.6) near the southern extent 

of the Dory Hill fault. These veins are interpreted to reflect an earlier high temperature fluid, 

which was capable of mobilizing Mo. These textures are somewhat similar to molybdenite-

bearing veins in porphyry deposits, where the mineralization of Mo is commonly restricted to 

temperatures of >450-600 C (Landtwing et al., 2010; Redmond and Einaudi, 2010; Rusk et al., 

2010; Lerchbaumer and Audétat, 2013; Hurtig and Williams-Jones, 2015). We did not observe 

direct crosscutting relationships between Type 1a pyrite-quartz and 1b molybdenite-bearing 

pyrite-quartz veins, although Rice et al. (1985) has interpreted a molybdenum mineralization 

stage to occur before the pyrite stage, which suggests that Type 1b veins were followed by the
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Figure 2.17: Mineral paragenesis, vein and alteration types and metal distribution in the Central City district based on field 
observations, microtextural relationships, mineral geochemistry and observations from Sims et al. (1956, 1963). The green line 
represents brecciation. 



 67 

emplacement of Type 1a veins with their characteristic phyllic alteration halos. The latter suggest 

conditions of decreasing temperature gradients to ~250-350 C typically observed in porphyry 

deposits referred to as quartz-sericite-pyrite (QSP) veins and/or early dark micaceous veins 

(Landtwing et al., 2010; Redmond and Einaudi, 2010). Hence as fluids cooled, Type 1a pyrite-

quartz veins formed in the central and intermediate zones, with pyrite IIIa representing relicts of 

the early stages of Type 1 vein formation. The pyrite III is characteristically enriched in Co and 

Ni concentrations (Fig. 2.15) in comparison to other pyrite types, which has been observed in 

early magmatic-hydrothermal pyrite in other deposits (Reich et al., 2013; Deditius et al., 2014). 

Following a district-wide fracturing and brecciation event suggested in past research 

(Sims et al., 1963; Rice et al., 1985), and in the evidence of reopened Type 1a textures (Figs. 2.5 

and 2.7a), the base metal stage of mineralization formed Type 2 sulfosalt-bearing pyrite-quartz 

and Type 3 sulfosalt-bearing sphalerite-chalcopyrite veins in the central and intermediate zone. 

This transition is reflected in the crosscutting relation between Type 2 and Type 1 veins (Fig. 

2.5), and also by chalcopyrite and tetrahedrite in the sulfide-rich breccia of a vein of Type 3 

crosscutting pyrite IIIa formed from an earlier Type 1 vein (Fig. 2.12h). The beginning of this 

stage of mineralization can be recognized by the presence of pyrite IV only slightly enriched in 

Au, Cu, As, and Sb, and containing inclusions of electrum and galena  sphalerite. This was 

followed by the formation of Type 3 sulfosalt-bearing sphalerite-chalcopyrite veins, which 

crosscut pyrite IV (Fig. 2.7c), and may contain later sphalerite and galena. Electrum inclusions 

were exclusively found in pyrite IV and V, with pyrite V enriched in Au, Cu, As, and Sb in 

comparison to pyrite II and III of vein Type 1 (Fig. 2.14).  

The varying composition of the pyrite (Figs. 2.14-2.16) is a useful geochemical vector 

reflecting a change in fluid chemistry, where an overall shift from a Co-Ni-rich pyrite III in vein 
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Type 1, was replaced by the mineralization of an As- and Sb-rich pyrite IV and V in vein Type 2 

and 3. This resulted in the significant replacement of chalcopyrite by tetrahedrite and 

tetrahedrite-tennantite-rich compositions in Type 3 veins (Fig 2.12d). Tetrahedrite occurs 

together with sphalerite in fractures and vein infills suggesting that both, Sb and Zn could be 

transported together in these fluids. The hydrothermal fluid then became more As-rich as 

displayed in pyrite compositional trends between pyrite IV and V (Fig. 2.14b), with enargite 

replacing and crosscutting tetrahedrite veinlets. Enargite also replaces previously formed pyrite 

IV and tetrahedrite, and most enargite veins contain pyrite V, which is enriched in As (Fig. 

2.14b). Copper, As and Sb content of pyrite can be used to indicate when Au was introduced, as 

it is typically correlated with these metals (Reich et al., 2013; Deditius et al., 2014). Pyrite II and 

III generally had very low concentrations of these elements whereas pyrite IV with electrum 

inclusions had higher concentrations of these elements (Fig. 2.14). Among all pyrite types, pyrite 

V had the highest concentrations of Cu, As, Sb, and Au, suggesting that the introduction of Au at 

Central City was most significant later in the base metal stage. The presence of electrum 

inclusions in tetrahedrite, sphalerite, and/or galena further suggests that Au was present 

throughout the base metal stage. We therefore conclude that the fluids responsible for 

mineralization during the base metal stage, were likely key for the introduction of Au and base 

metals, which resulted in the economic grades of Au, Cu, Zn, and Pb in the Central City district.  

2.6.2 Physicochemical Constraints of the Fluids  

Temperature estimations from previous quartz-hosted fluid inclusion studies (Kramer, 

1984; Rice et al., 1985; Spry, 1987) and mineral thermometer in sphalerite (Sims and Barton, 

1961) suggest temperatures ranging between 180 to >400 C for the mineralizing fluids at 

Central City, with an overall thermal gradient decreasing from the central to the peripheral zone 
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of the district. The pyrite stage of mineralization was related to higher temperatures from the 

central and intermediate zones, and the base metal stage of mineralization was related to 

relatively lower temperatures from the intermediate and peripheral zone. (Sims and Barton, 

1961; Kramer, 1984; Rice et al., 1985; Spry, 1987). 

Temperature constraints described by Rice et al. (1985) included measurements on 

primary and pseudosecondary quartz-hosted fluid inclusions. Although the study by Rice et al. 

(1985) mentions the analysis of fluid inclusion assemblages, no detailed petrographic evidences 

of coexisting fluid inclusions were shown in this study. Rice et al. (1985) recognized an early 

stage of molybdenite-bearing veins, similar to Type 1 veins described in our study, where two 

types of fluid inclusions were characteristic (Type II and III). Type II inclusions are L+ (L+V) 

CO2-rich inclusions (bimodal distribution of 3 and 11 mol % CO2) with homogenization 

temperatures between 340-420 C and salinities of 12-14 wt. % NaCleq. estimated by clathrate 

melting. Type III inclusions are less common three phase (S+L+V) fluids with halite, 

homogenization temperatures of 240-340 C and salinities of 33-40 wt. % NaCleq estimated by 

halite dissolution. The samples studied by Rice et al. (1985) were collected primarily from the 

Saratoga Mine and further south of the district (Lake-Frontenac-Druid Fault). These early 

molybdenite occurrences were described to be fine grained with blue-tinted quartz hosted within 

5 cm wide veins of quartz and pyrite. This description of early molybdenite veins seems to agree 

with our description of Type 1b molybdenite-bearing pyrite-quartz veins. In our own preliminary 

fluid inclusion petrography, we observed CO2-rich secondary inclusions in a Type 1a vein, 

which was confirmed by homogenization by simple heating. Additional quartz-hosted fluid 

inclusion data were collected by Rice et al. (1985) for pyrite and base metal stage veins, which 

they categorized together across the central to peripheral zone. However, no indication was given 
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of the mineral assemblages from which the fluid inclusions were studied, which makes it 

difficult to relate these data to our vein classification and the ones of Sims et al. (1956), where 

the base and pyrite stage veins are clearly distinguished. These fluid inclusions (Type I of Rice et 

al., 1985) were two phase (V+L) aqueous inclusions with homogenization temperatures between 

220-380 C and salinities of 2-12 wt. % NaCleq estimated by ice melting. Type 1 fluid inclusions 

were highly abundant in the pyrite and base metal stage veins and are present in earlier and later 

vein types as well.  

Additional fluid inclusion data were obtained by Kramer (1984) and Spry (1987). 

Primary quartz-hosted fluid inclusions which correlate with the pyrite stage of mineralization in 

our study, indicated homogenization temperatures from 323-345 C and salinities of 2.3-3.7 wt. 

% NaCleq (Kramer, 1984). Pseudosecondary quartz-hosted fluid inclusion from the Patch breccia 

yielded homogenization temperatures from 282-367 C and salinities ranged from 6-18 wt. % 

NaCleq (Spry,1987). The samples studied from the Patch breccia corresponds to Type 3 sulfosalt-

bearing sphalerite-chalcopyrite veins of the base metal stage of mineralization in our study. 

Further, sphalerite-hosted primary fluid inclusions from the Smith Vein yielded homogenization 

temperatures from 302-325 C and 6.3-8.4 wt. % NaCleq (Kramer, 1984). We can correlate these 

data with sphalerite occurrences in Type 3 veins of the base metal stage. 

The fluid inclusion data from previous studies (Kramer, 1984; Rice et al., 1985; Spry, 

1987) can be correlated with our vein types allowing for some constraints on the properties of the 

fluids responsible for mineralization at Central City. Fluids evolved from the pyrite stage with 

homogenization temperatures of 323 to 420 C, and salinities of 2.3-3.7 wt. % NaCleq to the base 

metal stage of mineralization with homogenization temperatures of 282 to 367 C and salinities 

of 6-18 wt. % NaCleq. Type I aqueous saline fluid inclusions (V+L) were non-boiling at the time 
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of entrapment (Spry, 1987), and hence the homogenization temperatures and equivalent 

pressures are minimum conditions. Pressure, however, could be estimated ~480-500 bars (Rice 

et al., 1985; Spry, 1987) using the H2O-CO2-NaCl system and the presence of CO2-rich type II 

inclusions of the early pyrite/molybdenite stage veins (i.e. Type 1 veins). Under lithostatic 

conditions these pressure are equivalent to a depth of ~1.4 to 1.9 km (Spry, 1987) and ~4 to 6 km 

under hydrostatic pressure. This is consistent with depth of cover determined by Sims and Barton 

(1961) from stratigraphic reconstruction. The sequence of vein mineralization and change in 

pyrite chemistry (Fig. 2.17), suggests a significant evolution in element mobility during the base 

metal stage with a fluid enriched in Cu-Zn to As-Sb to Pb-Zn. Additional fluid inclusions studies 

with detailed petrographic descriptions correlated with our vein classifications, pyrite chemistry 

and mineral paragenesis will help to further constrain the mineralization conditions in the Central 

City district. 

2.6.3 Ore Genesis Model and Deposit Classification 

Previous studies have classified the Central City district as the upper part of an alkaline 

porphyry deposit (Rice et al., 1985). This was based on its association with the COMB, plausible 

relationship to local intrusive plutons, vein hosted mineralization, and enrichment of Au, Ag and 

base metals (Rice et al., 1985). Ultimately, Central City is missing features common in 

molybdenum porphyry systems. Porphyry deposits characteristically have stockwork veining and 

large scale propylitic, potassic, phyllic and argillic alteration halos in felsic porphyritic intrusions 

(Sillitoe, 1973; Sillitoe, 2010). Notably, Central City has no stockwork veining, is hosted in 

metamorphic gneiss and lacks propylitic and potassic alteration halos. These observations permit 

some speculation whether Central City may be classified instead as an intrusion related gold 

deposit. 
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Intrusion related gold deposits encompass a wide range of different deposit styles, 

tectonic settings, metal associations, and ore fluids (Groves et al., 2003). Lang et al. (2000) 

summarizes the main characteristics of these deposits to be: 1) metaluminous, subalkalic 

intrusions of intermediate to felsic compositions;  2) CO2-bearing hydrothermal fluids; 3) a metal 

assemblage that includes Au with anomalous Bi, W, As, Mo, Te, and/or Sb and typically 

noneconomic base-metal concentrations; 4) comparatively restricted zones of hydrothermal 

alteration within granitoids; 5) continental tectonic setting related to a convergent plate 

boundary; 6) a location in magmatic provinces best known for W and/or Sn deposits. Central 

City satisfies characteristics 1) 2) 4) and 5) proposed by Lang et al. (2000). Additionally, 

tungsten deposits in Boulder County, north of Central City, produced 24,000 tons of WO2 

concentrates from 1900 to 1945 and may support the interpretation of an intrusion related gold 

deposit (Lovering and Tweto, 1953). However, Gilpin County, which includes Central City, 

produced more than 15 million lbs of Cu and more than 22 lbs of Zn (Bastin and Hill, 1917; 

Sims et al., 1963), which is well above “noneconomic base metal concentrations”. Therefore, 

Central City cannot easily be classified as an intrusion related gold deposit.  

The early phyllic alteration is speculated to be unrelated to mineralization, and associated 

with the replacement of biotite to form Ms II + Rt + Py I. Because of the lack of correlation 

between early phyllic alteration and veining, the early phyllic alteration may have behaved 

pervasively throughout the host rock rather than vein controlled. This alteration affected the 

sillimanite-biotite gneiss in particular due to a high abundance of biotite. The presence of pyrite I 

with these pseudomorphs may indicate that a sulfur-rich fluid provided the S to form pyrite with 

Fe from the breakdown of biotite (i.e. wall-rock sulfidation).  
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The model for ore deposition begins with the emplacement of a series of alkaline 

porphyritic stocks (Lovering and Goddard, 1950; Wells, 1960; Sims et al., 1963) in the vicinity 

of the Central City district and the emplacement of large ~59Ma (Rice et al., 1982) old plutons 

such as the Banta Hill pluton in the southwest of Central City (Rice et al., 1985). Hydrothermal 

fluids ascended along fractures related to the Laramide orogeny, and were primarily concentrated 

in the central and intermediate zones during the pyrite stage of mineralization. 

The pyrite stage begins with Type 1b: molybdenite-bearing pyrite-quartz veins earliest in 

the system, forming from hydrothermal fluids that are CO2-rich (up to 11 mol %), moderately 

saline (12-14 wt. % NaCleq.) and with temperatures up to at least ~420 C (Rice et al., 1985). 

Type 1b veins are crosscut by Type 1c pyrite-K-feldspar veins with frequent values of high Co 

and Ni concentrations in pyrite IIIa. This pyrite chemistry indicates a magmatic hydrothermal 

signature (Reich et al., 2013; Deditius et al., 2014), and suggests that Type 1 veins originate from 

an early high temperature magmatic fluids. The transition from Mo mineralization of vein Type 

1b, to K-feldspar alteration in vein Type 1c and finally the formation of Type 1a pyrite-quartz 

vein and their associated phyllic alteration reflects a cooling evolution of this early magmatic 

fluid in the pyrite stage. Fluids were still fairly high temperature (323 to 420 C), but transitioned 

to lower salinities (2.3-3.7 wt. % NaCleq) through the pyrite stage as proposed by previous 

studies (Sims and Barton, 1961; Sims et al., 1963; Kramer, 1984; Rice et al., 1985; Spry, 1987). 

Cooling could result in more acidic fluids leading to the replacement of feldspar by muscovite 

during late phyllic alteration surrounding Type 1a veins. A brecciation event led to the influx of 

282-367 C hot saline (6-18 wt. % NaCleq), low-CO2 aqueous fluids (Kramer, 1984; Spry, 1987) 

and the formation of several breccia pipes such as the Patch and Gold Cup located in the district 

(Fig. 2.3). This event was responsible for the introduction of Cu, Zn, Pb, Au, Ag, Sb and As in 
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Type 2 and 3 veins, principally in the outer central and intermediate zones. Perhaps the 

reactivation of the Precambrian Dory Hill fault in the eastern part of the intermediate zone 

permitted a transportation mechanism for ascending hydrothermal fluids (Fig. 2.3). The 

concentric zonal pattern at Central City may be a result of this brecciation event that localized 

base metal fluids in the outer central and intermediate zone rather than the inner central zone 

where base metals are not commonly found. The formation of pyrite with galena and electrum 

inclusions and appearance of sulfosalts (enargite and tetrahedrite) marks the transition from the 

pyrite stage to the base metal stage of mineralization. This transition of mineralization was also 

recognized in previous studies (Sims, 1956; Sims et al., 1963). Besides the formation of larger 

breccia pipes, fluids became focused along preexisting veins, which is reflected for example by 

the opening of previously formed Type 1a veins which are infilled with sulfosalts  quartz and/or 

are crosscut by them. Fluids from the early base metal stage of mineralization were likely 

enriched in Cu-Zn-(Pb)-(Au) which was manifested in galena and sphalerite inclusions in pyrite 

IV with the presence of electrum, followed by later chalcopyrite and then sphalerite forming with 

minor galena. Hydrothermal fluids of this stage shifted then to a more Cu-Sb-(Pb)-(Zn)-(Au) rich 

fluids forming tetrahedrite with electrum and galena inclusions in Type 2 and Type 3 veins and 

then to a more Cu-As-Pb-(Au) rich fluid forming enargite and pyrite V both with galena and 

electrum inclusions. The increased concentrations of Cu-Au-As in pyrite V, galena, sphalerite, 

tetrahedrite, and enargite, suggest that Au was introduced during and throughout the base metal 

stage of mineralization.  

The last evolution of the base metal stage fluids resulted in mineralization of Type 4 

veins in the peripheral zone. Fluids were primarily enriched in Pb-Zn-(Ag) with the 

mineralization of galena and sphalerite and significant Ag mineralization suggested by historic 
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assays (Sims et al., 1963). Pb, Zn, and Ag in the fluids indicate acidic conditions and the 

availability of chloride as the transporting ligand, which is reflected by pervasive argillic 

alteration in the periphery of the district. The formation of carbonate veins indicates evolving 

physicochemical conditions of the fluids with an increase in pH, perhaps related to fluid mixing 

with meteoric water.   

2.7 Conclusions 

We have studied in the detail the mineral paragenesis of the veins at Central City, and the 

fingerprinting of pyrite types associated to the evolution of the veins in the district. Our new vein 

classification permits to define in more detail the introduction of Au and the base metals in the 

hydrothermal evolution of the district. The sharp transition between pyrite and base metal 

mineralization stages can be vectored by the pyrite chemistry and inclusions of base metal 

minerals and electrum. Magmatic signatures in pyrite rich in Co and Ni, and observations of Mo 

in early veins suggest that the pyrite stage fluids were Mo-rich at high temperatures, but this 

stage was largely uneconomic and did not introduce significant Au at Central City. Base metal 

stage fluids introduced Au as electrum in pyrite, sulfides, and sulfosalts of this stage with ore 

mineralization transitioning from Cu-Zn to Sb-As-Au to Pb-Zn-rich hydrothermal fluids. 

Observations of electrum inclusions and the highest Au content in pyrite V indicates that the 

transition from Sb- to a more As-rich fluid within the base metal stage introduced significant Au. 

Additional future fluid inclusions studies are needed to better understand the physicochemical 

conditions that allowed for significant Au mobilization and mineralization during this transition. 

Our study determined in detail the paragenesis and the hydrothermal evolution at Central City 

district, but the deposit classification seems to remain equivocal, as the district shows some 

characteristics related to porphyry and others to intrusion-related Au deposits. If Central City is a 
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porphyry system, it is an unusual one and more robust fluid inclusions studies will be necessary 

to constrain its mineralizing temperatures and depths. 
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CHAPTER 3 

GENERAL CONCLUSIONS 

Based on observations from this study and supported by previous literature we have 

categorized our observations and made interpretations regarding the hydrothermal evolution at 

Central City. Most significantly, this includes a well-supported interpretation on how and when 

Au was introduced into Central City, which has been largely speculative up until now. In this 

thesis, we have categorized alteration with new observations of a K-feldspar alteration at Central 

City and the interpretation of phyllic alteration occurring in two stages. We have categorized 

vein types into four distinct veins as well as determined their mineralogy and temporal 

relationship to alteration and other vein types, and we have categorized pyrite generations into 

five different types based on textures, chemistry and mineral associations.  

The observational categorization set forth by this thesis presents a groundwork for future 

studies. In particular, our interpretation and thus our understanding of Central City, could be well 

aided by a district-wide fluid inclusion study. Few fluid inclusion studies from previous work at 

Central City are applicable to our research, but a more thorough investigation to constrain the 

conditions of the hydrothermal fluids related to each mineralization stage will help clarify 

whether our interpreted sequence of events is plausible from a physicochemical perspective. 

Additionally, this would help constrain temperatures and depths of the system to better classify 

the still unequivocal deposit type of Central City. Future work should also focus on the 

association of sulfosalts and Au into the system. We interpreted Au to be related to the base 

metal stage, particularly to the introduction of sulfosalts based on the observations of electrum 

inclusions and the Au content of pyrite V. Additional in-depth sulfosalt analysis would help 
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support this interpretation, and being able to target precisely the Au concentrations in sulfosalts 

could have economic applications to local mining endeavors as well.  
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APPENDIX A 

LIST OF SAMPLES ANALYZED AND MAIN CHARACTERISTICS 

Table A.1: Summary of all thin sections analyzed and their main characteristics. Alteration and vein types are based on the classifications 
from this study. Mineralization boundaries refer to those delineated by Sims et al. (1963). 

 

Sample Location Latitude Longitude

Depth 

(ft below 

surface)

Minerali-

zation Zone
Host Rock Host Rock Mineralogy

Alteration 

Type

Vein 

Type

Vein 

Mineralogy 

(major)

Vein 

Mineralogy 

(minor)

Analytical 

Methods

CH-1A
Wardance 

Mine
39.782797°  -105.501345° surface

Inter-

mediate

Sillimanite-

biotite gneiss

quartz, muscovite (II, 

III), K-feldspar, albite, 

biotite, sillimanite, 

pyrite I

Kfs, albite, early 

phyllic, late 

phyllic

1b, 1c

quartz, pyrite IIIb 

(outside), IIIa, IV? 

(minor inside)

molybdenite
SEM, TIMA, 

CL

CH-1B
Wardance 

Mine
39.782797° -105.501345° surface

Inter-

mediate

Sillimanite-

biotite gneiss

quartz, muscovite (II, 

III), K-feldspar, albite, 

biotite, sillimanite, 

pyrite I

Kfs, albite, early 

phyllic, late 

phyllic

1b. 1c

quartz, pyrite IIIb 

(outside), IIIa, IV? 

(minor inside)

none
EMPA, LA-

ICP-MS

CH-3

Silver 

Dollar 

Mine

39.783548°  -105.498667° surface
Inter-

mediate

Sillimanite-

biotite gneiss

quartz, muscovite III, 

pyrite II
late phyllic 1a, 2

quartz, pyrite (IIIa, IV, 

V), enargite

sphalerite, 

galena

TIMA, 

EMPA, LA-

ICP-MS

CH-5

Silver 

Dollar 

Mine

39.783548°  -105.498667° surface
Inter-

mediate

Sillimanite-

biotite gneiss

quartz, muscovite III, 

pyrite II, (Ms I?)

late phyllic, 

argillic
1a

quartz, pyrite 

IIIa(minor)
pyrite none

CH-9
Chase 

Mine
 39.782962° -105.504667° surface Outer Central

Sillimanite-

biotite gneiss
none none 1a

quartz, pyrite IIIb 

(outside), IIIa, IV 

(minor inside)

none
CL, EMPA, 

LA-ICP-MS

CH-13
Chase 

Mine
 39.783417° -105.504735° 150 Outer Central

Sillimanite-

biotite gneiss

quartz, muscovite (I, II, 

III), pyrite (I, II), 

sillimanite, biotite

early phyllic, late 

phyllic
no vein no vein n/a none

CH-14
Chase 

Mine
 39.783417° -105.504735° 150 Outer Central

Sillimanite-

biotite gneiss

quartz, muscovite (I, II, 

III), pyrite (I, II), 

sillimanite, biotite

early phyllic, late 

phyllic
no vein no vein n/a none

CH-17
Gregory 

Vein
 39.800826° -105.499169° surface Outer Central

Feldspar-rich 

gneiss

quartz, K-feldspar, 

muscovite II, pyrite II

early phyllic, late 

phyllic, argillic
no vein no vein n/a none

VS01
Chase 

Mine
39.782833° 105.505353° surface Outer Central

Sillimanite-

biotite gneiss
hematite oxidation no vein no vein n/a none

JS-1
Chase 

Mine
 39.783417° -105.504735° 150 Outer Central

Sillimanite-

biotite gneiss

quartz, muscovite III, 

pyrite II, K-feldspar
late phyllic 1a quartz, pyrite IIIa chalcedony none

JS-2
Chase 

Mine
 39.783417° -105.504735° 150 Outer Central

Sillimanite-

biotite gneiss

quartz, muscovite (I, 

III), pyrite II, K-feldspar

late phyllic, 

argillic
1a quartz, pyrite IIIa chalcedony none

JS-3
Chase 

Mine
 39.783417° -105.504735° 200 Outer Central

Sillimanite-

biotite gneiss

quartz, muscovite (I, II, 

III), pyrite (I, II), 

sillimanite

early phyllic, late 

phyllic, argillic
no vein no vein n/a none

JS-4
Chase 

Mine
 39.783417° -105.504735° 150 Outer Central

Sillimanite-

biotite gneiss

quartz, muscovite (I, II, 

III), pyrite (I, II), 

sillimanite

early phyllic, late 

phyllic, argillic
1a quartz, pyrite IIIa none none
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Table A.1 continued. 

 

Sample Location Latitude Longitude

Depth (ft 

below 

surface)

Minerali-

zation Zone
Host Rock

Host Rock 

Mineralogy
Alteration Type

Vein 

Type

Vein 

Mineralogy 

(major)

Vein 

Mineralogy

 (minor)

Analytical 

Methods

JS-5 Chase Mine  39.783417° -105.504735° 200 Outer Central
Sillimanite-

biotite gneiss

quartz, muscovite (I, 

II, III), pyrite (I, II), 

sillimanite

early phyllic, late 

phyllic, argillic
1a quartz, pyrite IIIb none SEM, TIMA

JS-6 Chase Mine  39.783417° -105.504735° 200 Outer Central
Sillimanite-

biotite gneiss

quartz, muscovite (I, 

II, III), pyrite (I, II), 

sillimanite

early phyllic, late 

phyllic, argillic
no vein no vein n/a none

JS-7 Hidee Mine  39.783417° -105.504735° surface Outer Central
Sillimanite-

biotite gneiss
quartz none no vein no vein n/a none

JS-8 Hidee Mine  39.783417° -105.504735° surface Outer Central
Sillimanite-

biotite gneiss

quartz, plagioclase, 

biotite, muscovite III, 

pyrite II, sillimanite

late phyllic no vein no vein n/a none

JS-9
Pittsburgh 

Mine
 39.783417° -105.504735° surface Outer Central

Sillimanite-

biotite gneiss

quartz, muscovite 

III, pyrite II

late phyllic, 

argillic
2

quartz, pyrite (IIIa, 

IV), enargite

pyrite V, 

tetrahedrite, 

svanbergite

SEM, TIMA, 

CL, EMPA, LA-

ICP-MS 

JS-10
Pittsburgh 

Mine
 39.783417° -105.504735° surface Outer Central

Sillimanite-

biotite gneiss

quartz, muscovite 

III, pyrite II

late phyllic, 

argillic
2

quartz, pyrite (IIIa, 

IV), enargite

pyrite V, 

tetrahedrite, 

svanbergite, 

covellite

none

JS-12 Hidee Mine  39.783417° -105.504735° surface Outer Central
Sillimanite-

biotite gneiss

quartz, muscovite 

III, pyrite II (?)
cannot determine 1a quartz, pyrite IIIa none none

LA-01
Mammoth 

Vein
39.7956° -105.5167° surface Inner Central

Feldspar-rich 

gneiss

quartz, muscovite 

III, pyrite II

late phyllic, 

argillic
1a quartz, pyrite IIIa, IIIb none none

LA-02
Mammoth 

Vein
39.7948° -105.5161° surface Inner Central

Feldspar-rich 

gneiss
quartz, pyrite (III?) none 1a quartz, pyrite IIIa, IIIb muscovite none

LA-03 Granodiorite 39.7948° -105.5161° surface Inner Central Granodiorite

plagioclase, quartz, 

biotite, K-feldspar, 

accessory minerals?

none no vein no vein n/a none

LA-04
Mammoth 

Vein
39.7948° -105.5161° surface Inner Central

Feldspar-rich 

gneiss
quartz, pyrite (III?) none 1a quartz, pyrite IIIa, IIIb none none

CF-01
Chaffee 

Mine
39.782606° -105.464143° near 

surface
Peripheral

Feldspar-rich 

gneiss

quartz, 

hematite/limonite
argillic 4

need more 

observations

need more 

observations
none

CF-03A
Chaffee 

Mine
39.782606° -105.464143° near 

surface
Peripheral

Feldspar-rich 

gneiss

quartz, K-feldspar, 

muscovite III

late phyllic, 

argillic
4 carbonate, sphalerite

galena, quartz, 

pyrite IIIa(?), 

barite

TIMA
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Table A.1 continued. 

Sample Location Latitude Longitude

Depth (ft 

below 

surface)

Minerali-

zation Zone
Host Rock

Host Rock 

Mineralogy
Alteration Type

Vein 

Type

Vein 

Mineralogy

(major)

Vein 

Mineralogy

(minor)

Analytical

Methods

CF-03B
Chaffee 

Mine
39.782606° -105.464143° near surface Peripheral

Feldspar-rich 

gneiss

quartz, K-feldspar, 

muscovite III

late phyllic, 

argillic
4? quartz

need more 

observations
none

CF-05
Chaffee 

Mine
39.782606° -105.464143° near surface Peripheral Breccia (?)

quartz, K-feldspar, 

muscovite (I, III)

late phyllic, 

argillic
4

need more 

observations

need more 

observations
none

CF-06
Chaffee 

Mine
39.782606° -105.464143° near surface Peripheral

Feldspar-rich 

gneiss

quartz, K-feldspar, 

muscovite (I, III)

late phyllic, 

argillic
4

need more 

observations

need more 

observations
none

CF-08
Chaffee 

Mine
39.782606° -105.464143° near surface Peripheral

Feldspar-rich 

gneiss

quartz, K-feldspar, 

muscovite III

late phyllic, 

argillic
4

need more 

observations

need more 

observations
none

LA-101 Cook Vein n/a n/a n/a Outer Central
Feldspar-rich 

gneiss

quartz, muscovite 

III, pyrite II

late phyllic, 

argillic
1a

quartz, pyrite IIIb, 

IIIa, IVb (minor)
none none

PA-01 The Patch n/a n/a surface Intermediate
Feldspar-rich 

gneiss, Breccia

quartz, muscovite 

III, pyrite II, K-

feldspar

late phyllic, 

argillic
3

spahlerite, 

chalcopyrite, pyrite 

IIIa, IV

galena, pyrite 

IIIa, covellite
none

HB-01
Ground 

Hog
n/a n/a 1170 Outer Central

Feldspar-rich 

gneiss

quartz, K-feldspar, 

muscovite III

late phyllic, 

argillic
3

sphalerite, 

chalcopyrite

galena, pyrite 

IIIa, 

tetrahedrite

none

HB-02
Ground 

Hog
n/a n/a 1170 Outer Central

Feldspar-rich 

gneiss

quartz, K-feldspar, 

muscovite III

late phyllic, 

argillic
3

sphalerite, 

chalcopyrite

galena, pyrite 

IIIa, 

tetrahedrite

SEM

HB-03
Ground 

Hog
n/a n/a 1170 Outer Central

Feldspar-rich 

gneiss, Breccia

quartz, K-feldspar, 

muscovite III

late phyllic, 

argillic
3

sphalerite, 

chalcopyrite

galena, pyrite 

IIIa, 

tetrahedrite

none

HB-04
Ground 

Hog
n/a n/a 1170 Outer Central Breccia

need more 

observations

early phyllic (?), 

late phyllic, 

argillic

3
sphalerite, 

chalcopyrite

galena, pyrite 

IIIa, 

tetrahedrite

none

VL-01
Vasa-

Leavitt
n/a n/a 1430 Outer Central Breccia

clasts: quartz, 

muscovite III, pyrite 

II

late phyllic 

(clasts)
3

chalcopyrite, pyrite 

(IIIa), tetrahedrite

sphalerite, 

galena, 

marcasite

SEM, TIMA

VL-02
Vasa-

Leavitt
n/a n/a 1430 Outer Central Breccia

clasts: quartz, 

muscovite III, pyrite 

II

late phyllic 

(clasts)
3

chalcopyrite, pyrite 

(IIIa), tetrahedrite

sphalerite, 

galena, 

marcasite

none
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APPENDIX B 

TIMA OVERVIEW SCAN OF SAMPLE CH-1A DISPLAYING PHASES + BSE 

 
Figure B.1: TIMA overview scan from sample CH-1A displaying K-feldspar, pyrite, and muscovite phases over BSE image. Pyrite 
appears to have a spatial correlation with K-feldspar rather than muscovite suggesting that pyrite and K-feldspar in Type 1c veins are 
related. 
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APPENDIX C 

CHEMISTRY OF BIOTITE ALTERING TO MUSCOVITE II + RUTILE 

 
Figure C.1: Chemistry of four EDS analyses from the biotite grain altering to muscovite II + rutile 
in Fig. 2.6c. The grain averages 0.97 atom% Ti supporting the possibility that Ti in rutile is sourced 
from biotite.  
 
 
 
 
 
 
 
 

Spectrum O (atom %) Mg Al Si K Ti Fe

spot1 58.81 8.66 9.62 13.25 4.59 0.85 4.22

spot2 59.32 7.21 8.28 13.55 5.88 1.09 4.67

spot3 57.85 9.11 9.29 13.51 4.89 0.91 4.45

spot4 58.25 8.30 8.96 13.54 5.60 1.02 4.34

Mean 58.56 8.32 9.04 13.46 5.24 0.97 4.42

Sigma 0.64 0.81 0.57 0.14 0.60 0.11 0.19

Sigma Mean 0.32 0.40 0.29 0.07 0.30 0.05 0.10
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APPENDIX D 

BACKSCATTERED PHOTOMICROGRAPHS OF ELECTRUM AND EDS SPECTRA 

 
Figure D.1: Backscattered photomicrographs of electrum occurrences in a Type 2 vein from 
sample CH-3 from the Silver Dollar Mine in the intermediate zone. Mineralogy can be viewed in 
a TIMA scan of the same sample in Figure 2.5. (a) SEM overview scan with locations of subfigures 
labeled. (b) Electrum and galena inclusions within a pyrite IV grain partially replaced by enargite. 
(c) Electrum and sphalerite inclusions within a pyrite IV grain. Py:pyrite; gn: galena; sp: sphalerite; 
eng:enargite; el:electrum; qtz: quartz. 
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Figure D.2: Backscattered photomicrographs of electrum occurrences within a Type 3 vein and 
adjacent sulfide-rich breccia from sample HB-02 from the Ground Hog vein taken at 1170 ft depth 
from the outer central zone. (a) An electrum inclusion forms with tetrahedrite filling fractures of a 
pyrite IIIa grains. (b) Electrum inclusion within a galena inclusion, both of which are within a 
pyrite IV grain. (c) Electrum inclusion within a tetrahedrite grain in a breccia. (d) Electrum 
inclusions with sphalerite adjacent to a pyrite IV grain with galena-tetrahedrite overgrowth. 
Py:pyrite; gn: galena; sp: sphalerite; ttr: tetrahedrite; el:electrum; qtz: quartz. 
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Figure D.3: Backscattered photomicrographs of electrum occurrences in a Type 3 vein from 
sample VL-01 from the Vasa Leavitt vein taken from ~1400 ft below the outer central zone. 
Mineralogy can be viewed in a TIMA scan of the same sample in Figure 2.7c. (a) SEM overview 
scan with locations of subfigures labeled. (b) Electrum inclusion within a pyrite IV grain. (c) 
Electrum and galena inclusions within tetrahedrite that is replacing chalcopyrite. Py:pyrite; 
ccp:chalcopyrite; gn: galena; sp: sphalerite; ttr:tetrahedrite; el:electrum. 
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Figure D.4: Backscattered photomicrographs of electrum occurrences in a Type 2 vein from 
sample JS-09 from the Pittsburgh Mine in the outer central zone. Mineralogy can be viewed in a 
TIMA scan of the same sample in Figure 2.7a. (a) SEM overview scan with locations of subfigures 
labeled. (b) Electrum occurrence appearing to fill open space in the phyllic alteration halo just 
outside of the Type 2 vein. (c) Electrum and quartz inclusions within enargite. Py:pyrite; 
eng:enargite; el:electrum; qtz: quartz; ms:muscovite. 
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Figure D.5: Energy dispersive spectra from SEM analysis of electrum inclusions. Gold and Ag wt. 
% measured on SEM is included where it was measured. Units for X-axis is in keV and axis ranges 
from 0-15.0 keV for all graphs. Spectra (a-d) correspond to several subfigures in figure 2.13, and 
spectra (e-h) correspond to subfigures from the appendix. (a) Electrum inclusion in figure 2.13f. 
(b) Silver-telluride in figure 2.13f. (c) Electrum inclusion in figure 2.13e. (d) Electrum inclusion 
in figure 2.13c. (e) Electrum inclusion in figure D.2a. (f) Electrum inclusion in figure D.2d (g) 
Electrum inclusion in figure D.3b (h) Electrum inclusion in figure D.4b. 
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APPENDIX E 

ADDITIONAL LA-ICP-MS DATA OF PYRITE 

Table E.1- Additional trace and minor elements (ppm) analyzed using LA-ICP-MS in different pyrite and vein types. Detection limits 
(d.l.) are shown in brackets. 

 

Sample Pyrite Type Vein Type
S (ppm)

(1080)

Na

(2.0)

Bi

(0.3)

Te

(7.2)

Cr

(10.1)

V

(0.8)

Ga

(1.0)

Ge

(2.1)

Cd

(8.3)

In

(0.3)

Sn

(2.5)

W

(1.0)

Tl

(0.2)

Mo

(1.1)

Se

(17.5)

JS-09 II 2 378000 71.2 0.56 d.l. 34.8 1.68 2.73 9.11 40.8 d.l. 8.36 d.l. d.l. 1.20 d.l.

JS-09 II 2 371000 2.11 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 1.41 35.0

CH-3 II 1a 402000 d.l. 0.54 d.l. d.l. d.l. d.l. d.l. 17.2 d.l. d.l. d.l. d.l. 2.00 116

CH-3 II 1a 421000 d.l. 1.27 d.l. d.l. 2.68 1.19 3.52 d.l. d.l. 5.57 d.l. d.l. 2.08 d.l.

CH-3 II 1a 466000 6.59 1.68 d.l. 28.1 3.27 d.l. d.l. d.l. 0.50 6.50 1.33 d.l. 2.37 d.l.

JS-09 II 2 349000 224 24.4 d.l. d.l. 6.74 5.17 d.l. d.l. 0.66 d.l. 3.40 1.84 2.50 24.1

JS-09 II 2 474000 9.51 0.89 30.9 27.5 4.69 d.l. 4.91 d.l. 0.73 7.87 2.28 0.41 2.53 d.l.

CH-3 II 1a 403000 d.l. d.l. d.l. d.l. 1.33 d.l. d.l. d.l. d.l. d.l. 1.42 d.l. 2.67 d.l.

CH-3 II 1a 438000 d.l. 3.59 d.l. d.l. d.l. d.l. d.l. d.l. 1.24 3.22 d.l. d.l. 2.98 d.l.

JS-09 II 2 403000 d.l. 0.80 10.1 d.l. 1.22 d.l. d.l. d.l. d.l. 3.83 4.86 d.l. 3.12 d.l.

JS-09 II 2 438000 6.05 14.5 d.l. d.l. d.l. 3.15 d.l. 31.1 d.l. d.l. d.l. d.l. 3.63 d.l.

CH-3 II 1a 504000 26.1 1.22 d.l. d.l. 1.20 3.12 d.l. d.l. 2.91 17.7 d.l. 0.89 4.08 126

JS-09 II 2 369000 d.l. d.l. d.l. d.l. d.l. d.l. d.l. 16.8 d.l. d.l. 2.45 0.23 4.27 d.l.

CH-3 II 1a 515000 155 9.32 d.l. d.l. 3.30 4.79 d.l. 30.5 d.l. d.l. 1.64 0.31 4.37 69.4

JS-09 II 2 492000 d.l. d.l. d.l. 35.9 d.l. 2.51 d.l. d.l. 0.47 5.11 d.l. d.l. 5.07 d.l.

CH-3 II 1a 456000 6.73 d.l. 23.7 35.6 22.5 5.02 7.20 d.l. 0.56 d.l. d.l. 0.48 7.96 d.l.

JS-09 II 2 383000 187 0.44 d.l. 45.7 d.l. 1.52 8.00 d.l. 3.27 d.l. 8.56 0.44 11.4 d.l.

CH-3 II 1a 415000 4.12 1.32 9.25 19.5 1.08 d.l. d.l. d.l. d.l. 5.12 d.l. 0.57 13.3 63.5

CH-3 II 1a 461000 d.l. 1.31 d.l. 16.1 d.l. 4.54 d.l. 15.3 d.l. d.l. d.l. d.l. d.l. 123

JS-09 II 2 464000 11.8 0.66 d.l. d.l. d.l. 2.16 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.

JS-09 II 2 452000 d.l. 1.03 d.l. d.l. 1.18 d.l. 3.67 d.l. 0.35 4.44 3.04 0.32 d.l. 41.6

JS-09 II 2 422000 d.l. 1.12 d.l. d.l. d.l. d.l. 3.32 d.l. d.l. d.l. 2.21 0.52 d.l. d.l.

JS-09 II 2 418000 3.21 d.l. 20.6 d.l. 3.32 3.55 d.l. 27.4 d.l. d.l. d.l. d.l. d.l. 23.2

JS-09 II 2 457000 d.l. 4.13 d.l. d.l. 2.91 d.l. 10.8 d.l. d.l. d.l. 1.10 d.l. d.l. d.l.

JS-09 II 2 475000 2.05 0.39 d.l. d.l. 1.70 1.70 d.l. d.l. 0.37 d.l. 1.41 0.28 d.l. d.l.

JS-09 II 2 350000 158 51.8 25.1 35.2 4.59 2.45 3.73 d.l. d.l. 3.97 d.l. 3.53 d.l. d.l.

JS-09 IIIa 2 375000 d.l. 1.76 d.l. d.l. d.l. 2.86 d.l. 36.2 d.l. d.l. d.l. d.l. 1.13 d.l.

CH-3 IIIa 1a 407000 d.l. 1.91 21.5 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 1.17 d.l.

CH-1B IIIa 1c 455000 48.3 6.53 11.0 d.l. d.l. 1.34 d.l. 17.5 d.l. d.l. d.l. d.l. 1.28 d.l.

CH-1B IIIa 1c 416000 d.l. 0.98 d.l. 27.8 0.95 d.l. d.l. d.l. 0.67 d.l. 2.64 d.l. 1.34 21.1

CH-3 IIIa 1a 453000 d.l. 4.61 33.2 d.l. d.l. d.l. 3.58 18.9 d.l. d.l. d.l. 0.44 1.36 d.l.

CH-1B IIIa 1c 449000 d.l. d.l. d.l. d.l. 1.33 2.51 d.l. 18.3 d.l. d.l. d.l. d.l. 1.46 18.3

CH-1B IIIa 1b 401000 5.76 3.10 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 1.51 45.4

JS-09 IIIa 2 397000 d.l. 3.90 d.l. 25.3 1.81 d.l. d.l. d.l. 0.52 d.l. 4.05 d.l. 1.56 d.l.

CH-1B IIIa 1b 443000 3.47 3.73 d.l. d.l. d.l. 1.13 d.l. d.l. d.l. 4.53 d.l. d.l. 1.58 86.9

JS-09 IIIa 2 381000 d.l. d.l. 17.8 d.l. 1.14 1.57 d.l. 55.4 d.l. 6.44 d.l. 0.78 1.59 48.4

JS-09 IIIa 2 431000 d.l. d.l. 10.3 d.l. 1.17 3.22 d.l. 14.1 d.l. 2.83 d.l. 0.39 1.60 d.l.

CH-1B IIIa 1c 452000 16.9 5.48 d.l. d.l. 1.65 d.l. d.l. d.l. d.l. 8.77 d.l. 0.77 1.61 59.6

CH-1B IIIa 1c 469000 7.94 3.65 d.l. d.l. 1.49 d.l. 8.07 d.l. 1.46 d.l. 10.0 0.43 1.62 d.l.

JS-09 IIIa 2 604000 d.l. 6.04 d.l. d.l. 7.13 3.14 d.l. 63.3 1.05 d.l. 4.33 d.l. 1.79 d.l.

CH-1B IIIa 1c 424000 13.4 4.46 d.l. d.l. 0.86 d.l. 3.63 d.l. d.l. d.l. d.l. 0.44 1.91 d.l.

CH-1B IIIa 1c 451000 7.45 0.51 d.l. d.l. 1.40 d.l. d.l. d.l. 0.66 d.l. 2.32 0.81 1.98 22.2

CH-1B IIIa 1c 457000 d.l. 1.72 d.l. d.l. d.l. d.l. 3.36 d.l. 0.97 5.77 1.34 0.47 2.02 d.l.

CH-1B IIIa 1c 421000 4.91 0.83 d.l. d.l. d.l. d.l. d.l. 10.1 d.l. d.l. d.l. 0.49 2.18 90.0
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Table E.1 continued. 

 

Sample Pyrite Type Vein Type
S (ppm)

(1080)

Na

(2.0)

Bi

(0.3)

Te

(7.2)

Cr

(10.1)

V

(0.8)

Ga

(1.0)

Ge

(2.1)

Cd

(8.3)

In

(0.3)

Sn

(2.5)

W

(1.0)

Tl

(0.2)

Mo

(1.1)

Se

(17.5)

CH-1B IIIa 1c 451000 d.l. 1.38 18.4 d.l. d.l. 2.06 d.l. 43.0 d.l. d.l. d.l. d.l. 2.26 d.l.

CH-1B IIIa 1c 387000 d.l. d.l. d.l. 13.4 1.07 d.l. d.l. 10.4 d.l. 8.30 d.l. 0.30 2.48 d.l.

JS-09 IIIa 2 462000 5.89 12.6 d.l. d.l. 1.35 2.15 d.l. 22.3 d.l. d.l. d.l. d.l. 2.51 33.8

CH-1B IIIa 1c 431000 346 11.6 34.2 d.l. 1.17 d.l. 3.52 d.l. d.l. d.l. d.l. d.l. 2.53 22.7

CH-1B IIIa 1c 499000 d.l. 1.61 d.l. d.l. d.l. d.l. d.l. d.l. d.l. 3.71 d.l. 0.25 2.80 32.3

CH-3 IIIa 1a 411000 d.l. d.l. 11.8 14.6 1.13 d.l. d.l. 24.1 d.l. 3.69 1.15 d.l. 2.94 d.l.

CH-1B IIIa 1b 479000 d.l. 29.2 d.l. d.l. 18.2 d.l. d.l. 15.7 0.44 d.l. 7.32 0.44 2.98 d.l.

CH-1B IIIa 1c 375000 6.46 1.62 8.85 d.l. d.l. d.l. d.l. d.l. 0.37 d.l. 1.63 d.l. 3.31 d.l.

CH-1B IIIa 1c 466000 d.l. 7.77 7.45 17.7 d.l. d.l. 3.09 d.l. d.l. d.l. 2.12 d.l. 4.19 d.l.

CH-1B IIIa 1c 460000 3.12 d.l. d.l. d.l. d.l. d.l. d.l. 27.5 d.l. d.l. 1.88 d.l. 5.10 d.l.

CH-1B IIIa 1c 443000 41.6 15.3 d.l. 42.0 1.74 0.98 d.l. 25.1 0.30 4.61 d.l. 0.50 20.0 d.l.

CH-1B IIIa 1c 473000 d.l. 5.14 19.1 11.8 d.l. d.l. 4.16 d.l. d.l. 3.07 d.l. 1.34 d.l. 110

CH-1B IIIa 1c 430000 28.6 1.56 15.4 d.l. d.l. d.l. 2.36 d.l. 1.33 d.l. 4.01 0.81 d.l. 48.3

CH-1B IIIa 1c 343000 31.1 d.l. d.l. d.l. d.l. d.l. d.l. 9.94 d.l. 4.66 d.l. d.l. d.l. d.l.

CH-1B IIIa 1c 420000 d.l. d.l. d.l. d.l. d.l. d.l. 5.74 11.9 d.l. d.l. d.l. 0.27 d.l. d.l.

CH-1B IIIa 1c 454000 3.75 2.38 d.l. d.l. 1.18 d.l. d.l. d.l. d.l. d.l. d.l. 0.28 d.l. 52.3

CH-1B IIIa 1c 460000 9.70 10.3 19.8 d.l. d.l. 2.19 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.

CH-1B IIIa 1c 477000 120 8.55 36.1 22.4 13.8 10.0 d.l. 12.7 1.27 7.51 6.02 1.51 d.l. 93.6

CH-1B IIIa 1c 447000 d.l. 2.53 d.l. d.l. d.l. d.l. d.l. d.l. 0.61 d.l. 2.07 d.l. d.l. 48.8

CH-1B IIIa 1c 432000 d.l. 5.52 d.l. d.l. 1.05 d.l. d.l. d.l. 0.36 d.l. d.l. d.l. d.l. 58.8

CH-1B IIIa 1c 436000 d.l. 4.42 d.l. d.l. d.l. d.l. 7.07 10.6 0.54 d.l. d.l. d.l. d.l. d.l.

CH-1B IIIa 1c 395000 d.l. 7.50 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 98.7

CH-1B IIIa 1c 402000 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.80 d.l. 1.50 0.37 d.l. d.l.

CH-1B IIIa 1c 506000 3.88 0.39 10.1 d.l. 0.93 2.75 9.59 d.l. d.l. 20.2 d.l. d.l. d.l. d.l.

CH-1B IIIa 1c 432000 d.l. d.l. d.l. 14.0 d.l. d.l. 5.73 d.l. d.l. d.l. d.l. d.l. d.l. d.l.

CH-1B IIIa 1c 426000 5.85 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 1.61 d.l. d.l. 66.5

CH-1B IIIa 1c 409000 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 3.49 1.12 d.l. d.l. d.l.

CH-1B IIIa 1c 457000 8.62 0.68 39.4 d.l. 2.77 d.l. d.l. d.l. 3.42 4.77 10.6 2.01 d.l. d.l.

CH-1B IIIa 1c 430000 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.45 d.l. 90.5

CH-1B IIIa 1c 466000 3.44 d.l. d.l. 13.8 d.l. 3.68 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.

CH-1B IIIa 1c 448000 d.l. 0.87 d.l. d.l. d.l. d.l. 6.53 d.l. d.l. d.l. 3.49 d.l. d.l. 76.7

CH-1B IIIa 1b 405000 14.0 16.9 10.1 24.1 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 53.6

CH-1B IIIa 1b 386000 3.70 1.31 d.l. d.l. d.l. 1.39 3.42 d.l. 0.72 d.l. 2.11 d.l. d.l. 70.5

CH-3 IIIa 1a 329000 4.76 2.86 20.2 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.

CH-3 IIIa 1a 418000 9.01 8.25 10.1 d.l. d.l. d.l. 3.30 d.l. 0.71 d.l. d.l. d.l. d.l. 54.0

CH-3 IIIa 1a 415000 3.33 2.93 7.67 d.l. d.l. 1.40 d.l. d.l. 0.35 d.l. d.l. 0.50 d.l. d.l.

CH-3 IIIa 1a 383000 d.l. 1.53 20.2 d.l. d.l. d.l. d.l. 19.6 d.l. d.l. d.l. d.l. d.l. d.l.

CH-3 IIIa 1a 404000 d.l. 0.54 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.46 d.l. d.l.

CH-3 IIIa 1a 394000 6.60 17.9 12.4 d.l. d.l. 2.16 d.l. 23.8 0.32 3.89 d.l. d.l. d.l. d.l.

CH-3 IIIa 1a 451000 d.l. 41.2 34.9 d.l. 1.82 d.l. 7.55 d.l. d.l. d.l. d.l. d.l. d.l. d.l.

JS-09 IIIa 2 415000 d.l. 0.70 d.l. d.l. 2.32 d.l. d.l. d.l. 0.34 d.l. 2.48 d.l. d.l. d.l.

JS-09 IIIa 2 400000 d.l. 0.68 13.8 d.l. d.l. d.l. 2.62 d.l. d.l. d.l. d.l. 0.42 d.l. d.l.

JS-09 IIIa 2 383000 d.l. d.l. d.l. d.l. d.l. 1.58 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.

JS-09 IIIa 2 415000 d.l. 0.40 8.61 d.l. d.l. d.l. d.l. 16.6 d.l. d.l. d.l. d.l. d.l. d.l.

JS-09 IIIa 2 425000 d.l. 1.12 d.l. d.l. d.l. d.l. 3.61 d.l. d.l. d.l. d.l. 0.43 d.l. d.l.
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Table E.1 continued. 

 

Sample Pyrite Type Vein Type
S (ppm)

(1080)

Na

(2.0)

Bi

(0.3)

Te

(7.2)

Cr

(10.1)

V

(0.8)

Ga

(1.0)

Ge

(2.1)

Cd

(8.3)

In

(0.3)

Sn

(2.5)

W

(1.0)

Tl

(0.2)

Mo

(1.1)

Se

(17.5)

CH-1B IIIa 1c 375000 6.88 2.14 d.l. d.l. 1.82 d.l. 2.66 d.l. d.l. 3.59 1.19 d.l. d.l. 44.3

CH-1B IIIa 1c 459000 8.88 7.26 64.9 25.4 5.42 d.l. 5.85 9.34 d.l. d.l. d.l. 1.33 d.l. 45.4

CH-1B IIIa 1c 524000 15.7 13.5 513 32.3 4.40 d.l. 3.29 20.5 d.l. d.l. d.l. 0.55 d.l. d.l.

CH-1B IIIa 1c 449000 28.4 71.4 d.l. d.l. 5.99 1.22 d.l. d.l. d.l. d.l. d.l. 1.44 d.l. d.l.

CH-1B IIIa 1c 427000 d.l. 2.11 41.1 d.l. 2.73 d.l. 5.14 d.l. 1.03 d.l. 3.00 0.62 d.l. 22.0

CH-1B IIIa 1c 408000 d.l. 1360 39.1 d.l. 0.88 d.l. d.l. 30.2 d.l. 2.69 1.10 d.l. d.l. d.l.

CH-1B IIIa 1c 437000 d.l. d.l. 9.74 d.l. 1.39 2.14 d.l. 24.3 d.l. d.l. d.l. d.l. d.l. d.l.

CH-1B IIIa 1c 419000 d.l. d.l. 114 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.45 d.l. 22.2

CH-1B IIIa 1c 415000 d.l. 0.72 d.l. d.l. d.l. d.l. d.l. 34.6 0.33 d.l. d.l. d.l. d.l. 25.9

CH-1B IIIa 1c 430000 d.l. d.l. d.l. d.l. d.l. 2.69 d.l. 15.8 d.l. 3.48 d.l. d.l. d.l. 23.9

CH-1B IIIa 1c 486000 3.54 1.56 d.l. d.l. 1.19 d.l. d.l. d.l. 0.31 d.l. 2.53 0.25 d.l. 18.5

CH-1B IIIa 1c 398000 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.37 d.l. 2.90 d.l. d.l. 38.6

JS-09 IIIa 2 498000 2.22 9.53 8.30 d.l. d.l. 4.24 d.l. 30.4 d.l. 4.41 d.l. d.l. d.l. 29.4

JS-09 IIIa 2 407000 3.73 1.11 10.0 d.l. 2.58 d.l. d.l. d.l. 0.36 d.l. 2.75 0.48 d.l. d.l.

JS-09 IIIa 2 473000 11.8 2.85 10.9 d.l. d.l. d.l. d.l. d.l. d.l. 3.63 d.l. 1.06 d.l. d.l.

CH-9 IIIb 1a 397000 d.l. 0.40 10.2 d.l. d.l. d.l. d.l. 32.2 d.l. 5.00 d.l. d.l. 1.15 d.l.

CH-9 IIIb 1a 417000 6.96 1.42 d.l. d.l. 0.88 3.43 3.66 11.8 d.l. d.l. d.l. d.l. 1.17 d.l.

CH-9 IIIb 1a 454000 5.54 d.l. 21.7 d.l. 2.75 d.l. d.l. 16.3 d.l. d.l. d.l. d.l. 1.29 d.l.

CH-9 IIIb 1a 480000 10.9 0.48 12.0 d.l. d.l. 1.81 6.19 d.l. d.l. 9.74 1.04 0.49 1.32 28.5

CH-9 IIIb 1a 413000 d.l. d.l. 25.4 d.l. 1.06 2.95 4.13 29.1 d.l. d.l. d.l. d.l. 1.37 20.5

CH-9 IIIb 1a 395000 d.l. 2.55 8.59 d.l. d.l. d.l. 5.46 d.l. 1.06 d.l. 1.81 0.31 1.41 d.l.

CH-1B IIIb 1b 415000 d.l. 2.81 d.l. d.l. d.l. d.l. 4.51 9.13 d.l. d.l. d.l. d.l. 1.48 77.3

CH-9 IIIb 1a 471000 d.l. 0.38 38.3 28.3 d.l. d.l. d.l. 17.3 d.l. d.l. d.l. 0.58 1.51 d.l.

CH-9 IIIb 1a 478000 2.74 d.l. d.l. d.l. d.l. d.l. 3.75 d.l. 0.76 d.l. 3.45 d.l. 1.64 d.l.

CH-9 IIIb 1a 424000 d.l. d.l. 28.3 d.l. d.l. 1.73 d.l. 18.9 0.34 d.l. d.l. 0.29 1.78 d.l.

CH-9 IIIb 1a 424000 d.l. 0.26 11.1 28.6 1.93 3.09 3.39 d.l. 0.35 d.l. d.l. 0.89 2.00 29.6

CH-9 IIIb 1a 440000 48.8 1.04 29.3 d.l. 2.33 4.44 d.l. 38.9 d.l. d.l. d.l. d.l. 2.13 d.l.

CH-9 IIIb 1a 436000 8.59 1.54 19.8 d.l. d.l. d.l. d.l. 13.7 d.l. 3.75 d.l. 0.79 2.13 d.l.

CH-9 IIIb 1a 416000 d.l. 0.69 30.0 25.6 d.l. 1.46 d.l. 52.7 d.l. 5.35 1.82 d.l. 2.26 d.l.

CH-9 IIIb 1a 406000 d.l. 0.74 d.l. d.l. d.l. d.l. 2.63 d.l. 0.88 d.l. 3.97 1.01 2.30 d.l.

CH-9 IIIb 1a 429000 d.l. 1.51 d.l. d.l. d.l. d.l. d.l. 11.4 d.l. d.l. 1.23 d.l. 2.38 d.l.

CH-1B IIIb 1b 384000 d.l. 0.74 11.8 d.l. d.l. d.l. d.l. d.l. d.l. 3.05 d.l. d.l. 2.72 96.3

CH-9 IIIb 1a 424000 d.l. d.l. d.l. d.l. d.l. 1.38 5.20 18.1 d.l. 6.07 d.l. d.l. 2.83 d.l.

CH-1B IIIb 1b 476000 24.0 10.8 d.l. d.l. 1.22 d.l. 2.86 d.l. 0.49 7.50 3.43 0.65 8.19 d.l.

CH-1B IIIb 1b 473000 6.93 d.l. d.l. d.l. 1.00 d.l. d.l. 14.1 0.51 d.l. d.l. d.l. d.l. 91.5

CH-1B IIIb 1b 405000 d.l. d.l. 8.13 d.l. d.l. d.l. 4.43 12.5 d.l. d.l. d.l. d.l. d.l. 98.5

CH-1B IIIb 1b 417000 7.04 4.39 d.l. d.l. d.l. 1.58 d.l. d.l. 0.50 d.l. d.l. d.l. d.l. 75.5

CH-1B IIIb 1b 458000 3.17 2.03 d.l. d.l. d.l. d.l. 3.42 14.2 d.l. d.l. d.l. d.l. d.l. 178

CH-1B IIIb 1b 440000 d.l. 4.90 d.l. d.l. d.l. 1.42 d.l. 16.8 0.50 3.29 d.l. d.l. d.l. 102

CH-1B IIIb 1b 385000 d.l. 0.97 d.l. d.l. d.l. d.l. 2.56 d.l. d.l. d.l. d.l. d.l. d.l. 175

CH-9 IIIb 1a 406000 2.26 0.34 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.51 d.l. d.l.

CH-9 IIIb 1a 404000 d.l. d.l. d.l. d.l. d.l. d.l. 3.80 d.l. d.l. d.l. d.l. d.l. d.l. 31.6

CH-9 IIIb 1a 423000 d.l. d.l. 21.6 d.l. d.l. 2.18 2.91 24.3 d.l. d.l. 1.77 d.l. d.l. 35.3

CH-9 IIIb 1a 414000 d.l. 0.77 11.0 d.l. 0.82 d.l. d.l. d.l. 0.44 d.l. 1.33 d.l. d.l. d.l.
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Table E.1 continued. 

 

Sample Pyrite Type Vein Type
S (ppm)

(1080)

Na

(2.0)

Bi

(0.3)

Te

(7.2)

Cr

(10.1)

V

(0.8)

Ga

(1.0)

Ge

(2.1)

Cd

(8.3)

In

(0.3)

Sn

(2.5)

W

(1.0)

Tl

(0.2)

Mo

(1.1)

Se

(17.5)

CH-9 IIIb 1a 380000 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.

CH-9 IIIb 1a 457000 d.l. 0.67 34.5 d.l. 2.35 d.l. d.l. d.l. 1.88 d.l. d.l. 0.24 d.l. d.l.

CH-9 IIIb 1a 427000 d.l. 1.17 23.1 38.9 d.l. d.l. 4.32 d.l. 0.80 d.l. 1.81 0.73 d.l. d.l.

CH-9 IIIb 1a 401000 d.l. 0.66 23.3 d.l. d.l. d.l. d.l. d.l. 0.84 d.l. 1.39 0.42 d.l. d.l.

CH-9 IIIb 1a 413000 d.l. d.l. 11.7 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.

CH-9 IIIb 1a 419000 2.82 0.39 21.7 d.l. d.l. d.l. 7.06 d.l. 0.28 d.l. d.l. 0.61 d.l. 19.1

CH-9 IIIb 1a 442000 d.l. d.l. 22.1 d.l. 2.00 d.l. 4.32 21.4 0.64 3.15 d.l. d.l. d.l. d.l.

JS-09 IV 2 407000 d.l. d.l. d.l. d.l. 1.72 d.l. d.l. 20.9 d.l. 4.48 d.l. d.l. 1.11 d.l.

JS-09 IV 2 408000 d.l. 1.02 d.l. d.l. d.l. 0.99 6.65 d.l. 0.65 24.9 d.l. d.l. 2.38 d.l.

JS-09 IV 2 404000 d.l. 12.7 d.l. d.l. 2.23 d.l. 4.34 11.9 0.35 d.l. 0.99 d.l. d.l. d.l.

JS-09 IV 2 421000 d.l. 0.71 10.9 d.l. d.l. d.l. 8.39 d.l. 1.01 d.l. 0.98 0.72 d.l. d.l.

JS-09 IV 2 372000 6.74 9.83 13.5 d.l. d.l. d.l. d.l. d.l. d.l. 12.6 d.l. 0.59 1.24 21.6

JS-09 IV 2 385000 5.20 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 1.09 d.l. 1.27 d.l.

CH-3 IV 2 381000 d.l. d.l. d.l. d.l. d.l. d.l. 3.57 14.5 0.33 4.18 d.l. d.l. 1.33 d.l.

CH-3 IV 2 385000 d.l. d.l. d.l. d.l. 2.46 2.12 2.19 22.5 d.l. 5.01 3.60 d.l. 1.52 d.l.

JS-09 IV 2 422000 d.l. d.l. 13.2 d.l. 0.82 d.l. d.l. d.l. 0.47 2.96 d.l. 0.32 1.58 38.2

CH-3 IV 2 416000 d.l. 0.73 d.l. d.l. d.l. d.l. 2.60 d.l. d.l. d.l. d.l. d.l. 1.59 d.l.

CH-3 IV 1a 476000 3.59 0.39 d.l. d.l. 1.28 d.l. 5.75 d.l. d.l. d.l. 4.51 d.l. 1.70 d.l.

JS-09 IV 2 368000 d.l. 1.85 d.l. d.l. d.l. d.l. d.l. d.l. 0.62 d.l. 2.43 0.30 1.99 d.l.

JS-09 IV 2 403000 d.l. 0.26 d.l. d.l. d.l. 1.85 d.l. d.l. d.l. 2.71 d.l. d.l. 2.10 d.l.

JS-09 IV 2 477000 d.l. d.l. 12.5 d.l. 0.96 1.11 d.l. d.l. 0.56 d.l. 4.49 1.22 2.21 53.1

CH-3 IV 2 429000 3.53 d.l. d.l. 15.1 d.l. 1.24 d.l. d.l. d.l. d.l. 1.71 d.l. 2.38 d.l.

JS-09 IV 2 509000 d.l. 2.65 12.3 d.l. d.l. d.l. 3.78 d.l. 0.90 d.l. 9.34 0.36 3.22 18.1

CH-3 IV 2 440000 d.l. d.l. d.l. d.l. 1.35 3.33 d.l. 19.0 0.42 10.9 d.l. d.l. 3.35 111

CH-3 IV 2 381000 d.l. d.l. d.l. d.l. 0.91 d.l. d.l. 13.5 d.l. d.l. d.l. 0.38 3.72 d.l.

CH-3 IV 2 391000 d.l. 0.53 d.l. 10.3 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 3.90 d.l.

CH-3 IV 2 372000 d.l. 0.38 d.l. d.l. 2.89 1.29 d.l. d.l. d.l. d.l. 2.00 d.l. 4.28 d.l.

CH-3 IV 1a 408000 3.00 d.l. d.l. d.l. 1.20 d.l. 2.41 d.l. 0.82 3.26 d.l. 0.79 d.l. d.l.

CH-3 IV 1a 472000 d.l. d.l. d.l. 28.2 2.86 2.00 d.l. d.l. d.l. d.l. d.l. 0.32 d.l. d.l.

CH-3 IV 1a 509000 24.4 17.0 d.l. 15.2 4.65 2.10 2.89 d.l. 1.25 d.l. 2.16 d.l. d.l. d.l.

CH-3 IV 1a 424000 d.l. d.l. d.l. d.l. d.l. d.l. 3.92 d.l. d.l. d.l. d.l. d.l. d.l. d.l.

CH-3 IV 1a 448000 7.28 2.68 d.l. d.l. d.l. 1.72 d.l. d.l. 0.46 d.l. d.l. d.l. d.l. d.l.

CH-3 IV 1a 473000 d.l. 2.03 d.l. d.l. d.l. d.l. 5.73 d.l. 0.48 d.l. 4.59 0.55 d.l. d.l.

CH-3 IV 2 413000 d.l. d.l. d.l. d.l. 0.96 d.l. 2.84 18.2 d.l. d.l. d.l. d.l. d.l. d.l.

CH-3 IV 2 416000 d.l. 1.80 d.l. d.l. 1.27 d.l. 2.60 d.l. d.l. d.l. d.l. 0.66 d.l. 67.9

CH-3 IV 2 414000 d.l. d.l. d.l. 17.4 d.l. d.l. d.l. 24.6 d.l. 4.72 d.l. 0.46 d.l. d.l.

CH-3 IV 2 462000 d.l. d.l. 18.6 d.l. d.l. d.l. d.l. d.l. 0.62 d.l. 1.16 d.l. d.l. d.l.

CH-3 IV 2 403000 d.l. d.l. d.l. 15.4 1.10 d.l. d.l. d.l. d.l. 3.64 d.l. 0.32 d.l. d.l.

CH-3 IV 2 465000 d.l. 0.82 d.l. 10.7 d.l. 1.28 2.29 d.l. 0.54 d.l. 2.01 0.49 d.l. 104

CH-3 IV 2 398000 d.l. d.l. d.l. d.l. d.l. 1.74 d.l. 25.4 d.l. 5.55 d.l. d.l. d.l. 85.5

CH-3 IV 2 382000 d.l. d.l. 10.6 d.l. 2.29 d.l. 2.89 18.5 d.l. d.l. d.l. d.l. d.l. 51.5

CH-3 IV 2 397000 15.3 8.68 d.l. d.l. d.l. d.l. d.l. d.l. 1.02 6.76 4.26 1.13 d.l. d.l.

CH-3 IV 2 395000 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.40 d.l. d.l.

CH-3 IV 2 436000 d.l. d.l. d.l. 13.6 d.l. d.l. 5.88 d.l. 1.72 d.l. 1.32 d.l. d.l. d.l.

CH-3 IV 2 425000 d.l. d.l. d.l. d.l. 1.62 1.50 2.24 17.3 d.l. d.l. d.l. d.l. d.l. d.l.
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Sample Pyrite Type Vein Type
S (ppm)

(1080)

Na

(2.0)

Bi

(0.3)

Te

(7.2)

Cr

(10.1)

V

(0.8)

Ga

(1.0)

Ge

(2.1)

Cd

(8.3)

In

(0.3)

Sn

(2.5)

W

(1.0)

Tl

(0.2)

Mo

(1.1)

Se

(17.5)

CH-3 IV 2 440000 d.l. 0.68 d.l. d.l. d.l. d.l. 8.28 d.l. 0.40 d.l. d.l. 0.49 d.l. d.l.

CH-3 IV 2 458000 3.84 d.l. d.l. d.l. 1.95 2.70 d.l. 21.7 d.l. 2.79 d.l. d.l. d.l. d.l.

JS-09 IV 2 416000 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.

JS-09 IV 2 454000 d.l. d.l. 15.9 d.l. 0.98 1.90 d.l. 33.6 d.l. d.l. d.l. d.l. d.l. d.l.

JS-09 IV 2 383000 d.l. d.l. d.l. d.l. d.l. 1.75 d.l. 22.8 d.l. 3.01 d.l. d.l. d.l. 35.2

JS-09 IV 2 428000 d.l. d.l. 12.6 d.l. d.l. d.l. d.l. d.l. d.l. 4.45 d.l. d.l. d.l. d.l.

JS-09 IV 2 424000 5.18 d.l. d.l. d.l. 1.18 d.l. d.l. 15.5 d.l. d.l. d.l. d.l. d.l. 43.5

JS-09 IV 2 453000 d.l. d.l. d.l. d.l. d.l. 5.48 d.l. 20.7 d.l. 7.15 d.l. d.l. d.l. d.l.

JS-09 IV 2 415000 d.l. 8.82 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.

JS-09 IV 2 384000 5.92 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.

JS-09 IV 2 422000 d.l. d.l. d.l. d.l. d.l. 3.86 3.27 d.l. d.l. d.l. 2.09 0.46 d.l. d.l.

JS-09 IV 2 415000 d.l. d.l. 20.0 d.l. 1.72 d.l. d.l. d.l. d.l. 4.24 2.12 d.l. d.l. 40.0

JS-09 IV 2 410000 d.l. 0.38 d.l. d.l. d.l. 3.11 2.71 15.6 d.l. d.l. d.l. d.l. d.l. 37.9

JS-09 IV 2 431000 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.71 d.l. d.l. d.l. d.l. d.l.

JS-09 IV 2 284000 2.74 d.l. d.l. 29.9 d.l. d.l. 3.18 d.l. d.l. d.l. 2.17 d.l. d.l. d.l.

CH-3 IV 2 437000 4.01 0.98 d.l. d.l. 1.73 d.l. 2.53 12.8 0.88 d.l. 2.91 d.l. d.l. 28.7

CH-3 IV 2 426000 4.26 d.l. d.l. d.l. 1.60 d.l. 2.57 d.l. 0.87 2.55 1.96 d.l. d.l. d.l.

CH-3 IV 2 466000 d.l. 0.45 d.l. d.l. d.l. 2.46 d.l. d.l. d.l. d.l. 4.76 d.l. d.l. 19.9

CH-3 IV 2 403000 d.l. d.l. d.l. d.l. 2.10 d.l. 6.67 d.l. 0.59 d.l. 4.29 d.l. d.l. d.l.

JS-09 IV 2 485000 d.l. 1.38 22.0 32.6 d.l. d.l. 8.91 25.9 0.38 d.l. 3.22 0.24 d.l. d.l.

CH-3 IV 2 450000 d.l. 21.5 d.l. d.l. d.l. d.l. d.l. d.l. 7.16 d.l. d.l. d.l. d.l. 55.3

CH-3 IV 2 458000 3.10 1.46 d.l. d.l. d.l. 2.33 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.

CH-3 IV 2 402000 2.29 0.31 d.l. 26.2 1.21 d.l. d.l. d.l. 0.28 d.l. d.l. 0.69 d.l. d.l.

CH-3 IV 2 389000 d.l. 6.16 d.l. 29.4 3.18 d.l. d.l. d.l. d.l. d.l. 3.11 0.31 d.l. d.l.

JS-09 V 2 411000 d.l. 2.52 14.6 d.l. d.l. 2.35 4.40 35.2 d.l. 3.66 d.l. d.l. d.l. d.l.

JS-09 V 2 397000 d.l. 1.38 22.7 d.l. d.l. d.l. 3.94 d.l. d.l. d.l. 0.96 1.62 1.15 d.l.

JS-09 V 2 343000 8.09 0.70 d.l. d.l. 2.19 d.l. 14.5 d.l. 1.34 d.l. d.l. 0.79 1.31 d.l.

CH-3 V 2 413000 29.5 0.77 d.l. d.l. 2.91 d.l. 3.64 d.l. 0.33 d.l. 2.25 1.86 1.44 d.l.

JS-09 V 2 456000 19.6 10.7 d.l. d.l. d.l. 5.22 d.l. 27.8 d.l. d.l. d.l. 1.01 1.81 23.5

CH-3 V 2 433000 26.3 3.56 21.7 28.1 6.27 1.29 12.7 55.5 d.l. d.l. 3.19 d.l. 1.89 d.l.

CH-3 V 2 497000 d.l. 7.31 d.l. 47.4 4.44 d.l. 12.4 45.3 15.2 d.l. 1.18 d.l. 3.37 d.l.

JS-09 V 2 452000 25.0 1.18 34.0 23.2 1.11 d.l. d.l. 9.83 0.54 d.l. 2.82 1.55 6.31 d.l.

CH-3 V 2 449000 97.6 5.93 d.l. 13.8 20.0 3.10 20.0 d.l. 3.30 10.3 2.24 0.61 6.63 d.l.

CH-3 V 2 440000 57.3 2.25 26.9 d.l. 1.05 d.l. 8.68 d.l. 1.83 3.21 1.24 d.l. 8.58 d.l.

CH-3 V 2 405000 126 10.0 21.6 61.7 5.37 d.l. 41.7 d.l. 5.09 19.7 2.26 0.75 10.3 102

JS-09 V 2 472000 162 1180 87.2 d.l. 1.72 1.05 3.37 d.l. 1.07 d.l. 7.05 0.82 10.5 d.l.

CH-3 V 2 394000 d.l. d.l. 17.7 d.l. 1.67 d.l. d.l. d.l. 0.43 d.l. 1.86 d.l. 24.5 d.l.

JS-09 V 2 448000 79.4 1.90 d.l. d.l. d.l. d.l. 24.0 39.5 2.51 5.44 d.l. 0.56 43.6 d.l.

CH-3 V 2 567000 671 13.5 d.l. 270 645 71.7 75.7 107 0.55 33.6 d.l. 7.32 53.5 d.l.

CH-3 V 2 482000 75.1 5.93 15.7 d.l. 2.16 1.19 d.l. 11.5 1.83 15.4 d.l. d.l. d.l. d.l.

CH-3 V 2 402000 d.l. 1.47 22.2 27.0 0.91 d.l. 3.26 17.6 1.47 d.l. d.l. d.l. d.l. d.l.

CH-3 V 2 405000 56.5 3.32 d.l. d.l. 3.56 2.32 5.87 d.l. 0.86 13.1 d.l. 0.80 d.l. d.l.

JS-09 V 2 422000 2.42 d.l. d.l. d.l. 1.74 d.l. 6.28 d.l. 0.78 5.92 d.l. 0.49 d.l. d.l.

JS-09 V 2 389000 5.92 2.86 d.l. d.l. d.l. d.l. 2.84 d.l. d.l. d.l. d.l. 0.42 d.l. d.l.

JS-09 V 2 386000 d.l. 0.58 d.l. d.l. d.l. d.l. 4.31 d.l. d.l. d.l. d.l. 0.63 d.l. d.l.

JS-09 V 2 421000 20.9 d.l. 12.7 d.l. d.l. d.l. d.l. d.l. 2.90 d.l. d.l. 0.86 d.l. 62.4

JS-09 V 2 446000 d.l. 0.42 d.l. d.l. 1.10 d.l. d.l. d.l. d.l. d.l. d.l. 0.66 d.l. d.l.

JS-09 V 2 352000 34.2 52.1 d.l. d.l. d.l. d.l. 4.26 d.l. 1.34 d.l. d.l. 0.30 d.l. d.l.
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