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ABSTRACT

The Geochemistry of Gold-Bearing and Gold-Aee Pyrite and Marcasite 
from the Getchell Gold Deposit; Humboldt County, Nevada

by

Kelli D. Weaver

Dr. Jean S. Cline, Examination Committee Chair 
Professor of Geoscience 

University of Nevada, Las Vegas

Pétrographie and geochemical investigations of pyrite and marcasite from the 

Getchell Carlin-type gold deposit show that elevated concentrations of a characteristic 

suite of trace metals correlate with ore-stage pyrite morphology. Secondary ion mass 

spectrometry analyses revealed a  significant positive correlation between As and Au in 

ore-stage Fe-sulfide minerals. High-resolution transmission electron microscopy 

analyses revealed that gold-bearing Fe-sulfide crystals are arsenic-rich marcasite, rather 

than pyrite. These analyses failed to identify gold as microinclusions in ore-stage 

pyrite/ marcasite, and support the conclusion that gold is present in solid solution.

Analyses reflect the chemistry of fluids responsible for precipitation of the pyrite 

and marcasite. Near stoichiometric, pre-ore pyrite precipitated fi'om fluids tfiat were 

not saturated in Hg, Tl, As, Cu, Au and Sb. Ore-stage pyrite textures suggest rapid 

precipitation ftom fluids that contained Tl, As, Cu, Au and Sb. Late-ore stage 

marcasite indicates that late fluids continued to transport significant As.

m
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CHAPTER 1 

INTRODUCTION

Nevada currently ranks third in the world for gold production, behind South 

Africa and Australia (Driesner and Coyner, 2001). In 2000, Nevada produced 8.6 million 

troy ounces of gold worth about $2.5 billion (Driesner and Coyner, 2001), a yield 

equivalent to almost 70% of the gold produced for the United States. This production 

was primarily from the sediment-hosted Carlin-type deposits of north-central Nevada, 

making Carlin-type gold deposits a significant source of world gold production.

The focus of this study is one of several Carlin-type gold systems located in 

north-central Nevada: tfie Getchell deposit, approximately 72 km northeast of 

Winnemucca, Nevada (Figure 1). Ore associated with Carlin-type gold deposits is 

characterized by decarbonatized and silicified sedimentary host rocks containing 

angstrom-sized gold particles (Bakken et al., 1989; Arehart et al., 1993a). The sub- 

microscopic gold commonly is included within arsenic-rich pyrite (Wells and Mullens, 

1973; Hausen, 1981, Hausen and Park, 1985; Bakken et al., 1989,1991; Arehart et al., 

1993a; Sha, 1993; Fleming and Bakken, 1995; Cline et al., 1997; Cline and Hofstra, 2000). 

This disseminated gold also is associated w ith orpiment; realgar, stibnite (Bagby and 

Berger, 1985), galkhaite (Tretbar et al., 2000) and jasperoid (Cline et a l, 1997). The 

highest concentrations of gold-ore mineralization a t Getchell are within, and related to, 

the h i^-ang le normal fault called the Getchell fault zone (joralemon, 1951).
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Location map of Caiiia and Getchell gold trends.

Elko Co.

Canmgoid 
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Humboldt Co
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Mountain

Eureka Co

Figure 1. Location map showing the Getchell and Carlin gold trends (modified from 
Haufi et al., 1990).

Gold was first discovered at Getchell in 1934 within the Getchell fault zone, on 

the northeastern flank on the Osgood Mountains. Production of the arsenic-enriched, 

oxidized gold ore began 1936, and between the years of 1936 to 1999 over two 

million ounces of gold were produced fi-om the Getchell property (Savio, 1999).

Despite the economic significance of the disseminated gold found a t Getchell 

and other similar deposits, die genesis of sediment-hosted Carlin-type gold deposits is 

poorly understood. Origins of auriferous fluids, precipitation mechanisms, and the 

age and timing of mineralization all have been topics of heated debate. The scarcity of 

minerals unequivocally related to the gold mineralization and the very finely
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crystalline nature of the ore-stage minerals have made the development of a detailed 

genetic model difficult

Previous studies a t Getchell indicate that gold is present in arsenic-rich rims on 

gold- and arsenic-free cores (Cline et al., 1997; Cline, 2001). In this study, the 

geochemistry of gold-bearing and gold-free pyrite and marcasite was examined closely 

to identify the trace-metal concentrations within Fe-sulfide minerals from the Getchell 

deposit Pétrographie analyses revealed textural relationships between gold-bearing 

and gold-free Fe-sulfide minerals. Electron microprobe analyses and secondary ion 

mass spectrometry were used to quantify major- and trace-metal compositions of ffie 

ore-bearing and gold-free Fe-sulfide minerals. Transmitted electron microscopy was 

used to determine how the gold is held within ttie Fe-sulfide mineral lattice.

Collectively, these results provide further information on fiie chemistry of the fluids that 

were responsible for precipitating and concentrating ffie gold-bearing pyrite and 

marcasite at the Getchell gold deposit
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CHAPTER 2

CARLIN-TYPE GOLD DEPOSITS

Characteristics of Carlin-Type Gold Deposits

Carlin-type gold deposits have been documented only in the western United 

States. However, Carlin-type deposits have been described in Peru (Alvarez and Noble,

1988), southern China (Ashley et al., 1991; Mao, 1991), Indonesia and southeast Asia 

(Sillitoe and Bonham, 1990; Garwin etal., 1995). Unfortunately, characteristic and 

descriptive data for most Carlin-type deposits outside of die western United States is 

not readily available.

The largest Carlin-type deposits in northern Nevada are located in three gold 

belts known as die Carlin trend, the Battle Mountain-Eureka trend, and the Getchell 

trend. The Carlin-type gold deposits within these trends are commonly aligned with 

and occur within a few hundred meters of large, h i^-angle normal faults (Rota, 1993; 

Arehart, 1996; Teal and Jackson, 1997) and are associated with decarbonatized and 

silicified host rocks (Bakken and Einaudi, 1986; Kuehn and Rose, 1995). The linear- 

trending mineralization may reflect the amount and orientation of mid-Tertiary 

extension and the regional-scale controls on fluid circulation and mineralization 

(Hausen and Kerr, 1968; Radtke, 1985; Rye, 1985; Maher e ta l, 1993). Fault zones 

provided the fracture system necessary for ttie transportation of hydrothermal solutions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



through the host rock (Radtke and Dickenson, 1976; Adkins and Rota, 1964; Rota, 1993; 

Arehart, 1996).

Calcareous and fine-grained siliciclastic lithologies that favor Carlin-type gold 

mineralization are extensively silicified and decarbonatized, and ttiey are gold-enriched 

through sulfidation (Hofstra etal., 1991; Stenger et al., 1997; Teal and Jackson, 1997). 

Carlin-type mineralization is characterized by significant décalcification, causing host- 

rock mass loss. Décalcification is then followed by the addition of 20 to 99 weight- 

percent silica (Radtke et al., 1960; Bakken, 1990; llchik, 1990; Sillitoe and Bonham, 1990; 

Kuehn and Rose, 1995; Hofstra, 1994; Arehart, 1996; Teal and Jackson, 1997) in many 

deposits. Rocks peripheral to die decarbonatized and silicified gold-bearing zones in 

Carlin-type deposits typically remain calcareous and contain gold concentrations 

several orders of magnitude below concentrations found in the adjacent mineralized 

zones (Radtke et al., 1980; Christensen, 1993; Arehart, 1996).

Carlin-type gold occurs as angstrom-sized particles disseminated within 

sedimentary host rocks (Hausen and Kerr, 1968; Radtke, 1985; Bakken et al., 1989; 

Bakken, 1990; Arehart et al., 1993a; Arehart, 1996). This angstrom-sized gold is present 

commonly within arsenic-rich Fe-sulfide minerals ttiat typically form rims on arsenic- 

and gold-poor pyrite cores (Wells and Mullens, 1973; Radtke, 1985; Bakken, 1990; 

Arehart et al., 1993a; Fleet and Mumin, 1997). Gold-bearing rims on pyrite typically 

contain 1 to 10 percent As and an accompanying accessory suite of trace metals that are 

10 to over 1000 times enriched above host-rock background levels (Wells and Mullens, 

1973; Arehart et a l, 1993b). Trace metals identified as associated with disseminated 

gold mineralization were incorporated into the sulfide crystals during ore deposition.
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and they include Au (Hausen, 1961; Hausen and Park 1965; Radtke, 1985; Bakken etaL, 

1989; Arehart et aL, 1993a), As (Wells and Mullens, 1973; Radtke, 1985; Landis and 

Hofstra, 1991; Arehart et al., 1993a), Hg, Sb, and Tl (Hausen and Kerr, 1968; Radtke, 

1985; Irkamuddin et al., 1996; Fleet and Mumin, 1997) and Cu (Fleet et al., 1989).
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CHAPTERS

THE GETCHELL GOLD DEPOSIT

Location and General Regional Geology

The Getchell gold deposit is located in the Basin and Range Province of nortitem 

Nevada, approximately 72 km nortiieast of Winnemucca, Nevada. The Getchell mine 

lies along the northeastern flank of the Osgood Mountains in the northern end of the 

Getchell trend. Getchell consists of 3 open pits and an underground mine below these 

pits. The Getchell property also contains the Turquoise Ridge gold deposit that lies a 

few hundred meters east of the Getchell gold mine.

The major structural features in the Getchell mine region include the Roberts 

Mountain thrust (Merriam and Anderson, 1942; Joralemon, 1951; Roberts et al., 1958; 

Berger and Taylor, 1980), which is associated with latest Devonian or early 

Mississippian contraction (Roberts e t a l, 1958), and tectonic features related to mid- 

Tertiary extension (Joralemon, 1951; Hofstra et al., 1999). During early Paleozoic time, 

the area lay along the western passive margin of Laurentia (Stewart and Suczek, 1977; 

Speed, 1979). The Antler orogenic event of latest Devonian or early Mississippian age 

emplaced Paleozoic, siliceous, deep-marine sediments and marine volcanic rocks 

eastward over Cambrian and Ordovician shallow-water, carbonate sedimentary units 

(Roberts et al., 1958). This tectonic event involved the collision and accretion of a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8

volcanic arc system onto ttie western margin of ttie North American plate that generated 

a series of imbricated thrust faults and folded the underlying Paleozoic sediments into a 

series of isoclinal and drag folds (Stewart, 1978; Coney, 1978). This orogenic activity 

formed the regionally extensive Roberts Mountain thrust system (Joralemon, 1951; 

Roberts et al., 1958).

The Antler orogeny was followed by the late Permian to early Triassic Sonoma 

orogpny (Miller et a l, 1984; Saleeby and Busby-Spera, 1992). The tectonism of the 

Sonoma orogeny involved the subduction, collision, and accretion of the Sonomia 

microplate onto the deformed western margin of North America. The period of time 

between the late Permian to early Triassic involved periods of complex sedimentation, 

deformation, and igneous activity within die continental foreland (Speed, 1979; Saleeby 

and Busby-Spera, 1992).

The compressional regimes of the mid-late Jurassic to mid-Cretaceous Sevier 

orogeny involved coincident magmatism and eastward contraction of terranes that were 

accreted during the earlier Antler and Sonoma orogenies (Miller et al., 1992; Dickinson, 

1992). Both the Sonoma and Sevier tectonic events led to over 100 km of crustal 

shortening in portions of Nevada and Utah and resulted in scattered plutonism across 

the nordiem Great Basin (Miller et al., 1988). During the late Cretaceous (-90 Ma), large 

granodiorite plutons and andésite dikes intruded the accreted terranes causing regional 

metamorphism of the surrounding carbonate host rock and formed tactite-tungsten, and 

woUastonite-homfels-marble facies ore-bodies (Getchell Gold Corporation, 1997).

Approximately 42 Ma, major mid-Tertiary extension was initiated (Cans et al.,

1989). This extensional event produced highly complex systems of Basin and Range
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structures that extend for more than 1500 km along the western Cordillera of North 

America (Stewart, 1978; Seedorff, 1991; Fricke et a l, 1992).

Getchell Stratigraphy

The sedimentary units that are exposed in the Osgood Mountains and within the 

Getchell mine range in age from early Cambrian to early Silurian. These units occur in 

two distinct fault-bounded terranes (Figure 2): the Osgood and Getchell terranes 

(Madden-McGuire and Marsh, 1991). These terranes are lithologically and structurally 

distinct and represent two different stratigraphie successions (Madden-McGuire and 

Marsh, 1991).

Osgood Terrane

The lower Cambrian to lower Ordovician Osgood terrane consists of the Osgood 

Mountain Quartzite, ttie intensely deformed and regionally metamorphosed 

sedimentary rocks of the Preble Formation, and some of the rocks currently mapped as 

the Comus Formation (Madden-McGuire and Marsh, 1991).

The Osgood Mountain Quartzite is composed predominantly of well-sorted, 

quartz-rich metamorphosed sandstone, but also contains very poorly sorted feldspathic- 

rich successions (Ferguson e t a l, 1951; Hotz and Willden, 1964; Madden-McGuire and 

Marsh, 1991). The uppermost part of this unit is characterized by interbedded shale, 

which marks the gradational transition between Osgood Mountain Quartzite and ttie 

overlying Preble Formation (Hotz and Willden, 1964; Erickson and Marsh, 1974). The 

Preble Formation, first named by Ferguson e t al. (1951), is host to gold ore in the
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Figure 2. Tectono-stratigraphy of Getchell mine area, adapted from Silberman et a l 
(1974), Berger and Taylor (1980), Madden-McGuire and Marsh (1991), and Groff et al. 
(1997).
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Getchell underground deposit Locally, it consists of metamorphosed and intensely 

deformed shale interbedded with limestone and sandstone (Rees and Rowell, I960; 

McCollum and McCollum, 1990; Madden-McGuire and Marsh, 1991).

Comus Formation

The Comus Formation, which also was named by Ferguson et a l (1951), is a 

fault-bounded lithologie package that structurally overlies the upper portion of the 

Osgood terrane, and is structurally situated below the Getchell terrane (Madden- 

McGuire and Marsh, 1991). At its type locality, the Comus is middle Ordovician in age 

(Erickson and Marsh, 1974; Madden-McGuire and Marsh, 1991), but the age may range 

into the late Ordovician (Berger and Taylor, 1960).

Although the Comus Formation lithologically resembles the Preble Formation, 

the Comus Formation contains more limestone, is less deformed, and is not as intensely 

regionally metamorphosed as die Preble Formation (Madden-McGuire and Marsh,

1991).

Getchell Terrane

The Getchell terrane (Madden-McGuire and Marsh, 1991) structurally overlies 

the Comus Formation and is composed of rocks assigned to the Valmy (Hotz and 

Willden, 1964; Madden-McGuire and Marsh, 1991) and Vinini (Merriam and Anderson, 

1942; Erickson and Marsh, 1974; Madden-McGuire and Marsh, 1991) formations. The 

Valmy Formation consists of interbedded chert quartzite, argillite, slate, and basalt with 

poorly preserved pillow structures and volcanic breccia (Madden-McGuire and Marsh, 

1991). The age of the unit is constrained to early to late Ordovician (Hotz and Willden, 

1964; Madden-McGuire and Marsh, 1991). Furtfier studies conducted by Madden-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

McGuire and Marsh (1991) determined that the Valmy is possibly the rem nant of a 

much more extensive thrust sheet

The Vinini Formation, originally defined by Merriam and Anderson (1942), was 

determined to be late Ordovician to early Silurian in age by Finney et al. (1989). The 

Vinini Formation is composed of thinly bedded chert, vanadium-enriched shale, and 

fine-grained quartzite (Hotz and Willden, 1964; Erickson and Marsh, 1974).

The rocks mapped as the Valmy and Vinini are not as deformed nor as 

metamorphosed as die rocks in the Osgood terrrane. Additionally, the folds in the 

Valmy and Vinini formations are more open and plunge and trend to the southeast in 

contrast to the north-plunging, tight folds in die Preble and Comus (Madden-McGuire 

and Marsh, 1991). The Valmy and Vinini crop out at the Getchell mine but are not 

generally mineralized.

Granodiorite Intrusion

The Osgood Mountains of eastern Humboldt County, Nevada, are composed in 

part of a 92 Ma granodiorite stock and associated andésite porphyry dikes (Silberman et 

al., 1974; Groff e ta l, 1997) diat intruded the intensely folded and thrust-faulted lower 

Paleozoic sedimentary units (Silberman et al., 1974). The emplacement of the dikes was 

controlled in part by the nordierly striking Getchell fault zone (Berger and Taylor, 1980). 

Many of the Osgood Mountain andésite dikes were deformed and hydrotiiermally 

altered by subsequent faulting and hydrothermal fluid movement along the Getchell 

fault
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The intrusion of the stock and dikes into the lower Paleozoic sedimentary units 

produced homfels, marble, and tungsten-molybdenum skam deposits (Getchell Gold 

Corporation, 1997). The shaley limestone, skam, marble, and other meta-sedimentary 

calc-silicate rocks form the protoliths upon which the later gold mineralization was 

superimposed (Joralemon, 1951; Hotz and Willden, 1964).

Structural Controls of the Getchell Au deposit

Regionally, the Roberts Mountain thrust emplaced rocks of die Getchell terrane 

over Osgood terrane. The thrust itself was most likely not a  single dirust shee^ but 

consisted of numerous imbricate slices that have, in some areas, shuffled isolated slabs 

of lower plate rocks between upper plate thrust slices (Adkins and Rota, 1984).

The Getchell fault zone is a north-northwest striking, northeast dipping complex 

of anastomosing faults with strike-slip and dip-slip motion that extend for more than 25 

km (Joralemon, 1951; Silberman et al., 1974). This major fault zone crosscuts the Preble 

and Comus sedimentary assemblages and the Roberts Mountains thrust fault 

(Joralemon, 1951; Berger and Taylor, 1980). The Osgood Mountain granodiorite is also 

displaced by die fault, showing that the latest movement on die fault was less than 92 

Ma.

Carlin-Type Gold Mineralization at Getchell

Gold mineralization at Getchell is restricted to calcareous siltstone, silty 

carbonate, calcareous shale, and limestone units within die Preble Formation 

(Joralemon, 1951; Hotz and Willden, 1964; and Berentsen et al., 1996).
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The largest gold-ore bodies at Getchell are linear zones aligned widtin major 

northwest faults related to the trend of Getchell fault zone (joralemon, 1951; Berger and 

Taylor, I960; Getchell Gold Corporation, 1997). The disseminated gold is especially 

concentrated within the Getchell fault zone where the fault is crosscut by other fault 

zones (Berentsen e t a l, 1996; Getchell Gold Corporation, 1997).

Unoxidized ore a t die Getchell gold mine is generally characterized by pyrite, 

marcasite, and jasperoid quartz mineralization, and low-temperature arsenic minerals 

(joralemon, 1951; Groff et al., 1997; Cline et a l, 1997). Two episodes of sulfide 

mineralization are readily visible as early arsenic- and gold-dee pyrite and later arsenic- 

and gold-rich, Fe-sulfide minerals (Getchell Gold Corporation, 1997; Cline and Hofstra, 

2000). Gold is disseminated within arsenic- and trace element-rich Fe-sulfide rims and 

crystals (Joralemon, 1951; Cline et al., 1997; Cline and Hofstra, 2000). The Fe-sulfide 

content of the mineralized sedimentary rock units of the Getchell mine typically range 

from 1 to 6% (Getchell Gold Corporation, 1997). The average ore grade mined ft’om ttie 

Getchell underground is 0.335 o z/ ton (Getchell Gold Corporation, 1997).

Historically, much of the uncertainty about ttie age of Carlin-type gold 

mineralization was related to the difficulty in identifying dateable minerals ttiat are 

clearly of hydrothermal origin and temporally associated with gold. According to 

Joralemon (1951) and Cline and Hofstra (2000), the bulk of the economic gold at Getchell 

is localized in the Getchell fault zone, which crosscuts the 92 Ma granodiorite stock 

(Silberman et al., 1974). Additionally, altered and mineralized dikes are located within 

the ore zones at G etchell suggesting that the gold deposit at Getchell is younger than

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

the 96,95, and 92 Ma altered and mineralized basalt dikes dated by Groff et a l (1997).

More recent work and review of ages for Carlin-type gold mineralization 

suggests that most gold was deposited between 42 and 30 Ma (Hofstra et a l, 1999). 

Galkhaite ffom Getchell was recently dated using Rb-Sr at 39.0 ± 2.1 Ma (Tretbar et al., 

2000). The Tretbar e t a l (2000) study demonstrates that galkhaite is a gold-ore stage 

mineral, and that gold and minerals associated with the gold precipitated at the Getchell 

deposit between 37-41 Ma.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4

SAMPLING AND ANALYTICAL METHODS

The purpose of this study is to identify the pétrographie characteristics and trace 

element compositions of the Fe-sulfide minerals ffom the Getchell underground mine. 

Samples were collected from ttie northwest, main, and south ore zones of the Getchell 

underground mine (Figure 3). A total of -"1400 underground core samples representing 

70 drill-hole transects were selected ffom these three regions. Samples were selected 

ffom cores exhumed from ttie operating underground mine, and ffom rocks held in 

storage at ttie mining facility (Appendix 1). The samples are ffom mine depths ranging 

ffom 5100' asl (feet above sea level) to 4655' asl. Core length, lithologie competence, and 

composition of the core determined die number of samples collected within each 

transect

Samples were collected over a large area of the mine to compare mineral 

assemblages in ore and non-ore specimens and to observe mineralogical variations. In 

particular, samples were selected for analyses using the following criteria:

1. visible pyrite in samples ttiat contained h i ^  Au (> 0.2 oz/ton).
2. high assays (> 0.2 oz/ ton) and soofy pyrite.
3. crosscutting mineral relationships in hand specimen.
4. assays indicated low to nil Au (< 0.1 oz/ton) and visible pyrite present
5. assays indicated low to nil Au (< 0.1 oz/ton) and no visible pyrite present
6. alteration such as decarbonatization or silicification present, associated w ith 

high-grade assay values.
7. carbonaceous and calcite-rich samples with low to nil Au and little to no 

evidence of silicification.

16
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Based on these criteria, 32 samples from 9 transects ttirough ore-grade zones 

were selected for ttiin section preparation. Fire-assay analyses conducted by the 

Getchell laboratory determined that the gold content in the selected samples varied 

from 0.0 oz/ton to 1.4 oz/ton.

ANALYTICAL METHODS

Pétrographie Analyses

To construct the mineral paragenesis and discern morphologically distinct pyrite 

populations, 32 polished thin sections were examined using transmitted and reflected 

light microscopy (Appendix 2). Petrography was used to identify mineral textures and 

crosscutting relationships between ttie minerals.

Electron Microprobe Analysis (EMP)

To determine the trace element composition of the pyrite populations, twenty- 

one polished thin sections were carbon coated and analyzed with a JEOL jXA733 

microprobe at the University of New Mexico, Department of Earth and Planetary 

Science (Appendix 2). Reference profiles were collected on standards and 

correction factors calculated by analyzing secondary standards close in composition to 

the unknown material, where possible.

Correction factors were calculated for major elements Fe and S, and trace 

elements Pb, Hg, and Zn on natural standards of Taylor pyrite, galena, cinnabar, and 

sphalerite, respectively. Co, Ni, Cu, Au, Ag, and Mo were measured on pure element
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standards only. Acceleration voltagps used on ttie pure element standards were 

performed at 25kV with -30 nA beam current Higher acceleration voltage and longer 

residence times were necessary to obtain acceptable trace element totals.

The elements As, Tl, and Sb were measured on synthetic standards of GaAs, 

H O , and SbzTeg, respectively. The acceleration voltages used to determine Tl and Sb 

were 25kV with -30 nA beam current Due to the high absorption by As and the 

volatilization of S, lower residence times and acceleration voltages (20kV a t -30 nA) on 

the synttietic standard GaAs were necessary for S and As analyses. Detection limits of 

one standard deviation for all elements analyzed are given in Appendix 3. The lowest 

total obtained and used in this study was 95.00 wt.%.

Secondary Ion Mass Spectrometry (SIMS)

Ion probe microanalysis was used to quantify submicroscopic gold and arsenic 

in pyrite, marcasite, and realgar in five samples (Appendix 2). A total number of 41 

points approximately 20pm in diameter were analyzed using a Cameca lMS-3f ion 

microprobe at AMTEL in Ontario, Canada

Experimental parameters and samples analyzed by ion microprobe analysis are 

shown in Table 1. The standard for gold was natural pyrite implanted with i*^Au, and 

an arsenian pyrite standard was used for As. The primary beam diameter and analysis 

crater for the quantitative analysis is approximately 20 pm. Crystal sizes of the pyrites 

analyzed by SIMS were fypically much smaller than 100 pm in diameter. Many of the 

pyrite crystals were smaller than 20 pm, which likely led to dilution of As and Au in the 

pyrite by minerals adjacent to pyrite crystals chosen for SIMS analysis.
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Samples Analyzed
UC1075-4655-164.00-06-86 UC0606-5000-184.00-15-157 UC0519-4850-173.50-15-62 
UC1079-4850-181.50-38-197 UC1084-4850-181.50-41-197

General Param eters [

Instrum ent Cameca IMS-3f ion microprobe
Standardization External (ion im plantation) Au im planted in pyrite, 

and As-rich pyrite.

Ion M icroprobe O perating Conditions |

Beam source Cs+
Secondary-ion polarity negative 1
Primary beam current 20 - 25nA
Im pact energy (prim ary ions) 14.5 KV
Sample charge com pensation none
Primary beam diam eter 20 pm
Crater (analysis area) diam eter 20 pm
Mass interference '^C sS 2 , '^FeA s2  elim inated by -180V energy offset
Minimum detection limits 150 ppb
Depth of analyzed profile 0.8 -1 .2 pm
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Further details of the quantitative analytical procedures and standardization are given 

by Chryssoulis (1989,1990).

The depth profiling capability of the ion microprobe permits the identification of 

subsurface, submicrometer-scale mineral inclusions. Depth profiling, or "sputtering", 

gradually removes material from the sample surface and creates a  crater. Au inclusions 

as small as about 100 angstroms (0.01 pm) can be detected by in-depth profiling, 

allowing identification of colloidal gold that is dispersed in the Fe-sulfide minerals 

(Chryssoulis, 1989,1990).

HRTEM

Preliminary high-resolution transmission electron microscopy (HRTEM) was 

conducted at the University of New Mexico Department of Earth and Planetary Science 

by Dr. Huifang Xu. HRTEM was conducted to determine the crystal chemistry of the 

Au- and As- bearing ore-stage Fe-sulfide minerals.

For HRTEM investigation, three pétrographie thin sections were prepared with 

doubly polished surfaces (Appendix 2). Suitable pyrite minerals were then selected 

with the pétrographie microscope and were mounted on Cu grids. The specimens 

chosen for HRTEM analyses were thinned with an Ar ion mill and then coated with a 

thin carbon film. The high resolution TEM study was performed w ith the SEM2010 

HRTEM, operated a t 200kV. Energy dispersive spectra (EDS) were collected with LINK 

ISIS system software for the HRTEM (Xu and Veblen, 1995).
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Cathodoluminescence

Cathodoluminescence (CL) analysis was conducted at ttie Universify of New 

Mexico Department of Earth and Planetary Science. A JEOL 5800LV SEM equipped 

with secondary and back-scattered electron and CL imaging detectors was used to 

distinguish regions containing visibly different populations of quartz and calcite within 

ore-stage and late-ore stage assemblages.

Although reflected light transmitted light and EMP can allow optical and 

chemical identification of minerals, these analyses are incapable of imaging the internal 

crystal structures of minerals such as quartz and calcite. In minerals ttiat luminesce, 

imaging readily resolves growth zones, because the CL detector provides good spectral 

response across the visible range into the near UV and IF wavelengths (Kearsley and 

Wright, 1988). By linking characteristic spectral intensities of CL emission to the trace 

element content of individual growth zones, cathodoluminescence can be used to 

identify discrete events during mineralization (Kearsley and WrighL 1988).

Statistical Analysis

Statistical analyses were conducted at the Harry Reid Center, University of 

Nevada, Las V e^s. STATISTICA for Windows, Excel, and FOX PRO software were 

used to statistically distinguish ttie pyrite populations. Data of major elements Fe and S, 

and trace elements Pb, Co, Hg, Ag, TT, Ni, As, Cu, Sb, Zn, and Mo obtained through 

EMP analyses, were used to generate correlation matrices. The trace element data were 

then analyzed further using K-means clustering (STATISTICA for Windows, 1995, V. Ill: 

Statistics, 2»«* Edition, StatSoft Incorporation., p. 3197 -  3234).
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CHAPTERS

MINERAL PARAGENESIS 

Pétrographie, electron microprobe, SIMS, and TEM analyses provided a basis for 

developing the paragenetic study of the Fe-sulfide minerals at Getchell. The 

combination of analyses provided data necessary to distinguish different Fe-sulfide 

mineral populations, identify Fe-sulfide populations associated with gold, and quantify 

trace elements associated with the gold mineralization event Gold assays, EMP and 

SIMS analyses were used to distinguish between gold-poor and gold-bearing Fe-sulfide 

minerals.

Crosscutting relationships, open-space filling textures, crystal-growth patterns, 

overgrowth textures, and other textural relationships were used to identify temporal 

relationships between minerals. Analyses and textural relationships led to identification 

of pre-ore stage (Stage 1), ore-stage (Stage 2), and late-ore stage (Stage 3) assemblages. 

The following abbreviations are used in figures throughout this chapter: UC sample 

identification numbers for photomicrographs (see Appendix 2), RL = reflected ligh t TL 

= transmitted light, PPL = plane-polarized light; CPL = crossed polarized light, SEI = 

scanning electron image, and BEI = backscattered electron image.

23
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Stage 1 — Pre-Ore Stage Mineral Assemblage

The pre-ore stage mineral assemblage present in the Getchell underground mine 

is chiefly characterized by two types of calcite (Cla, Clb), two types of pyrite (Pla, Plb), 

vein quartz (Ql), barite (61), and apatite. These minerals formed at different times and 

occur in a  distinctive paragenetic sequence (Table 2). Gold is not present in this 

assemblage

Stage 1 Pre-Ore M ineral Paragenesis

Calcite (Cla) Cla
(host limestone)
Pyrite la  (Fla) p ia
Diagenetk (?) Pyrite '
Vein Quartz (Ql) ■

ClbCalcite (Clb) 
Pyrite lb  (1 
Barite (FI)
Pyrite lb  (Plb)

  81

T im e----------------- >

Table 2. Paragenetic sequence observed for pre-ore minerals.

Calcite fClal

C la calcite occurs in meta-sedimentary rocks that were not silicified, and 

appears to be original limestone groundmass. This limestone protolith often exhibits 

relict sedimentary bedding. The C la limestone groundmass (Figure 4) is very finely 

crystalline, is typically peppered with unidentifiable opaque minerals, and often 

contains vugs that may have contained other early minerals or from which calcite may 

have been dissolved.
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Figure 4. TL, CPL photomicrograph showing C la calcite with vugs in ttiin section 
UC1079-4850-181.50-38-85.

Pre-ore Pvrite iP la and Plb)

Pre-ore stage P la and Plb pyrite are generally coarse and euhedral to subhedral 

in shape. Both types exhibit typical cubic forms, high polish, high relief, and have a 

bright yellowish-white color (Figures 5 and 6). P la pre-ore pyrite (Table 2) generally 

occurs as euhedral to subhedral crystals that are typically located along relict bedding 

planes within meta-sedimentary host rock that may be calcite-rich to very slightly 

silicified. Pla pyrite commonly exhibits evidence of chemical reaction and partial 

dissolution and replacement forming atoll structures and vugs in the limestone 

groundmass. P lb pyrite occurs as euhedral to subhedral crystals enclosed in altered
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Figure 5. RL photomicrograph of thin section UC10794850-181.50-38-421 showing 
euhedral P la pyrite w ithin C la calcite groundmass.

Figure 6. RL photomicrograph of thin section UC1079-4850-181.50-38-441 showing Plb 
euhedral pyrite within altered dike groundmass.
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dacite porphyry groundmass; the crystal surfaces generally appear fresh and 

uncorroded.

Vein Quartz lOll

Q l vein quartz is coarsely crystalline, commonly exhibits undulatory extinction, 

and is generally free of opaque mineral inclusions (Figure 7). These quartz crystals are 

anhedral and often contain trails of very small, abundant, secondary fluid inclusions 

following fractures. These fluid inclusion trails give the quartz crystals a "wispy" 

appearance. Phases observed within the fluid inclusions include vapor, liquid, + /- solid 

inclusions. These fluid inclusions are approximately 2.5 pm in diameter.

Figure 7. TL, CPL photomicrograph of tfiin section UC1079-4850-181.50-38-85 showing 
C la groundmass limestone, Pla pyrite, C lb  clean calcite, and Q l quartz.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



28

Q l quartz veins may have formed in association with the granodiorite intrusion 

and/ or the related dikes (Cline and Hofstra, 2000). The Q l vein quartz typically 

contains ovoid apatite inclusions (Figure 8). Q l vein quartz crosscuts and fills vugs in 

the C la limestone. Q l quartz also often encompasses P la pyrite.

Apatite

Commonly observed as small inclusions in Q l vein quartz, apatite is present in 

the form of small ovoid crystals, ^ 5  pm in diameter, and occasionally 50 pm in length 

(Figure 8). L i^ t green in color and "potato-shaped", ttiis mineral is not uniformly 

dispersed within the Q l quartz (Figure 8).

Figure 8. TL, PPL photomicrograph of thin section UC1079-4850-181.50-38-85 showing 
apatite mineral inclusions within Q l vein quartz.
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Calcite fClbl

C lb calcite is locally present and is a rare form of secondary calcite that is 

coarsely crystalline, "clean", and free of opaque mineral inclusions. This calcite contains 

two-phase (liquid plus vapor), rectangular, secondary fluid inclusions that are 

approximately 5 pm or less in size (Figure 9). The calcite is locally observed near or 

adjacent to corroded crystal boundaries of P la pyrite, or filling vugs in C la.

Figure 9. TL, PPL photomicrograph of thin section LfC1079-4850-181.50-38-85, showing 
C lb calcite, adjacent to a mass of P la  pyrite, and a mass of C la calcite. Small, 
rectangular fluid inclusions are visible within the C lb  calcite crystal.
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Barite (Bl)

Barite crosscuts C la limestone matrix and encompasses P la pyrite crystals. The 

barite contains many two-phase, liquid plus vapor fluid inclusions, generally < 2 pm in 

size (Figure 10). The fluid inclusions are unevenly distributed through the crystal and 

are not observed in growth zones. The barite crystal boundaries commonly exhibit 

vermicular intergrowths with C lb calcite. Additionally, barite conunonly contains 

apatite inclusions.

Figure 10. TL, CPL photomicrograph of thin section UC1079-4850-181.50-38-85 showing 
apatite inclusions within barite. The largest solid apatite inclusion measures alm ost 175 
pm in diameter.
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Discussion of Pre-Ore Paragenesis

Pre-ore mineralization contains minerals that formed in igneous and 

sedimentary environments and encompasses more than one single geologic event The 

euhedral to subhedral shape of the Pla pyrite, and location along relict beds within 

calcite-rich to very slightly silicified meta-sedimentary host rocks suggests a diagenetic 

origin for the pyrite.

Q l quartz veins were precipitated within fractures in the C la limestone host 

rocks after formation of Pla diagenetic pyrite. Precipitation of Q l vein quartz was 

probably related to fluids produced by the intrusion of the granodiorite (Cline et al., 

1997). The processes that initiated the precipitation of Ql could also have triggered the 

partial dissolution of the limestone groundmass and Pla, thus, liberating the P la pyrite 

and allowing it to be locally encapsulated by the Q l quartz. P lb  pyrite is not 

encapsulated by Q l quartz and is related to the later andésite dikes, which crosscut the 

granodiorite.

Following the deposition of the Q l quartz veins, small amounts of C lb and 

barite were locally precipitated in the open spaces and within the corroded P la  pyrite 

crystals. Owing to the irregular distribution and rounded form of some of the apatite 

crystals within barite and Q l quartz; they likely are inherited detrital crystals (Cline and 

Hofstra, 2000).

Stage 2 -  Ore-Stage Mineral Assemblage

Ore-stage mineralization is characterized by the alteration of the host rocks from 

limestone to jasperoid quartz. The Stage 2 assemblage is composed of four populations
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of pyrite (P2a, P2b, P2c, and P2d), three forms of jasperoid quartz (Q2a, Q2b, and Q2c), 

and the mineral galkhaite (G2). These minerals exhibit the following paragenetic 

sequence (Table 3).

Stage 2 Oie-Stage M ineral Paragenesis

Jasperoid Quartz (Q2)  ^  —

2a Pyrite (P2a) — —
O P2b 9

O 9  P2c o  9

2b Pyrite (P2b)

2c Pyrite (P2c)

2d Pyrite (P2d)

Galkhaite (G2) • ? -----— ----- ?

P2d

Time

Table 3. Paragenetic sequence observed for ore-stage minerals.

Ore-Staee Fe-Sulfide Minerals iP2a. P2b. P2c. and P2dl 

The ore-stage Fe-sulfide minerals in the Getchell underground deposit typically 

occur within the decarbonatized and silicified meta-sedimentary rocks of the Cambrian 

Preble Formation. Four distinct populations of As-bearing Fe-sulfide minerals were 

identified by microscopy, EMP, and SIMS analyses. Gold-ore stage Fe-sulfide minerals 

occur as anhedral rims that have overgrown non-ore. Stage 1 Fe-sulfide minerals, or 

occur as finely disseminated framboid-like crystals. Abundant ultra-fine crystals of 

pyrite and marcasite give the ore-bearing rocks a dark, soofy appearance (Fleet and 

Mumin, 1997). Petrographically, ore-stage Fe-sulfide minerals exhibit anisotropy typical 

of both pyrite and marcasite and therefore, are referred to as pyrite/marcasite or ore-
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stage Fe-sulfide minerals.

Pyrite/Marcasite (P2a)

P2a sulfide overgrowth rims on non-ore pyrite cores are generally 2-5 pm thick. 

This type of Fe-sulfide rim  exhibits a poor polish and low polishing relief in contrast to 

the PI pyrite core. P2a rim-forming Fe-sulfide minerals are unzoned, form sharp 

contacts with the core, and have a porous or spongy appearance (Figures lla-c).

Pyrite/Marcasite (P2b)

P2b pyrite/ marcasite minerals exhibit spherical framboid-like morphologies that 

are generally ^  pm in diameter. Some appear as porous piffi-balls and contain a low 

relief "hole" in the center. The porous or spongy appearance results from an uneven 

polish. This Au-bearing sulfide mineral commonly is disseminated throughout ttie 

jasperoid groundmass (Figures lla-c).

Figure 11a. RL photomicrograph of thin section U00606-5000-184.00-15-157 showing 
P la or b pyrite core rimmed by ore-grade P2a. Rim is approximately 2 pm in diameter. 
The ore-stage P2a and P2b pyrite/ marcasite is enclosed in Q2 jasperoid quartz.
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Figure 11b. RL photomicrograph of same Fe-sulfide crystal in Figure 11a at lower 
power; framboid-like crystals of F2b pyrite/marcasite are visible in surrounding Q2 
jasperoid groundmass.

Figure 11c. BEI of P la or b pyrite core rimmed by P2a pyrite/marcasite in thin section 
UC0606-5000-184.00-15-157. Note the textural differences between the PI a /b  core, the 
ore-stage P2a rims, and the P2b framboids.
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Pyrite/Marcasite (P2c)

Type P2c Fe-sulfide minerais form a second, very different type of rim. These 

rims, normally not visible with reflected light; become barely visible under reflected 

light in carbon-coated samples. The carbon coating gives the rims a very faint 

brownish-yellow color. The rims are unzoned and are h i^ ily  visible under BEI and SEI 

because of the compositional differences ffom the cores. The polish, relief, and texture 

of this Fe-sulfide rim are similar to the core pyrite and the rims do not have a porous or 

spongy texture like the P2b pyrite/ marcasite rims. The core pyrite is typically anhedral, 

rounded, and rarely, more porous than the rims. The P2c rims are the thickest rims 

observed, reaching 12 pm (Figure 12).

i

Figure 12. BEI of P la or b pyrite core rimmed by high-grade P2c pyrite/marcasite in 
thin section UC0845-4850-160.00-13-32. Note the lack of textural relief between core 
pyrite and pyrite/m arcasite rim. Bright white region is a vein of late-ore stage R3 
realgar.
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Pyrite/Marcasite (P2d)

The fourth type of ore-stage pyrite is the most abundant and most 

morphologically distinct Fe-sulfide mineral present in the ore-stage minerals. P2d 

crystals are typically pink-brown to brownish-yellow in color and form large, 

irregularly shaped, coarse sulfide masses ranging in size from less ttian 5 pm to greater 

than 1000 pm. P2d pyrite/ marcasite crystal surfaces have a good to poor polish and 

exhibit a cracked and porous texture (Figure 13). Faint py rite /marcasite rims are 

occasionally observed; these rims are commonly 1 pm in thickness and are barely visible 

by BEI. Murowchick (1992) concluded that pyrite/marcasite crystals with porous and 

cracked textures may have formed by inversion of marcasite to pyrite. Pyrite/ marcasite 

inversion yields pyrite with an overall shape similar to the original marcasite crystal.

Figure 13. RL photomicrograph of thin section UC1079-4580-181.50-38-197 showing P2d 
porous pyrite/ marcasite, within Q2 jasperoid quartz. Note the slightly lighter colored
runs.
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pores oriented along crystallographic axes, and crimson anisotropy (Murowchick, 1992). 

These attributes were not observed with P2d Fe-sulfide minerals in this study. The 

observed textures for P2d Fe-sulfide mineral masses suggest formation by intergrowth 

and agglomeration of irregularly shaped Fe-sulfide crystals.

lasperoid Quartz (02)

Several stages of jasperoid quartz make up the most abundant mineral in the 

ore-stage assemblage. The term "Q2" is used as a general term for all ore-stage 

jasperoid quartz (Table 3). Jasperoid quartz is an ore-stage mineral because ore-stage 

Fe-sulfide minerals are encompassed solely by ore-stage jasperoid. The ore-stage 

jasperoid quartz typically contains unidentifiable opaque solid inclusions and variable 

amounts of calcite and apatite as inclusions. Q2 typically exhibits a reticulate, jig-saw 

puzzle texture of variable crystal size. Apatite is irregularly distributed, and much of 

the jasperoid is free of apatite inclusions. Additionally, jasperoid quartz crosscuts pre- 

ore stage barite crystals, and Q l pre-ore vein quartz.

The reticulate jig-saw puzzle texture, variable crystal size and the abundant 

calcite inclusions within the jasperoid crystals indicate ttiat the jasperoid has replaced 

calcite (Cline and Hofstra, 2000). In regions where calcite replacement was incomplete, 

early calcite is present as calcite inclusions within ttie jasperoid quartz crystals. The 

reticulate texture of the jasperoid provides evidence for the precipitation of silica as 

crystalline quartz rather than as a silica gel; this conclusion implies that jasperoid 

formation occurred a t moderate, rather ttian low, hydrothermal temperatures (Lovering, 

1972).
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In samples from mineralized zones within die Getcheil mine, P2a and P2b 

pyrite/ marcasite were encompassed within the outer rims of jasperoid quartz crystals, 

or were concentrated between quartz crystal boundaries. The incorporated or trapped 

P2a and P2b crystals and very small unidentifiable (<1 pm) opaque minerals trapped 

between die quartz crystal faces give the Q2 jasperoid a dirty appearance (Figure 14). 

The ore-stage jasperoid quartz can be subdivided into three distinct morphologies 

(Table 3).

Figure 14. TL, CPL photomicrograph of Q2 jasperoid quartz in thin section UC1079- 
4580-181.50-38-176. Note variable crystal size and interlocking texture of die crystals 
and the dark unidentifiable opaque minerals trapped between the quartz crystal faces.
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Jasperoid Quartz (Q2a)

The earliest ore-stage quartz, Q2a (Table 3), often exhibits a very fine, reticulate, 

crystal texture that appears to be the initial stage of silicification in incompletely or 

partially replaced host rocks (Figure 15). This quartz contains no visible solid or fluid 

inclusions and is not associated with Fe-sulfide minerals or otfier opaque minerals. Q2a 

does not enclose ore-stage pyrite.

Figure 15. TL, CPL photomicrograph of Q2a in thin section UC1079-4580-181.50-38-149 
showing incomplete early ore-stage jasperoid mineralization.

Jasperoid Quartz (Q2b)

Ore-stage Q2b jasperoid is more coarsely crystalline than Q2a, and Q2b contains 

calcite inclusions, very fine crystals of ore-stage Fe-sulfide minerals, and other opaque 

minerals. Ore-stage P2a, P2b, F2c, and P2d Fe-sulfide minerals are located between and
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partly incorporated into ttie inner edges of the Q2b jasperoid crystal boundaries. Q2b 

ore-stage jasperoid crystals containing ore-stage Fe-sulfide minerals, calcite, and opaque 

inclusions often exhibit cores that are free of opaque mineral inclusions; these "clean" 

cores are interpreted to be Q2a (Figure 16).

Figure 16. TL, CPL photomicrograph of ttiin section UC0519-4850-173.50-15-139 
showing Q2b jasperoid widi an inner growth zone containing small calcite inclusions. 
The Q2b crystal is surrounded by calcite inclusion-free Q2c jasperoid.

Jasperoid Quartz (Q2c)

The latest ore-stage jasperoid, Q2c, contains only small opaque minerals (less 

than 1 pm), no calcite inclusions, and often encloses the Q2b jasperoid quartz (Figure 

16). Opaque and ore-stage Fe-sulfide minerals (P2a, b, c, and d) are located between 

and partly incorporated into the inner edges of the Q2c jasperoid (Figures 17a-b).
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Figure 17a. TL, PPL photomicrograph of thin section UC0606-5000-184.00-15-157 
showing Q2c jasperoid quartz with ore-stage pyrite/ marcasite and opaque minerals 
between and within the quartz crystal boundaries.

100 um

Figure 17b. TL photomicrograph of Q2c jasperoid in thin section UQ)606-5000-184.00- 
15-157 showing P2a and P2b Fe-sulfide minerals between and partially incorporated 
into the crystals faces of calcite inclusion-free ̂ c .
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Preliminary scanning cathodoluminescence (CL) imagery revealed varying 

degrees of luminescence of jasperoid quartz in ttie ore-stage assemblages. Ore-stage Fe- 

sulfide minerals were trapped between Q2 jasperoid quartz crystals that had non- 

luminescent Q2a cores and highly luminescent Q2b or Q2c rims (Figure 18).

Q2b-c

Figure 18. Cathodoluminescence image of thin section UC0606-5000-184.00-15-157 
showing Q2 ore-stage and late-ore stage Q3b quartz. Note the poor luminescence of the 
Q2a jasperoid cores, and b r i^ t  luminescence of Q2b and c rims adjacent to bands of 
ore-stage P2a and b Fe-sulfide opaque minerals.
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Galkhaite (Cs. TlïïHg. Cu. ZnWAs, SbliSiz 

The galkhaite observed in this study is a rare sulfosalt mineral that is associated 

with pyrite, realgar, orpiment, and stibnite a t GetchelL Galkhaite discovered at the 

Getcheil mine was described by Botinelly et al. (1973) and Duiming (1968). This mineral 

forms cubes that are commonly intergrown (Figure 19a-b). The presence of euhedral 

crystals, commonly within vuggy zones, indicates precipitation in open space. Small 

cubic galkhaite crystals also were observed to be engulfed completely by Q2 jasperoid in 

both hand sample and microscopically. EMP, SEM, and BEI analyses on galkhaite 

samples show that galkhaite was replaced locally along fractures by cinnabar and 

metacinnabar (Stolburg and Dunning 1985) (Figure 19b and Appendix 4).

Figure 19a. TL, PPL photomicrograph of ttiin section UC0845-4850-160.00-13-32 
showing galkhaite crystals overgrown by late-ore stage R3 realgar.
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' f - . . -

Figure 19b. BEI of galkhaite crystal in thin section UC0845-4850-160.00-13-3Z The same 
crystal is shown in Figure 19a, rotated ~75° clockwise. Bright white areas along 
fractures within the larger crystal are cinnabar. The P2d Fe-sulfide crystals (dark 
crystals along yellow line) are aligned along a growth zone in the galkhaite (chemical 
analyses in Appendix 4). Textures show that during galkhaite crystal growth, F2d 
crystals were forming and were enclosed by the galkhaite. Q2 subsequently overgrew 
galkhaite and F2d.

Discussion of Ore-Stage Paragenesis

Ore-stage pyrite precipitation was preceded and accompanied by décalcification 

and silicification of the host rocks by Q2a. Jasperoid quartz continued to replace the 

host limestone with precipitation of Q2b and Q2c Jasperoid, which incorporated 

materials ttiat survived décalcification. Gold- and arsenic-bearing Fe-sulfide minerals 

(P2a, b, c, and d) and galkhaite, which precipitated during Q2b and Q2c formation, were 

overgrown and incorporated by ttie Jasperoid quartz groundmass.

Q2b contains both ore-stage Fe-sulfide minerals and calcite inclusions, indicating
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that conditions were fluctuating near calcite stability when Q2b began to precipitate.

Q2c is coarser and contains smaller and fewer opaque inclusions than Q2b, and contains 

no calcite inclusions. The lack of calcite inclusions indicates that at the time of 

precipitation of Q2c, calcite was no longer stable and had been completely removed.

The observed textures of Q2b and Q2c indicate that ore-stage pyrite inclusions 

were trapped within the outer rims of the jasperoid crystals and between ttie quartz 

crystal faces. Ore-stage pyrite/marcasite continued to be enclosed by quartz during the 

waning stages of Q2c precipitation. The pyrite/ marcasite mineralization precipitated in 

open spaces between jasperoid crystals, forming P2b framboids and P2a and P2c rims 

on P la  or b pyrite cores.

The morphologically and textually distinctive fourth type of ore-stage pyrite 

(P2d) s u g ^ ts  formation by intergrowth and agglomeration of irregularly shaped ore- 

stage Fe-sulfide crystals. The distinct morphology and texture indicate that the 

conditions that formed P2d pyrite/ marcasite were different from the ore-stage 

conditions that formed types F2a, P2b, and F2c. Paragenetic relationships indicate ttiat 

F2d was forming simultaneously during galkhaite crystal growth. Subsequently, 

crystals of F2d were enclosed by galkhaite and ttien both galkhaite and F2d were 

overgrown by Q2.

Cathodoluminescence imagery of ore-stage jasperoid quartz suggests that the 

composition of ore fluids changed as jasperoid precipitated. Cathodoluminescence 

images show that the silica in these specimens probably precipitated outward from 

crystal cores. The subtle trace element differences in quartz crystals suggest that ttiey 

were continually exposed to small changes in fluid composition and acquired subtle 

trace element diflerences. Non-luminescent quartz cores are encompassed by b ris tly
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luminescent quartz rims and are adjacent to and contain ore- stage Fe-sulfide minerals. 

This zoning suggests that die fluids responsible for the brightly luminescent outer rims 

of quartz may have been the ore fluids.

Stage 3 -  Late-Ore Stage Mineral Assemblage

Late-ore mineralization is characterized by open-space filling textures that 

conform to, or crosscut; both Stage 1 pre-ore and Stage 2 ore-stage minerals (Table 4). 

Minerals that compose Stage 3 include two forms of quartz and chalcedony (Q3a, Q3b, 

and Q3c); two forms of marcasite (P3a and P3b), one stage of stibnite (S3), orpiment 

(03), veins of realgar (R3); and three types of calcite (C3a, C3b, and C3c). These 

minerals exhibit a  consistent paragenetic sequence illustrated in Table 4. Elemental 

compositions of analyzed orpiment, realgar, and stibnite are listed in Appendix 4.

S ta ^  3 Late-O re Stage M ineral Paragenesis 

Jasperoid Q uartz (Q3a)

Drusy Q uartz C rystals (Q3b) ? ..  7 .................

M arcasite (P3a an d  b) .7 .^ £ â S ^ .^ a .

C aldte(C 3a)

Stibnite (S3) . . j t . . . .  ^  a

O rpim ent (03 ) ^

Realgar (R3) ,7..7.

Calcite (C3b) ^

Gemmy Calcite (C3c) ^
Chalcedony (Q3c) .7 % 7 .

T im e----------------->

Table 4. Paragenetic sequence for late-ore stage minerals.
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Quartz (Q3al

Q3a jasperoid encompasses Stage 2 jasperoid cores, which contain extremely fine 

crystals of calcite and opaque inclusions (Figure 20). Q3a late-ore stage jasperoid quartz 

(Table 4) can be distinguished fî om ore-stage Q2c jasperoid because it is coarsely 

crystalline and contains no Fe-sulfide minerals.

50 um

Figure 20. TL plane-polarized photomicrograph of thin section UC0519-4850-173.50-15- 
139 showing Q3a jasperoid. Note the opaque minerals trapped in the center of crystals 
(Q2 b or c) and the "clean" outer rim of Q3a.
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Quartz (Q3bl

Q3b quartz exhibits open-space filling, crustification textures along fractures and 

veins, and forms terminated drusy crystals (Figure 21). Q3b commonly forms 

overgrowths on Q2 jasperoid and on Stage 1 pre-ore C la limestone. Although Q3b 

contains no ore-stage pyrite/ marcasite minerals, the quartz rarely contains small Stage 3 

calcite, realgar, or stibnite inclusions within the outer growth zones and between the 

Q3b crystal crystals. Q3b quartz contains 2-phase, liquid-vapor fluid inclusions and is 

"cleaner^' than ore-stage Q2 jasperoid quartz.

— • . —»■ s ' -  , f  1 ,—'  • y

Figure 21. TL, CPL photomicrograph of ttiin section UC1075-4655-164.00-06-86 showing 
drusy Q3b quartz lining vug walls; vug was subsequently occluded by late stage C3c 
clear calcite.
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Scanning cattiodoluminescence imagery revealed zoning of late-ore stage drusy 

Q3b quartz crystals. Cathodoluminescence imagery of Q3b revealed oscillatory growth 

zones of different luminescent intensities within the euhedral crystals. In some Q3b 

crystals, the outermost growth zones are dark, and relatively non-luminescent (Figure 

22).

Figure 22. Cathodoluminescence image of thin section UC0606-5000-184.00-15-157 
showing late-ore stage drusy quartz. Note the dim, yet visible oscillating growth 
banding of the drusy quartz and the non-luminescent outer rims of the Q3b quartz 
crystals.
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Marcasite (F3a and P3b)

Type P3a marcasite is bright white in reflected lighL exhibits a good polish and 

high relief, and is overgrown by late-stage, "dirty" C3a calcite (Table 4). The marcasite 

forms both coarse, prismatic crystals (Figure 23a) and fine, lath-shaped crystals (Figure 

23b).

Type P3b marcasite forms small, subhedral to anhedral cubes approximately 2 

pm in diameter. This marcasite also exhibits high relief and a good polish. P3b 

marcasite crystals rim the margins of veins filled with C3a late-stage calcite in contrast 

to F3a, which is within C3a (Figure 23c).

Figure 23a. RL photomicrograph of thin section UC1079-4850-181.50-38-85 showing F3a 
euhedral and prismatic marcasite.
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Figure 23b. RL photomicrograph of thin section UC1079-4850-181.50-38-85 showing fine 
crystals of lath-shaped P3a marcasite. Note that Figure 23a and b are a t ttie same 
magnification.

Figure 23c. RL photomicrograph of thin section UC1079-4850-181.50-38-85 showing F3b 
marcasite lining vein walls. Note that both types of P3a marcasite are evident within ttie 
marked region where ttie fine crystals of P3a appear as the very fine, white, "dusty" 
looking crystals surrounding ttie coarse euhedntt marcasite.
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Calcite C3a

C3a calcite typically forais large masses and contains fine crystals of unidentified 

(Fe?) opaque minerals and P3 marcasite (Figures 23a-c). Calcite C3a contains no realgar 

or orpiment inclusions and also forais banded layers with C3b along the outer walls of 

fractures and veins. It is also distinguishable from the C la limestone because it contains 

no vugs and is much more coarsely crystalline than limestone.

Stibnite (SS\

Stibnite (SbjS}) (Appendix 4) often occurs witti realgar, orpiment, and calcite as a 

late-stage, open-space filling mineral (Table 4). Stibnite precipitated as fine needles 

radiating outward fiom  outer crystal faces of drusy Q3b into an open space or vug, and 

is commonly encapsulated by R3 realgar, C3c calcite, or incorporated within Q3b quartz 

(Figure 24).

Figure 24. TL, CPL photomicrograph of R3 realgar inclusions within Q3b drusy quartz 
in thin section UC1075-4655-164.00-06-86. Stibnite also is present within outer growth 
zones in the Q3b quartz rims, and w ithin C3c calcite.
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Orpiment (03)

Orpiment (AszSs) (Appendix 4) was found primarily as masses filling large 

fiactures, and as yellow crystals encompassed by massive R3 realgar (Figure 25). The 

frequent observation of orpiment encompassed in massive realgar suggests that ttie 

orpiment formed prior to realgar precipitation (Table 4). Orpiment also occurs within 

realgar where realgar has partially altered to orpim ent

Figure 25. RL photomicrograph of thin section UC1082-4655-164.004)8-101 showing 
textural relationships between 03 orpiment; R3 realgar, and Q3b quartz.
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Realgar (R3)

Late-ore stage realgar (AsS) (Appendix 4) typically occurs as euhedral crystals 

and anhedral masses filling open spaces and cavities, and encompassing all earlier 

minerals (Figures 25,26, and 27a -  b) (Table 4). R3 also is present as inclusions within 

Q3a drusy quartz that lines cavity walls (Figure 24). Realgar commonly encapsulates 

stibnite crystals. Euhedral realgar faces in vugs and veins were overgrown by C3c 

calcite (Figure 26). R3 crystal interiors appear clean and unaltered.

Figure 26. TL, CPL photomicrograph of ttiin section UC1082-4655-164.00-08-101 
showing R3 realgar witti euhedral frees, C3c calcite, and Q2 jasperoid.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55

R3

1,2

l ’2d

Figure 27a. TL, PPL photomicrograph of ttiin section UC0645-4850-160.00-13-32 
showing textural relationships between P2d pyrite/marcasite, G2 galkhaite, Q2 
jasperoid quartz, R3 realgar, 03 orpim ent and S3 stibnite.

Figure 27b. BEI of same region as shown in Figure 27a; note the intergrown crystal 
boundaries between G2 galkhaite and P2d as compared to euhedral galkhaite faces 
overgrown by R3.
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Calcite (C3b and C3cl 

C3b calcite typically forais the middle band of symmetrical calcite layers filling 

fractures and veins. This "dirty" calcite rarely contains both opaque minerals and very 

rare inclusions of realgar.

C3c calcite exhibits open-space filling textures and often forms or occupies the 

centers of vugs, veins, and fractures. Large, "clean" C3c calcite crystals crosscut or 

overgrow all previously formed minerals (Figures 21,24, and 28a) (Table 4). This clear 

calcite commonly encapsulates R3 realgar crystals (Figure 26). Additionally, C3c fills 

vugs in the C la limestone.

Calcite analyzed through cathodoluminescence imagery showed varying 

intensities of luminescence within layers of calcite that fill open spaces (Figure 28b). C3a 

luminesced weakly, C3b b ris tly , and the C3c pure gemmy calcite in ttie centers of the 

veins, did not luminesce (Figures 28a-b).

Chalcedony (Q3c)

Q3c, rare chalcedony, was observed partially infilling open vugs within the ore- 

stage jasperoid groundmass (Figure 29).

Discussion of Late-Ore Stage Paragenesis

Late-ore stage mineralization is characterized by a  mineral assemblage (Table 4) 

that is superimposed upon the previously formed host pre-ore, and ore-stage 

assemblages. Q3a late-ore stage jasperoid quartz contains no Fe-sulfide minerals and 

encompasses Stage 2 jasperoid cores. The relationship between Q3a and Q2 jasperoid 

quartz suggests that the precipitation of Q3a took place after ore-stage Fe-sulfides 

precipitated. Drusy crystals of Q3b precipitated along veins and fractures and
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C3b?

Figure 28a. TL, CPL photomicrograph of thin section UC0606-5000-184.00-15-157 
showing bands of C3a, C3c, and possibly C3b. Note: small red dots are for comparison 
with Figure 28b.

C3a

200 um
Figure 28b. Cathodoluminescence image of Figure 28a (rotated s li^ tly  counter­
clockwise). Note the orientation of the dots used to relate Figures 28 a and b. Different 
intensities of luminescence are present in the different types of calcite within one late- 
ore stage calcite vein.
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Figure 29. TL, CPL photomicrograph of Q3c chalcedony in thin section UC1079-4580- 
181.50-38-197.

were subsequently overgrown by ottier late-ore stage minerals including stibnite, 

orpiment; realgar, and calcite. These abundant hydrothermal minerals formed 

exclusively as open-space filling minerals, and are products of late-ore stage 

hydrothermal activity.

Marcasite (P3a and b) in the late-ore stage is morphologically distinct fi-om all of 

the previous Fe-sulfide minerals, indicating changes in late-ore stage conditions as 

compared to ore-stage conditions. Chalcedony occurs locally within vugs and open 

spaces wittiin the late-ore stage assemblage. The presence of chalcedony reflects 

formation in a low-temperature environment.

The variability of luminescence in different generations of quartz reflects
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chemical variability of the quartz and shows that the diflierent generations precipitated 

from chemically distinct fluids. Cattiodoluminescence imagery of late-ore stage Q3b 

revealed oscillatory growth zones of difrerent luminescent intensities within the 

euhedral crystals; the outermost growth zones were dark and non-liuninescent

The mechanisms that are responsible for the cattiodoluminescence of 

hydrothermal quartz are among the least understood of all of the common minerals, 

and the impurities responsible for activating and quenching cathodoluminescence, if 

any, have not been identified w ith certainty (Marshall, 1988; Pemy et al., 1992). 

Cathodoluminescence of lunar, plutonic, volcanic, diagpnetic, metamorphic, and 

authigenetic quartz show that Mn^*, Cr®*, Pb>, Al®*, Cu>, Ti<+, rare earth, and actinide 

elements may activate and enhance cathodoluminescence in quartz (Sprunt, 1981; 

Marshall, 1968). At the same time, studies by Marshall (1968), Bruhn (1995), and 

Hayward (1998) show ttiat varying concentrations of quencher elements such as Fe®̂ , 

NP+, and Co^ can modify or inhibit the luminescence process. The concentrations and 

relative ratios of activators and quenchers necessary for the cattiodoluminescence 

process in quartz are still unknown. Although color-spectral analyses were not 

conducted for the quartz in this study, this technique clearly would be useful in 

differentiating quartz stages.

Chemical oscillations in euhedral crystals of late-ore stage quartz are indicated 

by varying intensities of luminescence, suggesting that the crystal surfaces were 

exposed to continually evolving fluid compositions during growth. The presence of 

brightly luminescent zones in cores with non-luminescent rims suggests that fluid 

compositions were different when the cores and outer rims were precipitated. The 

varying cathodoluminescence in the observed quartz suggests that the precipitating
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fluids for the late-ore stage Q2d quartz rims were either depleted in the elements that 

cause luminescence or contained concentrations of elements responsible for quenching 

cathodoluminescence.

Three types of late-ore calcite were observed as calcite bands within veins. The 

compositionally different bands of calcite suggest that there were either chemical 

changes within the system, or a late- or post-ore stage fracturing event occurred. The 

varying luminescence within the bands of the calcite veins suggests an evolving fluid 

chemistry.
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CHAPTER 6

TRACE ELEMENT STUDY AND STATISTICAL EVALUATION 

In order to determine major and trace element compositions of gold-bearing and 

gold-free Fe-sulfide minerals, twenty-two polished thin sections were analyzed using an 

electron microprobe. Major and trace element compositions of the Fe-sulfide minerals 

are listed in Appendix 5 and the detection limits are given in Appendix 3. 

Concentrations of major elements Fe and S, and trace elements Pb, Co, Hg, Ag, Tl, Ni, 

As, Au, Cu, Sb, Zn and Mo were determined. EMP analyses and trace element maps 

were generated to provide information on zoning of major and trace elements in the Fe- 

sulfide minerals. The trace element suite was selected based on preliminary research on 

pyrite from Getcheil and pyrite that had formed under similar conditions in other 

deposits.

Pyrite Geochemistry
Pre-Ore Pvrite: Pla and P lb  

Electron microprobe analyses (EMP) 1-50 of pre-ore Fe-sulfide minerals 

(Appendix 5) show that P la and Plb pyrite contain the h ip e s t concentrations of Fe, S, 

and Pb, and low to nil Hg, Ag, TL Ni, As, Au, Cu, Sb, Zn and Mo (Table 5). Pla pyrite 

contains the highest average trace concentrations of Co, and the lowest average

61
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Table 5. Average trace element geochemistry of pyrite determined by EMP. Pre-ore (Pla and b) and late-ore stage 
marcasite (P3) Fe-sulfide mineral groups contain near stoichiometric Fe and S, and trace or nil gold and ore- 
stage metals. Ore-stage pyrite/marcasite (F2a, b, c, and d) generally contains significant concentrations of the 
ore-stage trace elements Hg, Tl, As, Au, Cu, and Sb.
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Average trace-elements in Fe-sulfide minerals at Getcheil (wt%.)

Pyrite Type Fe S Pb Co Ag Tl Ni As Au Cu Sb Zn Mo
Pla 45.612 54.307 0.216 0.076 0.005 0.000 0.038 0.007 0.000 0.002 0.002 0.000 0.002 0.000
Plb 45.7% 54.144 0.202 0.049 0.013 0.008 0.035 0.053 0.083 0.006 0.011 0.004 0.019 0.013
P2a 40.309 49.132 0.099 0.041 0.747 0.023 0.746 0.018 6.721 0.097 0.265 0.759 0.008 0.031
P2b 36.033 46.821 0.000 0.057 1.047 0.000 1.004 0.194 9.301 0.075 0.316 1.461 0.000 0.000
P2c 36.923 45.811 0.034 0.041 0.637 0.054 1.253 0.005 13.735 0.298 0.648 0.538 0.004 0.000
P2d 44.453 52.913 0.184 0.055 0.044 0.015 0.050 0.065 1.454 0.012 0.073 0.100 0.002 0.000
P3 45.340 52.537 0.000 0.053 0.000 0.000 0.000 0.008 0.647 0.014 0.000 0.000 0.000 0.000

iometric Pyrite 46.550 53.450 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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concentrations of As and Au as compared to all other pyrite populations analyzed in 

this study. P lb pyrite contains elevated Ni as compared to P la, and the highest average 

concentration of Zn in the study.

Ore-Stage Pvrite/ Marcasite: P2a. P2b. P2c. and P2d 

Electron microprobe analyses of P2a pyrite/ marcasite indicate ttiat the finely 

crystalline rims (analyses 51 to 69, Appendix 5) contain Fe and S concentrations ttiat are 

less than stoichiometric. In addition, P2a pyrite/ marcasite contains (1) decreased Fb,

Co, and Ni, (2) elevated Ag and Mo, and (3) elevated concentrations of Hg, Tl, As, Au, 

Cu, and Sb as compared to pre-ore P la and P lb  pyrite (Table 5).

Owing to the small diameter of the P2b framboids, poor polish, and porous 

surface of this mineral, only three BMP analyses (70 to 72, Appendix 5) provided 

reasonably acceptable totals. P2b pyrite/marcasite contains significantly less than 

stoichiometric Fe and S, elevated concentrations of Hg, Tl, Ni, As, Au, Cu and Sb as 

compared to pre-ore pyrite, and nil Pb, Ag, Zn, and Mo. Au and As concentrations are 

high and average 750 ppm and 9.301 weight %, respectively (Table 5). F^b framboid- 

like Fe-sulfide minerals contained tiie lowest average Fe and Pb, and the highest 

average Hg, Ni, and Sb determined in ttie study.

BMP analyses of P2c subtle sulfide rims (analyses 73 to 79, Appendix 5) reveal 

slightly higher concentrations of Fe than P2b, elevated Pb, and the lowest concentrations 

of S, Co, and Ni determined for the pyrite populations analyzed. P2c pyrite/m arcasite 

also contains low to nil Ni, Zn, and Mo, and exhibits the highest values and averages 

determined for As (13.735 average wt%). Au (2980 ppm), Ag, Tl, and Cu (Table 5). P2c 

pyrite/ marcasite rims contain lower concentrations of Hg and Sb than P2a and P2b 

pyrite/ marcasite. Additionally, pyrite/ marcasite types P2a and P2c contained the
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same low average concentrations of Co.

BMP analyses indicate that P2d Fe-sulfide minerals (analyses 81 to 142,

Appendix 5) contain slightly less than stoichiometric concentrations of Fe and S and 

significantly less Au, As, Hg, Tl, and Sb than P2a, P2b, and P2c. Compared to Plb, P2d 

pyrite/ marcasite contains concentrations of As, Cu, and Sb, slightly elevated Hg, Ag, Tl, 

Ni, and Au, and low Pb and Mo (Table 5). P2d pyrite /marcasite contains concentrations 

of Fe, S, Co, and Au similar to P3 marcasite.

Late-Qre Stage Marcasite: P3 

Electron microprobe analyses (analyses 143 to 147, Appendix 5) indicate that P3 

marcasite contains slightly less than stoichiometric Fe and S, and nil Pb, Hg, Ag, Tl, Cu, 

Sb, Zn, and Mo, and the lowest average concentrations of H ^ Cu, and Sb found in the 

study. P3 marcasite typically contains low As (0.647 average wt% ) and low Au (140 

ppm) (Table 5). The trace element geochemistry of P3 marcasite is similar to pre-ore Pla 

and Plb pyrites except that P3 marcasite contains slightly elevated As and Au, and nil 

Pb and Hg.

Pre-Ore and Ore-Stage Trace Element Maps

BMP maps of ore-stage pyrite crystals revealed rims enriched in Hg, Tl, As, Au, 

and Sb, and pyrite cores containing nil H g Tl, Ni, As, Au, Cu, and Sb (Figures 30 and 

31). Figure 30 shows a backscatter electron image (BEI) of a Pla or b pyrite crystal, with 

P2a overgrowth rim and P2b fiamboid-like sulfide minerals in the surrounding 

jasperoid matrix. Note the high Fe and S concentrations (Figures 30 b and e) and the 

low concentrations of H g Tl, Ni, Sb, and As (Figure 30 c, d, f, g  and h, respectively) in 

P la or b cores. Type P2a pyrite forms sharply defined rims on the P la or b core sulfide.
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The P2a pyrite/ marcasite rim is approximately 2-5 pm in width. Note tfie particularly 

sharp, bright P2a and P2b pyrite images produced by the As trace element map (Figure 

30 h). Note the "dim" images for Fe and S in the rims of the pyrite, indicating a decrease 

in the Fe and S in the trace element-enriched rims as compared to the P la or b trace 

element-poor cores (Figure 30 b and e). Ni is not elevated in either core or rim sulfides 

(Figure 30 f).

Figure 31 shows a BEI of a P la or b pyrite crystal with a P2c subtle overgrowth 

rim, surrounded by jasperoid groundmass. The P2c rim on the pyrite is approximately 

12 pm in width. The enrichment of trace elements is evident in P2c rims that are brighter 

than the Pla or b cores in ttie maps of Hg Tl, As, Sb and Au (Figure 31 c, d, f, g  and h). 

Note the "dim" rims of the pyrite highlighting decreases of Fe and S (Figure 31 b and e) 

as compared to the P lb trace element-poor cores. The bright region to the left of the 

rimmed pyrite in Figure 31 a-f is a  realgar vein.

n
Figure 30. BEI and trace element maps of Pla or b and P2a and b Fe-sulfide minerals 
pictured in Figure 11b. The location of tfre transect in Figure 32 is shown as red line in a. 
Brightness and intensity in element maps b-h reflect the concentration of ttie trace 
elements: white = high concentration, black = nil to low concentration.
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Figure 31. BEI and trace element map of types Pla or b and P2c Fe-sulfide minerais 
pictured in Figure 12. The location of the transect in Figure 32 is shown as red line in a. 
Brightness and intensity in element maps b-h reflect the concentration of the trace 
elements: white — high concentration, black = nil to low concentration.

EMP data were collected along transects across ttie pyrite/ marcasite crystals in 

Figures 30 and 31 (red lines on figures). Transects across pyrite crystals with ore-stage 

pyrite/ marcasite rims further indicate ttie negative correlation between the ore-stage 

and non-ore stage trace elements (Figure 32, Table 6). Transects show that increased 

concentrations of ore-stage trace elements H g Tl, As, Au, Cu, and Sb in the rim-forming 

pyrite/ marcasite are associated with reduced concentrations of Fe, S, and Pb. Analyses 

of pre-ore, non Au-bearing cores show low to nil concentrations of the ore-stage trace 

elements H g Tl, As, Au, Cu, and Sb and elevated concentrations of Fe, S, and Pb.
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Figure 32 -  Plots A-D show trace elem ent transect data from Table 6. Location of 
transect for A and B is show n as a red line on Figure 30a. A and  B show 
data  for a  transect through the P2a Au-rich rim s (analysis po in ts 1 ,2  and 
8 ,9 ), and P la  or b Au-free cores (analysis points 3-7). Location of 
transect for C and D is show n as a red line on Figure 31a. C and  D show 
d ata  for a  transect through P2c Au-rich rim s (analysis points 3-5, and 10, 
11), and P la  or b Au-free cores (analysis points 6-9). Transects A and C 
show  the negative correlation of As to Fe and S. Transects B and  D exhibit 
the negative correlation of Pb to Au and Sb.
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Table 6. EMP trace elem ent transect data  for Fe-sulfide m inerals show n in Figures 30 
and 31; the data for Fe, S, Pb, As, A u, and Sb are p lo tted  in Figure 32.
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Transect — P2a rims Fe S Pb Co HR Ak Tl Ni As Au Cu Sb Zn Mo Total Wt.K
transect pL 1 39.611 47.569 0.096 0.031 0.953 0.000 0.895 0.012 7.279 0.039 0.333 0.713 0.000 0.000 97.529
transect p t2 41.456 49.893 0.114 0.047 0.517 0.000 0.454 0.050 3.713 0.033 0.230 0.435 0.000 0.000 96.942
transect pt. 3 45.713 54.905 0.287 0.055 0.000 0.000 0.054 0.000 0.125 0.026 0.000 0.000 0.000 0.000 101.165
transect p t 4 46.393 54.475 0.194 0.057 0.046 0.000 0.046 0,000 0.018 0.000 0.000 0.000 0.000 0.000 101.229
transect p t 5 46.107 54.799 0.221 0.045 0.000 0.000 0.029 0.000 0.000 0.041 0.000 0.000 0.000 0.000 101.241
transect p t 6 46.432 54.482 0.214 0.060 0.000 0.000 0.064 0.017 0.000 0.000 0.000 0.000 0.000 0.000 101,260
transect p t 7 46.098 54.085 0.264 0.034 0.000 0.000 0.039 0.012 0.056 0.014 0.000 0.000 0.000 0.000 100.602

Due to porous surface texture of rims, EMP total wt% for transect points 8 and 9 were less than 95% and are not shown, 
but were plotted in Figure 32.

Transect — P2c rims Fe S Pb Co Hr Ak Tl Ni As Au Cu Sb Zn Mo Total Wi.%
transect p t 1 36.877 44.379 0.000 0.039 0.505 0.000 1.008 0.000 14.408 0.302 0.595 0.450 0.000 0.000 98.563
transect p t 2 37.272 45.647 0.000 0.034 0.726 0.000 1.314 0.000 12.539 0.303 0.729 0.612 0.000 0.000 99.176
transect pt. 4 44.424 51.212 0.162 0.044 0.000 0.000 0.085 0.000 2.184 0.038 0.094 0.074 0.000 0.000 98.317
transect pt. 5 45.101 51.405 0.198 0.056 0.000 0.000 0.049 0.000 2.448 0.000 0.039 0.037 0.000 0.000 99.333
transect p t 6 45.037 52.143 0.131 0.045 0.000 0.000 0.000 0.000 2.474 0.022 0.049 0.090 0.000 0.000 99.991
transect pt. 7 39.237 48.259 0.000 0.046 0.506 0.000 1.064 0.000 11.037 0.193 0.554 0.392 0.012 0.000 101.300
transect pt. 8 37.080 45.405 0.000 0.022 0.507 0.172 1.183 0.000 16.433 0.313 0.649 0.461 0.000 0.000 102.225

Due to porous surface texture of rims, EMP total wt.% for transect points 3,9,10 and 11 were less than 95% and are not shown, 
but were plotted in Figure 32.

&



69

Discussion of Trace Element Analyses

Quantitative EMP analyses distinguished seven populations of pyrite that have 

differences in major and minor trace element compositions. All analyses show diat Ag, 

Zn, and Mo are generally low or non-detectable, and these elements will not be 

discussed further.

Pre-ore Fe-sulfide minerals P la and Plb, hosted by sedimentary and igneous 

rocks, respectively, exhibit nearly identical major and trace-metal compositions. These 

non Au-bearing pyrites contain near stoichiometric Fe and S concentrations, low but 

measurable concentrations of Co, Pb, and Ni, and trace or nil Hg, Tl, As, Au, Cu, and Sb. 

EMP analysis identified four populations of ore-stagp Fe-sulfide minerals, three of 

which contain significant Au. Ore-stage pyrite/ marcasite P2a, P2b, and P2c contain 

lower concentrations of Fe, S, Co, and Pb than pre-ore pyrites, and significantly elevated 

concentrations of Tl, As, Hg, Au, Cu, and Sb, which will be referred to as ore-stage 

elements. P2d pyrite/ marcasite contains slightly higher concentrations of Hg, Tl, As,

Au, Cu, and Sb than the pre-ore pyrites, but lower concentrations of these elements than 

P2a, P2b, and P2c pyrite/ marcasite. P2d is included in the ore-stage paragenesis based 

on (1) its presence in jasperoid quartz; (2) its less than stoichiometric average 

concentrations of Fe and S, and (3) its elevated concentrations of As.

Analyses of late-ore stage P3 marcasite show tfiat this mineral contains trace 

element concentrations somewhat similar to those of pre-ore stage P la  and Plb. 

Alttiough P3 marcasite contains elevated As, the late-ore marcasite contains none of the 

other ore-stage elements. P3 marcasite is also enclosed by late-ore calcite, and is not 

spatially associated with other Fe-sulfide minerals.
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Statistical Analysis of Sulfide Geochemistry

Quantitative EMP analyses of major elements Fe and S and trace elements Pb,

Co, Hg, Ag, TL NL As, Au, Cu, Sb, Zn, and Mo were evaluated using statistical 

methods. One hundred ninety-seven data points in Appendix 5 were used to generate 

correlation matrices and principal components data. Positive and negative correlations 

between the trace elements in dus study are indicated by correlation coefficients of 

r = > 0.5 and < - 0.5, respectively. Significant positive or negative correlations are those 

with correlation coefficients of r = > 0.7 and < - 0.7, respectively.

Analyses of seven P la pyrites show that Fe correlates positively with S and Co 

(Tables 7 and 8). No elements in Plb correlate either positively or negatively (Tables 7 

and 8). Due to the low total number of analyzed points for P2b pyrite/ marcasite, P2a, 

P2b, and P2c pyrite/ marcasite were evaluated as a group (Tables 7 and 9). Statistical 

analysis of the geochemical data for the thirty-seven analyses of Au- and As- bearing 

P2a, P2b, and P2c Fe-sulfide minerals indicate that there is a  positive correlation for Fe 

with Pb and a significant positive correlation for Fe with S (r = 0.864) (Figure 33) and Co 

with Ni (r = 0.819) (Tables 7 and 9). There is a negative correlation between As with S (r 

= -0.610) (Figure 33). Fe is negatively correlated with ore-stage Tl and Cu (Tables 7 and 

9), and Fe exhibits significant negative correlation with As (r = -0.704) (Table 7,9 and 

Figure 34a). Ore-stage elements As, Au, Cu, and Tl show a positive correlation with one 

another (As with Au, r = 0.749; As with Cu, r -  0.768; Au w ith Cu, r = 0.733; and As 

with Tl, r = 0.563) (Table 9), and there is significant positive correlation between Hg with 

Tl (r = 0.774) (Figure 34b), and Cu with Tl (r = 0.775) (Figure 34b).

Elements in P2d Fe-sulfide minerals show positive correlation for Hg with Sb 

(r = 0.693) (Figure 35), Tl with Sb (r = 0.679), As with Au (r = 0.523) (Tables 7 and 10),
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T able 7. T ab le illu s tra tin g  trace  e lem en t co rre la tio n s r = > 0.5 an d  < - 0.5. C o rre la tio n  v alu es o f r = > 0.7 an d  < - 0.7 a re  
u n d erlin ed . X = co rre la tio n  w ith  r  = < 0.5, o r > -0.5.
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Ore-Slage Trace elem ents 

Tl As Au Cu Sb
Non-Ore Stage Trace elem ents 

Pb Co Aa Ni Zn Mo
Type P la Positive correlation 

r = > 0.5 S ,C o Ee X X

X

X

X

X

X

X
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X X Fe X X X X

N egative correlation 
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X X X X X X X X X X

T l
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Types Positive correlation
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Ç u,TI Cu, As IL As, 
Au X Fe Ni X Co X X

N egative correlation 
r = < -0.5

TLA&
Cu As X Fe Fe. S X Fe X X X X X X X

Type P2d Positive correlation 
r ® > 0.5

X X IL S b Sb,H g Au, Sb Sb, As X Hg, Tl, 
As, Au X X X X X X

N egative correlation 
r = < -0.5

X X X X X X X X X X X X X X

Type P3 Positive correlation 
r = >0.5

X X X X Au As X X X Ni X Co X X

N egative correlation 
r = < -0.5
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Table 8. Trace elem ent correlation m atrices for P la  and  P lb  pyrite.
P la Fe S Pb Co Hr Ar Tl Ni As Au Cu Sb Zn Mo

Fe 1.000
S 1.000
Pb 0.143 -0.290 1.000
Co 0.387 -0.173 1.000
Hg ND ND ND ND 1.000
Ag 0.000 0.000 0.000 0.000 0.000 1.000
Tl ND ND ND ND ND 0.000 1.000
Ni ND ND ND ND ND 0.000 ND 1.000
As 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
Au ND ND ND ND ND 0.000 ND ND 0.000 1.000
Cu ND ND ND ND ND 0.000 ND ND 0.000 ND 1.000
Sb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
Zn ND ND ND ND ND 0.000 ND ND 0.000 ND ND 0.000 1.000
Mo 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000

P lb Fe s Pb Co H r A r Tl Ni As Au Cu Sb Zn Mo
Fe %ele 1.000
S 0.338 1.000
Pb -0.035 0.089 1.000
Co 0.142 0.149 0.226 1.000
Hg ND ND ND ND 1.000
Ag ND ND ND ND ND 1.000
n 0.092 0.034 0.019 -0.101 -0.101 -0.082 1.000
Ni 0.020 -0.008 0.050 0.235 0.059 -0.066 0.065 1.000
As -0.028 0.071 -0.150 0.154 -0.161 0.087 0.037 0.055 1.000
Au ND ND ND ND ND ND ND ND ND 1.000
Cu ND ND ND ND ND ND ND ND ND ND 1.000
Sb ND ND ND ND ND ND ND ND ND ND ND 1.000
Zn ND ND ND ND ND ND ND ND ND ND ND ND 1.000
Mo ND ND ND ND ND ND ND ND ND ND ND ND ND 1.000

Significant correlation coefficient of r = > 0.7 or < -0.7 
Correlation coefficient of r = > 0.5 or < -0.5

NO = Not enough data available for valid correlation coefficient to 1% determined.
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Table 9. Trace elem ent correlation m atrix for P2a, P2b, and P2c p y rite / m arcasite.
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P2a-c Fe S Fb Co Hr Ag Tl Ni As Au Cu Sb Zn Mo
Fe 1.000
S 1.000
Fb WlKSM 0.443 1.000
Co -0.031 0,125 0.252 1.000
Hr -0.349 -0.095 -0.123 0.208 1.000
Ar ND ND ND ND ND 1.000
Tl -0330 -0.227 0.195 iiliiiOym: ND 1.000
Ni -0.192 -0.016 -0.039 iiimiomg 0.174 ND 0.112 1.000
As -0.441 0.019 0.211 ND 0.067 1.000
Au -0.407 -0.370 -0.093 -0.045 -0.169 ND 0.374 -0.142 mmm: 1.000
Cu -0.328 -0.263 0.087 0.294 ND ': '0 # -0.014 liiiiiiQ# 1.000
Sb -0.219 -0.072 -0.102 0.083 0.355 ND 0,139 0.076 0.096 0.118 -0.011 1.000
Zn ND ND ND ND ND ND ND ND ND ND ND ND 1.000
Mo ND ND ND ND ND ND ND ND ND ND ND ND ND 1.000
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IjSignificant correlation coefficient of r = > 0.7 or < -0.7

I?4'''@%ù''4:1Correlation coefficient of r = > 0.5 or < -0.5

ND = Not enough data available for valid correlation coefficient to be determ ined.
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Figure 34. Trace elem ent linear regression plots for P2a, b, 
and c ore-stage pyrite/m arcasite. (34a) Fe and As 
show a signiHcant negative correlation.
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w ith both  Cu and Hg.
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P2d Fe S Fb Co Ag Tl Ni As Au Cu Sb Zn Mo
Fe 1.000
S 0.309 1.000
Fb 0.235 0.052 1.000
Co 0.114 0.084 -0.162 1.000
Hg -0.299 -0.326 -0.179 -0.067 1.000
Ag ND ND ND ND ND 1.000
Tl -0.329 -0.281 -0.218 -0.032 ND 1.000
Ni -0.013 -0.054 0.217 0.450 0.036 ND 0.044 1.000
As -0.242 -0.421 0.061 -0.225 0.464 ND 0.424 -0.022 1.000
Au -0.207 -0.248 -0.135 -0.086 0.359 ND 0.346 -0.107 1.000
Cu -0.269 -0.185 0.022 -0.172 0.398 ND 0.209 -0.143 0.365 0.211 1.000
5b -0.322 -0.433 -0.101 -0.150 m ia m ND ^ m m -0.070 0.436 1.000
Zn ND ND ND ND ND ND ND ND ND 1 ND ND ND 1.000
Mo ND 1 ND ND ND ND ND ND ND ND 1 ND ND ND ND 1.000
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CD

ISignificant correlation coefficient of r = > 0.7 or < -0.7

|'#ÿ#ÿT r|Correlation coefficient of r = > 0.5 or < -0.5

ND > Not enough data available for valid correlation coefficient to be determined.
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As with Sb (r = 0.698) (Figure 36), Au with Sb (r = 0.528) (Table 10), and significant 

positive conelation for Hg with Tl (r = 0.706) (Tables 7,10, and Figure 37).

Statistical analysis of data for P3 marcasite indicates a positive correlation 

between non-ore elements Ni and Co, and a significant positive correlation between ore- 

stage elements As and Au (r = 0.710) (Tables 7 and 11). A significant negative 

correlation is indicated between S and As (r = -0.845) (Figure 38a), S and Au (r = -0.724), 

and Au and Co (r = -0.778) (Figure 38b), and a negative correlation is indicated between 

Fe and Co (r = *0.661) (Table 11).

Conclusions

Statistical analyses of elemental concentrations distinguish ore-stage Fe-sulfide 

minerals from pre- and late-ore stage Fe-sulfide minerals, and further distinguish ore- 

stage trace elements from pre- and late-ore stage trace element compositions. Statistical 

analyses of pre-ore Fe-sulfide minerals revealed no significant positive or negative 

correlation between the trace elements. Conversely, P2a, P2b, and P2c pyrites exhibit a 

positive correlation for Tl with As, and significantly positive correlations for Tl with Hg 

and Cu, As with Au and Cu, and Au with Cu. Additionally, significant positive 

correlations were indicated for the non-ore elements Fe with S, and Co with NL Sb did 

not correlate with any of the trace metals in the P2a, P2b, and P2c Fe-sulfide minerals. A 

significant negative correlation is indicated for As with Fe; a negative correlation is 

indicated for As with S. The positive correlation for Fe with S and Pb, the negative 

correlation of Fe with Cu and Tl, the negative correlation of S with As, and die 

significant negative correlation of Fe with As all reflect the observed decrease in 

concentrations of Fe and S and the increase in ore-stage element concentrations.
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P3 Fe S Pb Co Ag Tl Ni As Au Cu Sb Zn Mo
Fe 1.000
S -0.431 1.000
Pb 0.000 0.000 1.000
Co f^ m m 0.241 0.000 1.000
Hg 0.000 0.000 0.000 0.000 1.000
Ag 0.000 0.000 0.000 0.000 0.000 1.000
n 0.000 0.000 0.000 0.000 0.000 0.000 1.000
Ni -0.158 -0.218 0.000 1M 815? 0.000 0.000 0.000 1.000
As 0.045 0.000 -0.168 0.000 0.000 0.000 0.194 1.000
Au 0.481 iiWiWw 0.000 0.000 0.000 0.000 -0.330 1.000
Cu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
Sb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
Zn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
Mo 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000

CDQ.
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^Significant correlation coefficient of r = > 0.7 or < -0.7

Æ # ^ |Correlation coefficient of r = > 0.5 or < -0.5 

NO = Not enough data available for valid correlation coefficient to be determined.
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Figure 38. Trace elem ent linear regression plots for P3 
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P2d ore-stage pyrite/m arcasite shows a positive correlation for ore-stage 

elements Sb with Hg, Tl, As, and Au; Au wittt As; and Tl with Hg. Cu does not 

correlate witti any of the trace metals. The correlation between the ore-stage elements 

was not as significant in P2d as in P2a, P2b, and P2c pyrite/ marcasite.

P3 late-ore marcasite contains elevated concentrations of As and trace amounts 

of Au, but lower concentrations of other ore-stage elements. There is a significant 

positive correlation for As with Au, and a negative correlation for Fe with Co. 

Additionally, P3 shows a significant negative correlation for S with As and Au; the 

negative correlation between S and As is similar to P2a, P2b, and P2c; however, there is 

no statistical correlation between any of the other ore-stage elements.

CLUSTER ANALYSIS OF SULFIDE GEOCHEMISTRY

Further statistical analyses of the geochemical data using K-means clustering 

(Appendix 6) (STATISTICA for Windows, 1995) quantitatively distinguished two 

groups of Fe-sulfide minerals. K-means cluster analysis of the EMP trace element data 

distinguished non ore-stage Pla and P lb  pyrites and P3 marcasite from ttie P2a, P2b,

P2c, and P2d gold-bearing ore-stage Fe-sulfide minerals. The mean standardized 

concentrations of each element for the two groups are shown in Figure 39. Mean 

standardized concentrations are calculated by first subtracting the mean from each 

variable and then dividing by the standard deviation of the variable. Near or below 

mean concentrations of the elements Hg, Tl, As, Au, Cu and Sb, and near or above mean
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concentrations of Fe, S, Pb, and Co are present in non ore-stag^ pyrite (Figure 39). 

Conversely, above mean concentrations of the elements Hg, Tl, As, Au, Cu, and Sb, and 

below mean concentrations of Fe, S, Fb, and Co exist for ore-stago pyrite/ marcasite 

(Figure 39).

The statistical analyses of trace elements in non*ore and ore>bearing Fe-sulfide 

minerals show ttia t (1) two different groups of Fe-sulfide minerals are distinguished by 

trace element composition, and (2) non-orebearing and ore-bearing groups identified 

using petrography can also be identified using statistical analyses of EMP data.

K-Nfeans Ouster Results

cd-OlS

nonore stage
pyrite/
marcasite

pyrite/
marcasite

Be S H ) G o ï % A g l l N i A s A u C u S b a i \ f o
W t%

Figure 39. Mean standardized concentrations of non-ore stage and ore-stage Fe-sulfide 
minerals.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER?

GOLD QUANTIFICATION AND LOCATION

SIMS Analyses

Five samples were analyzed using secondary ion mass spectrometry (SIMS) to 

further quantify submicroscopic gold and arsenic in Fe-sulfide minerals and realgar. 

Quantitative analyses and trace element maps generated through SIMS microanalysis 

provided information on zoning of ̂ «S, ^As and i^A u in sulfide minerals. SIMS 

analyses have significantly lower detection limits than EMP analyses, but a larger spot 

size is analyzed and spatial resolution is reduced. The five samples were selected so 

that all populations of Fe-sulfide minerals observed in this study were evaluated. SIMS 

data are listed in Table 12.

SIMS analyses of pre-ore stage, coarse pyrite crystals revealed low 

concentrations of As (16.95 average ppm) and trace Au (2.67 average ppm) (Table 12). 

Analyses of fine crystals of aggregated, disseminated, and rim-forming P2a, P2b, and 

P2c Fe-sulfide minerals indicate significantly elevated average concentrations of As 

(691.60 ppm) and Au (696.53 ppm) (Table 12). Additionally, analyses of large, porous, 

P2d Fe-sulfide mineral crystals (Table 12) indicated relatively low average 

concentrations of As (126.31 ppm) and Au (58.46 ppm). SIMS analyses of late-ore stage 

marcasite average 78.23 ppm As and 52.38 ppm Au (Table 12).

85
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Pre-ore stage 
(Fla and Plb) 
Cbarse/euhedral pyrite

Analysis# As (ppm) Au (ppm)

As (ppm) Au (ppm) 
Average 16.95 267

3
4 

11 
14 
18 
45

30
47
5.7
1.6

039
17

0.69
0.44

13
0.78
0.43
0.69

Ore-stage (P2a, b, and c) 30 20 78
Fine-grained 31 87 91
pyrite/m arcasite 10 1100 1100

32 760 550
33 840 340
34 2500 2500
38 1500 2300
12 16 23
13 93 24 As (ppm) Au (ppm)
46 110 17 Average 691.60 698.53

Ore-stage (P2d) 41 11 11
Porous 42 36 43
pyrite/marcasite masses 22 0.48 034

23 0.95 0.5
35 53 73
40 140 22
24 0.84 0.62
27 21 11
43 74 45
44 56 5
47 74 19
17 120 290
5 240 41
6 280 42
7 310 16
1 330 120 As (ppm) Au (ppm)
2 400 340 Average 12631 58.46

Late-ore stage (P3) 15 41 170
Marcasite 16 200 320

20 1.4 0.47
21 4.5 1.9
26 63 25
29 031 034
36 78 1.6
37 8 13
19 6.2 22 As (ppm) Au (ppm)
25 380 1.1 Average 78.23 5238

Realgar 8 0.23
8 0.27

28 35 Au (ppm)
39 556 Average 147.88

Table 12 SIMS anaijrses of pre-ore and oie-stage Fe-sulfide m inerals and realgar.
SIMS analyses 1-8 are fiom section UC1075-4655-164.00-06-86; analyses 10-22 are from section 
UC10794850-181.5038-197; analyses 23-33 are from section UC0606-50ÜD-184.00-15-159; 
analyses 34-39 are fiom section U0084-4850-181.50-41-197; and analyses 41-47 are fiom 
section UC0519-4850-173.50-1S62.
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SIMS Ion Mapping

The associations between As, Au, and S in the ore-stage pyrite as indicated by 

the statistical analyses are confirmed by SIMS ion probe maps of sulfur (^S), arsenic 

(75As), and gold (I’^Au) (Figure 40). These maps indicate: (1) elevated concentrations of 

arsenic and gold in the ore-stage Fe-sulfide minerals and, (2) significant positive 

correlation between Au and As, and a negative correlation between those elanents and 

S.

Figure 40. SIMS map of sample UC1079-4850-181.50-38-197 showing location and 
relative concentrations of sulfur (^S), arsenic (t̂ As), and gold (i^Au) within a Fe-sulfide 
crystal. These images demonstrate die significant positive correlation between Au and 
As in the sulfide mineral, and the poor to negative correlation between those elements 
and S. Color bar represents reflects relative concentrations of 3*S, ^As, and ^^Au: dark 
red = low to nil concentration, white = high concentration.
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SIMS Depth Profiling

SIMS depth profile analyses were conducted to determine if gold is present in 

the ore-stage Fe-sulfides as colloids or in solid solution. Au in solid solution in the 

pyrite would not exhibit a change in intensity with depth profiling, thus producing a 

flat line. Conversely, individual clusters of colloidal gold particles can be detected and 

are shown by sharp peaks in intensity. One analysis of a realgar vein (R3) yielded 556 

ppm of colloidal Au (<1 pm) (Figure 41a; analysis 39, Table 12). Depth profile analyses 

of finely crystalline Fe-sulfide minerals did not detect colloidal Au, and indicate that 

gold is in solid solution and uniformly distributed tturoughout the finely textured 

crystals of Fe-sulfide mineral (Figure 41b; analyses 31, Table 12).

SIMS Discussion

SIMS analyses document trace gold and arsenic in the coarse, euhedral pre-ore 

pyrite. The presence of trace Au and As in these pyrites may have resulted fi'om: (1) 

inclusions in the pre-ore pyrite of finely crystalline, ore-stage Fe-sulfide minerals fiiat 

contain gold and arsenic, (2) the large radius of the ionic beam (20 pm) may have led to 

the inadvertent inclusion of neighboring ore-stage minerals in the analysis, or (3) trace 

gold may be present in ttiese pyrites.

Analyses quantified volumetrically significant gold in finely crystalline Fe- 

sulfide minerals that form rims and firamboid-like crystals, often showing Au:As at 1:1. 

The porous P2d Fe-sulfide minerals contained higher concentrations of arsenic fiian
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Figure 41. SIMS depth profiles of sample UC1084-4850-181.50-41-197. (A) Depth profile of SIMS spot analyses 
of a realgar vein illustrating the presence of colloidal-sized gold microinclusions, shown by 
variations in intensity. (B) Depth profile of SIMS spot analyses of a fine-grained ore-stage pyrite 
illustrating solid solution gold, shown by stable intensity levels. The gold concentration in this 
sample is 91 ppm, the arsenic concentration is 87 ppm. Counts per second ■ (cps). 3
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gold. Late-ore marcasite contains elevated As and Au values as compared to coarse, 

euhedral, pre-ore pyrite crystals, and lower As than P2d pyrite/ marcasite.

SIMS analyses and ion mapping confirmed the significant positive correlation 

between As and Au in the ore-stage Fe-sulfide minerals. The SIMS image shows that 

arsenic and gold are concentrated in the ore-stage Fe-sulfide mineral. Additionally, the 

image and analyses show that the concentrations of As and Au are directly correlated, 

and correlate negatively w ith S. The negative correlation of As and S in ttie sulfide 

mineral crystal lattice eliminates the possibility that the As is native arsenic (Radtke, 

1985; Rytuba, 1985)

The failure of SIMS depth profiling to detect Au microinclusions in finely 

crystalline, ore-stage Fe-sulfide minerals and the consistent concentration of Au with 

increased As suggests that gold occurs in solid solution within the ore-stagu Fe-sulfide 

minerals, and fiiat an increase in Au is facilitated by an increase in As. Colloidal-sized 

microinclusions of gold in realgar probably occur because the crystal structure of realgar 

will not readily accept Au: as a  result. Au present in the system is forced to precipitate 

as Au microinclusions in realgar (Chiyssoulis, pers. comm., 1999).

LOCATION OF GOLD

TEM Analysis

Preliminary high-resolution transmission electron microscopy (HRTEM) 

analyses were conducted to identify the structure and the type of Au-bearing Fe-sulfide 

minerals and to determine the nature of the gold within the Fe-sulfide mineral
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structure. HRTEM diffraction patterns (Figure 42) reveal that at least some of the fine 

ore-stage Fe-sulfide crystals are arsenic-bearing marcasite, rather than pyrite. HRTEM 

would reveal Au if present in clusters of atoms, nanocrystals or inclusions. HRTEM 

analyses conducted by Bakken et al. (1991) did not detect particulate gold within ore- 

stage Fe-sulfide mineral samples at the Carlin deposit No Au was detected in any of 

the HRTEM analyses in ttiis study. Based on the lack of Au detection, it is inferred that 

Au is not present within the crystal structure as microinclusions. These results are 

consistent with the SIMS analyses, which also failed to identify the presence of gold 

microinclusions in the ore-stage Fe-sulfide minerals.

lit t i l  I ' s p j i  (' ii'i c i n j ; s t i (  ' I l l s

I 1

— 4 . 4  1

V 4S

Figure 42. This HRTEM diffraction pattern of sample UC1079-4850-181.50-38-197 
revealed that some of the finely crystalline Fe-sulfide minerals are arsenic-bearing 
marcasite, rather fiian pyrite. The pattern is a diagrammatic representation of the unit 
cell witiiin the crystal lattice of marcasite. Marcasite, a dim orph of pyrite, is 
orthorhombic with cell edges a = 4.44, b= 5.41, and c= 3.38 A (Deer et al., 1966), thus 
producing tiie projection above. Pyrite, a cubic mineral, would have produced a pattern 
with equal a, b, and c unit cell edge lattice spaces.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTERS

DISCUSSION

This study of Fe-sulfide minerals fi’om ttie Getchell mine indicates the presence 

of: (1) euhedral, trace element-poor pyrite, and (2) finely crystalline, anhedral, trace 

element-rich Fe-sulfide minerals. The work of Huston et al. (1995) on trace element- 

enriched pyrite from volcanogenic massive sulfide deposits in Australia suggests that 

trace elements are likely to occur in sulfides as: (1) stoichiometric substitutions for Fe or 

S, or (2) as nonstoichiometric substitutions within the pyrite lattice.

Analyses of Fe-sulfide minerals in this study indicate that pre-ore and late-ore 

pyrite contain approximately stoichiometric concentrations of major elements Fe and S 

plus trace amounts of Co, Ni, and Pb. Ore-stage pyrite/marcasite contains 

concentrations of Fe and S lower than pre-and late-ore pyrite and marcasite, and 

variable low to nil Co, Ni, and Pb.

Pyrite Geochemistry

Huston et a l (1995) suggest that Co and Ni substitute stoichiometrically for Fe in 

the Fe-sulfide crystal lattice. Co, Ni, and Fe are group 8A transition metal elements and 

exhibit similar electronegativities and ionic properties. These elements are chemically 

similar, and have similar ionic radii and charge (Cô * 0.73 Â, NP+ 0.77 Â, Fe^ -0.71 Â)

92
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(Brownlow, 1996). Owing to these similarities, Co and Mi likely substitute readily for Fe 

in the pyrite lattice without distorting the crystal or creating a charge imbalance.

Huston e t aL (1995) and Cook and Chryssoulis (1990) suggest that due to some 

similarities in electronegativities, ionic properties, and ionic radii (As** 0.72 A, Tl** 0.97

A, Sb** 0.69 A, Cu%* 0.81 A, Au** 0.78 A) (Brownlow, 1996), ttie ore-stage trace elements

may stoichiometrically substitute for Fe (Fê * -0.71 A) within the Fe-sulfide mineral 

crystal structure. However, except for Cu^*, a  charge imbalance would result.

This study demonstrates that ore-stage pyrite/m arcasite contain less than 

stoichiometric concentrations of major elements Fe and S, low trace concentrations of 

Co, Ni, and Pb, and enrichments of ore-stage trace elements Hg, Tl, As, Au, Cu, and Sb. 

As**, n**, Sb**, Cu2*, and Au** likely substitute for Fê * in the cation position. Pb**and 

Hg2*, although exhibiting the same charge as Fê *, are larger in ionic radius (Pb** = 1.37 

A, Hg** = 1.10 A) (Brownlow, 1996), suggesting that ttie substitution of Pb** and Hg** for 

Fe would be less likely to occur.

The Chemical State of Au

Early pétrographie investigations into "invisible gold" by Burg (1930) concluded 

that it is "present in chemical combination in the pyrite, and that the gold is often 

present in a submicroscopic state (0 .1  pm )." Studies on gold ore using Mdssbauer 

spectrometry, carried out by Wagner et al. (1986), confirmed that invisible gold does 

exist in Fe-sulfide minerals, but diey did not identify the chemical state of Au.

Knowing whether gold is present as a charged or uncharged ion in the pyrite 

structure would aid in determining Au deposifional mechanisms. Ionic Au (Au**, Au**)
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would be part of the pyrite structure (Arehart et aL, 1993a; Simon et al., 1999); Au 

microinclusions would be uncharged (Au") (Simon et aL, 1999). High-resolution 

microscopy conducted by Bakken et al. (1969) showed no evidence for the occurrence of 

Au particles as microinclusions within auriferous Fe-sulfide minerals. SIMS and BMP 

analyses conducted on auriferous arsenopyrite and As-enriched pyrite led Arehart et al. 

(1993a) to suggest that charged ions of gold are present in solid solution, rather than 

neutrally charged microinclusions of gold (Au"). X-ray adsorption fine structure 

(EXAFS) analyses by Simon et al. (1999) suggest ttiat gold precipitated as Au** where 

hydrotfiermal fluids were undersaturated with respect to native gold, and that it 

precipitated as Au" where pyrite was deposited from fluids that were saturated with 

respect to gold.

SIMS depth profiling of Getchell Fe-sulfide minerals in this study documented 

the presence of colloidal-sized Au" microinclusions in R3 realgar. The largest gold grain 

detected was 0.1 pm in diameter. SIMS depth profiling failed to detect colloidal Au 

microinclusions in all evaluated Fe-sulfide mineral crystals. TEM analysis of the ore- 

stage pyrite/ marcasite also failed to detect Au as microinclusions in the ore-stage 

sulfides. These analyses indicate that Au is present in an ionic state (Au** or Au**) in 

ore-stage pyrite/ marcasite, and suggest that: 1) the hydrothermal fluids that deposited 

the ore-stage pyrite/ marcasite were undersaturated with respect to native gold, and 2) 

the later hydrothermal fluids that deposited ttie realgar may have been saturated with 

respect to native gold.

Trace Element Substitution in Fe-Sulfide Minerals

Studies of Carlin-type gold deposits have shown that significant As was
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concentrated in pyrite with trace Sb, Hg, and Au (Wells and Mullens, 1973; Radtke,

1985; Arehart e t aL, 1993a; Ferdock et al., 1997; Simon et aL, 199% and Cline, 2001). These 

studies suggest that As plays an important role in the incorporation of the ore-stage 

trace elements into the Fe-sulfide mineral structure. Huston e t aL (1995) concluded that 

ore-stage trace elements As**, TP*, and Au** are most likely to occur as 

nonstoichiometric substitutions in ttie Fe-sulfide mineral lattice.

Studies conducted by Fleet et al. (1989) and Huston et al. (1995) determined that 

the most common nonstoichiometric element substituting in the pyrite lattice is As, 

which forms a metastable Fe(As,S) 2  solid solution, and is the probable mechanism for 

producing As-rich Fe-sulfide minerals. Extensive incorporation of As or Sb into sulfide 

mineral structures leads to the formation of accessory minerals such as orpiment (As2%), 

Realgar (AsS), or stibnite (SkS;) (Cook and Chryssoulis, 1990), minerals which are 

paragenetically associated with ore-stage Fe-sulfide mineralization a t Getchell and other 

Carlin-type deposits.

Arehart e t al. (1993a) suggested ttiat the covariance of Au and As in individual 

Fe-sulfide crystals in Carlin-type systems results from gold entering the 

pyrite/ marcasite structure as a coupled substitution with arsenic. Coupled substitution 

is most likely to take place by one of two mechanisms: substitution in both cation and 

anion sites with substitution of Au** for Fe** and one As* for one S* , yielding ([Au** ] 

[Fe**])([AsS]*-[S2 *']), or substitution of one Au** and one As** for two Fe**, yielding 

([Au**, As**] [2Fe**J) 2%. Cook and Chryssoulis (1990) prefer coupled substitution in 

cation and anion sites and suggest that nonstoichiometric substitution of As* (0.72 A)

for S* (1.72 A) occurs th ro u ^  [AsS]*- substitution for Sz *-. The resulting charge
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imbalance is satisfied by substitution of trivalent metal ions (Cook and Chryssoulis,

1990; Huston et aL, 1995) such as As**, TP*, Sb**, Au**, and Hg** for Fe**.

In this study, statistical analyses of EMP data fi’om ore-stage Fe-sulfide minerals 

show that As, Tl, and Cu, and less commonly Hg, and Sb accompany Au. As**, Tl**, 

Au**, Hg*+, and Sb** substitute for Fe** in the cation site. As* likely substitutes for S-* in 

ttie anion site. Cu** (0.81 A) exhibits a  significant positive correlation with the ore-stage

elements, and its similarities to Fe suggest that Cu substitutes for Fe (-0.71 A) in the

pyrite structure. Cu** also shows positive correlation with Au in ore-stage pyrite/ 

marcasite. Although ttie valence differs, Cu** exhibits geochemical properties similar to 

Au**. Cu** may form a coupled cation substitution with Au** for Fe**, and could be 

incorporated into the site of Fe**, forming ([Cu ** + Au**] [2Fe**])([As* , 1.5 S2* ][2Sz* ]).

THE FORMATION OF TRACE ELEMENT-RICH FE-SULFIDE MINERALS

Huston et aL (1995) speculate that concentrations of ore-stage and non-ore stage 

trace elements are controlled by pyrite crystal habit, which is in turn directly affected by 

fluid composition and rate of crystallization of the sulfide minerals. Studies conducted 

by Raiswell and Plant (1980) and Huston et al. (1995) suggest ttiat rapid precipitation 

during disequilibrium allows incorporation of increased nonstoichiometric components. 

Conditions of rapid precipitation (Huston et aL, 1995) enhance disequilibria, facilitate 

the incorporation of trace metals, and are ultimately responsible for the metastable 

incorporation of high levels of arsenic into the pyrite lattice. Roedder (1968) and Huston 

et aL (1995) suggested that coUoform, overgrowth, and framboidal morphologies form 

because of ttie rapid precipitation of ttie minerals.
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Pyrite and Marcasite Formation

Previous studies of Fe-sulfide mineral formation (Allen et al., 1912; Giggenbach, 

1974; Schoonen and Barnes, 1991) determined that pyrite forms and is stable in neutral 

to alkaline solutions below 240 °C. Ottier experiments and models (Allen et aL, 1912; 

Goldhaber and Stanton, 1967) confirmed the formation of pyrite above pH 4.5. 

Additionally, experimental investigations by Schoonen and Barnes (1991) determined 

that both pyrite and marcasite can precipitate simultaneously from solutions between 

100 and 300°C, possibly explaining observations of both pyrite and marcasite in the ore- 

stage Fe-sulfide minerals in this study.

The am ount of pyrite or marcasite produced by sulfidation is strongly 

dependent on pH (Schoonen and Barnes, 1991). Marcasite will form at all temperatures 

in natural solutions that are below a pH of 5 and contain HzS and HS*- as the dominant S 

phases (Murowchick and Barnes, 1986). Marcasite is the predominant sulfide mineral 

produced in systems with pH lower than 4.5 (Allen et al., 1914, Goldhaber and Stanton, 

1987). Studies conducted by Murowchick and Barnes (1986) determined that the 

precipitation of marcasite in nature indicates that (1) the marcasite precipitated from 

acidic fluids w ith a pH less ttian 5, (2) the temperature of deposition was at or below 

240® C and the post-deposition temperature remained below 160®C, and (3) that HzS was 

present

Experiments of marcasite and pyrite synthesis and precipitation conducted by 

Murowchick and Barnes (1987) determined that the temperature of crystal growth and 

the degree of supersaturation of the source fluids have profound efiects on the 

morphologies of hydrottiermally grown pyrite crystals. They concluded that two 

difierent types of Fe-sulfide crystals formed; (1) well-formed crystals with complete
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faces formed primarily during steady-state conditions and, (2) fine crystals of Fe-sulfide 

minerals without any distinctive crystal shape formed during periods of rapid cooling. 

Murowchick and Bames (1967) observed th a t (1) low degrees of saturation at 

temperatures of 250°C produced acicular crystals, and higher degrees of saturation at 

250®C produced crystals with perfectly smooth crystal faces, (2) relatively higher 

temperatures of 450®C and low degrees of saturation resulted in the formation of rough 

cubes, and (3) high degrees of saturation combined with rapid cooling gradients 

produced crystals with incomplete faces that often grew on older, primary crystal faces, 

producing a very finely crystalline sulfide that had no distinctive crystal shape.

Pre-Ore. Euhedral Fe-Sulfide Minerals a t Getchell 

Major and trace element geochemistry indicate ttiat pre-ore Fla and Fib pyrites 

are near stoichiometric. The presence of pyrite rather than marcasite suggests that the 

pre-ore fluids had a pH above 4.5.

The morphology and chemistry of F la and Fib pyrites suggest slow crystal 

growth at steady-state conditions fiom fluids ttiat were not saturated in ore-stage trace 

metals. The euhedral crystal shape and ttie near-stoichiometric chemistry of the pyrite 

suggest that slow crystal growth allowed ordered arrangement of stoichiometric 

elements (Fe and S) and substitution by trace elements geochemically similar to Fe (Co 

and Ni).

Ore-Staee. Finelv Crystalline. Anhedral Fe-Sulfide Minerals at Getchell 

Pétrographie analysis of ore-stage Fe-sulfide minerals F2a, F2b, and F2c revealed 

the presence of both pyrite and marcasite. The textures of the ore-stage sulfide minerals
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are suggestive of rapid precipitation during system disequilibrium, and the presence of 

marcasite indicates ttiat the pH fell below 4.5.

Conditions of rapid precipitation are consistent with the fine crystal habit and 

trace element-rich character of P2a, P2b, and P2c pyrite /marcasite a t GetchelL EMP 

analysis of the ore-stage Fe-sulfide minerals show that Fe plus S compose 89.44 mass % 

of P2a and 82.73 mass % of P2c, leaving 10.56 mass % and 17.27 mass % of the P2a 

and P2c pyrite structures, respectively, composed of ttie other trace elements. Rapid 

crystallization precluded an ordered arrangement of the elements in the crystal lattice 

and facilitated the incorporation of Hg, Tl, As, Au, Cu, and Sb into the sulfide crystal 

structure.

The generally positive correlation between most of the ore-stage trace elements 

in P2a, P2b, and F2c pyrite/ marcasite reflects the fact that rapid crystallization 

enhanced ttie incorporation of all ore-stage elements into the pyrite crystal structure, 

resulting in high covariance between ttiese trace elements.

Changes in system chemistry and precipitation mechanisms within the system 

may explain the morphological and trace element differences between the sharp, 

distinct rims of P2a, the fiamboid-like P2b, and the very high grade, irregular, and 

subtle rims of P2c Fe-sulfide minerals. Fe-sulfide minerals P2a and P2b exhibit textures 

of open-space formation, whereas P2c sulfide rims may have formed by replacement 

Replacement is indicated by rounding of ttie pre-ore cores, ttie sharp but irregular 

contact between pre-ore cores and ore-stage rims, and similar relief and polish of the 

P2c core and rim. The significant difierences in the two types of rims strongly suggest 

that they were formed by difierent processes.
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Geochemical analyses of P2d pyrite/marcasite show that 97.37 mass % is 

composed of Fe and S, and 2.63 mass % consists of other trace elements. Although not 

as enriched in trace elements as P2a, P2b, and P2c, P2d pyrite/ marcasite may have 

precipitated either at the beginning of, or near the end of, ore-stage precipitation.

Late-Ore Marcasite a t Getchell 

The presence of late-ore P3 marcasite, rattier than pyrite, suggests that HzS and 

HS  ̂ dominated ttie late-ore fluids and pH was below 5 (Murowchick and Bames, 1986; 

Goldhaber and Stanton, 1987). Paragenetic observations and major and trace element 

geochemistry of the P3 marcasite indicate formation during the late-ore stage.

The coarse euhedral crystals and prismatic laths indicate slow, ordered crystal 

growth. Ore-stage trace elements either were not incorporated into the marcasite 

structure owing to their absence in the fluids, or the equilibrium crystallization 

processes did not allow their incorporation. Analyses show that Fe and S compose 97.88 

mass % of P3 marcasite, with other elements occupying 2.12 mass %.

Model for Fe-Sulfide Precipitation at Getchell

Geochemical and morphological data suggest that the fluids that precipitated 

P la and Plb pyrite were neutral to basic. Pla and Plb pyrite crystals precipitated 

slowly fiom fluids that were depleted in ore-stage trace elements.

Ore-stage pyrite/m arcasite precipitation was accompanied by décalcification 

and silicification of the host limestone. The responsible fluids may have been saturated 

in or contained abundant dissolved ore-stage elements and silica. The ore-stage Fe- 

sulfide minerals are generally paragenetically located between quartz crystals or
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incorporated in the outer edges of the surrounding jasperoid. This relationship suggests 

that calcite was removed and Q2 quartz crystallization was in progress before the ore- 

stage Fe-sulfide minerals formed.

Trace element compositions of the P2a, P2b, P2c, and P2d Fe-sulfide minerals 

likely reflect the composition of the fluids at the time of pyrite/marcasite precipitation. 

Furttiermore, the conditions were such that both trace element-rich pyrite and marcasite 

may have simultaneously precipitated. Crystal forms and geochemistry of the ore-stage 

Fe-sulfide minerals suggest that types P2a through P2d formed during a period of rapid 

precipitation and possible disequilibrium, allowing the incorporation of elevated 

concentrations of trace elements in ttie pyrite structure.

With continued quartz and pyrite/m arcasite precipitation, the concentration of 

trace elements in the fluids became depleted, or the precipitation rate of the 

pyrite/ marcasite decreased and nonstoichiometric trace elements were excluded fi’om 

the pyrite/ marcasite lattice. This transition fiom trace element-rich ore-stage 

pyrite/ marcasite to trace element-poor late-ore stage marcasite marks an evolution in 

the physical or chemical conditions of the system.

During the post-ore stage of ttie system, marcasite may have precipitated slowly 

fiom saturated fluids possibly under equilibrium conditions, thus producing euhedral, 

blocky crystals. The system further evolved and only the acicular, blade-like marcasite 

precipitated. P3 marcasite was overgrown by late-ore calcite, indicating ttiat the 

hydrothermal fluids in the system had further evolved to a less acidic pH conducive to 

calcite precipitation.
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CONCLUSIONS

The gold-ore at Getchell is located within decarbonatized and silicified silty 

carbonate and limestone rocks. The ore and gangue mineral assemblage includes 

calcite, barite, pyrite, marcasite, jasperoid quartz, drusy quartz, chalcedony, realgar, 

orpiment stibnite and galkhaite. Of these minerals, four types of pyrite, realgar, and 

galkhaite are host to ttie economically significant gold at Getchell.

Three groups of morphologically and chemically distinct Fe-sulfide minerals are 

present at the Getchell Carlin-type deposit (1) pre-ore diagenetic and hydrothermal 

pyrite hosted by Stage 1, non-silicified, calcite-bearing lithologies and altered igneous 

dikes, (2) ore-stage pyrite/ marcasite hosted by Stage 2, decalcified and silicified ore- 

stage lithologies, and (3) late-ore stage marcasite, hosted by Stage 3 calcite that crosscuts 

the previous assemblages.

This study documents seven morphologically and chemically different types of 

pyrite and marcasite. There are four specific morphologies of the ore-stage Fe-sulfide 

minerals ttiat are associated w ith elevated concentrations of a characteristic suite of 

elements, Hg, Tl, As, Au, Cu, and Sb. The pre-ore and late-ore stage pyrites contain nil 

or trace Hg, Tl, As, Au, Cu, and Sb. The difierences in host rocks, mineral assemblages, 

and trace element relationships suggest that that the fluids that precipitated the pre-ore

102
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and late-ore pyrite and marcasite were difierent from those that precipitated the ore- 

stage Fe-sulfide minerals.

Based on the study by Simon etaL (1999), the deposition mechanisms of Au at 

Getchell are suggested by the distribution of ionic Au within the structure of the ore- 

stage Fe-sulfide minerals and the presence of Au" inclusions in realgar. The differences 

in the structure of Au in the pyrite at Getchell indicate that the fluids that precipitated 

the ore-stage pyrite were undersaturated with respect to Au concentration, and ttie 

fluids that precipitated ttie late-ore realgar may have been saturated in Au.

Further research that may compliment this study includes sulfur isotope 

analyses and color cathodoluminescence. Sulfur isotope analyses would aid in 

distinguishing ttie source of sulfur for the ore-stage and non-ore stage Fe-sulfide 

mineral populations. Color cathodoluminescence analyses of the ore-stage jasperoid 

and drusy quartz populations would aid in determining the trace metals present in the 

ore fluids.
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List of underground drill holes sam pled a t the Getchell Mine during 1997. 
Depths and northings identify locations of stopes in the Getchell underground 
mine. (See Figure 3). Drill hole num ber identifies the hole drilled in the stope. 
Footages for samples examined for this study are listed in Appendix 2.

N orthw est ore body 
197.00.181.00
UC108S4850-181.50-31
UC1081-4850-181.50-32
UC1076-I850-181.50-34
UC1083-4850-181.50-36
UC1078-4850-181.50-37
UC10794850-181.50-38
UC10804850-181.50-38
UO0864850-181.5(M 0
Ua084-4850-181.5(W l
UC1087-4850-181.5(142
UC1088-1850-181.50-43
Ua017-4775-183.00-71
UC0573-5000-184.00-09
UC0608-5000-184.00-14
UC0606-5000-184.00-15
UC104&4790-184.00-25
UC0571-5000-184.50-02
UC0569-5000-184.50-03
UC0568-5000-184.50-04
UC1012-4790-1W.50-31
UC10194790-184.50-33
UC10204790-184.50-41
UC1045-4790-185.0Q-28
Ü0029-4790-185.00-23
UC0879-4850-185.00-25
UC0868-1850-185.5Q-32
UC1019-4790-184.50-33
UC0867-4850-185.50-33
UC0872-4850-185.50-37
UC0654-5000-186.00-12
UC0655-5000-186.00-14
UC0768-5000-186.00-18
UC10494775-188.00-10
UC08794850-187.00-24
UC1059-4775-187.00-34
UC1027-4775-189.50-01
UC1031-4775-189.50-02
UC1031-4775-189.50-03
UC10364760-189.50-07
UC1037-4760-189.50-09
UC1048-4775-189.50-12
UC1054-4775-189.50-14
UC1069-4775-189.50-20
UC10584775-190.50-01
UC1047-4775-193.00-01

M ain ore body 
181.00-166.00
UC0785-5100-168.50-16
UC0736-5100-171.50-26
UC0452^850-173.00-14
UC(M67-4850-173.00-16
UC0782-I775-173.00-24
UC0782-4775-173.0Q-26
UC0519-485O-173.50-15
UC0519-4850-173.50-25
UC- m b  -4775-173.50-27
UC- m b  ̂ 775-173.50-31
UC0802-4775-173.50-34
UC- NID -5100-175.50-25

Southern ore body 
166.00-145.00
UC0932-4850-157.004)2
UC092M850-157.004)7
UC08224850-160.0(H)7
UC08284850-160.004)9
UC0845-4850-160.00-11
UC08454850-160.00-13
UC10354655-162.0D-28
UC10184750-162.50-10
UC10284750-163.00-09
UC107T4655-164.00-05
UC10754655-164.00-06
UC1077-4655-164.0(W)8
UC1082-4655-165.0(M)9

Sample numbers contain four important specifiers 
that indicate;

UCXXXX- XXXX - XXX.XX- XX 
Getchell Depth Northing Drillhole #
index # ASL of Getchell within stope

underground
stope

ND = No Data
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List of samples from which thin sections were prepared and examined using EMP, SIMS, and TEM analyses.

Collection location Northwest Main South

Drill hole location number: 1101079^850-181.50-38 Prill hole location number: UCD5194850-173.50-15

Footage Au ioz/ton) Footage Au (oz/ton)
64 0 E 48 0.228
85 0.7 E 62 1.1 E,S
95 0.26 E 72 03 E
119 0.006 98 0.5 E,T
149 0.15 E 131 0.2
159 03 139 0.068 E
176 0.01-0.06 E
197 1.0-0.9 E,T,S
219 0.004-0.1
348 0
368 0
421 0 E
441 0 E

Prill hole location number: UC1084-4850-181.50-41

Footage Au (oz/ton)
197 0.5-0.2 S

T - sam ple analysed by TEM
Drill hole location number. UC0606-5000-184.00-15 E - sam ple analysed by EMP

S - sam ple analysed by SIMS
Footage Au (oz/ton)
157 45 E,S
225 1.0 -0.9 E
285 0.07-0.02 E

Drill hole location number UC10454790.185.0-28

Footage Au (oz/ton)
206 0.4 - 0.5 E

Drill hole location number: UC1075-4655-161.(XM)6

Footage
64
86
90
112

Au (oz/toni 
0
0.10-0.08
0.12-0.15
0.04

S,E
T,E

E

Prill hole location number UCl077-4655^164.004)8

Footage
51

Au (oz/ton) 
0 .1 - 0.2

Prill hole location number: UC1082-4655-165.0-09

Footage
101
305

Au (oz/ton)
1.4
N/A

Prill hole location number: UC0S45-4850-160.0-13

Footage
32

Au (oz/ton) 
1.04-0.2
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Stibnite

°  l& n ig jej^ Fe S Pb Co Ag Tl Ni As Au Cu Sb Zn Mo Total wt%
o UC08454850-160.0-13-32 
5  Ua0754655-164.0(M)6.«6

0.062
0.029

25.653
27.246

0.122
0.048

0.100
0.000

1.021
0.106

1.475
0.000

1.150
0.000

0.152
0.000

0.000
3.782

0.473
0.000

0.200
0.000

66.716
66.188

0.190
0.000

0.000
0.000

104.190
97.401

CD
n
o Average | 0.0461 26.4501 O.OBSl 0.050| 0.5641 0.7381 0.5751 0.076| 1.8911 0.2371 O.lOOl 66.4521 0.0951 O.OOd

(O' Galkhaite

i  |Sani^|e#_ Fe S Pb Co Hfi Ag Tl Ni As Au Cu Sb Zn Mo Total wt%
CD ÙC08454850-160.0-13-32 
^  UC0845-4850-160.0-13-32 
J  UC08454850-160.0-13-32 
3  UC08454850-160.0-13-32

0.490
0.300
1.450
2600

20.750
20.930
22210
22280

0.830
0.740
0.790
0.810

0.260
0.270
0.230
0.250

50.860
51.800
47.530
45.550

3.330
3.350
4.350 
3.310

2960
3.130
2.410
3.620

0.250
0.250
0.220
0.230

16.350
16.580
17.580 
18.170

0.970
0.970
1.070
0.950

3.460
3.490
3.400
3.540

3.180
2730
4.670
2650

1.590
1.530
1.650
1.520

0.600
0.600
0.640
0.560

105.890
106.660
108.200
106.050

m Average
T3

I.210I 21.5431 O.793I 0.2531 48.9351 3.5851 3.030l 0.23S| 17.170| 0.990l 3.4731 3.3081 1.5731 0.600|

2- Cinnabar alteration within galkhaite
a
o' |S ag tg W |^ Fe S Pb Co Ag Tl Ni As Au Cu Sb Zn Mo Total wt.%
-D UC08454850-160.0-13-32 
o UC08434850-160.0-1332

0.810
0.990

15.420
15.300

1.050
1.010

0.380
0.380

82.840
81.870

4.260
4.060

2890
2800

0.340
0.340

2.020
2.380

1.250
1.260

0.600
0.660

2780
2.740

1.630
1.730

0.650
0.670

116.930
116.200

CT
o Average 1 O.9OOI 15.3601 I.030I 0.3801 82.3551 4.160l 2.8451 0.340| 2.200| 1.2551 0.630| 2760| 1.680| 0.660|

■D
CD

C / )
C / )

Due to the volatile and absorbent nature of As and S in the sulfosalt minerais, sulfur and wt% totals may be high or low because of the volatilization. 
Due to the high amounts of absorption and vaporization, Armstrong correction was used to "normalize" the As and S totals.

to
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EMP trace element data of Fe-sulfide minerals.

wt.% -  0 for analyses below  detection lim it. 
EMP detection lim its reported  in  A ppendix 3.

8

i

3.3"
CD

CD■D
OÛ.
C
a
o3
■D
O

CDQ.

■D
CD
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C/)

Plb Igneous Pyrite

Analysis# Issmple Fe S Pb Co "g Tl Ni As Au Cu Sb Zn Mo Total Wt.%
1 UC1079-485O-181SO-3S-I21 45.107 54.441 0.195 0.062 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 99.814
2 UC1079^850-181.50-3S421 45.130 54.434 0.196 0.064 0.033 0.000 0.067 0.000 0.000 0.000 0.015 0.000 0.000 0.000 99.939
3 UC1079-4850-181.50-38421 44.645 52.103 0.233 0.060 0.000 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.011 0.000 97.065
4 UC10794850-181.50-38421 45.190 54374 0.226 0.042 0.000 0.000 0.000 0.029 0.000 0.000 0.000 0.000 0.000 0.000 99.861
5 UC1079-4850-18I.50-38441 46398 55.065 0.211 0.153 0.000 0.000 0.051 0.000 0.000 0.015 0.000 0.000 0.000 0.000 101.893
6 UC10794850-181S0-38-441 46354 54.681 0.211 0.081 0.000 0.000 0.054 0.000 0.000 0.000 0.000 0.000 0.000 0.000 101381
7 00079-4850-181.50-38-441 46.457 55.052 0.239 0.069 0.000 0.000 0.095 0.000 0.000 0.000 0.000 0.000 0.000 0.000 101.912

Average 45.612 54307 0.216 0.076 0.005 0.000 0.038 0.007 0.000 0.002 0.002| 0.000| 0.002| 0.000|

Minimum value 44345 52.103 0.020 0.042 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Maximum value 46.457 55.065 0.239 0.153 0.033 0.000 0.095 0.029 0.000 0.015 0.015 0.000 0.011 0.000
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EMP trace element data of Fe-sulfide minerais.
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Pl« Meta-Mdlmentoiy Pyrite

Atuüyris# Isunple Fe S Pb Co Hg Ag n Ni As Au Cu Sb Zn Mo Total WLX
8 UC10454790-185.0-28-206 46.087 50.132 0.225 0.047 0.000 0.000 0.000 0.027 0.000 0.000 0.021 0.030 0.072 0.000 96341
9 UC1045-4790-185.0-28-206 45.773 54397 0318 0.051 0.000 0.000 0.035 0.040 0.000 0.000 0.017 0.000 0.087 0.000 100.918
10 UC1045-4790-185X)-28-206 45320 53331 0.218 0.045 0.000 0.000 0.089 0.000 0.000 0.017 0.027 0.000 0357 0.000 99.904
11 UC10484790-1853-28-206 45367 53.810 0.267 0.052 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.259 0.000 99.455
12 UC0606-5000-184.00-15-157 44.922 50345 0.000 0.044 0.000 0.000 0.076 0.000 0332 0.000 0.000 0.000 0.000 0.534 96.253
13 UC0606-5000-184.00-15-157 46318 54.782 0.000 0.041 0.000 0.000 0.046 0.000 0.000 0.000 0.000 0.000 0.000 0.000 101.187
14 UC0606-5000-184.00-15-157 46.072 54.684 0.000 0.054 0.000 0.000 0.000 0.000 0323 0.000 0.000 0.000 0.000 0.000 101.133
15 UC0606-5000-184.00-15-157 45.297 54302 0.000 0.042 0.000 0.000 0.000 0.000 0.137 0.000 0.000 0300 0.000 0.000 99.978
16 UC0606-5000-184.00-15-157 44.916 54.009 0.000 0.047 0.000 0.000 0.084 0.000 0.119 0.000 0.013 0.000 0.000 0.000 99.188
17 UC1075-4655-164.004I6-90 45371 55365 0.227 0.046 0.000 0.000 0.000 0.000 0.108 0.000 0.000 0.000 0.000 0.000 101317
18 UC10754655-164.00416-90 44.979 55.223 0307 0.046 0.000 0.000 0.034 0.000 0363 0.000 0.000 0.000 0.000 0.000 101.152
19 UC1075-4655-164.004)6-90 45.403 56.294 0.298 0.042 0.000 0300 0355 0.098 0.000 0.000 0.000 0.038 0.000 0.000 102.228
20 UC10754655-164.004)6-90 45.402 56.435 0.241 0.038 0.000 0.000 0.094 0.105 0.000 0.000 0.000 0.000 0300 0.000 102315
21 UC1075-4655-164.004)6-90 44.895 56.418 0.249 0.053 0.000 0.000 0.000 0.047 0.000 0.000 0.012 0.000 0.000 0.000 101374
22 UC10754655^164«KI646 45324 54.511 0.188 0.054 0.032 0.000 0.000 0.209 0.000 0.000 0.000 0.000 0.000 0.000 100318
23 UC10754655-164.0(MI6^ 45.433 54.105 0.236 0.055 0.000 0.000 0.070 0.000 0.018 0.000 0.000 0.000 0.000 0.000 99.917
24 UC1075-4655-164.004)6-86 45340 54.667 0.246 0.050 0.000 0.116 0.000 0.039 0.000 0.000 0.000 0.000 0.000 0.000 100.758
25 UC1075-4655-164.004)6-86 45.261 55.139 0.189 0.051 0.000 0.000 0300 0.000 0300 0.000 0.000 0.000 0.000 0.000 100340
26 UC1079-4850-18130-38-149 45.249 51.770 0.213 0.047 0.000 0.108 0.045 0.011 0.000 0.000 0.000 0.075 0.000 0.000 97318
27 UC1079-4850-18130-38-149 45336 51.087 0.176 0.045 0.000 0.000 0.048 0.000 0.021 0.000 0.000 0.029 0.000 0.000 96.942
28 UC1079-4850-18130-38-149 45.201 50.843 0.255 0.045 0.054 0.000 0.000 0.000 0.000 0.000 0362 0.000 0.000 0.000 96.760
29 UC05194850-17330-15-72 45517 52353 0.275 0.041 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 98386
30 UC0519-4850-17330-15-72 45.084 52380 0.247 0.037 0.036 0.000 0.045 0.012 0.000 0.000 0.000 0.000 0.000 0.000 97341
31 UC0519-4850-I7330-1532 46333 54.482 0.216 0.042 0.059 0.000 0.079 0.040 0.000 0.000 0300 0.000 0.000 0.000 101351
32 UC0519-4850-17330-1532 46333 54.474 0.000 0.036 0.249 0.000 0.000 0.132 0.000 0.000 0.000 0.000 0.000 0.000 101.224
34 UC0519-4850-17330-1532 45.791 53312 0.221 0.060 0.000 0.000 0.000 0.868 0.000 0.022 0.000 0.000 0.000 0.000 100.274
35 UC05194850-17330-1532 45.946 53.835 0.243 0.057 0.000 0.000 0.086 0.476 0.473 0.000 0.000 0.000 0.000 0.000 101.116
36 UC0519-4850-17330-1532 45.752 54.897 0.212 0.055 0.000 0.000 0.049 0.019 0.228 0.025 0.000 0.000 0.009 0300 101.246
37 UC0845-4850-160.0-1332 45.913 54.987 0.202 0.055 0.000 0.123 0.033 0.000 0364 0.000 0.000 0.000 0.000 0.000 101.677
38 UC0845-4850-160.0-13-32 45357 54.633 0.276 0.065 0.000 0.000 0.000 0.011 0.000 0.032 0.000 0.000 0.000 0.000 100.874
39 UC519-4850-17330-15-139 46386 55.085 0.220 0.046 0.056 0.000 0.085 0.014 0.000 0.000 0.000 0.000 0.000 0.000 102.192
40 UC5194850-17330-15-139 46.493 55.118 0.200 0.057 0.000 0.000 0.000 0.052 0.000 0.027 0.000 0.000 0.000 0.000 101.947

en
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EMP trace element data of Fe-sulfide minerais.
PI# Pyrite (cont) Fe S Pb Co Hg Ag Tl Ni As Au Cu Sb Zn Mo Total WL %

41 UC519-4850-17330-15-139 46382 54.716 0.286 0.053 0.000 0.000 0.060 0.000 0.000 0.015 0.000 0.000 0.000 0.000 102.012
42 UC1082-4655-165.(M)9-101 46.785 55.040 0.217 0.058 0.000 0.000 0.000 0.010 0303 0.027 0.000 0.000 0.000 0.000 102.640
43 Ua082-4655-165.fr09-101 46323 54.763 0.237 0.051 0.000 0.000 0.060 0.000 0.000 0.017 0.000 0.000 0.000 0.000 101.951
44 UC1082-4655-165.009-101 46316 55.241 0.204 0.059 0.000 0.000 0.066 0.000 0.000 0.000 0.000 0.000 0.000 0.000 102.086
45 UC1082-4655-165.fr09-101 45.728 53339 0.212 0.042 0.000 0.000 0.000 0.000 0.084 0.000 0.000 0.000 0.000 0.000 99.405
46 UC0606-5000-184.00-15-157 45.713 54.905 0.287 0.(»5 0.000 0.000 0.054 0.000 0.125 0.026 0.000 0.000 0.000 0.000 101.165
47 UC0606-5000-184.00-15-157 46393 54.475 0.194 0.057 0.046 0.000 0346 0.000 0.018 0.000 0.000 0.000 0.000 0.000 101.229
48 UC0606-5000-184.00-15-157 46.107 54.799 0.221 0.045 0.000 0.000 0.029 0.000 0.000 0.041 0.000 0.000 0.000 0.000 101.242
49 UC0606-5000-184.00-15-157 46.432 54.482 0.214 0.060 0.000 0.000 0.064 0.017 0.000 0.000 0.000 0.000 0.000 0.000 101.269
50 UC0606-5000-184.00-15-157 46.098 54.085 0.264 0.034 0.000 0.000 0339 0.012 0.056 0.014 0.000 0.000 0.000 0.000 100.602

Average 45796# 54.144# 0.202# 0.049# 0.013 0.008| 0.035# 0.053# 0.0831 0.006# 0.011 1 0.004# 0.0191 0.013

Minlinuin value 44395 50.132 0.000 0.034 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 oood 1
Maximum value 46.882 56.435 0318 0.065 0.249 0.123 0394 0368 0363 0.041 0362 0.075 0357 0.534 1

P2a Pyrite/Marcasite

Analymia# Isamttk Fe S Pb Co Hg Ag n Ni As Au Cu Sb Zn Mo Total Wt %
51 UC1079-4850-18130-38-176 40.751 49.864 0.156 0.044 1.028 0.000 0309 0.015 4.221 0.053 0.280 0.865 0.012 0.000 98.098
52 UC1079-4850-18130-38-176 41366 50.601 0.128 0.042 0.845 0.000 0.726 0.012 4.096 0.000 0.249 0.469 0.013 0.000 98347
53 UC1079^850-18130-38-176 41335 49.824 0.156 0.045 0.734 0.000 0.736 0.017 4.407 0.055 0.240 0324 0.010 0.000 97.883
54 UC0606-5000-184.00-15-157 37.689 44340 0.000 0.038 1.070 0.000 1.132 0.000 9.462 0.097 0335 1384 0.000 0381 96328
55 UC0606-5000-184.00-15-157 39.229 48.775 0.000 0.042 0.982 0.000 0.912 0.014 6.961 0.054 0320 0.907 0.000 0.000 98.196
56 UC0606-5000-184.00-15-157 39.126 49.761 0.000 0.044 1.060 0.000 0.928 0.018 7.227 0.046 0325 0.644 0.000 0.000 99.179
57 UC0606-5000-184.00-15-157 38.612 49.128 0.000 0.034 0.719 0.000 0.694 0.000 7.606 0.081 0.223 0.741 0.032 0.000 97.870
58 UC0606-5000-184.00-15-157 38.134 48.882 0.000 0.035 0.918 0.101 1.083 0.000 8.588 0.091 0329 1.163 0.000 0.000 99324
59 UC0606-5000-184.00-15-157 39311 47.569 0.096 0.031 0.953 0.000 0395 0.012 7.279 0.039 0333 0.713 0.000 0.000 97331
60 UC0606-5000-184.00-15-157 41.456 49.893 0.114 0.047 0.517 0.000 0.454 0.050 3.713 0.033 0.230 0.435 0.000 0.000 96.942
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P2a Pyiite/Matcaslte (cont) Fe S Pb Co Hg T» Ni As Au Cu Sb Zn Mo Total Wt %
61 UC10794850.1813038.176 44306 53.621 0.160 0.048 0.000 0.000 0.000 0.043 2.670 0.019 0.077 0.000 0.000 0.000 100.943
62 UC10794850-18130-38.176 37370 48.524 0.275 0.052 1.829 0333 1.880 0.062 10.499 0.104 0.516 0.812 0.038 0.000 102.294
63 UC10794850.1813038.176 40.853 49.464 0.083 0.034 0.922 0.000 0.940 0.015 5.207 0.116 0.137 0384 0.011 0.000 98.166
64 UC10794850-18130-38.176 42.774 50.178 0.132 0.037 0370 0.000 0395 0.000 3.454 0.020 0.068 0.084 0.012 0.000 97.524
65 UC10794850-1813038.176 40.193 46.905 0.043 0.051 0.750 0.000 0.943 0.023 8371 0.110 0.333 0303 0.018 0.000 98.243
66 UC10794850.18130-38.197 41.763 50.866 0.237 0.044 0312 0.000 0366 0.000 4.978 0.221 0.264 1377 0.000 0.000 100.428
67 UC10794850-18130-38.197 41.800 51351 0.214 0.039 0343 0.000 0314 0.000 4.894 0.233 0.245 1349 0.000 0.000 100.782
68 UC10794850.1813038-149 37316 43.039 0.000 0.039 0346 0.000 0.669 0.058 18.849 0.238 0.246 0.854 0.000 0.000 102.054
69 UC10794850.1813038.197 41.986 50.726 0.086 0.042 0.297 0.000 0.294 0.012 5.219 0.226 0.285 1.412 0.000 0.000 100385

Average 403091 49.132I O.O99I 0.0411 0.747 0.023 0.746 0.018 6.721 0.097 0.2651 0.759 0.008 0.031#

Minimum value 37370 43.039 0.000 0.031 0.000 0.000 0.000 0.000 1.915 0.000 0.077 0.000 0.000 0.000
Maximum value 44305 53.621 0.275 0.(»2 1.829 0333 1.880 0.062 18.849 0.238 0.516 1.412 0.038 0381 1

P2b Pyrite/Marcasite
Analysis# |Sample iFe S |Pb Co "B Tl Ni IAs Au Cu Isb Zn Mo Total Wt.%

70 UC0606.5000.184.00.15.157 34327 46.182 0.000 0.103 1.053 0.000 1.112 0381 9.983 0.057 0347 1.110 oxno oxno 95.055
71 UC0606-5000.184.00-15.157 38.955 49.735 0.000 0.031 0.837 0.000 0336 0.000 7.743 0.046 0.296 1.062 0.000 0.000 99.541
72 UC0606.5000.184.00-15.157 34.616 44346 0.000 0.037 1.252 0.000 1.063 0.000 10.176 0.122 0306 2.211 0.000 0.000 94329

Average 1 36.0331 46.8211 0.000 0.0571, 0.000 1.004 0.194 93011 O.O75I 03161 1.461 0.000I 0.000I

Minimum value 34327 44346 0.000 0.031 0.084 0.000 0.084 0.000 7.743 0.046 0.296 1.062 0.000 0.000
Maximum value 38.955 49.735 0.000 0.103 1.252 0.000 1.112 0381 10.176 0.122 0347 2.211 0.000 0.000
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CLUSTER ANALYSIS OF SULFIDE GEOCHEMISTRY

K-Means Clustering

K-means clustering requires ttiat the number of desired clusters is first selected. 

Using this technique, the samples were distributed between two clusters. The samples 

were then distributed between two groups by minimizing the variance within each 

group and maximizing the variance between the groups. Prior to the cluster analysis, 

the data were standardized. Standardization involves first subtracting the mean from 

each variable (Le. element) and then dividing die variable by the standard deviation. 

The standardization procedure results in a variance of one for each variable, thereby 

assigning the same influence on the analysis to each of the variables (Wold et a l, 1987). 

W ithout standardization, cluster analysis would be highly weighted by the 

concentrations of Fe and S because these concentrations are several orders of magnitude 

greater than die other trace elements.
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