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ABSTRACT 

The Lone Tree gold deposit, located in the Battle Mountain district in Humboldt County, 

Nevada, is hosted in siliciclastic rocks positioned stratigraphically above the Roberts Mountains 

thrust fault. The gold mineralization is spatially associated with and cross-cuts several rhyolite 

dikes in the mine. Both the dikes and siliciclastic host rocks are variably argillized, sericitized, 

and silicified. The gold mineralization is associated with an alteration assemblage of quartz, 

sericite, pyrite, and arsenopyrite. Clay alteration and dolomitization were also observed with the 

gold mineralization.  

The strongest geochemical correlations to the gold mineralization are silver, arsenic, 

antimony, copper, and mercury. Electron microprobe characterization of sulfides at Lone Tree 

identified gold-bearing arsenopyrite, pyrite, and sphalerite. Arsenopyrite was the most common 

ore mineral and showed the highest gold grades. The ore texture is commonly gold-rich 

arsenopyrite rims around less mineralized pyrite cores, which are disseminated throughout the 

host rock and in veinlets and breccias. Chalcopyrite, tennantite and most of the sphalerite does 

not contain detectable gold, whereas most of the pyrite and arsenopyrite was above the EMP 

detection limit with respect to gold.    

Although most of the gold occurs in the quartz and sulfide breccia veins, some gold also 

occurs in rhyolitic dikes crosscutting the sedimentary rocks, with elevated grades at the dike 

margins where alteration is strongest. CA-TIMS analysis of zircon grains indicate that the 

intrusions were emplaced during the Eocene (40.95 ± 0.03 Ma), providing a maximum age of 

mineralization.   
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CHAPTER ONE 

INTRODUCTION 

Since the discovery of “Carlin-type” deposits in the mid 1960’s, Nevada has become one 

of the leading gold producing regions in the world. Nevada produced 83% of total U.S. gold in 

2015 (valued at $6.19 billion), making Nevada the fourth leading producer in the world after 

China, Australia, and Russia (Perry and Visher, 2015). Most of this gold is hosted in sedimentary 

rocks in deposits along the Carlin and Battle Mountain-Eureka (BME) trends, with the iconic 

Carlin-type deposits hosting the majority of the gold (Fig. 1.1). The Battle Mountain-Eureka 

trend parallels the Carlin trend and is an important host for Carlin-type deposits, as well as other 

styles of gold mineralization. The Battle Mountain region is located at the northern end of the 

BME trend (Fig. 1.1) and hosts numerous pluton-related mineral deposits (Theodore et al., 1992) 

which formed during episodes of magmatism in the Paleogene and Cretaceous, including 

porphyry Cu at Copper Canyon (Theodore, 1998), Au skarn at Fortitude (Theodore, 1998), and 

distal disseminated Au-Ag at Buffalo Valley (Reid et al., 2010). The district also hosts deposits 

with Carlin-type characteristics, such as those at Marigold (Fithian et al., 2018). Several miles 

south of the Battle Mountain region in the Fish Creek Mountains, the McCoy-Cove mine 

exploits skarn, polymetallic vein, and Carlin-style deposits (Fig. 1.1; Johnston et al., 2008). 

The Lone Tree gold mine is located in the northern part of the Battle Mountain region, in 

Humboldt County, Nevada approximately 35 miles SE of Winnemucca (Fig. 1.1). The deposit 

was discovered by Santa Fe Pacific Mining in 1989 and was acquired by Newmont Gold in 

1997. Lone Tree produced more than 5.5 million ounces of gold at grades up to 34 g/t 

(Bloomstein et al., 1993) prior to its closure in 2006. Mining operations have ceased, although 
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Figure 1.1 Location map featuring the location of the study (Lone Tree) and the prominent 
regional gold trends (Carlin, Battle Mountain Eureka, Getchell, Alligator Ridge, and Jerritt 
Canyon) with their associated mines.  
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currently some material is being reprocessed to produce additional ounces. The deposit is a 

structurally-controlled, sedimentary rock-hosted, disseminated gold deposit. Gold is primarily 

hosted in siliciclastic Paleozoic sedimentary rocks of the Havallah sequence, Antler sequence, 

and Valmy Formation (Fig. 1.2). Critical to the present study, porphyritic rhyolite dikes cut the 

sedimentary host rocks at Lone Tree.   

The classification of Lone Tree has been contentious because the characteristics of 

alteration and mineralization do not conform well to a single existing deposit model. Previous 

workers have classified Lone Tree as distal disseminated, Carlin-type, and epithermal. Reports 

by Panhorst (1996) and Theodore (1998) (as well as internal company reports by Newmont) 

categorized Lone Tree as a distal disseminated Au-Ag deposit based on interpretations of the 

base metal content, magmatic isotopic signatures of hydrothermal barite, the existence of other 

pluton-related gold deposits in the district, and the presence of felsic dikes in the mine area. In 

those studies, the dikes were cited as evidence for an underlying porphyritic intrusion 

hypothesized to be responsible for the mineralization at Lone Tree. Other studies (Kamali, 1996 

and Young et al., 2000) classified Lone Tree as a Carlin-type deposit based on the mineralization 

style, geochemical signature, and the low base metal content. Early researchers at the deposit 

called it a low sulfidation epithermal deposit based principally on the alteration and 

geochemistry (Bloomstein et al., 1993; Braginton, 1996). To a large degree, the debate about 

whether Lone Tree is distal disseminated or Carlin-type centers on the question of whether 

Carlin-type deposits are magmatic-hydrothermal in origin. Distal-disseminated Au-Ag deposits 

are assumed to form from a magmatic-hydrothermal fluid which is sourced from an igneous 

intrusion (Cox & Singer, 1992), whereas some authors have suggested that Carlin-type deposits 

form distal to causative intrusions (Johnston and Ressel, 2004; Ressel and Henry, 2006; Muntean 
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Figure 1.2 Geologic map of the Battle Mountain Mining District with the locations of known 
gold deposits.  Modified after Theodore (2000) and Fithian et al. (2018).  
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et al., 2011) and others have proposed that magmas are not essential (Ilchick and Barton, 1996; 

Large, 2011). These deposit styles may perhaps represent a continuum, such as at McCoy-Cove 

where distal, Carlin-type mineralization is proposed to be genetically related to porphyry and 

skarn mineralization (Johnston et al., 2008). One study inferred a magmatic source for gold at 

Lone Tree based on limited fluid inclusion evidence and oxygen isotope values (Young et al., 

2000).   

The purpose of this study was to characterize the intrusions, mineralization and alteration 

at Lone Tree, with the aim of clarifying the genetic relationship between the felsic intrusions and 

the gold. Several analytical tools were used to accomplish this goal, including LA-ICPMS and 

CA-TIMS geochronology of dikes, whole rock geochemistry of mineralized host rocks and 

intrusions, electron microprobe analysis of mineralized samples, and petrography of mineralized 

and unmineralized samples from across the deposit.  

 

1.1 Statement of Problem 

The accepted classification by Newmont of Lone Tree as a distal-disseminated deposit 

implies a genetic link between the gold mineralization and a magmatic event, yet this link has 

not been conclusively demonstrated. The dikes at Lone Tree may provide evidence for a source 

intrusion, but the igneous body has not been intercepted by any drill hole, and no existing data 

definitively show that the mineralizing fluids were magmatic-hydrothermal in origin. 

Both the gold event and the emplacement of the dikes have been interpreted as Eocene; 

however, these dates are based on limited unpublished data. The rhyolite dikes were attributed to 

Eocene magmatism based on potassium-argon dating of two biotite grains and two hornblende 

grains (E.H. McKee, personal communication in Bloomstein et al., 1993). However, reports of 
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potassic alteration at Lone Tree (Bloomstein et al., 1993) suggest that some biotite at Lone Tree 

could be hydrothermal rather than magmatic, and that biotite ages should be interpreted with 

caution. A mineralization age of approximately 40.1 Ma has been estimated for the gold event at 

Lone Tree, using 40Ar/39Ar dating of adularia from the Lone Tree pit (Zanetti, 2004 in Newmont 

internal report). This timing correlates with widespread magmatism across northern Nevada 

(Theodore, 2000; Silberman and McKee, 1971 in Theodore, 2000; Henry and Boden, 1998), as 

well as the occurrence of iconic Carlin-type mineralization at those deposits that have been 

definitively dated (Arehart et al., 2003; Groff et al., 1997; Tretbar et al., 2000; Hofstra and Cline, 

2000). However, at Lone Tree the paragenetic relationship between the adularia and the ore 

minerals is not well constrained, so the alteration event that produced the adularia has not been 

unequivocally linked to the mineralization event. 

The variety of deposit types in the district may explain much of the contention in 

classifying the deposits. Reid and others (2010) have suggested that “a spectrum of hybrid 

intrusion-related systems...related to Eocene magmatism” occur around Battle Mountain. 

Similarly, Johnston and Ressel (2004) have suggested that a continuum may exist between distal 

disseminated and Carlin-type deposits, with Carlin-type being the more distal. Lone Tree may 

provide insight into this hypothesis as it features characteristics which do not neatly fit into 

current deposit models.     

 

1.2 Thesis Organization  

Chapter 1 of this thesis, “Introduction”, states the purpose of the study – to characterize 

the geochemical, geochronological, and genetic components of gold mineralization at Lone Tree 

– and relates these characteristics to the deposit classification. This chapter also describes the 
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project goals, a summary of common deposit types from the area, a detailed background of the 

region, including regional, district, and local geology, and the approach and methods for the 

study.   

The second chapter, “Geological Characteristics of the Lone Tree Gold Mine”, is a stand-

alone paper to be submitted for publication. In addition to summarizing the major points from 

chapter 1, this chapter presents the results of this research, with a discussion and a set of 

conclusions. The gold mineralization is characterized texturally, mineralogically, and 

geochemically. Igneous intrusive rocks from Lone Tree are described and geochronological 

results are presented.  

The final chapter, “Extended Discussion and Conclusions”, offers further discussion and 

conclusions, as well as exploration implications and suggestions for future work.  

 

1.3 Overview of Carlin-type Deposits 

Carlin-type deposits were first identified in northern Nevada in the 1960’s, in an already 

established base and precious metal mining region.  Since their discovery, numerous Carlin-type 

deposits have been exploited, principally along the prominent Carlin, Getchell, Jerritt Canyon, 

and Battle Mountain-Eureka Trends (Fig. 1.1). The Carlin district contains over 6,000 tons of 

gold, making its concentration of gold second only to the Witwatersrand (Cline, 2004; Muntean 

et al., 2011). The common host rocks are miogeoclinal carbonate and clastic rocks 

(predominantly silty limestone and limey siltstone), commonly capped by an aquitard (Kerrich et 

al., 2000; Howard, 2003; Cline et al., 2005). Many studies have proposed that these deposits 

formed in the Eocene (Tretbar et al., 2000; Howard, 2003; Cline et al., 2005). Several 

hypothetical models have been proposed over the last several decades to explain Carlin-type 
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deposits, but the magmatic model – utilizing magmatism for the source of heat, fluids and gold – 

is perhaps emerging as the more accepted hypothesis.  

On the regional scale, the northern Carlin, Getchell, Battle Mountain – Eureka, and Jerritt 

Canyon trends have all been shown to occur on, or very near to, deep-rooted structures: the 

Getchell and Jerritt Canyon trends are near or along the craton margin, and the Battle Mountain-

Eureka and northern Carlin trends coincide with magnetic and gravitational anomalies and are 

interpreted to represent deep, mid-crustal fault-zones (Grauch et al., 2003).  

The most common types of alteration observed in Carlin-type deposits are 

decalcification, silicification, and sulfidation (Cline and Hofstra, 2000; Kerrich et al., 2000; 

Cline et al., 2005; Emsbo et al., 2006). Decalcification of the host rocks creates increased 

permeability and provides a site for precipitation. This process is an important primer for 

mineralization. Gold mineralization is enhanced where there is increased permeability, including 

high-angle faults zones, fault bends and jogs, structural intersections, and within carbonaceous 

rocks where dissolution occurs (Cline and Hofstra, 2000; Cline et al., 2005). Equally important 

for the enhancement of gold grades is the presence of an impermeable unit overlying the host 

rocks (Cline et al., 2005). This may be a siliciclastic unit thrust over the miogeoclinal shelf slope 

sequence – commonly the Roberts Mountain thrust (Cline et al., 2005). Decalcification is often 

accompanied by silicification, where quartz forms by replacement. Silicification also occurs 

along fluid pathways around, and well outside of the ore bodies. Both mineralized and 

unmineralized jasperoids are commonly found proximal to Carlin-type mineralization, and these 

have acted as an important exploration tool. Further, fine-grained quartz is found throughout the 

paragenetic sequence for gold mineralization (Simon et al., 1999).  
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Gold in Carlin-type deposits is commonly sub-micron. It occurs with very fine-grained 

arsenian marcasite/pyrite or included with arsenian pyrite/arsenopyrite to form thin rims on 

earlier/existing pyrite (commonly diagenetic; Kerrich et al., 2000; Cline et al., 2005; Muntean et 

al., 2011). The sulfidation of iron in the host rocks is the process thought to cause gold 

precipitation by destabilization of the bisulfide complex carrying gold (Kerrich et al., 2000). 

Much of this iron is released from the dissolution of iron-bearing carbonate minerals within the 

host rocks. Pyrite is the most abundant sulfide mineral formed during the gold event, and it is 

commonly arsenian with elevated concentrations of trace elements. It commonly occurs as fine-

grained framboidal masses and rims on earlier pyrite.  

Carlin-type deposits are generally lacking base metals other than the iron in pyrite and 

marcasite (Cline and Hofstra, 2000). The deposits are commonly enriched in arsenic, mercury, 

and antimony, reflected in the common occurrence of orpiment, realgar, cinnabar, and stibnite 

(Kerrich et al., 2000; Cline and Hofstra, 2000; Embso et al., 2006). Other elemental enrichments 

commonly observed in Carlin-type deposits include thallium, copper, tungsten, molybdenum, 

tellurium, selenium, silver, lead, silica, barium, cesium, and zinc (Kerrich et al., 2000; Cail and 

Cline, 2001; Cline et al., 2005). Fluid inclusion studies indicate that ore-bearing fluids were low 

temperature (approximately 180° to 240°C), low salinity (approximately 2 to 3 wt % NaCl 

equivalent) aqueous fluids which were H2S and CO2 bearing (Cline et al., 2005). The depths of 

formation have been constrained, partially by the lack of evidence for fluid boiling, to 1.7 to 6.5 

km below the surface (Cline et al., 2005).  

The timing of Eocene magmatism and hydrothermal activity correlate with the timing of 

Carlin-style mineralization at the few deposits that have been definitively dated (Arehart et al., 

2003; Groff et al., 1997; Tretbar et al., 2000; Hofstra and Cline, 2000; Cline et al., 2005; 
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Muntean et al., 2011), in general demarking a southward sweep of magmatism and 

mineralization through the region during the Eocene (Muntean et al., 2011). Additional evidence 

for a magmatic link was observed with the magmatic isotope signature at Deep Star and Getchell 

(Hofstra and Rye, 1998; Hofstra and Cline, 2000; Heitt et al., 2003; Johnston and Ressel, 2004).  

 

1.3.1 Carlin-type Deposits and Magmatism 

The amagmatic model for Carlin-type deposits argues that magmatism was too localized 

to provide the significant heat and fluids necessary for the regional effects observed. The 

following paragraphs present previously published work on the spatial extent of the Eocene 

magmatism.  

Several major igneous centers in the Tuscarora Volcanic Field north of the Carlin Trend 

were dated, ranging from 39.9 to 39.3 Ma (Henry and Boden, 1998). Intrusive and extrusive 

rocks from the Independence Mountains (east of the Tuscarora Volcanic Field) have been dated 

to the Eocene (Henry and Boden, 1998). Granodiorite and quartz latite stocks were dated to 

about 38 Ma in Welches Canyon (adjacent to the Carlin Trend; Evans, 1980 in Henry and Boden, 

1998). Granodiorite and quartz monzonite intrusions at Swales Mountain were dated to 

approximately 39 Ma (Evans and Ketner, 1971 in Henry and Boden, 1998). In the Railroad 

mining district (south end of the Carlin Trend), dikes of granite, monzonite, and rhyolite were 

dated between 36 and 37 Ma (Ketner and Smith, 1963 in Henry and Boden, 1998).   

The Carlin Trend itself contains Eocene dikes. Though few of the abundant dikes in the 

Carlin Trend have been reliably dated, the “observed dikes are described as petrographically 

indistinguishable from dated Eocene dikes at Tuscarora and Welches Canyon, and unlike older 



 11 

intrusive rocks” (Henry and Boden, 1998). Further, the presence of Eocene dikes in the Carlin 

Trend is evidence for an underlying intrusion.    

The late Eocene to early Oligocene was also a time of significant extrusive activity. The 

Tuscarora Au-Ag district in the Tuscarora volcanic field features Eocene volcanic rock-hosted 

epithermal deposits (Castor et al., 2003). The close proximity and timing with Carlin-type 

deposits led the authors to suggest that “the hydrothermal fluids responsible for epithermal 

deposits at Tuscarora could have evolved from Carlin-type fluids by boiling and mixing with 

meteoric water; thus, Tuscarora may represent epithermal conditions above Carlin-type deposits, 

and Carlin-type deposits may be present at depth in the district” (Castor et al., 2003).  

Ilchik and Barton (1996) argued that Carlin-type deposits are not correlated in time or 

space with intrusions. This argument was undermined a year later when Henry and Boden (1998) 

attempted to quantitatively calculate the total outcrop area of intrusions around the Carlin 

district. The authors found that Eocene igneous rocks are concentrated near gold districts, 

whereas Cretaceous and Jurassic intrusions are minor (Henry and Boden, 1998). The authors 

note that magnetic anomalies around Eocene intrusions constitute approximately 22% of bedrock 

proximal to gold deposits and suggest that the lack of more significant exposures reflects 

insufficient erosion (Henry and Boden, 1998). This important spatial correlation has not been 

properly embraced by the researchers studying the formation of Carlin-type deposits.  

Magmatism is congruent with Carlin-type gold deposits and the widespread gold event in 

both time and space. Henry and Boden (1998) showed quantitatively how common Eocene 

intrusive and extrusive magmatism is near Carlin-type gold deposits. Looking at the Great Basin 

more broadly, this same southwestward sweep of magmatism is readily credited for gold ore at 

Bingham. 
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A discussion by Hedenquist and Lowenstern (1994) emphasizes how common fluid 

saturation is in silicate melts. As these magmas ascend through the middle and upper crust, they 

exsolve a hydrothermal fluid due to pressure and temperature changes. Considering the large 

volume of Eocene magmatic rocks in the Carlin region both observed and inferred, magmatic 

hydrothermal fluids were likely very common during the late Eocene. Despite this permissive 

evidence for a magmatic link to Carlin-type mineralization, the debate continues.  

 Several lines of evidence indicate that there was a widespread gold event from about 33 

to 42 Ma (Arehart et al., 2003). This timeframe does coincide with a change from compressional 

to extensional tectonics; however, this was not the first period of extension undergone by the 

host rocks, so there must be another factor unique to that period of gold formation to explain the 

widespread event.  

 

1.4 Overview of Distal Disseminated Deposits 

Data in this section are summarized from Cox and Singer (1992) where not otherwise specified. 

Distal disseminated Ag-Au deposits occur mainly in sedimentary rocks distal to causative 

igneous intrusions. These deposits have been described as variants on polymetallic vein deposits, 

the major differences being the lower lead and zinc concentrations and the disseminated nature 

of the ore (Theodore, 1998). A classic zonation around recognized porphyritic hydrothermal 

systems is noted in several districts in Nevada, including Battle Mountain, Bullion-Rain, and 

McCoy; this zonation progresses “from proximal Au ± Cu porphyry and/or skarn deposits, 

through intermediate polymetallic occurrences, to more distal-disseminated deposits” (Johnston 

and Ressel, 2004). The ore in distal disseminated deposits is hosted in carbonate and clastic 

sedimentary rocks, commonly as disseminations or thin, quartz-sulfide stockwork veinlets. These 
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deposits form irregular bodies in highly fractured rock and are commonly associated with shear 

zones. Silicification is common for distal-disseminated deposits (Taylor, Star Pointer, Cove), as 

are decalcification and sericitization. Silver is commonly an order of magnitude more anomalous 

than gold for distal-disseminated deposits (Candelaria, Taylor); associated elements may include 

lead, manganese, zinc, copper, antimony, arsenic, mercury, and tellurium. Ore stage minerals for 

distal disseminated deposits include: native gold, native silver, electrum, argentite, silver 

sulfosalts, tetrahedrite, stibnite, galena, sphalerite, chalcopyrite, pyrite, marcasite, and 

arsenopyrite.   

Several deposits in Nevada have been described as distal-disseminated, such as the 

Buffalo Valley deposit (Reid et al., 2010), Lone Tree, Marigold, Valmy, North Peak, and 

Trenton Canyon (Theodore et al. 2000 and references therein). The evidence for a genetic 

relationship to intrusions at these deposits varies. For instance, an in-depth study of the Buffalo 

Valley deposit identified several lines of evidence for a magmatic relationship. Reid et al. (2010) 

showed: that most of the gold occurred along quartz, sericite, pyrite, and arsenopyrite (Q-S-Py-

AsPy) veins in hornfels and skarn; that said alteration occurs at the margins of Eocene 

porphyritic dikes; and that gold is located in arsenopyrite rims around barren pyrite cores. The 

authors classification of Buffalo Valley as a reduced, distal disseminated Au deposit is further 

supported by evidence for a deeply buried porphyry system below Buffalo Valley, which 

includes regional mineral zoning and geophysical evidence (Reid et al., 2010). The authors 

indicate that the low silver content observed at Battle Mountain (and Lone Tree) is common to 

the Battle Mountain region and may reflect a reduced magmatic source (Reid et al., 2010). None 

of this evidence is definitive, however, as the bulk of the gold occurs in the post-skarn Q-S-Py-

AsPy veins (Reid et al., 2010). The relationship between these veins and the intrusions remains 
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inconclusive, and the proximal association may simply reflect structural control on the later 

veining.   

 

1.5 Continuum 

The distinction between Carlin-type and distal-disseminated deposits is contentious. This 

is in part due to the many similarities between the two deposit types, including: common Eocene 

timing of deposit formation; shallow depth of formation (less than 4 km; Johnston and Ressel, 

2004); enrichment of Sb, Hg, and As (Albino, 1993; Theodore, 1998); and alteration of the host 

rock (decarbonatization; silicification, and argillization; Johnston and Ressel, 2004). Albino 

(1993) noted that the similarity in element enrichment between the two deposits is likely due to 

the fact that As, Sb, and Hg are all easily transported as a bisulfide complex; this implies an 

important similarity which has been noted by other workers: the precipitation mechanism for 

both deposit types involves the sulfidation of iron in the host rocks (Johnston and Ressel, 2004). 

These similarities have led some to suspect that there is a continuum linking distal-disseminated 

and Carlin-type deposits to underlying magmatic-hydrothermal systems, with Carlin-type 

deposits being more distal components of the same system (Johnston and Ressel, 2004). The 

proximal and temporal association of abundant skarn and distal disseminated deposits with areas 

hosting Carlin-type deposits, such as in the Battle Mountain region, supports this continuum 

hypothesis. However, it is important to note that the largest Carlin-type deposits on the Carlin 

and Battle Mountain-Eureka trends are not spatially associated with any known evidence for 

shallow magmatic-hydrothermal systems, leading some to suggest that the intrusions responsible 

for Carlin-type gold mineralization may be as deep as 12 km (e.g. Muntean et al., 2011). 
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When considering the idea that Carlin-type and distal disseminated deposits could form 

along a continuum outboard of or above a causative intrusion, it is important to recognize that 

the link between magmatism and distal disseminated deposits is commonly inferred and not 

definitively demonstrated (Johnston and Ressel, 2004). This is because of several difficulties 

faced by both distal disseminated and Carlin-type deposits, including the fine-grained nature of 

the ore and alteration minerals, the difficulty of isolating gold-associated from unrelated fluid 

inclusions, difficulties getting reliable absolute age data for the gold event, and commonly few 

paragenetic indicators.  

The idea of a continuum connecting Carlin-type mineralization to intrusions and related 

deposits has gained considerable support in recent years. A prominent example which seems to 

fit this model is the Cove-McCoy system. The Cove and McCoy deposits are located SSW of 

Battle Mountain in the Fish Creek Mountains. The Cove-McCoy system has been described as 

proximal skarn, intermediate polymetallic vein, and distal Carlin-style disseminated 

mineralization centered on a gold-rich porphyritic intrusion (Johnston et al., 2008; Kuyper et al. 

1991). Dating of the intrusions indicate an age of ~41.5 Ma, and the mineralized skarn was dated 

to ~39 Ma (Johnston et al., 2008). Though the distal, Carlin-style ore was not dated, the age for 

the skarnification matches the currently accepted age of Carlin-type deposits elsewhere in 

Nevada.   

Concerning the possible spatial continuum between skarn and distal-disseminated 

deposits, it has been suggested that the type of deposit exposed at the surface is governed by 

erosional level (Doebrich and Theodore, 1996). This concept would apply to a continuum within 

which Carlin-type deposits are an even more distal (and shallower) member and would therefore 

be the earliest component of the proposed continuum to erode. The Battle Mountain district is a 
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suitable place to test this idea because the footwall of the major Oyarbide normal fault exposes 

the deeper skarn deposits and the hanging wall hosts the Carlin (Fithian et al., 2018) and distal-

disseminated styles (Theodore, 1998).  

One of the major distinctions between distal-disseminated and Carlin-type deposits is the 

significantly larger gold endowment in Carlin-type deposits (Hofstra and Cline, 2000). 

Importantly, many deposits have been classified as Carlin-type under the assumption that Carlin-

type deposits are not related to igneous intrusions (Theodore, 1998; John et al., 2003). This 

classification – and perhaps the classification scheme for sedimentary rock-hosted, disseminated 

gold deposits in general – should be reevaluated if an igneous link to Carlin-type deposits can be 

firmly established.  

 

1.6 Porphyry 

Porphyry systems are among the most studied and best understood hydrothermal systems 

in economic geology. This is due to their common occurrence and exploitation; porphyry 

deposits are an important source of a variety of metals, including copper, molybdenum, gold, and 

tungsten. A number of porphyry intrusions and related Cu-Au deposits have been discovered in 

the Battle Mountain region, including Elder Creek, Buffalo Valley, Copper Canyon, and Copper 

Basin (King, 2011). Classic porphyry deposit alteration is zoned around a porphyritic stock, with 

a potassic inner shell capped and enclosed by a sericitic shell which gives way to distal propylitic 

alteration; argillic alteration is common at the top and above the porphyritic stock. The majority 

of the commodity, whether that is Mo, Cu, or Au, is attributed to the potassic alteration event.  

Magmatic-hydrothermal systems sourced from porphyritic intrusions commonly also 

form epithermal deposits (Seedorff et al., 2005). Supergene oxidation of these systems enriches 
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ore and can lead to an exotic copper deposit (Sillitoe, 2005). Where a porphyry system occurs 

proximal to calcareous rock, a skarn deposit may form.  

 

1.7 Geologic Setting  

The tectonic history of North-Central Nevada is complex, having been affected and 

uplifted by four major orogenic periods beginning in the Paleozoic (Roberts, 1964). The Battle 

Mountain region was below sea level by the Cambrian, resulting in a miogeoclinal environment 

in which carbonate rock assemblages accumulated (Roberts, 1964). An early survey of the region 

recognized the significant differences between the carbonate rocks common in eastern Nevada 

and the predominately clastic and volcanic rocks in western Nevada (Nolan, 1928 in Roberts, 

1964). These two distinct facies were identified in close proximity in the Roberts Mountains 

(Kirk, 1933 in Roberts, 1964), and were determined to have been brought together by the 

Roberts Mountain thrust fault (Merriam and Anderson, 1942 in Roberts, 1964). The Antler 

orogeny uplifted these units, leading to erosion of the clastic sedimentary rocks into adjacent 

marine basins (Roberts, 1964). These sediments, along with limestone forming in the foreland 

basin, make up the Antler overlap sequence (Roberts, 1964). The Golconda thrust is believed to 

have developed during the Sonoma orogeny, resulting in the siliceous and volcanic rocks of the 

Havallah sequence being thrust over the autochthonous rocks of the Antler sequence (Roberts, 

1964). During the Cenozoic, normal faulting occurred through Nevada. The regional extension 

thinned the lithosphere, resulting in increased heat flow and voluminous magmatism (Eaton, 

1982 in Panhorst, 1996). Considerable folding and faulting of rocks in the region occurred during 

and between the major orogenic events, resulting in complex crustal structures. Events from this 

complex geologic history may have structurally primed the regional bedrock, but the extensional 
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setting of the Cenozoic has been credited with the localization of mineralization at Lone Tree 

(Panhorst, 1996).  

The host rocks in the Battle Mountain region include members and formations of the 

Havallah and Antler sequences, and the Harmony, Valmy, and Scott Canyon Formations. 

Though not exposed in the district, local drilling in the Battle Mountain district and evidence 

from the nearby Shoshone Range suggests that these units may be underlain by a carbonate 

assemblage that formed in the shallow miogeoclinal environment of eastern Nevada, (Merriam 

and Anderson, 1942 in Roberts, 1964). This may be the Comus Formation described elsewhere 

in the region, as suggested by Harry Cook (Unpublished, 2015). The oldest exposed unit 

described in the area around Battle Mountain is the Early to Middle Cambrian Scott Canyon 

Formation, consisting of chert, argillite, quartzite, sandstone, limy sandstone, limestone lenses, 

and interbedded greenstone (altered volcanic rocks; Roberts, 1964). Above the Scott Canyon – 

conformably or possibly not as the contact is concealed – is the Valmy Formation, consisting of 

quartzite (commonly well-sorted), shale, chert, and greenstone intervals (Roberts, 1964). The 

Valmy Formation was deposited in the forearc basin west of the North American craton during 

the Early to Middle Ordovician (Stille, 1940 in Roberts, 1964). The Late Cambrian Harmony 

Formation, representing a transitional assemblage from deep-water siliciclastics to shelf 

carbonates, rests on the Scott Canyon and Valmy Formations (Roberts, 1964). The Harmony 

Formation consists of micaceous sandstone, feldspathic sandstone, arkose, shale, calcareous 

shale, and limestone (Roberts, 1964). The Scott Canyon, Valmy, and Harmony Formations were 

deposited west of the passive margin and were subsequently folded and heavily faulted starting 

in the Late Devonian (Roberts, 1964). 
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The Antler sequence rests unconformably on the previously described units. This 

sequence includes the Battle Formation, the Antler Peak Limestone, and the Edna Mountain 

Formation. The Antler sequence is derived from highlands formed during the Antler orogeny, 

resulting in clastic rocks deposited in lowlands to the east and basins to the west (Roberts, 1964). 

The Antler sequence consists of conglomerate, sandstone, limestone, and limey shale (Roberts, 

1964). The Havallah sequence, including the Havallah and Pumpernickel Formations, 

unconformably overlies the Antler sequence. The Havallah sequence was deposited in the 

backarc environment west of the North American craton during the Mississippian to Permian and 

thrust eastward by the Golconda thrust fault during the Late Permian Sonoma orogeny (Roberts, 

1964). The Havallah sequence comprises shale, chert, sandstone, quartzite, conglomerate, 

limestone, and intercalated altered extrusives (Roberts, 1964). Unconsolidated deposits, largely 

related to alluvial fans and cones, are at the top of the stratigraphic section at Battle Mountain; 

Quaternary sediments at Battle Mountain include gravel, sand, silt, and clay (Roberts, 1964).   

The oldest igneous rocks in the Battle Mountain region are attributed to mafic volcanism 

in the forearc basin and are contemporaneous with the deposition of the Scott Canyon and Valmy 

Formations (Roberts, 1964). Rocks attributed to this time period include pillow basalts, 

pyroclastic deposits, and mafic flows; diabase dikes, sills, and plugs are associated with these 

mafic volcanic rocks (Roberts, 1964). Intrusions in the Battle Mountain region formed in several 

distinct time periods, including the Triassic (“probable” Triassic plutonic rocks in the Granite 

Mountain area; Theodore, 2000), Jurassic (Buffalo Valley, as well as inherited zircons in Late 

Cretaceous intrusions at Marigold), the Late Cretaceous (Trenton Canyon - Theodore, 2000; 

Marigold - Fithian et al., 2018), and younger intrusions attributed to the late Eocene or early 

Oligocene (Lone Tree).  
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 The igneous activity beginning in the Paleogene resulted in granodiorite and quartz 

monzonite stocks intruding into the older rocks of the district. Stocks are recognized in Trenton 

Canyon, Copper Basin, and Copper Canyon. Sills and dikes related to these intrusions are of 

variable composition, including, granodiorite, gabbro, diorite, and quartz diorite. The Paleogene 

intrusive rocks are commonly porphyryitic, with feldspar and quartz phenocrysts in a fine-

grained groundmass.  

The youngest igneous rocks recognized in the district are quartz latite tuffs and basalt 

flows which may be as young as early Quaternary age (Roberts, 1964). Aureoles of contact 

metamorphism have been recognized around intrusive bodies in the district, resulting in variable 

changes in the sedimentary rocks including endomorphic and exomorphic alteration and 

recrystallization (Roberts, 1964).  

The Battle Mountain region has been endowed with a variety of metals (including copper, 

gold, silver, and lead) from a number of deposit types, including porphyry molybdenum in the 

Buckingham system, porphyry copper at Elder Creek, and gold skarn at Fortitude (Theodore and 

Hammarstrom, 1991; Theodore et al., 1992). There are historic placer gold deposits at Bannock 

(Roberts and Arnold, 1965; Johnson, 1973 both in Breit et al., 2010), as well as Carlin-type at 

Twin Creeks (Stenger et al., 1998), and a distal-disseminated deposit at Buffalo Valley (Reid et 

al., 2010). Many of the deposits in the Battle Mountain region, and northern Nevada more 

broadly, express a strong structural control on the deposit location. High-angle NW-striking 

faults and shallow-dipping, regional thrust zones are common features (Theodore, 2000).  

Although mineralization is widely considered to be linked to magmatism, the link 

between the mineralizing event and the intrusive occurrences has been difficult to establish. 

Deposits which have been dated include Fortitude-Phoenix (Theodore et al., 1973) and Cove-
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McCoy (Johnston et al., 2008), both of which yield Eocene ages.  

 

1.8 Previous Work 

Early research at Lone Tree, conducted by Bloomstein et al. (1993) and Bragington 

(1996; Chief Geologist for Lone Tree with the Santa Fe Pacific Gold Corp.), revealed several 

important aspects of the deposit which remain uncontroversial. The gold mineralization was 

determined to be structurally controlled, with the deepest, steepest structures acting as the 

primary conduits for the hydrothermal fluid. Most of the deposit occurs in an intensely 

brecciated, major N-S fault zone with both normal and strike-slip components. At Lone Tree, the 

gold grades are strongest in hydrothermal breccias with pyrite, arsenopyrite, and silica cement. 

The alteration styles at Lone Tree were first described in these studies and include argillic, 

potassic, calc-silicate, decalcification, and oxidation. This early research identified that the gold 

mineralization at Lone Tree is correlated strongly with arsenic, antimony, and mercury 

respectively. The researchers also distinguish between the fine-grained, anhedral, rimmed pyrite 

which is associated with elevated gold, arsenic, and antimony and the coarse-grained, euhedral 

pyrite lacking internal texture which generally lacks detectable gold. Bloomstein et al. (1993) 

also provided an initial estimation for the timing of the deposit by dating the spatially associated 

igneous dikes and hydrothermal adularia, which both indicate coeval Eocene timing; however, 

the link between the adularia and the gold mineralization was not definitively demonstrated. 

Other aspects of this early work were not supported by later researchers. Bloomstein et al. 

(1993) described the gold as predominately native gold inclusions in the anhedral, pyrite cores, 

rather than the arsenopyrite rims; however, the results of the current study indicate that the 

arsenopyrite rims consistently contain higher concentrations of gold. Bloomstein et al. (1993) 
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also described the main-stage gold event as primarily associated with potassic alteration and 

unrelated to the argillic alteration, and they categorized the deposit as adularia-sericite-selenium 

low sulfidation epithermal type. A master’s thesis study by Kamali (1996) considers the argillic 

alteration linked to the mineralizing event, and ultimately called Lone Tree a Carlin-type deposit 

(despite concluding a magmatic influence for the mineralization based on a fluid inclusion 

study). A doctoral thesis conducted by Panhorst (1996) confirmed much of the early 

observations, but ultimately called the deposit a distal-disseminated gold deposit. The most 

recent study focused on Lone Tree gold mineralization, prior to this one, classified Lone Tree as 

a variation on a Carlin-type deposit (Young et al., 2000). Differing from earlier researchers, 

Young et al. (2000) describe the gold as being closest associated with sericitic alteration (quartz, 

fine-grained sericite, pyrite, and locally clays, and chlorite). The researchers suggest a magmatic 

source for the gold-bearing fluid based on homogenization temperatures and salinity of fluid 

inclusions in quartz; however, this quartz was not paragenetically linked to the gold.  

 

1.9 Approach and Methods 

Prior to sample collection and analyses, a broad literature review was conducted on the 

Lone Tree deposit, the Battle Mountain region, and other known gold deposits in the region. 

While on site, additional material was acquired from Newmont geologists, including maps, 

photos, reports, and gold fire assay analyses from over 33,000 samples from more than two 

hundred diamond drill cores. Existing Newmont data were integrated into the current study 

where applicable.  
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1.9.1 Sample Selection 

Because the Lone Tree mine was closed in 2007 and is largely inaccessible, the 

acquisition of samples was restricted to the available Lone Tree drill cores stored at the Twin 

Creeks gold mine. Core logging and sampling for the study were conducted over two sessions. 

The first took place in October, 2014. This field session was used to establish a geological 

context of the region, acquire Newmont data on the Lone Tree deposit, and collect an initial suite 

of drill core samples for further study. Several mines and outcrops were visited for regional 

context, including Phoenix, Antimony King, Cove-McCoy, and Buffalo Valley. The remainder 

of the field session was spent sampling Lone Tree drill core at the Twin Creeks gold mine – five 

holes were logged with 74 samples taken. Samples were selected for their alteration, sulfide 

content, and other unique characteristics - all available host rock formations were sampled.  

The second field session was conducted in Summer 2015, with the focus on sample 

acquisition. Sample selection was driven by the acquired Newmont data – specifically the gold 

assay results and described rock types. Drill holes and sample intervals were selected for their 

enhanced gold grades and/or their proximity to or intersections with intrusive igneous rocks. All 

available igneous intrusions from core holes were examined, and a sample transect was taken 

from across each intrusive interval. Textural and mineralogical features of host rocks, intrusive 

rocks, ore zones, and altered zones were observed and documented. During this second field 

session, over 350 samples were taken from 15 drill holes (additional holes were viewed, but not 

sampled), with four of those holes containing an igneous intercept. An additional 15 samples 

were taken from within an accessible part of the Lone Tree open pit, including an igneous 

exposure.   
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1.9.2 Petrography 

Selected samples were investigated, photographed, and described using various 

petrographic tools, including optical light microscopy, scanning electron microscopy with false-

color imaging software, and electron microprobe analysis. Thin section selection was guided by 

the Newmont assay analyses and hand sample observations (sulfide mineralogy, paragenetic 

relationships, alteration style, etc.). Forty-seven polished thin sections were prepared at Colorado 

School of Mines. All thin sections were investigated using transmitted and reflected light 

microscopy to determine primary textural and mineralogical features. A subset of these samples 

was selected for further petrographic analyses by scanning electron microscopy (SEM) and 

electron microprobe (EMP).  

The scanning electron microscope was utilized to identify textural and chemical 

variations at the sub-microscopic scale. In particular, this tool was used to investigate the 

submicron sulfide rims around earlier sulfide cores and the related alteration mineralogy. The 

initial SEM analyses were conducted with a FEI QUANTA 600i environmental scanning 

electron microscope (ESEM) at the Department of Metallurgical and Materials Engineering at 

the Colorado School of Mines. Images were captured in back scatter electron mode with an 

accelerating voltage of 20kV, a 5 micron wide beam, and a working distance of about 10 mm.  

Detectable gold levels were not observed using the SEM, but likely candidates were identified by 

the presence of arsenian sulfide zones and were selected for EMP analysis.  

In order to follow up on the SEM analyses, automated mineralogical studies were 

conducted using an SEM equipped with false-color imaging software at the Department of 

Geology and Geological Engineering at the Colorado School of Mines. These analyses were used 

to visualize fine-scale textural details and identify fine-grained alteration minerals and 
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sedimentary cements. Selected thin sections were loaded into the TESCAN-VEGA-3 Model 

LMU VP-SEM platform and the analysis was initiated using the control program TIMA3. Four 

energy dispersive X-ray (EDX) spectrometers acquired spectra from each particle with a beam 

stepping interval (i.e., spacing between acquisition points) of 2 µm, an accelerating voltage of 25 

keV, and a beam intensity of 14. Interactions between the beam and the sample were modeled 

through Monte Carlo simulation. The EDX spectra were compared with spectra in a look-up 

table allowing an assignment to be made of a composition at each acquisition point. The 

assignment makes no distinction between mineral species and amorphous grains of similar 

composition. Results were output as a spreadsheet giving the area percent of each composition in 

the look-up table. This procedure allows a compositional map to be generated. Composition 

assignments were grouped appropriately.  

 

1.9.3 Geochemistry 

Twenty-one samples were selected for whole-rock composition geochemical analysis. 

Samples were selected from across mineralized intrusive intervals and into the sedimentary host 

rocks.  Geochemical transects across the intrusive intervals were conducted to test the chemical 

and mineralogical variations proximal to, distal to, and within the intrusions – particularly with 

respect to the gold endowment and its geochemical signature.  

Activation Laboratories, Inc. (Actlabs) conducted all whole-rock geochemistry analyses 

at their Ancaster, Ontario, Canada laboratory. The lithogeochemistry package code WRA-ICP 

4B was selected with the 4B1 and 4B-INAA additions. Elements measured by these three 

techniques include: WRA-ICP 4B – Al2O3, CaO, Cr2O3, Fe2O3, K2O, MgO, MnO, Na2O, P2O5, 

SiO2, TiO2, LOI, Ba, Be, Sc, Sr, V, Y, and Zr; 4B1 – Zn, S, Pb, Ni, Cu, Cd, Bi, and Ag; and 4B-
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INAA – As, Au, Br, Co, Cr, Cs, Hf, Ir, Mo, Rb, Sb, Se, Ta, Th, U, W, La, Ce, Nd, Sm, Eu, Tb, 

Yb, and Lu.  

Submitted samples were crushed in two stages: the first to reduce 90% of material to pass 

through 10 mesh (fragments less than 2mm size), then 250 grams of the material was riffle split 

and pulverized (using mild steel) until 95% of material would pass through a 105-micron cleaner 

sand.  

The pulverized samples were then mixed with lithium metaborate and lithium tetraborate 

and fused in an induction furnace to a molten bead. The molten melt was mixed in a weak (5%) 

nitric acid solution until completely dissolved; the preliminary fusion step was necessary to 

ensure complete dissolution in the nitric acid. The resulting solution was analyzed for major 

oxides and select trace elements using Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) on a 

combination simultaneous/sequential Thermo Jarrell-Ash ENVIRO II ICP or a Varian Vista 735 

ICP. For each batch of samples analyzed, a method reagent blank, certified reference material, 

and 17% replicates are included.  

To get accurate base metal results, the samples were next subjected to Total Digestion 

Inductively Coupled Plasma Mass Spectrometry (TD-ICP-MS), which utilizes multiple acids to 

completely dissolve the sample. This procedure occurred in the following order – 1) 0.25 grams 

of samples are placed in hydrofluoric acid, 2) followed by a mixture of nitric and perchloric 

acids, 3) samples were then heated in several ramping and holding cycles until samples are dry, 

4) dry samples were next dissolved back into solution using hydrochloric acid; and 4) ICP 

analysis was performed using a Varian Vista 735 ICP. 
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Additionally, samples were analyzed for gold and other select trace elements using 

Instrumental Neuron Activation Analysis (INAA). An approximately 30-gram aliquot was 

encapsulated in a polyethylene vial and irradiated with flux wires and an internal standard at a 

thermal neutron flux of 7 x 10 12 n cm -2 s -1.  For seven days, the samples Na-24 was allowed to 

decay. Next, the samples were analyzed on a high purity Ge detector.  

The electron microprobe was used to identify trace element variations between the rims 

and cores of sulfide minerals from ore zones at Lone Tree. EMP analyses were conducted with a 

JEOL 8900 electron microprobe with the accelerating voltage set to 20kV and a beam current of 

50 nA, located at the USGS Microbeam Laboratory (Central Region Office, Denver, CO). 

Elements analyzed include Au, Ag, As, Co, Cu, Fe, Hg, Ni, Pb, S, Sb, Sn, Te, Tl, and Zn. In 

addition to spot geochemical data, a number of false-color element maps were produced. These 

images firmly establish where analyzed elements are concentrated between the rims and cores of 

sulfide minerals.      

 

1.9.4 Geochronology 

Though based on very limited evidence, the felsic porphyritic dikes encountered at Lone 

Tree were considered by Newmont geologists to be temporally linked to the regional gold event 

of the Eocene. Recent geochronologic work at the nearby Marigold mine revealed that the dikes 

assumed to be related to the gold event (Doebrich and Theodore, 1996; Theodore, 1998; 

Theodore, 2000) are Cretaceous in age and unrelated to the gold formation (Fithian et al., 2018). 

To follow up on the limited and unpublished geochronologic work which had been conducted at 

Lone Tree, all available dikes were sampled for age dating. The five intrusions sampled, four 

intersected by drilling at Lone Tree and one from an accessible part of the Lone Tree pit, were 
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studied petrographically and determined to be of similar composition. The U-Pb zircon 

geochronology was conducted using both LA-ICPMS (Laser Ablation Inductively Coupled 

Plasma Mass Spectrometry) and CA-TIMS (Chemical Abrasion Thermal Ionization Mass 

Spectrometry), revealing consistent dates for the magmatic event. All steps associated with the 

geochronologic analyses, from zircon separation to final results, were conducted at the 

Department of Geology, Boise State University.  

 

1.9.4.1 LA-ICPMS 

Samples were ground and put through a 500-micron sieve. The finely milled samples 

were separated into high and low-density grains using a RodgersTM water table. The high-

density grains were put through a FranzTM magnetic separator to remove magnetic material. The 

least magnetic grains were placed into a bromoform heavy liquid solution with a density of ~2.9 

g/cm3. Lower density minerals remained suspended, whereas higher density minerals (zircon - 

4.68 g/cm3) sank to the bottom of the solution. This denser material was then put through a 

FranzTM magnetic separator to remove magnetic material. Grains were picked with a 

microscope. 

Zircon grains were annealed at 900oC for 60 hours in a muffle furnace. Next, grains were 

sorted by size, mounted in epoxy, and grain mounts were polished to the center of the zircons. 

Cathodoluminescence (CL) imaging was utilized to study the growth zones of the zircons, using 

a JEOL JSM-1300 SEM and Gatan MiniCL. Chosen on the basis of CL imaging, a total of 212 

spots from 5 samples were analyzed by LA-ICPMS, using a ThermoElectron X-Series II 

quadruple ICPMS and New Wave Research UP-213 Nd: YAG UV (213 nm) laser ablation 

system.  
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U-Pb dates and a suite of high field strength elements (HFSE) and rare earth elements 

(REE) were acquired and calibrated using in-house analytical protocols, standard materials, and 

data reduction software. The selected zircon was ablated for 30 seconds (plus 15 sec for analysis 

of blank) using a 25 micron wide laser spot with fluence and pulse rates of 5 J/cm2 and 10 Hz 

respectively, which excavated a pit ~25 µm deep. Ablated material was carried to the nebulizer 

flow of the plasma by a 1.2 L/min He gas stream. Dwell times in the plasma vary by material: 5 

ms for Si and Zr, 200 ms for 49Ti and 207Pb, 80 ms for 206Pb, 40 ms for 202Hg, 204Pb, 208Pb, 232Th, 

and 238U and 10 ms for all other HFSE and REE. Each analyte’s background count rate was 

obtained prior to spot analysis, which was subtracted from the raw count rate of each analyte. 

The U-Pb dates of analyses from ablation pits which have intersected glass or mineral 

inclusions (identified based on Ti and P) are considered valid if the U-Pb ratios appear to have 

been unaffected: analyses contaminated by common Pb were rejected based on mass 204 being 

above baseline. Concentration calculations were obtained by internally normalizing background-

subtracted count rates for each analyte to 29Si and calibrating with respect to NIST SRM-610 and 

-612 glasses as the primary standards. The Ti-in-zircon thermometer was used to calculate 

temperature (Watson et al., 2006). An average TiO2 activity value of 0.8 in crustal rocks was 

used due to a lack of constraint on the mineral species activity.  

Two experiments were conducted in March, 2016. The U-Pb and 207Pb/206Pb dates were 

calibrated with respect to interspersed measurements of zircon standards and reference materials, 

and instrumental fractionation of the background-subtracted ratios was corrected. The time-

dependent instrumental fractionation was monitored using the primary standard Plešovice zircon 

(Sláma et al., 2008) on two analyses for every 10 analyses of unknown zircon.  
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The 206Pb/238U dates were also corrected for based on results from the zircon standards 

Seiland (530 Ma, unpublished data, Boise State University) and Zirconia (327 Ma, unpublished 

data, Boise State University). This correction is meant to mitigate matrix-dependent variations 

due to contrasting compositions and ablation characteristics between the Plešovice zircon and 

other standards (and unknowns). These standards (treated as unknowns) were measured once for 

every 10 analyses of unknown zircon. The results showed a linear age bias, related to the 206Pb 

count rate, of 0.6-1.6%.  

The radiogenic isotope ratio and age error propagation includes uncertainty contributions 

from counting statistics and background subtraction for each analysis. For analyses collectively 

interpreted from a weighted mean date (i.e., igneous zircon analyses), a weighted mean date is 

calculated using Isoplot 3.0 (Ludwig, 2003) first, using errors on individual dates that do not 

include a standard calibration uncertainty. Then, the error on the weighted mean date is 

combined with the standard calibration uncertainty. The resulting uncertainty serves as the local 

standard deviation of the polynomial fit to the interspersed primary standard measurements 

versus time for the U/Pb fractionation factor (time-dependent, relatively large), and the standard 

error for the mean of the 207Pb/206Pb fractionation factor (time-invariant, small). The 

uncertainties for 206Pb/238U are 1.18 and 1.21% (2σ), and 0.54-0.70% (2σ) for 207Pb/206Pb. 

Greater than 15% discordant analyses are not considered. Age interpretations for >1000 Ma 

zircon are based on 207Pb/206Pb dates. Age interpretations for <1000 Ma zircon are based on 

206Pb/238U dates. Errors on 207Pb/206Pb, 206Pb/238U, and weighted mean dates from individual 

analyses are given at 2σ.  
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1.9.4.2 CA-TIMS 

Following up on LA-ICPMS dates, two samples considered representative were selected 

for chemical abrasion isotope dilution thermal ionization mass spectrometry (CA-TIMS) dating. 

U-Pb dates were obtained from CA-TIMS analyses composed of single zircon grains or 

fragments of grains, using a method modified after Mattinson (2005).  

After the zircon grains were separated using standard techniques, they were mounted in 

epoxy and polished exposing the centers of the grains. A JEOL JSM-1300 scanning electron 

microscope with a Gatan MiniCL was used to obtain Cathodoluminescence (CL) images of the 

zircon grains. Next, the zircon was removed from the epoxy mounts and dated based on CL 

images and LA-ICPMS data. Some grains were broken after being removed from the mounts, 

and the fragments were dated separately. 

The zircons were placed in quartz beakers and cooked in a muffle furnace at 900°C for 60 

hours. Single grains/fragments were then transferred to 3 ml Teflon PFA beakers and loaded into 

300 µl Teflon PFA microcapsules. The microcapsules were placed in a large-capacity Parr 

vessel, and the grains partially dissolved in 120 µl of 29 M HF for 12 hours at 180°C. The 

contents of the microcapsules were returned to the 3 ml Teflon PFA beakers, where the HF was 

removed. Next, the remaining grains/fragments were immersed in 3.5 M HNO3, where they were 

ultrasonically cleaned for an hour, and fluxed on a hotplate at 80°C for an hour. Next, the HNO3 

was removed, and grains/fragments were rinsed in pure H2O twice. Then, the residual material 

was reloaded into the 300 µl Teflon PFA microcapsules, which were rinsed and fluxed in 6 M 

HCl during sonication and washing of the grains. The zircon was spiked with the Boise State 

University mixed 233U-235U-205Pb tracer solution and was dissolved in Parr vessels in 120 µl of 

29 M HF with a trace of 3.5 M HNO3 at 220°C for 48 hours. The solution was dried to fluorides, 
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and re-dissolved in 6 M HCl at 180°C overnight. An HCl-based anion-exchange 

chromatographic procedure (Krogh, 1973) was used to separate U and Pb from the zircon matrix. 

The U and Pb were eluted together and dried with 2 µl of 0.05 N H3PO4.  

Next, the separated Pb and U were loaded on a single outgassed Re filament in 5 µl of a 

silica-gel/phosphoric acid mixture (Gerstenberger and Haase, 1997). An IsotopX Phoenix 

multicollector thermal ionization mass spectrometer equipped with an ion-counting Daly detector 

was used to make the isotopic measurements of U and Pb. Pb isotopes were measured by peak-

jumping all isotopes on the Daly detector for 100 to 160 cycles and corrected for 0.20 ± 

0.03%/a.m.u. (1 sigma error) mass fractionation. Transitory isobaric interferences due to high-

molecular weight organics, particularly on 204Pb and 207Pb, disappeared within approximately 60 

cycles. Ionization efficiency averaged 104 cps/pg of each Pb isotope. Linearity (to ≥1.4 x 106 

cps) and the associated deadtime correction of the Daly detector were monitored by repeated 

analyses of NBS982, which have been constant since installation. Uranium was analyzed as 

UO2
+ ions in static Faraday mode on 1012 ohm resistors for 300 cycles, and corrected for isobaric 

interference of 233U18O16O on 235U16O16O with an 18O/16O of 0.00206. Ionization efficiency 

averaged 20 mV/ng of each U isotope. Uranium mass fractionation was corrected using the 

known 233U/235U ratio of the Boise State University tracer solution.  

U-Pb dates and uncertainties were calculated using: the algorithms of Schmitz and 

Schoene (2007), 235U/205Pb of 77.93 and 233U/235U of 1.007066 for the Boise State University 

tracer solution, and U decay constants recommended by Jaffey et al. (1971). 206Pb/238U ratios and 

dates were corrected for initial 230Th disequilibrium using a Th/U[magma] = 3.0 ± 0.3 using the 

algorithms of Crowley et al. (2007), resulting in an increase in the 206Pb/238U dates of ~0.09 Ma. 

All common Pb in analyses was attributed to laboratory blank and subtracted based on the 
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measured laboratory Pb isotopic composition and associated uncertainty. Uranium blanks are 

estimated at 0.05 pg.  

Isoplot 3.0 (Ludwig, 2003) was used to calculate the weighted mean 206Pb/238U dates 

using equivalent age dates. Errors on the weighted mean dates are given as ± x / y / z, where x is 

the internal error based on analytical uncertainties only (including counting statistics, subtraction 

of tracer solution, and blank and initial common Pb subtraction), y includes the tracer calibration 

uncertainty propagated in quadrature, and z includes the 238U decay constant uncertainty 

propagated in quadrature. Internal errors should be considered when comparing our dates with 

206Pb/238U dates from other laboratories that used the same Boise State University tracer solution 

or a tracer solution that was cross-calibrated using EARTHTIME gravimetric standards. Errors 

including the uncertainty in the tracer calibration should be considered when comparing our 

dates with those derived from other geochronological methods using the U-Pb decay scheme 

(e.g., laser ablation ICPMS). Errors including uncertainties in the tracer calibration and 238U 

decay constant (Jaffey et al., 1971) should be considered when comparing our dates with those 

derived from other decay schemes (e.g., 40Ar/39Ar, 187Re-187Os). Errors for weighted mean dates 

and dates from individual grains are given at 2 σ. 
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Abstract 

The Lone Tree gold deposit, located in the Battle Mountain district in Humboldt County, 

Nevada, is hosted in siliciclastic rocks positioned stratigraphically above the Roberts Mountains 

thrust fault. The gold mineralization is spatially associated with and cross-cuts several rhyolite 

dikes in the mine. Both the dikes and siliciclastic host rocks are variably argillized, sericitized, 

and silicified. The gold mineralization is associated with an alteration assemblage of quartz, 

sericite, pyrite, and arsenopyrite. Clay alteration and dolomitization were also observed with the 

gold mineralization.  

 

The strongest geochemical correlations to the gold mineralization are silver, arsenic, antimony, 

copper, and mercury. Electron microprobe characterization of sulfides at Lone Tree identified 

gold-bearing arsenopyrite, pyrite, and sphalerite. Arsenopyrite was the most common ore mineral 

and showed the highest gold grades. The ore texture is commonly gold-rich arsenopyrite rims 
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around less mineralized pyrite cores, which are disseminated throughout the host rock and in 

veinlets and breccias. Chalcopyrite, tennantite and most of the sphalerite does not contain 

detectable gold, whereas most of the pyrite and arsenopyrite was above the EMP detection limit 

with respect to gold.    

 

Although most of the gold occurs in the quartz and sulfide breccia veins, some gold also occurs 

in rhyolitic dikes crosscutting the sedimentary rocks, with elevated grades at the dike margins 

where alteration is strongest. CA-TIMS analysis of zircon grains indicate that the intrusions were 

emplaced during the Eocene (40.95 ± 0.03 Ma), providing a maximum age of mineralization.  

 

2.1 Introduction 

The Lone Tree gold deposit is located in Humboldt County, Nevada, approximately 35 

miles SE of Winnemucca, on the west flank of Lone Tree Hill (Fig. 2.1). Lone Tree is located in 

the northern portion of the gold bearing metallogenic belt known as the Battle Mountain - Eureka 

Trend, which hosts a number of deposit types, including Carlin-type, distal-disseminated, skarn, 

and porphyry deposits.  

The Lone Tree gold mine is a narrow, slot open pit which exploited an elongate, 

structurally-controlled zone of high-grade gold ore known as the Wayne Zone, in Paleozoic 

sedimentary rocks (Fig. 2.2). The deposit was discovered by Santa Fe Pacific Mining in 1989 

and was acquired by Newmont Mining Corporation in 1997. As of 2004, the mine produced 4.2 

million ounces of gold at an average grade of 0.06 opt, with an additional 1.25-million-ounce 

reserve (Newmont internal report). Grades of up to 34 g/t gold were observed (Bloomstein et al., 

1993). The mine closed in 2006 due to increased production costs largely resulting from the 
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Figure 2.1 Location map featuring the location of the study (Lone Tree), nearby gold deposits, 
and the prominent regional gold trends (Carlin, Battle Mountain-Eureka, Getchell, and Jerritt 
Canyon) with their associated mines.  



 42 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Panel 1: Geologic map of the Battle Mountain Mining District with the locations of 
known gold deposits. The locations of cross-sections are denoted A-A’, B-B’, and C-C’. 
Modified after Theodore, 2000 and Fithian et al., 2018. Panel 2: Schematic cross-sections from 
the Lone Tree pit, constructed from drill core data (this study and Newmont unpublished). Dike 
contacts are inferred at depth based on drill core intercepts; note that the predominately east-
trending dikes are not projected to depth in the N-S cross section A-A’.   
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Figure 2.2 Continued. 
 

influx of groundwater into the deepening pit. The pit was allowed to flood, leaving some 

undetermined amount of resource in the ground.  

The mineralization style has characteristics in common with both Carlin-type and distal-

disseminated deposits, including the structural controls, associated alteration styles, geochemical 

signature, and mineralization style. The deposit is most commonly categorized as distal-

disseminated Au-Ag (Panhorst, 1996; Theodore, 1998; Hofstra and Cline, 2000); this 

interpretation relies partly on the occurrence of felsic dikes in the ore zones and the presence of 

many porphyry-related deposits in the Battle Mountain district, including Phoenix, Fortitude, 

Buffalo Valley, and Copper Basin (Fig. 2.1). The deposit has also been described as a Carlin-
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type deposit (Kamali, 1996; Young et al., 2000). Evidence cited for these classifications is 

presented in Table 2.1.  

Distal disseminated gold deposits form in association with the emplacement of intrusions, 

whereas the role of magmatism in Carlin-type deposit formation is more enigmatic. Deposits like 

Lone Tree, which have characteristics similar to Carlin-type deposits but are closely related to 

igneous activity, have commonly been classified as distal disseminated. Approximately eight 

kilometers south of Lone Tree, Fithian et al. (2018) suggested that the Marigold gold deposits are 

more similar to Carlin-type deposits; the dikes present in the Marigold ore zones are late 

Cretaceous and unrelated to gold mineralization. At the Buffalo Valley deposit, approximately 25 

km south of Lone Tree, Reid et al. (2010) considered several classification models for the deposit 

due to the range of characteristics observed, including porphyry, distal disseminated, and skarn. 

An earlier study conducted at the deposit concluded that it is a combination of skarn and distal 

disseminated (Kizis et al., 1997).  

 
Table 2.1 Evidence supporting each of the deposit classification schemes previously proffered 
for Lone Tree.  
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The variety of deposit types in the district may explain much of the debate in classifying 

the deposits. Reid and others (2010) have suggested that “a spectrum of hybrid intrusion-related 

systems...related to Tertiary magmatism” occur around Battle Mountain. Johnston and Ressel 

(2004) have suggested that a continuum may exist between distal disseminated and Carlin-type 

deposits, with Carlin-type being the more distal expressions of the same magmatic hydrothermal 

system. Lone Tree is an ideal place to investigate this concept because it features characteristics 

common to both Carlin and distal disseminated deposit types, and it is located in a district 

containing deposits from across the proposed continuum.    

The primary goal of this research was to evaluate the role of magmatism in gold 

mineralization at Lone Tree. Previous efforts made to elucidate this relationship were 

inconclusive as the gold mineralization was not paragenetically well-constrained. Several aspects 

of the deposit were analyzed to accomplish this goal: ages of the intrusions, geochemical 

characteristics of the gold, paragenetic relationships between alteration minerals, and spatial 

relationships between gold mineralization and intrusions. Drill core was sampled with an 

emphasis on ore zones and intrusions. Gold ore and associated alteration minerals were identified 

petrographically using polarized light, reflected light, scanning electron microscopy, and electron 

microprobe analysis. The relationship between gold mineralization and magmatism was 

investigated both texturally and geochemically by taking transects of samples across intrusive 

intervals and into the host rocks. Electron microprobe analysis was used to investigate the texture 

and distribution of the elevated gold and associated elements.  
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2.2 Methods and Materials 

This study includes new sampling and analyses, in addition to incorporating existing data 

collected by Newmont. An estimated 10,000 meters of the existing Lone Tree drill core were 

logged and sampled for a total of 429 samples. Because the Lone Tree mine is closed (as of 

2007) and is largely inaccessible, the acquisition of new samples was restricted to the limited 

accessible areas of the pit. Sample selection was driven by the acquired Newmont data – 

specifically the gold assay results and lithological descriptions. Drill holes and sample intervals 

were selected for their enhanced gold grades and their proximity to or intercept with intrusive 

igneous rocks. 

 

2.2.1 Petrography 

Selected samples were investigated, photographed, and described using polarized light 

microscopy, scanning electron microscopy, and electron microprobe analysis.  

The scanning electron microscope was utilized to identify textural and chemical 

variations in the host rocks, alteration, and sulfide mineralogy. Initial SEM analyses were 

conducted with a FEI QUANTA 600i environmental scanning electron microscope (ESEM) at 

the Department of Metallurgical and Materials Engineering at the Colorado School of Mines. 

Images were captured in back scatter electron mode with an accelerating voltage of 20kV, a 5-

micron-wide beam, and a working distance of about 10 mm.  Detectable gold levels were not 

observed using the SEM, but likely candidates were identified by the presence of arsenian sulfide 

zones and were selected for EMP analysis.  

Seven thin sections were analyzed using automated scanning electron microscopy 

equipped with false-color imaging software at the Department of Geology and Geological 
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Engineering at the Colorado School of Mines. The false-color imaging was used to quantify and 

visualize mineral distributions and was particularly useful for observing fine-scale textural 

details and identifying fine-grained alteration minerals and sedimentary cements.   

The electron microprobe was used to identify trace element variations between the rims 

and cores of sulfide minerals from ore zones at Lone Tree. EMP analyses were conducted with a 

JEOL 8900 electron microprobe with the accelerating voltage set to 20kV and a beam current of 

50 nA, located at the USGS Microbeam Laboratory (Central Region Office, Denver, CO). 

Elements analyzed include Au, Ag, As, Co, Cu, Fe, Hg, Ni, Pb, S, Sb, Sn, Te, Tl, and Zn.  

 

2.2.2 Geochemistry 

Twenty-one samples were selected for whole-rock composition geochemical analysis. 

Samples were collected from transects across mineralized intrusive intervals and into the 

sedimentary host rocks, in order to test the chemical and mineralogical variations proximal to, 

distal to, and within the intrusions. Elements analyzed include: Al2O3, CaO, Cr2O3, Fe2O3, K2O, 

MgO, MnO, Na2O, P2O5, SiO2, TiO2, LOI, Ba, Be, Sc, Sr, V, Y, Zr, Zn, S, Pb, Ni, Cu, Cd, Bi, 

Ag, As, Au, Br, Co, Cr, Cs, Hf, Ir, Mo, Rb, Sb, Se, Ta, Th, U, W, La, Ce, Nd, Sm, Eu, Tb, Yb, 

and Lu.  

Activation Laboratories, Inc. (Actlabs) conducted all whole-rock geochemistry analyses 

at their Ancaster, Ontario, Canada laboratory. Samples were ground to approximately 105-

micron size particles and dissolved into weak nitric acid solution where they were analyzed for 

major oxides and select trace elements using Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) on a 
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combination simultaneous/sequential Thermo Jarrell-Ash ENVIRO II ICP or a Varian Vista 735 

ICP.  

The samples were next subjected to Total Digestion Inductively Coupled Plasma Mass 

Spectrometry (TD-ICP-MS), which utilizes multiple acids to completely dissolve the sample. 

ICP analysis was performed using a Varian Vista 735 ICP. 

Finally, samples were analyzed using Instrumental Neuron Activation Analysis (INAA). 

An approximately 30-gram aliquot was encapsulated in a polyethylene vial and irradiated with 

flux wires and an internal standard at a thermal neutron flux of 7 x 10 12 n cm -2 s -1.  For seven 

days, the samples Na-24 was allowed to decay. The samples were analyzed on a high purity Ge 

detector.  

 

2.2.3 Geochronology 

To follow up on the limited and unpublished geochronologic work conducted at Lone 

Tree, five intrusions were studied petrographically and geochemically and determined to be of 

similar composition. U-Pb zircon geochronology was conducted at the Isotope Geology 

Laboratory, Boise State University using both LA-ICPMS (Laser Ablation Inductively Coupled 

Plasma Mass Spectrometry) on 211 samples from five dikes (all encountered) and CA-TIMS 

(Chemical Abrasion Thermal Ionization Mass Spectrometry) on 13 samples from 2 

representative dikes, revealing consistent dates for the magmatic event.  

Zircon grains were analysed by LA-ICPMS to screen zircon age populations prior to 

analysis by CA-TIMS. Cathodoluminescence (CL) images were obtained with a JEOL JSM-

1300 scanning electron microscope and Gatan MiniCL. Zircon was analysed by laser ablation 

inductively coupled plasma mass spectrometry (LA-ICPMS) using a ThermoElectron X-Series II 
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quadrupole ICPMS and New Wave Research UP-213 Nd:YAG UV (213 nm) laser ablation 

system. U-Pb dates were obtained by the CA-TIMS method from analyses composed of single 

zircon grains or fragments of grains, modified after Mattinson (2005). U and Pb isotopic 

measurements were made on an IsotopX Phoenix multicollector thermal ionization mass 

spectrometer equipped with an ion-counting Daly detector. U-Pb dates and uncertainties were 

calculated using the algorithms of Schmitz and Schoene (2007), and U decay constants 

recommended by Jaffey et al. (1971). 206Pb/238U ratios and dates were corrected using the 

algorithms of Crowley et al. (2007).  

For groups of analyses that are collectively interpreted from a weighted mean date (i.e. 

igneous zircon analyses), a weighted mean date is first calculated using Isoplot 3.0 (Ludwig, 

2003) using errors on individual dates that do not include a standard calibration uncertainty, and 

then a standard calibration uncertainty is propagated into the error on the weighted mean date. 

Errors on the weighted mean dates are given as ± x / y / z, where “x” is the internal error based 

on analytical uncertainties only, “y” includes the tracer calibration uncertainty, and “z” includes 

the 238U decay constant uncertainty. Errors for weighted mean dates and dates from individual 

grains are given at 2δ. 

 

2.3 Regional Geology  

 The Northern Nevada region has been affected and uplifted by four major orogenic 

periods beginning in the Paleozoic (Roberts, 1964). The Battle Mountain region was below sea 

level by the Cambrian, resulting in the formation of carbonate assemblages (Roberts, 1964). An 

early survey of the region recognized the significant differences between the carbonate rocks 

common in eastern Nevada and the predominately clastic and volcanic rocks in western Nevada 
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(Nolan, 1928 in Roberts, 1964).  These two distinct facies were identified in close proximity in 

the Roberts Mountains (Kirk, 1933 in Roberts, 1964), and were determined to have been brought 

together by the Roberts Mountain thrust fault (Merriam and Anderson, 1942 in Roberts, 1964). 

The Antler orogeny uplifted these units, leading to erosion of the clastic sedimentary rocks into 

adjacent marine basins (Roberts, 1964). These Antler-orogeny-derived sediments, along with 

limestone forming in the marine basin, comprise the Antler overlap sequence (Roberts, 1964). 

The Golconda thrust, which was developed during the Permian Sonoma orogeny, transported the 

backarc siliceous and volcanic rocks of the Havallah sequence over the autochthonous rocks of 

the Antler sequence (Roberts, 1964). During the Cenozoic, abundant normal faulting occurred 

through Nevada. The regional extension thinned the lithosphere, resulting in increased heat flow 

and voluminous magmatism (Eaton, 1982). Considerable folding and faulting of rocks in the 

region occurred during and between the major orogenic events, resulting in complex crustal 

structures. Events from this complex geologic history may have structurally primed the regional 

bedrock, but the extensional setting of the Cenozoic has been credited with the localization of 

mineralization at Lone Tree (Panhorst, 1996) and Carlin-type mineralization elsewhere in the 

region (Cline et al. 2005).  

Four distinct periods of intrusive magmatism affected the broad region around the Battle 

Mountain mining district, in the “Jurassic, Cretaceous, Eocene, or Oligocene and younger ages” 

(King, 2017). Plutonic rocks at Buffalo Mountain (southwest of the Buffalo Valley deposit) were 

dated to the Jurassic (Neff, 1973), and the granite underlying the Gold Acres sedimentary rock-

hosted gold deposit was dated to the late Cretaceous (Silberman and McKee, 1971 – in 

Theodore, 2000). Recent work at the Marigold deposits dated the dikes encountered there to the 

Cretaceous (Fithian et al., 2018). The majority of igneous rocks, hydrothermal alteration, and 
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mineralization in the broader Battle Mountain region, however, occurred during the Tertiary 

(McKee in Theodore, 2000).  

Tertiary intrusions form a regional alignment extending from Eureka to Battle Mountain 

and occur in a North-South striking trend from Lone Tree to the McCoy mining district 

(Silberman and McKee, 1971 in Theodore, 2000). The Tertiary intrusions were emplaced during 

a regional SW sweep of calc-alkaline volcanism which is recognized in the Great Basin. This 

broad-scale igneous activity is believed to be related to the subduction of the Pacific Farallon 

plate beneath North America (McKee, 1971). Similarly-aged extrusive activity is evident both 

east and north of the Battle Mountain region (Theodore, 2000). A large number of granodiorite 

dikes ranging from 36 to 39 Ma have been described in the Snow Gulch quadrangle (Theodore, 

2000). This period of magmatism drove the formation of numerous porphyry, skarn, and distal-

disseminated deposits. Additionally, a number of copper and gold deposits in the region which 

have not yet been shown to be correlated with igneous activity are dated to the late Eocene to 

early Oligocene time (McKee in Theodore, 2000), including all of the dated Carlin-type gold 

deposits.  

The late Eocene to early Oligocene magmatism commonly observed in association with 

sedimentary rock-hosted, disseminated gold deposits in northern Nevada changed to 

predominately extrusive activity by the late Oligocene to early Miocene (Theodore, 2000).  This 

magmatic regime is characterized by andesitic to dacitic lavas and dacitic to rhyolitic tuffs. This 

includes the 34.5 to 30 Ma Oligocene Caetano Tuff and Oligocene augite-olivine basalt 

(Theodore, 2000). By the middle Miocene, basaltic volcanism predominates. The 12 Ma basalt at 

Treaty Hill represents the youngest igneous rock observed in the Battle Mountain region 

(Theodore, 2000).    
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The Cretaceous igneous activity in the Battle Mountain mining district is described in 

association with molybdenum porphyry systems (Theodore et al., 1992), including the 

granodiorite to monzogranite pluton at Trenton Canyon (White et al., 1981 in Theodore, 2000).  

The igneous activity beginning in the Tertiary resulted in granodiorite and quartz 

monzonite stocks intruding into the older rocks of the district. Stocks are recognized at Trenton 

Canyon and Copper Basin. Seven of the igneous bodies around the Buckingham molybdenum 

system (proximal to Copper Basin) formed between 35 and 39 Ma (McKee, 1992 in Theodore, 

2000). The ages of two granodiorite bodies from the Buffalo Valley deposit ranged from about 

32 to 38 Ma (Doebrich, 1995 in Reid et al., 2010). Sills and dikes related to the Tertiary 

intrusions are of variable composition, including, granodiorite, gabbro, diorite, and quartz 

diorite. The Tertiary intrusive rocks are commonly porphyryitic, with feldspar and quartz 

phenocrysts in a fine-grained groundmass. This time period also features extrusive rocks 

throughout northern Nevada, including rhyolite tuff and basalt (McKee in Theodore, 2000).  

The most recent geochronological work in the Battle Mountain region was conducted by 

Caleb King (2017). The author looked at both new and previously dated igneous phases 

(separated by location and composition), as well as incorporating previous work. Most of the 

intrusions were dated as Eocene, including all of the samples from Elder Creek, Copper Basin 

(Phoenix), and Lone Tree. Cretaceous and Eocene dates were obtained from intrusions at 

Trenton Canyon, Buckingham, and Copper Basin. One Jurassic age was obtained at Buffalo 

Valley, though most dated intrusions were Eocene. A summary of the results is presented in 

Table 2.2.   
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Table 2.2 Summary of geochronological work conducted by Caleb King (2017).  
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2.4 Deposit Geology 

Observations described in this section are summarized from Bloomstein et al. (1993) and 

corroborated in the present study unless otherwise referenced.  

Lone Tree is a structurally-controlled, sedimentary rock-hosted, disseminated gold 

deposit. The deposit is hosted in siliciclastic Paleozoic sedimentary and metasedimentary rocks 

of the Havallah sequence, Antler sequence, and Valmy Formation. The majority of the gold 

mineralization occurs in a north-striking, 50-120 meter-wide, normal fault zone known as the 

Wayne Zone (Braginton, 1996), suggesting an extensional setting for mineralization. The Wayne 

Zone is intensely fractured and faulted and cuts through all rock sequences and formations 

described in the mine area (Braginton, 1996). Gold ore outside the principal mineralized zones 

occurs in subsidiary faults and fractures, commonly NNW and NNE trending (Bloomstein et al., 

1993). Most mineralized structures steeply dipping, to the east or west (Bloomstein et al., 1993). 

Sparse east-trending rhyolite dikes occur through the Lone Tree pit (Bloomstein et al., 1993). 

These dikes may provide evidence of an underlying intrusion, but the igneous body has not been 

intercepted by any drill hole. The mineralization style at Lone Tree has been described in fine-

grained pyrite and arsenopyrite. The Lone Tree deposit occurs stratigraphically above the 

Roberts Mountain thrust, and the thrust has not been drilled through at the deposit. This thrust 

has been drilled through at the nearby Marigold mine, revealing the underlying Comus 

Formation consisting of chert, slate, and argillite.  
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2.4.1 Valmy Formation 

Observations described in this section are from the present study unless otherwise referenced. 

 The lowest and thickest stratigraphic unit of the Lone Tree host rocks is the Valmy 

Formation (Fig. 2.3). This formation was deposited in the forearc basin during the Early to 

Middle Ordovician and was subsequently folded and heavily faulted starting in the Late 

Devonian (Roberts, 1964). At Lone Tree, the Valmy Formation features interbedded quartzite and 

argillite, with uncommon intervals of mafic extrusive rock. The resistant quartzite is responsible 

for the topographic feature that is Lone Tree Hill.  

At Lone Tree, the Valmy Formation is predominantly thick (up to hundreds of feet) 

intervals of massive, homogenous quartzite with relatively thin (up to tens of feet) interbedded 

intervals of homogenous argillite. Silty sandstone and sandy siltstone are less common, as are 

intervals of interbedded mudstone and sandstone. Even less common greenstone 

(metamorphosed ultramafic extrusive) intervals were also observed. Brittle and ductile 

deformation styles are observed through the Valmy, though ductile deformation was less 

commonly observed. Ductile deformation indicators observed in the Valmy include dextral 

mineral fish and uncommon undulose extinction. The formation is commonly brecciated and 

features abundant veins and fractures.  

The Valmy quartzite is a homogenous, metasomatized, quartz arenite. It is light gray to 

blue-gray to dark gray in color. The quartzite has a sucrosic texture with a bright reflective 

sheen. Bedding is not commonly observable, likely due to metasomatism and associated 

structural deformation and the well-sorted nature of the sandstone.  

The Valmy argillite is a weakly metasomatized mudstone composed of clay- to silt-sized 

grains of quartz and clay minerals. The argillite is commonly bleached white to light gray in 
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Figure 2.3 Images of the Valmy Formation. Panel 1: A) core photo of Valmy quartzite in hole 
CLT-1046 with dark gray veinlets of quartz with entrained microscopic sulfides; B) core photo 
of Valmy quartzite in hole CLT-1048; C/D) core photos of Valmy argillite in hole CLT-997; 
E/F) core photo of Valmy “greenstone” in hole CLT-838 with carbonate veins; G/H) hand 
sample photos of deformed Valmy silty sandstone in hole CLT-838 with late open space barite. 
Panel 2: A/B) Plane polarized light (PPL) and cross polarized light (CPL) images (respectively) 
of unmineralized Valmy quartzite (sample 1046-10); C-F) progressively magnified PPL and 
reflected light (RL) images (respectively) of mineralized Valmy silty sandstone with pervasive 
sericitization of silt layers and cross-cutting quartz-pyrite veins (sample 838-7). Panel 3: A-D) 
PPL and RL images (respectively) of deformed Valmy silty sandstone with ductile deformation, 
pervasive sericitization, and disseminated pyrite (sample 838-2).  
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Figure 2.3 Continued. 
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Figure 2.3 Continued. 
 

color but has also been observed with a dark, carbonaceous appearance. The argillite is 

commonly highly sheared, obsuring or destroying the original bedding and causing a weak to 

strong foliation fabric to be developed.  

The Valmy greenstone occurs at irregular intervals within the formation and is commonly 

absent in the drill cores. This igneous facies has the most altered appearance of the rock types in 

the formation. The original mineralogy of these greenstones is rarely preserved, and the best 

indicator of the original ultramafic composition is the sparsity of relict quartz and the presence of 

anthophyllite.  
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2.4.2 Antler Sequence 

Observations described in this section are from this study unless otherwise referenced.  

An angular unconformity separates the Valmy Formation from the overlying 

Pennsylvanian/Permian Antler overlap sequence (Fig. 2.4), which consists of the Battle 

Formation, the Antler Peak Limestone, and the Edna Mountain Formation; however, the Antler 

Peak Limestone is not observed/recognized at Lone Tree. The Antler sequence is derived from 

highlands which formed during the Antler orogeny, resulting in clastic rocks deposited in 

lowlands to the east and basins to the west (Roberts, 1964). The Battle Formation is a basal 

conglomerate, which can reach 100 m in thickness at Lone Tree. The conglomerate is a cobble to 

pebble conglomerate with a muddy to sandy to pebble-sized matrix material. The clasts in this 

unit are commonly subangular clasts of Valmy quartzite. The matrix material commonly has a 

sandy yellow color. The conglomerate is commonly well-sorted and displays normal grading.  

The conglomerate is commonly missing from the sequence, with the Edna Mountain Formation 

uncomformably overlying the Valmy Formation. The Edna Mountain Formation features quartz- 

and lithic- rich sandstones with uncommon, interbedded mudstone. Exploration drilling at Lone 

Tree has identified up to 130 feet of the Edna Mountain Formation (Panhorst, 1996). The Edna 

Mountain Formation consists of weakly metasomatized lithic arenite and quartz arenite and 

uncommon mudstone intervals ranging from a few meters to tens of meters. The metasandstones 

are dark gray to bleached tan and range from medium-grained to fine-grained. The lithic arenite 

(feldspathic litharenite) is very coarse-grained to medium-grained to fine-grained. The lithic 

arenite consists of quartz (50-70%), feldspar (10-15%), and lithic fragments (20-35%). Mudstone 

intervals are commonly dark gray to black, very fine-grained, soft, fissile, and preserve shear 

foliations.   
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Figure 2.4 Images of the Antler Overlap Sequence. No images of Antler Peak Limestone were 
included as the unit is largely missing or unrecognized from the stratigraphic sequence at Lone 
Tree. Panel 1: A/B) core photos of Battle Conglomerate in hole CLT-886; C) core photo of 
oxidized Battle Conglomerate in hole CLT-886; D) core photo of Edna Mountain lithic 
sandstone in hole CLT-954; E) core photo of Edna Mountain quartz sandstone in hole CLT-
1080; F) core photo of Edna Mountain siltstone in hole CLT-886 with fissile, shaly appearance. 
Panel 2: A/B) PPL and CPL (respectively) images of Edna Mtn. lithic sandstone (sample 1027-
3); C/D) PPL and CPL images of Edna Mtn. lithic sandstone with late open space barite (sample 
1027-3).   
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Figure 2.4 Continued. 

 

2.4.3 Havallah Sequence 

Observations described in this section are from this study unless otherwise referenced.  

The Mississippian-Permian Havallah sequence (Fig. 2.5) lays unconformably over the 

Antler Overlap sequence and represents the uppermost host rock at Lone Tree and is overlaid by 

unconsolidated sediments. The Havallah sequence has been interpreted as being deposited in a 

continental margin environment during the upper Paleozoic (Theodore, 2000), with much of the 

constituents sourced from the Antler highlands (Whiteford, 1990 in Theodore, 2000). The 

Golconda allochthon, formed during the Sonoma orogeny of the Late Permian, resulted in the 

Havallah sequence being thrust over the Antler overlap sequence (Roberts, 1964). The contact  



 65 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Images of the Havallah sequence. Panel 1: A) core photo of Havallah fine grained 
sandstone in hole CLT-896; B) core photo of Havallah coarse grained sandstone in hole CLT-
997; C) core photo of sheared, conglomeritic Havallah fine-grained sandstone in hole CLT-1048; 
D) core photo of oxidized Havallah chert in hole CLT-741; E) core photo of basalt member of 
the Havallah sequence in hole CLT-741; F) core photo of oxidized Havallah fine grained 
sandstone in hole CLT-897; G) core photo of oxidized Havallah mudstone hole CLT-896; H) 
core photo of mineralized Havallah mudstone with dolomite alteration in hole CLT-1048; I) core 
photo of Havallah siltstone with calc-silicate alteration in hole CLT-1048; J) core photo of 
oxidized, matrix-supported breccia in Havallah medium grained sandstone in hole CLT-896. 
Panel 2: A/B) PPL and CPL images (respectively) of Havallah poorly sorted sandstone with 
pyrite disseminations (sample 1046-2); C/D) PPL and RL images (respectively) of Havallah 
poorly sorted sandstone with pyrite vein (sample 1046-2).   
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Figure 2.5 Continued. 
 

between the Antler sequence and the Havallah sequence represents the Golconda thrust (Roberts, 

1964). At Lone Tree, the Havallah sequence is comprised of sandstone, limey sandstone, sandy 

limestone, mudstone, and chert. The Havallah sequence can exceed 1400 feet in thickness within 

the Lone Tree mine area. 

The Havallah sequence, consisting of intermixed chert, sandstone, mudstone, limestone, 

and “greenstone” (altered basalt), is very poorly sorted, such that the original rock formations 

described in the sequence may be unrecognizable, even at their type localities (e.g. Silberling, 

1975). Microstructures observed in the Havallah indicate both brittle and ductile deformation, 

including common fractures and the development of mylonite and augen mylonite.  
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 Sandstones, with variable amounts of mud, are the most common lithology observed in 

the Havallah sequence. Havallah sandstones are commonly light gray to yellow-gray. Those 

sandstones that are relatively pure have a well-sorted appearance and are commonly massive, 

whereas impure sandstones are commonly mylonitic and display bedding and/or foliation. 

Mudstone intervals in the Havallah are commonly mylonitic with foliation developed in the same 

orientation as original bedding. Pebble conglomerates are commonly white to light gray, with 

well-sorted, rounded, predominantly quartz grains. Chert is a common constituent of the 

Havallah sequence and is more abundant at the base of the sequence, where short intervals of 

primarily white to gray chert were observed. The Havallah limestone is impure with variable 

portions of sand. Dolomite and ankerite were the most common carbonates observed in the 

Havallah sequence, with the dolomite commonly containing elevated iron.   

 

2.4.4 Intrusions 

Observations described in this section are from this study unless otherwise referenced.  

Bloomstein et al. (1993) described two types of intrusions at Lone Tree: the east-

trending, altered rhyolite dikes occurring through the Lone Tree pit, and a north-trending, altered 

granodiorite dike west of the main ore zone. The granodiorite dike has been described as poor in 

quartz, rich in plagioclase feldspar, and featuring potassic alteration as evidenced by secondary 

biotite (McKee in Theodore, 2000). Previous geochronologic work at Lone Tree found the 

granodiorite dike to be 36 to 39 Ma (based on K/Ar dating of two biotite and two amphibole 

samples from Lone Tree intrusives; E.H. McKee, personal communication in Bloomstein et al., 

1993), and 40.01 ± 0.1 Ma (based on 40Ar/39Ar analysis of sanidine crystals; Peters, 1995 in 

Newmont internal report). 
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The intrusions that were sampled in this study are porphyritic rhyolite (Fig. 2.6) 

containing 20-50 modal % altered feldspar phenocrysts in a fine-grained quartz groundmass. 

They are commonly white to light gray, due to significant and pervasive alteration present in all 

dikes. The phenocrysts range from <1 to 3 mm and are altered to sericite and clay minerals. 

A sample of each dike encountered was submitted for whole rock geochemical analysis. 

The Lone Tree dikes plot predominantly in the rhyolite field on the TAS extrusive classification 

scheme and predominantly in the alkali rhyolite field of the R1-R2 extrusive classification 

scheme (Fig. 2.7). REE patterns for these dikes are quite similar.  

 

2.5 Alteration  

Observations described in this section are from this study unless otherwise referenced.  

Alteration at Lone Tree consists of decalcification, sericitization, argillization, 

silicification, sulfidation, and oxidation. Decalcification has been described as wide-spread 

around Lone Tree, with an approximately 2000-feet-wide aureole of decalcified rock around the 

deposit (Bloomstein et al., 1993). Evidence for decalcification includes the common vuggy 

appearance of host rocks, the occurrence of alteration minerals as open-space fill, and the quartz 

pseudomorphs after calcite blades.  

Sericitic alteration was observed as pervasive in the greenstone intervals, as selective 

replacement of the feldspar crystals of the porphyritic intrusions, disseminated through impure 

sandstones, and in the mudstone layers of interbedded sedimentary host rocks. This alteration 

was observed in contact with pyrite and arsenopyrite, especially in the porphyritic intrusions.  

Argillic alteration is characterized by clay minerals observed as replacements and open-

space fillings. Argillic alteration was most common in the greenstone and dike intervals. The 
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Figure 2.6 Images of the Eocene dikes at Lone Tree. Panel 1: A/B) core photos of fine grained 
rhyolite dike in hole CLT-1080 (depths 710’-715’ and 902’-908’ respectively) with fracture 
controlled mineralization and sericitization of the feldspar; C/D) core photos of porphyritic dike 
in hole CLT-473 (depths 983’-989’ and 1092’-1096’ respectively) with pervasive sericitization 
of the feldspar; E/F) core photos of oxidized, porphyritic, quartz-eye rhyolite dike in hole CLT-
896 (depths 513’-517’ and 617’-620’ respectively). Panel 2: A/B) PPL and CPL images of large 
euhedral quartz and altered feldspar in a fine-grained quartz matrix in porphyritic felsic dike of 
hole CLT-1080 (sample 1080-35); C/D) PPL and CPL images of porphyritic felsic dike in hole 
CLT-473 (sample 473-30) with altered euhedral feldspar; E/F) PPL and RL images of 
porphyritic felsic dike of hole CLT-473 (sample 473-23) with disseminated pyrite after altered 
feldspar. Panel 3: A/B) PPL and RL images of porphyritic felsic dike of hole CLT-473 (sample 
473-23) with pyrite showing preference for the altered feldspar phenocryst in the center of the 
image; C/D) PPL and RL images of porphyritic felsic dike of hole CLT-473 (sample 473-30) 
with pyrite/marcasite disseminated in the groundmass and replacing feldspar phenocrysts. E/F) 
CPL and RL images of porphyritic felsic dike of hole CLT 473 (sample 473-30) with pyrite 
replacing feldspar and occurring along fractures in the large quartz crystal. Panel 4: PPL and RL 
images from a contact between the intrusive dike in hole CLT-1080 and the Valmy quartzite 
(sample 1080-48). The mineralization is far less common in the quartzite, reflecting the relative 
impermeability of the unit. The darker sulfide is pyrite, while the lighter colored sulfide 
commonly rimming pyrite is arsenopyrite.   
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Figure 2.6 Continued. 
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Figure 2.6 Continued. 
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Figure 2.6 Continued.   
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Figure 2.7 A) R1R2 extrusive rock classification of Lone Tree dikes encountered in this study. 
Classification scheme from De la Roche et al., 1980. Cation percentages were calculated from 
oxide weight percent data. R1= 10[(4*Si) – 11(Na + K) – 2(Ti + Fe)]; R2 = 10(6Ca + 2Mg + Al). 
B) Rare earth element (REE) patterns for each of the encountered rhyolite dikes at Lone Tree – 
built from LA-ICPMS geochronology results (zircon values). Reported concentrations were 
chondrite normalized using the Sun and McDonough scheme.  C) TAS (Total Alkali Silica) 
diagram for extrusive rock classification of Lone Tree dikes encountered in current study, based 
on whole rock geochemical analyses. Weight percent totals were recalculated excluding water 
and carbon dioxide (LOI). Coordinates from Le Maitre et al., 2002.  
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alteration is strongest at the margins of these intervals.   

Sulfidation at Lone Tree is most common in the previously described breccias. The most 

common sulfides observed are pyrite, arsenopyrite, sphalerite, chalcopyrite, and tennantite 

respectively. Sulfides are observed as both fine-grained disseminations and coarse-grained 

veins/veinlets. 

At the deposit scale, silicification has been described as increasing toward the richest 

zone of the deposit (Bloomstein et al., 1993). Quartz was the most common alteration mineral 

observed in context with sulfide and gold mineralization, a feature noted by mine workers who 

described the ore style as “silica-sulfide.” In hand sample, the silica-sulfide alteration has a dark, 

sooty appearance reflecting the disseminated iron sulfide. In breccia zones (identified as the 

primary host for gold ore) the matrix is commonly dominated by quartz and sulfides only, with 

no other alteration minerals observed.  

Late, open-space filling barite was also observed and shows some overlap with late-stage 

pyrite precipitation; however, barite was not observed with ore-grade sulfide. Barite occurs as up 

to 1 cm sized cubes, rhombs, and laths in vugs and along fractures. Barite was observed 

primarily as an open-space fill late in the paragenesis. Other minerals observed as open-space fill 

in the vugs include pyrite/marcasite, sphalerite, calcite blades, and drusy quartz. Iron sulfide is 

observed replacing calcite blades in vugs and occurs after and with quartz in vugs. The following 

sections describe the alteration styles observed in each of the host rock types at Lone Tree. 

Supergene oxidation is evident in the upper portion of the Lone Tree deposit and along 

structural pathways. The bright yellow, orange, and red oxide minerals are most apparent in the 

Havallah sandstones and mudstones and the felsic intrusions. Bloomstein et al., (1993) describe 
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the oxidation as consisting of quartz, kaolinite, dickite, jarosite, alunite, and goethite, and they 

the authors indicate that the oxide ore represents 30-44% of the total ore reserves (as of 1992).   

 

2.5.1 Valmy Formation 

The Valmy quartzite is the least chemically altered rock facies at Lone Tree. The most 

common alteration minerals observed are quartz and iron sulfide which occur together in dark-

colored, 1-3 mm veinlets. These silica-sulfide veinlets range from sparse to concentrated swarms 

darkening the entire sample. Vugs in the Valmy quartzite (commonly filled with secondary 

minerals – quartz and pyrite) may represent uncommon calcite pods. 

The Valmy argillite is consistently altered, as demonstrated by its bleached appearance. 

As with the quartzite, gray to black silica-sulfide veinlets and veins are common through the 

argillite. These veins and veinlets are commonly parallel to subparallel with common 

crosscutting vein sets, parallel to and crosscutting foliation.  

Figure 2.8 panel 8 represents an interbedded interval of sandstone and mudstone 

uncommon to the Valmy Formation. This sample displays soft-sediment deformation and is 

sericitically altered. The sericitic alteration is pervasive through the mudstone layers. The 

sandstone is relatively impure and contains disseminated iron-bearing carbonate (mostly 

ankerite) and kaolinite. A late dolomite vein crosscuts the host rock. The disseminated pyrite 

does not feature arsenopyrite rims and is not identified as ore-grade. 

There are pervasively altered intervals of Paleozoic Valmy “greenstone,” an extrusive 

mafic/ultramafic unit that occurs within the Valmy Formation. Commonly, the greenstone 

intervals have a darker green center which transitions to a lighter, bleached, less competent 

margin over what distance. The darker center is dominated by chlorite and features prominent  
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Figure 2.8 Panel 1: Mineralogy legend and quantitative breakdown of volume composition by 
sample and scan. Includes all false-color SEM analyses except the Valmy extrusive. A separate 
legend is used for the Valmy extrusive samples to account for the unique mineralogy (Fig 2.9). 
Panel 2: Sericitically altered rhyolite dike (sample 1080-14; 3.96 ppm Au as measured by whole 
rock analysis carried out in this study [Table 2.4]). This scanned area shows the common ore 
texture of arsenopyrite rimming pyrite (ARP) occurring preferentially in the sericite altered 
feldspar phenocrysts. A/B) PPL and RL images of the scanned area; C) BSE image with the 
location of arsenopyrite highlighted; D) false-color mineralogy map with abbreviated legend for 
the 5 most abundant minerals. Panel 3: Argillically altered rhyolite dike (sample 1070-17 area 1; 
0.75 ppm Au as measured by whole rock analysis carried out in this study [Table 2.4]). This 
scanned area shows the common ore texture of arsenopyrite rimming pyrite (ARP) occurring 
preferentially in the sericite and clay altered feldspar phenocrysts. A/B) PPL and RL images of 
the scanned area; C) BSE image with the location of arsenopyrite highlighted; D) false-color 
mineralogy map with abbreviated legend for the 6 most abundant minerals. Panel 4: Argillically 
altered rhyolite dike (sample 1070-17 area 2; 0.75 ppm Au as measured by whole rock analysis 
carried out in this study[Table 2.4]). This is a magnified view of an area scanned in panel 3. This 
scanned area shows the common ore texture of arsenopyrite rimming pyrite (ARP) occurring 
preferentially in the sericite and clay altered feldspar phenocrysts. The largest phenocryst in the 
image displays an interesting internal texture suggestive of an earlier feldspar altering event. The 
lack of clay in the inner sericite grain which contains significant sulfide suggests that the 
kaolinite alteration occurred after the main gold stage. A/B) PPL and RL images of the scanned 
area; C) BSE image with the location of arsenopyrite highlighted; D) false-color mineralogy map 
with abbreviated legend for the 6 most abundant minerals. Panel 5: Mineralized sandy dolostone 
of the Havallah Formation (sample 1048-4 area 1). This scanned area shows the common ore 
textures of arsenopyrite rimming pyrite (ARP) and large arsenopyrite grains disseminated in a 
dolomitized sandy limestone with kaolinite. The EMP analysis of this area found detectable gold 
in arsenopyrite, but not consistently mineralized (Table 2.3). A) BSE image; B) false-color 
mineralogy map with abbreviated legend for the 6 most abundant minerals. Panel 6: Mineralized 
sandy dolostone of the Havallah Formation (sample 1048-4 area 2). This scanned area shows the 
common ore texture of arsenopyrite rimming pyrite (ARP) disseminated in a dolomitized sandy 
limestone with kaolinite. The EMP analysis of this area found detectable gold in arsenopyrite, 
but  not consistently mineralized (Table 2.3). A) BSE image with the location of arsenopyrite 
highlighted; B) false-color mineralogy map with abbreviated legend for the 6 most abundant 
minerals. Panel 7: Sandstone of the Edna Mountain Formation (sample 1027-4) with banded 
pyrite breccia (BPB) veins and late barite. The EMP analysis of this area found that the pyrite 
was below detection limit (BDL) with respect to gold, except in one spot analysis of 143 ppm 
(Table 2.3). A/B) PPL and RL images of the scanned area; C) BSE image; D) false-color 
mineralogy map with abbreviated legend for the 6 most abundant minerals. Panel 8: Deformed 
silty sandstone of the Valmy Formation (sample 838-6). Sericite alteration follows the deformed 
bedding and occurs selectively along the silty layers. The disseminated pyrite also tracks the 
bedding and occurs in the sandy (quartz) layers rather than with the sericite. The dolomite vein 
occurs after the sericite alteration based on the cross-cutting relationship. The EMP analysis of 
this area found that the pyrite was below detection limit (BDL) with respect to gold (Table 2.3). 
A/B) PPL and RL images of the scanned area; C) BSE image; D) false-color mineralogy map 
with abbreviated legend for the 8 most abundant minerals. Panel 9: Mineralized silica-sulfide 
breccia (SSB) of the Valmy Formation (sample 949-2). This scanned area shows the common 



 79 

 
 
 
 
 
 
 
 
 
 
 
 
ore textures of arsenopyrite rimming pyrite (ARP) and large arsenopyrite grains disseminated 
with sericite in a fine-grained quartz matrix. The EMP analysis of this area found that the pyrite 
was commonly below detection limit with respect to gold, except one spot analysis of 173 ppm. 
The arsenopyrite ranged from below detection limit (BDL) to 2,087 ppm (Table 2.3). A) BSE 
image with the location of arsenopyrite highlighted; B) false-color mineralogy map with 
abbreviated legend for the 4 most abundant minerals. Panel 10: Mineralized silica-sulfide 
breccia (SSB) of the Valmy Formation (sample WZ-Sec11 area 1) with a multiple base metal 
sulfide grain (MBMSG) in a fine grained quartz matrix. Significant chalcopyrite and a minor 
amount of sphalerite occurs within the large pyrite grain, tennantite occurs on the outside of the 
pyrite, and arsenopyrite occurs within the pyrite grains and as a last rim around the whole 
MGMSG. The EMP analysis of this area found that all sulfide phases were below the detection 
limit with respect to gold (Table 2.3). A/B) PPL and RL images of the scanned area; C) BSE 
image with the location of arsenopyrite highlighted; D) false-color mineralogy map with 
abbreviated legend for the 6 most abundant minerals. Panel 11: Mineralized silica-sulfide 
breccia (SSB) of the Valmy Formation (sample WZ-Sec11 area 2). This scanned area shows the 
common ore textures of arsenopyrite rimming pyrite (ARP) and arsenopyrite grains disseminated 
in a fine-grained quartz matrix. The largest pyrite grain also occurs with minor chalcopyrite. This 
area was not scanned by EMP. A/B) PPL and RL images of the scanned area; C) BSE image 
with the location of arsenopyrite highlighted; D) false-color mineralogy map with abbreviated 
legend for the 4 most abundant minerals.  
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Figure 2.8 Continued. 
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Figure 2.8 Continued. 
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Figure 2.8 Continued. 
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Figure 2.8 Continued. 
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Figure 2.8 Continued. 
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Figure 2.8 Continued. 
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Figure 2.8 Continued. 
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Figure 2.8 Continued. 
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Figure. 2.8 Continued.  
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calcite veins width. These veins are absent from the sericitically and argillically altered margins. 

Importantly, none of the sulfides observed in these intervals were identified as gold ore. Figure 

2.9 represents samples of greenstone. One sample has been pervasively altered to sericite and       

contains quartz and pyrite veins. A relatively large portion of this sample features titanium-

bearing phases (rutile and ilmenite), significantly more than any other sample observed. 

Disseminated carbonate and clay is also observed. This sample was taken near the margin of a 

several-meter-wide greenstone interval. The other greenstone was taken from near the center of a 

several-meter-wide interval. This sample’s matrix is dominated by chlorite and is cut by 2-3 cm 

wide calcite veins.  

 

2.5.2 Antler Sequence 

The Battle Conglomerate commonly displays significantly more alteration in the matrix 

than the quartzite clasts. In the higher-grade Battle Conglomerate, the matrix material is 

commonly replaced by fine-grained, dark gray silica-sulfide. The clasts are largely unaffected, 

except where sulfide and quartz veinlets cut through the clasts.  

Alteration in the Edna Mountain Formation is common and is characterized by 

disseminated quartz, sericite, and clay in the impure sandstone. The thin (up to several meters 

wide) mudstone intervals in the Edna Mountain are commonly pervasively altered to the sooty 

silica-sulfide material. Fine-grained, dark gray alteration quartz with disseminated sulfide (silica-

sulfide) is associated with higher grades of gold in the Edna Mountain Formation.  
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Figure 2.9 Panel 1: Mineralogy legend and quantitative breakdown of volume composition by 
sample and scan for the Valmy extrusive samples. A separate legend is used for the Valmy 
extrusive samples to account for the unique mineralogy. Panel 2: Argillized mafic/ultramafic 
extrusive of the Valmy Formation (838-14-2) with late quartz veins and sericite alteration of 
potassium feldspar. This sample represents the more altered border of this extrusive interval. The 
pyrite in this sample occurs preferentially in quartz. The EMP analysis of pyrite in this sample 
found that gold ranged from BDL to 69 ppm. A) BSE image; B) false-color mineralogy map 
with abbreviated legend for the 8 most abundant minerals. Panel 3: Mafic/ultramafic extrusive 
“greenstone” of the Valmy Formation (838-13-3) with chloritic alteration and late calcite veins. 
This sample does not contain sulfide mineralization and represents the less altered center of the 
extrusive interval. A) BSE image; B) false-color mineralogy map with abbreviated legend for the 
7 most abundant minerals.   
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Figure 2.9 Continued. 
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Figure 2.9 Continued.  
 

2.5.3 Havallah Sequence 

The Havallah sequence displays non-pervasive argillic alteration, resulting in 

disseminated clay minerals and a bleached white appearance. The clay alteration is commonly 

concentrated along fractures, and in context with sulfide veins and stringers. The Havallah 

sequence is oxidized in the upper portion and along structures resulting in bright red, orange, and 

yellow iron oxides after pyrite and arsenopyrite.   

Figure 2.8 panels 5 and 6 feature false-color mineral maps of an ore-grade Havallah 

dolostone. The dominant carbonate in these images is iron-bearing dolomite followed by 
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ankerite, indicating the presence of iron. It is unclear whether these carbonates are primary or 

secondary. Alteration quartz is observed in these samples; however, the close association 

between quartz and disseminated sulfide noted in other host rocks (termed silica-sulfide) is less 

pronounced in the Havallah Formation where disseminated sulfide is observed surrounded by a 

carbonate matrix. 

 

2.5.4 Intrusions 

The porphyritic rhyolite dikes encountered at Lone Tree have been pervasively 

sericitically altered, as indicated by the complete replacement of the feldspar crystals. Silica-

sulfide veinlets and stringers (more than 50% fine-grained quartz) were also observed. The 

silica-sulfide veinlets are commonly parallel to subparallel with sharp margins. Oxidation of the 

rhyolite dikes is observed in the upper portions of the deposit, characterized by rust colored 

veinlets 1-2 mm wide with the reddish tint decreasing away from the margins of the vein. Figure 

2.8 panels 2-4 feature false-color mineral maps of ore-bearing, altered rhyolite dike at Lone Tree. 

Pervasive alteration in these samples occurs as the complete replacement of primary feldspar by 

sericite and clays, with the remainder of the mineralogy dominated by quartz. 

 

2.6 Mineralization 

Bloomstein et al. described the overall metal zonation of the deposit as comprising a lead-

zinc outer zone and a copper-zinc inner zone, all centered on a small porphyritic stock near Lone 

Tree Hill (1993). The location of gold mineralization was described as being primarily 

structurally controlled, with faults and fault breccias hosting most of the ore. At the mine scale, 

gold ore was described as being associated with north-trending faults (Bloomstein et al., 1993). 
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The structural control is also apparent at the fine and micro scale. Below the redox boundary, 

sulfide veins and veinlets are commonly parallel to subparallel, occurring along fractures, 

lithological contacts, and within weaker (softer) layers and along.  

The general deposit-scale observations identified by previous researchers were not 

assessed in the current study due to the limited access to the site. The present study focuses on 

characterizing the gold mineralization in high-grade zones, though a range of occurrences were 

investigated. Gold mineralization at Lone Tree occurs in three distinct styles: 1) quartz-sulfide 

veinlets and disseminations (Table 2.3 panel 1), 2) banded pyrite breccias (BPB; Table 2.3 panel 

2), and 3) oxide ore (Table 2.3 panel 3). The following sections describe these mineralization 

styles in detail, including textures, geochemistry, and host rock control. 

 

2.6.1 Quartz-Sulfide Veinlets, Disseminations and Breccias 

 Quartz-sulfide veinlets and disseminations are common in all of the host rock types in ore 

zones below the redox boundary, historically described by the mine geologists as “silica-sulfide 

ore.” Silica-sulfide mineralization in the less competent intervals is highly controlled by fractures 

and faults, but micro veining and disseminations into the wall rock are common. Silica-sulfide 

mineralization in the most competent intervals (quartzite and sandstone) shows significant 

brecciation and little dissemination into the wallrock. These margins are commonly sharp. This 

silica-sulfide material has a homogenous, untextured, dark gray appearance; the quartz is 

typically microcrystalline and the sulfides are typically microscopic. Quartz-sulfide veinlets 

range from less than one mm to several mm’s in width, ranging in orientation from subparallel to 

numerous crosscutting veinlet sets that brecciate the host rock. The veinlets typically have 2 to 

10 mm wide dark gray selvages comprising disseminated sulfides that decrease in abundance  
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Table 2.3 Electron Microprobe data. Sulfide analyses not within 5% of a 100% total and oxide 
analyses for which the total was lower than 70% were not included in the table or any of the 
figures derived from the data. Panel 1: sulfides in silica sulfide breccia (SSB). Panel 2:  sulfides 
in banded pyrite breccia (BPB). Panel 3: sulfides in the sedimentary host rocks. Contains all data 
not separated into the categories described above. Panel 4: iron oxide. 
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Table 2.3 Continued. 
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Table 2.3 Continued.  

 



 101 

Table 2.3 Continued.  

 
 

away from the veinlet margins. In intervals with abundant disseminated sulfides and no veinlets, 

the rocks have a homogenous dark gray appearance in hand sample. The disseminations occur 

equally distributed throughout the matrix, or as pods of greater abundance in some locations; 

these may be visible in hand sample.  

Where the rock is brecciated by this ore style, the breccia is commonly matrix-supported. 

The dark matrix ranges from 70 to 95% microcrystalline quartz and 5 to 30% sulfides. Clasts 

within the breccia are typically sandstone or quartzite, and in some cases they are jigsaw-fit with 

through-going sulfide veinlets. The breccia type formed with this mineralization style is referred 

to as silica sulfide breccia (SSB; Fig. 2.8 panels 9-11 and Fig. 2.10). The silica-sulfide breccia 

(SSB) is associated with increased gold content. The associated sulfides range from microscopic 

to several mm’s wide visible pods and stringers. Clasts within the breccia are rarely cut by 

through-going sulfide veins.  
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Figure 2.10 Images of Lone Tree silica-sulfide breccia (SSB). Panel 1: A/B) core photos of SSB 
in Valmy quartzite in hole CLT-1080 (946’ depth [12 ppm Au interval in Newmont data] and 
951’ depth [15 ppm Au interval in Newmont data] respectively); C) core photo of SSB in Valmy 
quartzite in hole CLT-1027 (184’ depth; 6 ppm Au interval in Newmont data); D) core photo of 
SSB in Valmy quartzite in hole CLT-1046 (375’ depth; 17 ppm Au interval in Newmont data); 
E) hand sample image of SSB in Edna Mountain lithic sandstone in hole CLT-1046 (sample 
1046-1 [depth 360’]; <1 ppm Au interval in Newmont data); F) hand sample image of SSB in 
Valmy quartzite in hole CLT-1046 (sample 1046-3 [depth 374’]; <1 ppm Au interval in 
Newmont data); G) hand sample image of SSB in Valmy quartzite in hole CLT-997 (sample 
997-64 [depth 284’]; 1 ppm Au interval in Newmont data); H) hand sample image of oxidized 
SSB in Valmy quartzite float from the Lone Tree pit (sample WZ Sec 11). Panel 2: A-F) PPL 
and RL images of SSB in the Edna Mountain sandstone in hole CLT-1046 (sample 1046-3). This 
sample was taken near the contact with Valmy quartzite, and quartzite clasts are in the breccia. 
Electron microprobe analyses of sulfides in the sample revealed gold values as high as 187 ppm 
for pyrite and 139 ppm for arsenopyrite (pyrite rimming arsenopyrite [PRA]; Table 2.3); Panel 

3: A/B) PPL and RL images of SSB in Edna Mountain sandstone in hole CLT-1046 (sample 
1046-3); C-F) PPL and RL images of SSB in Valmy quartzite in hole CLT-997 (sample 997-64). 
Electron microprobe analyses of sulfides in the sample revealed gold values as high as 3,161 
ppm for sphalerite (not imaged) and 163 ppm for pyrite (Table 2.3). Arenopyrite was not 
observed in this sample.    
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Figure 2.10 Continued.  
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Figure 2.10 Continued.  
 

 In order of decreasing abundance, the sulfides observed at Lone Tree in this study include 

pyrite/marcasite, arsenopyrite, sphalerite, chalcopyrite, and tennantite. The gold-bearing sulfides 

were arsenopyrite, pyrite, and sphalerite respectively. Marcasite was not distinguished from 
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pyrite in this study because the two are not easily differentiable with the electron microscopy 

methods employed here. Based on textural appearance and observations from the reflected light 

microscopy, some of what is referred to as pyrite is likely marcasite. Sphalerite was observed as 

disseminations and in veins/stringers. Though commonly unmineralized, some of the highest 

gold grades observed were in disseminated sphalerite. The sphalerite was commonly iron-rich (5-

12%). Chalcopyrite and tennantite were only observed occurring intergrown with other sulfides 

as multiple base metal sulfide grains (MBMSG). The MBMSG occurrences are very rare at Lone 

Tree. The MBMSGs includes pyrite, chalcopyrite, sphalerite, tennantite, and arsenopyrite; both 

chalcopyrite and arsenopyrite contained detectable gold.  

 Pyrite forms veins, breccia matrix material, disseminations, and stringers at Lone Tree. 

Pyrite occurrences ranged from coarse-grained (2-3 cm crystals) to microscopic and from 

euhedral to anhedral. Arsenopyrite was commonly observed disseminated in fine-grained 

alteration quartz, and uncommonly as a vein or stringer. Arsenopyrite commonly occurs as 

relatively large, disseminated grains, and as relatively thin rims around earlier disseminated 

sulfides. 

 Rimming textures are prevalent in ore zones at Lone Tree. In order of decreasing 

abundance, four distinct rimming ore styles were observed: arsenopyrite rimming pyrite (ARP), 

arsenopyrite rimming arsenopyrite (ARA), pyrite rimming pyrite (PRP), and pyrite rimming 

arsenopyrite (PRA). Pyrite represents the vast majority of rimmed cores where it is commonly 

anhedral.  The highest sulfide gold values were identified in arsenopyrite rims in ARP and ARA. 

The ARP (Fig. 2.11 panel 1) was significantly more common in the Lone Tree samples observed 

in this study and tends to have a characteristic shreddy appearance. The ARA (Fig. 2.11 panel 2 

A-C) was less common but displayed some of the highest gold grades observed in this study. In  
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Figure 2.11 Electron microprobe spot analyses of gold values. Orange circles show the spots 
analyzed (2 µm spot size); open orange circles were below the detection limit. Panel 1: A) 
Reflected light (RL) image showing the typical appearance of gold-bearing arsenopyrite rims on 
precursor pyrite (ARP); B-D) Backscatter electron images (BSE) showing electron microprobe 
(EMP) spot analyses of gold. Panel 2: A) RL image of arsenopyrite rimming arsenopyrite 
(ARA); B) BSE image of ARA in image A showing EMP spot gold analyses. C) BSE image of 
ARA showing EMP spot gold analyses. D) BSE image of pyrite rimming arsenopyrite (PRA) 
with EMP spot gold analyses. Panel 3: A) RL image showing the typical appearance of banded 
pyrite breccia (BPB); B-D) BSE images showing EMP spot analyses of gold in BPB. Panel 4: 
A) RL image of oxidized gold ore with common arsenopyrite rimming pyrite (ARP) texture 
(both rim and core are iron oxide); B) BSE image of oxide ore in image A showing EMP spot 
gold analyses; C) RL image of oxidized gold ore with common ARP texture (both rim and core 
are iron oxide); D) BSE image of oxide ore in image C showing EMP spot analyses of oxidized 
gold ore.   
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Figure 2.11 Continued.  
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Figure 2.11 Continued.  
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Figure 2.11 Continued.  
 

both cases the precursor sulfide had lower gold content commonly below the detection limit. The 

pyrite cores of the ARP were below the detection limit with respect to gold, except one spot 

analysis of 173 ppm. The arsenopyrite rims analyzed were above the detection limit for gold, 

with values up to 1843 ppm. Gold in the rims of the ARA ranged from 215 ppm to 2087 ppm, 

and the cores ranged from below the detection limit to 220 ppm. The rims in both the ARP and 

ARA contained more Ag, Sb, and Cu; however, the differences between rim and core were not 
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as strong in the ARA. The PRP was observed where both the rim and core were As-poor, both 

rim and core were As-rich, and where the rim contains significantly more As than the core (838-

6 area 1, 997-64 area 2, 1046-3 area 2 respectively; Table 2.3). None of the PRP analyses were 

above the detection limit with respect to gold. PRA was observed in only one sample (Fig. 2.11 

panel 2 D). The PRA analyses were BDL with respect to gold except one analysis in the pyrite 

rim (187 ppm) and one analysis in the arsenopyrite core (139 ppm).  

Figures 2.8 features ore-grade silica-sulfide breccia (SSB) of the Valmy Formation. Note 

the common sulfide ore style of arsenopyrite rimming earlier pyrite (ARP). The figure also 

shows less common arsenopyrite rimming arsenopyrite (ARA). Apart from the fine-grained were 

arsenopyrite, pyrite, and sphalerite respectively. Marcasite was not distinguished from pyrite in 

this study because the two are not easily differentiable with the electron microscopy methods 

employed here. Based on textural appearance and observations from the reflected light 

microscopy, some of what is referred to as pyrite is likely marcasite. Sphalerite was observed as 

disseminations and in veins/stringers. Though commonly unmineralized, some of the highest 

gold grades observed were in disseminated sphalerite. The sphalerite was commonly iron-rich (5-

12%). Chalcopyrite and tennantite were only observed occurring intergrown with other sulfides 

as multiple base metal sulfide grains (MBMSG). The MBMSG occurrences are very rare at Lone 

Tree. The MBMSGs includes pyrite, chalcopyrite, sphalerite, tennantite, and arsenopyrite; both 

chalcopyrite and arsenopyrite contained detectable gold.  

Figure 2.12 panel 1 represents the most commonly observed gold mineralization style of 

arsenopyrite rimming pyrite (ARP). The scanned area comes from the microcrystalline quartz 

matrix of a silica sulfide breccia (SSB) of the Valmy Formation. The image demonstrates that  
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Figure 2.12 Electron microprobe scans of select areas and samples with false-color imaging. All 
scans follow the same format of A) Reflected light image; B) BSE image of the same area; C-P) 
false-color images generated from electron microprobe mapping of C) Gold, D), Silver, E) 
Arsenic, F) Antimony, G) Copper, H) Zinc, I) Lead, J) Silica, K) Potassium, L) Calcium, M) 
Aluminum, N) Sulfur, O) Iron, P) Phosphorous. Panel 1: Arsenopyrite rims on precursor pyrite 
(ARP) in Valmy SSB (sample 949-2 area 1). Panel 2: Large disseminated arsenopyrite with a 
thin arsenopyrite rim (ARA; sample 949-2 area 2). Panel 3: Large disseminated arsenopyrite 
with an arsenopyrite rim (ARA; sample 949-2 area 3). Panel 4: Oxide gold ore with ARP texture 
in Havallah SSB (sample 1070-1 area 1). Panel 5: Multiple base metal sulfide grain (MBMSG) 
in Valmy SSB (sample WZ-Sec11 area 2). Sulfides featured are pyrite – most abundant, 
tennantite – in the upper portion of grain, chalcopyrite – in the lower portion of the grain, 
sphalerite – least abundant, and arsenopyrite – some through the center of the grain and as a thin 
rim around the entire grain. 
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Figure 2.12 Continued.  
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Figure 2.12 Continued.  
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Figure 2.12 Continued. 
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Figure 2.12 Continued.  
 

Au, Ag, As, Sb, and Cu are elevated in the arsenopyrite rim, and the pyrite core contains higher 

Pb, S, and Fe. 

 Figures 2.12 panels 2 and 3 are also from an ore-grade SSB in the Valmy Formation. 

Both figures show a thin arsenopyrite rim around an earlier arsenopyrite core (ARA). Compared 

to the ARP grain shown in Figure 2.12 panel 1, the later rim is much thinner, and the elemental 
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contrast between the rim and core is not as strong. Where the contrast is large enough to see a 

difference in concentrations, the later rims in both figures show higher values of gold, silver, and 

antimony. Additionally, gold spot values taken from both of these arsenopyrite grains are 

illustrated in Figure 2.11 panel 2 B and C, which demonstrate that the highest gold values 

observed occur in the thin rims.  

Figure 2.12 panel 5 features a multiple base metal sulfide grain (MBMSG) occurring in 

SSB of the Valmy Formation. Textural evidence suggests the last sulfide to form in this grain is 

the very thin arsenopyrite rim around the whole grain (with the possible exception of tennantite 

in the upper portion of the grain). This is worth noting as it tracks the generally observed pattern 

of arsenopyrite rims (commonly ore grade) forming after earlier, gold-poor sulfides.   

 

2.6.1.1 Host Rock Control on Silica-Sulfide Ore 

Gold-bearing sulfides are observed in each of the host rock formations, as well as the 

rhyolite dikes. Gold mineralization within the Valmy and Edna Mountain sandstones is 

associated with silica-sulfide veinlets and stringers. The darkness of the sample can be an 

indicator for gold mineralization. None of the observed Valmy greenstone intervals were 

associated with elevated gold content. The Havallah limestone is the only sedimentary host rock 

observed with the common gold mineralization style (ARP) not occurring in a microcrystalline 

quartz groundmass. In the Havallah limestone, disseminated ore-grade sulfides are observed in 

contact with iron-rich carbonates (dolomite and ankerite). Figures 2.8 panels 5 and 6 are false-

color mineral maps scans of an ore-grade Havallah limestone. The disseminated sulfides 

observed in these figures feature both the commonly observed ARP and the less common ARA. 

Alteration quartz is observed in these samples, but unlike most occurrences of sulfide ore, the 

quartz does not enclose these sulfides. Rather, the sulfides are disseminated throughout the 
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carbonate, reflecting the reactive nature of this host rock relative to other lithologies observed at 

Lone Tree.  

The rhyolite dikes encountered in this study were also mineralized. Disseminated, ore-

grade sulfides are observed occurring in the altered feldspar pseudomorphs. Sulfides in the 

intrusions occur as veins and veinlets with fine-grained quartz, and in the altered phenocrysts 

with sericite and clay. Figure 2.8 panels 2-4 are false-color mineral maps of ore-bearing, altered 

rhyolite dike at Lone Tree. The sulfides in these rhyolite samples represent the traditional ARP 

disseminated sulfide ore style. These sulfides show a strong affinity for the altered feldspar 

rather than the quartz matrix.   

 

2.6.2 Banded Pyrite Breccia 

The banded pyrite breccia (BPB; Fig. 2.13) is a coarse-grained, monomineralic, clast-supported, 

banded, pyrite breccia. The BPB matrix is greater than 95% iron sulfide. This breccia occurs in 

heavily fractured quartzite and sandstone, and features a nearly homogenous, brassy pyrite infill 

into fractures. The ‘veins’ of the pyrite range from less than 1 mm to several mm’s wide, 

whereas the individual bands that make up these veins range from than 100 microns to several 

hundred microns wide with the first band (in contact with the host rock) commonly the thickest. 

The banding commonly terminates into open space up to several mm’s wide at the center of the 

veins. The BPB analyses (Fig. 2.11 panel 3) were below the detection limit with respect to gold, 

except one spot analysis of 143 ppm (based on 60 analyses from 3 different areas). This breccia 

also contains unevenly distributed, detectable As (from 1280 to 21684 ppm), Sb (from 180 to 

21296 ppm), Tl (from 841 to 2160 ppm), Pb (from 539 to 1450 ppm) Ag (from below the 

detection limit to 209 ppm), and Cu (from below the detection limit to 572 ppm). Though the  
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Figure 2.13 Images of the Lone Tree banded pyrite breccia (BPB). Panel 1: A) core photo of 
BPB in Edna Mountain sandstone hole CLT-954 (749’ depth; <1 ppm Au interval in Newmont 
data); B) core photo of BPB in Valmy quartzite in hole CLT-1041 (218’ depth; <1 ppm Au 
interval in Newmont data); C-F) core photos of BPB in Valmy quartzite in hole CLT-997 (depths 
340’ [ <1 ppm Au interval in Newmont data], 338’ [<1 ppm Au interval in Newmont data], 547’ 
[2 ppm Au interval in Newmont data], and 685’ [<1 ppm Au interval in Newmont data] 
respectively); G) hand sample photo of BPB in Valmy quartzite in hole CLT-1046 (sample 1046-
6; 387’ depth; 1 ppm Au interval in Newmont data); H) hand sample photo of BPB in Edna 
Mountain sandstone in hole CLT-1027 (sample 1027-4; 104’ depth; 1 ppm Au interval in 
Newmont data). Panel 2: A-D) PPL and RL images of BPB in Valmy quartzite in hole CLT-
1046 (sample 1046-6). Electron microprobe analyses of the pyrite in this sample was below the 
detection limit with respect to gold. E/F) RL images of BPB in Edna Mountain sandstone in hole 
CLT-1027 (sample 1027-4). Electron microprobe analyses of the pyrite in this sample was below 
the detection limit with respect to gold except for one spot analysis of 143 ppm. 
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Figure 2.13 Continued.  

 
changes are not systematic, the pyrite banding shows a general trend of increasing As away from 

the host rock. In just one of the three BPB’s scanned by the EMP (1027-4 area 2), the antimony 

and gold content also increases away from the host rock.   
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Figure 2.8 panel 7 represents a BPB in a quartz-rich sandstone of the Edna Mountain 

Formation. Late, coarse-grained barite is observed in context with the coarse-grained pyrite 

veins. Both of these minerals appear to be filling available space, best represented by the 

common preservation of free space at the center of the veins.  

 

2.6.3 Oxide Ore 

Bloomstein et al. (1993) described the oxidized zone at Lone Tree as affecting the upper 

portion of the deposit and characterized the oxide zone as consisting of kaolinite, jarosite, 

alunite, and iron-oxides. Though not a major focus of this study, the iron-oxide ore observed in 

the upper portions of ore-grade breccia at Lone Tree was studied petrographically and with the 

electron microprobe. Observations made concerning the sulfide ore appear to hold true for the 

oxide ore. The disseminated, rimmed iron oxides found display the same texture as the ARP, 

with visibly distinct rims and cores (Fig. 2.11 panel 4). The scanned area is from an intensely 

oxidized sandstone of the Havallah sequence. Though both rim and core have been oxidized, the 

relict morphology is clearly the same as the common sulfide ore style ARP. As with the ARP, 

the rims of these iron oxides show higher gold, silver, arsenic, and antimony concentrations than 

the cores (Fig. 2.12 panel 4; Table 2.3 panel 1). Non-rimmed, iron oxide disseminations are also 

lower with respect to gold. Based on all of the microprobe spot values of iron-oxide, the rims of 

iron oxide around iron oxide cores are the best mineralized with values ranging from BDL to 

2,938 ppm; the cores of iron oxide with iron oxide rims are the next best mineralized with values 

ranging from BDL to 192 ppm; and the unrimmed, disseminated iron oxide was the least 

mineralized style observed with values ranging from BDL to 136 ppm.  
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2.6.4 Geochemical Correlations in Ore Minerals 

 The iron sulfide phases were plotted with respect to gold and arsenic (Fig. 2.14A). The 

Lone Tree phases include pyrite, arsenopyrite, pyrite-arsenopyrite mixed analyses, and banded 

pyrite breccia (BPB). This figure demonstrates several important aspects of mineralization at 

Lone Tree. Perhaps the most noteworthy is the gold grades in arsenopyrite which are up to four 

times higher than any other phase. Gold in arsenopyrite ranges from below the detection limit to 

2087 ppm. The other iron-sulfide phases scanned range from below the detection limit to 200 

ppm gold, with just one pyrite analysis exceeding 200 ppm (306 ppm in sample 1046-2 Area 1; 

Table 2.3). The BPB group plotted in a tight cluster of low gold and low arsenic, whereas the 

pyrite showed a range of arsenic values. The amount of arsenic in pyrite did not appear to be a 

control on the concentration of gold.  

The concentration of gold, silver, and antimony were plotted against the concentration of 

iron in both pyrite (Fig. 2.14C) and arsenopyrite (Fig. 2.14D) and include all relevant EMP 

analyses. These data plots do not distinguish between grain morphologies. In both figures, the 

concentration of gold, silver, and antimony increase as the concentration of iron decreases; 

however, this relationship is more strongly correlated in pyrite. Figure 2.14B shows how Lone 

Tree gold solubility in pyrite compares with a number of other Carlin-type deposits. Most of 

Lone Tree’s samples plot beneath the solubility line along with the other deposits.   

A Spearman correlation diagram was created from the electron microprobe data to 

statistically determine the correlation between elements of interest (Fig. 2.15A). This analysis 

reveals that in the microprobe data the gold is most strongly correlated with As and Sb and is 

most negatively correlated with Tl and S. A gold-rich subset of the electron microprobe data was 
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Figure 2.14 A) Au-As scatterplot for iron-sulfide phases from Lone Tree (LT), Getchell (Getch), 
Marigold (MG), and Twin Creeks (TC). The Lone Tree data was recalculated to 100% and 
broken into pyrite, banded pyrite breccia (BPB), and arsenopyrite and arsenopyrite mixed 
analyses. The Marigold data and categories correspond to Fithian et al., 2018 Table 2.1. The 
Getchell data and categories correspond to Cline, 2001 Tables 2.1 and 2.2. The Twin Creeks data 
and categories correspond to Simon et al., 1999 Table 2.3. B) Pyrite solubility diagram showing 
Lone Tree pyrite analyses beside a number of Carlin-type pyrite analyses from the region. The 
solubility line is for pyrite, and is based on findings by Reich et al., 2005. Above the solubility 
line, nanoparticles of native Au will begin to form in pyrite.  C) Electron microprobe analyses of 
gold, silver, and antimony compared to iron in Lone Tree pyrite. D) Electron microprobe 
analyses of gold, silver, and antimony compared to iron in Lone Tree arsenopyrite.  
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Figure 2.15 Spearman correlation diagram produced from the EMP analyses conducted in this 
study. Positive correlation greater than 0.2 are in dark gray and negative correlation smaller than 
-0.2 are in light gray. Non-zero values below the detection limit were included. A) Based on all 
233 EMP analyses; B) Based on the 34 highest grade EMP analyses -only analyses indicating 
greater than 100 ppm gold were included. 
 

isolated to create an additional Spearman correlation diagram for gold ore (> 100 ppm; Fig. 

2.15B). This figure indicates a positive correlation between Au and Cu, As, Ag, Sb, Co, and Ni 
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respectively, and a negative correlation with Fe, S, Tl, and Pb. The negative correlation between 

Au and S in the EMP Spearman correlation likely reflects the fact that arsenopyrite contains 

significantly more gold than pyrite; sulfur constitutes 53.4% of pyrite and just 19.7% of 

arsenopyrite. 

 

2.7 Whole-Rock Geochemistry 

The geochemical signature for the gold event at Lone Tree was investigated using 

existing databases and whole-rock geochemical data from intrusive and sedimentary host rocks 

and across the contacts between intrusions and host rocks.  

 

2.7.1 Newmont Database  

A large database of Newmont’s single- and multi-element assays from Lone Tree was 

acquired at the start of the project. The database includes 240,368 samples, and the information 

included with each sample varies greatly. Elements assayed include Au, Ag, As, Bi, Pb, P, Cd, 

Ce, Co, Cr, Cs, Cu, Hg, K, li, Mg, Mn, Mo, Ni, Pb, Sr, U, Zn, and W; the detection limits are not 

consistent within the database. Other information contained includes formation and lithology. 

Using this database in a meaningful way required isolating subsets of the data which contained 

the relevant datafields.  

An average silver to gold ratio was calculated from 49,744 samples of the Newmont 

dataset. This includes all samples for which both gold and silver were analyzed. The dataset did 

not indicate analyses below the detection limit(s) and it seems that there were several different 

detection limits used. Because of this limitation and in an effort to preserve as much of the data 

as possible, all analyses were treated as actual values. The silver to gold ratio calculated as a 
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ratio of the average silver and average gold is 1.4. The silver to gold ratio calculated as an 

average of silver to gold ratios is 15.6. Based on the definition of Cox and Singer (1992), distal 

disseminated deposits have silver to gold ratios that range from 400:1 to <2:1, indicating that 

Lone Tree falls on the low end of this spectrum and may represent a gold-rich version of a distal  

disseminated deposit. Though underemphasized in the literature, Carlin-type deposits commonly 

contain more silver than gold as well (Berger and Bagby, 1991 in Robert et al., 1997).   

A Spearman correlation diagram for this database is presented in Figure 2.16 and is based 

on 56,178 samples of the database. Only samples with data for more than one element were 

included. This figure shows the positive correlation of gold with arsenic, silver, and mercury. 

Copper, lead, zinc, tungsten, molybdenum, uranium, bismuth, cadmium, chromium, and 

strontium show a lesser positive correlation with gold. Potassium shows a negative correlation 

with gold. The positive correlation of Au with As, Ag, and Hg, shows general agreement with 

other observations made during this study. 

 

2.7.2 Whole-Rock Lithogeochemistry  

The whole-rock data from the 21 samples analyzed in this study are summarized in Table 

2.4. Gold correlation diagrams for these samples are presented in Figure 2.17. The only positive 

correlation between gold and major oxides is with SiO2. No correlation is observed between gold 

and Fe2O3, P2O5, or MnO, and a weak to strong negative correlation is observed between gold 

and CaO, K2O, MgO, Al2O3, Na2O, and TiO2. The negative correlation with potassium is 

notable, as previous studies have indicated that gold ore was associated with potassic alteration  
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Figure 2.16 Spearman correlation diagram produced from 56,179 drill core samples (data from Newmont, unpublished). Positive 
correlation greater than 0.5 are in dark gray and negative correlation less than -0.5 are in light gray. Analyses below the detection limit 
were not included.   
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Table 2.4 Whole rock geochemical data. 
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Table 2.4 Continued.  
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Figure 2.17 X-Y scatterplots for gold correlations based on whole rock geochemical analyses of 
21 samples conducted as part of this study (Table 2.4).  
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Figure 2.17 Continued.   
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Figure 2.17 Continued.   
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Figure 2.17 Continued.   
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Figure 2.17 Continued.  
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and sericitization (both adularia and sericite contain potassium). Gold also shows a strong 

positive correlation with sulfur and a negative correlation with LOI. The strongest positively 

correlated trace elements, in order of decreasing significance, are As, Sb, Ag, Cu, and Zn. Gold 

is not correlated with Co, Ni, Pb, Cr, V, Cs, Ce, Y, Yb, and Lu. Gold shows a negative 

correlation with Zr, Ba, U, Th, Rb, Hf, Sr, Sc, Nd, Sm, and Eu.   

A Spearman correlation diagram of all analyzed whole-rock data (Fig. 2.18A) 

numerically indicates the strength of correlations between analyzed elements. These data indicate 

that the strongest chemical correlations with gold are As, Ag, Sb, Si, Cu, and S respectively. 

Gold is strongly negatively correlated with K, Sr, and Cs. An additional Spearman correlation 

diagram was built from a gold-rich subset of the whole rock geochemical data, which included 

only nine samples (Fig. 2.18B; analyses greater than 1000 ppm gold were considered). In this 

subset, gold was most positively correlated with Ag, Pb, and As respectively; and the strongest 

negative correlations were with Th and Mo. Potassium, manganese, and sodium are compared 

with gold and select base metals in Figure 2.19. At Lone Tree, gold and elements positively 

correlated with gold are negatively correlated with these elements.   

Samples from transects across intrusions, contacts and sedimentary host rocks were 

analyzed geochemically to determine the lithological associations of the mineralization, and to 

test the hypothesis that the gold and the dikes at Lone Tree share a common intrusive source. 

Figure 2.20 shows the results of these geochemical transects. Both images (2.20 A and B) show 

the change in chemistry (gold and its associated elements) from the center of the intrusive 

intervals to the margins and into the respective host rocks (color coded to the geologic map – 

Fig. 2.2).    
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Figure 2.18 Spearman correlation diagrams produced from whole rock geochemical analyses 
conducted in this study (Table 2.4). Positive correlation greater than 0.5 are in dark gray and 
negative correlation less than -0.5 are in light gray. Analyses below the detection limit were not 
included. A) Based on all 21 whole rock samples; B) Based on the 9 highest grade whole rock 
samples – only analyses indicating greater than 1000 ppm gold were included.  
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Figure 2.19 X-Y scatterplots between gold-associated elements and elements identified as 
enriched in distal-disseminated deposits. Based on whole rock geochemical analyses of 21 
samples conducted as part of this study (Table 2.4).  
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Figure 2.19 Continued.  
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Figure 2.20 Geochemical transect across host rock and dike, displaying gold and spatially 
associated metals. The distance from the center of the dike is plotted on the Y-axis. The 
concentration of the element of interest is plotted on the X-axis. This data comes from the whole 
rock geochemical analyses conducted as part of this study. A) Transect through the Havallah 
Formation, based on 5 samples; the margin is represented by the dike and host rock samples 
taken nearest the contact. B) Transect through the Edna Mountain Formation, based on 4 
samples; the margin is represented by a sample containing both intrusion and host rock. The 
positions of analyzed samples are displayed as points. Built from the whole rock geochemical 
data gathered in this study (Table 2.4). 

 

Figure 2.20A shows the geochemistry of 5 samples collected along a transect across a 

rhyolite interval and into the Havallah sandstone transect and is based on five samples. The 

samples collected at the contact include a sample of dike and a sample of sandstone.  This figure 

demonstrates the correlation between gold, arsenic, copper, antimony, silver, and zinc, though 

not as strongly as the Edna Mountain transect (Fig 2.20B). Also, there is less enrichment at the 

contact than in the Edna Mountain sandstone.  

Figure 2.20B shows the geochemistry of 4 samples collected along a transect across a 

rhyolite interval and into the Edna Mountain sandstone. The sample collected at the margin 

includes both the rhyolite and the host rock. This figure demonstrates the correlation between 
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gold, arsenic, copper, antimony, silver, and zinc. This figure also demonstrates that these 

elements are elevated at the margins of the dike.   

 

2.8 Geochronology  

 LA-ICPMS data are given in Table C.1 and CA-TIMS data are given in Table C.2. Figure 

2.21 shows cathodoluminescence images of the zircon grains used in the CA-TIMS age 

determination, with analyses indicators. Additional cathodoluminescence images of zircon grains 

are included in Appendix C. Figure 2.22 panel 1 illustrates all of the geochronological analyses 

separated by sample, with the weighted mean populations indicated. Figure 2.22 panel 2 is a 

ranked weighted average plot of all identified zircon age populations.  

 The dikes are very similar in composition, texture, and alteration. See section 2.4.4 for a 

description of the dikes sampled at Lone Tree. Sample x-dike was taken from an accessible part 

of the Lone Tree open pit, while the other four samples are named for the drill hole they were 

sampled from.  

 The weighted mean dates were calculated using the 206Pb/238U isotopes. For CA-TIMS 

dates, the errors on the weighted mean dates are given as ± x / y / z, where x is the internal error 

based on analytical uncertainties only, including counting statistics, subtraction of tracer 

solution, and blank and initial common Pb subtraction, y includes the tracer calibration 

uncertainty propagated in quadrature, and z includes the 238U decay constant uncertainty 

propagated in quadrature.   
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Figure 2.21 Cathodoluminescence (CL) images of zircon grains used in the CA-TIMS age 
determinations for: A) sample 473, and B) sample 1080. Red circles represent the size and 
location of LA-ICPMS spot analyses with the corresponding spot number. Grains and fragments 
of grains dated by CA-TIMS are in yellow, and identified by a z number. Corresponding LA-
ICPMS spot data are provided in Table C.1, and CA-TIMS data are provided in Table C.2.  
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Figure 2.22 Panel 1: all geochronological analyses separated by sample, with weighted mean populations indicated. CA-TIMS 
analyses are in red; all other analyses were conducted by LA-ICPMS. Multiple age populations identified in a single sample are 
separated by a numeric superscript. A) Sample CLT 1080; B) Sample X-Dike; C) Sample CLT 896; D) Sample CLT 473; and E) 
Sample CLT 1070. Panel 2: ranked weighted average plot of identified zircon age populations: CA-TIMS analyses are in red and LA-
ICPMS analyses are in black. Multiple age populations identified in a single sample are separated by a numeric superscript. Panel 3: 
ranked weighted average plot of identified zircon age populations for the two CA-TIMS samples.     
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Figure 2.22 Continued.  
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2.8.1 Sample X-dike  

 Thirty-three LA-ICPMS spot analyses were performed on zircon grains. The three 

youngest dates yield a weighted mean of 39.3 ± 1.1 Ma (MSWD = 0.04, probability of fit = 

0.96). The next oldest population comprises nine dates that yielded a weighted mean of 42.4 ± 

0.8 Ma (MSWD = 0.5, probability of fit = 0.88). The remaining 18 dates are between 67.3 ± 5.3 

and 107.4 ± 4.7 Ma. The Eocene zircon has higher total REE concentrations than the Cretaceous 

zircon.  

 

2.8.2 Sample 473 

Sixty-eight LA-ICPMS spot analyses were performed on zircon grains. The 15 youngest 

dates yield a weighted mean of 39.9 ± 0.5 Ma (MSWD = 1.4, probability of fit = 0.15). The next 

oldest population comprises 9 dates that yielded a weighted mean of 42.3 ± 0.8 Ma (MSWD = 

0.3, probability of fit = 0.96). The next oldest population is comprised of 5 dates that yielded a 

weighted mean of 45.2 ± 1.0 Ma (MSWD = 0.3, probability of fit = 0.86). The remaining 39 

dates are between 64.1 ± 1.8 and 109.0 ± 8.4 Ma. The Eocene zircon has higher total REE 

concentrations than the Cretaceous zircon. 

CA-TIMS was performed on six analyses from four zircon grains. The three youngest 

analyses yielded equivalent dates with a weighted mean date of 40.95 ± 0.03 / 0.04 / 0.06 Ma 

(MSWD = 2.6, probability of fit = 0.07). This is the interpreted igneous crystallization age. One 

other grain yielded a date of 41.69 ± 0.03 Ma and two fragments from one grain yielded much 

older discordant dates.  
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2.8.3 Sample 896 

Forty-eight LA-ICPMS spot analyses were performed on zircon grains. The 12 youngest 

dates yield a weighted mean of 40.5 ± 0.7 Ma (MSWD = 1.1, probability of fit = 0.37). The next 

oldest population comprises six dates between 44.0 ± 2.4 and 49.6 ± 4.4 Ma. The next oldest 

population comprises 29 dates between 60.9 ± 3.3 and 106.4 ± 4.7 Ma. The final date is 1039 ± 

64 Ma.  

 

2.8.4 Sample 1070 

Fifty-eight LA-ICPMS spot analyses were performed on zircon grains. The 21 youngest 

dates yield a weighted mean of 40.6 ± 0.6 Ma (MSWD = 1.1, probability of fit = 0.40). The next 

oldest population comprises two dates at 43.6 ± 1.6 and 44.6 ± 2.0 Ma. The remaining 35 dates 

are between 55.1 ± 3.0 and 101.4 ± 3.9 Ma. 

 

2.8.5 Sample 1080 

Twenty-nine LA-ICPMS spot analyses were performed on zircon grains. The 8 youngest 

dates yield a weighted mean of 40.0 ± 1.1 Ma (MSWD = 2.1, probability of fit = 0.05). The next 

oldest population comprises one date at 44.0 ± 1.5 Ma. The remaining 20 dates are between 63.7 

± 2.0 and 103.2 ± 6.9 Ma. 

Seven CA-TIMS analyses were performed on four zircon grains. The five youngest 

analyses yielded equivalent dates, with a weighted mean date of 40.94 ± 0.02 / 0.03 / 0.05 Ma 

(MSWD = 1.6, probability of fit = 0.17). This is the interpreted igneous crystallization age. One 

other grain and one other fragment yielded much older discordant dates.  
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2.9 Discussion 

The primary goal of this study was to interrogate the relationship between the gold 

mineralization and magmatism at Lone Tree. However, establishing a temporal or genetic 

relationship between magmatism and gold mineralization is a much broader problem, extending 

to deposits across the northern Nevada region. The region has been a host to multiple periods of 

magmatism which spatially overlap. For instance, a pluton at Trenton Canyon was dated to 

approximately 89 Ma, whereas other dated magmatic rocks nearby were late Eocene to early 

Oligocene (Theodore et al., 1973). This problem is exacerbated where younger hydrothermal 

systems (commonly without a demonstrable link to magmatism) overprint older magmatism. 

This can lead to the unwarranted interpretation that the older intrusive rocks are the source for 

the gold mineralization, as was the case at the Marigold deposits until quite recently (Fithian et 

al., 2018).  

The problem of linking gold mineralization to magmatism is also compounded by the 

depths of intrusions in the region, with intrusive bodies commonly inferred to underlie the 

deposits, as suggested by geophysical data but not directly observed. It is also commonly 

difficult to definitively correlate hydrothermal alteration to a causative intrusion, perhaps due to 

the distance between intrusions and deposits allowing for significant evolution of the 

hydrothermal fluid to occur.  

 

2.9.1 Lone Tree and Regional Magmatism 

All of the dikes encountered at Lone Tree were indistinguishable from one another in 

mineralogy and texture. The mineralogy is dominated by quartz, sericite, and clays, reflecting the 

pervasive alteration of the dike intervals. Based on the TAS and R1-R2 classification schemes 
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(Fig. 2.7), LA-ICPMS age populations, and similar REE patterns, in addition to mineralogical 

and textural similarities, these dikes were determined to represent the same underlying intrusion. 

The results of CA-TIMS analyses indicate that the porphyritic rhyolite dikes formed during the 

late Eocene (40.94 ± 0.02 and 40.95 ± 0.03 Ma), showing a general agreement with unpublished 

work. This late Eocene age also represents the upper age bracket for gold mineralization at Lone 

Tree based on crosscutting relationships.  

The timing of intrusive activity at Lone Tree strongly correlates with other magmatic 

events in the district and broader region. Regional geochronologic studies of magmatism in 

northern Nevada have shown that magmatism began at around 43 Ma; the magmatic front swept 

SW and may have been particularly intense between 39 and 40 Ma (Henry and Boden, 1998). 

The porphyritic texture observed in most of the Tertiary intrusions, coupled with the abundance 

of contemporaneous extrusive rocks, indicates that shallow emplacement of magmatic rocks was 

prominent (Henry and Boden, 1998). Considering this historic magmatism at the regional scale, 

it seems possible that all of the major gold trends in northern Nevada are connected to a long-

lived, widespread magmatic period with common source material. To examine possible 

compositional similarities, the geochemistry of the dikes encountered at Lone Tree was 

compared to other Eocene rhyolite dikes around the region.   

A geochemical database of known igneous rocks of north-central and northeast Nevada 

was compiled by Du Bray and Crafford (2007). A subset of this dataset, consisting of late 

Eocene to early Oligocene igneous rocks of rhyolitic composition, was isolated for comparison 

with the dikes sampled at Lone Tree. Compared to the rhyolites included in the Du Bray and 

Crafford (2007) dataset, most of the Lone Tree dikes contain significantly more silica, which 

may contribute to other chemical variations noted.  
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 Geochemical variation plots were created to compare the altered Lone Tree dikes to 

similarly altered Eocene rhyolites from the broader region (Fig. 2.23 panel 1). The chemistry of 

the argillized Lone Tree dikes appears similar to argillized Eocene rhyolites from the broader 

region. A few differences include the higher Al and Fe content, and lower Mn content of the 

Lone Tree dikes. The Lone Tree rhyolite also contains higher Ni, Co, Cu, and lower Pb and Zn. 

Additional geochemical variation plots were created to compare the dikes at Lone Tree to 

Eocene rhyolite from the Carlin Trend (Fig. 2.23 panel 2). The chemistry of the Lone Tree 

rhyolite deviates from that of the Carlin Trend in the following ways: the Lone Tree samples 

contain more Ti, Al, Fe, and P, and less Na, Mn, Mg, and Ca; the Lone Tree dikes also display 

higher Co and Cu content, and lower Pb, Zn, and Cr. Unfortunately, there were not enough 

analyses of argillized Eocene rhyolite from the Carlin Trend to make a meaningful comparison. 

In summary, the data are too limited to enable detailed comparison Lone Tree dikes and those 

elsewhere in the northern Nevada region. Further geochemical work comparing igneous 

intrusions in the region should be conducted to examine how these intrusions might be related. 

 

2.9.2 Lone Tree Mineralization 

Several lines of evidence were used to investigate the gold mineralization at Lone Tree, 

including deposit-wide assay data, targeted whole-rock lithogeochemical sampling, and electron 

microprobe analyses of sulfides. This multi-technique approach is useful as the results have 

different applications. A summary of gold correlations is presented in Table 2.5.  

Gold mineralization at Lone Tree was observed in each of the sedimentary host rock formations 

and in the crosscutting rhyolite dikes. Higher permeability is associated with higher grade, 

irrelevant of whether that permeability is a lithologic feature or enhanced through fracturing,  
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Figure 2.23 Panel 1: comparison of altered Lone Tree rhyolite with similarly altered Eocene 
rhyolite in the northern Nevada region. Lone Tree dikes encountered and geochemically 
analyzed in this study are in red. Argillized rhyolites from the broader north-central and 
northeast Nevada region are in black; data from a number of sources and compiled by Du Bray et 
al., 2007. Panel 2: comparison of altered Lone Tree rhyolite with Eocene rhyolite from the 
Carlin Trend. Lone Tree dikes encountered and geochemically analyzed in this study are in red. 
Eocene rhyolites from the Carlin Trend are in black; data from a number of sources and 
compiled by Du Bray et al., 2007.  
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Figure 2.23 Continued.   
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Table 2.5 Gold correlation table subdivided by information source. 

 
 

faulting, brecciation, or strong alteration. The large silica sulfide breccia (SSB) zones host the 

highest grades at Lone Tree.  Though not confirmed in this study, Bloomstein et al. (1993) 

suggested that pre-mineralization silicification at Lone Tree may have contributed to the 

competence of the rock leading to brittle deformation and the development of intensely faulted 

and fractured zones (Bloomstein et al., 1993). 

Gold was not observed as native grains in the hypogene ore. Rather, it occurs in sulfides 

(predominantly arsenopyrite). The most common ore style observed occurs as gold-rich 

arsenopyrite rims around earlier gold-poor pyrite. Most of the observed ore-grade sulfides 

occurred as fine to microscopic disseminations and were associated with very fine-grained quartz 

± sericite and clay minerals. The sulfides were also observed as veins, stringers, and pods.  

Lone Tree is somewhat unique in the amount of arsenopyrite present, as well as the gold 

grades which are higher in arsenopyrite than the pyrite. Lone Tree does not host abundant realgar 

and orpiment. These minerals are commonly associated with Carlin-type deposits but were only 
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noted in rare instances in this study. Realgar and orpiment are commonly associated with the 

later stages of Carlin-type paragenesis. At Lone Tree, the later stage of the paragenetic sequence 

is dominated by coarse-grained banded pyrite veins, breccia and pyrite filling open spaces. 

Perhaps the arsenic content in the hydrothermal system at Lone Tree is similar to a classic 

Carlin-type, but the conditions (host rock, character of the fluid, etc) favor arsenopyrite 

formation rather than arsenic sulfide. One possibility is that there was excessive iron at Lone 

Tree through the whole paragenesis, and thus any arsenic available would have been included in 

the iron sulfide.  

The ore-grade silica sulfide breccia (SSB) style was commonly matrix supported and was 

observed with all available space completely flooded with the alteration minerals (quartz and 

sulfides). The monomineralic, banded pyrite breccia (BPB) at Lone Tree is clast-supported and 

features growth bands into free space as demonstrated by the commonly preserved selvage at the 

center of the veins. This late, brassy pyrite mineralization is also observed with barite, another 

late, coarse-grained mineral observed growing into open-space. These observations suggest that 

the monomineralic, brassy banded pyrite breccia formed after the ore-grade breccia. The banded 

pyrite breccia is commonly clast-supported, forms in quartzite, and preserves open space at its 

center. Taken together, these observations indicate brittle deformation of the Lone Tree host 

rocks after the gold event.  

The common rimming of pyrite by arsenopyrite reflects the paragenesis at Lone Tree, 

with the pyrite cores preceding the main stage gold event. Though the best gold grades are 

associated with arsenopyrite rimming pyrite (ARP), it is important to note that almost all of the 

pyrite scanned by microprobe contained detectable gold. This is true of both the pyrite cores in 
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ARP and the pyrite in the banded pyrite breccia (BPB) indicating the presence of gold in the 

system through the span of hydrothermal activity.  

The uncommon base metals (chalcopyrite and tennantite) were observed in close textural 

association with one another in aggregated sulfide grains (MBMSG), which suggests concurrent 

formation. These sulfides occurred with pyrite, sphalerite, and arsenopyrite in the MBMSG, 

which was observed in an ore-grade silica-sulfide breccia (SSB). This suggests some overlap 

between the gold event and the formation of the base metals; however, none of the sulfides in the 

MGMSG contained elevated gold. Although most of the sphalerite observed was below the 

detection limit with respect to gold, there was one area of an ore-grade breccia (SSB) where 

disseminated sphalerite was observed with enhanced gold values. Most of the sphalerite at Lone 

Tree contains significant amounts of iron, likely reflecting the high levels of iron in the 

hydrothermal fluid.  

The paragenetic relationship between the high-grade gold ore and other base metals at 

Lone Tree remains unclear. The main-stage gold event may postdate the base metals as the best 

gold grades are observed in arsenopyrite rims around pyrite and arsenopyrite cores. Arsenopyrite 

was also rimming the multiple base metal sulfide grain (MBMSG); however, this arsenopyrite 

rim was not ore-grade, and both gold ore and the uncommon base metal sulfides were observed 

in the same fine-grained matrix material of ore-grade breccia (SSB).   

The oxide ore has the same habit as the sulfide ore, but the concentrations of gold, silver, 

arsenic, antimony, copper, and zinc are not as distinct between the rim and core in the oxide 

variety (Fig. 2.12 panel 4), reflecting remobilization of certain elements during oxidation. 
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2.9.2.1 Alteration and Geochemistry 

Using the whole rock geochemistry dataset, two Spearman correlation tables were built 

which show a slightly different geochemical signature for gold. The gold-rich subset (Fig. 2.18B) 

lacks a strong positive correlation with antimony, copper, and silica. The Spearman diagram 

including all analyses (Fig 2.18A) is likely a better representation of the whole rock geochemical 

dataset, and it is in agreement with other results of this study.   

Previous studies at Lone Tree have stated that gold ore was associated with potassic 

alteration and sericitization (Bloomstein et al., 1993; Young et al., 2000), both of which add 

potassium. The potassic alteration association described by Bloomstein et al. (1993) consists of 

quartz, adularia, calcite, and sericite with the adularia described as closely tied to the gold 

mineralization; however, adularia was not observed in any of the high-grade gold samples 

utilized in this study. Moreover, the correlation diagrams and Spearman correlation tables built 

from both the historic deposit-wide data provided by Newmont and the new analyses from this 

study indicate a negative correlation between gold and potassium. The only observed exception 

to this trend is in the mineralized rhyolite samples, where the gold ore shows a preference for the 

sericite (pseudomorphs of feldspar phenocrysts); however, this correlation may simply represent 

the permeability of the altered feldspar. Although sericite and clay minerals are common 

constituents of the mineralized sedimentary rocks as well, the spatial correlation with gold-

bearing minerals is best in the intrusions.  

The negative correlation between gold and K2O indicates that gold and potassic or 

sericitic alteration are likely negatively correlated on the deposit scale. The trace elements that 

showed the strongest positive correlation with Au are As, Ag, Sb, Cu, and Zn. These same 

elements generally track the spatial distribution of gold concentrations across intrusion-host rock 
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transects (Fig. 2.20), thereby defining the geochemical signature for the gold event. The Edna 

Mountain transect shows that gold, silver, arsenic, copper, antimony, and zinc are all enhanced at 

the contact between the intrusion and host rock. This reflects the expected structural control of 

gold mineralization at Lone Tree with structural weaknesses acting as pathways for the 

hydrothermal fluid flow. The Havallah transect shows less enrichment at the contact than the 

Edna Mountain transect. One possible reason for this discrepancy may be post-mineralization 

mobilization. The Havallah sequence sits higher in the stratigraphic column and may have 

experienced more supergene alteration than the Edna Mountain Formation. Supergene alteration 

is a passive process which would target structural pathways. This could explain why the dike 

margin of the Havallah transect actually shows a decrease in gold and associated elements.  

Geochemical data from the electron microprobe was very useful for determining certain 

aspects of the gold event but should be considered separately as these analyses only reflect the 

chemistry of sulfides and iron-oxides. In sulfides identified as gold ore, there are commonly 

elevated concentrations of silver, arsenic, antimony, and copper (Fig. 2.12). The gold-rich 

Spearman diagram of electron microprobe data (Fig. 2.15B) presented a few peculiarities with 

gold correlations, including its negative correlation with iron and sulfur. This may reflect a 

preference of gold in arsenopyrite rather than pyrite; pyrite has higher iron and sulfur as a portion 

of its mineral formula. The negative correlation between gold and thallium observed in this 

diagram may also reflect a difference between arsenopyrite and pyrite as thallium appears to 

preferentially occur in pyrite based on both the EMP and whole-rock datasets.  

The iron sulfide styles present at Lone Tree were plotted on an Au-As scatterplot and 

were divided into pyrite, mixed analyses, arsenopyrite, and banded pyrite breccia (BPB; Fig. 

2.14A). The pyrite and BPB are both low As and low Au. The pyrite includes massive 
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occurrences, stringers, disseminations, and the cores of arsenopyrite rimming pyrite (ARP). The 

mixed analyses were also low Au but showed a range of As values. The arsenopyrite displayed a 

range of gold values, including the strongest observed. These observations support a paragenesis 

progressing from pre-ore, low As pyrite to an As-rich ore-stage, to the formation of post-ore 

BPB.   

A report by Young et al. (2000) described the hydrothermal alteration associated with gold 

mineralization as an assemblage consisting of quartz, sericite, and pyrite, with minor chlorite and 

clays. This alteration was described as increasing in intensity toward the gold-bearing fault zones, 

with up to 25 feet aureoles of enhanced alteration (Young et al., 2000). These observations are 

generally supported by the data from the present study. In most host rock lithologies, the gold-

bearing sulfide minerals are disseminated in fine-grained, alteration quartz, most commonly in the 

matrix material of SSB intervals. The major exception to this is the gold-bearing minerals observed 

disseminated in the Havallah dolostone. This difference likely reflects the reactive nature of the 

dolostone.  

The silicificiation, sericitization, argillization, and sulfidation at Lone Tree may be 

caused by the same hydrothermal fluid. Where reactive minerals are present, the alteration 

progresses spatially through sericitization to argillization, as observed in the dike transects. In 

non-reactive host rocks, the silicification and sulfidation occur along structural weaknesses and 

in voids. The early formation of the iron sulfide (pyrite/marcasite) cores may have lowered the 

hydrothermal fluid’s capacity to carry metals as a bisulfide complex. This may have led to the 

later iron sulfide rims to be enriched in arsenic (arsenian pyrite and arsenopyrite) and many trace 

metals, including gold and silver. 
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2.9.3 Deposit Classification 

 The classification of sedimentary rock-hosted, disseminated gold deposits in northern 

Nevada faces two serious complications. The first concerns the genetic model for Carlin-type 

deposits. The role of magmatism for Carlin-type deposits remains unclear. Conflicting 

observations on the isotopic signature of sulfur and the chemistry and physical characteristics of 

fluid inclusions has contributed to this ongoing controversy (Cline et al., 2005). The second 

problem is the significant overlap in characteristics between distal-disseminated and Carlin-type 

deposits, including ore style, mineralogy, and geochemical signature. Table 2.6 compares 

observations made at Lone Tree to characteristics common to distal disseminated and Carlin-type 

deposits.  

Despite these problems, any sedimentary rock-hosted, disseminated gold deposit with a 

spatial and temporal association to intrusions is typically classified as a distal disseminated 

deposit in the literature. This seems to be true even when the evidence of such a link is not 

definitive. This default classification seems to assume that the Carlin-type model is not related to 

magmatism. However, if the magmatic Carlin-type model prevails, the distinction between 

distal-disseminated and Carlin-type deposits may prove unwarranted and instead represent a 

continuum of ore styles around an intrusion.   

With the major distinguishing characteristic between Carlin-type and distal-disseminated 

deposits in question (the role of magmatism), this research was not focused on ascribing the 

deposit to a deposit model. Rather, the focus of the project was to determine the relationship of 

gold to magmatism at Lone Tree. Textural and geochemical observations gathered during this 

project did not find definitive evidence for such a relationship; however, the timing of the dikes  
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Table 2.6 Comparison of observations made at Lone Tree to common characteristics of distal 
disseminated and Carlin-type Deposits. XX = common and X = observed.  

 



 165 

(which constrains the timing of gold mineralization) is consistent with the accepted Eocene age 

of Carlin-type mineralization in Nevada.  

Lone Tree looks quite different from a classic Carlin-type deposit: the gold is hosted in 

uncommon lithologies (although most occurs in fault breccias); much of the gold occurs in 

arsenopyrite rims (in addition to the common arsenian pyrite rims); the deposit contains 

significant amounts of arsenopyrite and lacks the common arsenic sulfides (realgar and 

orpiment) that are associated with Carlin-type; and Lone Tree contains significantly more total 

sulfides (largely due to the banded, pyrite-cemented breccia).  

Despite all of these differences, some of the characteristics of Lone Tree appear to be 

more similar to a Carlin-type deposit than a classic distal disseminated deposit. Similarities 

include the lack of coarse-grained native gold or electrum, the association of higher gold grades 

with arsenic-bearing iron sulfide rims, the presence of open-space filling barite late in the 

paragenesis, and the geochemical signature of the gold. The sulfide progression of an early iron-

sulfide stage, followed by a gold-rich, arsenian iron-sulfide stage, and a late-stage formation of 

barite has been observed at a number of Carlin-type deposits, including Getchell, Meikle, and 

Betze-Post (Cline, 2001; Emsbo and Hofstra, 2003; and Lubben, 2004 in Cline et al., 2005). 

Many of the metals and sulfides commonly observed in distal-disseminated deposits (as 

outlined by Cox and Singer, 1992) are absent at Lone Tree, such as native gold, native silver, 

electrum, argentite, and galena. The base metals common to distal disseminated deposits that 

were observed at Lone Tree include stibnite, sphalerite, tennantite and chalcopyrite; however, 

only sphalerite was observed associated with elevated gold and that was an atypical occurrence. 

Compared to most classic Carlin-type deposits, distal-disseminated deposits commonly have 

elevated K2O content (Theodore, 1998). The lack of a statistical correlation between gold and 



 166 

potassium at Lone Tree may reflect the low reactivity of most host rock units. The feldspar 

crystals in the rhyolite dikes were vulnerable to sericitization, and in those samples gold ore is 

observed in context with potassium-bearing sericite. The strongest evidence linking the gold 

mineralization at Lone Tree to an underlying intrusion is the absolute age dating of the 

mineralized rhyolite. This Eocene timing matches the timing of gold deposits elsewhere in the 

region. 

In summary, the gold mineralization at Lone Tree is positively correlated with Ag, As, 

Sb, Hg, and Cu. Additionally, the negative correlation with potassium and the lack of a positive 

correlation with Na or Mn do not support the distal disseminated classification scheme. The 

silver to gold ratio is lower than most distal disseminated deposits and may be on the high side 

for Carlin-type deposits. The best explanation of the unique features at Lone Tree relates to the 

ongoing controversy surrounding Carlin-type deposits, and the broadly overlapping 

characteristics between Carlin-type and distal disseminated deposits. Lone Tree is best 

understood as a middle point along a continuum of intrusion-related deposits. 

 

2.10 Conclusions 

The Lone Tree gold deposit is hosted in siliciclastic rocks of the Havallah sequence, 

Antler sequence, and Valmy Formation. Gold mineralization is also observed at the margins of 

the host-rock cutting rhyolite dikes and decreases toward the center of the dikes. Native gold was 

not observed. Rather, the gold occurs in disseminated sulfides, including arsenopyrite, pyrite, 

and sphalerite. The highest gold values observed occur in arsenopyrite rims around the cores of 

pre-ore disseminated pyrite grains. The location of sulfide mineralization at Lone Tree is 

controlled by structural weaknesses, with hydrothermal breccia zones hosting the majority of 
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disseminated sulfides and gold mineralization. Other important controls include reactive 

lithologies (Havallah dolostone), less resistant lithologies (Valmy argillite), and lithologic 

contacts (the margins of dikes). The alteration minerals associated with the highest-grade gold 

mineralization include quartz, sericite, clays, pyrite, and arsenopyrite; the amount of sericite and 

clay varies with the host rock’s mineralogy, as quartz is not reactive. The strongest correlated 

trace elements to the gold mineralization include As, Ag, Sb, Hg, and Cu.  

Although the presence of Eocene igneous activity and related alteration may support 

magmatic models for mineralization (whether Carlin or distal disseminated), there is no 

definitive evidence observed at Lone Tree that unequivocally shows that igneous activity is the 

source for gold. However, the CA-TIMS dating of the rhyolite dikes indicates an age of 

approximately 40.95 ± 0.03 Ma, which also serves as a maximum age for gold mineralization 

based on crosscutting relationships. This matches the ages of gold mineralization observed 

elsewhere along the BME trend and in Carlin-type deposits more broadly.  

Though not definitive, most available evidence suggests that the deposit is related to an 

underlying intrusion and is therefore classified as a distal-disseminated deposit. However, the 

deposit also displays characteristics common to Carlin-type mineralization and may represent a 

middle point on a continuum of deposits formed distal to a causative intrusion, with classic 

Carlin-type deposits representing the more distal end of the continuum.  
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CHAPTER THREE 

EXTENDED DISCUSSION AND CONCLUSIONS 

Lone Tree and other deposits with Carlin-like features and more apparent ties to 

magmatism than the classic “Carlin-type” deposits should continue to be studied in detail to find 

definitive proof of a magmatic source for the gold-bearing hydrothermal fluid. The “Carlin-like” 

deposits described outside of northern Nevada should also be examined in detail. 

This study identified several important aspects of the Lone Tree deposit. Though less 

abundant than pyrite, arsenopyrite was observed to carry the highest concentrations of gold. 

Silver, arsenic, and antimony showed a consistent and strong correlation with gold using 

multiple datasets. The closest associated alteration minerals with the gold-bearing sulfides were 

quartz and sericite respectively. Both ore-bearing and other base metal sulfides were observed in 

silica sulfide breccia (SSB), suggesting concurrent formation. The banded pyrite breccia (BPB) 

was texturally and mineralogically distinct from the SSB and appears to have formed later in the 

paragenesis. Gold ore was observed cross-cutting the Eocene dikes, providing an upper bracket 

for gold mineralization at 40.95 ± 0.03 Ma.  

 

3.1 The Lone Tree Model 

The data obtained in this study have been integrated with the previously available information on 

Lone Tree as well as general information on magmatic-hydrothermal systems, in order to 

develop a genetic model for the deposit: 

1) A magma body emplaced in the northern part of the Battle Mountain district formed 

the dikes at Lone Tree at 40.95 ± 0.03 Ma 
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2) A gold bearing hydrothermal fluid ascends from depth, with the gold being carried as 

a bisulfide complex with chalcophile elements including silver, arsenic, antimony, 

mercury, zinc, and copper 

3) The magmatic-hydrothermal fluid evolved through cooling, decompression, and fluid-

rock interaction  

4) The capacity of the fluid to carry dissolved chemical species is significantly reduced 

due to pressure release as it ascends; the hydrothermal fluid was initially acidic and 

H2S dominant and became progressively more neutral as it dissolved carbonate in the 

host rock  

5) Due to excessive iron in the fluid (whether primary or introduced from the host 

rocks), pyrite begins precipitating which destabilizes the bisulfide complex 

6) The chalcophile base metal phases begin to form; gold, being a siderophile element, 

preferentially remains in solution 

7) As the hydrothermal fluid continues to evolve due to precipitation and further rock-

fluid interaction, arsenic becomes concentrated and begins precipitating the late 

arsenopyrite rims (the earlier sulfides making a favorable site for nucleation) 

8) During the late arsenopyrite formation stage, the bisulfide complex is completely 

destabilized, and these late rims become a receptacle for the gold and other remaining 

elements   
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3.2 The Continuum Model 

 The Lone Tree model developed in this study can be generalized to explain the broader 

spectrum of magmatic-hydrothermal ore deposits that formed in the Great Basin in the Eocene, 

including potentially genetically related Carlin-type deposits.  

As reported by numerous authors (e.g. Cline et al. 2005 and references therein) magmas 

began upwelling into the heavily faulted, structurally complex, sedimentary host rocks of the 

Great Basin during the late Eocene. Magmatism was both voluminous and extensive. In some 

areas, magmas ascended up deeply rooted structures and extruded over the region as tuffs. 

Elsewhere, the magmas formed intrusive centers from which dikes and sills were derived. These 

intrusions and their apophyses ascended to variable depths in the Great Basin crust, and many 

exsolved hydrothermal fluids. These hydrothermal fluids evolved on their ascent to the surface 

through both fluid-rock interactions and internal changes (pressure, temperature). The specific 

evolution and resulting alteration and ore generation varied locally. The author of the present 

study suggests that these magmatic-hydrothermal systems formed the following ore deposit 

styles: porphyry and skarn deposits formed proximal to intrusions, distal disseminated deposits 

distal to intrusions, and Carlin-type deposits even more distally in carbonate-dominated host 

rocks. Post ore faulting and erosion exposed different levels of the hydrothermal system. Though 

this model does assert that Carlin-type deposits are an even more distal expression of the same 

hydrothermal system responsible for distal disseminated deposits, it is important to realize that it 

does not necessitate that a distal disseminated deposit will exist at depth beneath or laterally 

adjacent to a Carlin-type deposit. Local variations in structure, host rock, or fluid evolution may 

preclude this.  
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Classic Carlin-type deposits are considered gold rich and relatively poor in silver and 

base metals. Distal disseminated deposits contain higher silver and are commonly associated 

with base metals. If there is a continuum connecting both Carlin-type and distal disseminated 

deposits to intrusions, however, then this distinction may only reflect the distance from the 

intrusive body.  

 

3.3 Carlin-like Deposits Beyond Nevada 

The “Carlin-like” deposits described outside the Great Basin over the last several years 

may provide another approach for demonstrating the source of gold. If such “Carlin-like” 

deposits can be shown to be similar enough in characteristics to those in the Carlin district, then 

genetic implications from these regions can be integrated into the Carlin debate.  

 “Carlin-like” deposits are already described in many localities worldwide, which 

somewhat undermines the hypothesis that the source for gold is a unique feature of the northern 

Nevada host rocks. Deposits with petrographic and geochemical similarities to Carlin-type 

deposits have been described in Iran (Asadi et al., 2000), China (Tan et al., 2017), Africa (Hill, 

1997 in Arehart et al., 2003), Peru (Alvarez-A. and Noble, 1988 in Arehart et al., 2003), and 

Canada (Garnier et al., 2007). These “Carlin-like” deposits are described as: hosted in 

decarbonatized and silicified silty carbonates and siliciclastics; showing Au, Ag, Sb, Hg, and Tl 

associated with elevated As; and containing Au that occurs within arsenian pyrite rims around 

pre-ore pyrite cores. The location of ore-bearing sulfide disseminations is considered to be 

structurally controlled.  The role of magmatism at these deposits remains unclear, but the 

presence of descriptively similar deposits outside of the northern Nevada region suggests that the 

ore-forming process (and importantly the gold source) may not be unique to the region. 
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3.4 Exploration Implications of the Lone Tree Genetic Model 

The controversial genesis for sedimentary rock-hosted, disseminated gold deposits 

creates problems for their exploration, particularly when attempting to search for them outside of 

northern Nevada. The source for gold, in particular, needs to be resolved for prospective regions 

to be identified.  

There is a spatial correlation between sedimentary rock-hosted, disseminated gold 

deposits and magmatism. This correlation may be due to a genetic relationship between the two 

or may simply represent a structural control. In either case, the presence of magmatism is an 

influencing factor. 

Lone Tree was found under cover in pediment. Though under cover deposits represent 

more challenging targets, this discovery indicates the potential of large regions covered in 

alluvium and colluvium that are currently unexplored. Regional geophysical surveys, especially 

focused on structure and lithologic contrasts, can be used to generate targets.   

At Lone Tree, the As is commonly hundreds to thousands of ppm, with values in the tens 

of thousands of ppm observed. These values are commonly orders of magnitude greater than 

gold, silver, and antimony, and thusly may be the first clue from downstream sediment 

exploration sampling. Moreover, the electron microprobe work carried out as part of this study 

shows the potential of arsenopyrite as a host for gold. The arsenopyrite rims around 

pyrite/marcasite cores (ARP) are particularly well mineralized.  

The host rocks with the best potential for LT-similar mineralization will have vugs and 

cavities or networks of through-going extensional structures. Limey sedimentary rocks will also 

make good host rocks as the hydrothermal fluid can dissolve its own free space. Much of the 

recent and current exploration for Carlin-style gold is focused on formations below the Roberts 



 176 

Mountain Thrust. The presence of Lone Tree in siliciclastic host rocks above this regional 

structure shows the potential for large, sedimentary-rock hosted gold deposits up section of the 

Carlin trend.  

 

3.5 Suggestions for Future Work  

This study identified many lines of inquiry which require further study. Additional 

research should be done comparing Carlin-type gold deposits to distal-disseminated deposits, 

particularly those similar to Lone Tree that have many characteristics in common with Carlin-

type deposits. A deep drilling campaign at Lone Tree, though expensive, could provide definitive 

evidence for the source of gold either by encountering a source intrusion or by observing 

evidence of hydrothermal fluid evolution over greater depth.  Sedimentary rock-hosted, 

disseminated gold deposits identified outside of the northern Nevada region should continue to 

be studied and contrasted with Nevada gold deposits.   

The gold mineralization observed in the Lone Tree dikes was strongest at the margins and 

decreased away from the margins (Fig. 2.20). The crosscutting relationships indicate that the 

gold event postdates the formation of the dikes. Newmont geologists noted that most of the 

major north-trending fault zone (which hosts the majority of the gold at Lone Tree) contained no 

intrusive units, which suggests that the mineralization-controlling structures are younger than the 

rhyolite dikes. The dikes are generally east-trending in the Lone Tree pit, whereas gold-bearing 

structures are generally subjugate N-S. This may represent a change in the stress regime between 

the emplacement of the dikes and the formation of the gold-bearing structures.  As the fault zone 

is clearly older than or contemporaneous with the gold mineralization it hosts, the 

aforementioned observations undermine the conclusion that the gold mineralization was sourced 



 177 

from the same underlying intrusion as the rhyolite dikes. Absolute age dating of the fault zone, 

perhaps using Ar-Ar geochronology of K-bearing clays in fault gouge, may further constrain the 

gold mineralization. If the age of the fault is shown to be significantly younger than the rhyolite 

dikes, then the gold is not likely sourced from the same intrusion. While inconclusive, the 

coincidence of the intrusions and gold mineralization at Lone Tree suggests either a causal 

relationship or the importance of deep structures which can be created by intrusions. In either 

case, the presence of Eocene dikes is an important indicator of gold mineralization potential in 

the northern Nevada region.  
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APPENDIX A 

ELECTRON MICROPROBE BAR GRAPHS 

The electron microprobe results from the rimmed sulfide grains were plotted to show how 

elements behaved between the rim and the core of the same grain (Fig. A.1).  The rim (light 

gray; commonly arsenopyrite) commonly contains more gold, arsenic, silver, copper, antimony, 

and mercury than the core (dark gray; commonly pyrite). Lead appears slightly higher in the 

sulfide cores and thallium is roughly evenly distributed. 
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Figure A.1 Bar graphs showing the distribution of select elements between the rims and cores of 
sulfides and oxides based on the electron microprobe data. The earlier cores (commonly pyrite) 
are in dark gray and the later rims (commonly arsenopyrite) are in light gray. A) Au (ppm), B) 
Ag (ppm), C) Sb (ppm) D) As (ppm), E) Tl (ppm), F) Hg (ppm), G) Pb (ppm), H) Cu (ppm). 
Includes non-zero analyses below the detection limits.  

 
 
 
 



 181 

 
Figure A.1 Continued.  
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Figure A.1 Continued.  
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Figure A.1 Continued.   
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APPENDIX B 

ISOCON DIAGRAMS 

Isocon diagrams for each of the major formations and the intrusions were built from the 

whole-rock geochemical data, using distance from the dike-host rock margin to approximate 

more and less altered samples (see section 2.6.1.2 for justification). These diagrams did not show 

consistent results, even among gold and its geochemical signature elements. At a minimum, the 

responses of silver, arsenic, and antimony were expected to track the gold response, and these 

elements were expected to be consistently enhanced in the more altered samples. As these 

expectations were not consistently observed, the isocon diagrams were not included in the main 

body of the thesis.  

One possible reason these diagrams might not have captured the trends observed 

elsewhere is that they were built from a very small sample size. These figures were all built from 

two samples each – one more altered and proximal to the host rock-dike margin and one less 

altered and distal from the host rock-dike margin (except the averaged rhyolite dike figure which 

was built from 6 samples).  

Figure B.1 panel 1 represents a fine-grained sandstone of the Edna Mountain Formation. 

Figure B.1 panel 2 represents a coarse-grained sandstone of the Havallah Formation. Figure B.1 

panel 3 represents a quartzite breccia of the Valmy Formation. Figure B.1 panel 4 represents 

rhyolite dike sample 1080A. Figure B.1 panel 5 represents rhyolite dike sample 1080B. Figure 

B.1 panel 6 represents rhyolite dike of the X-dike sample. Figure B.1 panel 7 represents the 

average of the aforementioned rhyolite dike samples. The immobility line represents a line of 

best fit though TiO2 and other correlated high-field-strength-elements (HFSEs) which had a 
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correlation coefficient greater than 0.6. Separate immobility lines were derived for the 

sedimentary rocks and the igneous rocks.  
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Figure B.1 Isocon alteration diagram. Each panel features multiple graphs at different scales to 
allow for all elements to be observed. Elements to the left of the immobility line represent 
additions and elements to the right represent depletions. Panel 1: Fine-grained sandstone of the 
Edna Mountain Formation. The most altered sample (1080-33) was taken from the margin of the 
host rock and dike contact, and the least altered sample (1080-32) was taken from approximately 
10 feet away from the margin. The immobility line is a line of best fit through TiO2, Zr, Eu, Hf, 
La, Th, and U, with a slope of 1.0918x, which intercepts the origin and has a R2 value of 0.9984. 
Panel 2:  Coarse-grained sandstone of the Havallah Formation. The most altered sample (1080-
16) was taken from the margin of the host rock and dike contact, and the least altered sample 
(1080-18) was taken from approximately 5 feet away from the margin. The immobility line is a 
line of best fit through TiO2, Zr, Eu, Hf, La, Th, and U, with a slope of 1.0918x, which intercepts 
the origin and has a R2 value of 0.9984. Panel 3:  Quartzite breccia of the Valmy Formation. The 
most altered sample (1080-48) was taken from the margin of the host rock and dike contact, and 
the least altered sample (1080-46) was taken from approximately 6 feet away from the margin. 
The immobility line is a line of best fit through TiO2, Zr, Eu, Hf, La, Th, and U, with a slope of 
1.0918x, which intercepts the origin and has a R2 value of 0.9984. Panel 4: Rhyolite dike sample 
1080A. The most altered sample (1080-15) was taken from the margin of the host rock and dike 
contact, and the least altered sample (1080-12) was taken from approximately 9 feet away from 
the margin. The immobility line is a line of best fit through TiO2, P2O5, Th, Eu, Hf, La, and Zr, 
with a slope of 0.9984x, which intercepts the origin and has a R2 value of 0.9997. Panel 5: 
Rhyolite dike sample 1080B. The most altered sample (1080-34) was taken from the margin of 
the host rock and dike contact, and the least altered sample (1080-35) was taken from 
approximately 5 feet away from the margin. The immobility line is a line of best fit through 
TiO2, P2O5, Th, Eu, Hf, La, and Zr, with a slope of 0.9984x, which intercepts the origin and has 
a R2 value of 0.9997. Panel 6: Rhyolite dike of the X-dike sample. The most altered sample (X-
dike South) was taken from the margin of the host rock and dike contact, and the least altered 
sample (x-dike Center) was taken from approximately 5 feet away from the margin. The 
immobility line is a line of best fit through TiO2, P2O5, Th, Eu, Hf, La, and Zr, with a slope of 
0.9984x, which intercepts the origin and has a R2 value of 0.9997. Panel 7: Average of the 
rhyolite dike samples - 1080A, 1080B, and X-dike. The immobility line is a line of best fit 
through TiO2, P2O5, Th, Eu, Hf, La, and Zr, with a slope of 0.9984x, which intercepts the origin 
and has a R2 value of 0.9997.  
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Figure B.1 Continued.   
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Figure B.1 Continued. 
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Figure B.1 Continued. 
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Figure B.1 Continued. 
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Figure B.1 Continued. 
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Figure B.1 Contiuned.   
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Figure B.1 Continued.   
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APPENDIX C 

GEOCHRONOLOGY 

LA-ICPMS isotopic U-Pb and trace element concentration data (Table C.1) and CA-

TIMS U-Pb isotopic data (Table C.2). Conchordia diagrams for LA-ICPMS data (Fig. C.1) and 

CA-TIMS data (Fig. C.2). Additional cathodoluminescence images of zircon grains used in LA-

ICPMS and CA-TIMS dating (Fig. C.3).  
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Table C.1 LA-ICPMS U-Pb isotopic data of rhyolite zircon, separated by zircon size. 

Discordance was calculated from the equation: D = 100*(1-68/75) where 68 is the age calculated 

from 206Pb/238U and 75 is the age calculated from 207Pb/235U. Experiment 1 (normal font) was 

conducted on March 2, 2016. Isotope ratio and date errors do not include systematic calibration 

errors of 0.54% (207Pb/206Pb) and 1.21% (206Pb/238U) (2 sigma). Trace element concentrations 

were deleted from analyses known to have intersected inclusions of other minerals based on P 

and Ti. Backgrounds were monitored between sweeps 10 to 20. Sample counts were integrated 

from sweeps 28 to 54. Ablation used a laser spot size of 25 microns, and a laser firing repetition 

rate of 10 Hz. Activity of TiO2 for Ti-in-Zircon temperature calculation is 0.8. Activity of TiO2 

for Ti-in-Zircon temperature calculation is 0.8. Experiment 2 (bold font) was conducted on 

March 3, 2016. Isotope ratio and date errors do not include systematic calibration errors of 

0.70% (207Pb/206Pb) and 1.18% (206Pb/238U) (2 sigma). Trace element concentrations were 

deleted from analyses known to have intersected inclusions of other minerals based on P and Ti. 

Backgrounds were monitored between sweeps 10 to 20. Sample counts were integrated from 

sweeps 28 to 54. Ablation used a laser spot size of 25 microns, and a laser firing repetition rate of 

10 Hz. Activity of TiO2 for Ti-in-Zircon temperature calculation is 0.8. Activity of TiO2 for Ti-

in-Zircon temperature calculation is 0.8. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued. 
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Table C.1 Continued.
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Table C.2 CA-TIMS U-Pb isotopic data of rhyolite zircon. Discordance was calculated from the equation: D = 100*(1-68/75) where 
68 is the age calculated from 206Pb/238U and 75 is the age calculated from 207Pb/235U. The 206Pb/238U isotopic dates analyses in bold 
were used in the weighted mean calculations. (a) z1, z2, etc. are labels for analyses composed of single zircon grains that were 
annealed and chemically abraded (Mattinson, 2005). Labels in bold denote analyses used in weighted mean calculations. (b) Model 
Th/U ratio calculated from radiogenic 208Pb/206Pb ratio and 207Pb/235U date. (c) Pb* and Pbc are radiogenic and common Pb, 
respectively. mol % 206Pb* is with respect to radiogenic and blank Pb. (d) Measured ratio corrected for spike and fractionation only. 
Fractionation correction is 0.20 ± 0.03 (1 sigma) %/amu (atomic mass unit) for single-collector Daly analyses, based on analysis of 
EARTHTIME 202Pb-205Pb tracer solution. (e) Corrected for fractionation and spike. Common Pb in zircon analyses is assigned to 
procedural blank with composition of 206Pb/204Pb = 18.04 ± 0.61%; 207Pb/204Pb = 15.54 ± 0.52%; 208Pb/204Pb = 37.69 ± 0.63% (1 
sigma). 206Pb/238U and 207Pb/206Pb ratios corrected for initial disequilibrium in 230Th/238U using Th/U [magma] = 3.0 ± 0.3 (1 sigma). 
(f) Errors are 2 sigma, propagated using algorithms of Schmitz and Schoene (2007) and Crowley et al. (2007). (g) Calculations based 
on the decay constants of Jaffey et al. (1971). 206Pb/238U and 207Pb/206Pb dates corrected for initial disequilibrium in 230Th/238U using 
Th/U [magma] = 3.0 ± 0.3 (1 sigma).  
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Figure C.1 Concordia diagrams for LA-ICPMS age populations corresponding to figure 2.22 
(Table C1). Constructed using Isoplot version 4.15. Data point error ellipses are 2 sigma. A) 
sample x-dike [9 spot], B) sample x-dike [3 spot], C) sample 473 [5 spot], D) sample 473 [9 
spot], E) sample 473 [15 spot], F) sample 896, G) sample 1070, H) sample 1080.   
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Figure C.1 Continued.   
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Figure C.1 Continued.   
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Figure C.1 Continued.   
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Figure C.2 Concordia diagrams for CA-TIMS age populations corresponding to figure 2.22 
(Table C.2). Constructed using Isoplot version 4.15. Data point error ellipses are 2 sigma. 
Sample 1080 age population is in black and sample 473 age population is in gray.  
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Figure C.3 Cathodoluminescence (CL) images. Red circles represent the size and location of LA-
ICPMS spot analyses with the corresponding spot number. Corresponding LA-ICPMS spot data 
are provided in Table C.1. Grains and fragments of grains dated by CA-TIMS are in yellow, and 
identified by a z number. Corresponding CA-TIMS data are provided in Table C.2. Panel 1: 
large zircon grains of sample 473. Panel 2: medium and small zircon grains (respectively) of 
sample 473. Panel 3: large zircon grains of sample 896. Panel 4: medium and small zircon 
grains (respectively) of sample 896. Panel 5: large and medium zircon grains (respectively) of 
sample 1070. Panel 6: large, medium, and small zircon grains (respectively) of sample 1080. 
Panel 7: large, medium, and small zircon grains (respectively) of sample X-Dike. 
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Figure C.3 Continued.   
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Figure C.3 Continued. 

  



 246 

 

 
Figure C.3 Continued. 
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Figure C.3 Continued. 
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Figure C.3 Continued. 
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Figure C.3 Continued. 
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