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ABSTRACT

The Chukar Footwall deposit (Chukar) is a sediment-hosted gold deposit 

located along the world-class Carlin trend in northeastern Nevada. Host rocks at 

Chukar are the silty carbonate rocks and calc-silicate hornfels of the Silurian 

Devonian Roberts Mountains Formation, with minor gold also occurring in the 

micrites of the overlying Devonian Popovich Formation. A brecciated fault zone 

(Contact Fault Zone) separates the Roberts Mountains and Popovich formations at 

Chuckar and forms a sharp boundary between barren layers above and mineralized 

layers below. The Chukar deposit is typical of Carlin systems in having significant 

structural control, gold occurring in arsenian pyrite, and evidence of pronounced 

decarbonatization.

Gold mineralization along the Carlin trend has close associations with arsenic, 

antimony, mercury and thallium anomalies on a regional, district, and deposit scale. 

These trace elements are considered to be the best pathfinder elements for Carlin-type 

deposits. Understanding the geochemistry and associated mineralogy at Chukar is, 

therefore, of great importance not only for current mining operations, but also for 

future exploration efforts in surrounding areas.

In order to investigate hydrothermal pathways and metal transport, 2,366 

lithogeochemical samples from 37 drill holes within the Chukar deposit were 

analyzed with STATISTIC A™. Vulcan® modeling software was then employed to 

create 3-dimensional geochemical models of the deposit. The geochemical models 

allow determination of the spatial relationships of different elemental suites, and 

visual interpretation of fluid migration through the deposit.



Statistical analysis combined with geochemical modeling demonstrates that 

gold mineralization at the Chukar deposit is most highly correlative with thallium and 

secondarily with mercury; arsenic is coincident with gold mineralization and forms a 

tight halo to the orebody. Pétrographie and geochemical data suggest a pre-Carlin, 

base metal mineralizing event at Chukar, which includes the statistically correlative 

suite of elements Cd, Zn, Pb, and Ag. Fluids associated with this event appear to 

have moved along the path of the Contact Fault Zone suggesting a low angle structure 

with this orientation was present early in the history of the area. The absence of 

significant base metals in the Contact Fault Zone immediately adjacent to the gold 

orebody may indicate base metal leaching during decarbonatization and gold 

mineralization. Depending on interpretation, the source of fluids for this event could 

be either to the west-northwest or the west-southwest of the Chukar anticline. High ' 

arsenic, mercury, and depletions of carbonate-suite elements suggest the possibility of 

a concealed gold rich zone to the southwest of the current gold orebody.
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CHAPTER 1

INTRODUCTION

The Chukar Footwall deposit (Chukar) is an underground gold deposit located 

along the world-class Carlin trend in northeastern Nevada, approximately 7 miles 

northwest of the town of Carlin (Fig. 1). It is owned and operated by Newmont 

Mining Corporation, and the portal to the deposit lies within the southwest highwall 

of Newmont’s larger Gold Quarry pit (Fig. 2). Both the Chukar deposit and the Gold 

Quarry deposit are situated within the Maggie Creek district, which encompasses the 

south-central part of the Carlin trend (Fig. 1). Chukar was discovered in 1995 when 

vertical hydrology hole QRC-1370 intersected 30 feet of 0.177 oz/t gold. Portals to 

the mine were emplaced in 2002, and as of August 2007, the deposit had produced 

nearly 340,000 ounces of gold. Additionally, Chukar has estimated proven and 

probable reserves of 333,000 ounces of gold (Sagar, pers. comm., 2007).

Chukar belongs to the class of sediment-hosted Carlin-type gold deposits. 

These deposits were discovered in the early 1960s, and occur within the Basin and 

Range province of Nevada. Carlin-type gold deposits in Nevada have extensive 

endowments of gold that constitute approximately 9% of total world gold production 

(Cline et al., 2005). Mineralized host rocks are lower Paleozoic in age, and gold 

generally occurs as disseminated micron-sized particles in arsenian pyrite or 

marcasite. Deposits along the trend have varying structural and stratigraphie controls, 

in addition to varying extents of hydrothermal alteration and weathering. Large 

northwest- and northeast-trending faults and folds are common structural
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Figure 1. Location o f the Chukar Footwall deposit along the Carlin trend, northeastern Nevada. 
Chukar is located within the larger M aggie Creek district o f the Carlin trend (modified from 
Longo et al., 2002).

controls in the Carlin trend, and hydrothermal alteration is dominated by 

decarbonatization, silicification and argillization.

The primary host rocks at Chukar are the carbonaceous silty limestones of the 

Silurian-Devonian Roberts Mountains Formation (SDrm), with minor mineralization 

occurring within the overlying Devonian Popovich Formation (Dp). Gold
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Figure 2. Location o f the portal to the underground Chukar Footwall deposit with respect to 
Newmont Mining Corporation’s Gold Quarry open pit, (from Sagar, 2005).

mineralization is strongly controlled by the structure of the deposit, and the highest 

gold grades are found along the crest and eastern limb of the Chukar anticline, a 

northeast-trending structure (Fig. 3).
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within the Roberts Mountain Formation (SDrm) (from Sagar, 2005).

Like most ore on the Carlin trend, most of the gold at the Chukar deposit is 

micron-sized, invisible gold. However, Chukar is unique in that the North zone of the 

mine contains relatively abundant coarse, visible gold concentrated along fractures 

and bedding planes (Sagar, 2005). Gold mineralization along the trend has close 

associations with arsenic, antimony, mercury and thallium anomalies on a regional, 

district, and deposit scale. These trace elements are considered to be the best 

pathfinder elements for Carlin-type deposits, and gold mineralization at Chukar 

shows consistently high abundances of this Carlin suite. In addition, Chukar also 

shows enrichments and zonations in six other suites of elements: a base metal suite 

(Cd, Zn, Pb, Ag), a magmatic suite (Te, Bi, Sn), a sulfidation suite (Cu, Fe, S), a clay 

alteration suite (Al, K, Ga, Li), an oxidation suite (U, Mo, Zr, Ni, V), and depletion in 

a carbonate suite (Mg, Sr, Ca) (Chapter, 6).
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Purpose and Objectives

With the gold price reaching a historic level of $l,000/oz in March, 2008, the 

need to enhance and expedite precious metal exploration targets is an at all time high. 

This research project focused on a geochemical and mineralogical investigation of 

gold mineralization throughout the four units of the Roberts Mountains Formation 

within the Chukar Footwall deposit. Understanding the geochemistry and associated 

mineralogy at the mine in detail should enhance Newmont’s future mining and 

exploration efforts.

In order to investigate hydrothermal pathways and metal transport, elemental 

distributions across the alteration fronts throughout the four lithologie units were 

examined using multi-element geochemistry and pétrographie analyses. Vulcan® 

modeling software was employed to create 3-dimensional geochemical models of the 

deposit. The geochemical models allow determination of the spatial relationships of 

different elemental suites, and visual interpretation of fluid migration through the 

deposit. While the Chukar Footwall Deposit is a small underground satellite of 

Newmont’s large Gold Quarry operation, only a relatively small amount of geological 

and geochemical research has been performed at the mine; many important geological 

questions remained unanswered.

During the course of the geologic research, three issues of particular interest 

to operations at the Chukar deposit were addressed:

1. Integration of geochemical vectors with mineralogical and 

structural data to understand the spatial distribution of metals,

2. Development of geochemical vectors to higher grade gold
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zones using Vulcan® software,

3. The role of the Magpie fault-vein (Fig. 3) as a feeder structure for

gold mineralization.

The project focused on a large set of lithogeochemical data from across the 

deposit, in addition to data from a specific fan of holes drilled perpendicular to the 

Chukar anticline. The aim was to perform a thorough analysis of the drilled section 

and describe the alteration and mineralization sequence megascopically in drill core, 

petrographically in thin section, and geochemically in terms of trace element 

composition. By performing an in-depth analysis of the mineralogy and trace 

element geochemistry, the goal was to uncover ore relationships and geochemical 

patterns that could be used as indicators for gold mineralization.

The research project involved both field and laboratory studies. The field 

portion was conducted throughout the summer of 2007, and consisted of underground 

mapping, sampling, and core logging. The laboratory portion was executed 

throughout the following fall and spring. Samples and core collected during the field 

session underwent mineralogical and geochemical analysis. Polished thin sections 

were used for detailed petrography to determine sulfide mineralogy, textures, and the 

relationships of both mineralized and unmineralized rocks. To investigate 

hydrothermal pathways and metal transport, elemental distributions across the 

alteration fronts in the four lithological units of the Roberts Mountains Formation 

were examined using multi-element geochemistry. Vulcan® modeling software was 

employed to create three-dimensional geochemical models of geochemical patterns 

within the deposit.
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Previous Work

The Carlin trend has grown to become the largest producing gold region in the 

United States, making the state of Nevada and the entire U.S. a front runner in global 

annual gold production. Because of the large endowment of gold resources and 

reserves along the trend, extensive research has been done over the past 50 years to 

understand the history and evolution of gold mineralization in this region. Since the 

late 1960s, numerous landmark papers have laid the groundwork in helping to 

understand the geologically and tectonically complex area of northeastern Nevada 

(Hausen and Kerr, 1968; Stewart, 1980; Bagby and Berger, 1985; Radtke, 1985; 

Bakken, 1990; Seedorff, 1991; Sha, 1993; Hofstra, 1994; Kuehn and Rose, 1995; 

Arehart, 1996; Ilchick and Barton, 1997; Hofstra and Cline, 2000; Emsbo et al., 2003; 

and Cline et al., 2005). The literature on the Carlin trend is voluminous and covers 

topics ranging from regional structure and tectonics, to ore fluid genesis and 

migration, isotopic analyses, geochemistry, mineralogy and alteration, and genetic 

models for Carlin-type systems.

The Carlin Trend

Over 50 years of exploration and mining in northeastern Nevada has allowed 

geologists to establish a geologic framework for a majority of the gold deposits along 

the Carlin trend. While variations do exist between deposits, most deposits share 

common geologic, geochemical, stratigraphie and structural features. In general, 

deposits along the Carlin trend are: 1) hosted in lower Paleozoic carbonaceous, silty 

limestones that are highly permeable and amenable to the introduction of auriferous 

fluids; 2) aligned to the NNW due to basement fault fabrics that were established

7



during Neoproterozoic rifting (Cline et al., 2005); 3) associated with pre-ore Jurassic- 

Cretaceous stocks or dikes; 4) dominated by disseminated gold as micron-sized 

particles associated with arsenian pyrite and marcasite; 5) characterized by 

decarbonatization ± silicification (jasperoids) ± argillization (kaolinite + illite) ± 

baritization ± oxidation alteration; and 6) typified by high gold/silver ratios, and the 

abundance of a “Carlin suite” of elements which includes Au, As, Hg, Sb and Tl.

Despite almost a half-century of research and mining performed on deposits 

throughout northeastern Nevada, a comprehensive genetic model for Carlin-type 

deposits has not been widely accepted. Early authors believed that Carlin-type 

mineralization was a variation on epithermal-style ore deposits (Hausen and Kerr, 

1968; Radtke et al., 1980; Radtke, 1985). With further study, however, it became 

clear that sediment-hosted disseminated gold deposits were unique enough to be 

separated from their epithermal counterparts. Recent work indicates that gold in 

Carlin-type ores did not precipitate in response to boiling or fluid cooling, but rather 

it precipitated in response to sulfidation of iron in the host rock or in a second, iron- 

bearing fluid (Cline, 2004).

In the last two decades, with the combination of data gathered from 

lithogeochemistry, ore mineralogy, fluid inclusions, isotopic signatures and sources of 

ore fluids, genetic models of Carlin-type systems have fallen into three different 

classifications. Cline (2004) and Cline et al. (2005) summarized these classifications 

as: 1) meteoric fluid circulation from crustal extension that scavenged and 

precipitated metals (Ilchik and Barton, 1997; Emsbo et al., 2003); 2) epizonal plutons 

that contributed heat and possibly fluids and metals (Sillitoe and Bonham, 1990;



Henry and Boden, 1998; Henry and Ressel, 2000); and 3) metamorphic fluids from 

deep or mid-crustal levels, possibly with a magmatic contribution, that transported 

and precipitated metals (Seedorff, 1991; Hofstra and Cline, 2000). Despite the 

differences inherent in these models, most geologists agree that deposits along the 

Carlin trend share a common genetic link related to crustal-scale orgogenic processes 

that operated across northern Nevada (Cline et ah, 2005).

The Maggie Creek District

The geology of the Maggie Creek district, which includes the Mike, Tusc, 

Gold Quarry and Chukar Footwall deposits, has been described by Rota (1991), Sha 

(1993), Harlan et ah (2002), Norby and Orobona (2002), Johnston and Arehart 

(2003), Sagar (2005), and Parraga (2007). The district contains at least three 

disseminated gold deposits (Gold Quarry, Tusc, Chukar Footwall), one gold-copper- 

zinc deposit (Mike), and several vein-type base metal and barite deposits (Harlan et 

ah, 2002). The work by Johnston and Arehart (2003), Sagar (2005) and Parraga 

(2007) are the only studies on the Chukar Footwall deposit.

Johnston and Arehart (2003) performed carbonate stain analyses (Hitzman, 

1999) of the host rocks at Chukar to identify variations in geochemistry and 

alteration. One of the strongest relationships they discerned was that the presence of 

reactive Fe2+ in the pyrite halo around the deposit produced a purple stain in calcite 

that had variable intensity with proximity to ore. In addition, they undertook a carbon 

and oxygen isotopic study that demonstrated the presence of relatively high ô13C 

values and relatively low ô180  values in carbonates spatially associated with 

economic gold concentrations.
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Parraga (2007) wrote a comprehensive M.S. thesis on the lithology, structure 

and metallogenesis of the Chukar Footwall deposit. Parraga’s work focused on 

detailed structural mapping in addition to isotope analyses and microthermometry. 

Some of Parraga’s main conclusions about the Chukar deposit were: 1) fault 

reactivation linked with late Tertiary extension was relatively widespread and 

produced openings and brecciation along the NNW structures that channelized fluids 

responsible for a late-ore mineralization event characterized by sulfides, barite, and 

visible gold; 2)

décalcification reactions in the host rocks were spatially controlled by major and 

minor structures, and were the leading mechanism for both the ô13C and ô180  isotopic 

shifts observed along perpendicular transects on major structures; and 3) 

microthermometric data from late stage mineralization of barite ± calcite ± 

sulfide ± visible gold veins revealed evidence of fluid mixing during this late event.

Johnston and Arehart (2003) as well as Parraga (2007) performed some 

geochemical analyses at Chukar, but data sets from their work were much less robust 

than the one used in this study. Both authors found a correlation among the common 

Carlin suite of elements, and Parraga (2007) noticed that gold and antimony were not 

strictly correlative, which is different from many Carlin-type deposits. Johnston and 

Arehart (2003) claimed that gold and silicification displayed a strong spatial 

relationship, similar to other deposits on the trend. However, further investigation 

has shown that silicification is most commonly associated with low-grade ore or 

where the rock is barren (Sagar, pers. comm., 2007).
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Kuehn and Rose (1992), Call and Cline (2001), Heitt et al. (2003) and 

Theodore et ah (2003) have presented data on geochemistry and alteration associated 

with various Carlin-type deposits throughout northeastern Nevada. Kuehn and Rose 

(1992) studied the Carlin gold deposit and detailed the alteration. They found 

extensive depletion in Ca, Mg, and CO2 accompanied by the introduction of Si, Au, 

and S. In addition, they noticed depletion in K from the conversion of illite to 

dickite-kaolinite. Heitt et al. (2003) studied the high-grade Deep Star deposit, and 

detected enrichments in As, Sb, Hg, Tl, Ag, and Zn associated with Au within a halo 

of Ca, Mg, Ba, and Sr depletion. Other elements, such as Fe, Mn, Co, Ni, and P, were 

zoned around the deposit and were the most elevated in the immediate hanging wall 

of the Deep Star fault and above the deposit. In addition, they found lateral zonations 

at levels above the deposit, with higher abundances of Pb and Bi on the eastern 

margin and more Mo, U, V, and W west of the deposit.

This project aims to enhance the regional understanding of the geochemical 

variations on the trend by increasing the overall geologic knowledge of the Chukar 

deposit through detailed geochemical and mineralogical analyses.
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CHAPTER 2

REGIONAL GEOLOGY AND TECTONIC DEVELOPMENT OF 
NORTHEASTERN NEVADA

The Carlin trend is an extensive (5 x 40 miles) north-northwest-trending 

group of carbonate-hosted gold deposits located in northeastern Nevada. Gold is 

primarily hosted in lower Paleozoic carbonaceous limestones that are Ordovician 

through Mississippian in age. Jurassic to Tertiary intrusions are present within or 

adjacent to many of the deposits and have locally created contact metamorphic zones 

along the trend. The main-stage mineralizing event is dated to a narrow interval in 

the Eocene between 42 and 36 Ma (Cline et al., 2005). John et al. (2003) summarized 

the work of many authors in stating that Carlin-type deposits formed in zones of 

crustal weakness at epizonal levels from reaction of hot (-200°), low-salinity, H2 S- 

rich fluids with calcareous sedimentary rocks and local ground water at the time of 

the onset of crustal extension and calc-alkaline magmatism in Nevada.

Regional Geology and Tectonics

The complex pre-mineralization stratigraphie and tectonic evolution of 

northeastern Nevada made it a prime area for the movement and deposition of 

auriferous fluids. The combination of early continental rifting followed by several 

compressional orogenies created a widespread architecture of steeply dipping faults 

that acted as fluid conduits (Cline et al., 2005). This was enhanced by the availability 

of permeable host rocks that were overlain by impermeable units that acted as 

aquitards.
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According to Stewart (1980), northeastern Nevada was positioned on a stable 

paleo-continental margin throughout most of the Cambrian to Mississippian. A 

westward-thickening, prism-shaped package of sediments was then deposited from 

distal portions of the paleo-continental shelf into an adjacent ocean basin (Teal and 

Jackson, 2002). A shallow-water shelf assemblage of carbonate sediments was 

deposited toward the continent to the east, while siliciclastic sediments were 

deposited to the west (McFarlane, 1991). Throughout the Late Devonian to Middle 

Mississippian, Nevada experienced compressional tectonism associated with the 

Antler orogeny. This orogeny resulted in regional-scale folding and east-vergent 

thrusting of the allochthonous assemblage of siliciclastic rocks over an autochthonous 

package of silty carbonate rocks. This thrust feature is regionally preserved in north- 

central and northeastern Nevada and is called the Roberts Mountains thrust (Teal and 

Jackson, 2002). In the late Mississippian, the allochthon was eroded and covered by 

a shallow-water overlap assemblage (McFarlane, 1991).

In the Mesozoic, another episode of compressional tectonics and east-vergent 

thrusting occurred during the Sonoma orogeny and emplaced the Golconda 

allochthon. Additional compression and thrusting during the Elko and later Sevier 

orogeny produced folding and faulting marked by north-northwest-trending 

structures. Three periods of intrusive activity occurred between the Jurassic and the 

Tertiary, including the emplacement of the granodiorite Goldstrike stock, which 

created a contact metamorphism halo in the area of many of the deposits on the 

Northern trend. Numerous other large intrusive bodies and dikes are common
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throughout the trend and include lamprophyres, monzonites, dacites, rhyolites and 

diorites.

In the Middle Eocene, the tectonic regime reversed and contractional tectonics 

gave way to extension and crustal thinning. This transition, which is interpreted to 

have begun with the onset of regional calc alkaline magmatism, is considered 

instrumental in the formation of deposits along the Carlin trend (Teal and Jackson, 

2002; Cline et ah, 2005). Main-stage gold mineralization is dated to this time 

between 42 and 36 Ma. The direction of extension changed from northwest-southeast 

in the late Eocene to middle Miocene, to east-west in the late Miocene to present 

(Hofstra and Cline, 2000). Tensional, east-west Basin and Range tectonics began in 

the Early Miocene, along with deposition of Carlin Formation volcaniclastic 

sediments. Over time, erosion has created windows throughout the region that expose 

the underlying mineralized stratigraphie units.

Regional Structure

The alignment of Carlin-type deposits in northeastern Nevada reflects 

structural fabrics established during Neoproterozoic rifting (Cline et al., 2005). These 

preexisting zones of crustal weakness provided critical conduits for hydrothermal 

fluid flow, and were reactivated numerous times throughout the geologic evolution of 

the Carlin trend. Regional-scale structural features are characterized by primary 

north-northwest-striking, high-angle faults, with smaller northeast-striking faults that 

served as secondary conduits. High-grade ore and jasperoids are often found at the 

intersection of major northwest- and northeast-trending structures. In addition to 

faults, northwest-trending broad to moderate amplitude, anticlinal folds served as
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important traps for hydrothermal fluids on regional and deposit scales (Teal and 

Jackson, 2002). Cline et al. (2005) noted that the 330o-350° and 290o-310° trends of 

faults and folds, believed to have been established during early continental rifting, 

controlled the majority of Carlin-type deposits. The NNW strike of the Carlin trend 

is not defined by one regional fault, but rather by a series of en echelon and conjugate 

fault systems (McFarlane, 1991). Faults throughout many deposits on the trend show 

evidence for multiple stages of movement and reactivation, which provides testament 

to the long-lived tectonic activity of the region.
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CHAPTER 3

LITHOSTRATIGRAPHIC AND STRUCTURAL SETTING OF THE CHUKAR
FOOTWALL DEPOSIT

Along the Carlin trend, a thick sequence of Paleozoic carbonate platform 

rocks served as the principal host rocks for gold mineralization. These autochthonous 

rocks occur structurally beneath the overlying allochthonous eugeoclinal assemblage 

that was emplaced during Roberts Mountains thrusting. Over time, erosional 

windows have exposed these mineralized units. The Chukar Footwall deposit lies at 

the southern end of the Carlin window, which is a circular carbonate fenster roughly 2 

miles in diameter.

Stratigraphy

The stratigraphie column for the Maggie Creek district below the Roberts 

Mountains thrust consists in ascending order of the Hanson Creek, Roberts 

Mountains, Popovich, and Rodeo Creek formations (Fig. 4). Mineralization at the 

Chukar deposit occurred within the Silurian-Devonian Roberts Mountains Formation 

(SDrm) and the overlying Devonian Popovich Formation (Dp). A breccia zone 

occurs between these formations at Chukar and is referred to as the Contact Fault 

Zone (CFZ). It is a 10- to 50-foot thick silicified breccia containing up to 6-inch in 

diameter blocks of Roberts Mountains and Popovich formation in a quartz + calcite + 

barite matrix (Sagar, 2005). The breccia forms a sharp boundary between barren 

layers above and mineralized layers below. The breccia itself is generally poorly 

mineralized.
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Roberts Mountains Formation (SDrm)

The Roberts Mountains Formation is a Silurian-Devonian argillaceous to 

clean carbonate sequence that is the primary host rock for many deposits along the 

Carlin trend, including the Chukar deposit. It is a variably light to dark gray, planar- 

laminated silty limestone with interbedded calcarenite units and wispy laminations. 

Sedimentary features such as load casts, bioturbation, and diagenetic compaction 

structures can be seen throughout mine exposures and within core (Parraga, 2007) 

Within the Chukar deposit, the Roberts Mountains Formation is variably 

metamorphosed to a calc-silicate homfels, with more pervasive metamorphism 

occurring in the southwestern portion of the deposit.

Gold mineralization at Chukar is generally restricted to the silty limestones 

within the Roberts Mountains Formation, which have been subdivided into four 

lithologie units by Newmont geologists. Silurian-Devonian Roberts Mountains 1 

(SDrml) (Fig. 5A) is the uppermost unit within the Roberts Mountains Formation, 

and it is a planar laminated silty limestone with local calcarenite beds toward the base 

of the formation. The underlying Roberts Mountains 2 (Sdrm2) (Fig. 5B) unit is 

characterized by wispy, discontinuous laminations within the limestone. This wispy 

texture is interpreted to be the result of bioturbation and soft-sediment compaction 

that resulted in an increased permeability for later gold-bearing fluids (Teal and 

Jackson, 2002). Furley (2001) noted that the wispy textures in this unit are 

discontinuous, which reflects fluctuations in high and low rates of sedimentation. 

Roberts Mountains 3 (SDrmS) (Fig. 5C) is a planar laminated unit and is defined by 

abundant calcarenite horizons up to several inches in thickness. The basal Roberts

18



Contact Fault ZoneSDrm 3

Figure 5. Various lithologies from the Chukar Footwall deposit (Modified from Sagar, 2005). A) 
Silurian-Devonian Roberts Mountains 1 (SD rm l), a planar laminated silty limestone, B) Roberts 
Mountains 2 (SDrm2), silty limestone with wispy laminations, C) Roberts Mountains 3 (SDrm3), silty 
limestone with thick calcarenite beds, D) brecciated Contact Fault Zone with angular clasts o f Roberts 
Mountains and Popovich formations, and E) brecciated Magpie fault-vein with crystals o f stibnite.
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Mountains 4 (SDrm4) is also a planar laminated unit, but has only intermittent 

calcarenite horizons and locally contains 5% to 50% black chert in the bottom 130 

feet of the unit (Harlan et al, 2002).

All four of these units contain mineralized rock at Chukar, but grades and 

thickness are variable throughout the deposit. Gold grade commonly is highest at the 

boundaries between these units. The color of the Roberts Mountains Formation rocks 

ranges from very light gray to medium gray to almost black. This color range can be 

attributed to the amount of contained carbonaceous material (black), as well as the 

degree of contact metamorphism (light gray) and hydrothermal alteration (medium . 

gray).

Popovich Formation (Dp)

The Devonian Popovich Formation is a light to dark gray unit that overlies the 

Roberts Mountains Formation. At Chukar it locally contains minor amounts of gold 

mineralization. Throughout the Carlin trend, the Popovich Formation has diverse 

lithologies consisting of micrite, silty limestone, calcarenite, bioclastic limestone and 

debris-flow limestone (Harlan et al., 2002). Newmont geologists have subdivided the 

Popovich into three units, but only the basal unit (Dp3) is mineralized at Chukar. 

Within the deposit, the Popovich Formation is a thick, monotonous package of dark 

gray micrites associated with carbonaceous material, pyrite and intermittent calcite 

veining.

The Raven Dike

Small intrusions, which Newmont geologists believe are Jurassic in age 

(Sagar, pers. comm., 2007), are commonly seen in drill core and mine exposures at
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Chukar. The largest intrusion in the deposit is the lamprophyric Raven dike (Parraga, 

2007), which was emplaced along NW-NNW trending faults. U-Pb zircon data yields 

an age of 200.3+5.1 Ma (Early Jurassic) for the emplacement of the dike (Parraga, 

2007). The dike is locally mineralized (Sagar, pers. comm., 2007). It is completely 

altered to a green clay and is cut by late barite and fluorite veins. In thin section, it 

shows an advanced degree of hydrothermal alteration characterized by a quartz + 

kaolinite + sericite + pyrite assemblage (Parraga, 2007). Locally, the emplacement of 

the Raven Dike caused bleaching of the wallrocks and recrystallization of carbonates 

extending up to 3 feet from the dike margins (Parraga, 2007).

District and Deposit Structure

Structurally controlled deposits along the Carlin trend account for an 

estimated 45% of the total gold budget (Jory, 2002). Within the Maggie Creek 

district, three fault sets dominate the structural geology: 1) the northwest-striking 

Good Hope fault (Fig. 6); 2) northeast-striking cross faults such as the Gold Quarry 

fault system and Deep Sulfide Feeder fault zone at Gold Quarry (Fig. 6); and 3) a 

series of north- to northeast-striking, basin-bounding normal faults (Harlan et al., 

2002). The Good Hope fault is considered to be the most significant fault within the 

district as most of the metaliferous deposits are aligned along its strike.

Cole (1995) established a structural framework for the Maggie Creek district 

and recognized four major tectonic episodes. The earliest was east to west 

compression caused by the Antler Orogeny that formed the Roberts Mountains thrust 

in addition to district-scale north-trending folds. This was followed by north-
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northeast compression that formed the Good Hope reverse fault and the Chukar Gulch 

normal fault by flexural-fold faulting. Mid-Tertiary extension faulting followed, 

which produced a series of northeast- and northwest-trending normal faults. This 

event appears to be contemporaneous with hydrothermal alteration and gold 

mineralization. Finally, Basin and Range normal faulting occurred, which caused 

widespread reactivation of most preexisting faults.

Folds

Gold distribution throughout Chukar is strongly structurally controlled. On a 

deposit scale, moderate amplitude folds at Chukar played an important role as 

structural traps to hydrothermal fluids, similar to the Betze-Post deposit (Teal and 

Jackson, 2002). The primary macroscopic feature of the deposit is the Chukar 

anticline, which hosts high grade gold ore along its crest and southeast limb. The 

Chukar anticline is sub-parallel to the northeast-trending Chukar Gulch fault (Fig. 7). 

The anticline, which plunges to the southwest, runs the length of the deposit and is 

crosscut by a number of north-northeast-trending faults that host high-grade gold 

mineralization and probably served as feeder structures for the ore. Higher gold 

grades are often found at the intersections of these faults with the anticlinal crest. 

Small-scale northwest- and northeast-trending parasitic folds are common throughout 

the deposit, and they are important secondary structures that host pods of high-grade 

ore. Based on the NNE-orientation of the hinge line, the Chukar anticline in 

interpreted to have formed from east-west compression during either the Antler or 

Sonoma orogenies.
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Faults

The Chukar Gulch, Contact fault, Magpie fault-vein, and Grizzly fault are four 

main structures at Chukar, and they are moderately to steeply dipping NE-NNE-N- 

striking features (Fig. 7). Economic ore bodies show close associations with NNE- 

NE-striking structures in both the Chukar and Gold Quarry deposits. An additional 

set of NW-NNW-striking structures consist of the Pheasant, Antelope, Sagehen, 

Mallard, Crow and Snipe faults (Fig. 7). This latter set of faults is post-ore and offsets 

mineralization. Both sets of fault systems show evidence for multiple reactivations 

during the evolution of the deposit (Sagar, pers. comm., 2007). Numerous smaller 

faults and folds are also abundant, and they have an important secondary control on 

gold grade distribution. In general, underground observations suggest that 

displacement along faults is relatively small, tens of feet at most (Parraga, 2007).

Chukar Gulch Fault The Chukar deposit lies in the footwall of the 

Chukar Gulch fault, which strikes to the northeast and dips approximately 60°SE.

This fault bounds the deposit to the east and physically separates the underground 

Chukar operations from the adjacent Gold Quarry pit. It forms a breccia zone 

between the two deposits, and while it is not mineralized, the fault may have served 

as a primary conduit for hydrothermal fluids at Chukar (Parraga, 2007).

Contact Fault Zone The contact between the Roberts Mountains and 

overlying Popovich formations is characterized by a zone of breccia called the 

Contact Fault Zone (Fig. 5D). It is a matrix-supported breccia consisting of angular 

clasts of both the Roberts Mountains and Popovich formations that can be many
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inches in size in hand sample. The clasts are set in a matrix of quartz, calcite, and 

barite and there is a noticeable absence of carbonaceous material. This breccia 

displays intense fracturing, non-ferroan calcite (Parraga, 2007) and quartz veining, 

banded calcite, and calcite flooding. The Contact Fault Zone is present only along the 

crest and eastern limb of the Chukar anticline. The zone has little to no gold 

mineralization, but locally shows enrichments in base metals.

Parraga (2007) suggested that the Contact Fault Zone was developed due to 

rheological contrasts between the thinly-bedded silty limestones of the Roberts 

Mountains Formation and the massive micrites of the Popovich Formation. The zone 

appears to be a combination of dissolution collapse brecciation from 

decarbonatization and fault brecciation. Clasts of Roberts Mountains Formation are 

poorly sorted and have been highly decarbonatized. The fault breccias formed in 

northeast-striking normal faults due to volume loss in the limestones (Parraga, 2007). 

The intense calcite and silica flooding may have created an impermeable layer 

between the two stratigraphie units, which prevented upward movement of later 

auriferous fluids.

The Contact Fault Zone has additional features which are unusual to Carlin- 

type systems. In drill core and mine exposures there is evidence of banded, colloform 

calcite veins and bladed calcite, which are textures that appear to be much more like 

low sulfidation epithermal systems (White and Hedenquist, 1995; Hofstra, pers. 

comm., 2008). Fluid inclusions in quartz veins within the Contact Fault Zone were 

sent for microthermometry analyses, but results are still pending and the data were 

unable to be included in this study.
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Magpie Fault-Vein The Magpie fault-vein is a discontinuous stibnite 

± calcite ± barite fault-vein that is sub-parallel to the Chukar anticline. The fault 

appears to display an en echelon pattern with progressive stepovers to the west 

moving northward along strike. The Magpie is brecciated, commonly contains dark 

gray-green clay and gouge, and ranges from a couple of inches to over a foot thick. It 

has an average N35E strike and a steep dip between 80° and 90° SE. The presence of 

significant mineralized rock within and adjacent to the Magpie fault-vein suggests 

that it was a major feeder structure for mineralization. Mining operations are 

concentrated around areas where the Magpie intersects other structures such as the 

Chukar anticline.

The Magpie has produced consistently high gold grades throughout the mine 

(0.3+ oz/t Au); however, the halo of gold mineralization seems to be restricted to a 

small area surrounding the vein. In just tens of feet beyond the Magpie vein, altered, 

mineralized rocks turn to fresh, unmineralized rocks. Due to the importance of the 

Magpie vein as a high-grade gold feeder, samples were taken along a transect of the 

vein for geochemical and pétrographie analyses. This will be detailed further in 

Chapter 5. Large inch-sized, undeformed stibnite crystals can be found within the 

fault-vein, indicating their deposition after movement along the fault.

The Magpie and the Chukar Gulch faults could be related to the Gold Quarry 

fault system at depth. The Deep Sulfide Feeder fault zone within the adjacent Gold 

Quarry pit is a high-angle, weakly mineralized fault zone that may have formed the 

plumbing system for the overlying higher-grade Main and Deep West orebodies. It 

strikes N20-40°E, dips steeply to the east-southeast and has a normal offset that
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locally exceeds 400 feet (Harlan et al., 2002). The fault zone contains a discordant 

breccia with a matrix of quartz, calcite, clay, gouge and barite, and clasts of altered 

and unaltered limestones (Sha, 1993). Harlan et al. (2002) noted that the Deep 

Sulfide Feeder fault zone served as a primary conduit for upwelling mineralizing 

fluids, and consists of several fault splays that are discontinuous along both strike and 

dip. Because of the similar geometry and mineralogy, and overall proximity to this 

fault zone, the Magpie may be related to this system at depth

NNW-Striking Faults NW-NNW-striking faults (Pheasant,

Antelope, Sagehen, Mallard, Crow, Snipe) formed after the NE-NNE-striking faults, 

and they locally cross-cut and minimally offset the earlier structures (Fig. 7). These 

faults have moderate to steep dips to the northeast and southwest. Parraga (2007) 

described them as unhealed structures up to 6 feet wide, with clay, breccia, and 

friable gouge. Many of these structures have localized breccia zones that are 

decarbonatized and silicified. On the 4730 level, the Pheasant fault is associated with 

late-stage, coarse visible gold. Parraga (2007) attributed this anomalous gold 

occurrence to the circulation and mixing of meteoric and hydrothermal waters within 

the faults.

Grizzly Fault The north-trending Grizzly fault is a structure that is 

easily recognizable in underground exposures. This structure is the youngest fault in 

the deposit, and it is characterized by highly oxidized, orange-red alteration, with 

abundant clay and fault-gouge. Locally, the Grizzly can be tens of feet in thickness 

with oxidized, crumbly rock extending outward from both the hanging wall and
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footwall. It clearly served as a conduit for late meteoric water movement. The fault 

is not mineralized.
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CHAPTER 4

MINERALOGY AND ALTERATION ASSOCIATED WITH THE CHUKAR
FOOTWALL DEPOSIT

Sediment-hosted Carlin-type deposits are characterized by disseminated 

micron-sized particles of gold within arsenian pyrite and/or marcasite in unoxidized 

ore, or with iron oxides in oxidized ore (Harlan et al., 2002). Gold-bearing pyrite and 

marcasite occur as micron-sized, discrete grains or as narrow rims on earlier formed 

pyrite (Cline et al., 2005). Gold ore at Chukar is also predominately micron-sized 

“no see-um” gold. Micron-size gold at Chukar is associated with highly refractory, 

sooty arsenical pyrite. Brassy, euhedral pyrite is generally barren (Sagar, pers. 

comm., 2007). Unlike most Carlin-type deposits, at Chukar the North zone of the 

deposit also contains approximately 12% coarse, visible gold (Sagar, 2005). The 

presence of coarse gold appears to be unique to Chukar. Parraga (2007) attributed the 

presence of coarse gold to mixing of ascending hydrothermal fluids with high level 

oxidized meteoric fluids, which precipitated gold along bedding planes and fractures 

within the rocks.

Alteration Features

Harlan et al. (2002) described hydrothermal alteration features that are typical 

of Carlin-type deposits, from oldest to youngest, as décalcification, dolomitization, 

sericitization, silicification, argillization, sulfidation, alunitization, and supergene 

oxidation and weathering. Alteration assemblages within Chukar are dominated by 

strong décalcification, dolomitization and sulfidation, along with moderate
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argillization, silicification and late baritization. Early, pre-decalcification calc-silicate 

homfels is also a dominate alteration feature at Chukar, and is similar to homfels 

found at several other Carlin-type deposits that are in close proximity to intrusive 

stocks (e.g., Deep Post, Mike, Turf, Genesis). Supergene weathering effects are 

noticeably absent at Chukar, presumably due to its depth below the present ground 

surface. The spatial distribution of alteration features is largely controlled by a 

combination of structure, porosity and permeability of the host rocks, and primary 

mineralogy (Harlan et al., 2002).

Calc-Silicate Hornfels

Contact metamorphism has produced calc-silicate homfels within both the 

Roberts Mountains and Popovich formations. The metamorphism is most prominent 

toward the southwestern portions of the Chukar deposit. Contact metamorphism 

occurred early. Later décalcification and sulfide mineralization cross-cut and 

replaced homfels units. The homfels is easily recognized in hand sample by a 

bleaching of the rocks from a medium gray to a light greenish-gray.

The homfels mineral assemblage is composed of biotite/phlogopite ± 

clinopyroxene ± vesuvianite (idocrase) ± tremolite ± quartz ± calcite ± K-feldspar 

(Parraga, 2007). In mineralized zones at Chukar, these calc-silicate minerals are 

largely replaced by fine-grained phyllosilicates and clays. Detailed logging of 

variations in grain-size, mineral assemblages, and metamorphic grade has not been 

done at Chukar. However, such a study could help to vector towards the intrusive 

source responsible for the contact metamorphism. An aeromagnetic anomaly map 

(Fig. 8) created by Wright (1993) shows a large magnetic anomaly WSW of the
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Chukar deposit that could represent a buried intrusion. Einaudi et al. (1975) asserted 

that contact metamorphic aureoles may extend for many kilometers away from 

intrusive bodies in relatively deep settings. This anomaly could represent the 

intrusive center responsible for the contact metasomatism and base metal enrichments 

at Chukar.

Décalcification

Décalcification is perhaps the most important alteration feature associated 

with mineralization at Chukar and throughout the northeastern Nevada gold deposits. 

Carbonate dissolution of the host rocks increased porosity and permeability, and thus 

allowed gold-bearing fluids to more easily penetrate the rocks and precipitate ore. A 

study of the Roberts Mountains Formation at Gold Quarry by Sha (1993) revealed a 

significant volume loss (20-40%) due to décalcification. Stratigraphie volume loss 

from decarbonatization could have facilitated upward fault propagation, disrupted 

bedding, and enhanced permeability (Rota, 1991). Many deposits within the trend 

have ore within collapse breccias apparently formed by carbonate dissolution (e.g. 

Meikle, Storm, Deep Post) (Embso et al, 2003; Heitt et al., 2003). In addition, many 

deposits display distal calcite veins, which may reflect the fixation of previously 

dissolved carbonate. Such calcite fringe zones may provide valuable clues for 

exploration (Yigit et al., 2003).

There is extensive decarbonatization associated with faults, fault intersections, 

and bedding planes at Chukar, and where this exists, mineralization is typically the 

highest grade. Underground mapping at Chukar uses the reactivity of hydrochloric 

acid with carbonates as a primary key to target ore. The negative correlation between
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carbonate distribution and gold mineralization is well illustrated by the geochemical 

analyses performed as part of this study (Chapter 6). Calcite veins, stylolites and 

dissolution breccias are prominent features throughout the mine. Cross-cutting 

calcite veins can be up to a 3 feet wide and are usually concentrated within the 

hanging wall of structures and along bedding planes (Parraga, 2007). The Contact 

Fault Zone was most likely infilled with calcite from the mobilization and 

concentration of carbonate after décalcification of the silty limestones within the 

Roberts Mountains.

Silicification

Gold deposition in most Carlin trend deposits was accompanied by 

silicification. Replacement jasperoids and drusy quartz are spatially associated with 

ore at the district scale (Cline et al., 2005). While silicification is a prominent 

alteration feature at Chukar, highly silicified rocks are typically low-grade or barren. 

Quartz veins and silicified breccias are commonly seen in drill core and are 

frequently associated with late-stage calcite and barite mineralization (Fig. 9G). 

Silicification processes are volumetrically important toward the deeper levels of the 

mine, associated with the Contact Fault Zone and NE-striking structures (Parraga, 

2007).

Sulfidation

Various studies have shown that gold in Carlin trend deposits occurs as 

submicron particles within arsenian pyrite and marcasite (Wells and Mullens, 1973; 

Bakken et al., 1989; Sha, 1993; Hofstra, 1994; Emsbo, 1999; Simon et al, 1999). The
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widespread dissolution and silicification of ferroan carbonate minerals in Carlin-type 

systems are accompanied by the sulfidation of Fe released from these minerals and 

precipitation of disseminated, auriferous arsenian-pyrite and marcasite or arsenopyrite 

(Hofstra and Cline, 2000). Fluid inclusion studies by Kuehn (1989) estimated a 

temperature range for the formation of the Carlin deposit to be 180 to 245°C. In most 

deposits formed between 200 and 300°C, gold is most easily transported as a bisulfide 

complex (Romberger, 1988). Hofstra and Cline (2000) concluded that the driving 

mechanism for gold precipitation was the consumption of H2 S to form iron sulfides, 

leading to the inability for gold to remain with a bisulfide complex.

Argillization

Sericite, illite, dickite-kaolinite and montmorillonite are commonly found in 

Carlin systems and have been grouped into an argillization alteration event. Argillic 

alteration at Chukar is dominated by illite and sericite; however, it is usually difficult 

to detect in underground mapping. This alteration is mostly visible around structures, 

such as the Magpie fault-vein. Grizzly fault and Raven dike where it occurs as gray, 

red or green fine-grained masses in close proximity to the structure. Kuehn and Rose 

(1992) documented an alteration pattern at the Carlin gold deposit that is zoned from 

quartz + illite-sericite + pyrite in close proximity to hydrothermal fluid conduits, 

outward to quartz + dickite-kaolinite + pyrite. The presence of illite and lack of 

kaolinite at Chukar may be a function of extensive pH buffering by carbonate 

wallrocks (Johnston and Arehart, 2003).
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Ore Mineralogy

The mineral assemblages at Chukar are quite typical of Carlin-type deposits. 

Pyrite is the most common sulfide in the deposit, and locally accounts for nearly 4 

volume percent of the rock (Parraga, 2007). Pyrite is found in many forms at Chukar, 

which includes diagenetic early pyrite and ore-stage pyrite. Gold at Chukar is 

associated with sooty arsenical pyrite and marcasite (McComb, 2007). Work in this 

study demonstrated the presence of early diagenetic pyrite, framboidal pyrite (Fig, 

9A), skeletal pyrite along stylolites (Fig. 9B), and euhedral pyrite (Fig. 9C). 

Diagenetic zircons and apatite were also found in small abundances (-1%) 

throughout numerous thin sections occurring within unaltered silty carbonates of the 

Roberts Mountains Formation.

Base metal minerals such as sphalerite, galena and chalcôpyrite were 

identified in a number of thin sections, especially in samples near the Contact Fault 

Zone. Petrography of these samples shows sphalerite occurring as colloform masses 

(Fig. 10C, D), replacing early, subhedral pyrite and chalcopyrite (Fig. 10A, B), and 

with inclusions of arsenopyrite (Fig. 10E). Galena occurs as anhedral grains 

intergrown with chalcopyrite and replacing pyrite along fractures (Fig 10A, F). 

Arsenopyrite occurs as small rhombs within sphalerite (Fig. 10E), and tetrahedrite- 

tennantite is intergrown with sphalerite (Fig. 10F). Other sulfide minerals found from 

samples throughout the deposit include boulangerite (Pb^Sb^S^), millerite (NiS), 

bismuthinite (B i^ ) ,  sakharovaite ((Pb,Fe)(Bi,Sb)^), horobetsuite ((BhSb^Sg), 

chalcostibite (CuSbSz) and tungstenite (WS2 ) (McComb, 2007). While none of these
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Figure 10. Photomicrographs o f various sulfides within the Chukar deposit, all in cross-polarized 
light except C, which is in plane light. The photos show A) sphalerite replacing pyrite and pyrite 
intergrown with galena, B) sphalerite replacing chalcopyrite, C-D) colloform sphalerite with 
inclusions o f pyrite, E) arsenopyrite rhombs, F) galena replacing pyrite along fractures and 
intergrown with chalcopyrite, and G) and tetrahedrite-tennantite intergrown with sphalerite.
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minerals were found in thin sections prepared specifically for this study, they account 

for some of the enrichments in Ni, Bi and W seen at Chukar.

Following base metal precipitation, there was additional pyrite formation 

associated with a sulfidation event and the main gold mineralizing event. Pyrite 

grains with late-stage overgrowths were noted in this study (Fig. 9D). Scanning 

electron microscope (SEM) analyses of these pyrite rims showed no variations in 

elemental composition; however, arsenian rims have been detected in other studies at 

Chukar (McComb, 2007).

Stibnite is relatively abundant as a late-stage mineral, and thin sections reveal 

coarse-grained crystals that encapsulate quartz gangue and are replaced along 

fractures by pyrite (Fig. 9E, F). Stibnite commonly occurs as large, euhedral and 

subhedral crystals within the Magpie fault-vein and surrounding mineralized 

fractures. The crystals are largely undeformed and were precipitated after the gold 

mineralizing event.

Precipitation of barite also occurred late in the evolution of the Chukar 

deposit. Barite generally occurs as veins with silica infilling joints and fractures (Fig. 

9G). Most barite veins are barren of gold. However, massive to tabular barite is 

intergrown with late-stage, coarse visible gold in the North area of the deposit.

Late-stage orpiment and realgar are important arsenic minerals in other 

deposits (Deep Star, Jerrit Canyon), but are quite rare at Chukar. Parraga (2007) 

described one orpiment/realgar sample donated by Newmont geologists, and noted 

that the minerals occur as fine grains in veinlets within decarbonatized Roberts 

Mountains Formation.
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CHAPTER 5

MAGPIE ALTERATION AND GEOCHEMISTRY

The Magpie fault-vein is a high-grade ore feeder and an important structure 

for mining operations at Chukar. It is a brecciated fault-vein dominated by late-stage 

calcite + stibnite + barite that precipitated after main-stage gold mineralization. The 

Magpie is a steeply dipping structure and is one of a NNE-NE-trending set of faults 

that controls mineralization within the deposit. Because of the importance of the 

Magpie as a fluid conduit for gold, 12 rib samples were taken along a transect 

perpendicular to the structure to determine the geochemical signatures and alteration 

of the vein and of the surrounding wall rocks. Pulps of the 12 rib samples were 

analyzed for major, minor and trace elements at ALS Chemex laboratories in Elko, 

NV (Appendix A). Analytical methods consisted of fire assay for gold and an aqua 

regia digestion with an inductively coupled plasma mass spectrometry (ICP-MS) 

determination for all other elements. Additionally, polished thin sections were 

created to look at the mineralogy and associated alteration. This transect was chosen 

because of the good exposure of the vein and surrounding wall rock, and because of 

its close proximity to the Chukar anticline. Ultimately, the goal was to compare 

geochemical results from this constrained area to the deposit-scale results (Chapter 6).

Sampling and Results

The Magpie vein is well exposed on the 4170-560 drift of the Chukar mine, 

and a sample transect was undertaken perpendicular to the vein over a distance of 275 

feet. Rib samples across the Roberts Mountains Formation were taken starting from
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the high-grade vein and then moving outward to the northwest and southeast into less 

mineralized rocks with sub-economic gold grades (Figure 11). One sample was taken 

from the vein and two samples were taken at 10 foot intervals on either side of the 

vein. A further 8 samples were taken at 25 foot intervals moving outward from the 

vein, with one additional sample taken at 175 feet to the southeast of the vein near an 

exposure of the Contact Fault Zone.

Geochemical scatterplots were created to analyze lateral geochemical 

variations around the Magpie fault-vein (Fig. 12, Appendix B). Compared to the 

surrounding wall rocks, the Magpie shows strong enrichment in gold as well as Ag, 

As, Bi, Cu, Cr, Fe, Hg, La, Re, S, Sb, Se, and Tl, and moderate enrichment in Pb and

-25-100 -75 -50 -10 100

NW SE,

Figure 11. Schematic diagram looking northeast o f sampling taken along a transect across the 
Magpie fault-vein on the 4170-560 level. 12 total samples were taken of the vein at 10- and 25- 
foot intervals away from the vein. A sample taken at 175 feet to the southeast is not shown due 
to space.
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Te. Conversely, it shows strong depletion in Al, Ba, Be, Ca, Ce, Co, In, Hf, K, Li, 

Mn, Mg, Ni, Sc, Sr, Th, V, W, Y, and Zr, and erratic correlations among Cd, Cs, Ga, 

Mo, P, Rb, Sn, U, and Zn.

A number of elements that statistically and spatially correlate with gold (As, 

Sb, Tl) show a strong enrichment within the vein and then sharply drop off away from 

the structure. This enrichment in gold and As, Sb, and Tl is mirrored by depletion of 

Ca and Mg related to strong decarbonatization. There is one point of deviation from 

this pattern at 10 feet to the southeast of the vein. This is presumed to be due to 

sampling or analytical error. Additionally, there is a spike at 75 feet to the southeast 

within a bedding-plane shear that may have concentrated metals.

Mineralization at Chukar displays sharp boundaries that facilitate the 

recognition between ore and waste by mine geologists (Sagar, pers. comm., 2007).

The apparent drop-off in mineralization just tens of feet beyond the vein is a unique 

characteristic of the Chukar deposit. Many other deposits along the Carlin trend have 

mineralized halos that extend laterally and vertically for hundreds of feet (Cline et al., 

2005).

There is a distinct spike in the abundances of Ag, Cd, Cu, and Zn to the 

southeast away from the vein (as well as Be, Hf, In, Mn, Te, V, Y, and W). These 

base metals clearly display a different spatial pattern of enrichment relative to gold 

and at least a portion of the typical “Carlin-suite” of trace elements. The notable 

increase in the base metal elements away from the vein may be attributed to the 

proximity of the Contact Fault Zone. The Contact Fault Zone is exposed at the 

southern end of the 4170-560 drift near the samples taken at 100 and 175 feet.
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A high correlation (r = 0.97) exists between Au and As within these samples, 

and the scatterplots of these two elements closely mimic one another. This is an 

aberration as compared to the correlation on a deposit scale (r = 0.36). This may be 

due to the fact that the samples here are concentrated within a small area and don’t 

necessarily reflect the halo of arsenic that is present at the deposit-scale. There is also 

an approximately 2-fold decrease in the ratio of gold/silver within the vein as 

compared to the deposit. This may be a statistical relict from the lower number of 

samples taken along this transect, or may indicate that silver was in higher abundance 

in the fluids that passed through the Magpie.

There is a large spike in Sb, which is due to the presence of large undeformed 

stibnite crystals, a signature trait of the Magpie. There is also a spike in both iron and 

sulfur reflecting ore-stage pyrite enrichment. Decarbonatization, associated with 

decreases in Ca and Mg, is tightly controlled by the Magpie, and these elements show 

increases in just tens of feet beyond the structure.

Pétrographie analysis of samples from around the Magpie vein demonstrates 

spatial mineralogical changes related to hydrothermal alteration. The amount of 

illite-sericite increases toward the northwest of the vein, reflected by the increase in 

Al and K on this side of the structure. The presence of disseminated pyrite 

diminishes away from the vein, observed in the decrease in iron and sulfur. Organic 

material is much more prevalent on the southeastern side of the vein. In these 

samples, fine-grained organics are disseminated within the host rocks along with 

carbonaceous stylolites. Silica was not assayed along this transect; however,
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silicification is prevalent outward from the vein, with the highest concentration 

occurring in the surrounding 75 feet.

Overall, the Magpie fault-vein served as a high-grade gold feeder structure 

and shows distinct geochemical and alteration effects related to that event. 

Mineralization was tightly controlled around the Magpie, and decarbonatization, 

silicification, argillization effects are zoned around the structure. From the 

distribution of major, minor and trace elements within the vein and surrounding 

rocks, a simple paragenesis can be established. It appears there was an early base 

metal event that mineralized rocks to the southeast of the structure. This 

mineralization may be related to the Contact Fault Zone. Decarbonatization and 

Carlin-style mineralization occurred within the fault-vein, and this event was tightly 

controlled by the structure. Finally, late-stage stibnite was deposited within the fault- 

vein after movement along the structure.
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CHAPTER 6

LITHOGEOCHEMICAL STATISTICS AND ANALYSIS

The geochemical signatures of mineralized rocks along the Carlin trend are 

characterized by a suite of pathfinder elements including arsenic, antimony, mercury, 

and thallium. Some Carlin systems contain additional anomalous zones of silver, 

bismuth, tungsten and the base metals copper, zinc and lead. These elements were 

added to the rocks during periods of hydrothermal alteration, while carbonate, 

calcium, magnesium and sodium were generally removed. Aluminum, titanium, 

thorium and zirconium are typically immobile elements in these systems (Hofstra and 

Cline, 2000). This project examined a robust lithogeochemical database to refine the 

geochemical signatures of the Chukar deposit.

Methodology

In order to understand the geochemical and geological processes that occurred 

throughout the evolution of the Chukar deposit, a combination of physical sampling, 

chemical analysis and statistical analysis was employed. Vulcan modeling software 

was subsequently applied to the data to illustrate the spatial distribution and zoning of 

geochemical elements.

Physical Sampling and Chemical Analysis

2,366 lithogeochemical samples from 37 drill holes within the Chukar deposit 

were analyzed with STATISTIC A™ software (2005). Of 51 possible elements, the 

46 major, minor and trace elements used for statistical analysis included Ag, Al, As,
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Au, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Hf, Hg, In, K, La, Li, Mg, Mn, 

Mo, Na, Ni, P, Pb, Rb, Re, S, Sb, Se, Se, Sn, Sr, Te, Th, Tl, U, V, W, Y, Zn and Zr. 

Boron, Ge, Nb, Ta, and Ti consistently had assay values below the lower detection 

limit and were therefore omitted from the data set. All of the elemental data were 

analyzed on 10- or 20-foot composite intervals except gold, which was analyzed on 5- 

foot composite intervals. To make accurate statistical comparisons among gold 

values and the other elements, gold data were averaged over the 10- and 20-foot 

intervals. Assays with values that were below the detection limit were assigned a 

value of one half the lowest detection limit. Assays above the detection limit were . 

capped at the upper limit (Appendix A).

All rock samples were sent to the ALS Chemex laboratories in Elko, Nevada. 

Gold was assayed using a fire assay method at 5-foot core intervals. The upper and 

lower detection limits for gold were 0.000loz/ton and 0.292 oz/ton. Samples with 

gold values above the upper detection limit were re-assayed using fire assay with a 

gravimetric finish. 50-element lithogeochemistry analyses were performed at 10 and 

20-foot composite intervals. An aqua regia digestion was utilized with determination 

by inductively couple plasma mass spectrometry (ICPMS) for the 50 elements. To 

increase quality assurance and quality control, Newmont geologists inserted known 

standards with the samples. If the assay results of the known standards did not fall 

within defined acceptable limits of ± 5%, the samples were re-assayed and compared 

again. After the re-assay of some intervals, all data passed this quality control 

procedure.
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Data Analysis

Harris and Radtke (1976) produced a statistical geochemical analysis of the 

Carlin gold deposit utilizing linear functions rather than log-transformed equivalents. 

They found that while the use of logarithms produced more dramatic correlations, the 

overall magnitude and breadth of these correlations were not significant enough to 

affect their conclusions about geochemical associations. This project took a similar 

approach, and also found that the use of log-transformed (base 10) equivalents did not 

significantly affect the overall outcome of the geochemical relationships. In addition, 

using logarithms obscured the identification of different populations within the data. 

The only elements that showed significant discrepancies between linear and log- 

transformed data were Sb and W. With respect to gold, Sb and W had correlation r- 

values of 0.20 and 0.25 respectively using linear functions. However, with log 

transformation Sb and W had more significant r-values of 0.53 and 0.60.

Basic Statistics Basic statistics of the 2,366 samples, which include 

the mean, median, minimum, maximum and standard deviation were computed using 

STATISTIC A™ (2005) (Table 1). Outlier data were removed in these calculations, 

which only significantly affected the maximum values and lowered the standard 

deviation for each element. A comparison was made between mean values of 

selected elements in Chukar carbonate rocks with selected average abundance values 

for these elements in fresh carbonate rocks from data compiled by Radtke et al. 

(1972), Levinson (1974), and Rose et al., (1979).
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Table 1. Basic statistics for 46 lithogeochemical elements from the Chukar Footwall deposit, 
n = 2,366. Au is reported in oz/t. All other elements are in ppm except for Al, Ca, Fe, K,
Mg, Na and S, which are reported in weight percent. (The mean data values from Chukar are 
compared to mean values of fresh carbonates from combined data o f Radtke et al. (1972), 
Levinson (1974) and Rose et al. (1979). n/a = not available)

Elem Mean Median Min Max Std. Dev. Fresh Carb. Enrich.

Ag 0.69 0.32 0.02000 1120 1.17 0.1000 6.94
Al 0.43 0.31 0.06000 2.52 0.39 1.0000 043
As 531.56 298.00 1.00000 4,030.00 664.44 2.5000 212.63
Au 0.06 0.02 0.00005 0.58 0.09 0.0001 592.87
Ba 171.65 110.00 5.00000 1,630.00 194.46 100.0000 1.72
Be 0.46 0.38 0.02500 1.78 0.27 n/a n/a
Bi 10.79 0.56 0.00500 566.00 50.04 0.1500 71.95
Ca 11.24 10.00 0.09000 25.00 6.73 22.9000 0 4 9
Cd 1.17 0.33 0.00500 3540 3.66 0.1000 11.65
Ce 14.88 12.88 1.56000 59.30 9.91 10.0000 1.49
Co 41.91 4.20 0.70000 2240 2.86 0.1000 49.15
Cr 15.04 1200 1.00000 64.00 8.85 10.0000 1.50
Cs 2.33 2.08 0.29000 8.84 1.24 n/a n/a
Cu 39.45 15.60 1.40000 666.00 86.00 15.0000 2.63
Fe 1.33 1.11 0.17000 849 0.99 0.6000 2.22
Ga 1.22 0.85 0.02500 7.69 1.22 5.0000 0.24
Hf 0.08 0.07 0.01000 0.23 0.03 n/a n/a
Hg 2.07 0.89 0.00500 27.60 3.36 0.0500 41.35
In 0.25 0.06 0.00500 6.11 0.60 n/a n/a
K 0.19 0.15 0.02000 1.39 0.18 0.2700 0.71
La 7.78 640 0.40000 29.90 6.03 n/a n/a
Li 4.17 1.30 0.10000 5690 7.76 5.0000 0.83

Mg 3.07 3.00 0.03000 8?2 1.65 3.6000 0.85
Mn 703.43 494.50 6.00000 4,470.00 636.15 1,100.0000 0.64
Mo 8.97 5.23 0.40000 54.30 9.86 1.0000 8.97
Na 0.01 0.01 0.00500 0.04 0.01 0.0200 0.64
Ni 27.75 21.40 0.10000 100.60 1848 12.0000 2.31
P 382.24 240.00 40.00000 3,320.00 466.50 n/a n/a

Pb 42.90 10.10 1.30000 1,467.00 144.30 5.0000 8.58
Rb 11.18 8.50 1.20000 68.10 9.50 n/a n/a
Re 0.02 0.01 0.00050 0.17 0.02 n/a n/a
S 1.23 1.02 0.00500 6.83 0.99 0 1300 9.48

Sb 60.48 18.30 0.42000 1,710.00 169.25 0.8000 75 60
Sc 4.22 4.10 0.30000 12.10 1.81 n/a n/a
Se 1.90 1.20 0.10000 39.80 2.65 0.0800 23.79
Sn 1.99 0.60 0.10000 31.50 3.52 n/a n/a
Sr 90.59 65.20 4.60000 391.00 73.95 500.0000 0.18
Te 0.17 0.05 0.00500 7.77 0 4 8 n/a n/a
Th 2.73 2.50 0.40000 8.30 1.25 n/a n/a
Tl 4.67 1.65 0.05000 52.90 7.08 n/a n/a
U 3.23 2.36 0.22000 15.85 2.77 2.0000 1.61
V 47.17 36.00 4.00000 275.00 37.00 15.0000 3 4 4
w 4.78 1.39 0.02500 68.80 9.67 0.5000 9.57
Y 1243 11.75 1.84000 30.00 4 80 4.0000 3.11
Zn 135.84 64.00 6.00000 2,205.00 249.49 25.0000 543
Zr 2.66 240 0.25000 9.80 1.32 19.0000 0.14
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Table 1. Basic statistics for 46 lithogeochemical elements from the Chukar Footwall deposit, 
n = 2,366. Au is reported in oz/t. All other elements are in ppm except for Al, Ca, Fe, K,
Mg, Na and S, which are reported in weight percent. (The mean data values from Chukar are 
compared to mean values o f fresh carbonates from combined data of Radtke et al. (1972), 
Levinson (1974) and Rose et al. (1979). n/a = not available)

Elem Mean Median Min Max Std. Dev. Fresh Carb. Enrich.

Ag 0.69 0.32 0.02000 11.20 1.17 0.1000 6.94
Al 0.43 0.31 0.06000 2.52 0.39 1.0000 0.43
As 531.56 298.00 1.00000 4,030.00 664.44 2.5000 212.63
Au 0.06 0.02 0.00005 0.58 0.09 0.0001 592.87
Ba 171.65 110.00 5.00000 1,630.00 194.46 100.0000 1.72
Be 0.46 0.38 0.02500 1.78 0.27 n/a n/a
Bi 10.79 0.56 0.00500 566.00 50.04 0.1500 71.95
Ca 11.24 10.00 0.09000 25.00 6.73 22.9000 0.49
Cd 1.17 0.33 0.00500 35.40 3.66 0.1000 11.65
Ce 14.88 12.88 1.56000 59.30 9.91 10.0000 1.49
Co 4.91 4.20 0.70000 22.40 2.86 0.1000 49.15
Cr 15.04 12.00 1.00000 64.00 8.85 10.0000 1.50
Cs 2.33 2.08 0.29000 8.84 1.24 n/a n/a
Cu 39.45 15.60 1.40000 666.00 86.00 15.0000 2.63
Fe 1.33 1.11 0.17000 8.49 0.99 0.6000 2.22
Ga 1.22 0.85 0.02500 7.69 1.22 5.0000 0.24
Hf 0.08 0.07 0.01000 0.23 0.03 n/a n/a
Hg 2.07 0 8 9 0.00500 27.60 3.36 0.0500 41.35
In 0.25 0.06 0.00500 6.11 0.60 n/a n/a
K 0.19 0.15 0.02000 1.39 0.18 0.2700 0.71
La 7.78 6.10 0.40000 29.90 6.03 n/a n/a
Li 4.17 1.30 0.10000 56.90 7.76 5.0000 0.83

Mg 3.07 3.00 0.03000 8.22 1.65 3.6000 0.85
Mn 703.43 494.50 6.00000 4,470.00 636.15 1,100.0000 0.64
Mo 8.97 5.23 0.40000 54.30 9.86 1.0000 8.97
Na 0.01 0.01 0.00500 0.04 0.01 0.0200 0.64
Ni 27.75 21.40 0.10000 100.60 18.48 12.0000 2.31
P 382.24 240.00 40.00000 3,320.00 466.50 n/a n/a

Pb 42.90 10.10 1.30000 1,467.00 144.30 5.0000 8.58
Rb 11.18 8.50 1.20000 68.10 9.50 n/a n/a
Re 0.02 0.01 0.00050 0.17 0.02 n/a n/a
S 1.23 1.02 0.00500 6.83 0.99 0.1300 9.48

Sb 60.48 18.30 0.42000 1,710.00 169.25 0.8000 75.60
Sc 4.22 4.10 0.30000 12.10 1.81 n/a n/a
Se 1.90 1.20 0.10000 39.80 2.65 0.0800 23.79
Sn 1.99 0.60 0.10000 31.50 3.52 n/a n/a
Sr 90.59 65.20 4.60000 391.00 73.95 500.0000 0.18
Te 0.17 0.05 0.00500 7.77 0.48 n/a n/a
Th 2.73 2.50 0.40000 8.30 1.25 n/a n/a
Tl 4.67 1.65 0.05000 52.90 7.08 n/a n/a
U 3.23 2.36 0.22000 15.85 2.77 2.0000 1.61
V 47.17 36.00 4.00000 275.00 37.00 15.0000 3.14
w 4.78 1.39 0.02500 68.80 9.67 0.5000 9.57
Y 12.43 11.75 1.84000 30.00 4.80 4.0000 3.11
Zn 135.84 64.00 6.00000 2,205.00 249.49 25.0000 5.43
Zr 2.66 2.40 0.25000 980 1.32 19.0000 0.14
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Probability plots were created for the 46 elements using a normal distribution 

(Appendix. B). Normal distribution plots were used to most accurately identify 

population variations within the deposit. Histograms were also produced for 

identification of different elemental populations at the Chukar deposit (Appendix. B). 

Highly anomalous data, however, skew the histograms and overall variance of the 

populations. In order to minimize the effects of outlier data, approximately 1.5% of 

the anomalous samples for the entire population were captured by assigning them 

synthetic values near the upper range of the regular distribution. By reducing the 

outlier data, one can obtain a more accurate representation of the variability and 

correlation among the data.

After a review of the probability plots and histograms of the data without 

outliers, 5 populations were chosen for each element. The populations were separated 

into the following categories: background levels, slightly enriched, moderately 

enriched, anomalous, and highly anomalous. These categories were then input as 

enrichment intervals into Vulcan(R) modeling software to highlight areas of elemental 

concentration. This process is discussed in further detail in this chapter.

Correlation Analysis A correlation matrix of the data was created in 

order to see geochemical associations among elements (Table 2). The relationship 

between any two geochemical elements is expressed by a correlation coefficient (r). 

This coefficient ranges from -1, a perfect negative correlation, through 0, no 

correlation, t o i ,  a perfect positive correlation. STATISTIC A™ uses a Pearson 

product-moment correlation method when determining correlation coefficients. This 

method finds the best fit regression line that minimizes the sum of the squared
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distances of all data points to the line. All positive r-values > 0.60 and negative 

values < -0.30 have been highlighted in the matrix.

Factor Analysis Factor analysis of data has broad-based statistical 

applications, and is often used in the geosciences as a tool for geochemical 

exploration. For a given set of inter-correlated data, such as multi-element 

lithogeochemical data, factor analysis is a multivariate statistical technique that 

reduces the complexity of the data by accounting for the observed correlations 

among the variables in terms of the fewest possible number of underlying factors 

(Levinson, 1974). In addition, factor analysis classifies the variables by determining 

the underlying structure between their relationships. Because of the multifaceted 

and robust nature of water, soil, and lithogeochemical data sets used in exploration, 

factor analysis is a perfect means of analyzing, combining and reducing the variables 

within large data sets. For instance, Luddington et al. (2006) produced a 

comprehensive regional surficial geochemistry analysis of the northern Great Basin 

using a factor analysis method for data with over 10,000 samples.

Related elemental suites are typical of gold deposits throughout the Carlin 

trend. The most common geochemical associations on the Carlin trend based on 

multivariate statistics are a gold suite (Au, As, Sb, Tl and Hg) and a base metal suite 

(Zn, Cd, Pb, Ag and Cu) (Craig and Wakefield, 1991). The gold suite represents 

Eocene-age Carlin-type mineralization. The base metal suite is most likely related to 

Jurassic-Cretaceous intrusive activity, as well as Tertiary mineralizing events (Craig 

and Wakefield, 1991). By combining elements into groups that show close 

correlations, it is easier to separate and determine different geological and
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geochemical processes that occur within deposits. In order to determine the 

correlation among variables within the data set of 2,366 samples gathered at the 

Chukar Footwall deposit, this project used a factor analysis approach to analyze the 

lithogeochemical data.

When STATISTICA™ was used to analyze the data using factor analysis, the 

program created a table of factors or principal components of related elements that 

accounted for geochemical variance within the Chukar deposit (Table 3). The 

relationships among variables are expressed as factor loadings, which detail the 

contribution of each variable to the newly created factor (Rose et al., 1979). The 

factors are mathematical concepts that combine commonality within the observed 

variables, which in this case are lithogeochemical assay data. Each factor may 

represent a geochemical component or geologic process in the original data set such 

as hydrothermal alteration, host rock lithology or weathering.

To produce the factor loadings, STATISTICA™ was set to use a varimax 

(variance maximized) rotation, which aims at maximizing the variance of the new 

factor in space. The factors are considered to be independent variables, and each 

successive factor is defined to maximize the remaining variability not expressed by 

the preceding factor. In this study, the data were reduced to 8 factors that explain 

approximately 75% of the geochemical variation within the deposit. The additional 

factors, which account for the remaining 25% of variation, did not provide further 

insight into any geochemical or geologic processes occurring at Chukar. Similar to 

the correlation matrix, values near 1 and -1 represent strong positive and negative
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Table 3. Factor loadings for 2,366 data samples from the Chukar Footwall deposit. Factor 
loadings were created using a principal components method that was varimax rotated. The 8 
factors account for 75% of the variation in the deposit. All r-values > 0.60 and < -0.30 have 
been highlighted in red. Every five lines are also highlighted to ease viewing. Factor 4 
represents the Carlin suite o f elements, and illustrates the positive correlation among Au, Tl and 
Hg and negative correlation with the dolomitic host rocks at Chukar.

Elem Fact. 1 Fact. 2 Fact. 3 Fact. 4 Fact. 5 Fact. 6 Fact. 7 Fact. 8

Ag -0.093 0.657 0.101 0.020 0.446 0.067 0.050 -0.155
Al 0.941 -0.051 0.011 -0.061 -0.028 -0.088 0.046 0.154
As -0.108 0.045 0.105 0.516 0.360 -0.007 -0.008 0.055
Au -0.083 -0.030 -0.007 0.858 0.017 0.166 -0.029 -0.166
Ba -0.108 -0.056 -0.079 -0.220 -0.209 0.019 -0.650 -0.065
Be 0.476 -0.019 0.009 -0.240 -0.067 0.002 -0.638 0.130
Bi -0.054 0.026 0.070 0.053 0.699 -0.108 -0.069 -0.043
Ca 0.091 -0.088 -0.065 -0.271 -0.120 -0.770 0.052 0.344
Cd -0.021 0.951 0.056 0.033 0.127 0.012 0.039 -0.023
Ce 0.356 -0.072 -0.072 -0.122 -0.051 -0.142 0.010 0.862
Co 0.196 -0.098 0.008 0.093 0.470 0.346 0.303 0.216
Cr 0.595 -0.007 0.109 -0.047 -0.049 0.013 0.041 0.090
Cs 0.763 -0.089 -0.093 0.091 -0.047 0.011 -0.056 0.319
Cu -0.020 0.126 0.030 0.021 0.865 0.050 0.047 -0.044
Fe 0.097 0.117 -0.009 0.127 0.807 0.278 0.055 0.048
Ga 0.933 0.055 0.039 -0.122 0.018 -0.081 -0.001 0.153
Hf 0.224 0.082 0.743 -0.016 0.059 0.042 -0.090 -0.005
Hg -0.105 0.359 0.030 0.714 0.312 0.065 0.065 0.061
In -0.034 0.365 0.077 0.009 0.766 -0.035 -0.024 -0.042
K 0.933 -0.038 0.084 -0.055 -0.019 -0.094 0.034 0.046
La 0.338 -0.076 0.008 -0.164 -0.097 -0.200 -0.008 0.827
Li 0.845 -0.024 -0.010 -0.091 -0.023 -0.144 0.018 0.154

Mg 0.179 0.001 0.248 -0.377 -0.018 -0.330 0.188 -0.164
Mn -0.208 0.260 0.207 0.082 0.279 -0.350 -0.058 -0.141
Mo -0.114 0.049 0.849 0.018 0.170 -0.003 0.072 -0.044
Na 0.148 -0.038 -0.044 -0.017 0.032 -0.615 0.017 -0.023
Ni 0.072 0.036 0.805 0.009 0.166 0.197 -0.028 0.113
P 0.167 0.035 0.297 -0.021 0.060 -0.054 -0.048 0.155

Pb -0.026 0.902 0.024 0.035 0.236 0.017 0.009 -0.029
Rb 0.899 -0.018 0.158 -0.076 -0.009 -0.079 0.002 0.096
Re -0.068 0.131 0.635 0.022 -0.127 0.145 0.259 -0.056
S -0.019 0.184 0.031 0.205 0.749 0.212 0.270 0.064

Sb -0.051 0.113 -0.001 0.282 0.162 0.056 -0.186 -0.181
Sc 0.154 -0.047 0.011 -0.166 0.017 -0.108 -0.004 0.198
Se 0.000 0.245 0.192 0.004 0.472 -0.039 0.068 0.012
Sn -0.001 0.592 0.130 0.150 0.623 0.013 -0.031 0.020
Sr 0.177 -0.072 -0.038 -0.304 -0.131 -0.691 0.079 0.251
Te -0.078 0.210 0.118 0.078 0.764 -0.079 -0.063 -0.067
Th 0.431 -0.029 -0.034 0.043 0.120 0.030 -0.014 0.685
Tl -0.061 -0.057 -0.008 0.916 -0.006 0.144 0.121 -0.065
U -0.035 0.000 0.851 0.031 0.107 -0.176 0.046 0.073
V 0.282 0.047 0.681 -0.094 0.014 -0.342 -0.099 -0.113
W -0.073 0.028 0.036 0.298 0.119 0.088 -0.768 0.018
Y 0.215 -0.024 0.259 -0.054 -0.087 -0.451 -0.011 0.521

Zn -0.012 0.923 0.108 0.036 0.162 0.076 -0.040 -0.038
Zr 0.068 0.079 0.815 0.036 0.053 0.123 -0.113 -0.058
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correlations with the specific factor. Values near 0 reflect no correlation to the factor. 

Elements with loading values > 0.6 and < -0.6 have been highlighted in Table 3.

Spatial Analysis - Vulcan(R) In order to understand hydrothermal 

fluid migration in relation to lithology and structure, Vulcan(R) software was utilized 

to create 3-dimensional geochemical models of the Chukar deposit. A robust data 

set of gold assays and lithogeochemical assays was compiled and analyzed with the 

software. 41 drillholes containing 2,582 samples of 45 major, minor, and trace 

geochemical elements were input into the program. The samples were taken on 10 

and 20 foot composite intervals for the following elements: Ag, As, Sb, Hg, Tl, Cu, 

Pb, Zn, Mo, Ba, Bi, Cd, Ni, Se, Te, W, Cr, Co, S, Fe, Mg, Mn, P, Sr, U, V, Ce, Cs, 

Re, Rb, Be, Ga, La, Sc, Al, Ca, K, Na, Hf, In, Li, Sn, Th, Y, and Zr. Data from 40 

drillholes containing 6,136 samples of 5-foot gold composites were also input into 

the program. An inverse-square distance method was used to statistically analyze 

the data points. The dimensions of the block search radius were 150'xl00'x25'. 

Grade intervals for each element were determined by identifying different 

populations through the use of probability plots and histograms. Intervals were 

divided into: background levels, slightly enriched, moderately enriched, anomalous, 

and highly anomalous.

Data Analysis Results 

Basic Statistics and Correlation Analysis

The basic statistics table (Table 1) shows the comparison between the mean 

values of selected elements in Chukar carbonate rocks with selected average
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abundance values for these elements in fresh carbonate rocks. The mean values at 

Chukar are significantly higher for most of the major, minor and trace elements, 

which is consistent with the interpretation of an enrichment and concentration of 

metals in the Roberts Mountain and Popovich formations during hydrothermal 

alteration. Specifically, the data show a strong enrichment in the following elements: 

Ag, As, Au, Bi, Cd, Co, Cu, Fe, Hg, Mo, Ni, Pb, S, Sb, Se, V, W, Y, and Zn, and to a 

lesser extent, Ba, Ce, Cr, and U. Additionally, the elements Ca, Mg and Sr show a 

decrease in average abundance, which can be attributed to decarbonatization as fluids 

interacted with the wall rocks.

Nearly all of the probability plots and histograms in Appendix B show 

variance from a normal distribution except for calcium and magnesium. Because the 

host rock lithologies at Chukar are dolomitic limestones, calcium and magnesium 

should display a normal distribution throughout the deposit. The deviation of most 

elements from a normal distribution may suggest enrichment of these elements in 

areas amenable to the introduction of hydrothermal fluids.

The correlation matrix (Table 2) highlights all the possible correlative 

relationships among the 46 elements. Gold correlates most highly with Tl (r = 0.82), 

and to a lesser extent with Hg and As (r = 0.54 and 0.36 respectively). With log- 

transformed data, Au also shows stronger correlations with Sb and W (r = 0.53 and 

0.60). Antimony generally has a better correlation with gold in Carlin systems than in 

these data; however, the post-ore nature of stibnite at Chukar might explain the low 

correlation seen here. The correlation of Au with W is unexplained. This suite of 

elemental data is common to Carlin-type systems; nevertheless the literature doesn’t
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usually give Tl such high importance with respect to gold. Craig and Wakefield 

(1991) asserted that As and Sb usually have a broader spatial intensity and stronger 

correlation with Au than Hg and Tl, yet this is clearly not the case at Chukar. 

Thallium appears to be the best indication for gold mineralization and could 

potentially be used as an exploration tool for further extensions of the deposit. Gold 

also shows moderately strong negative correlations with Ca, Mg and Sr. This is no 

surprise as decarbonatization is one of the best indicators for ore at Chukar (Sagar, 

pers. comm., 2007). In addition to the Carlin suite, a base metal suite consisting of 

Zn, Cd, Pb, Ag, and Sn shows strong correlations with one another. This is seen on 

the deposit scale and locally outward from the Magpie fault-vein (Chapter 5).

Factor Analysis

The 8 statistically independent factors (Table 3) created by STATISTICA™ 

are good indicators for different processes and mineralizing events that occurred 

within the Chukar deposit. However, these factors do not necessarily indicate which 

process or event is the most important in terms of geological significance. Although 

the proportion of variance given by the factor analysis indicates that Factor 1 explains 

the greatest amount of variance within the data set, the algebra that creates the factors 

assumes that each variable has the same weight (Sha, 1993). This, however, is not 

necessarily true in geologic systems, and the factors in this analysis should not be 

interpreted as having decreasing geologic and geochemical importance. For example, 

while the Carlin suite is represented by the fourth factor, it is the most important 

factor in this analysis of gold mineralization.
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Factor 1 has strong positive correlations among Al, K, Ga, Rb, Li and Cs, and 

may be related to clay alteration minerals such as kaolinite and illite. Theodore et al. 

(2003) produced a similar factor with stream-sediment data from the northernmost 

Carlin trend. In their study, the authors found a correlation among Li, Sc, Al, Ga and 

Mg and attributed the correlation of elements to the abundance of clays. While there 

is some argillaceous alteration at Chukar, the elements in Factor 1 show depletions in 

abundance compared to fresh carbonates. Therefore, this factor may also represent Al 

and K associated with detrital silicates in the original host rocks that were removed 

during decarbonatization. Alternatively, these elements are not 100% amenable to 

aqua regia digestion, which also may be reflected in the assay data. This notion is 

reinforced by the fact that Al is typically immobile in these systems, yet shows 

depletion at Chukar.

Factor 2 has strong positive correlations among Cd, Zn, Pb, and Ag. With the 

exception of Cu, this suite of base metals is common throughout the trend (Craig and 

Wakefield, 1991), and Chukar shows strong enrichment of these metals in specific 

areas of the deposit. The base metal event is an early, pre-Carlin gold event. While 

there is not enough base metal enrichment at Chukar to be economic, this mineralized 

suite may be an expression of the same system that produced economic grades of Cu 

and Zn at the nearby Mike Deposit. However, it is more likely a result of the early 

homfels event.

Factor 3 has strong positive correlations among U, Mo, Zr, Ni, Hf, V, and Re. 

Sha (1993) noticed that a similar correlation of elements at the Gold Quarry deposit 

(Mo, Ni, V and Zn) had a strong correlation with organic carbon. Factor 3 could be
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attributed to the large amount of organic material within rocks at Chukar; however, 

carbon content was not analyzed in this study, so it is not possible to determine this 

with the available data. Additionally, Mo, U and V are considered to be part of an 

“oxidation suite” associated with felsic magmas, and could potentially reflect the 

intrusion of dikes throughout the deposit. They also may simply be a result of 

oxidation-reduction reactions related to late-stage weathering processes.

Factor 4 shows strong positive correlations among Tl, Au and Hg and 

moderately strong negative correlations with Mg, Sr, and Ca. Factor 4 reflects the 

typical Carlin suite of elements and represents the Carlin mineralizing event at 

Chukar. The negative correlations with Mg, Sr, and Ca seen here and in factor 6, are 

related to decarbonatization as hydrothermal fluids reacted with the dolomitic host 

rocks.

Copper, Fe, In, S, Te, Bi and Sn have strong positive correlations in factor 5, 

which may represent two separate geologic occurrences. The Cu, Fe, and S may 

represent sulfidation in the form of pyrite and chalcopyrite, while the Te, Bi and Sn 

are common to magmatic fluids and may represent contributions from a nearby 

magmatic source. This source could be similar to that responsible for the base metal 

factor (factor 2), or could represent a separate Te-Bi-Sn event. Similar base metal 

and Bi-Sn events were recently noted at the Cortez Hills deposit (Venendaal, 2007).

Factor 7 has strong negative correlations among W, Ba and Be. The Ba is 

seen at Chukar in the form of late-stage barite veins, and W enrichment may be the 

result of early intrusive-related events.
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Cerium, La and Th are strongly correlated in factor 8 and show the inter

relationship of the rare earth elements. These elements probably reflect detrital 

monazite grains in the original sediments.

Spatial analysis -  Vulcan(R)

Three-dimensional block models of different elements and factors were 

generated to visualize their distributions throughout Chukar and to see their spatial 

relationship to gold mineralization (Figures 13-16). Models were created of the entire 

deposit as well as focusing on a specific drill fan towards the southwest of Chukar. 

For the models of the entire deposit, two different views were displayed in order to 

visualize the model on both sides of the Chukar anticline. The first view is looking 

NNW and the second is looking NE. The axial plane of the Chukar anticline is 

shown as a gray, translucent shape, and the Magpie fault-vein is shown as a navy 

shape. In addition, the models only illustrate the top three grade ranges of each 

element or factor in order to highlight the areas with the strongest mineralization.

A block model of gold mineralization with respect to the location of the 

Chukar anticline and Magpie fault looking NNW and NE respectively shows that the 

highest gold grades are tightly concentrated around the hinge of the Chukar anticline 

and at the intersection of the anticline with the Magpie fault-vein (Fig. 13A, B). Gold 

grade is also higher on the east limb of the anticline and grade follows the anticline as 

it plunges to the southwest. Arsenic correlates quite well with gold in the middle
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sections of the deposit, and forms a wider halo around the mineralization in the 

southern and deeper portions of the deposit (Fig. 13C, D). Arsenic is known to have 

a broader halo than gold in many Carlin systems on both deposit and regional scales 

(Craig and Wakefield, 1991; Theodore et ah, 2003; Luddington et al., 2006). Similar 

to arsenic, iron and bismuth form a shell around the gold in the southern portions of 

the deposit (Fig. 13E, H). Moreover, they are concentrated on the western limb of the 

anticline, unlike gold. The extremely high concentration of iron within a vertical drill 

hole high in the stratigraphy is contained in the Rodeo Creek and Carlin formations. 

These formations lie above the Chukar deposit and are unrelated to mineralization.

A fan of drill holes in the southern portion of the Chukar deposit was modeled 

in detail (Fig. 14). This fan was chosen because it encompasses the Roberts 

Mountains and Popovich formations, Contact Fault Zone, and is drilled into both 

limbs of the anticline. The fan was drilled perpendicular to the Chukar anticline and 

from NW to SE consists of drillholes CFU-299, CFU-293, CFU-312 and CFU-295. 

Only the three highest-grade populations are displayed for the elements represented 

by the Carlin suite of mineralization (Au, As, Tl, and Hg). A gold grade of Au > 0.14 

is outlined in red, the axial plane of the Chukar anticline is shown in gray, the Chukar 

Gulch fault is shown in green, the Contact Fault Zone is shown in magenta and the 

four stratigraphie units of the Roberts Mountains Formation (silty limestones 1-4) are 

shown separated by teal and brown layers.

Gold is predominately found along the eastern limb of the Chukar anticline 

and is capped by the Contact Fault Zone (Fig 14A). Ore is predominately within the 

Roberts Mountains Formation. Gold does not appear to show any specific affinity to
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lithology, as mineralization is distributed throughout all the units of the Roberts 

Mountains. Gold does, however, appear to be derived from the Contact Fault Zone 

on the eastern side of the anticline.

Arsenic is the best pathfinder element for gold in many Carlin-type systems 

(Rota, 1991). Gold commonly occurs within arsenian pyrite, and therefore, arsenic 

usually closely mimics gold mineralization with a broader halo extending outward 

from the gold zone. At Chukar, arsenic does form a halo above and to the west of the 

gold orebody (Fig. 14B). This pattern suggests arsenic movement upwards along the 

Contact Fault Zone and into the Popovich Formation, as well as laterally to the west 

of the orebody into the upper Roberts Mountains Formation. The high levels of 

arsenic at the bottom of hole CFU-299 may indicate gold mineralization at depth 

beyond the extent of drilling. This area could provide a new exploration target.

Both the high correlation value (r = 0.82) and spatial relations (Fig. 14C) 

illustrate the close relationship between gold and thallium at Chukar. Thallium, like 

gold, is concentrated on the eastern limb of the anticline, and is mostly capped by the 

Contact Fault Zone. Unlike other Carlin systems, thallium seems to be the best 

pathfinder for gold at Chukar. It is centered on, but extends somewhat beyond, ore 

grade gold mineralization.

Mercury correlates well with the upper portions of the Chukar orebody (Fig 

14D). It is also concentrated on the western limb of the anticline at lower elevations. 

This concentration to the southwest, like arsenic, suggests a potential gold zone 

downdip and southwest of the known deposit.
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Gold and mercury concentrations appear to be strongly controlled by the 

Contact Fault zone with little “bleeding” of these elements above this structure. 

Arsenic, and to a lesser extent thallium, do extend above the Contact Fault Zone with 

arsenic appearing to form the larger halo (Fig. 14B, C). The Contact Fault zone 

appears to have formed a semi-impermeable layer, and in conjunction with the hinge 

of the anticline, focused hydrothermal fluid flow into the upper Roberts Mountains 

Formations rocks.

Factors derived from the factor analysis of geochemical data (Table 3) were 

also plotted relative to the drill fan (Fig. 15). Only scores >1.0 are illustrated in the 

models in order to show the highest components for each factor. Factor 4 has strong 

positive correlations among the Carlin suite (Tl, Au, Hg, As), and negative 

correlations with the carbonate suite (Sr, Mg, Ca). The distribution of this factor is 

outlined in red (Fig. 15A). This factor is dominated by gold and thallium 

mineralization, as it shows the highest distribution on the eastern limb of the anticline 

below the Contact Fault Zone.

The alteration/clay suite (Al, K, Ga, Rb, Li, Cs, Factor 1) is concentrated on 

the western limb of the anticline and surrounds the zone of gold mineralization (Fig. 

15B).

Base metal mineralization (Cd, Zn, Pb, Ag, Factor 2) is concentrated along the 

Contact Fault Zone and at the crest of the Chukar anticline (Fig. 15C). On the basis 

of assay alone, this suite could be interpreted as forming an outer, upper halo to the 

Carlin-type mineralization. However, based on pétrographie and paragenetic data, 

and data derived from detailed geochemical analysis across the Magpie fault-vein
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(Chapter 5), it is more likely that this represents an earlier mineralizing event, 

probably related to hornfels alteration. The absence of high base metal values within 

the Contact Fault Zone on the southeast side of the anticline may be due to base metal 

leaching during the Carlin event. Harlan et al. (2002) noted a similar pattern on a 

district level. This pattern showed widespread distribution of base metals in the 

Maggie Creek district, but did not have a close correlation with gold. They suggested 

that this pattern indicated base metal precipitation was not related to gold deposition. 

Venendaal (2007) also noticed a similar distribution of base metals at the Cortez Hills 

deposit where Pb, Zn and Cu seemed to concentrate distally to Au mineralization, and 

may have been a separate mineralizing event.

The oxidation suite (U, Mo, Zr, Ni, Hf, V, Re, Factor 3) is consistently 

enriched along the hinge of the anticline and in the very highest parts of the Roberts 

Mountains Formation and into the overlying Popovich Formation (Fig. 15D). The 

reasons for this enrichment are unclear. The rocks in this area could have contained 

increased amounts of organic material as migrated hydrocarbons in the anticlinal trap, 

though little evidence of such hydrocarbons, as bitumen, have been noted. 

Alternatively, these elements could have been mobilized by the Carlin hydrothermal 

event and been concentrated above the orebody by outward moving fluids. A more 

detailed study to investigate the presence, or former presence, or hydrocarbons would 

be useful in attempting to resolve this question.

The combination of sulfidation and a magmatic contribution to mineralization 

(Cu, Fe, In, S, Te, Bi, Factor 5) is shown on Fig. 15E. The pattern suggests a
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concentration surrounding the gold orebody along the western limb and into the 

Popovich Formation on the eastern limb.

The carbonate suite (Ca, Sr, ± Na, Factor 6) displays a negative correlation 

with the Carlin suite (Fig. 15F). High factor 6 values form a halo around the Carlin 

suite along the eastern limb of the anticline within the Contact Fault Zone. This 

reflects the mineralogy of the Contact Fault Zone, which is mainly calcite. During 

decarbonatization of the host rocks at Chukar, the calcite and dolomite may have 

migrated outward into the Contact Fault Zone, which allowed “exhausted” ore fluid 

to move up and to the west.

Factor 8 (Ce, La, Th) shows erratic behavior and is distributed unevenly 

across the drill fan (Fig. 15G). This may reflect the incorporation of REE within 

various minerals in the host rocks.

Three-dimensional block models of the factors have also been created (Fig. 

16). The Carlin suite follows the Chukar anticline axis and is highly concentrated at 

the intersection of the anticline and the Magpie fault-vein (Fig. 16A, B). This 

supports the hypothesis that the Magpie fault-vein was a feeder structure for gold at 

Chukar. The carbonate suite (Fig. lOK, L) displays an inverse pattern to the gold 

orebody. A low concentration of this suite to the southwest of the orebody bolsters 

observations of arsenic and mercury and suggests exploration potential downdip to 

the southwest.

The other 5 factors show strong enrichments in the southwestern area of 

Chukar (Fig. 16, C-J, M, N). Mineralization is focused throughout the four Roberts

71



72

Fi
gu

re
 

16
. 

3-D
 

bl
oc

k 
m

od
el

s 
of 

7 
fa

ct
or

s 
lo

ok
in

g 
NN

W 
an

d 
NE

 
re

sp
ec

tiv
el

y.
 

Fa
ct

or
 4

, 
wh

ich
 

is 
a 

pr
ox

y 
for

 C
ar

lin
-s

ty
le

 
m

in
er

al
iz

at
io

n,
 i

s 
sh

ow
n 

in 
ea

ch
 

of 
the

 
pi

ct
ur

es
 

in 
or

de
r 

to 
co

m
pa

re
 

di
ffe

re
nt

 g
eo

lo
gi

ca
l 

an
d 

ge
oc

he
m

ic
al

 p
ro

ce
ss

es
 

wi
th

 
th

is
 

ev
en

t. 
(C

ar
lin

 
su

ite
 

- 
Tl

, 
Au

, 
H

g,
 A

s; 
Cl

ay
 

- 
A

l, 
K,

 G
a, 

Rb
, 

Li
, 

Cs
; 

Ba
se

 
m

et
al

 - 
Cd

, 
Zn

, 
Pb 

A
g;

 O
xi

da
tio

n 
- 

U,
 M

o,
 Z

r, 
N

i, 
H

f, 
V,

 R
e;

 S
ul

fid
at

io
n 

+ 
M

ag
m

at
ic

 
- 

Cu
, 

Fe
, 

In
, 

S, 
Te

, 
Bi

; 
Ca

rb
on

at
e 

- 
Ca

, 
Sr

, 
± 

Na
; 

RE
E 

- 
Ce

, 
La

, 
Th

).



Fi
gu

re
 

16
. 

C
on

tin
ue

d.



74

Fi
gu

re
 

16
. 

C
on

tin
ue

d.



*
"33
C

CO
U

3ÛÛ

75



Mountains units, but is mainly on the western limb of the anticline and towards the 

southwest.

Both core logging and underground mapping have shown increased amount of 

hornfels deep in the deposit, concentrated to the southwest. Very little base metal and 

magmatic signatures occur in the northeastern ore zones. Parraga (2007) suggested a 

potential WNW location for a deep seated intrusion. If the base metals were leached 

from the Contact Fault Zone during Carlin mineralization, this could be a correct 

assessment. However, the geochemical modeling in this study suggests a plume 

emanating from WSW. While gold grades tend to drop off on the eastern limb of the 

anticline and lower in the stratigraphy, there is definitely a separate mineralizing 

event that created a plume of mineralization associated with low-grade metamorphic 

hornfels.

Metallogenesis of the Chukar Deposit

The pétrographie data presented in Chapter 5 in conjunction with the geochemical 

data and geochemical modeling presented in this chapter suggest a multi-stage 

métallogénie evolution for the Chukar Footwall deposit.

1. The silty carbonate rocks of the Roberts Mountains and Popovich formations 

were deposited during the Paleozoic, and they were subsequently deformed 

during the Antler and Sonoma Orogenies. These tectonic events created the 

NE-trending Chukar anticline and Chukar Gulch fault. Other NE-trending 

structures such as the Magpie fault-vein and Contact Fault Zone also formed 

early in the evolution of the deposit and served as hydrothermal fluid 

conduits.
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2. A nearby intrusion center, most likely to the southwest of the Chukar deposit, 

caused localized metamorphism of the silty carbonate rocks to a hornfels. 

Associated with this intrusive event, was an early, pre-gold base metal 

mineralizing event. Base metal mineralization is concentrated on the western 

limb of the Chukar anticline and may represent the uppermost expression of 

deeper mineralized zone.

3. During the Eocene, Carlin-type gold mineralization occurred, which was 

accompanied by sulfidation and decarbonatization. Metal-rich hydrothermal 

fluids deposited gold as micron-sized particles on rims of arsenian pyrite. The 

exact timing of the decarbonatization is debatable. Carbonate, calcium and 

magnesium had to be removed from the rocks prior to the introduction of 

gold-bearing hydrothermal fluids; however, whether this occurred 

contemporaneously with gold deposition, or occurred at a much earlier time 

can not be resolved right now. Hydrothermal fluids carrying the 

decarbonatized components of the carbonate host rocks, most likely traveled 

through the Contact Fault Zone and were locally redeposited as a massive 

calcite layer. This zone created an impermeable layer that prevented further 

upward migration of gold-bearing fluids into the Popovich Formation.

4. During the Late Miocene, extensional tectonics opened NW-striking faults 

such as the Pheasant fault, and allowed for descending cool, weakly saline 

meteoric fluids and ascending relatively hotter, more saline hydrothermal 

fluids to infiltrate the deposit (Parraga, 2007). This may have caused metal
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remobilization and deposition of late-stage barite and coarse, visible gold 

along bedding and structures.

5. Finally, the NNE-trending Grizzly fault, which is the youngest structure in the 

deposit, cut previous structures and mineralization, and was altered and 

oxidized by late-stage meteoric water movement along the fault.
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CHAPTER 7 

SUMMARY AND CONCLUSIONS

The Chukar Footwall deposit is similar to most sediment-hosted Carlin-type 

deposits along the Carlin trend. Like other Carlin-type systems, the Chukar deposit is 

hosted in Paleozoic carbonate sediments and gold occurs primarily as micron-sized 

disseminated grains within arsenian pyrite. The Chukar anticline and NNE-NE- 

trending features were the main structural controls to mineralization. Alteration is 

dominated by decarbonatization, silicification and argillization, and there is 

enrichment in the Carlin suite of elements which includes Au, As, Sb, Hg and Tl.

Despite these similarities to other Carlin trend deposits, Chukar has some 

interesting geochemical features that make it unique:

1) The Chukar deposit is typical of Carlin systems in having significant 

structural control, dominant gold with arsenian iron sulfides, and 

pronounced decarbonatization.

2) Gold at Chukar is concentrated on the east limb and crest of the Chukar 

anticline and adjacent to the Contact Fault Zone.

3) Gold occurs primarily in the upper units of the Roberts Mountains 

Formation. Gold mineralization occurs in both hornfels and 

unmetamorphosed carbonate rocks.

4) Gold is most highly correlative with thallium and secondarily with 

mercury; arsenic is coincident with gold mineralization and forms a tight 

halo to the orebody.

79



5) Pétrographie and geochemical data suggest a pre-Carlin, base metal 

mineralizing event at Chukar. Fluids associated with this event appear to 

have moved along the path of the Contact Fault Zone suggesting a low 

angle structure with this orientation was present early in the history of the 

area. The absence of significant base metals in the Contact Fault Zone 

immediately adjacent to the gold orebody may indicate base metal 

leaching during decarbonatization and gold mineralization. Depending on 

interpretation, the source of fluids for this event could be either to the 

WNW or WSW of the Chukar anticline.

6) The Magpie fault-vein served as a fluid pathway during gold 

mineralization. It is unclear from the current data if this structure was also 

a fluid pathway during earlier base metal mineralization. If it did channel 

earlier fluids, the geochemical history of this event was erased in the area 

studied due to the later gold event.

7) High arsenic, mercury, and depletions of carbonate-suite elements suggest 

the possibility of a concealed gold rich zone to the southwest of the 

current gold orebody.

Recommendations for Future Work

1) The mineralogy and geochemistry of the Chukar Footwall deposit have 

been described in detail with the work of Johnston and Arehart (2003), 

Sagar (2005), Parraga (2007) and this study. Further studies of the 

mineralogy and textural relationships of ore could be enhanced with the 

use of quantitative mineralogy techniques such as QEMSCAN®, that
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produce quantitative detailed mineral maps. The QEMSCAN® would 

undoubtedly be a great tool to not only look at detailed textural 

relationships, but also to search for gold mineralization that was 

undetected in this study. The author will use the QEMSCAN® on thin 

sections from this study to further refine the mineralogy and geochemistry 

at Chukar.

2) A more in-depth study could be undertaken with respect to the calc- 

silicate hornfels at Chukar. Re-logging metasomatized core in detail could 

bring new light to this intrusion-related process. This could also be a 

possible vectoring tool to additional mineralization.

3) Following the Magpie fault-vein at depth may reveal a hereto unknown 

intersection with faults in the Gold Quarry system.

4) Fluid inclusion studies on quartz grains from the Contact Fault Zone 

would provide an estimate of fluid trapping temperatures and chemistry. 

The author will follow up this work with fluid inclusion studies.

5) Further work is required to better understand the pre-gold, base metal 

mineralizing event. This could be accomplished by further geochemical 

work aimed specifically at determining base metal abundances in rocks 

displaying different degrees of hornfels alteration. In addition, further 

sampling along and adjacent to the Contact Fault Zone throughout the 

deposit area may lead to better evaluation of vectors of early fluid flow 

along this structure. This, consecutively, may vector in to additional
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mineralization. Further work could also be conducted along the Magpie 

fault to determine if it was present during the early base metal event.

6) The presence of the “oxidation suite” of elements concentrated at the crest 

of the Chukar anticline suggests that this fold may have trapped mobile 

hydrocarbons. Further detailed mapping, combined with petrography, and 

possibly carbon and oxygen isotopic analysis of carbonates in the zone, 

could resolve this question.
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