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ABSTRACT 

 

The Wharf mine is located within the Bald Mountain district in the Lead-Deadwood Dome in the 

northern part of the Black Hills, South Dakota. Wharf comprises several contiguous gold and silver 

deposits, characterized by structurally controlled and disseminated ore in sedimentary and intrusive 

rocks. Despite 33 years of mining at Wharf and over a hundred years of mining in the district, the 

relationship between magmatism and mineralization has remained unclear. New exposures and data 

allowed detailed characterization of the host rocks, alteration and mineralization in the Deep Portland, 

Trojan and Harmony areas, enabling development of a genetic model for the Wharf deposits. 

The intrusive rocks in Wharf include dikes and sills of phonolite, trachyte, quartz-trachyte, quartz-

alkali-feldspar-trachyte, and rhyolite. The intrusions have been affected by alkalic-metasomatism, silicic, 

phyllic, carbonate and argillic alteration and are weakly mineralized. In the intrusive rocks, the intensity of 

K-metasomatism is positively correlated with Ag, As, Pb, Tl and U concentrations, whereas there is no 

significant correlation between K-metasomatism intensity and Au, Cu, Sn, Te or Zn.  

The sedimentary host rocks at Wharf comprise the lower and upper members of the Deadwood 

Formation, with most ore concentrated in the lower member and structures crosscutting the upper 

member. The sedimentary host rocks have been affected by silicic and carbonate alteration styles. The 

whole deposit has been affected by supergene alteration.  

Five stages of alteration occurred during formation of the Wharf deposits. Stage 1 comprised 

fenitization of the intrusive rocks during the late stages of magmatism. A hydrothermal system developed 

during stage 2, when orthoclase was replaced with albite, adularia and quartz in the intrusive rocks, and 

calcite precipitated along fractures. Minor mineralization occurred at this time, including galena, acanthite, 

pyrite, and marcasite, and potentially some electrum and Au-tellurides. At the same time at shallower 

depths, phyllic alteration occurred in the intrusive units at varying intensities, characterized by the 

association of muscovite, quartz and pyrite. During stage 3, phonolites and trachytes, phyllically altered 

rocks and fractures were argillically altered at shallow depths, characterized by interlayered clays, illite, 

chlorite and smectite. Some acid leaching of intrusive rocks and the emplacement of hydrothermal 

breccias also likely occurred at this time. During stage 4, carbonate alteration occurred as disseminations 

and along fractures in intrusive and sedimentary rocks with varying intensity, associated with fluorite and 

pyrite. At this time, ore concentrations of native Au, Au tellurides and electrum precipitated as 

disseminations in the lower Deadwood Formation, in fractures in all rock types, and in vugs in the 

intrusive rocks. Base metal minerals, such as galena, sphalerite, molybdenite, argentotennantite 

[(Ag,Cu)10Zn2Sb4S13], and chalcopyrite, also precipitated in vugs in the intrusive rocks although not at 

economic concentrations. In stage 5, supergene alteration was characterized by the precipitation of 

alunite, jarosite, barite and LREE phosphates and the remobilization of Au and Ag in fractures and vugs. 

Supergene mineralization was characterized by acanthite, native silver, gold and copper, iodarggite [AgI], 

mckinstryite [(Ag,Cu)2S], mimetite [Pb5(AsO4)3Cl], and calderonite [Pb2Fe(VO4)2(OH)].  
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The data collected in this study indicate that the deposits at Wharf formed in the epithermal 

environment, following emplacement of the alkalic and sub-alkalic sills and dikes. The hydrothermal 

system responsible for the formation of the Wharf deposits appears to have been dominated by chloride 

and CO2 rich-, near neutral, low to intermediate sulfidation state fluids. 
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CHAPTER 1 

 

INTRODUCTION 

 

The Wharf mine is located in the northern part of the Black Hills, approximately 4 kilometers west 

of Lead, South Dakota. Wharf is composed of several contiguous gold deposits that are structurally 

controlled and disseminated in Paleozoic sedimentary rocks and Tertiary intrusive rocks of alkalic 

composition. Mining has occurred at Wharf for over 30 years, and in the district for over a century; 

nevertheless, the metallogenic history of the region is not completely understood, and neither is the role 

of the intrusive rocks in the ore-forming system. This research characterizes the host rocks, alteration and 

mineralization styles, defines the relationship between gold mineralization and the Tertiary intrusive rocks, 

and develops a conceptual evolution model of the hydrothermal system that produced the Golden 

Reward and Deep Portland deposits at Wharf. 

The Golden Reward deposit is still in production and has been studied the most extensively by 

other workers. This deposit has been previously interpreted as an epithermal to mesothermal transitional 

system (Emmanuel et al., 1990). Those authors suggested that Golden Reward has dominantly 

epithermal characteristics, based on a geochemical association of Pb-Zn-As-Te-F, and the development 

of silica-sericite-fluorite alteration in dikes and sills. Fluid inclusions in quartz veins and disseminated 

fluorite have homogenization temperatures ranging from 170° to 240°C and salinities rang ing from 1 to 10 

wt % NaCl equivalent (Emmanuel et al., 1990). The Deep Portland deposit is also in production but no 

descriptive scientific work has been conducted prior to the present study. The Wharf mine also exploited 

the Foley Hill, American Eagle and Annie Creek deposits, which were already backfilled. The Annie Creek 

deposit was described as an Au-Ag hydrothermal replacement by Lessard and Loomis (1990), but in 

contrast, Paterson (1990) classified the Annie Creek and Golden Reward deposits as Carlin-type.  

This research presents the results of field work and laboratory studies of samples collected from 

the Wharf mine. The role of the alkalic Tertiary intrusive rocks in this system and the hydrothermal events 

that produced the different alteration styles and mineralization of gold are clarified. This new knowledge 

will contribute to the understanding of the district and will serve as a tool to orientate further geological 

exploration of new deposits of this type in the Northern Black Hills. 

1.1 Thesis organization 

This thesis is divided in three chapters: an introduction, a paper for publication, and broader 

conclusions. The first chapter includes geological background from the area of study and the topics of 

interest; it also describes previous work and the methods used in this research. The second chapter 

contains the observations and results of the analysis done for this research, their interpretation, 

discussion, and conclusions, and is presented in the format of a paper for publication in a journal such as 
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Economic Geology or Mineralium Deposita. The last chapter summarizes the conclusions, 

recommendations, and exploration implications. 

Previous workers have suggested that the deposits at Wharf formed in the epithermal 

environment and the intrusive rocks that host the gold mineralization are of alkalic composition. The 

following sections will serve as a brief introduction to two topics: the epithermal environment and alkalic 

intrusive rocks. 

1.2 The epithermal environment 

Epithermal deposits form as the products of magmatic-hydrothermal systems, in the shallow or 

distal portion of the porphyry environment. Epithermal alteration and mineralization generally occur at 

shallow depths, from 1 to 2 kilometers below the paleosurface and at relatively low temperatures, 

generally from 300ºC to 150ºC (Hedenquist and Arribas, 2000). Mineralization occurs as veins and 

disseminations in permeable rocks. The most common host rocks are volcanic rocks and breccias, but 

permeable or reactive sedimentary rocks and leached intrusive rocks can also host ores (Hedenquist and 

Arribas, 2000). Based on the sulfidation state of aqueous sulfur species and alteration mineral 

assemblages, epithermal deposits have been divided primarily into two end-members, low sulfidation and 

high sulfidation, which typically occur in different tectonic settings.  

In low sulfidation deposits, gold, silver and base metal mineralization is most common. The 

alteration assemblage most closely spatially associated with ore comprises quartz, calcite, adularia and 

illite. Fluids in this system are dominated by chloride-rich waters with near-neutral pH. Salinities of the 

fluids forming Au-Ag deposits are thought to be less than 5 wt % NaCl equivalent, composed mainly of 

meteoric waters with smaller proportions of magmatic fluids (Simmons et al., 2005). Ore minerals include 

arsenopyrite, pyrrhotite, and sphalerite. In deposits associated with alkaline intrusive rocks, Au-Ag 

tellurides are common. Crustiform and colloform textures are common, as well as lattice textures, the 

latter as indicators of boiling fluids. These deposits are most commonly formed in extensional or rift 

settings (Simmons et al., 2005). Examples of this deposit type are Emperor, Fiji and Martha, New 

Zealand. 

In high sulfidation deposits, gold, silver and copper mineralization is most common. The alteration 

assemblages spatially associated with ore include vuggy quartz, quartz-alunite, and quartz, alunite, 

pyrophylite, dickite, kaolinite, barite and alumino-phosphate sulfate minerals. Ore minerals include pyrite, 

enargite, covellite, famatinite and orpiment (Simmons et al., 2005). The vuggy quartz is a common feature 

produced by the highly acidic fluids (pH less than 2) that leach feldspars and other soluble phases, 

leaving behind a quartz-rich framework. Salinities of the alteration fluids are variable, usually less than 10 

wt % NaCl equivalent, but up to 30 wt % equivalent NaCl in some deposits. The hydrothermal fluids are 

mainly of magmatic origin with limited proportions of meteoric water. These systems predominantly occur 

in neutral and post-collisional tectonic settings in magmatic arcs (Simmons et al., 2005). Mineralization 

can occur in veins as at El Indio, Chile or Chinkuashih, Taiwan, or disseminations as at Veladero, 
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Argentina or Lagunas Norte, Peru. Some high-intermediate sulfidation deposits are linked with deep 

porphyry type mineralization as a continuous system. Examples of this association are Lepanto, 

Philippines and Ladolam, Papua New Guinea.  

1.2.1 Hydrothermal alteration in the epithermal environment 

Once a hydrothermal fluid has been exsolved from a magma, several processes occur as physio-

chemical conditions change during ascent, cooling, and buffering of the fluid. Vapor phases of the 

magmatic fluid, including HCl, HF, CO2 and SO2, ascend into the epithermal environment. The SO2 

disproportionates into H2S and H2SO4 to form an acidic solution that is neutralized as the fluid interacts 

with the wall rock forming new minerals that are stable under the new conditions (Simmons et al, 2005). 

Different alteration assemblages are formed under specific conditions. In the epithermal environment, 

those assemblages have been identified as propylitic, argillic and advanced argillic alteration.  

• Propylitic alteration 

This alteration occurs at deep (>400 meters below water table) and intermediate (400-150 meters 

below the water table) levels in the epithermal system. The mineral assemblage includes quartz, adularia, 

albite, aluminosilicates, illite, smectite and pyrite. This alteration develops at temperatures over 240ºC by 

near-neutral pH fluids (Simmons et al, 2005).   

• Argillic alteration  

This alteration occurs at lower temperatures and shallower depths, up to 150 meter below the 

water table. The mineral assemblage includes chlorite, smectite, illite, mixed-layer clays and chalcedony 

(Simmons et al., 2005).   

• Advanced argillic alteration  

Advanced argillic assemblages are developed in three different settings: magmatic hydrothermal, 

steam-heated, and supergene. Magmatic hydrothermal advanced argillic alteration occurs at 

temperatures over 200ºC and is characterized by alteration minerals such as pyrophylite, dickite and, 

coarse tabular alunite along high-angle structures. Steam-heated alteration occurs above the water table 

at temperatures around 100ºC, forming horizons of massive opal along the water table, in addition to 

kaolinite and fine grained alunite. Finally, supergene argillic alteration is produced as sulfide-rich rocks 

are weathered and oxidized (Simmons et al, 2005). 

1.3 Gold deposits related to alkaline magmatism 

Magmatic rocks can be divided into an alkaline series and a sub-alkaline series based on 

chemical composition. Alkaline rocks are critically silica (SiO2) undersaturated and enriched in alkalis 

(Na2O + K2O), whereas rocks in the sub-alkaline series are saturated or undersaturated in silica. The 

alkaline series is subdivided in turn into a sodic series, a potassic series, and a high-potassic series 

based on the Na/K ratio.  
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Alkaline magmas are oxidized, usually have high contents of water, halogens such as Cl and F, 

and incompatible elements such as light rare earth elements (LREE) and large ion lithophile elements 

(LILE) (Müller & Groves, 2016). They can be products of partial melts of asthenospheric mantle that occur 

due to decompression melting in rift systems or to ascending mantle plumes (Ulmer, 2001). In continental 

environments or anorogenic settings, the rifting could by driven by plate divergence as in eastern Africa, 

post-collision extension as in Rio Grande Rift in the southwestern United States, or back-arc extension as 

in the Columbia Plateau in the northwestern United States (Hooper et al., 2002). The alkalic and 

subalkalic intrusive centers in the Black Hills have been interpreted as the result of post-Laramide 

magmatism (Duke, 2005).  

Alkaline rocks associated with gold deposits have variable compositions from tephrite basanites 

to rhyolites; however, some important mining districts such as Porgera, Papua New Guinea and Bingham, 

Utah have host rock compositions that are transitional between the alkaline and sub-alkaline series. The 

Na/K ratios are also variable, although this relationship could be easily affected by alkali metasomatism 

processes (Jensen & Barton, 2000).  

Several gold deposit types can form in association with alkaline rocks, including epithermal and 

porphyry-type deposits. These deposits usually occur within orogenic zones of Cenozoic age. In alkaline 

systems, porphyry-type deposits range from Cu-rich to Mo ± Zn ± Pb rich. The alkaline host rocks 

themselves may be mafic, intermediate or felsic.  

Relative to their counterparts in calc-alkaline rocks, porphyry and epithermal deposits in alkaline 

rocks typically have significant potassic metasomatism, widespread carbonation, scarcity of hydrothermal 

quartz, weak acidic alteration, and enrichment in tellurides. Porphyry deposits may have associated 

telluride-rich epithermal systems that formed in the upper and outer zones of the magmatic-hydrothermal 

system, such as Porgera, Papua New Guinea; Cripple Creek, Colorado; Golden Sunlight, Montana and 

Central City, Colorado (Jensen & Barton, 2000). 

Epithermal deposits related to alkaline systems are Au-rich, have low total sulfides, and have a 

low content of base metals relative to their counterparts in sub-alkaline rocks. Typically, they are 

structurally controlled and form extended vertical mineralized zones. Porgera, Papua New Guinea, 

Boulder County in Colorado, and the Montana Telluride Belt are examples of epithermal gold deposits in 

the continental environment hosted by alkaline hypabyssal intrusive rocks. In most of the known alkalic 

gold districts, mineralization was produced by late and relatively more felsic intrusive phases of the 

igneous complexes. Vein-hosted gold mineralization occurs with variable abundances of carbonate, 

adularia, sulfates and fluorite, and halos of adularia and sericite. Stable isotope data from most districts 

suggest that hydrothermal fluids have a primary magmatic source (Jensen & Barton, 2000). Fluid 

inclusion data indicate that the mineralizing hydrothermal fluids were < 300ºC, < 10 wt % NaCl equivalent, 

and moderate to high CO2 concentrations (Jensen & Barton, 2000).  
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1.4 The Black Hills 

The Black Hills are located in the western part of South Dakota, along the border between the 

Wyoming Archean Craton and the Trans-Hudson Orogen (Figure 1.1). McComick (2010) defined this 

border as the Wyoming Boundary Zone which comprises supracrustal material underlain by Archean 

basement that was deformed during the collision with the Trans-Hudson Orogen. Later, the Black Hills 

were uplifted as a result of Laramide orogeny and post-tectonic magmatism (Duke, 2005).  

 
Figure 1.1 Location of the Black Hills and the Wharf Mine (modified from Lisenbee and DeWitt, 1993). 

The Black Hills block is an elongate dome comprising Precambrian metamorphic rocks, 

surrounded and partially covered unconformably by Paleozoic to Mesozoic sedimentary rocks, which are 

intruded by intermediate to alkalic Tertiary rocks. The intrusive rocks in the northern part of the Black Hills 

are located along a ~100 km belt oriented N70º-80ºW. There are four igneous centers along this belt, 

which from west to east are: the Bear Lodge Mountains, the Tinton Dome, the Lead-Deadwood Dome 

and the Vanocker complex (Figure 1.1) (Duke, 2005). The Lead-Deadwood dome comprises a series of 

intrusive rocks of alkaline composition that form a ring around a window of Precambrian basement. The 

Wharf mine is located within this dome. Although most of the gold exploited by the Wharf mine is hosted 

by the Paleozoic sedimentary rocks, some is hosted by these intrusive rocks. 
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1.5 Mineral deposits in the Lead-Deadwood Dome 

The Black Hills host several types of gold deposits including early Proterozoic Au-U quartz pebble 

conglomerate deposits, iron formation-hosted and quartz vein gold deposits of middle Proterozoic age, 

paleoplacer Au in basal conglomerates of Cambrian age, epithermal igneous hosted and sedimentary 

rock hosted Au-Ag deposits of early Tertiary age, recent gold placer deposits (Paterson and Lisenbee, 

1990), and related to LREE enrichments in carbonatites (Hutchinson, 2016). These mineral deposits 

occur as clusters in the north part of the Black Hills associated with three of the four igneous centers: 

Bear Lodge Mountains, Tinton and the Lead-Deadwood Dome (Figure 1.1). 

In the Lead-Deadwood Dome, Paterson et al. (1988) and DeWitt and Wilson (1990) have 

differentiated several mining districts depending on the metals present, age of mineralization or geology. 

Deposits of Tertiary age and most of the defined districts are shown in Figure 1.2. In general, most of the 

metallic deposits are hosted by the Paleozoic sedimentary rocks of the Deadwood Formation, except at 

the Elk Mountain district where the host rock is the Pahasapa Formation composed of limestones. The 

intrusive rocks are also mineralized but with lower grades.  

The metals also have a spatial distribution within the dome. The Au-Ag-W deposits are 

concentrated towards the center, comprising the Wasp district and surroundings; then there is a halo of 

Au-Ag deposits, and the Pb-Ag deposits are located in the most distal parts in the Galena and Carbonate 

districts. Wharf is located within the Bald Mountain district in the Au-Ag zone (Figure 1.2). 

 
Figure 1.2. Map of metallic mineral districts and mineral deposits within the Lead-Deadwood dome in the 
northern Black Hills. Geology modified from Redden and DeWitt (2008); deposit data taken from Shapire 

and Gries (1970) and Wilson and DeWitt (1995). 
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1.5.1 Ore deposits in the Bald Mountain District 

Mining in the Bald Mountain district has occurred since 1877 mainly as underground operations. 

The estimated production of the Bald Mountain District was 1.4 million ounces of gold and 3.3 million 

ounces of silver between 1877 and 1959 (Shapiro and Gries, 1970). Recent mining at Wharf has 

contributed an additional 3 million ounces of gold as an open pit heap leach operation from 1983 to 2015 

(Coeur Mining, 2015 Technical Report, p. 40). 

The ore in the Bald Mountain mining district is structurally controlled as well as disseminated in 

the sedimentary and intrusive rocks. The gold is generally concentrated in the lower and upper members 

of Deadwood Formation, which have historically been referred to as the lower contact and upper contact 

ores, respectively (Connolly, 1927).  

The Bald Mountain district is divided into the Ruby Basin sub-district in the east, and the Portland 

Basin sub-district in the west. In the Ruby Basin sub-district, the ore deposits are concentrated in the 

lower beds of the Deadwood Formation and in mineralized structures which run north-south; whereas in 

the Portland sub-district the ore deposits are hosted in the upper beds of the Deadwood Formation and 

the mineralized structures strike east-northeast (Irving, 1904).  

Some genetic interpretations for the deposits have been proposed by previous authors. The 

earliest description made by Emmons (1896) referred to them as “siliceous replacements”; later Irving 

(1904) proposed that the mineralization event occurred after the igneous activity, and he related 

mineralization to meteoric circulating waters that leached gold from other rocks when they were heated by 

rock masses at depth. Connolly (1927) proposed a magmatic source for the ore, though he highlighted 

that the magmatic activity continued after the mineralization, an interpretation based on crosscutting 

relationship between mineralized beds and barren dikes. Paterson et al. (1988 and 1989) interpreted the 

ore forming fluids as originating from the alkalic magmatism based on isotopic data and fluid inclusions. 

High-angle faults and fractures located at dikes margins are proposed to have acted as important 

structural controls and conduits for mineralizing fluids for these Tertiary deposits (Emanuel and Walsh, 

1987). Shapiro and Gries (1970) concluded that those fractures and regional faults pre-date Tertiary 

igneous activity. 

1.6 The Wharf Mine  

Wharf is located in the Bald Mountain district and represents consolidation of the Golden Reward 

and Portland mining areas. In 1887, the Golden Reward Mining and Milling Company was constituted 

including the mines in the Ruby Basin district. In 1940 the Anaconda Mining Company acquired Golden 

Reward, operating it until 1959 but holding the property until 1985 (Emanuel et al., 1990).  

The Bald Mountain Mining company exploited the Portland deposit until 1959. Exploration 

resumed in 1974 in the Annie Creek area. In 1977, Wharf Resources was constituted and started 

production as an open pit operation in Annie Creek in 1983. In 1992, Wharf Resources acquired part of 

the Golden Reward Mining Limited Partnership. In 1994, Wharf Resources was acquired by Goldcorp 
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Mining. In 1996, the western part of the Golden Reward Mining company was acquired by Wharf 

Resources, and finally, in 2015 the Wharf operation was acquired by Coeur Mining. According to the 43-

101 technical report released by Coeur Mining in 2015, Wharf has produced 3 million ounces of gold as 

an open pit heap leach operation since 1983 to 2015 (Coeur Mining, 2015 Technical Report, p. 40). 

The Wharf mine exploits disseminated gold deposits hosted by the upper and lower members of 

the Paleozoic Deadwood Formation and Tertiary intrusive rocks. The mine includes the Annie Creek, 

Foley Hill, American Eagle, Portland, and the western part of the Golden Reward (Liberty and Harmony 

pits) deposits (Figure 1.3), of which only Deep Portland and Golden Reward are still in production; the 

other pits have already been backfilled.  

 

 
Figure 1.3 Ore deposits at the Wharf mine 

1.6.1 Site Stratigraphy 

Rocks from the early Proterozoic to Tertiary age crop out in the Wharf mine area. The oldest 

rocks are the metamorphic basement which is strongly folded and deeply dipping. The metamorphic 

rocks correspond to the Ellison Formation and the Flag Rock Formation, both of Lower Proterozoic age 
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but separated by an unconformity. The Ellison Formation is composed of muscovite-quartz phyllite, 

biotite-quartz phyllite, mica schist and some amphibolite. The Flag Rock Formation is composed of mica 

schist, hornblende-plagioclase schist and graphitic phyllite Figure 1.4 (Redden et al, 2010).  

The Paleozoic sedimentary rocks unconformably overlie the Precambrian basement. The basal 

unit is the Upper Cambrian to Lower Ordovician Deadwood Formation. This is the most voluminous unit 

exposed in the area and the most important because it is the most common host rock for gold 

mineralization at Wharf; see upcoming section for more detail. The Upper Ordovician Whitewood 

Dolomite and Winnipeg Formations conformably overly the Deadwood Formation. The Winnipeg 

Formation is composed of green shale and siltstone, and has a thickness up to 35 meters. There is an 

unconformity between the Winnipeg Formation and the overlying Devonian Englewood Limestone. This 

latter unit is purple-gray color and its thickness is 10-20 meters. The Englewood Limestone is 

conformably overlain by the Mississippian Pahasapa Limestone, which is an 80 to 120 meters thick unit of 

dolomitic limestone (Figure 1.4) (Redden et al., 2010). 

The Tertiary intrusive units range in age from the Eocene to the Paleocene. These comprise 

rocks of alkalic to intermediate composition that form sills and dikes crosscutting the Precambrian and 

Paleozoic rocks. Redden et al. (2010) identified 14 different units. Those outcropping in the project area 

are: 

• Tu: Undifferentiated Tertiary igneous rocks: hypabyssal intrusive rocks with aphanitic to porphyritic 

texture, including rhyolites, trachytes, and phonolites. 

• Tmp: Monzonite porphyry, comprising leucocratic, coarse grained, sulfide-bearing phaneritic rocks. 

• Tqat: Quartz alkali trachyte, tan to gray colored with porphyritic-aphanitic texture, abundant cavities, 

phenocrysts of albite or sanidine, and resorbed quartz. Hydrothermally altered to sericite, barite and 

carbonates.   

• Tt: Trachyte, tan to reddish-brown colored, trachytic texture, with coarse grained phenocrysts of 

orthoclase, sanidine, anorthoclase and some nepheline, biotite and aegirine-augite. This unit was 

dated at Annie Creek deposit using 40Ar/39Ar geochronology on sanidine resulting in an age of 54.66 ± 

0.19 Ma (Duke, 2005). 

• Tar: Alkali rhyolite, tan to gray in color, with porphyritic texture and coarse grained phenocrysts of 

quartz, sanidine, albite and orthoclase. This unit outcrops on the Terry Peak and was dated with K-Ar 

geochronology on aegirine resulting in an age of 57.1 ± 4.3 Ma by McDowell (1971) and 58.5 ± 4.3 

Ma by DeWitt et al. (1985).  

• Tbx: Breccia. Clast supported, polymictic breccia with sub-angular clasts of igneous rocks, schist and 

quartzite in a rhyolitic aphanitic matrix.  

• Tph: Phonolite, gray to greenish-gray in color, with trachytic texture and coarse grained phenocrysts 

of sanidine and nepheline. Composition ranges from phonolite to alkali trachyte. McDowell (1971, in 

Redden et al., 2010) dated a dike in the Homestake mine to be 58.2 ± 1.7 Ma using K-Ar methods. 
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Figure 1.4 Geologic map showing the area of the project. Modified from Redden et al., 2010.  

1.6.2 Deadwood Formation 

The Deadwood Formation is the basal unit of the sedimentary Paleozoic rocks that 

unconformably overlie the Precambrian rocks. Its distribution is controlled by the Paleozoic paleo-

topography and, in general, this unit thins to the south (Darton and Paige, 1925). It was informally divided 

into lower, middle, and upper members by Kulik (1965). The Lower Member is 9 to 19 meters thick, and is 

composed of well-cemented quartz arenite with sub-rounded to angular, coarse quartz grains. Locally a 
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basal conglomerate is present that can be up to 21 meters thick, composed of Precambrian quartzite, 

quartz, and phillite clasts cemented by hematite. The Middle Member is 46 to 49 meters thick, and is 

composed of dark gray to black shale, siltstone and limestone conglomerate. The Upper Member is 40 to 

47 meters thick, and is composed of fine to medium grain glauconitic sandstone interbedded with 

limestone, siltstone, dolomite and shale (Loomis and Alexander, 1990).  

1.6.3 Previous work 

From the regional perspective, Paterson et al. (1988) proposed a model for Au-mineralization in 

the Black Hills where Tertiary magmatism provided the source of highly-saline ore forming fluids, based 

on fluid inclusion and stable isotope data. Most recently, Uzunlar (1993) differentiated four hydrothermal 

regimes within a single epithermal-mesothermal system overlying a porphyry to explain the Au-Ag 

deposits in the Lead-Deadwood dome.  

Local studies of the Wharf deposits are summarized in Table 1.1. Those include fluid inclusion 

analyses on disseminated fluorite and quartz veins, and isotopic studies for O and H. The studies have 

variously interpreted the hydrothermal system at Wharf as epithermal-mesothermal systems and/or 

Carlin-type. The goal of this study was to refine the genetic interpretations for gold mineralization at Wharf 

by adding detailed analyses of the host rocks, alteration and mineralization at the Deep Portland and 

Golden Reward deposits. 

1.7 Methods 

• Field work 

Field work was carried out during Summer 2015 with financial support from Coeur Mining Corp. 

This work was focused on mapping of all accessible open pits and exposures, identification of host rock 

lithology, alteration minerals, and structural features as well as rock sampling for multi-element analysis 

and thin section preparation. Table 1.2 shows the analytical techniques that were applied to each sample. 

The information collected during field work was combined with the geochemical and lithological data base 

from 3084 reverse circulation drill holes to construct a surface geologic map at a 1:5,000 scale.  

Fifty-nine rock samples were collected from 3 different pits and outcrops around the mine site. 

Forty-five of those samples were prepared for geochemical analysis. Petrographic and XRD analyses 

were conducted on a subset of these samples. 

• Geochemistry 

The collected samples were sent to ALS Minerals laboratory for multi-element analytical 

procedures including: Inductively coupled plasma mass spectroscopy (ICP-MS) and fire assay with 

atomic absorption finish (FA-AA) analyses. Whole rock compositions were determined using lithium 

borate fusion and X-Ray fluorescence. 
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Table 1.1 Principal conclusions of previous studies at the Annie Creek, Foley Ridge and Golden Reward deposits. FI: fluid inclusions, SI: stable 
isotopes, Th: homogenization temperature. 

Author Zone Analyses Th °C 
Salinity       

wt % NaCl 
eq 

Stable 
Isotopes 
per mil 

Contribution 

Paterson and 
Giebink, 1989 Annie Creek 

Petrography, electron microprobe. 
FI in fluorite in vugs in sedimentary 
rocks from 4 samples (1 in Annie 
Creek, 2 in Foley Ridge). 

126-224 2.25-10 
δ18O: 6-11 

δD: -53 to -75 

The hydrothermal system formed late in the magmatism 
or afterwards. 
Cooling and mixing of hydrothermal fluids with meteoric 
waters caused Au mineralization.  

Lessard and 
Loomis, 1990 Annie Creek     

Ore deposit is controlled by sub-vertical fractures, 
replacing glauconitic, carbonate-bearing sedimentary 
rocks. 

Harris, 1991 Annie Creek 
Foley Ridge Petrography and geochemistry    

Igneous rocks generated by partial melting of the mantle 
followed by fractionation to produce a trachytic magma. 
Then, two different paths: fractionation to produce 
phonolites, and crustal contamination to produce alkali 
rhyolite. 

Loomis and 
Alexander, 1990 Foley Ridge     

Ore deposit is a hydrothermal replacement in the 
Deadwood Formation, controlled by sub-vertical, north-
east trending fractures. 

Harris and 
Paterson, 1996 Foley Ridge     

Phonolites and trachytes are originated by partial melting 
of the mantle; part of it assimilated lower crustal rocks to 
produce rhyolite 

Emmons, 1896 Golden Reward     Siliceous replacements along fractures 

Emanuel et al., 
1990 
 

Golden Reward 

FI in quartz and fluorite veins in 
intrusive rocks, and fluorite in 
sedimentary rocks in the whole 
Golden Reward area (potentially 
part of data set of Uzunlar, 1993) 

170-240 1-10  

Au and Ag mineralization in intrusive and sedimentary 
rocks is genetically related to alkalic igneous activity.  
The geochemical association Au-Ag-Hg and the fluid 
inclusion results suggest a dominantly epithermal 
environment  
The geochemical association Pb-Zn-As-Te-F suggest a 
transition to mesothermal environment. 
Report magnetite-pyrrhotite-pyrite replacement. 

Uzunlar, 1993 

Annie Creek Polished thin section in a rhyolite    

Au and Ag deposits in the Lead-Deadwood dome were 
formed in an epithermal environment in the upper part of 
an alkaline porphyry-gold system. 
Gold hosted in intrusive rocks is associated with 
silicification and potassic alteration. 

Foley Ridge 
FI and SI in a quartz vein in 
sandstone 180-230  δ18Oq: 12.99 

Western part of 
Golden Reward 

Samples collected from dumps: 
FI in Cubic fluorite in vugs in 
sandstone (2 samples) 
FI in fluorite vein in sandstone and 
trachyte (1 sample) 

 
169-224 

 
192-241 

 

2.8-6.5 
 

2.6-10.3 

 
 

Bald Mountain 
SI in a calcite vein in sandstone 
 
SI in a quartz vein in rhyolite 

  
δ18Oc: 18.49 
δ13Cc: -7.85 
δ18Oq: 11.56 
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The results were analyzed to determine elemental correlations for three separate groups of rocks: 

intrusive rocks, sedimentary rocks and rocks crosscut by structures. These data were supported by an 

additional database with geochemical analysis from 1016 samples collected from reverse circulation drill 

holes.  

• Petrography 

Thirty-seven polished thin sections were prepared from hand samples. The thin sections were 

analyzed using transmitted and reflected light microscopy with the purpose of describing and classifying 

the intrusive rocks, and identifying the alteration and ore minerals. Most of the thin sections were 

subsequently studied with scanning electron microscopy (SEM) in order to semi-quantitatively identify 

minerals and to characterize their size, distribution and association with gold.  

Spot analyses were conducted at the Colorado School of Mines using a TESCAN MIRA3 model 

LMH Schottky field-emission-scanning electron microscope. The semi-quantitative mineral compositions 

were acquired using a Bruker XFlash® 6/30 silicon drift energy-dispersive X-Ray spectrometer (EDS). 

Images were acquired using a TESCAN motorized retractable, single-crystal YAG backscattered electron 

(BSE) detector. The working distance was 10 mm with accelerating voltage of 15 kV, but increased to 25 

kV for chemical analyses.  

Mineralogical maps were acquired using scanning microscopy at the Colorado School of Mines 

using a TESCAN-VEGA-3 model LMU VP-SEM platform and the software TIMA3. Four energy dispersive 

X-ray (EDX) spectrometers acquired spectra from the area of interest with a beam stepping interval of 20 

µm for overview scans, 5 µm for high-resolution scans, and 1µm for bright phase scans, an accelerating 

voltage of 25 keV for overview and high resolution scans, and 25 keV for bright phase scan, and a beam 

intensity of 14. Interactions between the beam and the sample were modeled through Monte 

Carlo simulation. The EDX spectra were compared with spectra held in a look-up table allowing an 

assignment to be made of a composition at each acquisition point. The assignment makes no distinction 

between mineral species and amorphous grains of similar composition. Results were output by the TIMA3 

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

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

appropriately. 

• X-Ray diffraction (XRD) 

Clay characterization and whole rock mineral identification from selected samples was carried out 

at the X-Ray Diffraction laboratory, Colorado School of Mines. The analyses were run from 4° to  60° 2  at 

a scan rate of 1° 2  per min, 40 kV, using CuK radiation. Powder mounts were prepared for whole rock 

analysis; oriented clay size fraction separates and ethylene glycol-solvated samples were prepared for 

clay characterization.    
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Table 1.2 Summary of analyses carried out on selected samples. ME: multi-element geochemistry, WRC: 
whole rock composition geochemistry, TS: thin section, BPS: bright phase scan. 

Sample # ME WRC TS XRD SEM BPS Sample # ME WRC TS TS XRD SEM BPS 
83401 x x x   x   83431 x x        
83402 x       83432 x  x x x    
83403 x       83433 x x       
83404 x x      83434 x  x      
83405 x x x  x   83435 x x x x     
83406 x       83436 x  x  x x  
83407 x x      83437 x x x x  x  
83408 x  x x x   83438 x x x x  x  
83409 x   x    83439 x x x  x    
83410 x x x x x   83440 x x x x x x  
83411 x x x  x x 83441 x  x   x  
83412 x x  x    83442 x x       
83413 x x x     83443 x  x      
83414 x x      83444 x  x      
83415 x       83445 x x  x         
83416 x  x  x   JP06    x  x x 
83417 x x      JP11    x  x   
83418 x  x     JP13    x  x x 
83419 x  x     JP46    x     
83420 x       JP47    x x    
83421 x x      JP64    x x    
83422 x x      JP69    x x    
83423 x x x x x   JP89     x    
83424 x       JP91    x   x 
83425 x       JP92     x    
83426 x x x x x x  JP97     x    
83427 x x      JP105    x     
83428 x x x x x x JP107    x    
83429 x  x x x   JP125    x x x   
83430 x x x             
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2.1 Abstract  

The Wharf mine is located within the Bald Mountain district in the Lead-Deadwood Dome in the 

northern part of the Black Hills, South Dakota. Wharf comprises several contiguous gold and silver 

deposits, characterized by structurally controlled and disseminated ore in sedimentary and intrusive 

rocks. Despite 33 years of mining at Wharf and over a hundred years of mining in the district, the 

relationship between magmatism and mineralization has remained unclear. New exposures and data 

allowed detailed characterization of the host rocks, alteration and mineralization in the Deep Portland, 

Trojan and Harmony areas, enabling development of a genetic model for the Wharf deposits. 

The intrusive rocks in Wharf include dikes and sills of phonolite, trachyte, quartz-trachyte, quartz-

alkali-feldspar-trachyte, and rhyolite. The intrusions have been affected by alkalic-metasomatism, silicic, 

phyllic, carbonate and argillic alteration and are weakly mineralized. In the intrusive rocks, the intensity of 

K-metasomatism is positively correlated with Ag, As, Pb, Tl and U concentrations, whereas there is no 

significant correlation between K-metasomatism intensity and Au, Cu, Sn, Te or Zn. The sedimentary host 

rocks at Wharf comprise the lower and upper members of the Deadwood Formation, with most ore 

concentrated in the lower member and structures crosscutting the upper member. The sedimentary host 

rocks have been affected by silicic and carbonate alteration styles. The whole deposit has been affected 

by supergene alteration.  

Five stages of alteration occurred during formation of the Wharf deposits. Stage 1 comprised 

fenitization of the intrusive rocks during the late stages of magmatism. A hydrothermal system developed 

during stage 2, when orthoclase was replaced with albite, adularia and quartz in the intrusive rocks, and 

calcite precipitated along fractures. Minor mineralization occurred at this time, including galena, acanthite, 

pyrite, and marcasite, and potentially some electrum and Au-tellurides. At the same time at shallower 

depths, phyllic alteration occurred in the intrusive units at varying intensities, characterized by the 

association of muscovite, quartz and pyrite. During stage 3, phonolites and trachytes, phyllically altered 

rocks and fractures were argillically altered at shallow depths, characterized by interlayered clays, illite, 

chlorite and smectite. Some acid leaching of intrusive rocks and the emplacement of hydrothermal 

breccias also likely occurred at this time. During stage 4, carbonate alteration occurred as disseminations 

and along fractures in intrusive and sedimentary rocks with varying intensity, associated with fluorite and 



18 
 
 

pyrite. At this time, ore concentrations of native Au, Au tellurides and electrum precipitated as 

disseminations in the lower Deadwood Formation, in fractures in all rock types, and in vugs in the 

intrusive rocks. Base metal minerals, such as galena, sphalerite, molybdenite, argentotennantite 

[(Ag,Cu)10Zn2Sb4S13], and chalcopyrite, also precipitated in vugs in the intrusive rocks although not at 

economic concentrations. In stage 5, supergene alteration was characterized by the precipitation of 

alunite, jarosite, barite and LREE phosphates and the remobilization of Au and Ag in fractures and vugs. 

Supergene mineralization was characterized by acanthite, native silver, gold and copper, iodarggite [AgI], 

mckinstryite [(Ag,Cu)2S], mimetite [Pb5(AsO4)3Cl], and calderonite [Pb2Fe(VO4)2(OH)].  

The data collected in this study indicate that the deposits at Wharf formed in the epithermal 

environment, following emplacement of the alkalic and sub-alkalic sills and dikes. The hydrothermal 

system responsible for the formation of the Wharf deposits appears to have been dominated by chloride- 

and CO2- rich, near neutral, low to intermediate sulfidation state fluids. 

2.2 Introduction 

The Wharf mine is located in the northern Black Hills, approximately 4 kilometers west of Lead, 

South Dakota (Figure 2.1). The mine exploits several contiguous, structurally controlled gold deposits, 

several of which have already been mined out. Gold occurs in faults and as disseminations in Paleozoic 

sedimentary rocks and Tertiary alkalic intrusions. Mining has occurred at Wharf for over 30 years and in 

the district for over a century. However, the metallogenic history of the region is not completely 

understood, and consensus has not been reached regarding the role of alkalic intrusive rocks in ore 

deposit formation.  

The Black Hills host several types of gold deposits including early Proterozoic Au-U quartz pebble 

conglomerate deposits, iron formation-hosted and quartz vein gold deposits of middle Proterozoic age, 

paleoplacer Au in basal conglomerates of Cambrian age, epithermal igneous and sedimentary rock 

hosted Au-Ag deposits of early Tertiary age, and recent gold placer deposits (Paterson and Lisenbee, 

1990). The most famous of these is the world class Homestake deposit located in Lead, South Dakota. 

This deposit produced 40 Moz of gold from 1876 to 2001 from stratabound quartz veins in the 

Precambrian metamorphic Homestake Formation (Morelli et al, 2010). Younger gold deposits hosted in 

Paleozoic and Tertiary rocks in the northern Black Hills are smaller and have been intermittently exploited 

since the late 1800’s, dependent upon specific mine economics largely related to gold price.  

The Wharf mine exploits several Tertiary Au-Ag deposits and has produced 3 million ounces of 

gold as an open pit heap leach operation from 1983 to 2015 (Coeur Mining, 2015 Technical Report, p. 

40). During this time, eleven contiguous deposits have been mined. Current mining is focused on the 

Deep Portland and Trojan deposits, as well as the Harmony and Liberty zones of the Golden Reward 

deposit; the rest have been mined out and backfilled (Figure 2.2).  
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Figure 2.1 Wharf location and intrusive centers in the northern on the Black Hills (Modified from Duke, 

2005) 

Previous geological studies have been conducted at Annie Creek, Foley Hill and Golden Reward, 

which have been alternately characterized as hydrothermal replacement (Lesssard and Loomis, 1990; 

Loomis and Alexander, 1990), transitional mesothermal-epithermal (Emanuel et al., 1990; Paterson and 

Giebink, 1989) and Carlin-type deposits (Paterson, 1990) (Table 2.1).  

This contribution describes the alteration and mineralization styles based on new exposures 

generated from recent mining in the Deep Portland and Trojan deposits, the Green Mountain and Bald 

Mountain areas, and the western part of the Golden Reward deposit, which includes the Harmony and 

Liberty zones (Figure 2.2). This study also defines the relationship between the gold mineralization and 

the Tertiary intrusive rocks in these areas, and uses these new data to refine the conceptual model for the 

hydrothermal system that produced the gold deposits at Wharf.  
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Figure 2.2 A) Distribution of the metallic mineral deposits in the Lead-Deadwood Dome. Geology modified 

from Redden and DeWitt (2008); and mines data taken from Shapire and Gries (1970) and Wilson and 
DeWitt (1995). B) North-east part of the Bald Mountain Mining District, showing the ore deposits at the 

Wharf mine. AC: Annie Creek, AA: Annie Arm, DP: Deep Portland, AE: American Eagle, Lib: Liberty and 
Har: Harmony. Geology modified from Redden et al., 2010.  

2.3 Ore Deposits in the northern Black Hills 

The Black Hills Uplift is located along the boundary between the Wyoming Archean Craton and 

Trans-Hudson Orogen, and was exposed as a result of the Laramide orogeny and post-tectonic 

magmatism (Duke, 2005). Four igneous centers occur along a ~100 km belt oriented N70º-80ºW (Duke, 

2005) in the northern Black Hills: the Bear Lodge Mountains, Tinton Dome, Lead-Deadwood Dome and 

the Vanocker Complex (Figure 2.1). This belt includes igneous rocks of a range of compositions, 

including trachyte, rhyolite, tephrite, phonolite, carbonatite and lamprophyre (Duke, 2005). Known gold 

deposits occur as clusters associated with all of these igneous centers except the Vanocker Complex. 

The Lead-Deadwood Dome comprises a series of intrusive rocks of alkaline composition including the 

Cutting Stock and other sills and dikes crosscutting the Precambrian basement and the Paleozoic 

sedimentary rocks (Figure 2.2A). Emmons (1926) and Connolly (1927) observed that metals are zoned 
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within the Lead-Deadwood Dome. The Au-Ag-W deposits are located approximately in the center of the 

dome surrounded by Au-Ag deposits including Wharf and others of the Bald Mountain district, and the Ag-

Pb deposits are located in distal areas of the dome (Figure 2.2A).  

Mining in the Bald Mountain district has occurred since 1877 mainly as underground operations. 

Between 1877 and 1959, historical production of the district was approximately 1.4 million ounces of gold 

and 3.3 million ounces of silver (Shapiro and Gries, 1970). Including the recent production at Wharf 

(Coeur Mining, 2015 Technical Report, p. 40) brings these totals to approximately 4.4 million ounces of 

gold. The Au ore bodies in the Bald Mountain mining district are structurally controlled, disseminated, and 

hosted in both sedimentary and intrusive rocks. The gold deposits are concentrated in the lower and 

upper members of the Deadwood Formation and have historically been referred to as the lower contact 

and upper contact ores, respectively (Connolly, 1927).  

The earliest geologic description of gold deposits in the Bald Mountain district was made by 

Emmons (1896) who referred to these deposits as “siliceous replacements.” Irving (1904) proposed that 

the mineralization event occurred after the igneous activity, and he related mineralization to circulating 

meteoric waters that leached gold from other rocks when they were heated by intrusions at depth. 

Connolly (1927) proposed a magmatic source for the ore, though he highlighted that the magmatic activity 

continued after the mineralization, as evidenced by crosscutting relationship between mineralized units 

and barren dikes. Emanuel and Walsh (1987) proposed that the high-angle faults and fractures located at 

dike margins acted as important structural controls and conduits for mineralizing fluids in these Tertiary 

deposits. Paterson et al. (1988 and 1989) interpreted the ore-forming fluids as originating from the alkalic 

magmatism based on isotopic data and fluid inclusions from samples collected at several deposits in the 

northern Black Hills, including the Bald Mountain district, and Paterson (1990) proposed that Au-Ag 

sedimentary rock-hosted deposits in the northern part of the Black Hills, including Annie Creek and 

Golden Reward, are similar to Carlin-type deposits. Harris (1991) characterized the petrogenesis of the 

intrusive rocks at Annie Creek and Foley Ridge. Most recently, Uzunlar (1993) concluded that all types of 

Au-Ag mineralization in the region formed as part of an alkalic porphyry-gold system. However, that study 

only included 2 samples from the Bald Mountain area and 3 samples from the western part of the Golden 

Reward area (Table 2.1). So far, no studies have been conducted in the Deep Portland, Trojan, and 

Green Mountain areas, and analyses from the Bald Mountain area are restricted to the 2 samples 

included by Uzunlar (1993). 

Despite the consensus that Bald Mountain district gold deposits formed in association with the 

alkalic intrusions, there is little agreement on the origins of mineralization in the Wharf area, or on the role 

of alkalic magmatism in the hydrothermal system. The purpose of the present study is to add new 

information made available by recent mining in the Deep Portland, Trojan, Green Mountain and the 

western part of Golden Reward, the Liberty and Harmony areas, with the goal of clarifying the genetic 

origin of the mineralization at Wharf.  
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Table 2.1 Principal contributions of previous studies in the Wharf area. WRC: whole rock composition, FI: Fluid Inclusions, SI: Stable Isotopes, Th: 
Homogenization temperature in ºC, Sal: Salinity in wt% NaCl eq., MDW: Middle Deadwood, LDW: Lower Deadwood. 

Author Zone Number of samples Analyses Results Contribution 

Emmons, 1896 Golden 
Reward 

 Field mapping  Siliceous replacements along fractures 

Giebink, 1985 
Foley 
Ridge 

1 MDW at Foley Ridge  
1 MDW at Dakota Shaft  
1 LDW at Two Johns 

FI in fluorite in vugs in 
sedimentary rocks 

Th: 126-207 
Sal: 2.25-10 Fluids inclusion results are consistent with epithermal deposits. 

Paterson and 
Giebink, 1989 

Annie 
Creek 

4 from trachyte sill 
3 from fractures 
13 from sedimentary 

 Petrography, WRC, Au and 
Ag chemistry.  

The hydrothermal system formed late during magmatism or 
afterwards 
Cooling and mixing of hydrothermal fluids with meteoric waters 
caused Au mineralization.  

Lessard and 
Loomis, 1990 

Annie 
Creek  Deposit description  

Ore deposit is controlled by sub-vertical fractures, replacing 
glauconitic, carbonate-bearing sedimentary rocks. 

Loomis and 
Alexander, 
1990 

Foley 
Ridge  Deposit description  

Ore deposit is a hydrothermal replacement in the Deadwood 
Formation, controlled by sub-vertical, north-east trending 
fractures. 

Emanuel et al, 
1990 
 

Golden 
Reward 

(potentially part of data 
set of Uzunlar, 1993) 

FI in quartz and fluorite veins 
in intrusive rocks, and fluorite 
in sedimentary rocks in the 
whole Golden Reward area  

Th: 170-240 
Sal:1-10 

Au and Ag mineralization in intrusive and sedimentary rocks is 
genetically related to alkalic igneous activity.  
The geochemical association Au-Ag-Hg and the fluid inclusion 
results suggest a dominantly epithermal environment  
The geochemical association Pb-Zn-As-Te-F suggests a 
transition to mesothermal environment. 
Report magnetite-pyrrhotite-pyrite replacement. 

Harris, 1991 

Annie 
Creek, 
Foley 
Ridge 

52 samples of intrusive 
rocks from drill core and 
exposures 

Petrography (52), WRC and 
multi-element chemistry (28), 
electron microprobe (6) 

 

Igneous rocks generated by partial melting of the mantle 
followed by fractionation to produce a trachytic magma. Then, 
two different paths: fractionation to produce phonolites, and 
crustal contamination to produce alkali rhyolite. 

Uzunlar, 1993 

Annie 
Creek 

1 polished thin section of 
rhyolite Petrography  

Au and Ag deposits in the Lead-Deadwood dome were formed 
in an epithermal environment in the upper part of an alkaline 
porphyry-gold system. 
Gold hosted in intrusive rocks is associated with silicification 
and potassic alteration. 

Foley 
Ridge 

1 sandstone hosted 
quartz vein sample  

FI and SI in a quartz vein in 
sandstone 

Th: 180-230  
δ18Oq: 12.99 

Golden 
Reward 

2 sandstones hosted 
fluorite  
 
1 fluorite vein   

Fluid inclusions in fluorite 

Th:169-224, 
Sal:2.8-6.5 

Th: 192-241,  
Sal: 2.6-10.3 

Bald 
Mountain 

1 calcite vein in 
sandstone  
1 quartz vein in rhyolite 

O and C stable isotopes  
δ18Oc: 18.49 
δ13Cc: -7.85 
δ18Oq: 11.56 

Harris and 
Paterson, 1996 

Foley 
Ridge 

Samples from drill core 
and exposures 
16 alkali trachytes 
5 alkali rhyolites 

Petrography, WRC and 
CIPW normative mineralogy  

 
Phonolites and trachytes are originated by partial melting of the 
mantle; part of it assimilated lower crustal rocks to produce 
rhyolite 
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2.4 Methods 

Mapping of host rocks, structure, alteration and mineralization was conducted at all accessible 

exposures in the open pits and roads at the Wharf mine and the surrounding area. Mapping data were 

supported by fifty-nine rock samples collected from surface and analyzed using a range of techniques 

(Table 2.2). Forty-five samples were analyzed for 51 elements using inductively couple plasma mass 

spectroscopy (ICP-MS), and gold was analyzed using fire assay with atomic absorption finish (FA-AA) 

analyses. Twenty-five samples were analyzed for major oxides using lithium borate fusion and X-Ray 

fluorescence. Sample preparation, ICP-MS, FA-AA and X-ray analyses were carried out by ALS Minerals 

laboratory in Reno, Nevada. This study also incorporates results from multi-element compositional 

analyses of 1016 reverse circulation drilling samples, analyzed using the same techniques at the same 

laboratory used for the samples collected in this study. The present study also incorporated the Wharf 

block model supported by 1,720,703 feet of reverse circulation drilling, distributed in 8,279 drill holes with 

181,039 samples analyzed for Au using FA-AA technique at the Wharf operation laboratory located on 

site (Wharf, Technical report, p.89.)                                  

Thirty-seven polished thin sections were prepared and examined using for standard petrographic 

techniques. Electron microscopy techniques were used to study twenty-two of the thin sections. Spot 

analyses were conducted at the Colorado School of Mines using a TESCAN MIRA3 model LMH Schottky 

field-emission-scanning electron microscope. The semi-quantitative mineral compositions were acquired 

using a Bruker XFlash® 6/30 silicon drift energy-dispersive X-Ray spectrometer (EDS). Images were 

acquired using a TESCAN motorized retractable, single-crystal YAG backscattered electron (BSE) 

detector. The working distance was 10 mm with accelerating voltage of 15 kV, but increased to 25 kV for 

chemical analyses.  

Mineralogical maps were acquired using scanning microscopy at the Colorado School of Mines 

using a TESCAN-VEGA-3 model LMU VP-SEM platform and the analyses were conducted using the 

software TIMA3. Four energy dispersive X-ray (EDX) spectrometers acquired spectra from the area of 

interest with a beam stepping interval of 20 µm for overview scans, 5 µm for high-resolution scans, and 

1µm for bright phase scans, an accelerating voltage of 25 keV for overview and high resolution scans, 

and 85 keV for bright phase scan, and a beam intensity of 14. Interactions between the beam and the 

sample were modeled through Monte Carlo simulation. The EDX spectra were compared with those for 

mi spectra held in a look-up table allowing a mineral assignment to be at each acquisition point. The 

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

Results were output by the TIMA3 software as a spreadsheet giving the area percent of each composition 

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

assignments were grouped appropriately. 

Mineral identification and clay characterization were obtained using X-ray diffraction analyses of 

twenty-one samples. The analyses were run from 4° to 60° 2  at a scan rate of 1° 2  per minute, 40 kv 
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accelerating potential, and 40 mA filament current, using CuK radiation. Powder mounts were prepared 

for whole rock analysis; oriented clay separates and ethylene glycol-solvated samples were prepared for 

clay characterization. Mineral identification was carried out using JADE 2010 and DMSNT software. 

 

Table 2.2 Summary of analyses carried out on selected surface samples. ME: multi-element 
geochemistry, WRC: whole rock composition geochemistry, TS: thin section, BPS: bright phase scan. 

Sample # ME WRC TS XRD SEM BPS Sample # ME WRC TS TS XRD SEM BPS 
83401 x x x   x   83431 x x        
83402 x       83432 x  x x x    
83403 x       83433 x x       
83404 x x      83434 x  x      
83405 x x x  x   83435 x x x x     
83406 x       83436 x  x  x x  
83407 x x      83437 x x x x  x  
83408 x  x x x   83438 x x x x  x  
83409 x   x    83439 x x x  x    
83410 x x x x x   83440 x x x x x x  
83411 x x x  x x 83441 x  x   x  
83412 x x  x    83442 x x       
83413 x x x     83443 x  x      
83414 x x      83444 x  x      
83415 x       83445 x x  x         
83416 x  x  x   JP06    x  x x 
83417 x x      JP11    x  x   
83418 x  x     JP13    x  x x 
83419 x  x     JP46    x     
83420 x       JP47    x x    
83421 x x      JP64    x x    
83422 x x      JP69    x x    
83423 x x x x x   JP89     x    
83424 x       JP91    x   x 
83425 x       JP92     x    
83426 x x x x x x  JP97     x    
83427 x x      JP105    x     
83428 x x x x x x JP107    x    
83429 x  x x x   JP125    x x x   
83430 x x x             

 

2.5 Wharf area stratigraphy 

Rocks from the early Proterozoic to Tertiary crop out in the Wharf mine area. The oldest rocks are 

the strongly folded metamorphic basement, comprising the Ellison Formation and the Flag Rock 

Formation. Both of these are of Lower Proterozoic age and separated by an unconformity. The Ellison 

Formation is composed of muscovite-quartz phyllite, biotite-quartz phyllite, mica schist and minor 

amphibolite. The Flag Rock Formation is composed of mica schist, hornblende-plagioclase schist, and 

graphitic phyllite (Redden et al, 2010).  

The Paleozoic sedimentary rocks unconformably overlie the Precambrian basement and are sub-

horizontal, dipping shallowly to the southwest. The basal unit is the Upper Cambrian to Lower Ordovician 

Deadwood Formation. This unit is widely exposed in the area and is the most common host rock for gold 
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mineralization at Wharf. The Upper Ordovician Whitewood Dolomite and Winnipeg Formation 

conformably overlie the Deadwood Formation. The Winnipeg Formation is composed of green shale and 

siltstone, and has a thickness up to 35 m. There is a disconformity between the Winnipeg Formation and 

the overlying Devonian Englewood Limestone. The Englewood limestone is purple-gray color and its 

thickness is 10-20 m. The limestone is conformably overlain by the Mississippian Pahasapa Limestone, 

which is a 80 to 120 meter thick unit of dolomitic limestone (Redden et al, 2010).  

The Tertiary intrusive units range in age from Eocene to Paleocene. These units are comprised of 

rocks of alkalic to intermediate composition that form sills and dikes crosscutting the Precambrian and 

Paleozoic rocks. There are also fault breccias and intrusive breccias. The following sections describe the 

Deadwood Formation, the Tertiary intrusions, and the fault breccias in detail because of their importance 

to gold mineralization at Wharf. 

2.5.1 Deadwood Formation 

The Deadwood Formation is the basal unit of the sedimentary Paleozoic rocks that lie 

unconformably over the Precambrian rocks. Its distribution is controlled by the Paleozoic paleo-

topography, and in general this unit thins to the south (Darton and Paige, 1925). The Deadwood 

Formation was divided into three informal members by Kulic (1927). The lower member is 9 to 19 m thick 

(Shapire and Gries, 1970) and is composed of > 1 m thick beds of well cemented arkosic arenites, with 

sub-rounded to sub-angular, coarse quartz grains and rare feldspar grains (Figure 2.3 A and B). Locally, 

the lower member includes a basal polymictic, clast-supported muddy sandy conglomerate, up to 2 m 

thick in the Wharf area, composed of angular clast of Precambrian schist, quartzite, and quartz in a matrix 

of coarse sand and gravel.  

The Middle Member is 46 to 49 m thick (Shapire and Gries, 1970), and is composed of beds up to 

1 m thick of dark gray to brown mudstone with interlayered beds 1 to 10 cm thick of siltstone and beds 10 

to 30 cm thick of limestone conglomerate that is characterized by rounded elongate clasts (Figure 2.3C).  

The Upper Member is 40 to 47 m thick (Shapire and Gries, 1970), and is composed of > 1 m thick 

beds of fine to medium grain glauconitic sandstone (Figure 2.3A), interlayered with < 10 cm thick beds of 

siltstone (Figure 2.16D). 

2.5.2 Tertiary intrusive rocks  

The Tertiary intrusive rocks at Wharf are classified based on compositional and textural criteria. 

Compositional classification using whole rock data shows that most of the intrusions at Wharf fall into two 

rock type categories: trachytes and rhyolites (Figure 2.4). There is a good correlation between the 

samples collected for this study and previously published data from Foley Ridge at Wharf (Harris and 

Paterson, 1996) and elsewhere in the Bald Mountain district (Duke, 2005).  
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Figure 2.3 Photographs of the members of the Deadwood Formation. A) Unconformity (white dashed line) 

between the Precambrian basement (pЄ) and the arenites of the lower member of the Deadwood 
Formation (LDW). Solid white line corresponds to sample 83404 (0.54 ppm Au, 4.34 ppm Ag). B) Detail of 

the silicified arenites of the lower member of the Deadwood Formation. Sample 83437 (39.0 ppm Au, 
35.5 ppm Ag). C) Middle member (MDW, delimited by the white dashed lines) in the west wall of the 

Liberty zone. D) Oxidized glauconitic sandstone of upper member of the Deadwood Formation. Sample 
83423 (16.95 ppm Au, 10.0 ppm Ag). 

 
Figure 2.4 TAS classification diagram of intrusive rock samples collected for this study, and data from 

Wharf Resources, Duke (2005), Paterson (1989), and Harris and Paterson (1996) (LFS: lower Foley sill, 
UFS: upper Foley sill).  
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This classification was refined by incorporating textural and mineralogical (e.g. Streckeisen, 1979) 

criteria, generating five main groups: trachytes (T1 and T2), quartz alkali feldspar trachytes (QAFT), 

quartz trachytes (QT), rhyolites (Rhy), and phonolites (Pho).   

Trachyte 1 (T1) has a porphyritic texture, comprising fine grained phenocrysts of orthoclase, 

plagioclase and sanidine in an aphanitic groundmass. The phenocrysts are less than 1 mm in diameter 

and comprise 80% of the rock. The modal composition is typically 65% orthoclase, 15% plagioclase, less 

than 5% sanidine, less than 5% quartz, 5% pyrite, and 5% accessory minerals such as rutile, titanite and 

apatite (Figure 2.6A, B). This unit crops out in the Green Mountain area in what is referred to as the 

“upper sill,” and is approximately 30 m thick on average (profile AB in Figure 2.5). This upper sill extends 

at least to the Foley Ridge deposit, where it is 40 m thick (Harris and Paterson, 1996). Duke (2005) dated 

the trachyte that comprises the upper sill at the Annie Creek deposit using 40Ar/39Ar geochronology of 

sanidine, resulting in an age of 54.66 ± 0.19 Ma. 

Trachyte 2 (T2) is porphyritic with euhedral, medium to coarse grained phenocrysts of orthoclase 

and plagioclase in an aphanitic matrix. The phenocrysts are 5 mm in diameter on average and comprise 

60% of the rock. The modal composition is typically 70% orthoclase, less than 5% albite, 2% pyrite and 

trace rutile (Figure 2.6C, D). Orthoclase phenocrysts are zoned and look turbid under transmitted light 

(Figure 2.10B). Albite phenocrysts have orthoclase rims and are partially replaced by orthoclase and/or 

muscovite depending on the alteration intensity. This unit comprises the “lower sill” that extends from the 

Green Mountain area, where it is about 20 m thick, to the Deep Portland zone where the thickness 

gradually increases to 60 m at the west side of the Deep Portland zone (profile AB in Figure 2.5). Based 

on the textural description, this unit may correspond to the alkali trachyte described by Harris (1991) for 

the Foley Ridge and Annie Creek deposits. 

Quartz trachyte (QT) has seriate porphyritic texture with euhedral phenocrysts of orthoclase, 

plagioclase and quartz in a crystalline matrix. The modal composition is typically 50% orthoclase, 30% 

plagioclase, and 20% quartz. The quartz phenocrysts are less than 1 mm size and contain inclusions of 

oriented, needle shape aegirine (Figure 2.6E, F). The orthoclase phenocrysts are up to 5 mm, look turbid 

under plain transmitted light, have rims of secondary orthoclase, and have inclusions of bladed adularia 

and albite (Figure 2.10A). The plagioclase phenocrysts are up to 1 mm and have halos of orthoclase. This 

unit form sills and dikes in the Green Mountain, Bald Mountain and Liberty zones. Based on the textural 

description, this unit may correspond to the alkali rhyolite described by Harris (1991) for the Annie Creek 

and Foley Ridge deposits. 

Quartz alkali feldspar trachyte (QAFT) is porphyritic with subhedral, medium to coarse 

phenocrysts of orthoclase, plagioclase and quartz in a fine-grained matrix. The phenocrysts are 5 mm in 

diameter on average and comprise 60% of the rock. The modal composition is typically 80% orthoclase, 

15% quartz, and 5% plagioclase (Figure 6G). The orthoclase phenocrysts appear turbid under transmitted 

light and have overgrowths of secondary k-feldspar. All quartz phenocrysts have resorbed textures 

(Figure 2.6H), and all plagioclase phenocrysts are partially replaced by orthoclase. This unit forms sills 
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and dike swarms in the Bald Mountain and Harmony zones. Xenoliths of QT are present within the QAFT 

dikes that crosscut the metamorphic rocks in the Bald Mountain area. Based on the textural description, 

this unit correspond to the quartz alkali trachyte described by Harris (1991) for the Annie Creek and Foley 

Ridge deposits.  

Rhyolite (Rhy) has seriate porphyritic texture with euhedral, medium grained phenocrysts of 

orthoclase and plagioclase in a crystalline matrix (Figure 2.6). The modal composition is typically 40% of 

orthoclase, 35% plagioclase, and 25% quartz. The orthoclase phenocrysts are up to 2 mm diameter, look 

turbid under plain transmitted light, have rims of secondary orthoclase, and 50% of them have inclusions 

of bladed adularia and albite. The plagioclase phenocrysts are up to 0.5 mm and have halos of 

orthoclase. About 10% of the quartz occurs as a replacement of orthoclase phenocrysts, and the rest is 

cryptocrystalline in the matrix. This unit was observed forming dikes up to 0.3 m wide in the Liberty and 

Bald Mountain areas.  

The QT and Rhy units are similar in texture and in their major element composition as shown in 

the TAS diagram, but differ in the presence of quartz phenocrysts with aegirine inclusions in the QT unit. 

The T2 and QAFT units are similar in texture and composition but differ in the presence of quartz 

phenocrysts in the QAFT unit.  

Phonolite (Pho) has a porphyritic texture with phenocrysts of plagioclase and orthoclase, up to 

1cm in a matrix with trachytic texture. The modal composition is typically 60% of orthoclase, 15% 

microcline, 10% plagioclase, 10% nepheline, and 5% biotite. Microcline phenocrysts are up to 1 cm, 

biotite crystals are less than 1 mm. This unit forms sills in the Green Mountain and Bald Mountain areas.  

2.5.3 Breccias 

Three types of breccias were identified: yellow breccia, black breccia, and contact breccia. The 

contact breccias are restricted to contacts between the QT dikes and metamorphic basement or 

sedimentary rocks. The other two breccia types were observed along the Bridge fault, the Liberty fault, 

and in the Bald Mountain area.   

• Yellow Breccias 

The yellow breccias are polymictic, clast-supported, with a clast to matrix ratio of 70:30. Ninety-

five percent of the clast are sub-angular to rounded fragments of sandstone up to 5 mm. Five percent of 

the clasts are rounded fragments of quartzite and intrusive rocks up to 1 cm (Figure 2.7A, B). The matrix 

is goethite and silica with up to 3% disseminated pyrite and traces of bismoclite [BiOCl]. This breccia type 

forms subvertical and tabular bodies, up to 2 m wide, along fault zones. These bodies are strongly 

silicified and are characteristically yellowish to orange in color due to the high content of goethite in the 

matrix. Based on these characteristics, this may be a silicified fault breccia. 
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Figure 2.5 Geologic map and cross sections A-C and B-D at the Wharf mine, constructed from mapping 

conducted in this study and supported by lithological descriptions from the mine drill hole data base. 
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Figure 2.6 Hand sample photographs and thin section photomicrographs of the intrusive rocks at Wharf. 
A) and B) Photograph and photomicrograph of sample 83411 (2.5 ppm Au, 11.9 ppm Ag) of T1 unit. 
Orthoclase (Or) and plagioclase (Pg) phenocrysts are partially replaced by muscovite (Mus). The vug 

morphology suggests that it resulted from the dissolution of a feldspar phenocryst, and the vug is partially 
filled with pyrite (Py). C) and D) Photograph and photomicrograph of sample 83426 (0.1 ppm Au, 0.4 ppm 
Ag) of unit T2 showing the coarse grained zoned K-feldspar phenocrysts which are its principal diagnostic 
feature. E) and F) Photograph and photomicrograph of sample JP47 of QT unit (sample was not analyzed 

geochemically) showing its seriate texture and characteristic euhedral quartz phenocrysts with oriented 
aegirine (Ae) needles. G) Photograph of sample 83439 (0.1 ppm Au, 0.9 ppm Ag) of QAFT unit showing 
the coarse quartz phenocrysts which are its principle diagnostic feature. H) Photomicrograph of sample 

JP91 unit (sample was not analyzed geochemically) showing a resorbed quartz phenocryst characteristic 
of this unit. Note the vugs product of dissolution process in orthoclase and in the quartz. I) and J) 

Photograph and photomicrograph of sample 83438 (2.1 ppm Au, 1.5 ppm Ag) of Rhy unit, showing 
seriate texture, orthoclase with inclusions of plagioclase and bladed adularia, and overgrowth of 

secondary orthoclase around plagioclase and primary orthoclase. 
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• Black Breccias 

The black breccias are polymictic, clast-supported, with a clast to matrix ratio of 80:20. The clasts 

include angular to subrounded fragments of intrusive rocks, black schist, quartzite, and angular fragments 

of arenite (Figure 2.7C, D). The aphanitic black matrix is composed of intergrowth of anhedral quartz 

(35%), anhedral orthoclase (35%), and vug-hosted pyrite (30%) (Figure 2.7E). Sieve texture commonly 

affects clasts and matrix, forming vugs up to 2 mm in diameter. The black breccias form sub-vertical and 

tabular bodies, ranging from 2 cm to 2 m wide along fault zones.  

In some locations, the black breccias appear to have been reactivated. For example in the 

Harmony zone, they crosscut siltstones of the middle member of the Deadwood Formation, and each of 

the multiple pulses are polymictic, matrix-supported, with angular clasts of sedimentary and intrusive 

rocks in a matrix of quartz, pyrite, fluorite and rock flour (Figure 2.7E, F). Late fractures are filled with 

colloform quartz and barite. Based on these characteristics, the black breccia is interpreted as an 

intrusive breccia that incorporatde fragments of other units. 

2.6 Structure 

The structural evolution of the Wharf area includes intense deformation and tilting of the 

Precambrian basement, uplift of the Black Hills and reactivation of Precambrian faults commencing at 

about 64 Ma (Lisenbee and DeWitt, 1993); and the emplacement of the sills, dikes, and laccoliths in the 

Lead-Deadwood Dome about 55-54 Ma (Duke, 2005) likely in association with an extensional stress 

regime.  

Two distinct styles of faulting occur at Wharf. The west domain, in the footwall of the Bridge Fault 

(Figure 2.5A), comprises two subvertical, conjugated fault systems. These faults strike approximately 10º 

to 40º and 300º to 310º (Figure 2.8A). Cataclasites up to 30 cm wide commonly form in these faults, with 

zones of intense fracturing up to 10 fractures per linear meter (Figure 2.16A).  

In the east domain in the hanging wall of the Bridge Fault (Figure 2.5B), a horst structure uplifts 

and exposes the Precambrian metamorphic basement. The foliation of the metamorphic rocks ranges 

from 340º to 10º in azimuth, dipping from 40º to 80º east (Figure 2.8B). Dikes of the QT and QAFT units 

occur in this domain; these are most commonly foliation parallel, and have widths ranging from 0.3 to 4 

m. Smaller fault zones such as the Liberty Fault occur parallel to the main Bridge and Tornado faults, 

although the extent of these smaller faults along strike is unknown. Most of the faults in this zone have 

associated yellow and black breccias. Hummel (1952) described a positive correlation between N-S 

trending fault zones and high ore grades, but this could not be evaluated in this study as historic 

production data from this area do not include information on fault locations.  
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Figure 2.7 A) Photograph of yellow breccia sample 83408 (1.4 ppm Au, 25.9 ppm Ag) in the Bridge Fault. 

B) Photomicrograph of sample 83408 showing a clast of quartzite, quartz grains, and opaque minerals 
floating in a goethite-silica matrix. C), D), and E) Photograph, photomicrograph and BSE image of the 

black breccia sample 83436 (26.9 ppm Au, 28.6 ppm Ag) from the Liberty zone. The images show clasts 
of arenite (Arnt), intrusive rocks (Int), schist (Sch), quartzite (Qzte), the matrix (Mtx) and vugs. E)  Detail of 

the matrix of the black breccia showing pyrite (Py) filling vugs in the quartz (Qz) and orthoclase (Or) 
intergrowth. F) Photograph and photomicrograph of sample JP06 collected in the Harmony zone, showing 
siltstone with colloform quartz filling a fracture, and multiple episodes of brecciation, crosscut by a fluorite 

veinlet. 
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Figure 2.8 Stereographic projection of the joints and faults (solid lines), and foliation (dashed lines) in the 

A) west structural domain and B) east structural domain. 

2.7 Alteration  

The distribution of the different alteration styles at Wharf is lithologically and structurally 

controlled. In general, alkali metasomatism and phyllic alteration occur in the intrusive rocks, whereas 

silica recrystallization is the main alteration style in the sedimentary rocks. Carbonate alteration occurs 

primary along fracture in the middle Deadwood Formation, but also disseminated in the upper Deadwood 

Formation and intrusive rocks. Oxidation and advanced argillic alteration styles affect intrusive and 

sedimentary rocks but are structurally controlled rather than pervasive (Figure 2.9).  

The textural characteristics and intensities of alteration were determined based on petrographic 

observations. Alteration intensity is qualitatively described as weak, moderate or strong, depending on the 

degree of replacement of primary minerals. Alteration texture is described in terms of pervasive or 

selective; pervasive if replacement, recrystallization, or dissolution equally affects all minerals, grains or 

clast in the rock; and selective if it only affects a specific mineral.  

2.7.1 K-metasomatism 

At Wharf, K-metasomatism is widespread in the intrusive rocks and structurally controlled in the 

sedimentary rocks. In the intrusive rocks, this alteration style is not pervasive and its intensity varies from 

weak to moderate. This alteration style is characterized by dusty or turbid orthoclase, overgrowth of 

orthoclase rims around plagioclase and orthoclase, inclusions of blades of adularia in orthoclase 

phenocrysts, and resorbed textures in quartz and orthoclase (Figure 2.10, Figure 2.14). Quartz – 

orthoclase veinlets up to 1 cm wide were also observed, although only in dikes of the QAFT unit. Ordered 

lattice structures of albite, microcline, and orthoclase were identified with XRD. Secondary blades of albite 

replacing orthoclase were only observed in the QT, QAFT and Rhy units (Figure 2.10A). 
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Figure 2.9 Generalized distribution of alteration styles in the Deep Portland and Green Mountain areas 

(for section location see AC in Figure 2.5). 

 

In the sedimentary rocks, K-metasomatism is weak and not pervasive. It is characterized by 

orthoclase with trace Na. Accessory minerals include apatite, Nb-bearing rutile, monazite, calcite, pyrite, 

bismoclite, and anhydrite. This alteration was observed disseminated in the arenites of the lower member 

of the Deadwood Formation in the Liberty area, and forming halos along fractures in the middle and upper 

Deadwood Formation in the Bridge Fault zone and the Green Mountain area respectively (Figure 2.19A, 

Figure 2.17C, D). In yellow breccias in the Liberty area, calcite, apatite, orthoclase and bismoclite [BiOCl] 

form isolated patches. 

Figure 2.11 shows (2Ca+Na+K)/Al molar ratios vs. K/Al molar ratios for samples from Wharf. This 

analysis allows identification of elemental mass transfer during alteration processes when compared to 

the molar element ratios of known alteration minerals such as K-feldspar, K-mica or kaolinite (Warren et 

al., 2007). The comparison of altered and fresh rocks suggests a probable alteration path for the altered 

rocks at Wharf: Ca and Na mass loss and K mass gain, characteristic of K-metasomatism, and 

subsequent reduction in K mass with respect to the Ca and Na mass, probably related to later alteration 

processes. 
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Figure 2.10 A) Photomicrograph (cross polarized light) of sample JP47 of unit QT showing coarse 
phenocryst of K-feldspar with inclusions of albite and bladed adularia, and finer plagioclase with 
overgrowth of K-feldspar. Note the later plagioclase crystals formed after the orthoclase halo. B) 

Photomicrograph (transmitted light) of sample 83428 (0.8 ppm Au, 17.6 ppm Ag) from unit T2 collected 
from the Deep Portland zone showing a zoned, turbid K-feldspar phenocryst.   

The intensity of K-metasomatism was quantified by dividing the K/Al molar ratio by the 

(2Ca+Na+K)/Al molar ratio which results in K/2Ca+Na+K; this value corresponds to the slope of the line 

between each data point and the origin in the Figure 2.11 (Warren et al., 2007). The resulting intensity 

index was plotted versus Au, Ag, As, Cu, Pb, Te, Tl, U and Zn (Figure 2.12). There is no significant 

correlation between potassium metasomatism and Au, Cu, Sn, Te and Zn content in the intrusive rocks; 

whereas Ag, As, Pb, Tl and U are positively correlated with potassic metasomatism.  

 
Figure 2.11 (2Ca+Na+K)/Al molar ratio vs. K/Al molar ratio for the altered intrusive rocks from Wharf 

compared to fresh intrusive rocks from the district. The dotted arrow shows the inferred alteration path 
starting at the fresh rocks, moving up towards the K-feldspar molar composition, and towards the K-mica 

molar composition. This chart includes the samples from the intrusive rocks collected for this study, 5 
samples collected by Wharf Resources in 2012), and unaltered samples from Duke (2005) that were 

collected near the research area. This chart allows the comparison between the altered rocks at Wharf 
and fresh rocks from the same area.  



37 
 

 
Figure 2.12 Intensity of K-metasomatism compared to trace element and metal concentrations for the 

intrusive rocks at the Wharf mine and surroundings. 

2.7.2 Phyllic alteration 

Phyllic alteration occurs in the intrusive rocks in varying intensities from very weak to strong. This 

alteration style is not pervasive and is characterized by the presence of very fine disseminated pyrite, 

slilica recrystallization, and the replacement of feldspars by very fine grained muscovite. Strongly altered 

samples contain void spaces suggestive of dissolved feldspar phenocrysts (Figure 2.15A, B and C). This 

alteration style strongly affects unit T1 and T2 in the Green Mountain and Annie Creek areas, where vugs 

resulting from feldspar dissolution are up to 1 cm in diameter. This alteration style is of moderate intensity 

in units T2, QAFT and QT in the Annie Creek, Deep Portland, Liberty, and Harmony zones. In the Bald 

Mountain area, this alteration style is weak to absent in the dikes that crosscut the metamorphic 

basement rocks, and moderated in T2 sill. Figure 2.11 shows samples from units T1 and T2 that show 

strong phyllic alteration. 

 
Figure 2.13 A) and B) Photograph and photomicrograph (transmitted light) of sample 83430 (0.05 ppm 
Au) of the unit T2 collected in the Annie Creek area, showing moderate replacement of plagioclase (Pg) 

and orthoclase (Or) phenocrysts by muscovite, and sieve texture due to dissolution of phenocrysts.  
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2.7.3 Silicification 

Silicification is pervasive in the intrusive rocks and in the lower member of the Deadwood 

Formation, where it occurs with moderate to strong intensity. In the intrusive rocks, amorphous silica 

partially replaces orthoclase and plagioclase phenocrysts and matrix; whereas in the sedimentary rocks 

silica replaces the matrices of arenites and basal conglomerates (Figure 2.14A and B). 

Silicification also occurs in structures, forming halos up to 1 m wide around fractures into rocks of 

the middle and upper members of the Deadwood Formation.   

 

 
Figure 2.14 A) BSE image of sample 83426 (0.1 ppm Au, 0.4 ppm Ag) of T1 unit showing albite (Ab) 
replaced by orthoclase (Or), then quartz (Qz) replacing orthoclase (Or), and then an overgrowth of 

orthoclase around the phenocryst, the matrix is also an aphanitic intergrowth of quartz and orthoclase. 
Late barite (Brt) fills vugs. B) Photomicrograph (transmitted light) of sample 83437 (39.0 ppm Au, 35.5 

ppm Ag) of lower Deadwood Formation arenite showing recrystallized silica (Sil) and pyrite in the matrix. 

2.7.4 Carbonate alteration 

This alteration style occurs most intensely in the middle Deadwood Formation, although it also 

occurs in the other sedimentary and intrusive units. In the middle Deadwood Formation, calcite occurs 

along sub-vertical fractures crosscutting the bedding, forming veinlets up to 3 cm wide, and disseminated 

in the interlayered sandstones in the Liberty and Green Mountain zones. In the upper Deadwood 

Formation, calcite occurs as disseminations in the sandstone beds. In the intrusive rocks, carbonate 

alteration is weak, occurring as calcite ± fluorite filling vugs in the T2 unit in the Deep Portland zone, and 

filling fractures in T1 unit in the Green Mountain. Platy calcite replaced by silica (lattice texture) occurs 

along the Bridge Fault in the Trojan zone. Fragments of the same texture were found in the dumps of old 

tunnels in the Bald Mountain area (Figure 2.15B).   

2.7.5 Argillic alteration      

This alteration style is weak and has been observed along fractures in the Bridge and Liberty fault 

zones, as well as in intensely fractured zones in the Deep Portland and Green Mountain areas. The 

mineral association of smectite/illite, chlorite/smectite, discrete chlorite, smectite, and illite was identified 
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filling fractures after the black breccias in the Bridge Fault. Discrete illite, smectite, and dolomite were 

identified filling open spaces in banded hematitic veins in the Deep Portland zone (Figure 2.16B). 

Smectite (trioctahedral), talc, calcite and dolomite were identified filling fractures in the middle member of 

the Deadwood Formation in the Liberty zone. All minerals characteristic of this alteration style were 

identified through XRD analyses. 

 

 
 Figure 2.15 A). Photograph of the middle Deadwood Formation in the Liberty pit showing crusts of calcite 

along fractures. B) Sample 83418 (0.37 ppm Au, 10.75 ppm Ag) collected from the dump of an 
abandoned tunnel in the Bald Mountain area, showing silica replacing calcite blades (lattice texture).  

2.7.6 Supergene 

Oxidation is pervasive in the upper member of the Deadwood Formation throughout the Wharf 

area, as well as in the “upper sill” in the Green Mountain zone.  Oxidation also occurs in the middle 

member of the Deadwood Formation and in the intrusive rocks where these units are intersected by 

structures. In the intrusive rocks, leisegang oxidation bands are also accompanied by abundant sieve 

textures (Figure 2.16E).  

The structurally controlled oxidation produced hematitic veins that are banded and strongly 

silicified. In the Deep Portland and Green Mountain areas, these veins extend from about 1820 meter 

above sea level (masl) where they are exposed in the intrusive rocks of T2 unit at the current base of the 

Deep Portland Pit (Figure 2.16B, C), up through the upper member of the Deadwood Formation, at 1930 

masl (Figure 2.16A). Late opaline silica and jarosite fill vugs in the hematitic veinlets (Figure 2.16C). 

However, alunite, illite, smectite, and kaolinite (characterized with XRD) also occur in the open spaces of 

the banded hematite veinlets (Figure 2.16B). The banded iron oxides also have trace element contents 

that appeared to vary over time as illustrated in Figure 2.16D.  

Advanced argillic alteration of probable supergene origin occurs in the study area along fault 

zones such as the Bridge and Liberty faults, as well as in intensely fractured zones in the Deep Portland 

and Green Mountain areas. The mineral association includes chalcedonic and opaline silica, kaolinite, 

barite, and minerals of the alunite-jarosite solid solution series. Minerals of this solid solution series 
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(based on SEM-EDS and XRD analyses), form fine and euhedral crystals in open spaces, vugs and 

fractures. However, pure alunite was identified filling vugs in the T2 intrusive unit (Figure 2.17A, B), and 

pure alunite and kaolinite (characterized with XRD analyses) occur filling open spaces in the banded 

hematitic veins (Figure 2.16) in the Deep Portland zone. Jarosite-alunite solid solution (as identified by 

XRD) was identified filling vugs and fractures in black breccias from the Bald Mountain area, in the 

arenites of lower Deadwood in the Liberty zone, and in the middle member of the Deadwood Formation in 

the Bald Mountain area and in the Bridge Fault zone (Figure 2.17C, D). 

 
Figure 2.16 A) Photograph of hematitic veins (dashed white lines) controlled by fractures in the upper 
member of Deadwood Formation in the Green Mountain area. Solid white line corresponds to sample 
83423 (16.9 ppm Au, 10 ppm Ag). B) Detail of a banded hematitic veinlet with open spaces filled of 

alunite, illite, smectite and kaolinite. Sample collected in the Deep Portland area, Au and Ag contents not 
analyzed. C) and D) Photograph and BSE image of an hematitic veinlet hosted in T2 unit showing vugs 

filled of late quartz and alunite. The BSE image shows a detail of a fracture with drusy quartz overprinted 
by the banded iron oxides and the element traces associated within each band. Sample 83428 (0.8 ppm 
Au, 17.6 ppm Ag). E) Photograph of T1 showing strong sieve texture with elongated vugs along fractures 
and sub-rounded vugs of about 1cm in diameter average. This sample was collected from an intensely 

fractured zone in the Green Mountain area. 
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Figure 2.17 A) Photomicrograph of sample 83428 (0.8 ppm Au, 17.6 ppm Ag) of unit T2 collected at the 
Deep Portland zone showing a vug filled with alunite. B) BSE image of square shown in A. In the bottom 
of the image, iron oxides line a vug and are covered by small, anhedral alunite crystals that contain trace 
iron. In the top of the image, the alunite is coarser, euhedral and closer to end-member composition. The 
image also shows remnants of orthoclase (Or) and quartz (Qz) within banded and botroidal iron oxides 
(FeOx). C) Photomicrograph of sample 83410 (0.7 ppm Au, 1.2 ppm Ag) from silicified siltstone (SiltSt) 

collected at the Bridge Fault zone, showing a fracture with potassic alteration halo, later niobium-bearing 
rutile (Rt), and jarosite/alunite (Jar/Al) crystals filling the fractures. D) BSE image showing a detail of the 

late rutile and jarosite-alunite veinlet. E) and F) Photomicrograph of sample 43408 (1.4 ppm Au, 25.9 ppm 
Ag) showing vugs in a yellow breccia filled of alunite and chalcedonic quartz. 
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2.8 Mineralization 

The distribution of gold mineralization at Wharf is structurally and lithologically controlled. Gold 

grades are positively correlated with intensely fractured zones throughout the study area in sedimentary 

and intrusive rocks, in north-striking faults east of the Bridge fault, and in northeast and northwest striking 

conjugate fault sets west of the Bridge fault (Figure 2.18). Disseminated gold also occurs in the lower 

member of the Deadwood Formation, in the “lower sill” T2 intrusion in the Deep Portland zone and in the 

QAFT intrusion in the Harmony zone. The most significant grades occur disseminated in the permeable 

Lower Deadwood Formation, as well as in structures crosscutting the middle and upper members of the 

Deadwood Formation (Figure 2.18). In general, Ag/Au ratios range from 3 to 10, although along 

structures this ratio extends up to 30.  

 

 
Figure 2.18 Profile A – B overlain with Au block model, showing the distribution of gold grades in host 
rocks and structures. Gold is the only element routinely analyzed during mining. The block model is 
supported by 1,720,703 feet of drilling, distributed in 8,279 drill holes with 181,039 samples (Wharf, 

Technical report, p.89.) 

2.8.1 Hypogene  

Hypogene gold and silver mineralization at Wharf occurs as vug-filling calaverite [AuTe2], petzite 

[Ag3AuTe2], hessite [Ag2Te], and electrum (AuAg0.3-0.4) (Figure 2.20). Base metal minerals, such as 

galena, sphalerite, molybdenite, argentotennantite [(Ag,Cu)10Zn2Sb4S13], and chalcopyrite also occur 

although not at economic concentrations. Galena and silver-bearing phases are typically spatially related. 

Traces of molybdenite were observed in the T2 unit. Chalcopyrite occurs as sub-micron grains spatially 

related with arsenopyrite, and filling vugs in pyrite in the arenites of lower Deadwood Formation. 

Arsenopyrite forms rims around pyrite in the arenites of the lower Deadwood Formation and in the 

trachytes of T2 unit in Deep Portland. Arsenopyrite also occurs as isolated euhedral crystals in the 

sandstones of the upper member of the Dead Formation in the Green Mountain area.  
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2.8.2 Supergene 

Supergene gold and silver minerals include acanthite, native silver, gold and copper, iodargyrite [AgI], 

mckinstryite [(Ag,Cu)2S], mimetite [Pb5(AsO4)3Cl], and calderonite [Pb2Fe(VO4)2(OH)]. Acanthite and 

mckinstryite occur associated with barite, jarosite and LREE phosphates, filling fractures and vugs (Figure 

2.21B, C, D). In the T1 unit, galena and sphalerite occur after greenockite [(Cd,Zn)S], and barite filling 

vugs (Figure 2.21E). Native gold grains up 5 µm in diameter fill vugs in intrusive rocks and sandstones 

(Figure 2.21F, Figure 2.22), filling vugs in association with iron oxides (Figure 2.21G), filling fractures 

formed after arseniosiderite veinlets (Figure 2.21H), and filling vugs in association with alunite (Figure 

2.21I). Iodargyrite fills open spaces after botroidal iron oxides in the hematitic veins. Mimetite replaces 

galena associated with arseniosiderite along fractures. Accessory minerals accompanying metallic 

mineralization include barite, fluorite, apatite, bismoclite [BiOCl], zircon, Nb-bearing rutile, hollandite, 

monazite, cerianite, broockite, and other LREE phosphates.  

 

 
Figure 2.19 False color mineral map of sample 83437 from the lower member of Deadwood Formation 
(39.0 ppm Au, 35.5 ppm Ag) showing a microbreccia in the arenite containing orthoclase and abundant 

apatite.  
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Figure 2.20. A) and B) are BSE images of sample 83437 (39.0 ppm Au, 35.5 ppm Ag) from the lower 
member of Deadwood Formation in the Liberty area, showing electrum (El), calaverite (Cal), and 

acanthite (Ac) included in pyrite (Py), calaverite filling vugs in orthoclase (Or), and native gold filling vugs 
in quartz (Qz). The arsenopyrite (Asp) rims on these pyrite grains contain inclusions of chalcopyrite (Cpy). 
C) BSE image of sample JP06 showing hessite (He) include in pyrite (Py) with arsenopyrite (Ap) rims in a 
fragment on intrusive rock in a multiple breccia (Au and Ag grades not analyzed in whole rock sample). D) 

BSE image of sample 83408 (1.42 ppm Au, 25.9 ppm Ag) from the yellow breccias in the Bridge Fault, 
showing hessite (He) grains filling vugs in pyrite (Py) with inclusions of arsenopyrite (Ap). This pyrite is 
included in barite (Brt) filling a vug of quartz (Qz). E) BSE image from sample 83428 (0.8 ppm Au, 17.6 

ppm Ag) from unit T2 collected in the Deep Portland zone, showing argentotennantite (At) and rutile (Rt) 
inclusions in anhedral quartz, and vugs with a coat of iron oxides (FeOx) and late alunite (Al). F) BSE 
image of a black breccia (sample 83436, 26.9 ppm Au, 28.6 ppm Ag) showing a quartz fragment with 
inclusions of galena (Ga) and marcasite (Mar). G) BSE image of sample JP125 from a yellow breccia 
from the Liberty zone showing euhedral galena spatially related with calcite (Cc) and quartz. H) BSE 
image of sample 83438 (2.0 ppm Au, 1.5 ppm Ag) from a Rhy dike in the Liberty zone showing a vug 

filled with galena (Ga), pyrite (Py) and overgrowths of arsenopyrite (Ap). 
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Figure 2.21 A) BSE image of sample 83423 from the unit upper member of the Deadwood Formation 
collected in the Green Mountain area showing a submicron native silver grain, a zoned arsenopyrite 
(Asp), and pyrite included in recrystallized quartz. B) BSE image of hand sample 83432 (3.0 ppm Au, 

14.6 ppm Ag) collected from the Bridge fault zone in the Trojan area. It shows box work in quartz, filled 
with jarosite, late barite with inclusions of acanthite (Ac), and late grains of calderonite [Pb2Fe(VO4)2(OH)] 

(Cld). C) BSE image of sample 83408 (1.4 ppm Au, 25.9 ppm Ag) from a yellow breccia collected from 
the Bridge fault zone showing grains of acanthite and mckinstryite (Mck) along fractures through barite 
and pyrite. D) BSE image of sample 83441 (2.2 ppm Au, 15.3 ppm Ag) siltstones in the Harmony area, 

showing a fracture fill with acicular phosphates (Phos), and banded acanthite (Ac). E) BSE image of 
sample 83411 (2.2 ppm Au, 11.9 ppm Ag) from the unit T1 collected in the Green Mountain area showing 
a vug filled with greenockite (Gr), pyrite, and barite (Brt) enclosing sphalerite (Sph) and galena (Ga). F) 
BSE images of sample 83440 (44.1 ppm Au, 19.4 ppm Ag) from the lower member of the Deadwood 

Formation in the Liberty area, showing electrum (El) grains filling vugs in quartz, and iron oxides (FeOx) 
replacing piryte (Py). G) BSE image of a black breccia (sample 83436, 26.9 ppm Au, 28.6 ppm Ag) 

showing a detail of a vug in the matrix filled with iron oxide (FeOx) and grains of native gold. H) BSE 
image of sample 83423 (16.9 ppm Au, 10.0 ppm Ag) from the upper member of the Deadwood Formation 

in the Green Mountain area, showing a native gold grain along a fracture crosscutting arseniosiderite 
(Asd) veinlets. I) BSE image of sample 83428 (0.85 ppm Au, 17.6 ppm Ag) from unit T2 collected in the 

Deep Portland zone showing a gold grain with alunite filling a vug. 
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Figure 2.22 A) BSE image of sample JP91 from the unit QAFT collected from the Harmony zone showing 
fluorite (Flt) and native gold in vugs in an orthoclase (Or) phenocryst. B) BSE image of sample JP13 from 
the unit QT collected in the Green Mountain area showing a native gold grain filling a vug in recrystallized 

quartz (Qz). C) BSE image of sample JP06 (no analyzed) showing a gold grain in a vug in fragment of 
intrusive rock in a multi-episodic breccia. 

 
Figure 2.23 Distribution of reverse circulation drill holes with multi-element geochemical analyses used for 

the correlation analysis. 
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Table 2.3 Correlation coefficients for the subset of intrusive rocks (values in red are > 0.6)  
 AG AS AU BI CE CO CU BA CD HG LA MN MO NB P PB SB SE SN TE TH V W ZN 

AG 1                        

AS 0.27 1                       

AU 0.68 0.21 1                      

BI 0.08 0.04 0.00 1                     

CE 0.05 0.20 0.00 0.31 1                    

CO 0.18 0.27 0.12 0.04 0.12 1                   

CU 0.30 0.30 0.10 0.17 0.27 0.37 1                  

BA -0.01 -0.09 -0.06 0.42 -0.03 0.15 0.12 1                 

CD 0.18 0.19 0.05 0.10 0.10 0.57 0.35 0.03 1                

HG 0.36 0.16 0.07 0.43 0.17 0.12 0.29 0.19 0.16 1               

LA 0.04 0.20 -0.02 0.13 0.96 0.06 0.22 -0.10 0.05 -0.15 1              

MN 0.25 0.19 0.17 0.01 0.14 0.73 0.36 0.04 0.71 0.21 0.08 1             

MO 0.22 0.09 0.04 -0.05 0.04 0.29 0.27 0.35 0.33 0.11 0.03 0.38 1            

NB -0.01 0.03 0.01 0.04 0.12 -0.01 -0.01 0.06 0.10 0.11 0.04 0.00 -0.01 1           

P 0.28 0.52 0.23 -0.06 0.22 0.58 0.42 -0.06 0.45 0.23 0.12 0.50 0.17 -0.01 1          

PB 0.16 0.10 0.02 0.32 0.48 0.08 0.40 0.15 0.25 0.49 0.31 0.17 0.10 0.01 0.19 1         

SB 0.26 0.78 0.15 -0.01 0.20 0.32 0.40 -0.04 0.19 0.29 0.20 0.25 0.14 0.01 0.57 0.17 1        

SE 0.01 0.07 0.04 -0.06 0.06 -0.01 -0.01 -0.01 0.11 -0.03 -0.01 -0.01 0.00 0.97 0.03 -0.04 0.04 1       

SN 0.40 0.37 0.11 0.43 0.48 0.14 0.37 0.04 0.14 -0.12 0.47 0.11 0.11 0.05 0.23 0.29 0.36 0.01 1      

TE 0.72 0.11 0.98 0.01 0.01 0.11 0.10 -0.04 0.04 0.06 -0.02 0.17 0.04 -0.01 0.20 0.01 0.08 0.01 0.10 1     

TH 0.06 0.29 0.00 0.28 0.72 0.07 0.20 0.09 0.01 -0.09 0.75 0.06 0.06 0.09 0.09 0.34 0.36 0.02 0.63 -0.01 1    

V 0.42 0.67 0.42 0.09 0.23 0.46 0.41 0.01 0.34 0.27 0.15 0.36 0.20 0.03 0.68 0.12 0.70 0.05 0.40 0.38 0.29 1   

W 0.05 0.08 0.00 0.34 0.01 0.35 0.06 0.52 0.06 0.29 -0.06 0.04 0.06 0.32 0.03 0.12 0.10 0.14 0.07 0.00 0.04 0.12 1  

ZN 0.17 0.18 0.02 0.09 0.21 0.61 0.41 0.07 0.81 0.29 0.15 0.81 0.37 -0.01 0.53 0.44 0.26 -0.01 0.17 0.02 0.10 0.33 0.06 1 
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Table 2.4 Correlation coefficients for the subset of sedimentary rocks (values in red are > 0.6) 
 AG AS AU BI CD CE CO CU HG LA MN MO NB P PB SB SE SN TE TH U V W ZN 

AG 1                        

AS -0.03 1                       

AU 0.24 0.54 1                      

BI 0.12 -0.13 -0.02 1                     

CD 0.61 0.00 0.04 0.15 1                    

CE -0.19 -0.06 -0.09 0.11 -0.23 1                   

CO 0.31 -0.02 0.03 0.02 0.38 -0.07 1                  

CU 0.28 0.04 0.14 0.18 0.34 -0.16 0.35 1                 

HG 0.13 -0.04 0.04 0.45 0.13 -0.09 -0.11 0.13 1                

LA -0.11 -0.03 -0.06 0.00 -0.13 0.87 -0.08 -0.09 -0.14 1               

MN 0.35 -0.04 0.00 0.03 0.38 -0.05 0.68 0.24 0.00 -0.08 1              

MO 0.20 0.14 0.24 0.18 0.18 -0.09 0.22 0.45 0.05 -0.05 0.23 1             

NB 0.04 0.08 0.15 0.18 -0.02 0.15 0.21 0.17 0.14 0.06 0.28 0.42 1            

P 0.20 0.06 0.07 0.10 0.19 0.04 0.48 0.31 -0.01 -0.06 0.40 0.33 0.30 1           

PB 0.70 -0.03 0.08 0.07 0.57 -0.23 0.12 0.21 0.05 -0.14 0.24 0.22 -0.04 0.21 1          

SB 0.03 0.59 0.40 -0.06 0.04 -0.08 0.01 0.15 -0.04 -0.04 0.02 0.16 0.20 0.14 0.02 1         

SE -0.01 0.21 0.19 -0.01 -0.05 0.04 0.14 0.27 -0.09 0.05 0.10 0.38 0.33 0.24 -0.04 0.25 1        

SN 0.66 0.00 0.19 0.10 0.28 -0.02 0.20 0.12 -0.07 -0.03 0.24 0.23 0.19 0.29 0.60 0.08 0.14 1       

TE 0.30 0.10 0.53 0.03 0.07 -0.07 -0.02 0.17 0.12 -0.07 0.05 0.16 0.09 0.08 0.11 0.06 0.12 0.23 1      

TH -0.03 0.06 0.05 0.09 -0.07 0.49 0.21 0.20 -0.12 0.49 0.24 0.22 0.58 0.12 -0.11 0.22 0.30 0.11 0.00 1     

U 0.14 0.22 0.21 0.09 0.05 0.24 0.28 0.30 -0.12 0.21 0.31 0.52 0.58 0.46 0.07 0.24 0.49 0.25 0.12 0.53 1    

V 0.03 0.26 0.34 0.17 0.06 0.08 0.21 0.41 0.13 0.05 0.12 0.40 0.40 0.38 -0.03 0.35 0.34 0.16 0.22 0.34 0.47 1   

W 0.03 0.21 0.12 0.06 0.02 -0.06 0.06 0.00 0.09 -0.04 -0.06 0.14 0.16 0.05 -0.02 0.35 0.10 0.10 -0.03 0.04 0.12 0.15 1  

ZN 0.55 -0.01 0.06 0.10 0.78 -0.16 0.52 0.35 0.06 -0.10 0.58 0.29 0.11 0.34 0.47 0.06 0.04 0.31 0.07 0.06 0.27 0.12 0.07 1 
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2.9 Au and Ag geochemistry 

The geochemical association of Au and Ag mineralization was determined by calculating Pearson 

correlation coefficients using the Correl function in Microsoft Excel. From the 1061 samples in the data 

base, separate correlation coefficients were determined for the multi-element analyses from the intrusive 

rocks (379 samples) and sedimentary rocks (399 samples). These data are from the Foley, Deep 

Portland, Trojan, Green Mountain, Liberty and Harmony areas, (Figure 2.23). The results are summarized 

in the Table 2.3 and Table 2.4. For the intrusive rocks, positive correlations (> 0.7) occur between Au-Ag-

Te, As-Sb-V, Ce-La-Th, Mn-Zn-Cd, and Se-Nb. For the sedimentary rocks, positive correlations (> 0.7) 

were observed between Ag-Pb-Sn, Cd-Zn, Ce-La, and Mn-Co. 

2.10 Paragenesis 

The intrusions, alteration and mineralization at Wharf occurred in multiple overprinting events. 

Specific observations with regard to the alteration and mineralization occurong in each lithologic units are 

summarized in Table 2.5. Based on those observations, the different episodes of alteration and 

mineralization were interpreted to occur during 5 stages (Figure 2.24). The following sections describe the 

events that occurred during each stage.  

• Stage 1  

The relative sequence of the intrusions was determined based on crosscutting relationships; from 

oldest to youngest this sequence is: T1, T2, QT and QAFT, Rhy and Pho. The intrusive sequence 

initiated with the emplacement of the T1 unit, which has the lowest silica content (Figure 2.4), and is 

crosscut by dikes of T2 and Rhy in the Green Mountain area. The QT and QAFT units have similar whole 

rock composition, with higher silica content than the T1 and T2 units (Figure 2.4). Their temporal 

relationship can be constrained by the presence of xenoliths of QT in QAFT; thus, the QT unit was 

emplaced before QAFT. The Rhy dikes were observed in the Green Mountain crosscutting the T1 unit 

and the QT in the Liberty area, and the Pho sills were observed crosscutting the QAFT at Harmony and 

the T1 in the Green Mountain.  

During emplacement of these intrusions, K-metasomatism produced the orthoclase replacement 

and overgrowths in feldspars (Table 2.5). 

• Stage 2 

Following the emplacement of the intrusions, albite, bladed adularia and quartz partially replaced 

orthoclase in the intrusive rocks (Table 2.5, Figure 2.10, Figure 2.14). The orthoclase and quartz in the 

matrix of the lower and upper Deadwood Formation, and along fractures in the middle Deadwood 

Formation may have precipitated at this stage (Figure 2.19). Platy calcite precipitated along fractures 

(Figure 2.15B), and disseminated pyrite and calcite may have precipitated in the intrusive and 

sedimentary rocks during this stage. 
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At the same time at shallower depths, phyllic alteration developed, characterized by the mineral 

association muscovite, quartz and pyrite (Figure 2.13). 

Some hypogene mineralization may have occurred during this early episode with marcasite, 

argentotenantite, galena and sphalerite inclusions in quartz (Table 2.5, T2, QT and BBX units); galena, 

hessite, and acanthite inclusions in pyrite (Table 2.5, QT and BBX units); and electrum (AuAg0.3-0.4), and 

calaverite inclusions in orthoclase (Table 2.5, LDW unit, Figure 2.20A, B, C). Arsenopyrite may have 

precipitated later in this stage or during the following stage, forming rims on pyrite (Figure 2.19B,C) and 

euhedral crystals in the upper Deadwood Formation (Figure 2.21H).  

The black breccias were emplaced late in this stage based on crosscutting relationships as these 

breccias contain mineralized fragments of arenite (Table 2.5, Figure 2.7, Figure 2.20F) and likely formed 

as the result of hydrothermal activity. 

• Stage 3 

During the third stage, moderate to weak argillic alteration caused the precipitation of chlorite and 

illite in the upper sill and phonolite (Table 2.5, T1 unit).  

In the intensely fractured zones in the upper sill and lower sill in the Deep Portland area, and the 

QAFT in the Harmony area, a more acidic alteration fluid partially dissolved feldspars, plagioclase and 

Na-bearing orthoclase (Figure 2.6, Figure 2.7, Figure 2.13 and Figure 2.14). It is possible that the LREE 

phosphates, monazite, barite, and anhydrite precipitated during this stage in the newly formed vugs and 

along fractures.  

• Stage 4 

Carbonate alteration overprinted the phyllic altered zone, characterized by precipitation of 

disseminated calcite in the upper Deadwood Formation, along fractures in argillic altered intrusive rocks 

of the upper sill, and the sedimentary rocks of the middle Deadwood Formation (Table 2.5, T1, UDW and 

MDW units). In the intrusive rocks of T2 and QAFT, calcite precipitated in vugs with fluorite and rutile 

(Table 2.5, T2 and QAFT units).  

Acanthite, galena, sphalerite, greenockite, and copper phases (chalcopyrite and mckinstryite) 

precipitated in the new formed vugs (Table 2.5, T1 and YBX units). On an outcrop scale this mineralizing 

event was strongly controlled by intensely fractured zones (Figure 2.15A, Figure 2.20, Figure 2.21). It is 

possible that hypogene gold, electrum and tellurides continued precipitating during this stage (Table 2.5, 

QT, QAFT, and LDW units, Figure 2.22). 

• Stage 5  

During this stage the alunite-jarosite, phosphates, opal, chalcedonic silica, barite, acanthite, 

iodargyrite, silver, and gold precipitated in open spaces (Table 2.5, Figure 2.17A, Figure 2.16D, Figure 

2.18, Figure 2.20). All units above the middle Deadwood Formation, as well as the yellow breccias and 

the hematitic veins were pervasively oxidized. In the middle Deadwood Formation, and the intrusive rocks 

within and below it, oxidation was structurally controlled. 
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Table 2.5 Summary of observations of alteration and mineralization per lithological unit, from early (left side of table) to late (right side of table). 
UDW: upper Deadwood Formation, MDW: middle Deadwood Formation, LDW: lower Deadwood Formation, Met: metasomatism, Pet: 

petrography, TS: thin section, App.: appendix. Mineral abbreviations: Ab: albite, Ac: acanthite, Ad: adularia, Ag: silver, Ah: anhydrite, Al: alunite, 
Ap: apatite, Asid: Arseniosiderite, Asp: arsenopyrite, At: argentotennantite, Brt: barite, Cc: calcite, Chalc: chalcedonic quartz, Chl: chlorite, Cp: 

chalcopyrite, El: electrum, Feld: feldspar, Ga: galena, Hem: hematite, ill: illite, ILC: interlayered clays, Io: Iodargyte, Jar: jarosite, Ka: kaolinite, Mar: 
marcasite, Mo: molybdenite, Mus: muscovite, Mz: monazite, Pg: plagioclase, Py: pyrite, Qz: quartz, Rt: rutile, Sm: smectite, Sph: sphalerite, Tel: 

telluride. 

UDW  
 

Alteration 
style: K-met. Silicic Carbonate Mineralization 

Acid-
sulfate 

supergene 

Description
: 

Ordered Or identified 
with XRD Barren quartz veinlets Asid veinlets Disseminated Py, Bis, and Asp. 

Gold along fractures. 
Hematitic 
veinlets 

Temporal 
Evidence:   Qz veinlets are crosscut 

by Asid veinlets 
Asid veinlets crosscut Qz 

veinlets 
Gold occurs along fractures 
formed after Asid veinlets.   

Figures: Appendix D   2.21H 2.21H 2.16A 

MDW 
 

Alteration 
style: K-metasomatism Carbonate Acid-sulfate supergene 

Description
: 

Or and Rt precipitated in the alteration halo along 
fractures  

Multi-episodic Cc veinlets 
along fractures. 

Fragments of veins with 
lattice texture in this unit in 

the Bald Mt. area 

Brt, Jar-Al, Chal. Qz fills fractures 

Temporal 
Evidence: 

Jar-Al fills open spaces after K-met alteration along 
the fractures   Jar-Al fills open spaces after K-met alteration 

along the fractures 

Figures: 2.17C,D 2.15A 2.17C,D 

LDW  
 

Alteration 
style: K-metasomatism Silicic Mineralization Accessory 

minerals 
Acid-sulfate 
supergene 

Description
: 

Orthoclase disseminated 
in the matrix 

Quartz and pyrite 
replace the matrix 

El, Cal, Ac fill vugs in Py. Gold fills vugs in 
Qz, Cal occurs in Or. Asp with inclusions 

of Cp rims Py. 

Ap, Rt, Mz fills 
micro-breccia 

Jar-Al along 
open fractures. 

Temporal 
Evidence:     

  

Mineralization occurs after K-met, silicic, 
and dissolution because ore minerals fill 

vugs in Or, Qz, and Py 
   

Figures: 2.20 2.20  2.19A,B 2.20  
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Table 2.5 Continued 

T1 
  
  

 

Alteration 
style: K-met. Na-Met. Phyllic Argillic Carbonate  Mineralization Acid-sulfate 

supergene 

Description
: Turbid Or 

Ordered 
albite 

identified 
with 

XRD. 

Mus replaces Feld 
Ill identified with 

XRD 
Cc precipitates 
along fractures 

Py, Gr, Sph, 
Ga fill vugs Brt fills vugs 

Temporal 
Evidence:     

Mus occur after the K-
met because it replaces 

secondary (turbid) Or 

This mineral 
occurs as patches 

overprinting 
muscovite in the 

phyllic altered 
rocks  

Cc precipitated 
along fractures 

forming an 
alteration halo 
overprinted on 

argillic altered rocks  

Occurred after 
the dissolution 

process 
because these 

minerals fill 
vugs 

Fills vugs 

Figures:   App. D   Appendix D  2.21E  

T2 
  
  

 

Alteration 
style: K-met. Na-Met. Mineralization Phyllic Argillic Carbonate Acid-sulfate 

supergene 
Accessory 
minerals 

Description
: 

Zoned and 
turbid Or, Or 

replacing 
Pg, 

overgrowth 
of Or around 
phenocrysts. 

Ordered 
albite 

identified 
with 

XRD. 

Inclusions of At in Qz. 
Ga, Bis, Ac fill vugs. 
Asp rimming Py. Mo. 
Gold fills vugs with Al. 
Io fills open spaces in 

Hem veinlets. 

Mus 
replacing 

Feld 

Ill and Sm fill 
fractures 

Cc, Flt and 
Py fill vugs 

Hem veinlets. 
Jar-Al, Chal. 
Qz and Brt 

along fractures 
and fill vugs 

Rt, Ap and Zr 
fill vugs 

Temporal 
Evidence:     

Occurred before the 
dissolution process 

because these minerals 
are included in Qz. Ga, 
Bis, Ac, and gold occur 

after the dissolution 
process because they 

are filling vugs. Io 
occurs during the acid-

sulfate supergene 
alteration because it fills 
open spaces in the Hem 

veinlets. 

Mus occur 
after the 
K-met 

because it 
replaces 

secondary 
(turbid) Or 

This mineral 
association 

occurs along 
fractures  

This mineral 
association 

occurred 
after the 

dissolution 
process 
because 

these 
minerals fill 

vugs 

  

This mineral 
association 

occurred after 
the dissolution 

process 
because these 

minerals fill 
vugs 

Figures: 2.6D, 2.10B, 
2.14A 

App. D 2.19E, 2.14, 2.17A,B, 
2.21I 

2.6, 2.13 2.16B   2.14, 2.16B, 
2.17A,B, 2.21I 

  



55 
 

Table 2.5 Continued 

QT  
 

Alteration 
style: K-metasomatism Na-Metasomatism Mineralization Acid-sulfate supergene 

Description
: 

Zoned Or, blades of Ad 
replacing Feld 

Blades of Pg replacing 
phenocrysts with K-met. 
Ordered albite identified 

with XRD. 

Inclusions of Ac and Ga in Py. Inclusions 
of Ga and Sph in Qz. Gold fills vugs. 

Brt and LREE phosphates fill 
vugs 

Temporal 
Evidence:   

Na-met occurs after K-
met because Pg 

replaces Or 
overgrowths 

Initial mineralization of Ac and Ga occurs 
included in Py and Qz. Then, gold 

mineralization occurs after the dissolution 
process because Au fills vugs.  

 

Figures: 2.6E, 2.10A 2.10A, Appendix D 2.22B  

QAFT  
 

Alteration 
style: K-met. Na-Metasomatism Silicic Mineralization Accessory 

minerals 
Acid-sulfate 
supergene 

Description
: 

Turbid Or, 
Or with 

smoky Qz 
filling 

fractures 

Albite blades replacing secondary 
Or. Ordered albite identified with 

XRD. 

Qz replaces Or 
phenocrysts 

and matrix, Qz 
fills vugs and 

fractures 

Gold, Bis, and Py fill 
vugs 

Flt and Rt fill 
vugs 

Brt, Mz, 
broockite, 

hollandite and 
cerianite fill 

vugs 

Temporal 
Evidence:   

Na-met occurs after K-met because 
Ab is replacing phenocrysts with K-

met. 

Silicic alt. 
occurs after K-
met because 

Qz is replacing 
secondary Or 

in phenocrysts. 

Mineralization observed 
in this unit occurs after 
the dissolution episode 
because it occurs filling 

vugs 

  

Figures:    Appendix D  
  

2.22A   

RHY  

Alteration 
style: K-metasomatism Na-Metasomatism Mineralization Accessory minerals 

Description
: 

Or overgrowths on 
phenocrysts, bladed Ad 

replacing Feld 

Blades of Pg replacing phenocryst 
with K-met. 

Ga, Ac and Py fill vugs, Asp 
form rims on Py 

Mimetite, Asid precipitate along 
fractures. Bis, Rt and Mz fill 

vugs. 

Temporal 
Evidence:  

Na-met occurs after K-met because 
Pg is replacing phenocrysts with K-

met. 

Mineralization of Ga and Ac 
occurs after the dissolution 

episode because these 
minerals fill vugs 

These minerals occur after the 
dissolution episode because 

they fill vugs 

Figures:   
  

 2.19H   
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Table 2.5 Continued 

YBX  
 

Alteration 
style: Carbonate Accessory minerals Mineralization Acid-sulfate supergene 

Description
: 

Calcite patches spatially 
associated with Ga 

Ap, LREE phosphates 
fill vugs 

Ga spatially associated with Cc patches. 
He fills vugs in Py with inclusions of Asp, 
which in turn fills vugs in Brt that is also 
filling a vug. Ac and Mck filling fractures. 

Jar-Al, Brt, and Chal. Qz fill vugs 

Temporal 
Evidence:  

These minerals occur 
after the dissolution 

episode because they 
are filling vugs 

Mineralization of these silver minerals 
may occur during or after the acid-sulfate 
supergene alteration because they occur 

filling vugs or fractures in Brt. 

  

Figures: 2.19D  2.19D 2.17E,F 

BBX  

Alteration 
style: K-metasomatism Silicic alteration Mineralization 

Acid-sulfate 
supergene 

Accessory 
minerals 

Description
: 

Intergrowth of Or and Qz 
as matrix 

3 generations of quartz 
along veinlet: Qz with 

inclusion of Rt, then Qz, 
and then fibrous Qz 
filling open spaces. 

Clast of intrusive rock with Py with 
inclusions of He and rims of Asp. Clast of 
Qz with inclusions of Ga and Mar. Gold 

fills vugs in an intrusive clast. 

Chal. Qz fill 
vugs 

Fluorite 
veinlets. Rt anf 

Zr fill vugs 

Temporal 
Evidence: 

  
   

Mineralization of He, Ga and Mar occurs 
before the emplacement of this breccia 
because of the mineralized clasts. The 

dissolution episode occurs after the 
emplacement of this breccia because Py 
and gold precipitated in vugs in the matrix 

and clasts. 

  

Fluorite 
veinlets 

crosscut black 
breccias. 

Figures: 2.7E  2.19C,F, 2.22C  2.7F 
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Figure 2.24 Relative sequence of events in the Wharf system. Ab: albite, Ac: acanthite, Ad: adularia, Ag: 
silver, Ah: anhydrite, Al: alunite, Ap: apatite, Asp: arsenopyrite, Au: gold, Brt: barite, Cc: calcite, Chalc: 

chalcedonic quartz, Chl: chlorite, Cp: chalcopiryte, El: electrum, Ga: galena, Hem: hematie, ill: illite, Jar: 
jarosite, Ka: kaolinite, Mar: marcasite, MC: mixed clays, Mus: muscovite, Mz: monazite, Py: pyrite, Qz: 

quartz, Rt: rutile, Sm: smectite, Sph: sphalerite, Tel: tellurides 

 

2.11 Discussion 

Key observations at Wharf link the alteration and mineralization to the low sulfidation epithermal 

environment in a geothermal system. The alteration minerals spatially associated with ore include 

adularia, quartz, calcite and illite (Figure 2.10, Figure 2.14, Figure 2.15, Table 2.5); the ore minerals are 

electrum, acanthite, Au-Ag tellurides, and minor base metals (Figure 2.20, Figure 2.21, Table 2.5). Quartz 

forms colloform textures and lattice textures (after calcite) in fractures (Figure 2.7F, Figure 2.15B, Table 

2.5). These observations are supported by previous fluid inclusion studies that estimated homogenization 

temperatures between 170 to 240ºC (Giebink, 1985; Emanuel et al., 1990; Uzunlar, 1993).  
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Simmons and Browne (2000) described a model for epithermal ore formation in a geothermal 

system that can be applied to Wharf. Their generalized model involves deep circulation of meteoric 

waters triggered by a shallow heat source and an ascending plume of near-neutral pH chloride-rich 

waters containing CO2 and H2S. Figure 2.25 illustrates a schematic model to explain how the overlapping 

alteration assemblages and episodes of acidic and neutral environments might have formed in such an 

environment at Wharf. The following sections describe the processes that likely generated the 5 stages of 

the evolving /magmatic-hydrothermal system at Wharf (Figure 2.24).  

2.11.1 Magmatic environment  

The sequence of igneous intrusions at Wharf suggest a gradual transition from alkalic to sub-

alkalic composition, followed by the emplacement of the late alkalic phonolite (Figure 2.4). This 

observation is supported by the fractional crystallization model proposed for northern Black Hills by 

Uzunlar (1993) and Duke (2005). 

The intrusive rocks at Wharf show different intensities of K-metasomatism; however, this 

alteration style does not correlate with Au in spatial distribution or intensity, nor with Cu, Te, or Zn (Figure 

2.12). This dissociation between gold mineralization and K-metasomatism has been observed in other 

epithermal gold deposits spatially and temporally related to alkalic magmatism (Jensen and Barton, 

2002). The fenitization process, that is K-metasomatism developed as K-rich fluids are released during 

the cooling of carbonatite intrusions, is common around alkaline complexes (Pirajno, 2009). Thus, the 

early and barren K-metasomatised rocks at Wharf could have been altered as a result of fenitization, 

before or during the transition to the hydrothermal environment, during the stage 1 of the depicted 

paragenesis (Figure 2.24). 

2.11.2 Hydrothermal environment  

The establishment of the hydrothermal system at Wharf is represented by the formation of 

adularia, albite, quartz and calcite during Stage 2 of the paragenetic sequence. The platy calcite that later 

was replaced to form lattice texture quartz (Figure 2.15) likely formed during this stage. These features 

are assumed to be related with boiling of near neutral pH, chloride-rich waters in the geothermal 

environment (e.g. Simmons et al., 2005). Wharf appears to fit with the generalized model for alteration in 

the geothermal environment, which suggests that as these fluids ascend, boil, and cool, the Ca-, Na-, and 

Mg-bearing phases isochemically dissolve while K+ is added to the intrusive rocks (K-metasomatism) 

(Figure 2.11), and silicification occurs in the upflow zone (Giggenbach, 1984, 1988) in association with 

decreasing quartz solubility (Fournier, 1985; Figure 2.25). Other workers have also used the presence of 

platy calcite as evidence of a CO2-rich composition of a two-phase (vapor and liquid) fluid-dominated 

environment (Simmons and Christenson, 1994). The data collected in the present study suggest that at 

the same time at shallower depths, as the fluids ascended and cooled, H-metasomatism increased to 
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form muscovite after orthoclase. The inclusions of galena, acanthite, argentotenantite, electrum and Au-

Ag tellurides in quartz and pyrite (Figure 2.19 C, E, F, Table 2.5) likely precipitated during this stage in 

association with boiling. 

During Stage 3, weak acidic alteration occurred, characterized by the precipitation of illite, 

smectite, illite-smectite and kaolinite. In the generalized model proposed by Simmons and Browne (2000), 

this alteration is proposed to occur in the upper and external parts of the upflow zone, CO2 condensed in 

the presence of cool ground water to form CO2-rich steam heated waters, likely at temperatures < 180ºC 

(Simmons and Browne, 2000; Simmons et al., 2005). At Wharf, this alteration style overprints the 

phyllically altered intrusive rocks of the upper sill. One possible mechanism to achieve such overprinting 

is downward movement of the water table to greater depths (Figure 2.24).  

Outside of the upflow zone, the hydrothermal system at Wharf was recharged simultaneously by 

meteoric waters, enriched with the mobilized ions Na2+, Ca2+ and Mg2+ (Figure 2.25). As these meteoric 

waters descended and heated, K-bearing phases dissolved, and calcite and chlorite precipitated, 

consistent with studies at other sites by Giggenbach (1984) and Warren et al. (2007; Figure 2.11). The 

dissolution features in the intrusive rocks at greater depths at Wharf could be formed either by dissolving 

the Ca-, Mg-, and Na-bearing phases during the upflow, dissolving the K-bearing phases by circulating 

heated meteoric waters, or a combination of both processes. 

In Stage 4, the water table appears to have risen to generate a neutral environment in the Wharf 

deposit area. In conjunction with cooling hydrothermal fluids, lower temperature alteration occurred 

characterized by the precipitation of calcite, fluorite, apatite, rutile, pyrite and ore minerals (Figure 2.20, 

Figure 2.21) precipitate in vugs in this near neutral environment. Previous workers at Wharf conducted 

fluid inclusion analyses on fluorite, described in Giebink (1985), Emanuel et al. (1990), and Uzunlar 

(1993); the present study suggests that the fluorite precipitated during this stage. Thus, the range of 

temperatures between 170 and 240ºC obtained from the fluid inclusions, and the hydrostatic boiling point 

depth curve for pure water (Giggenbach, 1981), suggest that boiling likely occurred 150 to 400 m below 

the water table during this stage. Key ore minerals precipitated at this time, (Figure 2.25), in a second 

mineralizing episode characterized by gold, Au-Ag tellurides, and base metals filling vugs in the intrusive 

and sedimentary rocks, and in the yellow and black breccias.   

Finally, in Stage 5, the supergene environment was characterized by acidic alteration which 

affected the whole deposit. This may have occurred as the water table dropped and the hydrothermal 

fluids cooled. Thus, the acid-sulfate supergene mineral association precipitated filling open spaces, as 

well as remobilizing gold and silver phases and reprecipitating them along the main fluid conduits, 

resulting in higher Ag/Au ratios along structures. The presence of supergene alunite suggests that the pH 

was around 2 to 3 (Stoffrengen, 1987). This acidic fluid likely increased the dissolution textures observed 

in the oxidized intrusive rocks (Figure 2.16E) and partially remobilized Al to form a trace constituent of 

iron oxides along fractures (Figure 2.16D).  
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During formation of the Wharf deposit, the fluids varied from low to intermediate sulfidation state. 

In the early stages, low sulfidation stage minerals precipitated, as exemplified by pyrite rimmed by 

arsenopyrite. Later mineralization involved phases characteristic of intermediate sulfidation state, 

including as chalcopyrite, acanthite, argentotenanntite, arsenopyrite, arsenosiderite, mimetite 

[Pb5(AsO4)3Cl], and calderonite [Pb2Fe(VO4)2(OH)].  

 

 
Figure 2.25 Cartoon showing fluid-rock interactions responsible for alteration in the Wharf deposit, based 

on Simmons and Browne (2000) model. Or: orthoclase, Ad: adularia, Cc: calcite, Chl: chlorite. 

2.11.3 Regional comparisons 

Although Wharf bears many similarities to the alkalic gold deposits that form a north-south trend 

along the North American Cordillera (NAC), gold mineralization in the northern Black Hills more likely 

formed in association with the N40ºW trend of alkalic, carbonatitic and kimberlitic magmatism that 

extends from the Black Hills to the Montana-Canada border (Duke, 2005) (Figure 2.26). The alkalic and 

kimberlitic magmatism in the N40ºW trend occurred from ~55 to ~46 Ma (Duke, 2005), providing a likely 

maximum age for the mineralization at these deposits. In the NAC, the alkalic gold deposits located in 

Central City and Boulder County, Colorado formed at approximately the same time (59 to 44 Ma; Kelly, 

2002). However, the northernmost deposits in the NAC are older than those in the N40ºW trend, such as 

Golden Sunlight in Montana which has an inferred Cretaceous age (Spry et al., 1996); the southernmost 

deposits in the NAC including Cripple Creek are younger (~35 to ~27 Ma; Kelley, 2002). 

Despite being of a different age, Wharf is comparable in size and has many characteristics similar 

to Golden Sunlight, Montana, and the disseminated low grade ore at Cripple Creek II, Colorado, (Jensen 

and Barton, 2000) (Figure 2.26). Golden Sunlight, Montana, is a low-sulfidation epithermal gold-silver 

telluride deposit. Ore is hosted by the Mineral Hill breccia pipe, in the high levels of an alkaline Mo 
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porphyry system (Spry et al., 1996). Similar to Wharf, Golden Sunlight contains base metal sulfides, Bi 

tellurides and sulfosalts, Au-Ag tellurides and native gold. The alteration includes quartz, K-feldspar and 

sericite (Spry et al., 1996). At Golden Sunlight, molybdenite occurs in the deeper portions of the breccia; 

this has not been observed at Wharf. Similar to Wharf, gold ore in the low-grade deposit at Cripple Creek 

II is disseminated as gold tellurides and lesser native gold and gold-bearing pyrite (Dye, 2015), 

associated with potassium feldspar, pyrite, carbonates and minor clay alteration (Jensen, 2003). 

However, ore at Cripple Creek is hosted in an Oligocene volcanic complex, rather than in sedimentary 

rocks as at Wharf. The most compelling similarity between Wharf and the alkalic gold deposits in the 

N40ºW trend is the low gold:silver ratio. The gold:silver ratio at Wharf and in the epithermal gold-silver 

telluride veins hosted in alkaline rocks at Gies and Zortman Landusky, Montana (Lusk, 1973; Zhang and 

Spry, 1994; Hastings, 1988: in Jensen and Barton, 2000) (Figure 2.28) is much lower than the deposits in 

the NAC. 

 

 
Figure 2.26 Gold deposits associated with alkaline rocks (modified from Kelly, 2002). SD: South Dakota, 

MT: Montana. 
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Figure 2.27 Grade vs. tonnage for gold deposits related to alkaline rocks (modified from Jensen and 

Barton, 2000). 

 

 
Figure 2.28 Gold content vs. gold/silver (weight) of epithermal and porphyry style gold deposits related 

with alkaline rocks (modified from Jensen and Barton, 2000).  
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2.12 Conclusions 

Ore is disseminated and structurally controlled in the sedimentary and igneous host rocks at 

Wharf. Two structural domains were differentiated in this study, with significant grade occurring in 

fractures in both domains. The west domain is in the footwall of the Bridge Fault and comprises two sub-

vertical, conjugated fault systems oriented approximately 10º to 40º and 300º to 310º (Figure 2.8A). The 

east domain, in the hanging wall of the Bridge Fault, is a horst structure that uplifts and exposes the 

Precambrian metamorphic basement, with foliation that ranges from 340º to 10º in azimuth, dipping from 

40º to 80º east (Figure 2.8B). 

Geochemically, Au is correlated with Te and Ag in the intrusive rocks, whereas Ag is correlated 

with Pb and Sn in the sedimentary rocks. In both rock types Zn and Cd are correlated: and particularly for 

the intrusive rocks As-Sb-V are correlated.  

Hypogene mineralization occurred as Au, Au tellurides and electrum. Minor base metal minerals, 

such as galena, sphalerite, molybdenite, argentotennantite [(Ag,Cu)10Zn2Sb4S13], and chalcopyrite, also 

precipitated in vugs in the intrusive rocks although not at economic concentrations. The sulfide mineral 

association and the geochemical correlations suggest a low to intermediate sulfidation state of fluids. 

Supergene mineralization was characterized by acanthite, native silver, gold and copper, iodargyrite [AgI], 

mckinstryite [(Ag,Cu)2S], mimetite [Pb5(AsO4)3Cl], and calderonite [Pb2Fe(VO4)2(OH)].  

The intrusive rocks at shallow depths in the Wharf deposit area acted as hosts for gold 

mineralization but do not appear to have been the causative intrusions, as suggested by the observation 

of gold-bearing phases filling vugs in the intrusive rocks. 

K-metasomatism was extensive although of variable intensity throughout the deposit area, and 

may have started in the late stages of magmatism as the different igneous units were intruding each 

other. The intensity of K-metasomatism is correlated with Ag, As, and Pb, but not with Au, Cu, Te or Zn 

(Figure 2.12). The hydrothermal system likely developed as ascending chloride-rich waters reached the 

intrusive rocks that buffer the fluids to produce albite, adularia, quartz and calcite. Platy calcite is 

evidence of a boiling episode and the CO2-rich composition of the hydrothermal fluid.  

The Wharf deposits likely formed contemporaneously with other epithermal deposits in the South 

Dakota – Montana alkalic trend where intrusions are similar in age (~55 to 46 Ma), and Ag concentrations 

are higher than Au.   
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CHAPTER 3  

CONCLUSIONS 

 

This chapter includes the major conclusions and also the implications for further exploration of 

gold deposits similar to Wharf, the limitations encountered during the development of this study, and 

recommendations for further studies to improve knowledge of this deposit. 

3.1 Major conclusions 

• Research question #1: What is the relationship between the intrusive rocks and mineralization at 

Wharf? 

The intrusive rocks described at Wharf are the host rock for gold mineralization but are not the 

causative intrusions. The observed gold mineralization occurs filling vugs in the intrusive rocks, without 

any correlation with intrusions of a particular composition.  

• Research question #2: Is the potassic alteration genetically related to gold mineralization at 

Wharf? 

K-metasomatism is extensive although of variable intensity, is not correlated with gold and 

telluride mineralization in space or intensity, but it is moderately correlated with Ag, As and Pb 

concentrations.  

• Research question #3: What are the structural controls on mineralization in the Wharf area? 

Two structural domain were differentiated that host gold ore at Wharf. The west domain is in the 

footwall of the Bridge Fault and comprises two sub-vertical, conjugated fault systems oriented 

approximately 10º to 40º and 300º to 310º. The east domain, in the hanging wall of the Bridge Fault, is a 

horst structure that uplifts and exposes the Precambrian metamorphic basement, with foliation that 

ranges from 340º to 10º in azimuth, dipping from 40º to 80º east. 

• Research question #4: What is the hydrothermal environment that produced the alteration and 

mineralization at Wharf?  

The hydrothermal system likely developed as ascending chloride-rich waters reached the 

intrusive rocks which buffer the fluids to produce albite, adularia, quartz and calcite alteration. This 

mineral association indicates near neutral pH fluids at temperatures >240 ºC (Simmons et al., 2005). The 

platy calcite, that later forms the lattice textures, together with the two phase liquid-vapor fluid inclusions 

(Giebink, 1985, Emanuel et al., 1990; Uzunlar, 1993) are evidence of a boiling episode, and CO2-rich fluid 

composition. Thus, the precipitation of ore minerals may have occurred related with the combination of 

these factors: cooling of boiling fluids, buffering of those fluids by the intrusive rocks, the permeable 

arenite of the lower Deadwood Formation just above the intrusive rocks, and the seal made by the middle 

Deadwood Formation, trapping the mineralizing fluids below it. 
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• Research question #4: Is Wharf genetically associated with the alkalic gold deposits in North 

American Cordillera belt? 

Wharf seems to be related to the South Dakota – Montana alkalic trend where intrusions are 

similar in age (~55-46 Ma) (Duke, 2006), and Ag concentrations are higher than gold, as opposed to the 

gold deposits associated with the NAC belt.   

3.2 Exploration implications 

• Lead-Deadwood Dome 

Recognition that the intrusive rocks at Wharf were host rocks rather than causative sources of the 

gold mineralization can help orientate further gold exploration in the Lead-Deadwood Dome. The 

preferential mineralization of the lower Deadwood Formation and of intrusive rocks with secondary 

permeability located below the middle member of Deadwood Formation will serve as a guide to locate 

potential targets for disseminated Wharf-style ore elsewhere in the vicinity of Wharf and nearby districts.  

In the intrusive rocks, the presence of phyllic, argillic and carbonate alteration are indicators of 

hydrothermal fluid circulation, but they do not necessarily indicate gold mineralization. The presence of K-

metasomatism in the intrusive rocks also should not be used as an exploration vector as this alteration 

style does not appear to have been linked to the mineralizing fluids.  

Exploration vectors in the sedimentary rocks include the presence of silicification accompanied by 

abundant disseminated pyrite, which together typically are good indicators of gold mineralization.  

The presence of hematitic veins and zones with vug and fracture-filling jarosite-alunite are good 

indicators of gold and silver mineralization of supergene origin. However, due to the fine crystal size of 

jarosite-alunite, petrographic work may be required for identification.  

Perhaps most importantly, the location of the main faults and intensely fractured zones, which 

acted as the main conduits, can serve as guides for further exploration along the strike of such structures. 

This will require a good understanding of the structural controls, and structural domains of the whole 

Dome area and surroundings.  

• Northern Black Hills 

Elsewhere in the northern Black Hills, there is good potential for discovery of new epithermal gold 

deposits, similar to Wharf, as polymetallic veins, or even breccia pipes. Further exploration should be 

oriented towards hydrothermally altered intrusive rocks; and also towards the more permeable units of 

sedimentary and igneous origin, in conjunction with the identification of principal fault zones that could 

have served as the main conduits for mineralizing fluids. Thus, it is important to understand the local and 

regional structural controls and domains. Special attention should be given to the intersection of the 

principal fault zones with permeable units, because at Wharf these locations have the best gold grades.  

• Epithermal alkalic gold deposits 

In general, the stronger mineralization at Wharf is hosted in the more permeable sedimentary 

rocks. This concept may be used to generate possible targets for exploration elsewhere in the world. 
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Most of the epithermal alkalic gold deposits occur as quartz veinlets (eg. Gies, Central City, Cripple Creek 

I) and less commonly as disseminations in the intrusive breccias (eg. Cripple Creek II) or volcanic rocks. 

However, this work has demonstrated that significantly permeable units like the arenites of the lower 

Deadwood Formation, or even those with secondary permeability like the intrusive rocks at Wharf, are 

suitable candidates for hosting economic disseminated gold mineralization.  

3.3 Limitations of this study 

There were two major limitations on this study: accessibility during field work, and challenges with 

establishing correlation between the surface information and the drill hole database. 

As at any operative mine, safety and production take precedent over mapping and sampling for 

scientific purposes. Considerable work was carried out at Bald Mountain and Green Mountain away from 

the active mining areas. However, much additional information could have been gleaned from the open 

pits if access had been possible, or if lithology and alteration pit-scale maps were available. This 

additional information would have contributed to a better understanding of the relationships between 

mineralization, alteration and lithology, which at the end supports the interpreted potential genetic model.  

The correlation of surface descriptions with the drill hole database was challenging, particularly 

with respect to lithological identification and alteration descriptions. Alteration information is not typically 

recorded during routine logging of the chips during exploration and production, since reverse circulation 

drilling is used at Wharf. Moreover, the intrusive rocks types in the mine’s logging database are reduced 

to three categories: phonolite, monzonite and trachyte. Thus, the correlation between the T1, T2, QT, 

QAFT and RHY units determined by this study and those in the drill hole database was limited and 

uncertain. 

3.4 Recommendations for future work 

The goals of this study were to characterize the host rocks, alteration minerals and ore minerals 

at Wharf, with the aim of relating these events to the magmatism. This study comprised an important first 

pass, incorporating new data from previously unstudied areas at Annie Creek, Foley Ridge and Golden 

Reward. Beyond the scope of this study, several important questions remain unanswered at Wharf. 

These include: 

• Age of the mineralization 

Although the results of this study demonstrate that gold mineralization must be younger than ~55-

54 Ma, the exact age of the various alteration and mineralization events is not known. In order to answer 

that question, 40Ar/39Ar dating of hydrothermal orthoclase and alunite may provide constraints on the age 

of hydrothermal activity. There would likely be several challenges, including identification of hydrothermal 

(rather than igneous) phases, determination of the paragenetic relationship to ore phases, and separation 

of sufficiently large and pure samples for dating.  
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• Environments of formation for sulfate alteration minerals 

Textural relationships suggested that alunite, jarosite, and members of the jarosite-alunite solid-

solution series formed in the supergene environment at Wharf. In order to properly confirm the source of 

the SO2 that formed these minerals, it would be useful to conduct stable isotope characterization of δ34S, 

δ18O and δD. The oxygen isotope analyses should be conducted separately for oxygen in the SO4 and 

OH sites. Previous work has indicated that δ34S and δ18OSO4 primary values are retained from the SO4 

ligand, which will allow assessment of whether the SO2 came from condensed magmatic vapor at 

intermediate depths, or from the steam-heated environment or supergene environment (Rye et al., 1992). 

In the same way, δ34S in pyrite, δ34S and δ18O in barite, or δ13C isotopes in calcite may help to clarify the 

environment of formation, circulation of deep waters and their mixing with magmatic fluids. 

• Nature of the ore-forming fluids 

Assemblages of fluid inclusions were observed along planes in the quartz grains in the high gold 

grade arenites of the lower Deadwood Formation. A distinction could be made between hydrothermal 

quartz (and its fluid inclusion populations) and diagenetic quartz or quartz clasts and their fluid inclusion 

populations using cathodoluminiscence (CL) techniques. Studies of the fluid inclusions that formed during 

the hydrothermal events would contribute to improve the understanding of the conditions of alteration and 

mineralization at Wharf.   
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APPENDIX A 

Table A.1 Sample location and descriptions 

Sample 
# 

EAST 
WGS84 

NORTH 
WGS84 

ELEVATIO
N 

(m) 
Unit Sample description  

83401 593911 4909998 1836 QAFT 

Holocrystalline, porphyritic-aphanitic, with subhedral to anhedral, medium to coarse 
grained phenocrysts of orthoclase (35%), albite (5%) and quartz (10%), in a gray 
groundmass (45%). Pyrite (3%), iron oxides (2%) and barite (<1%) filling vugs. Sieve 
texture in orthoclase and matrix, vugs up to 1 mm in diameter, quartz with resorbed 
textures. 

83402 593849 4910041 1833 pE 
Reddish gneis, with lenses of quartz with iron oxides and hem disseminated. Some 
bands with moderate silicification. 

83403 593857 4910040 1833 LDW 
Matrissupported, polymictic conglomerate, with clasts of quartz, green schist, gneiss. 
Disseminated fluorite along fractures and interbed contacts. 

83404 593810 4910072 1865 LDW Quartz arenite, strongly silicified with, some beds with disseminated iron oxides. 

83405 593623 4910211 1856 QAFT 

Holocrystalline, porphyrytic-aphanitic texture, suhbedral, coarse grained 
phenocrystals of orthoclase (25%) and quartz (15%) in a gray groundmass (60%). 
Sieve texture. Vugs and fractures partially filled of iron oxides (1%), pyrite (1%), 
barite (1%), quartz, monazite, bismoclite and niobium bearing rutile. Quartz 
phenocrysts with resorbed textures. Isolated patches with argillic alteration (illite, 
sericite, epidote). Veinlets up to 1 cm wide of quartz suture of pyrite. Open fractures 
filled of barite, chalcedonic quartz, and orthoclase.  

83406 593493 4910341 1867 YBX 
Fault breccia with sub-angular fragments of sandstone and trachyte, cemented by 
yellowish aphanitic silica. Strongly silicified. Abundant disseminated pyrite in 
sandstone fragments. 

83407 593487 4910354 1868 QAFT 
Porphyritic, medium grained trachyte, moderately silicified, with traces of 
disseminated carbonates. 

83408 593486 4910357 1869 YBX 

Fault breccia with sub-angular fragments of sandstone and trachyte, cemented by 
yellowish aphanitic silica. Strongly silicified. Abundant disseminated pyrite in 
sandstone fragments. Vugs filled of barite, pyrite, pyrite with arsenic rich bands and 
inclusions of arsenopiyrite. Hessite, acanthite, and McKinstryite [(Ag,Cu)2S] filling 
vugs and fractures. 

83409 593474 4910372 1861 BBX 
Braided thin black breccias along the contact between siltstone and trachyte. It is 
matrix-supported, black aphanitic matrix with angular clast of trachyte. Jarosite-
alunite along fractures. Argillic alteration halo. 
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Table A.1 Continued 

83410 593460 4910386 1879 MDW 

Strongly silicified mudstones with fine disseminated pyrite. Silicification is associated 
with a fault 20/85 and extends only few meters into the siltstones. Fractures have an 
alteration halo of 1mm with orthoclase and niobium bearing rutile. Euhedral crystals 
of alunite-jarosite are filling the fractures. 

83411 593181 4910362 1876 T1 

Hypocrystalline, porphyritic-aphanitic, with subhedral, fine graindes phenocrysts of 
orthoclase (45%) and plagioclase (5%) in an aphanitic groundmass. Sieve texture. 
Quartz (5%) replacing the matrix, muscovite (29%) replacing feldspars. Pyrite, 
bismoclite, greenockite [CdZnS], sphalerite, galena, barite (2%), rutile (2%), apatite 
(2%), barite, and iron oxides filling vugs and fractures. Sphalerite and galena are 
included in barite. The opaque minerals add up to 10%. Abundant pyrolusite on 
fractures faces in the outcrop. 

83412 593179 4910362 1876 T1 
Strongly sericitized, medium grained trachyte, Fractures with euhedral quartz, , 
traces of calcite, silicified and oxidized halo up to 5 cm into the rock.   

83413 593172 4910362 1879 Rhy 

dike 20cm wide, azimuth 210/80. Hypocrystalline, porphyritic-aphanitic, with euhedral 
fine to coarse grained phenocrysts of orthoclase (15%) and aphanitic matrix (80%). 
Disseminated pyrite (3%), barite (1%) and rutile (1%) filling vugs. In the outcrop, 
quartz veinlets along the contacts with the hostrock. 

83414 594203 4910060 1845 LDW Strongly silicified coarse grained arenite with disseminated iron oxides. 

83415 594142 4910096 1847 YBX 
Polymictic, clast-supported breccia, with sub-angular fragments of arenite and 
trachyte in an aphanitic yellow silicified matrix. 

83416 594138 4910097 1846 BBX 

Polymictic, matrix-supported breccia, black matrix, with sub-angular clast of trachyte, 
gneiss, phillite. Sieve texture in the matrix. Quartz veinlest with inclusion of niobium 
bearing rutile with in turn have inclusion of silver. Vugs filled of chalcedonic quartz 
and LREE phosphates. 

83417 594131 4910101 1847 MDW 
Interlayered of thin beds of siltstone and sandstone, silicified, with sieve textures in 
the coarser beds by the contact with the trachyte. 

83418 593648 4910293 1892 vein 
float collected form a dump in the entrance of an old tunnel. Fragments up to 30 cm 
in diameter of quartz vein with disseminated pyrite, up to 20%, abundant fluorite, 
lattice and comb textures. 

83419 593979 4909155 1841 vein 
Banded, quartz (40%) – fluorite (50%) vein with fine grained disseminated pyrite 
(10%). Traces of jarosite-alunite? And barite open spaces. 

83420 592906 4910516 1974 Pho 
grab from the 6275 bench at the Green Mountain. Phonolites with chlorite-sericitic 
alteration. 

83421 593350 4910700 1880 MDW 
grab from the highwall in the Trojan area. Gray mudstone with braided and sub-
horizontal fractures, filled of abundant iron and manganese oxides.  

83422 593016 4910359 1895 T1 lenticular structure, azimuth 20, 1m max wide. Strong silicification, mineralization of 
braided euhedral quartz veinlets with disseminated iron oxides. 
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Table A.1 Continued 

83423 592760 4910380 1923 UDW 

Glauconitic sandstone with abundant hematite forming halos up to 1 m around the 
fractures. The fractures are filled of banded silice and hematite. Arseniosiderite 
veinlets, disseminated euhedral arsenopyrite, traces native silver, native gold in vugs 
and fractures crosscutting the arseniosiderite veinlets. 

83424 594256 4909372 1791 
Fault 

breccia 
Fault breccia 1.2m wide azimut 190, Clast of rhyolite floating in rock flour altered to 
white micas and clay, illite along fractures and in the clasts.   

83425 594254 4909372 1791 Rhy 
Dike 30cm, Az 190 next to the fault breccia. Porphyritic fine grained with abundant 
quartz phenocryst, white ckay and illite replacing the matrix and other phenocrysts. 
Moderated argillic alteration. 

83426 592678 4911113 1815 T2 

Holocrystalline, porphyritic-aphanitic, medium grained, subhedral phenocryst of 
orthoclase (60%), plagioclase (15%) and quartz (1%) in an aphanitic groundmass. 
Sieve texture. Vugs filled of calcite (1%), fluorite (1%), traces rhodonite, rutile (1%), 
traces zircon, barite (1%), traces molybdenite, and pyrite (2%). Orthoclase 
phenocryst are zoned, and partially replaced by muscovite (15%), and quartz have 
resorbed texture. Barite with inclusions of galena and bismoclite. 

83427 592726 4910868 1827 T2 
Silicified, medium grained trachyte with very fine, disseminated pyrite (about 2%), 
fluorite and traces calcite. Weak phyllic alteration overprinted. 

83428 592716 4910868 1827 T2 

Holocrystalline, porphyritic-aphanitic, with medium grained, subhedral to euhedral 
phenocrysts of orthoclase (35%) and plagioclase (5%) in a gray groundmass (65%). 
Sieve texture. Abundant muscovite (30%) replacing feldspars. Orthoclase 
phenocrysts are zoned. Abundant hematite, some chalcedonic quartz and alunite 
filling fractures.  
Zircon, barite, apatite, niobium bearing rutile, alunite, pyrite, gold, argentotenantite, 
acanthite, galena and bismoclite filling vugs. Filling fractures, after hematite banded 
veinlets, iodargite [AgI], alunite, dolomite, discrete illite, smectite and kaolinite. 

83429 593996 4909652 1830 MDW 

Interlayered thin beds of glauconitic sandstone, siltstone and lithic sandstone. 
Abundant disseminated and veinlets of pyrite (5%). Calcite with disseminated pyrite 
filling fractures, later iron oxides coat, and later chalcedonic quartz filling open 
spaces. 

83430 591162 4911419 1958 T2 

Holocrystalline, porphyritic-aphanitic, with medium grained, subhedral to euhedral 
phenocrysts of orthoclase (35%) and plagioclase (5%) in a gray groundmass (65%). 
Sieve texture. Abundant muscovite (30%) replacing feldspars. Orthoclase 
phenocrysts are zoned.  

83431 592186 4911976 1928 T2 
Medium grained trachyte, moderated phyllic alteration, some box work, traces 
chlorite, and disseminated iron oxides. 

83432 593445 4910849 1890 vein 
Brecciated quartz vein with disseminated pyrite (10%), lattice text and white clays 
filling fractures. Inclusions of galena in coarse pyrite. 
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Table A.1 Continued 

83433 594033 4909561 1820 MDW 
Silicified interbed of thin beds of siltstones, mudstones and elongated conglomerates, 
with thin sills of grey fine grained intrusive. Abundant diss and fracture filling Calcite. 

83434 594023 4909573 1820 
Contact 
breccia 

Matrix-supported breccia with clasts of black schist (85%), quartzite (10%), and mica 
schist (5%). The matrix is holocrystalline, porphyritic-aphantic with subhedral medium 
grained phenocrysts of orthoclase, plagioclase and quartz. Sieve texture. Muscovite 
replacing orthoclase, orthoclase forming rims around plagioclase and orthoclase, also 
plagioclase and quartz replacing orthoclase. Quartz phenocryst with aegirine 
inclusions. Fluorite and pyrite filling vugs. 

83435 594020 4909575 1820 QT 

Holocrystalline, porphyritic-aphantic with subhedral medium grained phenocrysts of 
orthoclase (45%), plagioclase (20%), and quartz (20%). Sieve texture. Muscovite 
(10%) replacing orthoclase, orthoclase forming rims around plagioclase and 
orthoclase, also plagioclase and quartz replacing orthoclase. Quartz phenocryst with 
aegirine inclusions. Barite (1%), rutile (1%), iron oxides (2%) and pyrite (1%) filling 
vugs. 

83436 594011 4909584 1784 BBX 

Polymictic, matrix-supported, with a clast to matrix ratio of 80:20. Sub-rounded 
fragments of intrusive rocks, black schist, quartzite, and angular fragments of arenite. 
The aphanitic black matrix is composed of anhedral intergrowth of 35% quartz, 35% 
orthoclase, and about 30% pyrite which is hosted in vugs. Sieve texture affects clasts 
and matrix. Asrsenopyrite, gold, electrum, iron oxides, LREE phosphates, anhydrite 
and barite filling vugs. Galena and marcasite inclusions in quartz fragments. 

83437 594010 4909586 1800 LDW 

Fine grained arenite with disseminated pyrite. Some fluorite disseminated and filling 
fractures. Isolated clusters of coarse calcite. Trace zircon, and rutile filling vugs. 
Pyrite with and without rims of arsenopyrite. Gold, calaverite, electrum, and 
chalcopiryrite filling vugs. According to SEM scan, up to 5% apatite, up to 12% pyrite, 
and 1% orthoclase filling fractures and vugs. 

83438 594009 4909588 1812 Rhy 

Dike 20cm wide, azimuth 360/90. Holocrystalline, porphyritic-aphanitic, with 
subhedra,l medium grained phenocrystals of orthoclase (35%), and fine grained 
phenocrysts of plagioclase (35%) and quartz (20%) in a gray groundmass. 
Orthoclase is partially replaced by quartz, plagioclase and muscovite (3%). Some 
plagioclase has orthoclase rims. Along microfractures: arseniosiderite (2%), traces 
niobium bearing rutile, traces bismoclite and mimetite [Pb5(AsO4)3Cl] replacing 
galena. Galena, acanthite, pyrite, barite, monazite, and LREE phosphates filling 
vugs. Opaque phases add 5%. 

83439 593959 4909121 1843 QAFT 

Holocrystalline, porphyritic, with medium grained phenocrysts in a very fine gained 
subhedral crystalline groundmass. Sieve texture. Phenocryst of orthoclase (70%), 
and quartz (20%). Quartz phenocrysts and some orthoclase have resorved texture. 
Muscovite (10%) replacing orthoclase phenocrysts. Trace fluorite and pyrite (1%). 
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Table A.1 Continued 

83440 594011 4909587 1805 LDW 

Sulfide rich bags in arenites. Disseminated fluorite spatially related with oxidized 
patches where jarosite, iron oxides, galena, silver, and chalcedony are filling 
fractures and vugs. In the un-oxide area, disseminated gold, electrum, petzite, and 
acanthite. 

83441 593994 4909127 1846 
HT 

breccia 

Polimictic, multipulse, breccia, with sub-angular fragments of silicified siltstone, and 
some intrusive rock; the matrix is porphyritic-aphanitic with fine grained phenocrysts 
of quartz and orthoclase, and abundant disseminated very fine grained pyrite. 

83442 593993 4909123 1845 MDW 
Interlayered thin beds of siltstone and sandstone with weak argillic alteration forming 
sinuous and discontinuous bands of spongy texture filled of jarosite? And white clays.  

83443 593976 4909057 1841 Pho 

Holocrystaline, porphyritic, with coarse grained phenocrysts in a fine grained 
crystalline matrix. Phenocryst of microcline, up to 1 cm diameter. Matrix with trachytic 
texture, and fine grained biotite and orthoclase. Plagioclase and abundant muscovite 
replacing orthoclase. Sieve texture. 

83444 593475 4910825 1887 pE Phillite of pre-Cambrian basement 

83445 593956 4909200 1838 MDW 
Silicified gray siltstones, moderately fractured, with pyrite filling fractures and forming 
thin discontinuous bands parallel to the bedding. 

JP06 593979 4909155 1841  
Polymictic, multiple breccia emplaced in siltstones. Earliest pulse is black breccia, 
later pulses wit matrix composed of rock flour. Late veinlets of fluorite, and later 
veinlets of chalcedonic quartz. Barite filling open spaces after chalcedonic quartz. 

JP11 593648 4910293 1892  

Silicified siltstone intensely fractured. Fractures have alteration halo up to 2mm, with 
quartz, orthoclase and niobium bearing rutile, and open spaces have euhedral 
acicular alunite-jarosite cristals. Some fractures with abundant iron oxides, barite, 
and LREE phosphates 

JP13 593186 4910360 1882  

Sill 40 cm thick intrude within the MDW. Hypocrystaline, seriate, fine to medium 
grained, subhedral phenocrysts od orthoclase quartz, and plagioclase in an aphanitic 
groundmass. Aegerine inclusions in the quartz phenocrysts. Moderate sieve texture 
in the oxidized part, vugs filled of barite, LREE phosphates apatite and gold. In the 
un-oxidized part, smaller and less dense vugs, filled of bismoclite, pyrite, galena, 
sphalerite. 

JP46 594050 4909961 1823 QT 

Dike 30 cm wide in metamorphic basement. Holocrystalline, seriate texture with 
subhedral fine-grained phenocryst of orthoclase (35%), plagioclase (40%), and 
quartz (15%) in an aphanitic gray groundmass. Bladded adularia, plagioclase and 
quartz replacing orthoclase phenocrysts. Muscovite (2%) replacing groundmass.  

JP47 594007 4909996 1830 QT 

Dike 80 cm wide in metamorphic basement. Holocrystalline, porphirytic-aphanitic 
texture with subhedral medium grained phenocryst of orthoclase (40%), plagioclase 
(30%) and quartz (20%) in a gray groundmass. Sieve texture with vugs up to 100 µm 
in diameter. Quartz, albite and bladed adularia replacing orthoclase, muscovite (3%) 
replacing feldspars, some albite with halos of orthoclase. 
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Table A.1 Continued 

JP69 593445 4910849 1890  

Alteration halo of a fault zone. White and yellow clays with disseminated pyrite and 
box work texture. Anhedral and euhedral jarosite vugs Calderonite 
[Pb2Fe(VO4)2(OH)] inclusions in anhedral jarosite. Barite with inclusions of acanthite 
precipitated after jarosite. 

JP89 593514 4910326 1866 LDW Jarosite and barite veinlets in oxidized, fine grained, arenites. 

JP91 593935 4909163 1840 QAFT 

Hollocrystalline, porphyritic, with medium grained phenocrysts in a very fine gained 
subhedral crystalline groundmass. Sieve texture. Phenocryst of orthoclase (80%), 
plagioclase (10%) and quartz (5%). Quartz phenocrysts and some orthoclase have 
resorved texture. Muscovite (4%) replacing feldspars. Trace fluorite and pyrite (1%) 
filling vugs. 

JP92 593479 4910379 1870  White clay veinlets crosscutting the black breccias in the Bridge Fault zone. 

JP97 593956 4909200 1838  White clay veinlets in QAFT in Harmony area. 

JP107 593239 4910369 1877 Pho 

Dike of hypocrystalline, porphyritic-aphanitic, with coarse grained phenocrysts of 
sanidine and orthoclase in a trachytic groundmass. K-feldspar phenocrysts and 
groundmass could be result of strong alteration due to their strong turbid aspect. 
Strong sieve texture with vugs up to 2 cm in diameter. 

JP125 593995 4909603 1816 YBX 
Fault breccia with sub-angular fragments of arenite, cemented by goethite rich silica. 
Patches of calcite, abundant manganese oxides, galena and bismoclite. Strongly 
silicified. 
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APPENDIX B 

 

 
Figure B.3 Certificate of multielement analyses 
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Table B.1 Multielement analyses 
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Table B.1 Continued 
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APPENDIX C 

 

 
Figure C.1 Certificate of major oxide analyses  

 



87 
 

Table C.1 Major oxide analyses  
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Table C.1 Continued 



89 
 

APPENDIX D 

 

Table D.1 Summary of XRD analyses 

Sample # Mount 
Range 

(Degrees) 
Identified minerals 

83408 Packed powder 4-60 Quartz, goethite 

83409 
Packed powder 4-60 Tridymite, microcline, illite, chlorite, smectite 
Ethylene glycol 

treated 
2-30 Illite/smectite, <10% illite, R=0 

83410 Packed powder 4-60 Jarosite, quartz, illite 

83412 
Packed powder 4-60 Quartz, albite, microcline, illite 
Oriented clay 4-60 Quartz, microcline, Illite 

83416 Packed powder 4-60 Orthoclase, hematite, quartz 
83423 Packed powder 4-60 Quartz, orthoclase, hematite 

(JP99) 
83426 

Packed powder 4-60 Quartz, albite, orthoclase, microcline, pyrite 
Oriented 

evaporation 
4-40 Quartz, muscovite, orthoclase, albite 

83428 
concentrated 4-60 Alunite, dolomite, illite, kaolinite, quartz, hematite 

Ethylene glycol 
treated 

2-35 Smectite, illite, kaolinite, alunite 

83432 
Packed powder 4-60 Quartz, sanidine, pyrite, illite 
Ethylene glycol 

treated 
2-30 Illite  

83435 Packed powder 4-60 Quartz, albite (ordered), orthoclase 
83438 Packed powder 4-60 Quartz, orthoclase, albite (ordered) 
83440 Evaporation 4-60 Quartz, fluorite, jarosite, goethite 
JP47 Packed powder 4-60 Albite, microcline, orthoclase, quartz 

JP64B 
(83405) 

Packed powder 4-60 Albite, orthoclase, quartz 

JP69 Packed powder 4-60 Quartz, jarosite 

JP75 
(83429) 

Packed powder 4-60 Dolomite, calcite, pyrite, talc, biotite 
Packed powder 55-65 Smectite, glauconite 
Ethylene glycol 

treated 
2-30 Smectite (trioctahedral), glauconite 

JP89 Smear 4-60 Jarosite-alunite, barite 

JP92 
Smear 4-60 Kaolinite, fluorite, smectite 

Ethylene glycol 
treated 

2-30 Kaolinite, chlorite, mixed clay (chlorite/smectite, R=1) 

JP97 Packed powder 4-60 Fluorite, quartz 
JP125 Packed powder 4-60 Quartz, calcite 
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Figure E.1 21Diffractogram of sample JP47, packed powder mount. 

 
Figure E.2 Diffractogram of sample JP64B (834050, packed powder mount. 
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Figure E.3 Diffractogram of sample JP69, packed powder mount. 

 
Figure E.4 Diffractogram of sample JP75 (83429), packed powder mount. 
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Figure E.5 Diffractogram of sample JP75 (83429), evaporation mount. 

 

 
Figure E.6 Diffractogram of sample JP75 (83429), ethylene glycol treated. 
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Figure E.7 Diffractogram of sample JP75 (83429), 060 reflections. 

 

 
Figure E.8 Diffractogram of sample JP89, evaporation mount. 
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Figure E.9 Diffractogram of sample JP92, evaporation mount. 

 

 
Figure E.10 Diffractogram of sample JP92, ethylene glycol treated. 
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Figure E.11 Diffractogram of sample JP97, packed powder mount. 

 

 
Figure E.12 Diffractogram of sample JP99 (83426), packed powder mount. 
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Figure E.13 Diffractogram of sample JP99 (83426), evaporation mount. 

 
 

 
Figure E.14 Diffractogram of sample JP125, packed powder mount. 
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Figure E.15 Diffractogram of sample 83408, packed powder mount. 

 

 
Figure E.16 Diffractogram of sample 83409, packed powder mount. 
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Figure E.17 Diffractogram of sample 83409, ethylene glycol treated. 

 

 
Figure E.18 Diffractogram of sample 83410, evaporation mount. 
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Figure E.19 Diffractogram of sample 83412, evaporation mount. 

 

 
Figure E.20 Diffractogram of sample 83412, packed powder mount. 
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Figure E.21 Diffractogram of sample 83416, packed powder mount. 

 

 
Figure E.22 Diffractogram of sample 83423, packed powder mount. 
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Figure E.23 Diffractogram of sample 83428, evaporation mount. 

 

 
Figure E.24 Diffractogram of sample 83428, ethylene glycol treated. 
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Figure E.25 Diffractogram of sample 83432, packed powder mount. 

 

 
Figure E.26 Diffractogram of sample 83432, ethylene glycol treated. 
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Figure E.27 Diffractogram of sample 83435, packed powder mount. 

 

 
Figure E.28 Diffractogram of sample 83438, packed powder mount. 
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Figure E.29 Diffractogram of sample 83440, evaporation mount. 
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APPENDIX E 

 

 

 

Figure F.1 False color mineral map of sample 83429, area 1. 
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Figure F.2 False color mineral maps of sample 83429 area 2 and 3. 
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Figure F.3 False color mineral map of sample 83437, area 1. 
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Figure F.4 False color mineral map of sample 83437, area 2. 
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Figure F.5 False color mineral map of sample 83437, area 3. 
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Figure F.6 Mineral mass percentage of false color mineral maps of samples 83439 and 83437. 


