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ABSTRACT 

The Cripple Creek district, Colorado is renowned for its epithermal gold telluride 

veins which have produced over 21 million ounces of gold from an intensely altered 

alkaline diatreme complex (total production + economic resources of >900 tons, geologic 

resource » 1000 tons). Gold mineralization principally occurs as telluride minerals 

hosted by swarms of narrow veins composed of quartz ± fluorite, carbonate, adularia, 

pyrite > barite/celestite and accessory base metal sulfides. Mineralized hydrothermal 

breccias are also found in the district, along with low-grade, bulk tonnage resources that 

are targets of current mining activities. 

Newly recognized is a complex history of hydrothermal alteration and magmatism 

that led up to, and continued past the development of gold mineralization. These include 

the development of large volumes of low-temperature, alkali feldspar-rich styles of 

alteration, and more restricted volumes of high temperature, pyroxene and biotite-rich 

types. Gold mineralization is associated with voluminous K-feldspar + pyrite ± carbonate 

alteration that largely postdates igneous activity, and these are widely developed in the 

upper -1000 m of the volcanic complex. These follow a complex magmatic history 

characterized by at least three cycles of recharge. Although voluminous sulfate 

(anhydrite) and sulfide-rich styles of mineralization were also developed in the latest 

stages of hydrothermal activity, a remarkable aspect of Cripple Creek is the distinct 

underdevelopment of acid styles of alteration; feldspar and carbonate-rich styles of 

alteration predominate at all levels of exposure. 
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The link between alkaline magmatism and gold deposits has been long 

recognized, but relatively recent discoveries of large, high grade deposits (Ladolam, 

Philippines, Porgera, Papua New Guinea), along with continued production from districts 

like Cripple Creek, encourages continued exploration. Salient characteristics shared by 

these deposits include telluride-rich mineralization accompanied by extensive 

carbonation, and voluminous K-metasomatism. Likewise, hydrolytic (acid) alteration 

tends to be poorly developed in many alkaline systems. This has important 

environmental implications, as the high acid buffering potential makes these deposits 

environmentally favorable to mine. The potential in alkaline systems for large and high 

grade deposits, coupled with the common lack of recognition of their distinctive styles of 

alteration and mineralization, makes these a compelling exploration target. 
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PART I: INTRODUCTION AND OVERVIEW OF THESIS 

The Oligocene diatreme-hosted gold deposit at Cripple Creek, Colorado represents an 

economic gold inventory of > 900 tons Au (historic production + current resource), 

making Cripple Creek one of the most prolific producers of gold in U.S. history, and one 

of the largest volcanic-hosted epithermal gold deposits in the world. In addition to its 

remarkable gold resource, the deposit is renowned for its quartz-poor and gold telluride-

rich styles of mineralization, and its association with an unusual class of alkaline igneous 

rocks, which range from sodic phonolites to lamprophyres and silicocarbonatites. Newly 

described are large volumes of K-silicate alteration, and a complex magmatic and 

hydrothermal history that led up to the development of gold mineralization. Although 

calc-alkaline and alkaline magmatism were active throughout the region at the time. 

Cripple Creek stands apart from other magmatic centers in terms of its tremendous gold 

resource, unusual styles of alteration and mineralization, and its exotic igneous rocks. 

Although alkaline rocks comprise only a tiny subset of igneous rocks, several of the 

world's largest epithermal gold deposits are associated with alkaline igneous rocks. Being 

one of the largest and best exposed gold deposits of its type, study of the Cripple Creek 

district provides key insight into how such deposits are formed, benefits our 

understanding of petrogenesis and the geodynamic significance of alkaline igneous rocks, 

and makes exploration efforts more effective. 

This thesis is organized to provide detailed descriptions of the district's geologic 

features, and then discuss these features in the context of our current understanding of 

igneous rocks and hydrothermal mineral deposits. Comparisons are made with other 
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mineral deposits and igneous centers at regional and global scales, and these form the 

basis for the second part of the thesis, a review and synthesis of gold deposits related to 

alkaline magmatism. 

District overview 

The Cripple Creek gold deposit is associated with an Oligocene (~ 30 Ma) alkaline 

diatreme complex emplaced at the junction of four Precambrian units along the western 

margin of the Pikes Peak batholith (fig. 1.1,1.2). The complex consists of an upward 

flaring volcanic neck filled by heterolithic volcanic breccia, with evidence for significant 

vertical transport during magmatism. The diatreme is elliptical in shape, and is 

approximately 5km in diameter (fig. 1.1). Within the diatreme are a complex series of 

alkaline intrusions, with perhaps hundreds of individual intrusive bodies. These form 

composite flows, dikes, sills, laccoliths, and dome-shaped features intruding diatremal 

volcanic breccias and the surrounding Precambrian rocks. Figure 1.3 shows a generalized 

geologic map of the Cripple Creek district, and figure 1.4 shows a location map for many 

of the geographic features referred to in this thesis; readers are referred to the map folio 

in Chapter 9 for further details, additional maps, and locations of key features. 

The alkaline intrusions at Cripple Creek belong to an unusual and rare class of rocks 

based upon their distinctive geochemical properties. These include high alkali 

concentrations for their given levels of silica, and high concentrations of large ion 

lithophile elements (LILE), high field strength elements (HFSE), light rare earth elements 

(LREE), and CO2 (carbonate minerals). All intrusive phases within the diatreme are silica 
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undersaturated', and intrusions span the entire range from felsic phonolites to ultramafic 

lamprophyres and silicocarbonatites (see figure 1.5). The magmatic system(s) at Cripple 

Creek show evidence for a complex process of evolution that involved multiple cycles of 

magmatic recharge, and a pronounced evolution towards more mafic compositions with 

time, culminating with the emplacement of ultramafic lamprophyres and 

silicocarbonatites. The complex history of magmatic activity was accompanied by 

multiple phases of hydrothermal activity, which ultimately led to the development of gold 

mineralization. 

Styles of alteration and mineralization at Cripple Creek are unusual for epithermal 

mineral deposits. The rocks at Cripple Creek have recorded numerous episodes of 

hydrothermal activity, ranging from high temperature pyroxene and biotite-rich 

assemblages, to low temperature flooding by alkali feldspar with pyrite or specular 

hematite. K-metasomatism has affected large volumes of rocks in and around the 

diatreme complex, altering the originally sodic igneous rocks to potassic and ultrapotassic 

compositions. Mineralization is expressed as veins and hydrothermal breccias of quartz, 

fluorite, carbonate, sulfate and pyrite with accessory gold telluride minerals, and was 

accompanied by the development of large volumes of K-feldspar rich alteration in the 

upper levels of the diatreme. Acid (hydrolytic) styles of alteration are present, but are 

minor. 

' Although a few peripheral intrusions (flows?) contain quartz grains, these appear to be xenocrystic 

fragments inherited from quartz-rich Precambrian country rocks. 
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The volcanism at Cripple Creek was part of a regionally extensive episode of 

Oligocene alkaline magmatism. Contemporaneous alkalic magmatism was active 

throughout the Front Range of Colorado, extending southward along the axis of the Rio 

Grande rift through central New Mexico and into the Trans Pecos region of Texas and 

northern Chihuahua/Coahuila (see fig. 1.6). Amongst these mid-Tertiary alkaline 

'J 

mtrusive centers, only Cripple Creek is associated with a giant gold deposit. Significant, 

but much smaller economic gold deposits are associated with alkaline magmatic centers 

at Ortiz, and Lincoln County in New Mexico, and at Rosita-Silver Cliff (-Bassick-pipe) 

and the Boulder County telluride districts in Colorado. 

The association between gold mineralization and alkaline magmatism has been long 

recognized (Lindgren, 1933a and b, Bonham, 1984; Mutschler et al., 1985, Richards, 

1995). Even with the attention paid to these magmatic systems, distinguishing alkaline 

rocks that have a high prospectivity for hosting gold mineralization on the basis of 

petrology or geochemistry remains problematic. In many cases, rocks of otherwise 

similar mineralogy, geochemistry, and age may be present in neighboring mineralized 

" "giant" in the sense that Cripple Creek has produced over 650 tons of gold, whereas production totals 

from the next largest alkaline-related Au deposits in the "Rocky Mountain alkaline belt" are ~15 tons Au 

from Elizabethtown-Mt. Baldy, NM, ~35 tons from the Little Rocky Mountains, MT, and ~17 tons from 

Golden Sunlight, MT (data from Mutschler and Mooney, 1993). The Central City district in Boulder 

County, CO has produced >150 tons of Au, but much of the production has come from mineralization not 

obviously associated with alkaline rocks. The amount production in Boulder County from gold deposits 

related to alkaline intrusions is considerably smaller. 
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and unmineralized systems. This difficulty is compounded by the fact that many alkaline-

related gold deposits contain multiple intrusive phases, and the exact phase (or phases) 

responsible for gold mineralization have not always been adequately determined. 

Detailed time-space relationships between mineralization and magmatic events are 

lacking for many deposits, as are map pattems of magmatic-hydrothermal alteration and 

mineralization. Further attention to the magmatic and hydrothermal evolution of these 

systems will be necessary to explain this apparent disparity in gold enrichment. 

Purpose of study 

The purpose of this study was to explore and document the magmatic and 

hydrothermal evolution of the Cripple Creek gold deposit, and to make comparisons with 

other alkaline magmatic and hydrothermal systems at regional and global scales. 

Magmatic and hydrothermal events at Cripple Creek were placed in a time-space 

framework, and models were generated for the evolution of the igneous system and 

development of gold mineralization. 

Although >90% of Cripple Creek's historical production took place before World War 

II, open pit mining began on a large scale in the district in the early 1990's along with an 

aggressive exploration program. In the course of this activity it became apparent that 

many aspects of the district's geology were either unknown or poorly understood, 

prompting the Independence Mining Company (now owned by Anglogold Corporation of 

North America) to support this thesis project. From our perspective in 1996, this project 

was intended to address several questions: 
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1) What was the relationship between magmatism and gold mineralization at 

Cripple Creek? 

2) Were there any systematic relationships between types of hydrothermal 

alteration and gold mineralization? What can patterns of alteration tell us 

about fluid flow in and around the volcanic complex, and can these be used as 

guides for gold mineralization? 

3) In addition to the low-temperature epithermal gold mineralization, is there 

evidence for additional styles of mineralization such as high-temperature, 

"porphyry"-style environments? 

4) Considering the large numbers of intrusive and igneous events in the Cripple 

Creek district, did individual intrusions relate to each other? Were these 

events products of multiple magmatic systems, or products of a single 

magmatic system which underwent a complex evolutionary history? Likewise, 

were there multiple stages of hydrothermal alteration and mineralization? 

5) What constraints could the magmatism at Cripple Creek place on our 

understanding of the region's crustal evolution, and its geodynamic setting 

during the Mid-Tertiary? 

The Cripple Creek district had been often viewed as an enigmatic or possibly unique 

deposit. With its telluride-rich styles of mineralization, size, and impressive volumes of 

metasomatism. Cripple Creek stands apart from most "classic" epithermal gold deposits. 

Having learned much more about the deposit, how truly different is Cripple Creek? If 

there are analogs elsewhere in the region or in the world, can they provide additional 
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insight for our understanding of the Cripple Creek district and mineral deposits in 

general? 

Methods 

To answer these and other questions, five field seasons were spent mapping in the 

Cripple Creek district, logging dill cuttings and core, and collecting samples. Field work 

was supplemented by petrographic examination of >1200 samples, and extensive use of 

the scanning electron microscope (SEM), energy dispersive spectrometer (EDS), electron 

microprobe (EMP), X-ray diffi-actometer (XRD), and PIMA portable infrared 

spectrometer. >500 samples were submitted for whole rock chemical analyses, and 

mineral separates from a variety of igneous and hydrothermal assemblages were analyzed 

for isotope ratios. Extensive reviews of existing literature were made, including visits to 

the U.S. Geological Survey Field Records Library in Denver, CO, to review production 

data, maps, and notes from USGS geologists who worked in the district. In addition to 

work on Cripple Creek, geochemical and petrographic data were compiled from a variety 

of alkaline magmatic centers and associated mineral deposits fi-om around the world for 

the purpose of comparison. 

Structure of the thesis 

This thesis is divided into five parts, several of which contain multiple chapters: 

I Introduction and structure of thesis 

Chapter 1: Overview of the Cripple Creek district 

II Igneous geology of the Cripple Creek District 

Chapter 2: Petrology of the Cripple Creek district 
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Chapter 3; Igneous geochemistry and petrogenesis of the alkaline rocks in the 

Cripple Creek district 

III Hydrothermal geology of the Cripple Creek district 

Chapter 4: Description and distribution of alteration types 

Chapter 5: Description of gold mineralization and related hydrothermal features 

Chapter 6: Hydro logic and structural controls on mineralization 

Chapter 7: Chemical consequences of alteration and mineralization 

Chapter 8: Fluid chemistry and fluid evolution 

IV Synthesis of geology in the Cripple Creek district 
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Chapter 10, part 1: Time space synthesis and summary 
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Appendixes 

References Cited 



41 

CHAPTER 1: OVERVIEW OF THE CRIPPLE CREEK DISTRICT 
AND REGIONAL GEOLOGY 

Discovery of the district and mining history 

The volcanic flows and eruptive centers at Cripple Creek were documented for the 

first time in 1873, during the first geologic survey of the region. F. M. Endlich, 

participating in the Hayden Geologic and Geographic Survey of Colorado, described a 

"large mass of isolated volcanic material" characterized by a number of conical peaks 

south of Pikes Peak (Endlich, 1874, p.318). He described the rocks as "thrachorheites", 

noting that the color of the rocks varied fi"om red and gray to yellowish brown or bluish 

gray, and cited Mt. Pisgah (fig 1.1) as the most prominent of the volcanic cones (p. 319). 

H.T. Wood, who accompanied members of the Hayden Geological Survey in Colorado, 

returned to Colorado Springs in 1874 with gold samples and reporting that gold had been 

discovered near Mt. Pisgah (Penrose, 1895). This led to the initial rush of about 100 

prospectors to the area, and the establishment of the "Mt. Pisgah district". No other 

significant mineralization was found, but before the camp was abandoned, several drifts 

were driven and a 30m shaft was sunk within the diatreme. Ironically, the shaft was sunk 

on a "decomposed greenish basalt" (Guyot, 1924), which was later named the "Moose" 

lamprophyre dike. The dike was not obviously mineralized where the shaft was sunk, but 
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many years later, high-grade gold mineralization was discovered along its margins near 

the shaft.^ 

In the mid-1870's, a rancher named Bob Womack and his family established 

homesteads in the Cripple Creek area. When not working as a rancher, Womack spent 

much of his time prospecting for gold. In the spring of 1878, Womack assayed a sample 

of altered volcanic rock from Poverty gulch, which proved to be well mineralized 

(Sprague, 1953). Convinced he had made a major discovery, Womack tried in vain to 

identify the source of the sample, as it had been collected from float material in the 

bottom of the gulch. After making frequent trips to Colorado City to brag of his new 

"discovery", Womack met Henry Cocking, a Cornish miner. In 1881, Cocking staked a 

claim in Poverty gulch, and began to drive a tunnel at the site of what was later to 

become the Gold King mine. After driving the tunnel a short distance, Cocking 

abandoned his efforts a few meters from the major vein system later exposed in the Gold 

King mine (Guyot, 1924). 

Three years after Cocking drove his tunnel, S. J. Bradley claimed to have sited a rich 

gold claim near Mt. Mclntyre in April of 1884 (~20 miles west of Cripple Creek). For 

uncertain reasons, the location was wrongly referred to as "Mt. Pisgah" (Sprague, 1953). 

When a crowd of 4,000-5,000 prospectors rushed to the area from Leadville and 

neighboring mining camps, it was discovered that only the recently dug prospect pits 

' An earlier attempt at mining may have been made at the time of the original "Pikes Peak or Bust" 

gold rush in 1857. Rickard (1899) reports that a shallow shaft on top of Bull Cliffs that may have been dug 

by early pioneers in the region. 



contained appreciable gold, and that Bradley's partner had salted the claims. The affair 

became known as the "Mt. Pisgah Fiasco" or "Mt. Pisgah Hoax", As of 1884, the Cripple 

Creek region had been the site of two failed gold rushes, and became viewed with great 

suspicion and skepticism in mining circles. 

During the time between 1878 and 1890, Bob Womack had been quietly collecting 

samples of gold mineralization in the area. Intermittently he would turn up in Colorado 

Springs with samples rich in gold, but was unable to raise interest in his findings as a 

result of the suspicion cast upon the area and Womack's reputation as a heavy drinker. In 

late 1890, E. C. Frisbee and E. M. De La Vergne saw some of Womack's samples on 

display in Colorado Springs, prompting them to visit the district (Sprague, 1953). In the 

spring of 1891, Frisbee and La Vergne staked claims near Womack's claim in "Poverty 

Gulch", and began producing ore in the fall of that year. The initial shipments, made 

from the Gold King Mine in November, 1891, marked the first significant production 

from the district, but failed to generate a great deal of interest in lieu of the discovery of 

rich silver ores at Creede (Rickard, 1899). With a rapid increase in production and 

development in 1892, the Cripple Creek mining district began to be taken seriously, and 

by 1893 was regarded as a premier mining district in Colorado. Whitman Cross and R. 

A. F. Penrose of the United States Geological Survey (USGS) were dispatched to the area 

for reconnaissance geologic mapping in 1893, followed by more extensive field studies in 

1894. Their report (Cross and Penrose, 1895) is a remarkably thorough investigation of 

the geology and mines of the Cripple Creek district, and testifies to the importance of the 

district at the time. Together with the monograph written on the Leadville ores, these 
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reports represent two of the most significant contributions made to economic geology by 

the U.S.G.S. during the late 19th century. 

Unlike other precious metal districts in the western United States which saw 

considerable production between 1850 and 1890, the Cripple Creek district remained 

overlooked. Much of the reason for Cripple Creek's late discovery is the quartz-poor 

styles of mineralization and unusual alteration types in the Cripple Creek district. While 

prospectors were keenly aware of the quartz-rich styles of mineralization in other 

epithermal districts, the lack of large quartz veins and the gold telluride-rich styles of 

mineralization hindered recognition of mineralization at Cripple Creek. Once discovered, 

however, the district was quickly developed, partly as a result of the removal of silver 

price supports, which made available large numbers of former silver miners for gold 

mining operations. 

Production at Cripple Creek steadily increased in the 1890's reaching a maximum of 

878,000 ounces of gold in 1900 (fig. 1.7), with hundreds of small mining companies 

operating in the area. Following the initial rush of prospectors, speculators, and shysters 

to the area in the early 1890's, virtually all of the land within several miles of Cripple 

Creek was staked. This created a complex web of overlapping and fragmented mining 

claims, with hundreds of individual owners and operators. This complex land situation is 

still apparent in today, and effectively prevented a single operator or major mining 

company from monopolizing the district's production. Early attempts at consolidation 

proved very costly, if not impossible, and were met with resistance by prominent 
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landholders. The viability and success of many small companies and individual claim 

owners contributed to the lore and general appeal of the district. 

Most mining operations consisted of narrow shafts with complex networks of 

underground workings. Promising seams were followed laterally until reaching an 

appropriate grade, and then stoping began. Typical stopes are 2-5 meters wide, 

subvertically oriented, and twist and wind upwards with wooden ladders precariously 

perched to reach the upper levels of many pay shoots. The largest of these stopes (those 

in the Cresson Mine) approach 100 m in breadth, and are hundreds of meters high. 

Conditions were often poor inside these workings, and at deeper levels, asphyxiation in 

areas with high levels of CO2 or N2 gas became a serious health risk (Lindgren and 

Ransome, 1906, p.252-270). Today, many workings remain accessible, and underground 

tours are provided at the Molly Kathleen mine, just north of Cripple Creek. The 

exposures in the Molly Kathleen Mine give a good impression of the general character of 

the workings, and the challenges faced by miners, geologists, and engineers alike. 

Following 1900, production gradually declined. By 1911 annual production fell to 

-500,000 ounces, and many mines faced groundwater pumping costs that prohibited 

deeper development. In November, 1914, a 4-7-12 meter vug was encountered in the 

Cresson Mine which contained >20,000 ounces of gold, much of which was simply 

scooped off the floor of the vug, and scraped from the walls (see descriptions in Patton 

and Wolf, 1915; Smith et al., 1985). The walls of the vug were lined with delicate 

telluride crystals, many of which had been shaken loose and lay on the floor, probably a 

result of blasting in the area. This discovery proved to be one of the most famous strikes 
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in the district and prompted a renewed effort to explore the deeper levels of many mines. 

This stimulated a short-lived surge in production, but by 1918 annual production fell 

below 500,000 ounces for the first time since 1897. 

In 1907, work had begun on a drainage tunnel designed to drain the upper -650 m of 

the diatreme. Under the direction of A. E. Carlton, this tunnel (later named the Roosevelt 

Tunnel) reached the diatreme contact in 1910, and immediately relieved groundwater 

problems in many mines. The tunnel was further extended to reach the Ajax mine, and 

was completed in 1918. Unfortunately, the onset of World War I led to a significant 

decline in underground production, from which the district never recovered. The Great 

Depression sparked a short renewal of interest in the early 1930's, and again when the 

price of gold was increased from $20.67 per ounce to $35 per ounce in late 1933. 

Limited mining continued until World War II, when gold mining was halted by mandate 

of the U.S. government. Ironically, a new drainage tunnel (named the Carlton turmel), 

had just been completed in 1941, and drained the district to an elevation of -2350 m. 

The new tunnel never significantly impacted district production, as mines were closed 

shortly after the tunnel was finished. 

Since World War II, only limited underground mining has taken place. The U. S. 

Geological Survey had long been active in the district, with extensive field studies and 

publications by G. H. Loughlin, A. H. Koschmann, and numerous other workers. After 

World War II, the U. S. Geological Survey took an active role in stimulating new interest 

in the district with its publications by Koschmann (1949), and geochemical and 

geophysical surveys by Gott et al. (1969), Kleinkopf et al. (1970), and Pitkin and Long 
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(1977). These latter attempts coincided with the lifting of price restrictions on gold in 

1971. Some deep mines (Ajax) were briefly reopened, and heap leaching of low-grade 

deposits began on a small scale in the district. Several small heap leach operations were 

active in the 1970's; most using materials scavenged from historic mine dumps. 

Open pit mining began on a significant scale at Globe Hill in 1977 when Newport 

Minerals Inc. mined low grade ore from the vicinity of the Deerhom Mine (Trippel, 

1985). Additional mining began in 1981 at the Victor Mine (Ironclad pit), where Silver 

State Mining began operating a 1000 ton per day vat leach mill (Lewis, 1982). The 

Victor mine was eventually purchased by NERCO minerals, and mining continued until 

operations were suspended in 1986. During this time, Texasgulf Minerals and Metals had 

been actively conducting exploration in other parts of the district. In 1975, they formed a 

joint venture with Golden Cycle Corporation, a long-time operator of mines and mills in 

the area. This joint venture was named the Cripple Creek and Victor Gold Mining 

Company (CC&V), and plans were announced to rehabilitate the Ajax Mine and further 

exploration efforts elsewhere in the district. 

Golden Cycle had been a key player in the early development of the district under the 

direction of A. E. Carlton and had been underwritten by the fortunes of Charlie Tutt, 

Spencer Penrose, and Charlie McNeill in the early 1900's. More importantly, Golden 

Cycle had operated numerous mines and toll mills, the most notable of them was the 

Carlton Mill, which operated between 1949 and 1961. In the course of their business 

dealings, they had bought out many of Cripple Creek's largest mining corporations, 

railroads, and suppliers. Golden Cycle Corporation had also obtained rights to mineral 
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claims when claim owners failed to pay fees at their toll mills. In this manner, Golden 

Cycle was able to consolidate significant amounts of property in the district. By 1930, 

Albert Carlton had already consolidated >75% of the district's significant mines. This 

activity set the stage for a major renewal of district exploration and development some 50 

years later. 

After shutting down operations in their Victor Mine in 1986, NERCO minerals 

purchased Texasgulf in 1989 and took control of their interests in the Cripple Creek and 

Victor Gold Mining Company (CC&V). At that time, the Pikes Peak Mining Company 

was created to manage CC&V, which then represented a joint venture between NERCO 

(after buying Texasgulf) and Golden Cycle. This was followed by an aggressive surface 

drilling program which rapidly defined a large tonnage, bulk mineable resource in the 

area of the Cresson Mine (referred to as the "Cresson deposit"). They also began 

conducting advanced exploration programs on seven other near surface targets in the 

district. By 1992, Jeff Pontius and his exploration team had defined a reserve of 2.5 

million ounces in the Cresson deposit alone (Pontius, 1992). This led to the purchase of 

the newly formed Pikes Peak Mining Company by Independence Mining, a subsidiary of 

Minorco USA. 

In the mean time, the Victor mine had been put back into production fi-om 1991 

through 1994. Production began in the Cresson deposit in December of 1994 and 76,500 

ounces of gold were produced in 1995 (Pontius, 1996). Production was then accelerated 

to average about 225,000 ounces per year, with -70,000 tonnes of material moved per 

day. In 1998, Anglogold NA purchased Independence Mining Company fi-om Minorco 



USA, and reverted to using the name Cripple Creek and Victor Gold Mining Company to 

refer to their joint venture with Golden Cycle Corporation. Anglogold NA is now the 

manager of the project, and is continuing active exploration in the district. 

In 1999, production began in the "East Cresson deposit" which was located near the 

former townsite of Altman, further increasing the production rate. By 2001, the Cresson 

Mine had produced in excess of 1 million ounces of gold, and nearly 7 million ounces of 

reserves + resources had been defined by the ongoing exploration program. 

The fortunes made at Cripple Creek represented a huge influx of capital into local and 

regional economies, and helped build the city of Colorado Springs. Many buildings and 

organizations around the city bear the names of benefactors who made their fortunes 

fi-om Cripple Creek gold, and the original development of infrastructure in the area, 

including numerous railroads, was a result of the activity at Cripple Creek. Cripple Creek 

also significantly impacted the fortunes of various miners and mining operations around 

the western United States. Most notably, the giant copper deposit at Bingham Utah 

became one of the world's greatest producers of copper as a result of the fortunes won at 

Cripple Creek. Spencer Penrose and Charlie McNeill used most of their profits made in 

Cripple Creek to underwrite D. C. Jackling and his Utah Copper Company. Their 

commitment to Jackling allowed him to build his experimental copper mill at Bingham, 

which made possible the processing of low grade copper ore and stimulated the 

development of the Bingham district. 
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Production history and current reserves 

Exact production figures for the Cripple Creek district are unavailable. Much of the 

mining records from the district have been lost or discarded (particularly when the 

Carlton Mill was dismantled in the late 1990's), and significant production fi-om leasees 

and small operators were often vague or poorly documented. Production records reported 

to state and federal agencies remain the best estimates of gold production, and through 

1983, these totaled nearly 19.5 million ounces (fig. 1.7). A production figure of 21 

million ounces was used by Gott et al., (1967) and has been widely cited since then. It 

should be recognized that this figure remains an estimate. 

Post-1983 production has come almost entirely from open pit operations, and these 

have produced in excess of 301 (1 Moz) of gold as of 2001. Adding this to previous total, 

gold production is conservatively estimated at 20.5 million ounces, with as much as 6841 

(~22 million ounces) having been produced from the district. 

In 2002, reserves were listed at 142.2 Mt grading 1.1 g/t (155.5 t contained Au), with 

a resources estimated at 240 Mt grading 1.03 g/t (248.81 Au) (Mining Engineering, Dec. 

2002). With historic production estimated at 650t, total production + current resources 

stand at -9001 Au. A gold inventory well in excess of 10001 for the district is implied by 

including anomalous gold in rocks outside the currently defined bodies of mineralization. 

Regional geologic setting (Pre-diatreme history) 

The Tertiary diatreme at Cripple Creek is situated at a junction between four 

Precambrian units (fig. 1.2). These include a middle Proterozoic metasedimentary and 

metavolcanic package (Xbgn), and three younger batholithic intrusions ranging from 
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-1.65 to 1.05 Ga. Drilling in the ~1.7 Ga Xbgn unit show it to be underlain by younger 

granitoids, and may locally represent a roof pendant. The metasedimentary and 

metavolcanic package is assumed to have been accreted during assemblage of the 

Colorado basement at about 1.7Ga (Selverstone et al., 1997; Selverstone et al., 1998), 

followed by the emplacement of syntectonic granitoids at ~1.65 (Ajax granite; Wobus et 

al,, 1976). Younger pulses of magmatism took place at 1.45 (Cripple Creek granite) and 

1.08 Ga (Pikes Peak granite), along with a series of smaller intmsions in the mid-late 

Proterozoic, several of which exhibit alkaline compositions (sodic syenitic facies; Smith 

et al., 1999; Beane et al., 1999). These include sodic syenites, diabase dikes, gabbros and 

anorthosites. 

During the Paleozoic, the area was inundated by inland seas, and remnants of lower 

Paleozoic carbonate strata are present throughout the area (Wobus et al., 1976). In the 

immediate vicinity of the diatreme, little evidence of Paleozoic sedimentary rocks have 

been preserved, but Ordovician carbonate strata are exposed 10 km to the south near 

Mitre peak. Fragments of these sedimentary rocks have been incorporated within 

peripheral breccias in the phonolitic volcanics at Mitre Peak. Carboniferous and 

Cretaceous sedimentary strata are not known to be present in the Cripple Creek area, but 

are preserved in small grabens near Woodland Park (28km north-northeast of Cripple 

Creek). This suggests that periods of sedimentation and marine transgression took place 

during the Paleozoic and Mesozoic. 

Between 70 and -42 Ma, the area experienced regional compression during the 

Laramide Orogeny. Steep reverse faults were developed at this time throughout the 
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region, and magmatism was active along the Colorado Mineral Belt. This compression 

waned by about 40 Ma (Coney, 1976,1978), and was followed by a time of relaxation 

and tectonic reconfiguration. This was marked by the establishment of a regional erosion 

surface during the Eocene (Epis and Chapin, 1975), which does not appear to have been 

interrupted by tectonism until regional extension began in the Oligocene. The Eocene 

erosion surface served as a base level for numerous and voluminous late Eocene -

Oligocene volcanic deposits throughout the region (Steven, 1975). In the early Oligocene, 

basaltic-andesitic lahars dammed several drainages, creating the lakes at Florissant (23 

km north-northwest of Cripple Creek) and resulted in deposition of the Florissant fossil 

beds. These fossil beds record evidence of numerous volcanic eruptions, where large 

volumes of volcanic ash inundated the lakes and preserved soft body fossils of insects 

and other animals. 

Regional extension began in the mid-Tertiary, although the timing of the onset of 

regional extension remains a matter of debate. It is clear from a wide variety of evidence 

that rift-related basaltic magmatism was active along the axis of the Rio Grande Rift by 

26 Ma. Chapin and Seager (1975) bracket the onset of extension in the Rio Grande Rift 

between episodes of magmatism at 31 and 28 Ma, and it is recognized that the earliest 

alluvial basin deposits are possibly 3-4 m.y. younger (Christiansen et al., 1992). Kelley 

and Duncan (1986) interpret a cluster of fission track ages ft-om 30-35 Ma to reflect 

disturbance of basement rocks in the Sandia Range and Sangre de Cristo Mountains of 

New Mexico, possibly dating the incipient phases of extension. Elsewhere in the region, 

31 Ma olivine basalts were erupted along with rhyolites along the rift axis, which appears 
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to signal a transition to bimodal rift-related volcanism (Chapin and Seager, 1975; Elston, 

1984). Collectively, these data were interpreted by Christiansen et al. (1992) to reflect the 

onset of regional extension between 35 and 30 Ma, becoming widely manifested by 26 

Ma. 

Extension continued throughout the Miocene and Pliocene, with alkaline basalts and 

their differentiates emplaced along the axis of the Rio Grande rift (e.g. Raton-Clayton 

volcanic field, Espanola Basin). Sporadic potassic to ultrapotassic magmatism also took 

place, but was mainly developed along the flanks of the rift (Gibson et al., 1993); as far 

east as the Two Buttes intrusive complex along the Colorado/Kansas border, and as far 

west as the Colorado Plateau (Hopi Buttes - Navajo province). Regional alkaline 

magmatism continues to the present time, with Pliocene ultrapotassic intrusions in the 

Sierra Nevada southeast of Yosemite, and Quaternary ultrapotassic lamproites in the 

Leucite Hills of Wyoming. Quatemary alkaline basaltic intrusions have also produced 

numerous maar craters along the axis of the Rio Grande rift near Las Cruces, New 

Mexico and El Paso, Texas. 

Regional alkaline magmatism 

The Oligocene alkaline magmatism at Cripple Creek took place as part of a long-

lived period of alkaline magmatic activity that has intermittently persisted through much 

of the late Cenozoic in the western U.S. and Mexico. While regional alkaline magmatism 

was active in the middle Proterozoic (alkaline phases of the Pikes Peak batholith; Beane 

et al., 1999), and again in Cambrian-Ordovician time (Loring and Armstrong, 1980), 

none of these events appear to have produced such a diverse range of compositions over 
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such a broad area as the Tertiary magmatism. The fact that many alkaline magmas were 

erupted contemporaneously with the voluminous calc-alkaline magmatism in Colorado, 

New Mexico and Arizona, suggest that dynamic processes were at work in the crust and 

upper mantle throughout the region. 

Figure 1.6 shows the distribution of Late Cretaceous and Cenozoic alkaline rocks in 

western North America. These intrusions form a discrete belt which runs north-south, 

roughly parallel with the eastern margin of the Cordillera. Smaller numbers of Cenozoic 

alkaline intrusions are also found away from this belt, in positions relatively far from the 

central axis of the cordillera; most notably in the four comers region (junction of Utah, 

Wyoming, Colorado, and Arizona), and in the high plains east of the Rocky Mountains 

(Two Buttes intrusive complex, Baca County, CO). Numerous alkaline intrusions are also 

found east of the cordillera in northem New Mexico and the Black Hills of eastern 

Wyoming/western South Dakota. Collectively, these intrusions have been referred to as 

the "Rocky Mountain alkaline province" (Carmichael, 1974; Douglass and Campbell, 

1994; Kelley and Ludington, 2002). 

The timing of alkaline igneous activity western North America ranges from late 

Cretaceous to Quaternary, with distinct pulses during the Paleocene-Eocene (Montana, 

Wyoming, South Dakota, Colorado), Oligocene (Colorado, New Mexico, Texas, 

Coahuila), and sporadically throughout the Miocene, Pliocene and Quatemary along the 

current axis of the Rio Grande rift. In a general sense, magmatism shows a southward 

sweep with time, although the styles of magmatism and compositions are quite variable. 

In detail, many departures from the southward magmatic sweep are apparent (e.g. late 
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Cretaceous alkaline intrusions in West Texas, and Quaternary ultrapotassic magmatism in 

the Leucite Hills of Wyoming). Figure 1.6 illustrates the ages of these intrusive centers, 

and highlights associated styles of mineralization and salient geochemical characteristics. 

Episodes of Cenozoic alkaline magmatism in western North America were 

remarkably variable in terms of their compositions, geologic settings, and ages. While 

generally grouped together as "alkaline rocks", these rocks span a tremendous range of 

compositions from ultramafic lamprophyres to alkali rhyolites and much of the spectrum 

in between. K:Na are commonly high, but are quite variable. These include the 

ultrapotassic, leucite-bearing volcanics in Wyoming (K;Na > 3), and markedly sodic 

alkaline rocks such as the phonolites at Cripple Creek (Na:K ~ 2.5). Likewise, variations 

amongst minor elements are significant, with many complexes showing arc-like chemical 

compositions (strong negative Nb-Ta anomalies), and others showing geochemical 

signatures more commonly associated with rift environments. The presence (or absence) 

of associated gold or base-metal mineralization does not appear to favor specific 

geodymanic settings or chemical signatures, and no geochemical discriminator has been 

identified that can universally distinguish "productive" and "barren" systems. 

Fundamentally, rocks with associated precious metal mineralization tend to be sodic, but 

exceptions (some intrusions in the Montana alkaline province) are noted. To date, 

however, significant mineralization has not been identified in the ultrapotassic volcanic 

suites(e.g. Leucite Hills, WY, central Sierra Nevada, CA, Navajo-Hopi volcanic field. 

Four Comers region). 
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While the alkaline magmatic centers may represent a small fraction of material in 

comparison with the larger calc-alkaline systems, their unusual endowments in LILE, 

OTSE, REE and many elements of economic interest make them significant in terms of 

mass transport of these materials. In addition to the constraints they provide for 

interpretations of regional geologic history, their association with major ore deposits like 

Cripple Creek underscores their economic significance. Descriptions of various alkaline 

igneous complexes and their relationships with mineralization are given in Appendix A. 

These include: 

• the central Montana alkaline provinces and related gold telluride deposits 

• the Eocene Boulder County alkaline belt and associated mineral deposits 

• the Tertiary New Mexico alkaline province and related mineral deposits 

• brief descriptions of numerous other occurrences of alkaline rocks throughout 

the region 

These descriptions are intended to compare and contrast the characteristics and 

metallogeny of alkaline magmatism throughout the region. 

Mineral deposits of the Rocky Mountain alkaline province 

The groups of alkaline rocks and gold deposits described above and in Appendix A 

share several fundamental similarities. Gold mineralization in the Rock Mountain 

alkaline province is associated with a series of silica undersaturated to high alkali, quartz-

poor intrusions of intermediate to felsic compositions. Fluorite and tellurides are 

frequently present, often accompanied by voluminous carbonate-rich, or K-silicate 

(commonly K-feldspar and biotite-rich) alteration. They occur in a variety of geologic 
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settings, with several generated during times of major orogenic cycles (e.g. Allard Stock, 

CO), while others associated with neutral tectonic settings and the incipient phases of 

extension of both a back arc character and the opening of the Rio Grande rift. A 

fundamental link, however, is seen in the form of an association with hydrous, LREE 

enriched magmas with isotopic signature characteristic of mantle source regions (both 

lithospheric mantle and asthenospheric mantle sources are implied by isotopic data). 

Amongst the alkaline igneous centers and mineral deposits, several consistent themes 

are notable. The magmatic centers that host mineralization tend to be complex, exhibiting 

multiple stages of magmatic activity, and in several cases, distinct pulses of genetically 

independent magmas. While melt compositions appear diverse, episodes of 

mineralization and metasomatism are most commonly linked to hydrous dioritic-

monzonitic phases. Mafic (dioritic) systems tend to be associated with Au±Cu styles of 

mineralization (Allard Stock), while more evolved intrusive systems (including the 

bostonites of Boulder County, CO, and the monzonites of the central Montana alkaline 

belt), tend to be associated with Au±Mo styles of mineralization (Chapter 11). 

Mineral deposits are not limited to a specific episode of alkaline magmatism. Major 

deposits include examples from the late Cretaceous (Allard Stock, CO), early Tertiary 

(Montana alkaline belt and Boulder County, CO) and Mid Tertiary (Cripple Creek; New 

Mexico alkaline belt). Likewise, specific trace element signatures or geodynamic/tectonic 

settings are not shared by all deposits. The keys for large deposits appear to be the 

development of igneous systems with complex evolutionary histories, and the capability 

to produce large volumes of alkaline hydrothermal fluids late in their evolution. Crustal 
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provenance may be a factor (especially in the case of Mo-rich systems), but the 

consistency of isotopic signatures and trace element compositions across a broad range of 

crustal settings suggests an ultimate derivation and control by processes acting in the 

mantle. 

Summary 

The Cripple Creek gold deposit is located within a broad, regional zone of late-

Cenozoic alkaline magmatism. Magma compositions and geodynamic settings amongst 

the alkaline igneous complexes are diverse, and Cripple Creek is the largest gold deposit 

in this group. 

Gold mineralization at Cripple Creek is associated with an Oligocene alkaline 

diatreme complex emplaced at the junction between four major Precambrian units along 

the margin of the Pikes Peak batholith in central Colorado. The magmatism at Cripple 

Creek took place at a time when the region was experiencing a transition between a 

period of compressional tectonics (Laramide orogeny), and extension related to the 

opening of the Rio Grande rift. Gold mineralization at Cripple Creek followed a complex 

history of magmatic and hydrothermal activity, which produced large volumes of K-

metasomatism and gold telluride-rich styles of mineralization. 

The following chapters describe the igneous and hydrothermal geology of the Cripple 

Creek district, followed by interpretations of fluid chemistry and chemical consequences 

of hydrothermal activity. A time space synthesis at the end of this thesis summarizes the 

magmatic and hydrothermal histories of the deposit (Chapter 10, part I), followed by a 

more general summary (Chapter 10, part II). 
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Figure 1.7: production data from tiie Cripple Creek district, 1891-1960 and 1995-2003. Data from notes 
compiled by A. H. Koschmann (U.S. Geological Survey field records library), NERCO company reports, and 
Mining Engineering, v. 48-55. 
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PART II: IGNEOUS PETROLOGY, GEOCHEMISTRY AND 
PETROGENESIS 

Overview 

The Cripple Creek gold deposit is associated with an Oligocene (-30 Ma) alkaline 

diatreme complex emplaced at the junction of four Precambrian units along the western 

margin of the Pikes Peak batholith (fig. 1.1-1.2). The area in and around the diatreme 

complex shows evidence for multiple stages of igneous and hydrothermal activity, which 

led to the development of ~900t of economic gold mineralization. Both the 

mineralization and types of igneous rocks are unusual. The quartz-poor styles of 

mineralization are rich in tellurides and fluorite and are associated with large volumes of 

K-metasomatism, while igneous rocks are strongly enriched in alkalis, rare earth and high 

field strength elements. The characteristics of mineralization and metasomatism are 

discussed in later chapters (Part III). This section (Part II) focuses on the igneous 

geology; Chapter 2 provides detailed descriptions of rock types, mineral chemistry, and 

timing relationships amongst the igneous features. Chapter 3 discusses the geochemistry 

and petrogenesis of the igneous rocks. Additional descriptions of Cripple Creek's igneous 

rocks and discussions of regional and global characteristics of alkaline magmatism are 

provided in several appendixes, the most notable of which are Appendix A, Appendixes 

D-H, and Appendix K. 



67 

CHAPTER 2. DESCRIPTIONS OF IGNEOUS ROCKS IN THE 
CRIPPLE CREEK DISTRICT 

Overview of volcanic complex 

The volcanic complex consists of a series of intrusions and volcanic vents filled with 

breccia, the largest of which is an elliptical shaped feature roughly five kilometers in 

diameter (fig. 1.3). This feature has been described as a diatreme complex by Thompson 

et al. (1985) and Sillitoe (1985), based upon its upward flaring shape, peripheral tuff-ring 

materials + draped fluvial-lacustrine sediments, and fluidization textures. Within the 

breccias of the diatreme, accretionary lapilli have been recognized (Graton, 1906, p.99), 

and fragments of carbonized tree fi-agments have been found at depths of up to 250 m 

(Lindgren and Ransome, 1906). This suggests a dynamic process of emplacement with 

much vertical transport of material. In addition to the main diatreme, several peripheral 

bodies of volcanic breccia are present in the area (Copper Mt., Mineral Hill, Rhyolite 

Mt.). These may represent satellite diatremes, but due to lack of exploration and 

development, their internal structure and geometries are poorly known. 

In addition to breccias, coherent bodies of alkaline volcanic rock are present 

throughout the area. These occur as dikes, composite flows, sills, laccoliths, and dome-

shaped volcanic features. Multiple stages of igneous intrusions are seen within the main 

diatreme complex, and are found as satellite intrusions up to 10 kilometers fi-om the main 

diatreme (fig. 1.2,1.3). All known satellite intrusions correlate with rocks found inside the 

diatreme in terms of their mineralogy and chemistry. 
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Within the main diatreme, the most abundant rock types are volcanic breccias. These 

represent multiple episodes of brecciation, and are chiefly composed of clasts of Tertiary 

alkaline rocks supported by a matrix of pulverized rock fragments (rock flour) with 

varying degrees of crystallinity. In the near surface environment, the matrix is dominated 

by rock flour, but at depths of 1000m, the matrix becomes markedly crystalline 

(feldspathic). In deep exposures, breccias grade into unbrecciated masses of coherent 

igneous rock. Volcanic breccias were emplaced at several times during the development 

of the diatreme, and many can be linked to specific intrusive events. The nature and 

origin of the breccias are discussed further below. 

Volcaniclastic sediments are abundant in many areas of the volcanic complex, present 

both as stratigraphically controlled horizons, and as down-dropped or transported blocks 

within diatremal (volcanic) breccias. Volcaniclastic rocks are locally interbedded with 

lacustrine sediments and brecciated volcanic flows (especially in the eastern parts of the 

district). These beds, along with the subsided blocks of sediments and zones of 

fluidization have led several workers to conclude that the diatreme largely formed as a 

result of subsidence and sedimentation (Koschmann, 1941,1949; Lovering and Goddard, 

1950; Birmingham, 1987). Models for the generation of the diatreme are discussed below 

and in greater detail in Appendix J. 

Structure of the main diatreme 

Underground workings in the district reached depths of 1150m, with drilling to 

1350m. As documented in underground workings and drilling, the diatreme contact with 

the surrounding Precambrian rock is quite irregular (fig. 2.1). To the east, the diatreme is 
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shallow, with drilling and workings intersecting Precambrian basement at depths of 300 

m or less. This area contains an abundance of fluvial-lacustrine and volcaniclastic 

deposits. The diatreme extends to much greater depths in the west, where the walls of the 

diatreme dip steeply and in some cases are overhanging. "Islands", pendants, and 

possibly subterranean "ridges" of Precambrian rock are common within the diatreme, the 

most notable of which are referred to as the "Schist Island" and "Granite Island" (fig. 1.3, 

1.4). 

Previous work 

The unusual nature of the alkaline volcanic rocks at Cripple Creek was recognized 

before gold mineralization was discovered. Cross (1887) unknowingly published the first 

descriptions of the Cripple Creek rocks. In 1887, a traveler (Walter B. Smith) presented 

Cross a rock sample collected southeast of Florissant, Colorado. Cross identified the rock 

as a phonolite, which then marked only the second discovery of phonolite in North 

America'^. Cross was so impressed by the rock that he made petrographic descriptions and 

obtained a chemical analysis. In addition to making comparisons with phonolites in 

Europe and in the Black Hills of South Dakota, Cross (1887) noted that the location of 

the sample was unknown, but years later recognized that the sample was a phonolitic 

rock from the Cripple Creek district. Its analysis was published again by Cross (1895) in 

his Cripple Creek report; it appears as analysis "V" on p. 39 in Cross (1895). 

^ Phonolite had been previously described in the Black Hills of South Dakota by Caswell (1880). 
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After Bob Womack's discovery of gold in 1891, much attention was paid to the 

igneous rocks of the district, as recounted in numerous newspaper articles. The first 

geologic map of the area was published by Cross and Penrose (1894). Cross (1895) 

provided the first elaborate descriptions of the igneous petrology of the district following 

his visit to the district in 1894. Although the district had only been in production for three 

years, and hampered by poor exposures, Cross made a remarkable petrographic study of 

the major rock types. Continued development of the district in the late 1890's and early 

1900's prompted a reexamination of the district geology by W. Lindgren, F. L. Ransome 

and L. C. Graton in 1903-1904 . Graton (1906) provides detailed petrographic description 

of eight Tertiary alkaline rock types and seven Precambrian units, and wet chemical 

analyses of all major rock types. For over 100 years, the studies of Cross and Graton have 

provided the most complete and accurate descriptions of the igneous rock types of the 

Cripple Creek district. 

Following renewed economic interest in the district in the 1980's, Birmigham (1987) 

reevaluated the classification of rock types and provided several new analyses of 

unaltered alkaline rocks as well as ^^Sr/^^Sr measurements. Kelley (1996) and Kelley et 

al. (1998) provided additional analyses and 5*^0 and Pb isotope analyses for several 

major rock types. Other theses that discuss the petrography and petrogenesis of the 

district include Eriksson (1987), Nelson (1989), and Wood (1990). 

In 1994, large-scale open pit mining began in the district, along with an aggressive 

drilling program. With the new exposures, a more complex history of igneous evolution 

has become apparent, and several key (but previously unrecognized) timing relationships 
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are now exposed. The purpose of this chapter is to provide a detailed description of the 

igneous rocks in the Cripple Creek district, and to describe the sequence of igneous 

events which preceded gold mineralization. This paper will build upon the work of 

Cross, Graton, Birmingham, Kelley and others by offering a more complete description 

of the igneous evolution, descriptions of several additional igneous phases, major, trace, 

and REE analyses for each of the major phases (using unequivocally unaltered samples), 

and isotopic analyses for several key phases. 

Descriptions of the major rocic types 

Precambrian rock types 

Several types of Precambrian rocks are present in the district (fig. 1.2), and these are 

summarized in Table 2.1. The diatreme is surrounded by three large, batholithic-sized 

intrusions of granitic rock, and an older sequence of metamorphosed sedimentary and 

volcanic rocks. Smaller volumes of diabase, alkaline basalt, anorthosite, lamprophyre, 

and olivine syenite are also seen in the area. The igneous rocks are divided amongst 

several pulses of Precambrian magmatism, including major episodes at -1.65,1.45 and 

1.05-1.0 Ga, during which the granitic batholiths were emplaced. 

Although these rocks serve as hosts for the Tertiary alkaline volcanic rocks, they have 

otherwise little influence upon the compositions and character of the Tertiary rocks 

except as contaminants. Xenocrystic fragments of these rocks are present in some of the 

diatremal rocks, and limited chemical evidence for assimilation is seen. 

Further descriptions of Precambrian rock types are given in Appendix B and Graton 

(1906). 
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Tertiary volcanic rocks 

Volcanic breccias 

Volcanic breccias (described briefly above) form the oldest rocks present in the 

diatreme, and are the most voluminous rock type. Breccias are composed of fragments of 

alkaline volcanic rocks, and to a lesser degree, materials derived from the surrounding 

Precambrian rocks. In a sense, the volcanic breccias represent structural features, being 

composed of clasts of coherent igneous rocks comminuted by mechanical processes, with 

variable contributions of juvenile volcanic material. For this reason, their descriptions are 

given after the types of volcanic rocks have been introduced and described. 

Coherent igneous rocl<s: 

Diatremal breccias v^ere successively intruded by a series of phonolites, 

tephriphonolites, phonotephrites, tephrites and ultramafic lamprophyres. Figure (2.2) 

summarizes the character and evolution of the major Tertiary rock types seen in the 

district, and figure 2.3 shows the rock types plotted on a total alkali vs. silica (TAS) 

classification diagram (after Le Bas et al., 1986). Figure (2.4) shows hand samples and 

photomicrographs for key lithologies. All intrusions have high levels of alkalis for their 

given levels of silica, and contain modal feldspathoids. Quartz grains are present in some 

of peripheral intrusions (flows?), but these appear to be xenocrystic. 

In contrast with many other igneous systems, the intrusions at Cripple Creek show a 

pronounced trend towards more mafic compositions with time, as well as successively 

smaller volumes of intrusions (fig. 2.2). In detail, however, the igneous evolution is 

complex, with hundreds of individual intrusions having been emplaced in and around the 
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diatreme. At least one major reversal in the trend towards mafic compositions is seen, and 

with continued development and exploration, additional complexities will undoubtedly be 

discovered, and adjustments made to the general order of events. The timing relationships 

shown in figure 2.2, however, reflect well documented cross cutting relationships, and are 

intended to serve as a framework to which newly recognized rock types or intrusive 

events can be added. Many of the cross-cutting relationships used to construct figure 2.2 

have been compiled in Appendix C. 

The most common volcanic rock in the Cripple Creek district is phonolite, and close 

variants. At least two generations of phonolites are seen, which differ in terms of their 

mode of origin and geochemistry (Chapter 3), but are otherwise similar in appearance. 

These rocks are principally distinguished in the field by their timing relationships. For 

this reason, rocks will be described in order of decreasing age, as determined by mapped 

cross-cutting relationships. This allows otherwise similar, but distinctive events such as 

the two phonolite series to be described independently. 

Xenoliths 

The oldest Tertiary rocks in the district are preserved as rock fragments and xenoliths 

that have been entrained within volcanic breccias and early phonolitic intrusions (figure 

2.5). Coarse-grained syenites are most common, along with amphibole or pyroxene-rich 

mafic rocks. The syenites are coarsely crystalline rocks with interlocking networks of 

lath-shaped alkali feldspar and plagioclase crystals (up to 1.5 cm in length), with 

subordinate pyroxenes, amphiboles and feldspathoids. Mafic xenoliths tend to be finer 
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grained (<0.5 cm), and are chiefly composed of black amphibole or pyroxene and 

plagioclase with accessory magnetite and apatite. 

These rock types are only seen as clasts and xenoliths, and do not occur as coherent 

bodies of rock in the near surface environment. This distinguishes them from other rock 

fragments in the volcanic breccia, which have analogs that are found in the near surface 

environment. 

Early phonolite series 

Phonolitic rocks form the largest masses of coherent igneous rocks within the 

diatreme (see figure 1.3). They commonly have porphyritic textures, and are chiefly 

composed of alkali feldspar, with lesser feldspathoids, aegerine-augite, and titaniferous 

magnetite. Albitic plagioclase is present in some rocks, but not all. When present, 

plagioclase is subordinate to alkali feldspar. Clinopyroxenes are the most abundant mafic 

minerals, but amphibole and biotite are often present in lesser amounts. Accessory 

minerals include sphene, apatite, and trace amounts of zircon, monazite, allanite, 

baddeleyite, and Ce-rich hainite (Na4Ca8(Ti,Zr,Mn,Ce)3Si8028F8). As a group, they have 

relatively high silica concentrations (57-63 wt % Si02), and extremely high 

concentrations of alkalis (>12 wt. Na20 + K2O). On TAS diagrams these rocks cluster 

about the junction of the phonolite, trachytes, tephriphonolite and trachyandesite fields 

(fig. 2.3). Given their close similarities in texture, mineralogy and composition, they are 

generically referred to as "phonolites" by district geologists. 

Phenocrysts range from 0.1-1 cm, and account for 1-10% of the rock's volume. The 

most common phenocrysts are lath-shaped sanidine crystals with prominent Carlsbad 
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twins. Plagioclase phenocrysts are also common, and help distinguish this class of 

phonolites. Mafic phenocrysts are far less abundant than feldspars, and tend to be smaller 

in size. Pyroxene is the most common mafic phenocryst found in phonolites, while 

amphibole and biotite phenocrysts become more abundant in tephriphonolite and 

trachyandesites. A notable characteristic of the pyroxene crystals in phonolites are their 

slender and often needle-like habits, which causes them to be easily confused with 

amphibole when viewed with a hand lens. 

When viewed in thin section, many feldspar "phenocrysts" are seen to be broken or 

shattered feldspar fragments. These feldspars range from orthoclase to anorthoclase to 

plagioclase. Often, single "phenocryst" sites are composed of several interlocking 

feldspar grains with broken edges. These appear to be fragments of coarse-grained rocks 

that have been incorporated within the phonolites. When these polygranular clusters are 

present, the rocks are often commonly described as "glomeroporphyritic". 

Nosean, hau>'ne, analcime, and sodalite are the most common feldspathoids, and total 

feldspathoids typically account for 5-15% of the rock. Nosean is the most common 

feldspathoid in phonolites, although analcime may be predominate locally, and becomes 

particularly abundant in the more mafic members of this series (tephriphonolites). 

Feldspathoid sites in phonolites are easily recognized in hand specimens by their 

hexagonal to pseudo-hexagonal shapes (see fig. 2.6). These sites are rarely occupied by a 

single crystal, but are typically polygranular aggregates of many feldspathoid crystals. 

The hexagonal shape of the feldspathoid sites suggests that the crystals were originally 

nepheline, but in most cases are now occupied by fine-grained intergrowths of nosean. 
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analcime, sodalite, nepheline(?), fluorite, carbonate, and salitic-hedenbergitic pyroxene 

with anomalous pleochroism^. Nepheline is sparingly present in most rocks, where it is 

commonly intergrown with feldspars in the groundmass. The small sizes of nepheline 

crystals makes them difficult to recognize using a petrographic microscope. 

Feldspathoids are also commonly observed as late-stage interstitial-fillings, lining 

cavities (Cross, 1895, p. 32, and Graton, 1906, p. 62), and as veins cutting phonolites. 

The feldspathoid mineral sites are more susceptible to weathering than the 

surrounding rock, giving the rock a pitted appearance when weathered (Graton, 1906). In 

weakly altered rocks, the feldspathoid sites commonly take on a bluish color, highlighting 

their presence in the rock. X-ray diffraction (XRD) analyses have shown these alteration 

products to be various types of zeolites. 

These rocks are typically dark green when unaltered. The dark green color of these 

rocks is from disseminated aegerine-augite in the groundmass, and rocks become 

bleached where mafic minerals have been replaced by alteration products. It should be 

noted that unaltered rocks are uncommon in the district, and most phonolites are beige, 

tan, white or gray as a result of alteration. Magnetite is present in all rocks when 

unaltered, and samples of fresh phonolite attract small, suspended magnets. 

Further descriptions and subclassifications of early phonolites are provided in 

Appendix D. 

' Extinction angles of <10° are common, even in salitic-ferrosalitic crystals whose chemistry has been 

determined by microprobe analyses. 
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Distribution and timing 

Within the diatreme, the main body of diatremal breccia (and volcaniclastic 

sedimentary rock) is intruded by large masses of porphyritic phonolite and 

tephriphonolite. These are voluminous in the upper levels of the diatreme where 

intrusions tend to flare upv/ards, or were injected as sills. Together, phonolitic intrusions 

and their volcanic breccia host rocks account for about 90% of the diatreme volume. 

While several phonolites have been described as extrusive flows, perlite-rich carapaces or 

basal paleosols have not been observed. Further constraints on overburden and depths of 

volcanic cover are discussed in Chapter 8. 

The early phonolites are clearly cut by younger generations of more mafic rocks 

types, but are also cut by a younger series of phonolites with distinctive mineralogies and 

chemical signatures. The younger phonolites share similar timing relationships, 

suggesting that they were emplaced as a discrete igneous event (fig. 2.2). They are 

discussed in a separate section below. It remains possible that more generations of 

phonolitic intrusions will be recognized. 

Equieranular. phaneritic rocks 

Equigranular, phaneritic intrusions are present in several locations. These majority of 

these rocks exhibit "salt and pepper" textures (see fig. 2.4a), and form small stocks and 

plugs (see fig 2.7). These rocks cut intrusions of the early phonolite series, although some 

appear to grade laterally into porphyritic tephriphonolites (see also Graton, 1906, p.84-

85). According to the lUGS scheme, they are classified as nepheline syenites, nepheline 

monzosyenites, and nepheline monzodiorites, and are phaneritic equivalents to phonolite. 
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tephriphonolite, and phonotephrite, respectively. Of these, the nepheline monzosyenites 

are most common. 

Historically, these rocks have been generically referred to as "syenites". Modal and 

chemical analyses, however, show them to be considerably more mafic than the district's 

phonolites, and for this reason, the term "syenite" (the phaneritic equivalent of phonolite) 

is misleading. These rocks will be referred to as nepheline monzosyenites in this paper, 

but it is recognized that considerable compositional variation is seen amongst them. 

Nepheline monzosyenites are composed of plagioclase, orthoclase feldspars, and 

feldspathoids, with varying, but subordinate amounts of augite, hornblende and biotite. 

Like the phonolites, titaniferous magnetite, sphene, apatite, and HFSE-REE phases are 

common accessories. Feldspathoids are chiefly present as nepheline and sodalite, with 

lesser nosean, hauyne and analcime. In many cases, these are developed interstitially or 

as subsolidus minerals filling cavities or lining fractures. Although Cross (1895) 

described an abundance of nepheline in these rocks, Graton (1906, p. 85) and Birmingham 

(1987, p.82), suggested that nepheline was uncommon. Microprobe analyses of numerous 

samples in this study, however, confirm the presence of significant nepheline (often >5%) 

in most samples, supporting the observations of Cross (1895). Nosean, sodalite, and 

analcime become dominant in samples with even slight hydrothermal alteration. 

Mafic minerals comprise 20-40% of these rocks. Pyroxene and biotite are the 

dominant mafic phases, with hornblende being less abundant and entirely absent in many 

samples. Some intrusions have high biotite to pyroxene ratios (South Cresson), while 

others are dominated by pyroxene (Vindicator Mine area). These differences may reflect 
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the abundance of water in the magmas from which these rocks crystallized, with biotite-

rich rocks reflecting higher H2O in magmas. 

Igneous biotites in nepheline monzosyenites are typically dark red in color, often 

showing rutilated exsolution lamellae. Biotite is also present in hydrothermal veins and as 

polycrystalline aggregates replacing and assuming the shapes of original igneous 

minerals (fig 2.8). In most cases, the hydrothermal (secondary) biotite replaces pyroxene 

and to a lesser degree, amphibole. Hydrothermal biotites can be distinguished from 

igneous biotite by their: 

• habit; present as "ratty" polycrystalline clusters and veins 

• chemistry; they have much lower Ti-concentrations than igneous 

biotite, in addition to lower F, and higher Mg/Fe 

• lighter color; hydrothermal biotite is commonly brown-green-yellow 

in thin section whereas igneous biotite is dark red. 

The characteristics of hydrothermal biotite and its distribution are further discussed in 

Chapter 4. 

Distribution 

Nepheline monzosyenites are found throughout the Vindicator Valley, with three 

large masses being especially prominent in aeromagnetic surveys. According to 

Vindicator mine levels maps and drilling, bodies of nepheline monzosyenite pinch and 

swell, forming irregular and semi-continuous masses throughout the area. Numerous 

smaller intrusions and dike-like bodies are also present. 
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Two plugs of nepheline monzosyenite are found in the Cresson Pit, one at the south 

end (in the area of the Rose Nichol Mine), and one at the north end of the pit (fig. 2.7). 

Masses of nepheline syenite have also intruded the Precambrian granites in "Granite 

Island" (as seen in drill hole UGC-97-5). The intrusions in Granite Island represent the 

only known occurrence of nepheline monzosyenite intruding Precambrian rocks. 

Additional masses of nepheline monzosyenite have been described in the Index and 

Pointer vein system, as well as the Portland, Last Dollar, Logan mines, and possibly the 

10th level of the Molly Kathleen mine (Lindgren and Ransome, 1906; Koschmann, 

1965). 

It is interesting to note that these intrusive masses have been found in all of the highly 

productive veins systems, and their margins appear to have served as important conduits 

for gold-bearing solutions. It is unlikely, however, that these intrusions were responsible 

for generating the gold-bearing fluids themselves, as discussed below and in Chapter 4. 

Mafic alkaline intrusions (tephriphonolite-phonotephrites. basaltic trachvandesites and 
trachvbasalts^ 

Following emplacement of nepheline monzosyenites, a series of dikes and small 

bodies of mafic rocks were emplaced throughout the diatreme, and to a lesser degree, the 

surrounding Precambrian rocks. These mafic intrusions are dominantly porphyritic, 

although some fine grained, equigranular varieties are seen. They span a considerable 

range of compositions, including tephriphonolites-phonotephrites, tephrites, 

trachyandesites, basaltic trachyandesites, and trachybasalts. 
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Augite is the most common type of phenocryst, and is often accompanied by 

plagioclase, and less commonly, hornblende. The presence of plagioclase phenocrysts 

distinguishes these mafic rocks from lamprophyres (described below). The groundmass is 

typically composed of plagioclase, augite, hornblende, with minor orthoclase, biotite, 

magnetite, and analcime. Apatite is present as an accessory mineral in most samples. 

Where relatively unaltered, these rocks are typically dark gray to black. Coarse 

grained porphyritic varieties typically have black mafic phenocrysts in a gray 

groundmass (see fig. 2.4a). In many cases, these rocks have been mapped as "augite 

phonolites" or "hornblende phonolites", but augite has often been mistaken for 

hornblende. Where mafic minerals have been altered, only feldspar phenocrysts remain 

prominent, which makes altered varieties of these rocks difficult to distinguish from 

porphyritic phonolites (fig. 2.9). 

Phonotephrites 

Pyroxene phonotephrites chiefly occur as dikes and as a large sill-like body exposed 

on Bull Cliffs, just east of the East Cresson pit (fig. 2.7). They are melanocratic, 

porphyritic rocks with prominent lath-shaped pyroxene phenocrysts. Their groundmass is 

composed of augite and labradorite-andesine with minor alkali feldspar and magnetite. 

Analcime, nosean and various sodalite-group minerals are also abundant. Accessory 

phases include kaersutitic amphibole, biotite, apatite, and olivine. These rocks were 

classified as trachydolerites by Graton (1906), and as "plagioclase basalts" by Cross 

(1895). They are easily recognized by their dark color, prominent rectangular pyroxene 

phenocrysts, strong magnetism, and resistance to alteration. Whereas many of the 
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surrounding phonolites and breccias have been subjected to intense hydrothermal 

alteration, only the margins of the phonotephrites tend to be altered. 

Examples of pyroxene phonotephrite include the sill-like body exposed on Bull Cliffs 

hill, and the "Isabella" dike in the East Cresson pit. Similar rocks with hornblende 

phenocrysts also occur ("N-0", "N-1", and "N-2" dikes of East Cresson). The 

characteristics and distributions of these and other phonotephrite types are discussed in 

Appendix E. 

Trachybasalts 

Newly recognized are a series of late stage alkaline basalts (trachybasalts - basaltic 

trachyandesites). The most prominent example forms a large intrusive mass in the 

vicinity of the Dolly Varden Mine, northwest of the Cresson Mine (see fig. 2.7). These 

fine grained, equigranular rocks are distinguished by their dark color, magnetism, and 

lack of phenocrysts. They are principally composed of augite and labradoritic plagioclase 

with subordinate anorthoclase, and minor analcime. Magnetite and apatite are present as 

accessory minerals. Alkali phases such as orthoclase or biotite are present in only trace 

amounts. 

Timing relationships are poorly constrained (they are seen cutting early phonolites 

and volcanic breccias), but due to their similarities with the other mafic rock types, they 

are included as part of this group. 

Late stage phonolites 
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Throughout the district, late stage phonolite dikes are seen cutting all rock types with 

the exception of lamprophyres. These represent a second major episode of phonolitic 

magmatism, and a departure from the trend towards more mafic compositions with time 

(fig. 2.2). The textures of these rocks vary significantly, ranging from fine-grained, 

aphanitic rocks to coarsely porphyritic types. The fine-grained varieties predominate, and 

these rocks are collectively referred to as "aphanitic phonolites". They are chiefly 

composed of sanidine, with subordinate amounts of aegirine-rich clinopyroxene, and 

interstitial feldspathoids of the sodalite-nosean group. Many of these rocks exhibit 

trachytic fabrics that impart a pronounced fissility to the rocks. Rocks of this character 

are prominent throughout the region as slab-shaped scree on hillslopes. 

Late stage phonolites typically contain 5-15% pyroxene with green-yellow 

pleochroism, and small angles of extinction (C^z commonly ~10 degrees). Pyroxenes are 

commonly present as fibrous, shreddy aggregates (fig. 2.10). Blue amphiboles are 

occasionally present as well, also as fibrous crystals. Accessory minerals include REE-

phases, apatite and traces of magnetite. Where unaltered these rocks have an olive green 

color, but are only slightly magnetic. The vast majority of aphanitic phonolites within the 

diatreme have been altered or bleached to a white or tan color, and lack magnetism 

entirely. 

Although typically fine grained, many late phonolites contain euhedral sanidine 

phenocrysts (typically <1-2%) which are compositionally similar to groundmass 

feldspars. Sanidine phenocrysts tend to be lath shaped, up to a centimeter in length and 

show little evidence for embayment or abrasion. Plagioclase phenocrysts are less 
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common, but when present they appear as anhedral or broken crystals. Historically, these 

rocks have been mapped as "aphanitic phonolites", and were described as "trachytic 

phonolites" by Cross (1895). 

A peculiar characteristic of this group is their markedly radioactive character. Hand 

held gamma ray spectrometers record very high total counts relative to the other rocks in 

the district, making them easy to map by geophysical methods. In many cases, they are 

difficult to distinguish from fine-grained varieties of the early phonolite series, but are 

readily distinguished by geochemical analyses (Chapter 3) or gamma ray spectrometers. 

Further discussion of the late stage phonolites, their radioactive nature, and their 

influences on geophysical surveys are given in Appendix F. 

Distribution 

Late stage phonolites are widely distributed throughout the diatreme and the 

surrounding Precambrian rocks, often showing mutually cross-cutting relationships. 

Prominent examples include the "Bluebird" (Cresson pit), "Baldwin" (east Cresson), and 

"Porpoise" (Cresson pit) dikes. 

Most satellite phonolites outside of the diatreme share the mineralogic and chemical 

signatures of late stage phonolites, and appear to belong to this class. Cross-cutting 

relationships in peripheral intrusions are generally lacking, and most of these intrusions 

lack multiple phases of magmatic activity. They are provisionally included as members 

of this group. Their prominence in regional gamma ray surveys supports this 

classification. 
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Lamprophvres 

The youngest igneous intrusions in the district are a series of mafic-ultramafic dikes 

and breccia pipes that are broadly classified as lamprophyres. Although they represent 

only a tiny mass fraction of Tertiary volcanic rocks (-1%), they are economically 

significant. A disproportionate amount of mineralization is hosted by, or is found in close 

spatial association with these rocks (e.g. Stevens, 1903). 

The largest lamprophyre intrusion is the "Cresson Pipe", an elliptical breccia pipe 

100-150 m in diameter that extends to depths of >800 m. In most cases, however, 

lamprophyres form narrow dikes (a few centimeters to a few meters in width) that 

anastomose, bifurcate, and pinch and swell dramatically along strike. They often form 

sets of en echelon dikes, pinching out or stepping laterally to occupy parallel, adjacent 

structures. In a few cases, lamprophyres abruptly shift from subvertical to horizontal 

attitudes over the space of a few meters. 

Rocks traditionally classified as lamprophyres in the Cripple Creek district have the 

following characteristics 

• They are melanocratic rocks with coarsely porphyritic textures. Phenocrysts 

include olivine, clinopyroxene, and phlogopite. Amphibole phenocrysts are 

uncommon which distinguishes these rocks from Precambrian lamprophyres 

elsewhere in the area. 

• They occur as narrow dikes and breccia pipes, typically altered to olive green 

Fe-Mg-Ca clays, serpentine and carbonate. They are seen as partially 

decomposed, greenish masses which are less resistant to erosion than 
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surrounding rocks and commonly recessed in bench faces, workings, and 

surface exposures. Less altered samples are dark green to black. 

• In the less altered samples, phenocrysts of red olivine (with Mg/Fe-rich 

chromite inclusions) and dark clinopyroxene predominate, with occasional 

golden flakes of Fe-phlogopite up to 3cm in diameter. Phlogopite phenocrysts 

are sporadic, however, and many intrusions lack them altogether. 

• The fine grained, dark green groundmass consists chiefly of clinopyroxene 

poikilitically enclosed by analcime, with subordinate and highly variable 

amounts of alkali feldspar, plagioclase, biotite and magnetite ± chromite. 

• Oval-shaped structures (ocelli) are common and are filled by combinations of 

carbonate, alkali-feldspar, analcime, quartz, clinopyroxene, fluorite, and 

phlogopitic biotite. 

• Feldspar phenocrysts are not observed. Caution is urged, however, as many 

intrusions contain xenocrystic feldspars which may be mistaken for 

phenocrysts. This is especially true where lamprophyres have intruded 

Precambrian rocks. 

• The rocks are strongly magnetic, even where altered to clays and serpentine. 

Leucoxene, iddingsite, and ruby-red oxides of chromium are commonly seen 

as replacement products of olivine and chromite inclusions, giving the rocks a 

distinctive appearance. 

The characteristics of Cripple Creek's lamprophyres are summarized in Table 2.2, 

are compared with currently used classification schemes for lamprohyres. 
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Variations amongst lamprophyres 

Several varieties of lamprophyre dikes have been observed, including fine grained 

varieties v^ith abundant ocelli and rare phenocrysts, and leucocratic, highly altered, 

porphyritic varieties. Further distinctions and subclassifications are provided in Appendix 

G. 

Ocelli and leucocratic matrixes 

Ocelli are common in lamprophyres. As described above, these typically consist of 

small (0.1 - 2cm) oval shaped cavities filled by varying proportions of carbonate, 

analcime and feldspar with a variety of accessory minerals including fluorite, aegirine-

rich pyroxene, and biotite. Quartz and pyrite are often present in the interiors of ocelli. 

In some lamprophyres, ocelli constitute a large percentage of the rock's mass, joining 

together to form a continuous stockwork of carbonate-rich material between rounded 

"blebs" or darker silicate material (see fig. 2.4c). In some cases, carbonate accounts for 

50% of the rock's mass. These carbonate-laced rocks appear to be hybrids between 

lamprophyres and carbonatites, and are referred to as "silicocarbonatites" in accordance 

with lUGS terminology. Carbonate minerals tends to be rich in Fe and Mg; they are often 

replaced by bright orange limonite in the near surface environment. 

Lamprophyre breccias 

Lamprophyre breccia pipes form dark green masses of brecciated rock with circular 

or elliptical cross sections (Cresson Pipe). They are composed of heterolithic clasts 

supported by various types of matrixes. Clasts in lamprophyre breccias are chiefly 
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composed of lamprophyre, but heterolithic populations of other alkaline rocks and 

Precambrian rocks are common, and become abundant towards the periphery of the 

pipes. Matrix types include; 

• dense, dark crystalline lamprophyric material 

• rock flour 

• leucocratic matrixes of analcime, carbonate, feldspar and occasionally, quartz. 

Where leucocratic matrixes are present, carbonate is often intergrown with analcime 

± K-feldspar (similar to ocelli), with centerline filling by smoky quartz ± pyrite. In many 

cases, these matrixes contain rounded blebs of dark lamprophyric material. In thin 

section, the "blebs" are concentrically zoned, and exhibit fine-grained outer rims. These 

textures suggest that the "blebs" are not mechanically comminuted rock fragments, but 

were liquid at the time of incorporation into the leucocratic matrixes. These may reflect 

processes of liquid-liquid immiscibility, with the leucocratic matrixes representing low-

density, hydrous phases that were exsolved from lamprophyric melts during 

crystallization. Some of these zones are surrounded by K-feldspar ± pyrite alteration that 

is cosmetically similar to the styles of mineralization and alteration associated with gold 

mineralization 

To date, lamprophyre breccias have been found both inside and outside the diatreme, 

and several specific examples are discussed in Appendix H. The most economically 

significant breccia in the Cripple Creek district is the famous "Cresson Pipe". The 

blowout is an elliptical-shaped cylinder of lamprophyric material 100-150m in diameter, 

which was emplaced at the close of igneous activity within the diatreme. It is chiefly 
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composed of lamprophyre clasts supported by a lamprophyric matrix, grading locally into 

a leucocratic carbonate matrix. ~ 2 million ounces of gold were produced from its 

margins. Its characteristics are described in greater detail in Appendix H. 

Uncommon rock types 

Isolated dikes or small intrusions that do not belong to these standard groups are 

found in some locations. Some are described in Appendix I. 

Volcanic breccia 

Volcanic breccias occupy much of the diatreme volume and represent a diverse class 

of rocks. They are best described as poorly sorted agglomerates of heterolithic rock 

fragments supported by a rock flour (finely pulverized rock fragments) ± crystalline 

matrix. Rock fragments (clasts) range in size from microscopic to several meters in 

diameter. Clasts are typically equidimensional and subrounded, with the degree of 

rounding proportional to transport distance within the diatreme. Locally, however, 

breccias can be dominated by angular fragments or develop a monolithic character. 

Volcanic breccias form the oldest, and most voluminous unit within the diatreme, but 

were generated at several times throughout the evolution of the igneous system(s). Many 

younger volcanic breccias are cosmetically similar to the oldest, diatreme-forming unit, 

and associated with phonolitic intrusions, including the late-stage phonolites. Volcanic 

breccias often contain clasts of older breccias, suggesting repetitive episodes of 

brecciation, or dynamic processes of emplacement. In many cases, multiple generations 

of breccias are present in the same sample (fig. 2.4c). 
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The breccias have compositions that vary substantially according to their clast 

contents, but have a bulk composition that is generally phonolitic (fig. 2.3 and 

descriptions in Lindgren and Ransome, 1906, p. 97-100). Clast to matrix ratios are 

variable throughout the diatreme, ranging from clast supported breccias (fig. 2.4) to fine 

grained, ashy rocks which are best described as clast-bearing tuffs. In general, clast to 

matrix ratios fall between 1:1 and 1:2 (this agrees with Thompson et al., 1985's estimate 

of >1:1). In the matrix, the ratio of fine material (clay-silt sized fractions) to lapilli-sized 

xenocrysts and sandy rock flour averages about 1 ;3, although this ratio varies 

substantially. Silt/clay-sized particles are chiefly derived from comminuted fragments of 

rock and feldspar crystals, and do not appear to have a detrital or epiclastic origin. The 

bulk of the brecciated materials are fragments of phonolitic-trachytic alkaline rocks. 

Limited contributions from the surrounding Precambrian rocks (quartz, pink alkali 

feldspar and microcline) are seen in the interior of the diatreme, and become 

progressively more abundant as the diatreme/Precambrian contact is approached. 

Clast types include phonolites of various textures (porphyritic, aphanitic and 

trachytic), phaneritic syenites (+ nepheline monzosyenites), and subordinate populations 

of mafic alkaline rocks. Volcanic breccias contain several rock types not seen as coherent 

bodies in surface exposures, including megacrystic syenites with prominent 

feldspathoids. These rocks serve as evidence that masses of phaneritic alkaline rock exist 

at depth (fragments and xenocrysts from these masses have also been entrained by 

intrusions, as discussed above). Clasts of Precambrian rock commonly show evidence of 



91 

silica removal; igneous quartz grains are commonly leached, giving the clasts a vuggy, 

pitted appearance. 

Along the diatreme margin, contacts between volcanic breccia and the surrounding 

Precambrian rock are typically gradational; phonolitic diatremal breccia grades outward 

into Precambrian breccia, Precambrian crackle/puzzle breccia and eventually to 

moderately fractured, but unbrecciated Precambrian rock. The contact zone is typically 

10-100 meters wide. A significant zone ofbrecciated Precambrian rock is almost always 

present, although in some places Precambrian wall rocks appear to be in sharp contact 

with heterolithic, diatremal breccias dominated by phonolitic materials. 

Breccia matrices grade from indurated rock flour in near-surface exposures, to mixed 

crystalline/rock flour matrixes at depths of 1000m. At 1000m, the breccias often show 

gradational contacts with bodies of porphyritic phonolites and tephriphonolites, and in 

many cases the exact boundary cannot be exactly determined. In these exposures, 

volcanic breccias grade into clast-supported breccias with monolithic phonolite clasts, 

which in turn grade into "crackle" or "puzzle" breccias and massive, unfractured 

phonolites or tephriphonolites (fig. 2.4b). While similar observations have been made at 

all levels of exposure, they are most commonly observed in deep levels. Together with 

the increasing crystallinity of the matrix, this suggests that there may be a lower limit of 

brecciation within the diatreme, which is being approached at the 1000m level. 

Further description of the volcanic breccias and bedded volcanic facies and 

discussions of genesis are given in Appendix J. 
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Other breccia types 

Intrusion breccias (monolithic breccias') 

Following the initial formation of the diatreme, numerous alkaline intrusions were 

emplaced, as described above. Many of these intrusions show evidence for brecciation 

along their margins. These breccias grade outward from monolithic "puzzle" breccias 

with little or no matrix material, into breccias with progressively higher matrix to clast 

ratios (fig 2.4b). As the matrix to clast ratio increases, clast angularity decreases, and the 

breccias become increasingly heterolithic, eventually grading into the typical diatremal 

breccia. Definite, sharp boundaries are sometimes observed between the intrusion-related 

breccias and the surrounding heterolithic diatremal breccias (as seen in drill hole UGC-

97-2), but in most cases the contact is entirely gradational. It is a common practice in the 

district to define the boundaries of these "monolithic" or "intrusion" breccias as the point 

where Precambrian fragments become obvious in the matrix, reflecting a transition to the 

more voluminous heterolithic breccias in the diatreme. 

In some cases, dikes grade upward into brecciated masses. These breccias are 

dominated by wispy or angular clasts that resemble disaggregated fragments of dike 

material, and grade outward and upward to more typical heterolithic breccias. The 

transition from coherent igneous rock, through monolithic, brecciated masses, to more 

tjqjical heterolithic breccias dominated by a rock flour component is typical of many 

intrusion-related breccias in the Cripple Creek district. These textures may reflect 

emplacement of magmas into poorly consolidated masses of diatremal breccia, where 

sharp contacts between the older breccias, and the younger intrusion-related breccias can 
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be entirely gradational. In cases where host rock breccias were more consolidated at the 

time of intrusion, sharp contacts may be present. 

Fluidization textures are also common in intrusion-related breccias; these textures are 

discussed in Appendix J. 

Hvdrothermal breccias 

The emplacement of the Cresson Pipe and other lamprophyres marked the close of 

known igneous activity in the district, and also marked the onset of an intense period of 

hydrothermal alteration, brecciation, and mineralization. Following the emplacement of 

lamprophyres, the diatreme and surrounding area became laced with gold-bearing veins 

and numerous stages and styles of hydrothermal breccias. The term "hydrothermal 

breccia" is used here to refer to breccias with matrixes comprised of hydrothermal 

minerals (quartz, pyrite, Mn-carbonate, etc.), as opposed to the rock flour and igneous-

crystal matrixes seen in the "volcanic breccias". 

Hydrothermal breccias comprise the youngest rocks in the district, but their 

discussion will accompany the description of other hydrothermal features in Chapters 4 

and 5. 

Timing relationships 

Rocks of the early phonolite series are the oldest intrusive rocks seen cutting the 

volcanic breccias in the diatreme. Large volumes of these rocks are present as stocks and 

sill-like bodies, but are uncommon outside of the diatreme, where they occur only as thin 

dikes. Some of the coherent, subhorizontal bodies of phonolite may be flows (especially 

those that appear to be interbedded with stratified rocks), but many are seen to cut 
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discordantly across volcanic breccias and bedded volcaniclastic rocks indicating that they 

are intrusions. Early phonolites were closely followed by more mafic intrusions including 

tephriphonolites and trachyandesites with hornblende and biotite phenocrysts. Features 

that distinguish these rock types are their porphyritic textures; aphanitic varieties are 

uncommon. 

Mutually cross-cutting relationships are seen amongst several textural varieties of 

phonolite and tephriphonolite, with specific phases being distinguished by phenocryst 

compositions and abundances. These include rocks with markedly seriate porphyritic 

textures, which are often highlighted by episode of hydrothermal alteration (Chapter 4). 

Early porphyritic intrusions are cut by stocks and dikes of phaneritic nepheline 

monzosyenite. A notable characteristic of these rocks is their abundance of biotite and 

amphibole, suggestive of higher activities of magmatic H2O. These, in turn, are cut by 

mafic dikes including varieties of phonotephrite, and trachybasalts. Beginning with the 

early phonolites, each successive episode of igneous activity was characterized by 

smaller volumes of material and more mafic compositions, culminating with the 

emplacement of phonotephrites and trachybasalts. 

These events were followed by a widespread "flare-up" of phonolitic magmatism, in 

which fine grained phonolites were emplaced throughout the diatreme, and to a greater 

degree, the surrounding Precambrian rock. The late stage phonolites represent the largest 

volume of Tertiary rock outside the diatreme, contrasting with the early phonolite series, 

which are largely restricted to the diatreme. Late stage phonolites were emplaced as 

stocks, dikes, "cryptodomes" and possibly subaerial flows throughout the region. Several 
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pulses of phonolite were emplaced during this event. This is best seen in the Cresson Pit, 

where several fine-grained to "vesicular" varieties show mutually cross-cutting 

relationships ("Porpoise", "Bluebird" and other aphanitic phonolite dikes). 

Lamprophyres are the youngest igneous rocks in the district, cutting all other 

lithologies. Several stages of lamprophyre emplacement are indicated by cross-cutting 

relationships. Lamprophyre dikes are cut off by the Cresson Pipe (e.g. Funeral and Sliver 

dikes), which in tum, is cut by other lamprophyre dikes. Compositional differences 

between groups of lamprophyres suggest that several distinct populations were intruded. 

The absolute ages of lamprophyres remains a question. It is not clear if these intrusions 

were emplaced as a single group in relatively short period of time, or if significant 

intervals of time (millions of years?) lapsed between the stages. The strong alteration 

typically present in lamprophyres has hampered age dating, and zircons submitted for U-

Pb analyses proved to be inherited from other sources (discussed below). 

To date, no igneous rocks have been observed cutting lamprophyres. Occasionally 

this has been reported in mine reports and publications, but the relationships often proved 

to be ambiguous. For example, Lindgren and Ransome (1906, p. 397) report that the 

"Isabella dike [a phonotephrite] is seen to cut directly through the Pinto dike [a 

lamprophyre]" in the Pinto Mine. In the East Cresson open pit, however, the opposite 

relationship was observed as the pit was dug down through the same exposure. Rickard 

(1902, fig. 17) shows a phonolite dike cutting a "basalt" dike in the Elkton Mine, but it is 

unclear if the "basalt" dike represents a lamprophyre, or if the basalt belongs to the 

younger series of mafic dikes seen in the district. In other cases, descriptions of cross-
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cutting relationships were based upon poor exposures in underground workings that were 

more ambiguous than suggested. Many descriptions of dikes cutting lamprophyres were 

found to be incorrect, based upon mine maps, notes, new exposures and other lines of 

evidence. 

Geochronology 

Since the advent of radiometric age dating, numerous age dates have been assigned to 

Cripple Creek rocks. Table 2.3 summarizes published and unpublished age dates. It 

should be noted that many radiometric ages conflict with cross cutting relationships seen 

in the field. The most reliable dates appear to bracket the ages of magmatism between 

31.8 Ma (intrusion of early phonolites), and 28.4 Ma (youngest lamprophyres). The lack 

of reproducibility in the age dates, and the poor spectra obtained from many K/Ar and 

Ar/Ar analyses underscores the uncertainty that persists amongst these data. Part of these 

discrepancies may be attributable to the influences of K-rich metasomatism and repeated 

episodes of magmatism in these area (re-heating and resetting of isotope systems). 

Samples of lamprophyre and late stage phonolite were submitted for U-Pb dating. 

Zircons from the lamprophyre sample yielded ages of 530,1080 and 1400 Ma in ID-

TIMS analyses suggesting inheritance from a variety of sources (W. Premo, personal 

communication). SHRIMP analyses for three zircon grains yielded a weighted mean 

pij206/238 of 31.6 ± 1.2 Ma (W. Premo, personal communication), broadly consistent 

with K/Ar and Ar/Ar dates for similar rocks. Textures in the zircon grains, however, 

indicate that they were not authigenic, and appear to have been inherited from a 
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metamorphic or metasomatic event that preceded lamprophyric magmatism (W. Premo, 

personal communication). 

Mineralogy and mineral chemistry 

To better understand the petrogenesis of the igneous rocks and to appraise the effects 

of hydrothermal alteration on mineral chemistry, mineral compositions were determined 

for a variety of igneous and hydrothermal phases throughout the Cripple Creek district. 

Representative minerals were selected from all of the types of igneous rocks and 

alteration assemblages and were analyzed using the Cameca SX50 electron microprobe at 

the Lunar and Planetary Laboratory, University of Arizona. Details of these analyses and 

methodologies are summarized in Appendix Z, and subsets of representative data are 

presented in Appendix AB. The chemical compositions of minerals from various igneous 

rocks are discussed here, with brief comparisons with hydrothermal compositions where 

appropriate. Hydrothermal mineral compositions are discussed in later chapters. 

For the analyses of igneous mineral compositions, samples were carefully selected 

from rocks that showed no evidence of alteration. The rocks retain igneous magnetite, 

titanite and mafic minerals, and do not contain obvious hydrothermal phases such as 

pyrite. 

Feldspars 

Figures (2.11,2.12) show feldspar compositions from the spectrum of igneous rocks 

in the Cripple Creek volcanic complex. These data have been compiled from several 

thousand microprobe analyses from unaltered rock samples. Cripple Creek feldspars span 
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a considerable range of compositions, and show systematic variations according to rock 

type. 

Phonolites 

Early phonolitic rocks are broadly divisible into two groups; those with a single 

feldspar composition and those with two feldspars (fig. 2.11). Single feldspar rocks 

typically contain Na-rich sanidines that cluster about the mid-point between Na and K on 

K-Na-Ca plots. Rocks with two feldspars typically contain high-K sanidine and albitic 

plagioclase. Rocks with abundant hydrous mafic minerals (amphiboles or biotite) tend to 

be of the two-feldspar type. 

In contrast to rocks of the early phonolite series, late stage phonolites typically 

contain only a single feldspar; typically a Na-rich sanidine. Plagioclase is uncommon in 

these rocks, except where it occurs as phenocrysts, and many of the plagioclase crystals 

in late phonolites appear to be xenocrystic. 

Differences in feldspar populations amongst phonolites appear to represent 

crystallization under hypersolvus (single feldspar rocks) and subsolvus conditions (two 

feldspar rocks). Some samples show both hypersolvus and subsolvus compositions in the 

same rock. In these cases, hypersolvus alkali feldspars tend to be present as phenocrysts, 

while both hypersolvus (Na-sandine/anothoclase) and subsolvus (K-sanidine and albitic 

plagioclase) feldspars are present in the groundmass. 

Additional feldspar populations are seen in rocks with xenocrysts (figure 2.12). In 

these rocks, groundmass feldspars are dominated by K-rich sanidine and albitic 

plagioclase, while xenocrysts form a discreet population that straddles the oligoclase and 
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andesine fields. Similar xenocryst compositions are seen in numerous samples, and 

appear to represent derivation from a common source (deep seated, phaneritic 

intrusions?). 

Mafic rocks; phonotephrites, alkaline basalts and lamprophyres 

In mafic rocks, plagioclase is shifted towards more calcic compositions, while alkali 

feldspars are shifted towards sodic-rich compositions (fig. 2.11-2.12). Many of these 

rocks contain andesine-labradorite. In some samples, two alkali feldspars are seen in 

addition to calcic plagioclase (fig. 2.12). This may reflect subsolidus segregation of alkali 

feldspar into albitic and K-feldspar components, or the presence of xenocrystic grains. 

Like other mafic rocks, lamprophyres often contain both alkali feldspars and 

plagioclase, but many only contain plagioclase. A distinctive characteristic of 

lamprophyre feldspars is strong enrichments in Sr and Ba, and possibly Rb or Cs. Sr and 

Ba vary between 1 and 3 wt. % in most lamprophyre feldspars. In some samples, low 

analysis totals and stoichiometric calculations suggest that Rb or Cs are also present*^.. 

Feldspars in volcanic breccia 

Volcanic breccias show evidence for hydrothermal alteration throughout the diatreme, 

inhibiting analyses of "fresh" materials. Feldspars in weakly altered breccias plot close to 

the albite and K-feldspar end members. Intermediate compositions are generally not 

present; an apparent effect of alteration. 
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Trace elements 

Figure (2.13) shows Fe, Ba and Sr ratios in Cripple Creek feldspars. Ba 

concentrations typically range from 0.1 to 1 wt%, with highest concentrations in mafic 

rocks. Concentration of Ba in phonolitic feldspars are typically lower (between 0.1 and 

0.5 wt %), and feldspars from late-stage phonolites have the lowest Ba concentrations. In 

most rocks, Ba is enriched in rims of feldspar grains, often visible as bright outer halos on 

backscattered electron images. 

Sr is much more abundant in plagioclase than alkali feldspar, where it substitutes for 

Ca^^. Plagioclase from mafic rocks are often strongly enriched in Sr, with concentrations 

approaching 2 wt. % in some samples. More typically, Sr concentrations are between 0.5 

and 1.5 wt. %, being lowest in evolved phonolites. Fe shows similar patterns, with most 

igneous feldspars having 0.1 to 0.8 wt % Fe. Highest Fe occurs in feldspars from mafic 

rocks, where wt % Fe commonly exceeds 0.5 wt %. 

While hydrothermal feldspars have Fe concentrations similar to igneous rocks, Ba 

and Sr are strongly depleted in hydrothermal feldspars (fig. 2.13). The strong depletion of 

Ba and Sr in altered rocks has implications for mass transfer in the hydrothermal 

system(s). This is discussed in Chapter 7. 

Feldspathoids 

Feldspathoid compositions are shown in figure 2.14. The most common feldspathoids 

in phonolitic rocks are nosean-hauyne, although subordinate sodalite and nepheline are 

often present. Nosean and sodalite are distinguished by SO4" > CI' and CI" > SO4" 

respectively. Both plot close to end-member Na-rich compositions, while hauyne is 
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markedly enriched in calcium. Nephelines plot close to Na3KAl4Si40i6, the K-rich solid 

solution end member of nepheline (NaAlSi04- Na3KAl4Si40i6). A solvus separates 

Na3KAl4Si40i6 from kalsilitic (KalSi04) compositions, which limits the amount of K 

substitution in the nepheline structure. 

Analcime is the most abundant feldspathoid in mafic rocks. It is commonly present as 

broadly distributed minerals in the groundmass of phonotephrite, lamprophyres and 

alkaline basalts (fig. 2.15). 

Pyroxenes 

Figures 2.16-2.17 show compositional ranges for pyroxenes. Unaltered rocks contain 

monoclinic pyroxenes rich in Ti and Ca or Na. Like feldspars, clinopyroxenes show 

systematic variations according to rock type. Mafic rocks contain diopsidic pyroxenes 

(figure 2.17), while salitic pyroxenes are present in more evolved compositions (e.g. early 

phonolitic series). Most pyroxenes are relatively enriched in Ca (W045.50), and are more 

calcic than typical igneous augites. Ti concentrations are also high, ranging from 0.2 - 3.7 

wt.%, with highest concentrations in mafic rocks. Pyroxenes in lamprophyres and 

phonotephrites contain the most titanium (generally > 1 wt%), giving them a 

characteristic deep red color. These are classified as titanaugites (Birmingham, 1987). 

Na is modestly enriched in most pyroxenes, with highest Na in felsic rocks. In rocks 

of the early phonolitic series, pyroxenes typically contain between 1 and 2 wt % Na, with 

aegirine rims on salitic pyroxenes. Aegirine is much more abundant in late stage 

phonolites, where pyroxenes contain up to 11 wt% Na. In late stage phonolites, aegirine 

is distributed throughout the groundmass as thin needle-like crystals 5-20um in length. 
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often with a fibrous or "feathery" habit. The aegirine has a distinctive grass green color 

and low angle of extinction (<10°). The predominance of peralkaline phases such as 

aegirine in late stage phonolites helps distinguish them from early phonolites. 

A distinctive group of low-Ti, hydrothermal pyroxenes are seen in some volcanic 

breccias and in veins cutting phonolites. These pyroxenes are ferrosalitic (see fig. 2.17), 

and typically have less than 0.2 wt% Ti, with 1-2 wt% Na. Their distribution and 

characteristics are further discussed in Chapter 4. 

Amphiboles 

Amphiboles are most abundant in nepheline monzosyenites and tephriphonolites 

where they constitute up to 10% of the rock's mass. Amphiboles are the dominant mafic 

minerals in a few tephriphonolite and phonotephrite intrusions, which are often referred 

to as "hornblende phonolites". They are also present as accessory minerals in many 

lamprophyres, phonotephrites and some phonolites. 

Most Cripple Creek amphiboles are classified as kaersutites (NaCa2(Mg,Fe)4 

TiSi6Al2(0+0H)24), although pargasite (NaCa2(Mg,Fe)4AlSi6022(0H)2) and magnesio-

hastingsite (NaCa2(Mg,Fe)4Fe^'^Si6022(0H)2) are also present. Igneous amphiboles from 

Cripple Creek have compositions close to the boundaries of these compositional fields, 

with a broad cluster of points overlapping the junction between kaersutites, magnesio-

hastingsites and pargasites. 

Amphiboles with distinctive blue colors are occasionally seen in the Cripple Creek 

district, and are commonly found in xenoliths and late stage phonolites. The presence of 

sodic amphiboles in late stage phonolites emphasizes the peralkaline compositions of 
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those rocks. The blue amphiboles are typically present as tiny crystals, commonly with a 

fibrous habit and are often intergrown with aegirine-rich clinopyroxene, feldspars, and 

feldspathoids. Where observed, they account for only a small fraction of the rock's mass. 

Similar observations were made by Graton (1906, p. 64) and Cross (1895), who suggest 

that these minerals are arfvedsonitic amphiboles, based on their optical properties. 

In cases where blue amphiboles are present as fibrous clusters, they resemble the 

types of blue, sodic amphiboles seen in fenitized rocks surrounding peralkaline intrusive 

complexes such as carbonatites (e.g. Mountain Pass, CA). At Cripple Creek, it is possible 

that these phases represent incipient fenitization associated with peralkaline phonolites. 

Chemical analyses are not available for these minerals, due to the fact that they are very 

small, and are commonly intergrown with other minerals at a fine scale. 

Biotite 

Figures 2.18-2.19 show biotite compositions from the Cripple Creek district. Biotite 

occurs as primary igneous minerals in many rocks, and abundantly as hydrothermal 

alteration products. Key distinctions between magmatic and hydrothermal biotite are 

given in Table 2.4. 

Relative to typical igneous rocks. Cripple Creek biotites are rich in fluorine and 

titanium, and have relatively high Mg:Fe. These characteristics are typical of biotites 

found in alkaline igneous complexes. In thin section, magmatic biotites are deep red, and 

often show exsolution lamellae of TiOa. These lamellae are sometimes visible with a 

hand lens, appearing as razor thin white threads along crystallographic axes in weathered 

biotite grains. Biotite compositions show systematic variations according to rock type. 
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Lamprophyres and mafic rocks generally show the highest Mg/(Mg+Fe), and tend to be 

richest in fluorine. 1-2 wt.% fluorine is common in lamprophyric biotites. Lamprophyric 

biotites are also enriched in Ba, with up to 3% Ba (similar enrichments are seen in 

feldspar fi-om lamprophyres, as well). 

High Mg:Fe and high Ti reflect the oxidized and silica undersaturated nature of these 

rocks. Higher oxidation states favor phlogopitic micas (Wones and Eugster, 1965). 

Likewise, relatively low silica activities favor substitution of Ti'^"^ for silicon in the 

structures of biotite. As seen in figures 2.18-2.19, distinct differences are seen between 

compositions of magmatic and hydrothermal biotite. The occurrence, distribution, timing, 

and characteristics of hydrothermal biotite alteration will be discussed in Chapter 2. 

Olivine 

Olivine crystals are abundant in some lamprophyres, but are also present as accessory 

minerals in phonotephrites and tephriphonolites (see descriptions in Birmingham, 1987). 

Where observed, olivine is typically embayed and rounded, with reaction rims of 

pyroxene, amphibole, or biotite. Olivine is not observed as a groundmass mineral, and in 

many cases, appears xenocrystic. 

Only a few analyses of olivine were made during this study. These show a restricted 

range of compositions; Fogc-ss in lamprophyres; F073.76 in other rocks. All are rich in Mg. 

These compositions overlap those reported by Birmingham (1987). 

Other phases 

Cripple Creek's alkaline rocks are rich in various incompatible and rare earth 

elements. These elements are typically present in minor phases that include zircon, 
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baddeleyite, betafite, mendelyeevite, euxenite (?), hainite, and a variety of monazites with 

variable enrichments in light rare earth elements. Ancylite and thalenite were identified 

by Birmingham (1987). 

Discussion 

Mineral chemistry varies systematically according to rock type in the Cripple Creek 

district, and offers insight into petrogenetic processes and melt compositions. The 

dominance of sodic feldspar, presence of feldspathoids, and minerals rich in ferric iron 

(magnetite and aegirine) and sulfate (nosean) testify to the sodic, silica undersaturated 

and oxidized nature of the alkaline rocks. Although the majority of rocks are 

metaluminous, the presence of aegirine and blue amphiboles in late stage phonolites 

distinguishes them as peralkaline rocks, a classification supported by whole rock 

chemical analyses (discussed in Chapter 3). 

Evolution of the magmatic system(s) is reflected by changes in modal mineralogy and 

mineral chemistry. Olivine is present in mafic rocks, but is absent in felsic rocks. 

Pyroxene becomes progressively richer in Fe and Na in more felsic rocks, plagioclase 

becomes progressively richer in Na, and alkali feldspars become richer in K. 

Feldspathoids also show variation; analcime is dominant in mafic rocks, while nepheline, 

nosean, hauyne, and sodalite predominate in felsic rocks. 

Amongst the early phonolites, some contain a single feldspar composition (sodic 

sanidine), while others contain two feldspars; typically a K-rich sanidine coexisting with 

albitic plagioclase. Single feldspar phonolites are likely to have crystallized under 

hypersolvus conditions (high-T), while plagioclase-bearing (two feldspar) phonolites are 
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likely to have crystallized under sub-solvus conditions. This is consistent with the 

presence of hornblende in many two-feldspar phonolitic rocks. Higher activities of 

magmatic H2O would have lowered solidus temperatures and led to crystallization of 

hydrous mineral assemblages such as hornblende or biotite. The presence of two 

feldspars in some Cripple Creek phonolites led to their classification as a distinctive rock 

type by Graton (1906) and Birmingham (1987), who referred to these rocks as "latite 

phonolites". 

An abundance of hydrous mafic minerals in some intrusions (nepheline 

monzosyenites, hornblende tephriphonolites and lamprophyres) distinguishes them from 

the majority of Cripple Creek's volcanic rocks, which have dominantly anhydrous 

mineral assemblages (pyroxene-rich phonolites). The abundance of hydrous minerals and 

phaneritic textures in these rocks suggests an independent lineage or mode of origin. 

Their phaneritic textures are not typical of rocks that crystallize at high levels in volcanic 

systems. 

Summary 

The alkaline rocks at Cripple Creek span a considerable range of compositions, and 

show a complex history of magmatism. Hundreds of alkaline intrusions were emplaced 

throughout the area, with most activity focused in a 5 km-diameter diatreme, although 

satellite intrusions and smaller diatremes(?) are found over an area measuring 15 km east-

west by 20 km north-south. Mapped field relationships suggest that intrusions became 

progressively smaller and more mafic with time, although at least one major reversal in 
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this trend is seen. Rock types often show evidence for dynamic emplacement histories in 

the form of brecciation and fluidization. 

Mineral chemistry varies systematically according to rock type, and highlights some 

of the salient chemical characteristics of these rocks: 

• high alkalis for their given Si02 (modal feldspathoids) 

• high oxidation states (high Mg:Fe, Fe^"^-rich pyroxenes), and sulfate-rich 

compositions (nosean) 

• peralkalinity restricted to late stage phonolites 

• strong enrichments in REE, HFSE and LILE 

The following chapter (Geochemistry of Igneous Rocks) discusses the geochemistry 

of the rocks, building on the relationships described in this chapter. Models of 

petrogenesis are also discussed in Chapter 3. 



Table 2.1: summary of Precambrian rock types 
distinguishing 

Name rock type mineralogy texture features age reference 

Xbgn metasedimentary rocks 

Xbgn metavolcanic rocks 

Xgr afkafi feldspar granite • 
syenite 

muscovite. biotite, 
quartz, orthoclase. 
plagioclase. 
stilimantte. gamet 

biotite. hornblende, 
plagioclase, 
orthoclase, magnetite, 
quartz 

orthoclase. quartz, 
magnetite, 
plagioclase. biotite. 
homblende/Zapatite, 
zircon, sphene/rutile 

gneissic-shcistose foliated 
rocks with abundant 
deformed veins/migmatites 

peraluminous mineralogies metamorphic age of * 
(presence of gamet, muscovite, 
sillimanite) 

-1.7 Graton. 1906; Wobus etal., 1976 

gneissic-shcistose foliated hornblende-rich and relative 
rocks with abundant lack of peraluminous mineral 
defomied veins/migmatites assemblages 

metamorphic age of "1.7 

Ga 

gneissic textures with K- presence of augen and foliation 169 Ga (Rb/Sn Hutchinson Graton, 1906; Hutchinson and 
feldsparaugen developed in developed in mafic mineral Hedge, 1968). A 1.32 Ga Hedge. 1968; Wobus etal., 1976, 

syntectonic, foliated margin of sites ^9® reported by Karlstrom and Humphreys. 1998 
batholith Hutch/nson (1964). which likely 

represents a reheating event 
related to younger plutonism 

CCg leucogranlte 

PPg granite 

orthoclase. quartz. equigranular rock with foliated prominent orthoclase 1.43 Ga (Rb/Sn Hutchinson Graton, 1906; Hutchinson and 

orthoclase phenocrysts microcline, 
plagioclase, biotite, 

magnetite // 
homdblende. 
muscovite, gamet 

alkali feldspar, quarte, equigranular 
plagioclase, biotite, 
magnetite // apatite. 
zircon, fluonte 

phenocrysts with Carlsbad 
twinning; often defining an 

igneous foliation/lineation; 

associated with peraluminous 
pegmatites 

red color, equigranular 
textures; non-foliated 

and Hedge, 1966) 

1.05 Ga 

Hedge, 1968; Wobus et al., 1976 

Smith et al.. 1999; Beane et al.. 
1999 

Osy fayalite syenite 

anorthosite 

micrope/thitic equigranular-porphyritc 
feldspar, pyroxene, 

fayatitic olivine, quartz. 
magnetite 

iabradorite +/- olivine coarse grained equigranular 

or pyroxene rocks veiping on pegmatitic 

olive green color that is typical 
of many Proterozoic fayalite 
syenites/granites 

pale, felspattiic rocks chiefly 

composed of plagioclase 

1.02 Ga (Rb/Sn Hutchinson Graton, 1906; Sage. 1966; Beane 
and Hedge, 1988) et al.. 1999 

1.05 Ga? Graton, 1906; Sage, 1966 

lamprophyre prominent hornblende coarsely porphyritic rocks large homblende phenocrysts 
in fine grained. with large (>2cm) homblende 
argillized groundmass phenocrysts 

with remnants of 
pyn(oene and olivine 
crystals 

Sage. 1966; Wobus et al.. 1976 

diabase clinopyroxene, 
plagioclase and 
magnetite are 
dominant 

fine grained, ophitic textures ophib'c textures are especially 
prominent on weathered 
sur^ces 

Graton. 1906 

O 
00 



Table 2.2: Classification of lamprophyres according to lUGS recommendations (after Streckeisen, 1979) 

Minette Kersantite Vogestie Spessartite Sannite Camptonite Monchiquite Polzenite AInoite CCtype 1 CCtype 2 

or>pJ 0 0 0 O 

p!>or O O O o 
fsp>roid O O 

foid>rsp o o 

fsp X A A o o 

foid (Ne^l) A A A A 0 O o O X o o 

biotilc o O X X + + o o O X o 

amphibole X X o o + + o X 0 

diopsidic cpi o 0 0 
augite o o O o o X o o 

olivine V V V V X X X X X o o 

melilife o o 
clacite X X X X 

quartz V V V V 

o = essential 
X = sometimes present, but not essential 
+ = at least one representative or minerals marked with in this column must be present 
A= absent 

V = only one representative of minerals marked with "V" in this column may be present 

or = orthoclase, pi = plagioclase, Tsp = feldspar, foid = feldspathoid, ne = nephelinc, al = analcime, 

Glossary of lamprophyre terms relevant to Cripple Creek, or used in literature about Cripple Creek: 

Lamprophyre: porphyritic, melanocratic rocks with essential biotite and/or amphibole. Clinopyroxene, olivine and melilite may also be present, and in some cases, 
abundant. Feldspars, if present, are restricted to the groundmass of these rocks. Further sub-classifications are based upon phenocryst populations and groundmass 
constituents. 

Monchiquite: lamprophyres with amphibole, Ti-augite, olivine and biotite. The groundmass contains feldspathoids or glass, and typically lacks feldspars. 

Sannaite: lamprophyres with with amphibole, Ti-augite, olivine and biotite. The groundmass contains feldspathoids and feldspars, with feldspars>feldspailioids, 
and alkali-feldspar>plagioclase. Nepheline is present in the groundmass. 

Camptonite: lamprophyres with with amphibole, Ti-augite, olivine and biotite. The groundmass lacks olivine and contains feldspathoids and feldspars, with 
feldspars>feldspathoids, and plagiocIase>alkali-feldspar. 

Vogesite: lamprophyres with homblende>biotite, diopsidic augite ± olivine with a groundmass which lacks feldspathoids, and has alkali-feldspar>pIagioclase. 

Limburgite: melanocratic, porphyritic rock with olivine and clinopyroxene phenocrysts in an alkali-rich groundmass that may have microlites of cpx and olivine; 
some nepheline and/or anafcime may be present, and feldspars are typically absent. Not recommended usage. ^ 



Table 2.3: Age dates for alkaline igneous rocks and select minerals from veins 

date (Ma) error + method sample source location 

31.9 1.7 Ar/Ar N-2 tephriphonolite dike current study East Cresson 

32.1 0.1 Ar/Ar tephriphonolite current study Vindincator 

33.2 0.1 Ar/Ar phonolite current study Vindincator 

27.8 0.3 Re/Os molybdenite vein current study Vindicator 31 level 

33.0 0.4 Ar/Ar biotite vein current study Vindicator 31 level 

33.7 0.4 Ar/Ar lamprophyre current study Ajax 31 level 

31.8 0.2 Ar/Ar N-2 tephriphonolite dike Kelleyetal., 1998 East Cresson 

31.8 0.2 Ar/Ar satellite phonolite Kelley etal., 1998 7 km outside 

28.7 ?? Ar/Ar Isabella dike Kelleyetal., 1998 East Cresson 

31.8 0.2 Ar/Ar phonolite Kelleyetal., 1998 Vindincator 

31.6 0.2 Ar/Ar tephriphonolite Kelleyetal., 1998 Vindincator 

29.6 0.1 Ar/Ar vein stage mineralization Kelleyetal., 1998 Vindincator 

31.6 0.2 Ar/Ar trachyandesite Kelley etal., 1998 Victor Pass 

27.6 0.09 Re/Os molybdenite vein Airie/Stein Deep Cresson 

31.6 0.36 Ar/Ar phonolite Rampe 

31.1 0.1 Ar/Ar mafic to ultramafic Rampe 

31.2 0.12 Ar/Ar tephriphonolite Rampe 

30.4 0.13 Ar/Ar phonotephrite Rampe 

30.4 0.13 Ar/Ar lamprophyre Rampe 

28.4 0.12 Ar/Ar Cresson Pipe Rampe 

29.2 1.6 U-Pb zircon in phonolite ANU 2002 

1351.0 50 Pb/Pb core of zircon ANU 2002 

30.534 0.13 Ar/Ar biotite lamprophyre Premo, USGS 

31.6 1.2 Pb/Pb lamprophyre zircon Premo, USGS 



Table 2.3 continued: generalized geologic maps with locations of selected age dates 

^Ar/^^Ar dates by Kelley et aL, 1998 

31.8 ±0.2 
"N-2" tophri-
phonollte dike 

31.0 ±0.2 
satellite phonolite * 

28.7 ± ?? 
"Isabella" mafic dike 

31.8 ±0.2 
phonolite 

31.6 ±0.2 
phonolite 

-32.5 ±0.1 
tephriphonolite 

29.6 ±0.1 
vein stage 
mlnerallaUon 

31.8 ± 0.2 trachyandesite 

V 40 'Ar/^^Ar (+ Re-Os) dates by Jensen and Helms 

31.9 ±1.7 
"N-2" tephri
phonolite dike 

33.7 ±0.4 
AJax 31 level 
lamprophyre 

J 

32.1 ±0.1 
tephriphonolite 

33.2 ±0.1 
phonolite 

Z7.8± 0.3 (Re-Os) 
molybdenUe vein 
Vindicator 31 level 

33.0 ±0.4 
biotite vein 
Vindicator 31 level 
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Table 2.4: salient distinctions between magmatic and hydrotliermal biotite 

Magmatic biotite Hydrothermal biotite 

Habit 

euhedral, hexagonal "books" 
of biotite; diameter up to 1cm 
in lamprophyres - smaller in 
other rocks types 

polygranular aggregates of 
randomly oriented biotite 
crystals replacing and 
sometimes pseudomorphing 
igneous mafic minerals 

Color 
typically dark; black to reddish 
black; deep red color in thin 
section due to high Ti content 

often light brown, sometimes 
tan when phlogopitic 

Mode of occurrence disseminated in host rock 
veins and veinlets; 
pseudomorphs after igneous 
minerals 

chemistry 

wt % Ti generally greater than 
2.5 
F generally less than 2 wt. % 
CI less than 0.2 wt. % 
Mg/(Mq+Fe): 0.57 - 0.83 

wt. % Ti less than 2.5 wt % 
commonly less than 1. 
wt. % F ranges from 0 to 8 
wt. % CI; up to 0.25 
Mg/(Mg+Fe): 0.52-0.98 
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Figure 2.1: three dimensional model of diatreme, as constrained by drill data. The contact with country rock 
is steep along the western and southern margins of the diatreme, but is shallow in the east. The shallow 
eastern portion of the diatreme is referred to as the "eastern sub-basin", and is characterized by an abundance 
of bedded volcanic facies, volcaniclastic and fluvial/lacustrine sediments, in addition to the typical heterolithic 
volcanic breccias and coherent intrusions. Only volcanic breccias and phonolites are shown in this simplified 
model. Ph = phonoKte, Bx = breccia 



114 

Figure 2.2 Synthesis of igneous evolution of Cripple Creek volcanic complex 

Rock type %Si02 
30 40 50 60 70 

volume . , ^ ^ 
0/^ mineralogy texture 

lamprophyre II dike 
swarm southeast Cresson pit 
and Cresson Pipe 

porphyritic phonoiite-
tephriphonolite 
II megacrystic phonolite 
dike. Cresson Pit 

late stage phonolites // vairous 
periphery stocks, plugs and flows 
In Precambrlan; Bluebird dike, 
Cresson Pit; most fine grained 

phonotephrite II Isabella, 
N1 and N2 dikes, Altman; 
Bull Cliffs and small plug 
in East Cresson deposit 

I 
1-2 

Ba,Sr,Rb,Cs]pl, af,l 
al 30% II 
ag, bi, ol, mt 65% ll\ 
ap, mz, CO^ 

<1? 
pi, or»sd, fdAO'/J^ 
//ag > am, bi 55% 
//ap, mz, sn 

10 
af, sd, fd 85% II 
ac, mt 10% II 
an, ap, mz, hn, fd, 
COgjjn 

<1 
pi » sd, fd 40% II 
ag, mt > ol 55% II 
sn 

nepheline monzosyenle* 
II Rose Nichol stock I pi, or, ne 65% II 

bi, ag, mt > am 30%^ 
II sn, ap, mz 

tephriphonolite-trachyandesite 
II stocks of homeblende phionollte In 
Vindicator Valley: 
blotlte phonolite. South Cresson I pi » sd, fd 40% II 

am, ag, bi 55% II 
ap, mz, sn 

early, porphyritic series 
phonolite-tephriphonolite II 
upper phonolite in East 
Cresson and Cresson Pit 

I 20 

af, pi, fd 85% // 
ag>ac, mt 10% II 
am, sn, ap, mz, hn,| 
fl, CO^ 

phonolitic-tephriphonolitic 
heterolithic breccia II main 
mass of diatremal breccia 

60 
af,pl.fd? 85%// 
cp, mt10%//am 

megacrystic, coarse grained 
syenite II xenoliths carried 
by phonolite intrusions* I or, pi, fd? 85% // 

cp, mt 10% 
7 

rock type II example 
* phanerltic texture 

felsic minerals II mafic minerals II accessory minerals 
phenocrysts 

ui£ o 

•SiSo 
•I i " 
!3|S "o 3 s) 

ac = acmite, af = alkali feldspar, ag = augite, al = analcime, am = kaersutitic amphibole, ap = apatite, bi = 
biotite, cp = clinopyroxene (aegirine-augite), fd = feldspathoids (undiff.), hn = hainite, mt = magnetite, ne 
= nepheline, mz = monazite, ol = olivine, or = orthoclase, sd = sanidine, sn = sphene 

I Stock dike brecciated 
stock 

sill plutons 

diatreme 

domes, cryptovolcanic 
domes, laccoliths 
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early phonlite series 

late stage 
Phonolites nephellne monzosyenite 

+ tephriphonolltes Phonolf 

Trachyte 
lamprophyre dikes Temiri-

phonolii 
biotite trachyte-trachyandesite 

cs Phon 
teph| 

Cresson Pipe 
lamprophyre breccia 

mafic series - tephriphonolltes 
and phonotephrites CM 

Rhyolite 
Dacite 

1 alkaline basalt ^ 

ndesite Railroad Breccia 
lamprophyre 

35 45 55 65 75 

Volcanic breccias 

Phonolite 

Trachyte 

Pho^ 
tepk 

site 

Basaltic^ 

msis 
CM 

Rhyolite 
Dacite 

Andesite 
. -Basaltic 

^ Basalt 

35 45 55 65 75 

Si02 
Figure 2.3: TAS diagrams showing compositions and igneous evolution. Major intrusive events are shown 
in top diagram, and the range of volcanic breccias are shown in the bottom diagram. Volatile-free compositions 
are plotted for all rocks. TTie individual fields represent distinct igneous events in terms of their timing or 
compositions, and have been generalized to include the majority of samples associated with those events. 
In detail, exceptions to these trend, or the order of enqjlacement can be found, but they are typically uncommon. 
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Figure 2.4a: major types of coherent igneous rocks 

Poiphyritic phonolite from early phonolite 
series. East Altman pit; This sample exhibits lath 
shaped sanidine crystals in a dark green groundmass 

Aphanilic, peralkaline late-stage phonolite from center 
of Cresson pit. An abundance of fine, aegirine crystals 
gives the rock its green color. 

Hornblende tephriphonolite from vicinity of Portland 
#2 shaft. Lath-shaped hornblende phenocrysts are 
supported by a green groundmass rich in aegirine-
augite. 

Pyroxene-plagioclase phonotephrite from eastern sub-
basin (drill hole DDHS-8). 

Pyroxene tephriphonolite from Vindicator valley; 
these rocks commonly grade into phaneritic 
monzosyenitic rocks. Wiite spots are carbonate + 
analcime ocelli. 

Nepheline monzosyenite showing its typical equigranular 
and "salt and pepper" texture. Dark minerals are pyroxene, 
biotite, and magnetite with minor hornblende. 

Phonotephrites from the East Cresson (Altman) area. The sample on the 
left is from the shallow dipping phonotephrite that comprises the upper 
levels of Bull Cliffs, and the sample on the right is from the Isabella 
phonotephrite dike as exposed in the East Cresson pit. Both samples are 
rich in black pyroxene phenocrysts and lack hydrous mafic phenocrysts. 

Lamprophyre with prominent 
biotite phenocrysts. 

= 1 cm 
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Figure 2.4b; samples of volcanic breccia 

Typical samples of heterolithic, dialremal breccias with rock flour matrixes. Mafic minerals in the sample on the left have 
been replaced by specular hematite, giving the rock a reddish color. Pyrite and carbonate have replaced mafic minerals in 
the sample on the right, giving the rock a bleached appearance. 

Three samples from the center of the Cresson Pit showing a gradation from coherent igneous rock (aphanitic phonolite at 
far left), through puzzle breccia with minor infill of rock flour between clasts (middle), to a rock flour matrix-supported 
breccia with increasing proportion of heterolithic clasts (right). All samples exhibit intense K-feldspar + pyrite alteration, 
and the left two samples are mineralized (3 ppm Au on far left, ~1 ppm Au in middle). 

Example of heterolithic diatremal breccia with prominent clasts of Precambrian granite (red colors). Quartz has been leached 
from both clasts, giving the Precambrian clasts a distinctive, vuggy appearance. These textures are strongly developed in many 
Precambrian xenoliths that have been entrained within intrusions and breccias, and appear to reflect interaction between quartz-
rich country rocks, and silica undersaturated fluids (magmas and/or aqueous solutions). Similar vuggy textures are seen in rocks 
with different types of alteration, suggesting that these textures were developed early in the evolution of the diatreme and are 
not products of a specific episode of hydrothermal activity. 
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Figure 2.4c: addition types of breccia in the Cripple Creek district 

Sample from East Cresson (drill hole UGC-97-2) showing evidence for multiple stages of brecciation. Note the presence 
of Precambrian xenocrysts in the youngest breccia. 

Sample of volcanic breccia dominated by fragments of Precambrian rock near margin of diatreme in East Cresson area 
(drill hole UGC-97-2). 

Examples of lamprophyre breccias. These breccias are distinguished from other types by their abundance of lamprophyre 
fragments; matrix compositions vary from lamprophritc to rock flour to leucocratic matrixes of carbonate, analcime and 
feldspar (sample on left). 

Example of fluidization textures developed along the contact between the diatreme and the surrounding Precambrian 
rocks. Shown here a fine laminations of rock flour, and plastically deformed feldspathic materials (white) supported by 
rock flour. This sample was taken from the vicinity of the diatreme contact in drill hole UGC-97-2. 
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Figure 2.4d: examples of sedimentary and volcaniclastic rocks 
in the Cripple Creek district 

Finely laminated calcareous shale/siltstone from 
School Section mine showing evidence for soft 
sediment deformation. 

Bioturbated calcareous shale with fossilized worm 
burrows from eastern sub-basin. 

Finely laminated siltstone (left) from downdropped block of volcaniclastic/sedimentary rocks in vicinity of Cresson Pipe, 
10050 elevation in Cresson Mine. Sample on the right shows coarsening upward sequence, and textures that may indicate 
base-surge or other type of dynamic pyroclastic deposits; larger fragments have disrupted and are embedded into finer 
grained layers. 

• -t 

i 

Folded and crenulated marl/si Itstone. Darker bands 
are marked by fine bands of pyrite. 

Laminated volcaniclastic materials from the Portland Pit, between 
the Portland #1 and #2 shafts. In outcrop, these rocks exhibit 
low angle cross bedding and accretionary lapilli that have been 
inteipreted as products of base surge eruptions (see descriptions 
in Lindgren and Ransome (1906). 
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Figure 2.5: syenitic xenoliths in unaltered phonolite intrusions 

Xenolith of nosean-sodalite syenite included within porphyritic phonolite. Note large, lath 
shaped feldspars and pseudohexagonal feldspathoid sites. Lens cap (top) for scale. 

Syenite xenolith in unaltered porphyritic phonolite from East Cresson 
deposit. Note white, lath shaped feldspars and dark clusters of aegirine-
augite and magnetite. 
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Figure 2.6: appearances of feldspathoids 

Figure 2.6: Photomicrographs showing pseudohexagonal feldspathoid site in unaltered porphyritic phonolite 
in plane polarized light (A) and with polars crossed (B). Note Ae polycrystalline nature of the feldspathoids, 
presumably replacing an original nepheline crystals. Feldspathoid compositions range from nosean to analcime. 
Traces of fluorite and aegirine-augite are intergrown wiA feldspathoid minerals. Sample taken from an 
extensive body of porphyritic phonolite in the upper levels of east Cresson deposit, drill hole AC-96-18 (97'); 
Field of view ~500 um. 

Typical appearances of feldspathoids in hand samples. Left; blue clays and zeolites selectively replacing 
feldspathoid sites in a poiphyritic phonolite of the early phonolite series (sample from the Cresson Pit; divisions 
on ruler are in mm). Right: Feldspathoids sites (white mineral grains in green circles) in late stage (?) phonolite; 
sample from Mitre Peak. 
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Fig. 2.7: maps showing the distribution of major rock types 

alkaline basalt biotite trachy 
andesite 

nepheline monzosyenite 

Late stage phonolites 

phonotephrites lamprophyres 
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Figure 2.8: secondary biotite replacing pyroxene in monzosyenites 

Photomicrograph: 

Hand sample: 

1cm mafic mineral sites replaced by hydrothermal biotite 

Typical appearance of mafic minerals in nepheline monzosyenites; top shows a photomicrograph (ppl, 
80x) of hydrothermal biotite replacing clinopyroxene, taken from the hand sample shown below; note 
veins and vein lets of K-silicate minerals (biotite, orthoclase). 
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aû ito phenocrysts 
in tcphriphonoilte 

Figure 2.9: Color photo (top) and grayscale image (bottom) of alteration in an augite tephriphonolite dike, 
drill hole V-9 (244'), 1000 m level of Vindicator mine. Zones of alteration are shaded blue in the grayscale 
image. 

Farthest to the left is a sample from the interior of the tephriphonolite dike, which is magnetic, crowded with 
augite phenocrysts, and dark in color. The middle sample shows incipient stages of alteration, where mafic 
mineral sites have been partially replaced by pyrite, carbonate, leucoxene, and clays. This area is marked 
by loss of dark colored minerals and bleaching. Stronger alteration is seen moving to the right, where all 
of the mafic mineral sites have been replaced by pyrite, carbonate, clays and leucoxene. The rock has lost 
most of its color, and appears as a gray mass with white feldspar phenocrysts. The turbidity developed in 
feldspars enhances their contrast with the surrounding rock, making them appear cloudy and white against 
the gray groundmass. The feldspar phenocrysts are otherwise not obvious in the unaltered rock, where mafic 
minerals are more noticeable and the vitreous feldspar phenocrysts blend into the groundmass. 

This effect has led to misidentification and misclassification of many intmsions in the Cripple Creek district. 
The type of altered tephriphonolite on the right is commonly described as "megacrystic phonolite" or 

"oatmeal phonolite", while rocks like the unaltered sample are commonly referred to as "augite phonolites" 
or "mafic phonolites". 

Figure 2.10: Appearance of aegirine crystals on weathered surface of late stage phonolite. Crystals 
are often present as thin, needle shaped crystals, often with shreddy margins. 
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Fig. 2.11a: Feldspar compositions from unaltered rocks in the Cripple Creek district. Feldspar compositions from phonolites and mafic rocks 
shown in figures 2.11b and 2.11c. 
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Figure 2.11b: Feldspar compositions from phonolitic rocks in the Cripple Creek district, 
including examples of hypersolvus and subsolvus compositions. 
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Fig. 2.12: Feldspar compositions from intermediate to mafic rocks in the Cripple Creek district. Also shown are compositions 
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Figure 2.13; Fe-Sr-Ba ratios in igneous feldspars in the Cripple Creek district. Fe, Ba 
and Sr typically range from 0.01-0.5 wt.% in i^eous feldspar, but hydrothermal 
feldspars are t^ically devoid of Ba and Sr. This suggests that significant Sr and Ba 
were mobilized during the process of alteration. 
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Figure 2.14: Chemistry of feldspathoids from igneous rocks in the Cripple Creek district. 
Data are plotted m molar proportions. Representative analyses are given in Appendix 
AB. 
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Figure 2.15: mineralogy and textures of lamprophyres 

m 

Figure 2.15a: SEM (electron backscatler) image of 
Cresson Pipe lamprophyre. The lamprophyre is 
characterized by an abundance of clinopyroxene (cpx) 
phenocrysts supported by an analcime (ana) matrix. 
Bright areas are titanomagnetite (tmt). Not shown in 
this sample are piagiociase and aiicali feldspars which 
are commonly intergrown with analcime in the matrix. 

Figure 2.15b: SEM (electron backscatter) image of 
Railroad Breccia lamprophyre. Inset box shows 
location of figure 2.15c. This image shows 
clinopyroxene (cpx) and titanomagnetite (tmt) 
phenocrysts supported by an analcime-rich matrix 
(dark material). 

Figure 2.1Sc: SEM (electron backscatter) image of 
the Railroad Breccia lamprophyre. This sample shows 
the classic mineral assemblages and textures that 
distinguish lamprophyre from other mafic rock types. 
Phenocrysts of clinopyroxene and biotite are supported 
by a groundmass consisting of a mixture of analcime 
(ana), alkali feldspar (af), piagiociase (pi), 

Figure 2.1 Sd: SEM (electron backscatler) image of 
quartz xenocryst (qz) in Railroad Breccia lamprophyre. 
Note the prominent reaction rim of Ca,Mg carbonate 
+ alkali feldspar surrounding the quartz grain. 
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Fig. 2.17: Pyroxene compositons from the Cripple Creek district. 
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Fig. 2.18: Biotite compositions from igneous rocks in the Cripple Creek district. Compositions 
of hydrothermal biotites are shown for comparison; hydrothermal biotite is discussed in greater 
detail in Chapter 4. 
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Figure 2.19: Compositions of igneous biotites from a variety of host rocks (black diamonds). Compositions of hydrothermal 
biotites (gray circles) are shown for comparison. 
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CHAPTERS: IGNEOUS GEOCHEMISTRY AND 
PETROGENESIS 

Introduction 

The alkahne rocks at Cripple Creek show chemical patterns that are grossly similar to 

other alkaline igneous rocks throughout the world, hi addition to their enrichments in the 

alkali elements Na and K, the alkaline rocks at Cripple Creek are also remarkably well 

endowed in a variety of trace elements, including large ion lithophile elements (K, Ba, 

Rb, Sr, Cs), high field strength elements (Zr, Nb, Ta), and light rare earth elements (La, 

Ce, etc.). These chemical signatures provide important clues about the source regions and 

modes of evolution of the igneous system, and help constrain genetic relationships 

amongst the individual phases at Cripple Creek. 

The previous chapter summarized the characteristics and mineralogy of Cripple 

Creek's igneous rocks. This chapter describes the geochemistry of igneous rocks and 

summarizes the chemical evolution of the magmatic system(s). This leads to a synthesis 

of igneous evolution, and links to mapped field relationships. 

Major element compositions 

Figure 3.1 shows major elements compositions for Cripple Creek's igneous rocks. 

Tertiary alkaline rocks are characterized by high concentrations of alkalis for their 

concentrations of silica (fig. 2.3). All fresh igneous rocks are strongly silica 

undersaturated (contain modal feldspathoids) and are distinctly sodic, with molar Na/K 

ranging fi-om 1.3 - 2.5, with most rocks averaging about 2 (see fig. 3.1; molar Na vs. K). 

Although the concentrations of both Na and K increase with Si02 (fig 3.1), Na/K does 
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not change significantly over a broad range of Si02. Most rocks are metaluminous (mol. 

Na + K < AI2O3 < Na + K + Ca), except for the late stage phonolites, which are 

peralkaline (mol. K + Na > AI2O3). A few mafic intrusions approach peraluminous 

chemical compositions, but remain strongly undersaturated with respect to silica. 

Compatible elements such as Mg, Ca, Fe and Ti decrease with increasing Si02, while 

elements such as Al, K, and Na increase. 

Trace element compositions 

Figure 3.2 a,b shows bivariate plots for selected trace elements. In these diagrams, 

most rock types plot in similar areas, or plot along distinct compositional trends. The late-

stage phonolites, however, form a distinctive group of compositions, being distinguished 

by high Rb, low Ba and Sr, and high Zr/Nb. Lamprophyres, in turn, are distinguished by 

Cr > 40 ppm, which provides a reliable method for distinguishing these rocks from other 

mafic rocks in the district. 

Figures 3.3-3.5 show normalized multi-element diagrams for a combination of large-

ion lithophile elements (LILE), high field strength elements (HFSE), and rare earth 

elements (REE). In these diagrams, whole rock geochemical data fi-om a variety of 

unaltered rocks have been normalized to compositions of average chondritic meteorites, 

ocean island basalts (OIB), and upper continental crust. Chondrite normalized data show 

steep negative profiles characteristic of rocks enriched in large ion lithophile elements 

(LILE) and light rare earth elements (LREE). High field strength elements (HFSE) are 

much more variable, with strong enrichments in U, Th, Nb, Ta, but much weaker 

enrichments of Zr, Ti and Y. In all normalized systems, Ba, Ti, Sr and P show marked 
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negative anomalies in evolved rocks such as phonolites. Relative to average oceanic 

island basalts and upper continental crust, Cripple Creek rocks are enriched in LREE and 

HFSE. It is notable that Cripple Creek rocks are not strongly enriched in K relative to 

average upper crustal values, and show Nb-Ta concentrations similar to average oceanic 

island basalts. 

Figure 3.6 shows extended rare earth element plots, normalized to chondritic values. 

All rocks are markedly enriched in LREE, and show steep negative slopes. LaAT) 

averages 40-60 in most rocks, although some lamprophyres have La/Yb > 80. Two key 

characteristics include a concave upward morphology in the REE plots, and weakly 

developed Eu anomaly in evolved phonolites. Amongst the rock types, lamprophyres and 

intermediate rocks have relatively linear patterns, while phonolites show pronounced 

concave upward profiles. Lamprophyres have the highest middle-REE (MREE), while 

phonolites are depleted in MREE, but are enriched in LREE and HREE relative to 

lamprophyres. 

Interpretations 

The geochemical patterns seen in Cripple Creek's rocks are typical of alkaline 

igneous rocks; these include strong enrichments in incompatible and rare earth elements. 

Cripple Creek's rocks are especially enriched in LREE (La/Yb > 40), and have high 

Nb/K that are characteristic of sodic alkaline magmatism. Trace element patterns vary 

systematically according to rock type, with more pronounced depletions of Ti, P, Ba, Sr 

and MREE. The concave upward REE patterns seen in evolved rocks (depletions in 

MREE) can result from early fractionation of sphene, apatite, and to a lesser degree. 
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amphibole. These minerals strongly fractionate MREE, causing them to be depleted 

relative to light and heavy rare earth elements. Early fractionation of sphene and apatite is 

also consistent with the pronounced negative P and Ti anomalies observed in evolved 

rocks. 

Fractional crystallization of feldspars can also result in depletion of Ba, Sr and Eu (Ba 

substitutes for K in alkali feldspar, and Sr and Eu substitute for Ca in plagioclase). 

Although Ba and Sr are strongly depleted in Cripple Creek's evolved rocks, negative Eu 

anomalies are only weakly developed. It is possible that the development of Eu anomalies 

was suppressed by the high oxidation states of the magmas, where a significant amount 

of Eu was present as Eu^^ and was not accepted into the plagioclase structure; this could 

lead to depletion of Ba and Sr during plagioclase formation, while having a lesser effect 

on Eu. 

A distinctive group of compositions are the late stage phonolites. These rocks closely 

resemble the early phonolite series in terms of their major element compositions, but 

have markedly different trace element compositions. Most notably, the late stage 

phonolites have much higher Rb/Sr (2-55) than the early phonolite series («1), and in 

plots of Ba and Sr vs. Si02, late stage phonolites form a distinct cluster that plot away 

from the other rock types in the district. 

Some of these differences amongst phonolites may be explained as the result of the 

late stage phonolites having undergone more extensive fractional crystallization than the 

early phonolites. Significant changes in Rb/Sr are reported from a single volcanic 

eruptive sequence from a phonolitic magma chamber in Germany's East Eifel volcanic 
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field (Laacher See volcano; Woemer et al., 1983). However, other evidence argues for an 

independent lineage. As seen in fig. 3.2 a,b, Mb vs Zr remains constant for the majority of 

compositions from Cripple Creek. Similar patterns are seen amongst consanguineous 

alkaline volcanics in the East African Rift, including suites that evolved to phonolitic 

compositions (Wilson, 1989, p. 352-354). The evolution along a linear trend on Nb vs Zr 

diagrams is suggestive of fractional crystallization (Wilson, 1989). Late stage phonolites, 

however, plot along a distinctive trend that is separate from the other Cripple Creek 

rocks, suggesting an independent process of evolution. 

The recurrence of phonolitic magmatism in the late stages of volcanic activity at 

Cripple Creek appears to signal a recharge of the magmatic system with melts of similar 

character to early phonolites, but distinctive chemical compositions. This was followed 

by emplacement of lamprophyres, which represent another series of distinctive, 

ultramafic compositions that are difficult to relate to other compositions by processes of 

fractionation (discussed further below). 

Isotope compositions 

Table 3.1 summarizes results of various isotope studies in the Cripple Creek district, 

and figures 3.7 a,b and 3.8 a,b show plots of isotope compositions of Cripple Creek rocks 

along with fields for many other relevant regional and global igneous complexes. 

143/144^^ and ^^'^'"Sr were determined for a variety of Cripple Creek rocks during this 

study, and are summarized in table 3.1, along with isotopic analyses from previous 

studies. Methods and data are presented in Appendix Z. 
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On Sr-Nd plots, the compositional field for Cripple Creek rocks plots along the array 

of mantle-derived basalts, near bulk earth and within the field for oceanic island basalt 

(OIB) compositions. range from 0.512521 to 0.512661, showing no correlation 

between Si02 and It is notable that the highest (most primitive) was 

measured in a late stage phonolite, the most evolved composition amongst the Cripple 

Creek rocks. 

Including results from this study and those of Birmingham (1987) and Kelley et al. 

(1998), initial for Cripple Creek rocks range from 0.70391 to 0.7060 with an 

outlier of 0.71148 from a satellite phonolite intrusion at Mitre Peak (fig. 1.2). Within the 

diatreme, the of alkaline intrusions average 0.70478 and show little correlation 

between SiOa with with ^^Rb/^^Sr ranging from 0.07 to >50 (table 3.1). The late 

stage phonolites show much higher present day ratios of (0.712478) than other 

rocks, reflecting their high Rb/Sr and radioactive nature. Although their Rb/Sr ratios and 

current day are very different than the other rock types, calculated initial 

ratios in late stage phonolites are consistent with the other rocks when corrected for their 

age. 

Pb isotopes 

Cripple Creek's Pb isotopes (reported by Kelley, 1996 and Kelley et al., 1998) are 

shown in figure 3.8 a,b. Cripple Creek rocks are relatively depleted in ^°^Pb, and overlap 

with compositions reported from MORB and typical OIB on 206/204p|^ 

diagrams. On 2''7/204p|j 206/204pjj diagrams. Cripple Creek data plot to the left and 
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below the growth rate curve for the two-stage model of lead evolution proposed by 

Stacey and Kramers (1975), indicating derivation from a source region with a time-

averaged depletion of radiogenic uranium (e.g. Kelley et al., 1998). A notable 

characteristic of Cripple Creek rocks is that they exhibit unusually high 208/204p|j 

207/204p|j 206/204p|j^ plotting Well above the Northern Hemisphere Reference Line 

(NHRL) established by Hart (1984). As ̂ °^Pb is a product of ^^^Th decay, its enrichment 

in the Cripple Creek rocks suggests derivation from a source region enriched in Th 

relative to U. As shown of fig. 3.8 a,b, few rocks from other Cenozoic magmatic centers 

in the region exhibit similar patterns. 

Interpretations of isotope data 

Magma sources; crust vs mantle 

While it is widely accepted that the majority of alkaline magmas are sourced in the 

mantle, the relative contributions of asthenospheric mantle, lithospheric mantle, and 

lower crust remains a matter of debate. In the case of western North America, the 

presence of Proterozoic and Archean basement, and an ancient subcontinent lithospheric 

keel provide chemical reservoirs with distinctive chemical and isotopic signatures (c.f 

O'Brien et al., 1991; Dudas, 1991). While Sr isotopes from the Proterozoic lower crust of 

Colorado overlap mantle-like values, lower crustal rocks in the region are strongly 

depleted in '''^Nd (DePaolo et al., 1981; Johnson and Thompson, 1991; Johnson, 1991)^. 

^ Most papers that describe the isotopic compositions of Colorado's lower crust report low eNd (i.e. 

DePaolo, 1981; Smith et al, 1999; Johnson and Thompson, 1991; Johnson 1993). However, Wendlandt et 
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While the values of Cripple Creek rocks are consistent with derivation from either 

lower crust or mantle (e.g. Kelley et al., 1998), the high are unlike typical values 

reported for Colorado's Proterozcic crust. Mixing between mantle source regions and 

'"^Nd depleted lower crust appears to be limited to < 10% according to Nd isotopic 

systematics, and is quite possibly negligible or zero. 

Pb isotopes from Cripple Creek phonolites have been interpreted to reflect 

contamination of mantle melts by lower crustal materials (Kelley et al., 1998, p.993-994). 

This model assumes that the Cripple Creek magmas originally had Pb isotopic ratios 

similar to MORB, and assimilated lower crustal materials during ascent (moving towards 

the lower crustal field from ideal MORB compositions on fig. 1 from Zartman and Doe, 

1981). However, regional Pb isotopic data from lower crustal Proterozoic granulites 

(sampled from xenoliths transported by Cenozoic intrusions) show compositions which 

are much more radiogenic than the hypothetical lower crust of the Zartman and Doe 

(1981) model (see analyses in Esperanca et al., 1988 and Kempton et al., 1990). No 

al. (1993) report that some lower crustal mafic xenoliths may exhibit sNd as high as +7. These high values 

are reported from a few granulitc facies mafic xenoliths entrained by Tertiary minettes on the Colorado 

Plateau. These anomalously high eNd is thought to derive from ancient metatholeiites, and almost all of the 

xenoliths give Nd model ages of~1.8 Ga. Although they exhibit isotopic similarities with the Cripple 

Creek rocks, their trace element chemistries are very different, as they are exceptionally depleted in HFSE 

and LILE. Rb/Sr ratios are generally <0.1. The granulite xenoliths are depleted in many of the elements 

strongly enriched in the Cripple Creek rocks, and thus do not appear to represent a viable source. 
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simple mixing relationship between MORB compositions and data from regional 

Proterozoic granulites can explain the Cripple Creek Pb isotopic ratios (fig. 3.8 a,b). 

An notable characteristic of the Cripple Creek rocks is their unusually high 208/204p|j 

for their 206/204p|j 208/204pjj j ̂  granitoids 

throughout central Colorado (Stein, 1985), minor contamination of the Cripple Creek 

magmas by 1.4 Ga granitoids possibly explains their high 208''204pjj signature. A sample of 

phonolite from the Cresson pit submitted for Pb isotopic dating contained zircons with 

cores dated at 1.4 Ga (Wayne Premo, personal communication), supporting this model. 

Although consistent with available evidence, viable alternatives are suggested by 

comparison with global analogs. 

Pb isotopes in several alkaline systems around the world overlap the Cripple Creek 

values. These systems are found in wide variety of tectonic environments, many of which 

lack continental crust. While isotopic signatures can be modified by even trivial amounts 

of crustal contamination, the presence of continental crust is certainly not a prerequisite 

for the development of Cripple Creek-like lead isotope ratios. For example, mid-Tertiary 

trachytes, phonolites, and alkaline basalts of the Kerguelen archipelago in the Indian 

Ocean have isotopic signatures which overlap the range of compositions reported by 

Kelley et al. (1998). The Kerguelen rocks are assumed to have been derived from 

undepleted, heterogeneous source regions in the mantle (Dosso et al., 1979). Similar 

isotope compositions have been reported for various other ocean island basalts above the 

Dupal isotopic anomaly of the Indian Ocean (Dupre and Allegre, 1983), and from 

Cenozoic plume-related magmatism in western North America (Church, 1985). 
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Comparison with regional Cenozoic alkaline complexes 

As seen on fig. 3.7 a,b, many alkaline complexes throughout the region have more 

evolved Nd and Sr isotopic ratios (negative SNd and positive SSr) than Cripple Creek 

rocks. In many cases, signatures from other regional alkaline complexes appear to reflect 

mixing between mantle-derived melts, crustal rocks, and/or variably enriched lithospheric 

mantle. 

Numerous isotopic studies in the western United States and central Colorado suggest 

that the region's lithospheric mantle has strongly negative 8Nd, along with more variable 

87/86sr (Menzies et al., 1983; Esperanca et al., 1988; Dudas et al., 1987; Fitton et al., 

1988; Thompson et al., 1989). These heterogeneous lithospheric mantle compositions 

have resulted ft-om episodes of metasomatism and enrichment that have taken place since 

the stabilization of continental lithosphere in the Proterozoic. Mixing between 

isotopically primitive asthenospheric melts and the more evolved lithospheric mantle can 

produce an array of isotopic compositions. This trend is especially pronounced in the case 

of the Montana alkaline belt, where compositional fields form well defined mixing lines 

between ''^^Nd-depleted lithospheric mantle ("EMI") and more primitive, asthenosphere-

derived compositions (fig. 3.7 a,b; O'Brien, 1991; O'Brien et al., 1995). 

Variably metasomatized mantle xenoliths have been entrained by several primitive 

intrusions in the Montana alkaline belt, which show marked depletions in and 

early Proterozoic-Archean model ages, suggesting derivation from a long lived, 

isotopically depleted lithospheric mantle reservoir (ENdt=52Ma from -28 to -45; Carlson 
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and Irving, 1994). These mantle xenoliths offer direct evidence for a mantle source for at 

least some of the Montana alkaline rocks, as well as the presence of lithospheric mantle 

with "anomalous" chemical compositions. Similar chemical signatures (and associated 

depletions in Ta-Nb relative to chondritic values) are not seen in Cripple Creek rocks. 

Some regional magmatic centers have isotopic ratios that are similar to Cripple 

Creek. Examples include the Miocene-Pliocene Raton-Clayton volcanic field in northern 

New Mexico (Phelps et al., 1983), the Oligocene Spanish Peaks in Colorado (Gibson et 

al., 1993), primitive basalts fi-om the Espanola Basin in Colorado (Gibson et al., 1993), 

and the primitive alkaline rocks of the Oligocene Lincoln County porphyry belt, New 

Mexico (Allen and Foord, 1991). In the Montana alkaline province, kimberlitic intrusions 

in the Missouri Breaks area (see Scambos, 1991), and Haystck Butte (O'Brien et al., 

1995) overlap the isotopic signatures of Cripple Creek in the Sm-Nd, Rb-Sr and U-Th-Pb 

systems. It is notable that the Montana intrusions not only represent the most primitive 

magmatic compositions in the Montana alkaline belt, they also show the least evidence 

for assimilation of lithospheric mantle or contamination by crust. As a group, these 

regional alkaline centers plot near bulk earth on Nd-Sr isotope diagrams, and overlap the 

isotopic range of "type I kimberlites" (after Smith, 1983). These isotopic been interpreted 

to reflect derivation fi-om subcontinental asthenospheric mantle (Menzies, 1987; Fitton, 

1987; Smith, 1983; Smith et al, 1985; Wilson, 1989, O'Brien et al., 1995). Similar 

interpretations for Cripple Creek's alkaline rocks are supported when all isotopic systems 

and bulk geochemical patterns are considered. 
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Comparisons with global examples of phonolitic magmatism 

A great deal of additional insight is gained from comparing the geodynamic settings 

of similar types of magmatism throughout the rest of the world. Appendix K summarizes 

the geochemistry and geodynamic settings of phonolitic magmatism throughout the 

world, and further discusses Cripple Creek in the context of global and regional analogs. 

Models of petrogenesis 

Models of fractional crystallization and assimilation/fractional crystallization (AFC) 

were generated to test the notion of consanguinity amongst the Cripple Creek rocks. The 

goal of producing these models was to simulate the evolution of magma chemical 

compositions and try to reasonably produce the compositions of evolved rocks in the 

Cripple Creek district. Compositions of mafic rocks were used to represent parent 

magmas, and published partitioning coefficients were used to model processes of melt 

evolution (fig. 3.9 and 3.10). Several types of models were generated, including batch 

crystallization, Rayleigh crystallization, and assimilation/fractional crystallization. 

Degrees of evolution (least squares fit method) 

Degrees of evolution (F values) were predicted from the least squares method of 

(Bryan et al., 1969). This method starts with a parent composition, and uses a least 

squares fit algorithm to subtract chemical components (major element oxides) from a 

parent magma composition to produce a daughter melt with a chemistry that matches a 

target composition (phonolites). Major element oxides were subtracted in proportions of 

minerals that were likely to form in the system. Minerals were selected that match those 

seen in intermediate rocks in the Cripple Creek district. 
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From the least squares fit algorithm, degrees of evolution (F values) were predicted 

along with the modes of minerals that needed to be removed from the parent melt 

(crystallization) to match the target composition (fig. 3.10). The F-values calculated from 

major element oxide models were then used to model trace and rare earth element 

compositions. 

Bulk partition coefflcients 

For each mineral used in the model, partition coefficients were selected from 

published sources. These were compiled for a variety of alkaline complexes around the 

world and experimental studies (see Table 3.2). Of these, the most appropriate were 

selected from alkaline igneous systems which evolved to produce phonolitic rocks. A 

bulk partition coefficient for individual trace and rare earth elements was calculated from 

the modes of minerals predicted from the least squares fit method. 

Results 

The compositions of Cripple Creek's phonolitic rocks were reliably produced by 

evolving phonotephritic compositions. The most successful models utilized partition 

coefficients from the Laacher See phonolitic volcano in Germany (Woemer et al., 1983)^. 

® Recognizing that clear evidence for equilibrium between phenocrysts and groundmass minerals was 

not demonstrated by Woemer et al., 1983, the similarity in chemistry, mineralogy and mode of evolution 

between Laacher See and Cripple Creek make the Woemer et al., 1983 data ideal for modeling Cripple 

Creek compositions. Models utilizing the Laacher See partitioning coefficient data showed little difference 

from models utilizing data from other global alkaline complexes. The advantage of using the Laacher See 
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Batch crystallization models utilizing the Laacher See data were able to produce a close 

fit for trace and rare earth elements in early stage phonolites by evolving phonotephritic 

compositions (figure 3.10). More extreme fractionation is seen in late stages phonolites 

(marked depletions of Sr, P, Ti and Ba), and similar patterns were modeled using 

Rayleigh crystallization. Evolution of lamporophyric parent magmas was less successful 

at producing phonolitic compositions. Although matches in trace element compositions 

are possible by evolving lamprophyric magmas to varying degrees, the degrees of 

evolution predicted by these models are not compatible with major element compositions. 

These models suggest that compositions of the early phonolite series may be products 

of equilibrium fi-actional crystallization of phonotephritic magmas, while the chemical 

signatures of late stage phonolites require more extreme processes of fractionation, and 

are suggestive of Rayleigh fractionation processes. Models were unable to produce 

phonolitic compositions fi-om evolution of lamprophyric parent magmas. 

Discussion (synthesis of igneous evolution and petrogenesis) 

Early phonolites were followed by emplacement of tephriphonolites and 

phonotephritic magmas. These intrusions group together on chemical plots and show 

patterns that are consistent with evolutionary trends. As discussed above, the 

phonotephriiss appear to represent reasonable parent compositions for phonolitic rocks. 

The emplacement sequence (phonolitic to phonotephritic) is suggestive of the tapping of 

data is that several minerals included in Woemer et al, 1983's data were not found elsewhere, and allowed 

for a more realistic approximation of the mineralogy of Cripple Creek's rocks. 
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a zoned magma chamber, where evolved compositions at the top of the magma chamber 

were erupted first, followed by progressively more mafic compositions from deeper, 

more primitive levels. Similar compositions, eruptive sequences (phonotephrite -

phonotephrite), and relative volumes are seen at Laacher See volcano in Germany, and 

have been interpreted by Woemer et al. (1983) to represent an eruption from a similarly 

zoned phonolitic magma chamber. 

Also present in many of the early phonolites are 1 -2cm feldspar xenocrysts, xenoliths 

of coarse-grained syenitic rocks, and mafic enclaves. It is notable that the habit, 

chemistry, and general appearance of xenocrystic feldspar fragments in phonolites are 

similar to the feldspars seen in the coarse-grained syenitic xenoliths. These suggest the 

presence of large masses of coarse grained, phaneritic alkaline rocks at depth, and 

possibly a feldspar-rich cumulate zone, from which the feldspar xenocrysts were sampled 

by ascending phonolitic melts. The progenitors of phonolitic rocks are probably best 

represented by the fragments of rock that have been entrained and transported by 

phonolites. 

Following the emplacement of early phonolites and intermediate-mafic rocks, a 

renewed pulse of phonolitic magmatism took place. The voluminous late stage phonolites 

have distinctive isotopic and chemical signatures that are suggestive of recharge in the 

magmatic system, or a lineage independent of the earlier magmatism. Small volumes of 

lamprophyric magmas were emplaced after the second stage of phonolitic magmatism. 

The lamprophyres are fundamentally different than other rock types in the district in 

terms of their volatile-rich, ultramafic compositions. Some lamprophyric rocks contain 
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large amounts of carbonate, and are more appropriately classified as silicocarbonatites. 

The injection of lamprophyres appears to represent another renewed pulse of magmatism. 

On the basis of trends in major and trace element chemistry, several authors have 

proposed that the Cripple Creek phonolites are products of extensive fractional 

crystallization of a lamprophyric magma (Eriksson, 1985, Birmingham, 1987, Kelley et 

al., 1998). Several lines of evidence argue against the lamprophyres being parent magmas 

for phonolites: 

• lamprophyres are volatile-rich, while phonolites are largely anhydrous. 

• lamprophyres do not contain obvious cumulate or restite phases, and do not 

have positive anomalies in Eu, P, Ti, Ba or Sr to complement the depletions of 

these elements in phonolites 

• the late timing and small volumes of lamprophyres are not easily reconciled 

with the much larger volumes of phonolitic rocks. 

Overall, the Cripple Creek magmatic system shows evidence for at least three distinct 

pulses of magmatism, as well as periods of evolution within the magmatic system(s). 

Other intrusive events may represent additional magmatic cycles. For example, the biotite 

trachyandesites and nepheline monzosyenites are unique amongst early intrusions in 

terms of their textures and prominence of hydrous mafic minerals. These may reflect 

different processes of evolution or independent magmatic systems with higher H2O 

contents. With hundreds of individual intrusions in the area, it is likely that more 

complexities will be revealed as work continues. 
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Source regions and petrogenesis 

When data from all radiogenic systems (Sm-Nd, Rb-Sr, U-Pb) are considered along 

with global analogs, a mantle source is implied for the Cripple Creek alkaline magmas. 

While the Rb-Sr systematics are consistent with a source in either asthenospheric mantle, 

lithospheric mantle, or lower crust, Sm-Nd data show little evidence for the incorporation 

of Proterozoic lower crust or ancient lithospheric mantle. Instead, isotope and trace 

element data are more typical of melts derived from variably enriched asthenospheric 

mantle sources (OIB-type source regions). While the Pb isotope data may be interpreted 

as reflecting limited amounts of contamination by crustal rocks (e.g. Kelley et al., 1998), 

they are also consistent with derivation from a Dupal-like mantle, or an enriched mantle 

source (plume-type signatures). The latter appears more consistent with the Rb-Sr and 

Sm-Nd isotopic data, and the geodynamic settings of similar types of alkaline magmatism 

throughout the world. In addition to isotopic data, the marked enrichment in U, K, Rb and 

other LILE and HFSE, along with the peralkaline and strongly undersaturated nature of 

these rocks, makes a lower crustal source seem unlikely. 

Steep normalized REE plots (normalized La/Yb > 40) are commonly interpreted to 

indicate residual (restite) garnet in source regions. By sequestering heavy REE during the 

initial stages of melting, garnet alone is capable of fractionating REE to the extent that 

normalized LaAT) ratios can exceed 40. Other minerals such as hornblende can also 

sequester heavy REE, but the degree of fractionation is much less than that of garnet. The 

steep REE pattems observed in all Cripple Creek rocks may suggest that the melts 

originated in garnet-stable mantle source regions. This has important implications in that 
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garnet is present in the mantle only at depths greater than 60-70km. Such depths are not 

unreasonable, as many alkaline magmas have entrained gamet-bearing peridotite 

xenoliths. Such depths are also consistent with isotopic data, which overlap the 

compositions of "type 1" kimberlites (Smith, 1983). Similar signatures are seen in the 

most primitive alkaline rocks of the Montana alkaline province (Scambos, 1991; O'Brien 

et al., 1995), and primitive alkaline rocks along the Rio Grande rift (Gibson et al., 1993). 

Alternative explanations for the high LaATj include LREE metasomatism of mantle 

source regions (fig. 3.11; Kramers et al., 1983), which can produce similar REE patterns. 

Collectively, the isotope, trace element, and rare earth element compositions appear 

most consistent with derivation from an isotopically primitive, but chemically enriched 

mantle source region. It is likely that garnet was a stable restite phase, based upon REE 

profiles, or that the source region was anomalously enriched in LREE. The stability of 

garnet requires a depth of >60 km, and the isotopic and geochemical similarity with "type 

I" kimberlites are consistent with a source in the asthenospheric mantle. Other 

explanations are plausible (i.e. lower crustal source, significant crustal contamination), 

but most suffer fi-om being inconsistent with at least one significant line of evidence. 

Summary 

Several pulses of magmatism are seen in the Cripple Creek district. Early intrusions 

include voluminous porphyritic phonolites followed by successively more mafic 

intrusions, including tephriphonolites and phonotephrites. These intrusions show 

chemical trends that are consistent with processes of magmatic evolution, and many 

appear to be consanguineous. Some differences amongst these intrusions simply 
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represent textural variations, but others, such as a prominence of biotite phenocrysts, 

reflect chemical differences (e.g. higher H2O) that are suggestive of independent lineage 

or modes of evolution. 

Early intrusions were followed by a renewed pulse of phonolitic magmatism, when 

large volumes of peralkaline, fine-grained phonolites were emplaced in and around the 

diatreme. This younger generation of phonolitic magmatism was emplaced over a broader 

area than other rock types, and shows chemical trends that distinguish them from the 

earlier phonolite series (peralkalinity, high Zr/Nb, high Rb/Sr). Forceful emplacement of 

C02-charged lamprophyres represents the final stage of magmatism. Many of these rocks 

exhibit textures suggestive of exsolution of a low-density, carbonate-rich phase. 

Comparisons with global analogs and isotopic and trace element data indicate a 

mantle source for the alkaline magmas. On isotopic plots, these rocks plot near bulk 

earth, and share other chemical similarities with primitive rock types such as "type I" 

kimberlites. The patterns of rare-earth element enrichment, lack of negative Ta-Nb 

anomalies and sodic chemistries are most consistent with derivation from asthenospheric 

source regions. Similar modes of petrogenesis have been inferred for many rift-related 

phonolites, or phonolites associated with plume magmatism (OIB). 



Table 3.1: Compilation of isotope data from the Cripple Creek district. 

mitre Peak phonolite 

iphonotephrite 

:lamprophyre 

"'Nd/^'^Nd "Sr/®®Si^ iSNd' ;206p /̂204p  ̂ 207p^^04pb j208pb/204pb 
Tfj/s study This study kelley etal, 1998 

early phonolite series [ 0.512589 0.704357 ; -0.47 17.95 15.524 38.5 0.70453 
(Ph/tp) 

[ 0.512589 0.704357 
_ 

trachyandesite 0.512521 0.705141 i -1.86 17.657 15.519 1 38.156 
inepheiine 
Imonzosyenite 

; 0.512570 ; 0.705019 ; -0.94 i 18.029 15.52 1 38.392 0.70391 

late stage phonolite 0.512661 0.705913 i 0.94 i 17.901 15.512 ! 38.486 0.706 

0.512644 

0.512638 

0.704528 

0.704263 

0.50 

0.40 

18.049 15.524 38.514 

0.71148 

0.70434 

0.7046 

' values from Birmingham (1987), recalculated from age dates provided by Kelley et al., 1998. ph = phonolite, tp = tephriphonolite 



Table 3.2: example of geochemical model; calculation of bulk partitioning coefficient based on least squares method 

Least squares fit model: 
iModes of minerals crystallized g 003163 
ifrom melt 

SI02 
AI203 
Fe203 

i FeO 
r MgO 

CaO 
r ~ Na20 

k20 
ri02 

r P205 
MnO 

Parent 

Phonotephrite albite kearsutite 

48.01 67.41 39.68 
15.88 20.5 12.81 
4.51 0.07 4.04 
4.56 0 8.79 
4.56 0.1 11.22 
7.65 0.81 11.06 
4.31 10.97 3.37 
3.23 0.36 1.04 

1.436 0 7.12 
0.79 0 0 
0.63 0 0.16 

0.013455 ^ 0.049779 

oligoclase 

64.1 
22.66 

0.14 
0.17 
0.25 I 
3.26 ! 
9.89 
0.05 

0 y 
0 "T 
0  ̂

0.656559 0.090473 0.152832 : 0.026891 0.006848 ; 

Target: 

sanidine titanaugite nepheline magnetite apatite 
porphyritic 
phonolite 

67.27 
18.35 

44.76 
5.83 

44.65 
32.03 " ' 

0 
0 

0 
0 1 

61.13 
19.36 

0.92 5.37 0.059 68.85 0 2.84 

0 ' 8.22 0 30.78 0.21 0.1 

0 J 
0.15 

9.59 
20.49 

° i-
0.71 

0 
0 

0.54 
52.4 

0.27 
1.26 

6.45 1.34 17.25 0 0 : 8.4 

7.05 
0 

0.11 
3.69 

3.66 
0 2 - 0 J_ 

5.68 
0.345 

0 • 0 0 "T 0 - r 40.98 0.08 

0 0.58 0 0 1.52 0.25 

LA U) 



Table 3.2 (con't): 

Calculation of bulk distribution coefficients: 

Mass fractions: 0.00316 0.01346 0.04978 0.65656 0.09047 { 0.15283 0.02689 0.00685 

Phase A Phase B Phase C Phase D Phase E Phase F Phase G Phase H 
Plagiodase Amph Plagiodase Sanidine Cpx Hauyne Magnetite Apatite 

Bulk partition Phonolitic Phonolitic i Phonolitic Phonolitic Phonolitic Phonolitic Phonolitic Phonolitic 
coefficient tephra tephra < tephra tephra tephra tephra tephra tephra 

iWoemeretal., 
11983 

Woemer et al.. 
1983 

Woemer et al.. 
:i983 

Woemer et al., 
1983 

Woemer etal., 
1983 

Woemer et al., 
1983 

Woemer et al., 
1983 

Woemer etal., 
1983 

Cs 
Rb 0.73094 0.0131 0 0.0131 0.8363 0.0029 0.055 6.415 0 
Ba 4.06148 3.9253 1.912 3.9253 5.8214 0 0.0382 0 0 
Th 0.02374 0.0013 0.0198 0.0013 0.0007 0.0103 0.0192 0.4037 1.2 
U 0.00819 0 0 0 0 0 0.0072 0.2638 0 
Nb 
Ta 0.04799 0.0061 1.104 0.0061 0.0024 0.2409 0.0078 0.306 0 
Sr 6.92473 45.531 3.974 45.531 5.8543 0 4.0375 0 0 
Hf 
Zr 0.02127 0 0.618 0 0.0014 0.1329 0 0 0 
Y 

La 0.24432 0.2773 0.7788 0.2773 0.1067 0.2534 0.1603 0.1135 14.4 
Ce 0.28917 0.1436 1.488 0.1436 0.0336 0.5071 0.1457 0.1843 24.3 
Pr 
Nd 0.6192 0.0953 3.102 0.0953 0.044 1.5727 0.1407 0.2942 54.3 
Sm 1.10772 0.1094 4.92 0.1094 0.0079 3.7179 0.185 0.5217 95.2 
Eu 1.96789 1.8311 5.738 1.8311 0.7514 5.8999 0.3613 0.48 102 
Gd \ 

Tb 0.7414 0.0276 5.2032 0.0276 0 3.8083 0.1465 0.725 41.4 
Dy 

Ho 
Er 1 

Yb 0.19768 0.0027 1.374 0.0027 0.0003 1.2059 0.0315 0.1717 8.81 
Lu 0.13826 0 1.78 0 0 0.8939 0.0103 0.245 3.69 
Pb 
Co 2.59977 0.0108 22.99 0.0108 0.0335 18.66 0.0163 19.927 6.03 
Sc 11.1489 0.4399 60.218 0.4399 0.0584 112.2 0.065 4.3 0 
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Figure 3.1: Examples of trends in major element chemistry for unaltered alkaline rocks 
in the Cripple Creek district. 
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Figure 3.2a: Selected trace element chemistry for unaltered alkaline rocks in the 
Cripple Creek district. 
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Figure 3.2b; Tectonic discrimination diagrams comparing the geochemistry of Cripple 
Creek's igneous rocks with rocks from other alkaline-related epithermal systems 
(Emperor, Philippines; Lihir Island, Philippines; Poigera, Papua, New Guinea). Data 
from Richards (1990), Muller et al. (2001), and Gill (1970). 
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Figure 3.3: Trace and rare earth element chemistry of alkaline rocks from the Cripple Creek district; 
data are normalized to chondritic meteorite values. Chondrite values from Thompson, 1982. 
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Figure 3.7a: 8Nd and "®'Sr isotope ratios for Cripple Creek's igneous rocks; 
shown for comparison are compositions for other alkaline igneous provinces 
in rift-related and OIB settings. Also shown are compositional fields for 
mid-ocean ridge basalts, upper and lower crust, and lithospheric mantle 
compositions (data from various sources). 

Cripple Creek's isotopic signatures show broad overlap with other rift-related 
and plume-related phonolites, including examples from Kaiserstuhl in 
Germany, and the Kenya rift. Also shown are isotope compositions from 
the Kerguelen archipelago, an oceanic island complex that evolved to produce 
phonolitic compositions. 
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The alkaline rocks from Cripple Creek overlap compsitions from the Raton-Clayton volcanic field 
and primitive intrusions in the Lincoln Courty alkaline belt and Boulder county alkaline suites (fig. 
1.6, A.2). 
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A comparison of Cripple Creek and the alkaline igneous belt of Montana Cripple Creek's rocks overlap 
the compositions of kimberlites in the Montana belt, but ha^e more primitive signatures than the majority 
of intrusions in Montana (including several that are associated with gold mineralization). The Montana 
rocks have isotope signatures suggestive of mixiig between lithospheric mantle, crustal sources, and 
potentially more primitive OIB or MORB-like source regions. 

Figure 3.7b: 8Nd and '""Sr isotope ratios for Cripple Creek's igneous rocks; shown for comparison are 
compositions for other alkaline igneous provinces: top) Colorado and New Mexico, bottom) the Montana 
alkaline belt. Also shown are compositional fields for mid-ocean ridge basalts, upper and lower crust, and 
lithospheric mantle compositions (data from various sources). 
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Figure 3.8a: Pb isotope compositions from the Cripple Creek alkaline rocks in comparison with 
global analogs from nft zones, oceanic island alkaline complexes, carbonatites and other relevant 
alkaline complexes. 

Cripple Creek's alkaline rocks are characterized by low ®"^Pb, most similar to oceanic island 
compositions. Cripple Creek's rocks are relatively enriched in but similar signatures are 
seen in several plume-related alkaline igneous centers (Gough, Kerguelen, Walvis Ridge, 
Jacupiranga). 
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Figure 3.8b: Pb isotope compositions from the Cripple Creek alkaline rocks in comparison with 
regional alkaline complexes and compositions of lower cmstal xenoliths. Data from various sources. 

Relative to regional alkaline igneous complexes, Cripple Creek's alkaline rocks are most similar to 
the Raton-Clayton volcanic field, although they show overlap with lower crustal granulites and 
eclogites. Whfle minor contributions from these sources may help explain the high ^""Pb in Cripple 
Creek rocks (esp. assimilation of 1.4 Ga Silver Plume granitoid equivalents), no evidence is seen for 
significant assimilation of these materials in the Nd isotope system. Although Cripple Creek rocks 
are enriched in ^°Tb, similar pattems are seen in other global alkaline complexes with variable 
evidence for cmstal assimilation. 
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Figure 3.9; schematic diagram showing structure of petrogenetic models. Parent melts were evolved by 
subtracting chemical components in modal proportions according to bulk partition coefficients (D values). 
These partition coefficients were calculated using published data for glob^ alkaline igneous complexes 
(various sources). Degrees of evolution (F values) and the modal proportions of crystdlized minerals used 
to calculate bulk partitioning coefficients were predicted through the use of the least squares fit methods 
of Biyan et al. (1969) based on major element chemistries. The variables derived from major elements were 
used to predict the abundances of trace and rare earth elements in evolved melts. More complex models 
were used to simulate processes of assimilation and fractional ciystallization (AFC). Modal minerals used 
in these models included typical minerals found in tephriphonolite-phonolitic rocks (alkali feldspar, 
plagioclase, hauyne, apatite, sphene, magnetite, aegirine-augite, and kaersutitic amphibole). 
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Figure 3.10: results froin petrogenesis models. F-values were independently determined by the least squares 
method of Bryan et al. (1969) using major element chemistries, while partitioning coefficients were taken 
from published data from global allaline complexes; processes of assimilation/fractional crystallization (AFC) 
were modeled using 10-20^% contamination by local Precambrian rocks. 

A) Phonotephrite as a parent magma; Models of equilibrium crystallization successfully predict phonolite 
compositions, while Rayleigh fractionation models produce more extreme depletions in Sr and Ba. Similar 
depletions of Sr and Ba are not seen in early phonolites, but are characteristic of late stage phonolites. 

B) Iamprophyre as parent magma; Model B successfully predicts abundances of high field strength and large 
ion lithophile elements (Rb-Zr), but produces a poor fit for rare earth elements. 

Models included the following minerals: plagioclase, sanidine, hauyne, amphibole, clinopyroxene, apatite and 
magnetite; these are minerals that are present in intermediate - phonolitic rocks in the Cripple Creek district. 
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PART III: HYDROTHERMAL GEOLOGY OF THE CRIPPLE 
CREEK DISTRICT 

Overview 

Renowned for its high-grade vein systems that host gold telluride mineralization, the 

Cripple Creek district exhibits a complex history of magmatic and hydrothermal activity. 

Part II (Chapters 2,3) focused on the magmatic evolution of the igneous system, and this 

section (Chapters 4-8) describes the character, distribution, and timing of hydrothermal 

features in the district. 

Gold mineralization in the Cripple Creek district is principally hosted by high-grade 

veins and bulk-mineable lower grade materials in an intensely hydrothermally altered 

diatreme complex. Most geological studies over the last century have focused on the 

high-grade veins and to a lesser degree, adjacent hydrothermal alteration, but 

metasomatism accompanied many events throughout the evolution of the igneous 

complex. Alteration types ranged from minor early pyroxene-stable varieties through 

various biotite-bearing assemblages into voluminous K-feldspar stable types. Hydrolytic 

(acid) styles of alteration are present but minor. Economic gold mineralization is 

intimately associated only with late, voluminous K-feldspar-pyrite alteration which 

makes up >5 km^ of the explored portion (upper 1 km) of the complex. 

Hydrothermal alteration began with the emplacement of the earliest known igneous 

rocks and continued past the last, lamprophyre-dominated intrusive events along with the 

introduction of gold. Alteration is localized along igneous contacts, in fractures and small 

displacement faults and is more pervasively developed in the more permeable breccia and 
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intrusive units. Most veins, from high-T biotite stable to late Au-rich types, are quartz-

poor; Au tellurides, fluorite, sulfates and carbonates are the main accessory minerals in 

the thin, high-grade quartz-bearing veins that produced >90% of the district's Au. 

Mineral and whole rock compositions vary systematically with these alteration types and 

can be used to demonstrate regular changes in fluid composition and massive changes in 

the composition of the diatreme. Hydrothermal alteration at Cripple Creek resembles that 

reported in other alkaline gold districts (Chapter 11), and suggests links to common 

processes. Although similar to other gold deposits related to alkaline magmatism. Cripple 

Creek differs markedly from other epithermal systems in terms of the large volume of K-

feldspar added and the relative scarcity of quartz and acid alteration. 

This study was prompted by a recent renewal of mining activity and development in 

the Cripple Creek district (see Part I: Introduction). New exposures and a wealth of 

information from recent drilling and exploration programs has spurred a re-evaluation of 

the district's geologic features as well as documentation of newly recognized features. 

Previous work: A century of geologic work has accompanied the history of mining in 

Cripple Creek. Shortly after the district was discovered, the first significant accounts of 

hydrothermal features were provided by USGS geologists Cross and Penrose (1895), and 

Lindgren and Ransome (1906). Like their descriptions of the igneous rocks, these remain 

the most complete accounts of metasomatism, even though they were among the first of a 

long history of publications, government reports and theses. 

Since then, studies have emphasized description of the high-grade, gold-telluride 

veins in the Cripple Creek district (Loughlin, 1927; Loughlin and Koschmann, 1935; 



170 

Koschmann, 1949; Thompson et al., 1985). These veins account for much of the district's 

historic production, and merit significant discussion. As a result, however, lesser 

attention has been paid to the effects of hydrothermal alteration in the surrounding wall 

rocks, or to the history of hydrothermal events which led up to the major episode(s) of 

gold mineralization. 

In addition to the studies that focus on paragenesis and gold mineralization, there 

have been a number of topical studies on specific ore bodies, styles of mineralization and 

fluid inclusions. These include several theses and numerous unpublished company 

reports and maps. Notable amongst them are: 

Lane, C. A., 1976, Geology, mineralogy, and fluid inclusion geothermometry of the El Paso gold mine. 
Cripple Creek, Colorado, M.S. thesis. University of Missouri-Rolla, 102 p.. 

Dwelley, P. C., 1984, Geology, mineralization, and fluid inclusion analysis of the Ajax vein system. 
Cripple Creek, Colorado, M.S. thesis, Colorado State University, 167 p. 

Trippel, A. D., 1985, Hydrothermal mineralization and alteration at the Globe Hill deposit. Cripple Creek 
district, Colorado, M.S. thesis, Colorado State University, 58 p. 

Saunders, J. A., 1986, Petrology, mineralogy, and geochemistry of representative gold telluride ores from 
Colorado, PhD thesis, Colorado School of Mines, 171 p. 

Nelson, S. E., 1989, Geology, alteration and mineral deposits of the Cresson diatreme, Cripple Creek 
Mining District, Colorado, M.S. thesis, Colorado State University, 147 p.. 

Wood, M. R., 1990, Geology and alteration of the eastern Cripple Creek Mining district. Teller Co., 
Colorado, M.S. thesis, Colorado State University, 186 p. 

Seibel, G. E., 1991, Geology of the Victor Mine, Cripple Creek mining district, Colorado, M.S. thesis, 
Colorado State University, 133 p. 

Burnett, W. J., 1995, Fluid chemistry and hydrothermal alteration of the Cresson disseminated gold deposit. 
Cripple Creek, Colorado, M.S. thesis, Colorado State University, 168 p. 

Kelley, K. D., 1996, Origin and timing of magmatism and mineralization in the Cripple Creek District, 
Colorado, PhD thesis, 259 p.. 

Rosdeutscher, J. A., 1999, Geology and stable isotope geochemistry of the Grassy Valley Au deposit, 
Cripple Creek Mining District, Colorado: evidence for magmatic fluids, M.S. thesis. University of 
Georgia. 

Mote, A.S., 2000, Fluid inclusion study of veins within Granite Island, Cripple Creek Mining District, 
Cripple Creek, Colorado, B.S. honors thesis. University of Georgia, 16 p.. 

Following the work of Lindgren and Ransome (1906), this study revisits the district-

scale patterns of alteration and mineralization, and considers them in the context of the 

system's evolution through time and space. This differs from recent and ongoing topical 
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studies in its holistic perspective of the district's geology. This synthesis provides the 

basis for new genetic models and interpretations of key hydrothermal features. 

The history of hydrothermal activity in the Cripple Creek is complex. Although most 

previous studies have focused on the epithermal veins and their immediate environments, 

episodes of extensive wall rock alteration both pre-date and post-date mineralization. For 

this reason, this section has been divided into two chapters; one focused on wall rock 

alteration in the Cripple Creek district (Chapter 4), and one focused on gold 

mineralization (Chapter 5). Although descriptions of wall rock alteration will necessarily 

include some discussion of gold mineralization, detailed descriptions of mineralized 

veins and hydrothermal breccias are deferred until styles of wall rock alteration have 

been introduced and described. Subsequent chapters will discuss hydrologic and 

structural controls (Chapter 6), the chemistry signatures of alteration and mineralization 

(Chapter 7) and fluid compositions and fluid evolution (Chapter 8). This will be followed 

by summaries and synthesis of the magmatic hydrothermal systems (Chapter 9). 
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CHAPTER 4: DESCRIPTION OF STYLES OF HYDROTHERMAL 
ALTERATION 

Introduction 

Hydrothermal alteration in the Cripple Creek district ranges from high-temperature 

pyroxene and biotite-rich assemblages, to large volumes of low-temperature types 

dominated by K-feldspar with specular hematite or pyrite (Table 4.1, Figures 4.1 a-g). 

Although the most abundant alteration types are characterized by K-silicate assemblages, 

several other types are seen, including distinctly sodic assemblages (albite±chlorite, 

carbonate and pyrite), and sulfate and carbonate-rich types. Assemblages indicative of 

acid alteration (sericite, alunite, dickite, etc.) are present, but are minor. 

Alteration types show systematic variations according to host rock compositions and 

relationships to gold mineralization. They also show considerable variation in their 

modes of origin and patterns of distribution. Early events are characterized by broadly 

developed zones of alkali-feldspar + hematite alteration and intrusion-related alteration 

that includes pyroxene and biotite-rich types. Gold mineralization took place after the 

emplacement of lamprophyres, accompanied by large volumes of K-silicate + pyrite 

alteration in the near surface environment. These appear to have been complemented by 

the development of biotite and anhydrite-stable alteration types at deeper (hotter) levels. 

The characteristics and timing relationships amongst these events help place 

important constraints on fluid compositions and fluid evolution through time (Chapter 8). 
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Early styles of alteration 

The oldest in situ volcanic rocks in the Cripple Creek district are volcanic breccias 

(Chapter 1) for which a phreatomagmatic origin is widely accepted (Thompson et al., 

1985; Sillitoe, 1985). It is also possible that magmatic volatile release played a role in the 

generation of the breccias (e.g. Bumham, 1985). In either case, hydrothermal fluids were 

likely to have been involved in the generation of the volcanic breccias, and in this sense, 

these rocks record some of the earliest stages of hydrothermal activity in the district. 

Evidence for early (pre-phonolite) hydrothermal events in the diatreme has largely 

been obscured by younger hydrothermal alteration, but can be found in xenoliths of 

volcanic breccia encapsulated within unaltered phonolites. These xenoliths are found in 

several locations around the district, and provide a window back to the original condition 

of the volcanic breccias, and the types of alteration originally present in those rocks. 

Early alteration types recorded in xenoliths 

In several locations, xenoliths of volcanic breccia have been preserved within 

unaltered phonolites, with veins and alteration being truncated at the margins of the 

xenoliths. These xenoliths show several types of alteration, the most common of which 

are assemblages of biotite-K-feldspar-albite-pyrite-carbonate. Fig 4.2 shows scanning 

electron microscope images of this type of alteration, where albite-rich halos surround 

zones of carbonate + biotite ± pyrite. Some of the pyrite grains contain appreciable gold 

(up to 15 ppm) according to secondary ion microprobe analyses (see Appendix Z). Other 

xenoliths exhibit green clinopyroxene (sodic ferrosalite) alteration, accompanied by red 



174 

titanite, albite, K-feldspar and pyrite. Less commonly, xenoliths are flooded with dark 

blue, sodic amphiboles. 

In general, the evidence for these events is preserved in xenoliths, and their volumes 

and distribution remain unconstrained. The presence of Au-rich pyrite, however, is 

significant. If appreciable volumes of early stage, gold-rich alteration existed, subsequent 

hydrothermal events may have been remobilized the gold, contributing to the overall gold 

budget for the epithermal deposit. 

The alteration assemblages with sodic amphiboles resemble the peralkaline styles of 

alteration ("fenitization") observed in many carbonatite complexes. These and other 

features serve as a common link between Cripple Creek and other alkaline-related 

magmatic-hydrothermal systems. 

Distribution: 

Xenoliths of volcanic breccia are uncommon. Most xenoliths are composed of 

coherent igneous rock, rather than breccias. The preservation potential of breccia 

xenoliths may have been low if the breccias were poorly consolidated at the time of 

phonolite intrusions, as appears to be the case. To date, xenoliths of volcanic breccia have 

been found in porphyritic phonolites in the East Cresson pit, and in tephriphonolites-

phonotephrites in the Vindicator Valley. 

Clinopyroxene ± feldspathoid alteration 

Restricted volumes of feldspathoid and pyroxene-rich alteration are present in the 

diatreme and surrounding Precambrian rocks. These include fracture and vein-controlled 

alteration developed in phonolitic intrusions, and more pervasive styles of alteration 
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developed in volcanic breccias and in Precambrian rocks adjacent to the diatreme (fig. 

4.1). While these types of alteration vary according to their settings and mineralogy, a 

common link is the presence of diopsidic to ferrosalitic pyroxenes. Like other 

hydrothermal minerals in the Cripple Creek district, hydrothermal pyroxenes show a 

restricted range of compositions that is distinguished fi:om igneous compositions (fig. 

4.3). 

Analcime (tnosean) + Pyroxene 

The groundmass of many phonolites contains interstitial feldspathoids such as nosean 

and analcime. These are also seen filling vugs and cavities, accompanied by sodic 

ferrosalitic pyroxene ± zoelites, fluorite and carbonate. Veins and veinlets of 

nosean/analcime + sodic ferrosalite + celestite ± pyrite are also present in many 

phonolites, and in rocks adjacent to some phonolitic intrusions (fig. 4.4). These appear as 

thin, green veinlets that are often difficult to recognize in hand sample. In most cases, 

these veins lack discemable alteration halos. 

Feldspathoid + pyroxene alteration was likely to have formed in the waning stages of 

crystallization of phonolitic intrusions, or as products of deuteric alteration, but are not 

volumetrically significant. Where observed, they typically account for <5% of the rock's 

mass. Significant volumes of magmatic-hydrothermal alteration related to the 

emplacement of phonolites have not been documented. 
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Pyroxene alteration in volcanic breccias 

Restricted volumes of pyroxene-rich alteration are developed in volcanic breccias, 

and are distinguished by their dark green color (fig. 4.1). Pyroxene is seen flooding the 

matrixes of these breccias and forms microscopic veinlets that cut both clasts and matrix. 

These pyroxenes are sodic ferrosalites and overlap the compositions of hydrothermal 

pyroxenes seen in phonolites (fig. 4.3). 

Green pyroxene-altered breccias have been observed in Vindicator valley, both at 

shallow levels and in deep drill core (drill hole V-7 from -315 to 335'). In one case, a 

block of pyroxene-altered breccia is encapsulated within a nepheline monzosyenite 

intrusion. The pyroxene-rich alteration appears to be truncated by the monzosyenite, 

indicating that the pyroxene-rich alteration was developed prior to the incorporation of 

the breccia into the monzosyenite stock. 

Due to a lack of definitive cross cutting relationships, the timing and source of this 

style of alteration remains unknown, but appears to be a relatively early event (pre-

monzosyenite), possibly related to the original emplacement of the phonolitic diatremal 

breccias. 

Pyroxene alteration in Precambrian rocks 

A broad zone of pyroxene-rich alteration in Precambrian rock is located near the 

Victor cemetery (fig. 4.5). Within this zone, alkali feldspar granite (Xgr) has been altered 

to a dark green color, flecked with white specks. The zone of alteration is ovoid in shape 

and grades outward to unaltered granite along its margins. Throughout this area, 

hydrothermal pyroxene has replaced feldspars and mafic minerals along foliation planes 
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in the granite. Where pervasive, the rock is completely converted to pyroxene, quartz and 

leucoxene, and little of its original texture remains. Leucoxene is seen as fine aggregates 

up to 5mm scattered through the rock, which appear as white specks in hand samples. 

The pyroxenes are ferrosalitic, and overlap the range of compositions of hydrothermal 

pyroxenes seen in phonolites and phonolitic breccias. 

The timing of this alteration type remains unconstrained due to a lack of cross-cutting 

relationships. It is possible that the pyroxene alteration is Precambrian in age, but the 

similarity with the styles of pyroxene alteration developed in Tertiary alkaline rocks 

suggests that it is related to Tertiary alkaline magmatism. Most likely, the zones of 

pyroxene alteration were developed above an unexposed phonolitic intrusion that lies 

below the current level of exposure. 

A distinctive facet of this alteration type is the presence of complex fluid inclusion 

assemblages in quartz. These include a suite of early high temperature, halite bearing 

inclusions and younger two-phase inclusions present as trails of secondary inclusions. 

These fluid inclusion assemblages are further discussed in Chapter 8. 

Biotite-stable assemblages 

Several types of biotite alteration are seen in the Cripple Creek district. These range 

fi-om restricted zones of intrusion-related biotite alteration, to broadly developed zones of 

biotitic alteration in volcanic breccias, to phlogopite-rich alteration halos that surround 

late stage, polymetallic veins in deepest exposures. Biotite alteration was developed at 

several times during the evolution of the diatreme, including early events recorded in 

xenoliths (described above), and continued past the emplacement of lamprophyres. 
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Timing relationships suggest that at least four episodes of biotite alteration took place, 

but a more complex history is likely to be recognized as more data become available. In 

several cases, these events appear to represent higher temperature analogs to low 

temperature styles of alteration. Many zones of biotite alteration, however, lack timing 

constraints and are difficult to correlate with other events. 

Figures 4.6-4.8 compare the geochemistry of magmatic and hydrothermal biotites. 

Hydrothermal biotite is texturally and compositionally distinct from igneous biotite 

(Table 2.4, Chapter 2). As a group, hydrothermal biotites are characterized by much 

lower Ti concentrations, and in most cases, higher Mg/Fe. Magmatic biotites typically 

contain 4-5 wt% Ti, whereas hydrothermal biotites have much lower concentrations (< 2 

wt%). Igneous and hydrothermal biotites have similar amounts of chlorine, but the range 

of hydrothermal biotites extend to much higher fluorine, especially in late-stage, 

phlogopitic vein halos. 

Intrusion-related biotite - magnetite - orthoclase alteration 

Zones of biotite alteration are commonly developed around the margins of several 

nepheline monzosyenite intrusions (fig. 4.1), where secondary biotite has replaced 

hornblende, pyroxene, and igneous biotites within the intrusions and in adjacent wall 

rocks. Hydrothermal biotite is present as polycrystalline aggregates occupying the sites of 

former mafic minerals (fig. 2.8), and in veins of biotite with orthoclase and magnetite 

(fig. 4.1). Some veins contain pyrite and sulfate (typically celestite/barite, but anhydrite is 

also seen), and more rarely pyrrhotite, chalcopyrite, and sphalerite. Pyrite and pyrrhotite 
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often appear to be related to younger hydrothermal events. Where sulfides become 

abundant in biotite-orthoclase-magnetite veins, vein biotites are often altered to sericite. 

Biotite-magnetite-orthoclase veins are typically surrounded by halos of secondary 

orthoclase and biotite (fig. 4.1). Most are present at millimeter scales, but veins up to 5cm 

in width have been noted. In the deepest levels of the Vindicator mine, numerous 

"feathery" orthoclase veins are seen near the margins of the nepheline monzosyenite 

intrusions. These veins are similar to the unidirectional solidification textures (UST's) 

reported in many magmatic-hydrothermal systems (e.g. Shannon et al., 1982). 

Volcanic breccias and phonolites intruded by monzosyenites commonly exhibit 

orthoclase and biotite alteration along their contacts with the monzosyenites, giving them 

a distinctively dark appearance. Adjacent to monzosyenite intrusions in the Vindicator 

mine, biotite alteration is pervasive and texturally destructive. These breccias exhibit a 

characteristic red/orange color, stippled by black secondary biotite and magnetite (fig. 

4.1e). The widths of these alteration zones are variable, in some cases extending for 

>30m from the contacts with monzosyenite intrusions. 

In addition to nepheline monzosyenite intrusions, zones of biotite-magnetite-

orthoclase alteration are associated with other intrusions rich in igneous biotite. Examples 

include biotite-rich veins and alteration associated with biotite trachyandesites in the 

vicinity of the Ocean Wave Mine (fig. 4.9; see also Lindgren and Ransome, 1906), and 

biotite tephriphonolites near the Rhittenhouse mine (fig. 4.10). This association may 

reflect the tendency of water-rich (biotite bearing) intrusions to develop annular zones of 

magmatic hydrothermal alteration, expressed as K-silicate alteration assemblages. 
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These veins and related zones of alteration are typically devoid of gold 

mineralization, but occasionally contain base metal sulfides such as galena, sphalerite and 

chalcopyrite. 

Pervasive styles of biotite alteration in volcanic breccias 

Biotite alteration is pervasively developed in volcanic breccias in several locations. 

These differ from the zones of intrusion-related biotite alteration described above in that 

they show no obvious link to a specific intrusive phase, and have timing relationships that 

suggest they formed late (after the emplacement of lamprophyres). 

As a group, these zones are characterized by an abundance of secondary biotite, 

commonly seen flooding the matrixes of breccias and replacing the mafic minerals in 

clasts. The hydrothermal biotite tends to be fine grained and present as shreddy, 

polycrystalline aggregates, often pseudomorphing minerals such as pyroxene and 

amphibole. Biotite is sometimes seen in veins or as selvages along fractures, but is most 

commonly disseminated throughout the rocks, showing no obvious link to a specific vein 

type or structural control. 

Both albite and K-feldspar are abundant in these assemblages, and are commonly 

intergrown at fine scales (1-10 am). Although the presence of biotite distinguishes this 

type of alteration, K-feldspar and albite account for much of the mass of the altered rocks 

(fig. 4.11). It is unclear if the abundance of feldspars or their compositions were shifted 

during the process of alteration, but evidence from whole rock geochemistry suggests that 

relatively little alkali metasomatism has taken place in these zones (discussed further in 
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chapter 7). Also present are variable amounts of pyrite, magnetite, and sulfate minerals 

(barite/celestite). 

Broad zones of biotite alteration are developed in the deepest levels of the Ajax-

Portland mines, along the southern margin of the diatreme (Plate 5). Similar zones are 

seen at much higher elevations in the north, and are broadly developed within 200m of 

the surface in the Moffat Tunnel, Molly Kathleen Mine, Keystone Mine, and in several 

drill holes in the vicinity of Ironclad Hill and Globe Hill (drill holes CR-1873, CR-1854 

and SGR-101). The presence of biotite alteration in the near surface environment in the 

northem part of the diatreme contrasts with its restrictions to deep levels (1000m) in the 

southem half of the diatreme. 

In many cases the timing of the biotite alteration is poorly constrained. Being 

principally exposed in drill core and underground workings, cross cutting relationships 

are difficult to assess. In several cases, zones of biotite alteration cut lamprophyres (fig. 

4.12), as is seen in the 3100 level of Aj ax-Portland Mines, the Moffat Tunnel, and in the 

Black Diamond Mine. All major zones of biotite alteration are cut by lower-temperature 

K-silicate assemblages and gold telluride veins. This evidence suggests that much (if not 

all) of this alteration was a late event, developed after the emplacement of the 

lamprophyres, but before gold mineralization. It is possible that the biotite-stable 

assemblages represent a high temperature complement to the epithermal mineralization, 

forming prior to or during the early stages of gold mineralization. 

Specific examples and more detailed descriptions are given in Appendix L. 
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Phlogopite-rich alteration related to polymetallic veins 

Hales of phlogopite-rich alteration are seen around some late-stage polymetallic 

veins. These share similar timing, mineralogies, and modes of occurrence with ore-stage 

veins, and are discussed in greater detail in Chapter 5. To date, only a few examples have 

been observed, all of which were intersected by deep drilling at the 1000 m level of the 

Ajax and Portland mines. Although rare, they are significant in that they appear to 

represent a transition between epithermal-style mineralization in the near surface 

environment, and deeper, hotter environments at depth. 

Alkali feldspar-rich assemblages 

Alkali metasomatism has affected large volumes of rock in the Cripple Creek district. 

Both K and Na-rich types are seen, but potassium-rich varieties predominate. These 

represent large additions of potassium to the rocks in the upper levels of the diatreme. 

Alkali metasomatism is most commonly characterized by the development of secondary 

alkali feldspar accompanied by pyrite or specularite. Major types are described here; 

Alkali feldspar + specular hematite alteration 

A major, early type of alteration consists of alkali feldspar (K-feldspar and/or albite) 

and specular hematite replacing igneous framework silicates and mafic minerals. The 

presence of hematite in altered rocks imparts a characteristic reddish color that ranges 

from maroon to dark purple (fig. 4.13). This type of alteration is broadly developed in 

both volcanic breccias and intrusive rocks, but is commonly overprinted by other 

alteration types including broadly similar K-feldspar + pyrite alteration. Alkali feldspar + 
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specularite alteration was generated at multiple times during the evolution of the 

diatreme, particular in its early stages. 

In addition to replacement of mafic mineral phases by specular hematite, minerals 

such as leucoxene, ankeritic carbonate, and illite are common in mafic mineral sites. 

Pyroxene and amphibole are typically replaced, while igneous biotite remains stable in 

this alteration assemblage, which contrasts with other alteration types. In thin section, 

alkali feldspars are commonly turbid, with calcic plagioclase being partially replaced by 

carbonate and illite. 

Microprobe analyses show that both alkali feldspar and plagioclase have been 

significantly shifted toward either K-feldspar or albitic compositions (fig. 4.14). In most 

cases, K-feldspar is developed at the expense ofNa-feldspar or plagioclase, resulting in a 

net addition of potassium to the rock (fig. 4.13). Secondary albite is typically present as 

well, intergrown with K-feldspar at a fine scale (10-50um). In some areas, the albitic 

component becomes dominant, reflecting a net addition of sodium to the rock (fig. 4.15). 

These are subordinate to K-rich varieties, with albite-dominant assemblages most 

commonly located along the periphery of the diatreme (eastern sub-basin). 

While the metasomatic replacement of feldspars and mafic minerals can be extensive, 

this alteration type is not texturally destructive, and in most cases the original igneous 

texture of the rock is preserved. K and Na altered samples look similar and are virtually 

indistinguishable in hand specimen and thin section. In thin section, the degree of 

turbidity in feldspar is not proportional to, or necessarily characteristic of the nature of 

alteration. In many cases, alteration is characterized by subtle cation exchange in 
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feldspars, without obvious recrystallization. For this reason, scanning electron 

microscope imaging and whole rock geochemical analyses are often needed to determine 

the extent and nature of the alteration. 

While igneous textures of unaltered rocks are difficult to recognize due their dark 

color, these textures are highlighted in zones of specularite alteration. In many cases, the 

groundmasses of porphyritic rocks are altered to a red or purple color, while feldspar 

phenocrysts remain white. Historically, these rocks were often described as "oatmeal 

phonolites", as the white phenocrysts surrounded by darker rock gives the appearance of 

oatmeal flakes scattered across a dark tablecloth (fig. 4.13). 

Gold mineralization is not associated with alkali feldspar + specularite alteration. 

Most rocks with this alteration contain only 5-50 ppb gold. 

Distribution and Timing 

Alkali feldspar + specularite alteration is broadly developed in breccias and in 

intrusive rocks throughout the area. Although commonly overprinted by younger 

alteration types, specularite alteration appears to have been pervasively developed 

throughout the diatreme in its early stages of evolution. Away from structural zones that 

served to focus younger alteration, specularite alteration is preserved in large volumes of 

volcanic breccia and in the interiors of most phonolite intrusions (Chapter 9). Volcanic 

breccias with the purple and reddish color characteristically imparted by alkali feldspar + 

specularite alteration are distributed throughout the district, including the satellite bodies 

of volcanic breccias at Mineral Hill and Copper Hill. 
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Cross cutting relationships indicate that the specularite alteration was developed at 

multiple times during the evolution of the volcanic complex, and represents one of the 

earliest forms of alteration. Clasts and xenoliths of rock with specularite alteration have 

been included within many intrusions, including early stage phonolites, nepheline 

monzosyenites, and the lamprophyre breccias (fig. 4.16). This style of alteration also cuts 

late stage phonolites and lamprophyres, and appears to have been a recurring 

phenomenon during many stages of magmatic (-hydrothermal) activity. 

Volcanic breccias with this type of alteration have been historically described as 

"andesite breccia" in the descriptions of Cross (1895) and in the later mapping and 

descriptions of A. H. Koschmann. 

Specularite-bearing epiclastic, fluvial and lacustrine sediments 

Similar styles of reddish alteration are developed in fluvial and volcaniclastic 

sediments in the eastern sub-basin (Plate 1). In these rocks, mafic minerals in clasts and 

detritus have largely been replaced by hematite. Scanning electron microscope imaging 

and electron microprobe analyses show variable evidence for cation exchange in feldspar 

sites, suggesting that both albitic and K-feldspar alteration are present. 

In some places, mottled green and red horizons are present in volcaniclastic and 

fluvial/lacustrine sediments (fig. 4.1g). PIMA (portable infrared mineral analyzer) 

analyses show that green colors correlate with Fe^^-bearing smectite minerals and ferroan 

illite. These zones may represent areas of reduction in the sediments where most Fe is 

present as Fe^^. Intercalated zones of red, hematitic alteration appear to represent zones of 

oxidation. These may reflect original conditions in the sedimentary pile, or diagenetic 
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processes. In some samples, however, the hematitic zones appear to cut discordantly 

across the green zones, which would imply an epigenetic (hydrothermal?) origin for the 

red alteration. 

Fe and Mg-rich carbonate is often intergrown with specularite in the sedimentary 

rocks, especially beneath the zone of near surface oxidation. 

K-feldspar + pyrite (± carbonate) alteration 

Following the emplacement of lamprophyres, large volumes of rock were subjected to 

intense potassium metasomatism, hydrothermal brecciation, and gold mineralization. 

Although the most intense metasomatism took place within the diatreme, significant 

volumes of potassium-rich alteration and gold mineralization were developed in the 

neighboring Precambrian rocks, particularly along igneous contacts and structural zones. 

Tertiary alkaline rocks as far as 7 km from the diatreme were also strongly 

metasomatized during this event. Gold mineralization and hydrothermal breccias are 

discussed in detail in Chapter 5; this section describes the types of potassium-rich 

alteration developed during this event. 

In the incipient stages of alteration, framework silicates were shifted toward K-

feldspar and albitic compositions (fig. 4.17,4.18), while mafic minerals were replaced by 

combinations of pyrite, carbonate, illite/smectite and leucoxene. Calcic plagioclase. 
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where present, replaced by alkali feldspar, illite', and carbonate. As alteration intensified, 

K-feldspar continued to develop at the expense of sodic feldspars. Where intense, rocks 

were altered almost completely to K-feldspar and pyrite (fig. 4.14); these rocks 

commonly contain >14 wt% K2O. Accessory minerals in altered rocks include barite, 

celestite, apatite, REE-phases and base metal sulfides (galena, sphalerite and 

tetrahedrite). 

Most commonly, potassium metasomatism has resulted in significant addition of K-

feldspar, although other K-silicate phases such as phengitic illite are present in variable 

amounts; these pattems vary systematically according to rock type. Mafic rocks rich in 

plagioclase contain greater proportions of illite and carbonate when altered, although K-

feldspar predominates where alteration is intense. In feldspathic rocks (phonolites, 

phonolitic breccias, etc.), the principal products of metasomatism are K-feldspar and 

pyrite. This alteration type is referred to in this thesis as K-feldspar + pyrite alteration, 

recognizing that other minerals may be present (and locally abundant) in these 

assemblages. 

Rocks with K-feldspar + pyrite alteration are typically bleached, as mafic, color-

giving minerals have been replaced by pyrite. Originally green or reddish rocks are 

altered to a dull gray color (fig. 4.1). In zones of oxidation and weathering, limonite 

replaces pyrite and ferroan carbonate, and phyllosilicate minerals become more abundant. 

' although the term "sericite" has been widely applied to white sheet silicates in zones of alteration, 

most of these mineral are more appropriately classified as phengitic illite, owing to significant substitution 

of Fe and Mg into the mica structure. 
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Oxidized rocks have a pale white color, often stained with orange and red limonite (fig. 

4.1). 

A notable characteristic of this alteration type is its cryptic nature. Whereas the 

replacement of mafic mineral phases by pyrite is quite obvious in hand sample and when 

viewed in thin section, K for Na exchange in feldspars is difficult to recognize (fig. 4.19). 

Where sodic alkali feldspar (sanidine or albite) has been replaced by K-feldspar, feldspar 

grains are commonly bleached (fig. 4.20), and appear turbid and "dusty" in thin section, 

but retain igneous grain boundaries. Plagioclase crystals replaced by metasomatic K-

feldspar often retain their original polysynthetic twinning (fig. 4.21), and show no 

obvious textural evidence for conversion to K-feldspar. Only occasionally is the 

metasomatism texturally destructive in feldspathic rocks, whereas in mafic rocks (esp. 

lamprophyres), the alteration is much more dramatic in hand sample and in thin section. 

Electron microprobe and SEM/EDS analyses along with whole rock chemical analyses 

have revealed significant additions of potassium in samples where little evidence of 

alteration is seen in hand sample or on the optical microscope. Samples of similar 

appearance on the petrographic microscope can show dramatic differences in chemical 

analyses. Chemical changes associated with this style of alteration are further discussed 

in Chapter 7. 

Other changes resulting from K-feldspar + pyrite alteration include the development 

of vuggy textures in many rocks; a texture especially developed in late stage phonolites. 

In several locations, unaltered phonolites are seen to grade into altered rocks with 1-10% 

cavities. These cavities are typically elongate and align themselves with trachytic or 
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igneous fabrics, and range in scale from sub-millimeter sizes to >1 cm. In many rocks, 

these vugs appear to have replaced plagioclase phenocrysts (fig. 4.22), but ocellular 

structures filled by feldspathoids are also commonly replaced by vugs in zones of intense 

K-feldspar + pyrite alteration. These rocks have been mapped as "vesicular phonolites" in 

many cases, but these textures appear to be products of metasomatic activity rather than 

original igneous textures. 

Distribution and timing 

K-feldspar + pyrite alteration has affected large volumes of rock in the near surface 

environment. While most broadly developed in permeable lithologies such as volcanic 

breccias, zones of K-feldspar + pyrite ± carbonate alteration and gold mineralization are 

seen cutting all rock types, including lamprophyres (fig. 4.23). Similar relationships are 

routinely observed throughout the district. Further discussion of timing relationships is 

given in Chapter 5, and Appendix N. 

K-feldspar + pyrite alteration is broadly developed within the diatreme, affecting 2/3 

to 3/4 of diatremal rocks in the near surface environment. Alteration and gold 

mineralization are most strongly focused along igneous contacts and structural zones 

(Chapter 6), but are also pervasively developed in permeable rock types such as volcanic 

breccias. This is manifested as broad zones of bleached rock, where pyrite ± carbonate 

have replaced mafic minerals, with variable development of K-silicate minerals in 

fi-amework silicate sites. 

More restricted volumes of alteration and mineralization are present outside of the 

diatreme, and tend to be focused around satellite alkaline intrusions and structural zones 
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within Precambrian rocks. Large volumes of intensely altered phonolitic rocks are found 

north, west and south of the main diatreme. District-scale alteration maps and cross 

sections (Chapter 10) show the distribution of alteration and cross-cutting relationships in 

greater detail. 

K-feldspar + pyrite alteration becomes less abundant and less intense at depth. At 

depths of-lOOOm, broad volumes of rock have been sulfidized, but K-metasomatism 

tends to be much weaker (fig. 4.1b). These zones are cosmetically similar to zones of 

intense K-feldspar + pyrite alteration in the near surface environment (bleached rocks, 

with 1-5% disseminated sulfides and carbonate minerals in mafic mineral sites), but 

chemical analyses show evidence for only weak to moderate K-metasomatism. Base 

metal sulfides (galena and sphalerite) are more broadly developed at deep levels, and are 

commonly disseminated in rocks (Chapter 9). Sericite (as opposed to phengitic illite) and 

anhydrite are more conspicuous as alteration products in deep exposures. 

Fracture controlled zones of intense K-feldspar + pyrite alteration persist at depths of 

1000 m, but are less voluminous and show a stronger structural control than in near 

surface exposures. 

Albite - rich styles of alteration 

Restricted volumes of albitic (sodic) alteration are present in the Cripple Creek 

district. As described above, analcime (±nosean) + clinopyroxene, and albite + 

specularite alteration assemblages are found in many parts of the district, and appear to 

reflect early alteration events characterized by the development of Na-silicate minerals. 

Albitic alteration is also developed along the periphery of the diatreme in association 
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with carbonate ± base metal veins, and as broad zones of chlorite-stable alteration in 

several locations. These represent compliments to the greater volumes of potassium-rich 

alteration seen in the district. 

Chlorite+albite alteration 

In rocks with chlorite+albite alteration, mafic minerals have been replaced by 

chlorite, carbonate, hematite and pyrite, giving the rocks a greenish color, and framework 

silicates have been replaced by albite. The development of albite at the expense of K-rich 

alkali feldspar and feldspathoids reflects a significant addition of sodium to the rock. The 

mineralogy of chlorite-bearing assemblages shows considerable variation around the 

district, mostly reflected in variations amongst the amount of pyrite, carbonate and iron 

oxide minerals present. 

Zones of chlorite-albite alteration are principally found in three areas; all are located 

along the periphery of the district (fig. 4.24). These include exposures in the area of the 

Keystone, Index and Pointer Mines (exposed in the nearby Moffat Tunnel), and in the 

volcanic breccias of Mineral Hill, a satellite body of volcanic breccia northwest of the 

main diatreme. Significant bodies of chlorite-rich alteration are also developed in the 

deeper levels Portland and Ajax mines, as seen in drill core firom the 3100 m level (Plate 

5). In these areas, chlorite-albite alteration is developed in volcanic breccias, but 

relationships between chlorite alteration and intrusive events remain unclear due to poor 

exposures. In all cases, however, chlorite alteration appears to be cut by late-stage K-

feldspar + pyrite alteration and gold mineralization. 
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Each area of chlorite alteration is distinctive in terms of its setting, and possibly mode 

of origin, but share a common theme; chlorite is pervasively developed at the expense of 

mafic minerals, giving the rocks a distinctive green color, and significant hydrothermal 

albite has been added to the rocks. Some notable differences are seen amongst these 

zones of alteration. These include; 

• Ti-rich specularite (up to 5 wt%) accompanies chlorite-albite alteration in the 

vicinity of the Pointer-Index mines, along with an abundance of pyrite veins 

and veinlets. Timing relationships between the chlorite alteration and sulfide 

veining remain unclear, but the titaniferous hematite appears to be intergrown 

with chlorite. 

• Pyrite is much less abundant in the volumes of chlorite-albite alteration at 

Mineral Hill. At Mineral Hill, pyrite occurs as widely dispersed euhedral 

grains, whereas chlorite, specularite, and carbonate tend to pseudomorph 

mafic mineral sites. 

• In the Portland-Ajax mines, a broad zone of chlorite-rich alteration is seen in 

the vicinity of a brecciated intrusion of tephriphonolite. It also seen cutting 

phonotephrite dikes in the area. 

Further description of areas with chlorite-albite alteration (Moffat Tunnel/Index-

Pointer Mines, Mineral Hill, and Portland-Aj ax 1000 m level) can be found in Appendix 

M. 
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Albite + carbonate ± pyrite and base metals 

Along the eastern margin of the diatreme, carbonate veins are broadly distributed, and 

many are enveloped by halos of albite-rich alteration (fig. 4.25 a,b). These veins are seen 

cutting phonolites and tephriphonolites, and are chiefly composed of Ca>Mg+Fe 

carbonate, with accessory barite, pyrite, specularite and celestite. In some cases, their 

centerlines are filled by quartz and carbonate (fig. 4.25a). Others contain an abundance of 

sphalerite and galena (fig. 4.25b). In these zones of alteration, framework silicate 

minerals in wall rocks have been variably replaced by albite, and mafic minerals have 

been replaced by pyrite ± carbonate, specular hematite, Ti-oxides, and illite. 

Cosmetically, these zones of albitization closely resemble zones of K-feldspar + 

pyrite alteration; where albitized, rocks are bleached and sulfidized (fig. 4.25a). 

Distinctions between K-rich and Na-rich styles of alteration are made on the basis of 

scanning electron microscope petrography and whole rock chemical analyses. It is 

possible that greater volumes of albite-rich alteration exist, and may have been mistaken 

for K-feldspar + pyrite assemblages. Systematic sampling and submittal of hundreds of 

rocks for geochemical analyses, however, demonstrates a clear dominance of K-feldspar-

rich compositions in rocks with this style of alteration. 

Carbonate veins with albitic halos are only present in minor volumes, and their 

distribution appears to be structurally controlled. The zones of albitization occur only as 

narrow vein envelopes, 10-15 x vein widths, and are often less than 5 cm wide. Broad 

zones of albitization are generally not observed in these areas. 



194 

Vuggy textures in Precambrian rocks 

Vuggy textures are observed in many Precambrian rocks around the periphery of the 

diatreme, and have often been referred to as "bug-hole granites" by workers in the 

district. In these rocks, igneous quartz crystals and mafic minerals (hornblende and 

pyroxene) have been leached, giving the rocks a vuggy, pitted appearance (fig. 4.1c). K-

silicate minerals (K-feldspar and biotite) remain stable in these zones; many of these 

vuggy zones are held together by a remnant framework of K-rich alkali feldspar. Open 

space filling by a variety of hydrothermal minerals is common developed in the vuggy 

zones, including quartz, pyrite, carbonate, sulfates, and specular hematite; although 

commonly present, many of these minerals appear to have been generated during later 

stages of alteration. 

Vuggy textures are most strongly developed in the immediate vicinity of the diatreme 

and in Precambrian xenoliths rafted within the alkaline volcanic rocks. Other zones of 

vuggy Precambrian rocks can be found significant distances from the diatreme contact 

(lOO's of meters), and appear to be focused along structural zones. Vuggy zones are 

especially developed where quartz-rich Precambrian rocks are in contact with alkaline 

dikes. Similar textures are developed in many alkaline igneous complexes, where quartz 

rich wall rocks are in direct contact with silica undersaturated, alkaline rocks. 

The timing of the development of the vuggy textures is unclear, but rocks with vuggy 

textures have been cut by several alteration types, suggesting that they were developed 

early in the evolution of the diatreme complex. These zones may reflect interaction 

between silica undersaturated fluids (either magmas or low density aqueous solutions) 
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and silica oversaturated (quartz-rich) wall rocks. It is very possible that much of the 

leaching took place during the original emplacement of the diatreme, when large volumes 

of silica-undersaturated phonolitic magma came into contact with the surrounding, 

quartz-rich Precambrian rock. 

These zones serve as important hosts for gold mineralization, as they appear to have 

focused fluid flow during subsequent hydrothermal events. In many areas vugs have been 

partially filled in by ore-stage minerals, a trustworthy pathfinder for zones of 

mineralization. "Bug-hole granites" were coveted as exploration targets by underground 

miners. 

Late events 

Following the development of gold mineralization and its associated styles of 

alteration, evidence is seen for several additional episodes of alteration and 

metasomatism including specularite, carbonate and sulfate-rich types. The most 

voluminous and widespread of these events involved the generation of phyllosilicate-rich 

mineral assemblages. These range from restricted volumes of higher-temperature, acid 

assemblages (dickite-quartz-pyrite assemblages) to broadly developed zones of low-

temperature illite and halloysite alteration. These events appear to reflect hydrothermal 

events developed in the waning stages of magmatic-hydrothermal activity in the district, 

and subsequent styles of alteration produced by oxidation and weathering. 

Phyllosilicate alteration in the Cripple Creek district 

In addition to the types of biotite and phlogopite alteration described above, 

hydrothermal phyllosilicate minerals include varieties of sericite, phengitic illite, and 
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kaolinite-group minerals. These are broadly distributed throughout the diatreme and the 

surrounding Precambrian rocks, being especially developed in zones of oxidation and 

weathering. In most cases these assemblages were developed late, cutting other styles of 

alteration and gold mineralization. In general, these zones tend to be structurally 

controlled, but clay alteration becomes pervasive and intense in a few locations around 

the district (fig. 4.26). Specific examples are discussed briefly below, but are described in 

greater detail in Appendix P. 

The distribution and mineralogy of phyllosilicate mineral assemblages were 

determined by using PIMA'°, X-ray diffraction (XRD), and chemical analyses. Hundreds 

of PMA and XRD analyses have been performed. Figures 4.27-4.28 show PIMA spectra 

from a variety of phyllosilicate assemblages that are observed in the Cripple Creek 

district; additional data are available from the author upon request. 

Mineralogy and distribution of clays 

Within the zone of oxidation, clay minerals are developed along most fractures, and 

have replaced igneous and hydrothermal silicate minerals in wall rocks. Halloysite is the 

most common clay mineral found along fractures in the near surface environment. These 

clays appear as porcelaneous or waxy masses of white clay intergrown at microscopic 

"PIMA" is a portable infrared spectrometer which measures reflectance of short wavelength infrared 

radiation ("SWIR"; 1300-2500 nm). Mineral species with hydroxyl, HjO, sulfate or carbonate ions display 

characteristic absorption (1/reflectance) spectra in the SWIR, and can be identified with PIMA instruments. 

See Appendix 4G for description of PIMA application and methodology. 
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scales with amorphous or cryptocrystalline silica. Seams of halloysite+silica may be lO's 

of centimeters thick along dilated structures. Illite-smectite clays are more common in 

wall rocks adjacent to fractures, and occur as replacements of mafic minerals, 

plagioclase, and to a lesser degree, alkali feldspar. Clay alteration is especially well 

developed in areas where pyrite has been oxidized, but also persists below the zone of 

oxidation, where it shows a strong structural control. 

In contrast with near surface exposures, most fractures at deep levels (-1000 m) are 

lined by mixed layer illite-smectite clays; oxidized fractures lined with halloysite clays 

are far less common. This reflects a pronounced transition from fracture-controlled 

halloysite in the near surface envirorunent, to illite-smectite lined fractures at depth. 

These zonations from halloysite/kaolinite to illite-smectite appear to reflect the 

progressive neutralization of acid fluids by reaction with wall rocks. Clay minerals such 

as halloysite that are poor in exchangeable cations (Ca^"^, Mg^"^, K"^, etc.) are products of 

acid leaching, while illite-smectite clays reflect more neutral pH conditions. These 

features are typical of supergene envirormients. The oxidation of sulfides in the near 

surface environment produces acid fluids that are progressively buffered through reaction 

with wall rocks (feldspathic material), resulting in a transition from halloysite/kaolinite 

clays in the near surface environment to illite-smectite clays at depth. 

Phyllosilicate alteration of Precambrian rocks peripheral to the diatreme 

Broad zones of clay-rich alteration are developed in many of the Precambrian rocks 

adjacent to the diatreme contact. Fracture controlled halloysite is common in these areas, 

and plagioclase in wall rocks has typically been replaced by a mixture of smectite clays 
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and phengitic illite. Mafic minerals (biotite) are altered to illite, leucoxene, and pyrite 

(oxidized to limonite in the near surface environment). Specularite is common in mafic 

mineral sites, but its paragenetic relationship with pyrite and clay alteration remains 

unclear. K-feldspar often remains pink and unaltered in these zones of alteration. 

These zones of clay alteration are also strongly developed in the large inlier of 

Precambrian granite (Xgr) within the diatreme ("Granite Island"). At Granite Island, clay 

alteration is pervasive in surface exposures, as persists to the deepest level of drilling in 

the area (as seen in drill hole CR-1163). 

These zones of alteration in peripheral Precambrian rocks may be analogous to 

similar zones seen along the periphery of geothermal systems, where steam heated 

groundwaters have altered country rocks to clay-rich compositions. Condensation of CO2 

and HaS-rich vapors released from boiling fluids may have contributed to the 

development of the zones of clay alteration in the Cripple Creek district. Further 

discussion is given in Appendix P. 

Dickite/kaolinite alteration 

Small volumes of dickite ± kaolinite alteration are developed in the Cripple Creek 

district, and are seen cutting both Tertiary and Precambrian rocks. These zones are 

characterized by swarms of white dickite + quartz ± pyrite veins enveloped by narrow 

zones of silicified wall rocks (fig. 4.29). Both dickite and highly crystalline kaolinite 

minerals are present in these zones. These differ from the disordered halloysite clays that 

are widely distributed throughout the near surface environment. Where exposed, dickite 

veins occur in narrow, structurally controlled zones, typically at great depths of >200m. 
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Replacement of framework silicate minerals in wall rocks by dickite is restricted to 

narrow intervals around the veins, and is rarely extensive. 

Distribution and timing 

Cross-cutting relationships indicate that the dickite alteration is late, cutting telluride-

bearing quartz veins and their associated styles of alteration. Although found in close 

proximity to several zones of mineralization, the zones of dickite alteration appear to be 

barren. Most occurrences are in drill core from relatively deep levels. Dickite veins are 

found at deep levels in the area of the Dante collapse breccia (drill hole CC-1628), in the 

vicinity of the Ironclad/Globe Hill breccia pipes (drill hole UGC-97-5), and possibly at 

Grassy Valley (Rosdeutscher, 1999). It is notable that each of these areas exhibit 

extensive zones clay alteration in the near surface environment. 

Other late-stage hydrothermal events 

Along with volumes of clay-rich alteration, several other late-stage hydrothermal 

events post-date the development of gold mineralization. These include; 

- Late stage open space filling and veins composed of specular hematite ± pyrite and 

carbonate (fig. 4.30); Specular hematite is developed throughout the Cripple Creek 

district, especially in broad zones of alkali feldspar + specularite alteration (described 

above). Most of these events are early (pre-ore), but specularite-rich assemblages were 

also developed in the latest stages of gold mineralization, and in some cases, clearly cut 

gold mineralization. 

Forms of late-stage, specularite-rich alteration differ from earlier episodes of alkali 

feldspar + specularite alteration in terms of their timing, mode of origin, and chemistry. 
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Late-stage specularite assemblages are characterized by euhedral crystals of specular 

hematite lining vugs and cavities, and as open-space filling along fracture surfaces with 

carbonate and pyrite. Late stage specularite differs firom early alkali feldspar + specularite 

alteration in that it is not pervasively developed in rocks. Early alkali-feldspar alteration 

is typically pervasive and imparts a purple or maroon color to the rocks. In contrast, late 

stage specularite typically coats fractures and fills cavities, is rarely pervasive, and clear 

evidence for an association with alkali metasomatism. 

Where developed, specularite crystals form bladed aggregates, and are seen growing 

into void spaces, or lining dilations along fi-acture surfaces (fig. 4.30). In many cases, 

specularite is intergrown with pyrite and carbonate (± sulfate). Where specularite and 

pyrite are present together, they typically show intergrowths and mutually cross-cutting 

relationships, suggesting that they were precipitated as part of the same event. Specularite 

also appears as a late-stage mineral in some ore-stage veins (Dwelley, 1984). 

Although present throughout the district, late specularite alteration is especially well 

developed in cavity-rich, altered aphanitic phonolite dikes in Precambrian rocks in the 

vicinity of the Ajax Mine (fig. 4.30). 

- Massive veins of calcite ± quartz, pyrite and base metals; These veins are present 

throughout the district, but are especially abundant in the area of Ironclad and Globe Hill. 

These veins are up to 2m wide, and contain prism-like hexagonal quartz crystals. Pyrite is 

a common accessory phase (often as euhedral, cubic crystals), as are base metal sulfides 

(sphalerite, galena, and molybdenite). Some carbonate veins of this type are surrounded 

by alteration hales of K-feldspar + pyrite, while others do not exhibit obvious alteration 
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halos. In terms of their timing, these veins appear to be late, and in several places, clearly 

cut across zones of gold mineralization (quartz-telluride veins and associated K-feldspar 

+ pyrite alteration). 

The zones and veins of carbonate-rich alteration are described in greater detail in 

Appendix N. 

- Massive bodies of gypsum and anhydrite; Veins and massive bodies of gypsum and 

anhydrite are present at deep levels throughout the district, but are also common in the 

near surface environment around Ironclad and Globe Hill, where they form large "stocks" 

up to 100m in diameter. Pyrite, fluorite, and base metals (galena and sphalerite) are 

typically present in minor amounts. Gold mineralization appears to have been cut off by 

these anhydrite bodies, but assay data suggest that portions of the anhydrite bodies may 

contain low grade mineralization (up to 3ppm Au; Argall, 1905). 

Further discussion and descriptions of these and other late-stage hydrothermal 

features are given in Appendixes N, R and T. 

District-scale zonations 

In addition to variations in styles of alteration, base metals show pattems of 

distribution that are recognized at the district scale. These include populations of Zn-

Pb±Ag veins around the periphery of the district, Cu-rich styles of alteration in the 

vicinity of Mineral Hill, and the presence of veins and disseminations of base metals in 

deepest exposures. Also apparent is a district-wide association between rhodochrosite and 

base metal-rich styles of mineralization 
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Distal Zn-Pb±Ag 

Distinct populations of argentiferous Pb-Zn veins are seen around the periphery of the 

diatreme, both in the Precambrian and Tertiary rocks. These veins are characterized by 

an abundance of sphalerite and galena, in addition to gangue minerals such as quartz, 

fluorite, carbonate, pyrite and occasionally, specularite. Quartz is the dominant gangue 

mineral in most veins, and silver is present in galena and as less abundant argentiferous 

tetrahedrite. Prominent examples include the Pb-Zn veins exposed in the Goodwill Adit 

and Moffat tunnel along the western margins of the diatreme, veins in Squaw Gulch, 

veins in the Molly Kathleen and Queen Bess mines, and the sphalerite-rich hydrothermal 

breccias along the margin of the Railroad Breccia lamprophyre in Squaw gulch. Base 

metal-rich veins have also been intersected near the diatreme contact in the eastem sub-

basin (drill hole DDHS-8; fig. 4.25b), in the vicinity of the former Wild Horse mine, and 

north of the Grassy Valley area in the Galena Hill area. Many of these veins contain 

anomalous molybdenum (Appendix AA, Table AA.l). 

In most cases, base metals appear to pre-date gold mineralization, although many 

timing relationships remain unclear. It is possible that some base-metal rich veins grade 

laterally or vertically into gold-telluride veins, especially in cases where base metal-rich 

veins exhibit similar appearances and gangue mineralogies. In the El Paso mine. Lane 

(1976) reports an early stage of dark (Fe-rich) sphalerite, and a later stage of yellow-

white sphalerite intergrown with fluorite, and similar assemblages are seen in samples 

from the Koschmann collection. These and other observations suggest that base metals 

were precipitated in multiple stages, and may not conform to a specific paragenetic 
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sequence (further examples of veins with multiple stages of base-metal deposition are 

given in Table 5.3). 

Cu-rich styles of mineralization 

While sphalerite and galena are the most common base metal minerals, a distinctive 

zone of Cu-rich alteration is developed in the northwest part of the district, in and around 

Mineral Hill. Cu-tellurides are abundant in zones of mineralization on Mineral Hill, along 

with traces of chalcopyrite. Turquoise is also present in surface exposures throughout the 

Mineral Hill area, and in several cases is spatially associated with lamprophyric or other 

mafic alkaline intrusions. A turquoise mine is currently active on Mineral Hill, where 

turquoise veins are mined from exposures in Precambrian rocks, lamprophyres and 

trachybasaltic rocks. The abundance of oxide copper minerals in the area may suggest 

that tetrahedrite veins are prominent below the zone of oxidation, or that chalcopyrite is 

unusually abundant in the area.'' Native copper filling amygdaloidal cavities in a 

lamprophyre dike was reported by Lindgren and Ransome (1906) in nearby Poverty 

Gulch. This exposure is no longer accessible, but testifies to the unusual endowment of 

copper in the area. 

'' Caution is also advised when interpreting historic descriptions of tetrahedrite, however. Several 

samples of "tetrahedrite" from various sample collections turned out to be specular hematite, and 

geochemical analyses confirmed a lack of copper in these samples. 
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Base metal-rich mineralization at deep levels 

Zones of base-metal rich mineralization are present at the 1000 m level (Carlton 

Tunnel level) of the Ajax and Vindicator mines. These are present as veins and 

disseminated grains of galena and sphalerite, typically in association with Ca-rich 

carbonate, K-feldspar and sericite. In the Ajax mine, minor amounts of disseminated 

galena and sphalerite are also present in zones of pervasive biotite alteration. In both the 

Vindicator and Ajax mines, base metal sulfides occur as accessory minerals, with 

abundances rarely exceeding 1 volume % of the rock. Similar styles of disseminated 

base metals are generally absent in the near surface environment. 

Further discussion of the distribution of base metals in the Cripple Creek district is 

given in Appendixes N, R, and Y. 

Base metal veins associated with manganiferous carbonate: 

A district-wide association is also seen between Mn-rich carbonate assemblages and 

sphalerite and galena. In the northwestern part of the district (in the vicinity of the Molly 

Kathleen and Gold King mines), polymetallic veins are relatively abundant, with Mn-rich 

carbonate intergrown with sphalerite and galena. Similar associations are also seen in the 

Ironclad, Globe Hill, Unity, and Conundrum hydrothermal breccia pipes (discussed 

further in Chapter 5). 

According to paragenetic relationships, rhodochrosite-rich mineralization took place 

late, and cut quartz-fluorite veins with intense potassium metasomatism at Ironclad-

Globe Hill (see discussion in Chapter 5). In some areas, however, base metal-rich + 

MnC03 assemblages have been cut by quartz and fluorite veining (samples from the 
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Molly Kathleen and Queen Bess Mines; fig. 4.1), suggesting multiple events. Mn-rich 

assemblages are typically characterized by high Ag:Au. 

Summary 

Although alteration types are numerous and diverse, several consistent themes are 

apparent. Styles of alteration in the Cripple Creek district are quartz poor, and K-silicate 

assemblages (K-feldspar, biotite, phengitic illite) predominate. The development of 

extensive zones of K-feldspar-rich alteration in the upper levels of this system represents 

a massive change in the chemistry and mineralogy of the upper 1000 m of the diatreme 

complex. Although metasomatism is only weakly developed in Precambrian rocks, 

persistence of intense K-feldspar rich alteration in many satellite intrusive bodies up to 10 

km from the diatreme testifies the impressive size of magmatic/hydrothermal system that 

fueled alteration and mineralization in the district. 

Early alteration types include several styles of high temperature alteration; biotite, 

pyroxene, and feldspathoid-rich assemblages. Several of these early, high-temperature 

events occur as small volumes of alteration associated with specific intrusive phases, 

while others are more broadly developed. Styles of intrusion-related alteration are 

typically developed in and around intrusions with an abundance of igneous biotite. This 

association may reflect higher activities of H2O in the magmatic systems responsible for 

their generation. 

High temperature styles of alteration are broadly overprinted by low-temperature 

types; these are dominated by alkali feldspar-rich alteration accompanied by specularite 

or pyrite. Large volumes of alkali feldspar + specularite alteration were developed 
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throughout the evolution of the diatreme, while the large volumes of K-feldspar + pyrite 

alteration associated with gold mineralization were developed late, following the 

emplacement of lamprophyres. Although less voluminous, zones of Na-rich aheration are 

found along the periphery of the district in several locations, and in the deepest levels of 

Ajax-Portland mines. K-metasomatism associated with gold mineralization is subtle; 

altered rocks show little evidence of alteration in hand sample or thin section; igneous 

textures are typically preserved in altered rocks, although feldspars may become bleached 

or turbid. K-metasomatism is most commonly recognized in geochemical analyses and 

SEM/EDS imaging and analyses. 

Phyllosilicate alteration characterized by kaolinite and illite-rich assemblages was 

developed late, and is superimposed upon other alteration types. Some zones of 

phyllosilicate alteration are rich in pyrite and higher temperature minerals such as dickite, 

and appear to be products of acid alteration developed in the waning stages of magmatic-

hydrothennal activity. Other late stage events include the development of large volumes 

of sulfate and carbonate-rich styles of alteration and sulfide mineralization, which are 

generally barren of gold mineralization. Some zones of illite alteration are spatially 

associated with sulfate (anhydrite, gypsum, creedite, barite-celestite) and carbonate-rich 

alteration, and may be products of neutralization of H2SO4 and H2CO3 through hydrolysis 

of abundant wall rock feldspar. Other zones of phyllosilicate alteration appear to be 

related to weathering and oxidation. 
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Table 4.1 (con't): major types of alteration in the Cripple Creeic 

Abbreviations for minerals: 

ab albite cpy chatcopyrite kaoi kaolinite nos nosean si sphalerite 
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Figure 4.1a: characteristic styles of low temperature alteration and mineralization in the Cripple Creek district 

Low temperature styles of alteration and mineralization cutting poqihyritic phonolites of the early phonolile series. East Cresson (Altman) area. unaltered porphyritic phonolite with 
sanidine phenocrysts in a green groundmass rich in aegirine-augite. Middle left: Intense K-feldspar + specular hematite alteration (red color) in same rock. ̂2-3 wt.% [ratassium was added 
during tlie process of alteration in this sample. Middle right: Incipient K-feldspar + pyrite alteration in same rock type. Mafic minerals have been replaced by pyrite, with minor carbonate, 
giving the rock a gray color. Feldspars in the groundmass have been shifted toward K-rich compositions, but cores of phenocrysts are relatively less altered, and retain Na wî  minor Ca (reddish 
color in cores of phenocrysts). Far right: Intense K-feldspar + pyrite alteration in zone of mineralization in the same sample. This sample contains >14 wt.% K2̂ ' indicating a gain of 7-9 
wt.% KjO during alteration and mineralization. The sample is laced with thin quartz-pyrite-telluride veinlets (dark stteaks), giving the rock a characteristic "glassy" appearance that is typical 
of zones of mineralization. The orange colors represent zones of oxidation, where limonite has replaced pyrite and ferroan carbonate, and illite has begun to replace feldspars. Native gold is 
seen in place of tellurides within the zones of oxidation in this sample. 

Other low temperature styles of alteration and mineralization; Left: Sample of megacrystic phonolile porphŷ , with pervasive alkali feldspar + specular hematite alteration (reddish color). 
Alkali feldspar + specularite alteration is cut by a K-feldspar + pyrite vein (gray color); a typical timing relationship amongst these styles of alteration. Middle left: Megacrystic phonolile 
porphyry with intense K-feldspar + pyrite alteration (gray color) adjacent to mineralized quartz-fluorite-pyrite vein (left of sample). In the wall rock adjacent to the vein, white plagioclase 
phenoctysls (or possibly xenociysts) have been replaĉ  by K-feldspar. This sample contains >14 wt.% KjO. Middle right: Banded quartz fluorite vein from center of Cresson Pit. Large fluorite 
veins (up to I m thick) are present in the upper levels of the Cresson deposit, and some veins (like the one pictured here) show complex fabrics and pseudo-sedimentary textures. Far right: 
Intense K-feldspar + pyrite alteration associated with quartz-pyrite-telluride veins in a sample of porphyritic phonolite cut by a thin lamprophyre dike (darker material). Hairline quartz-pyrite-
telluride veinlets are focussed along the contact between the phonolitic rock and the lamprophyre. Key timing relationships are shown by this sample; both K-feldspar + pyrite alteration and 
gold lelluride mineralization cut lamprophyre and phonolite. 
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Figure 4.1b 

alkali feldspar + specularite 
alteration in volcanic breccia; 
steel probe for scale 

V-11-489 

>;• s{-.^ 

V-6-680 

!?!8 

K-feldspar + pyrite alteration 
in volcanic breccia 

Examples of alkali feldspar + specularite alteration and K-feldspar + pyrite alteration in volcanic breccias, 
1000m level of Vindicator Mine. Note the bleached appearance of the K-feldspar + pyrite alteration, and the 
cleavage surfaces of feldspar crystals in the matrix of the breccia (bottom). 

Typical crosscutting relationship seen amongst styles of alkali-feldspar alteration; early alkali feldspar + 
specularite alteration (reddish color) is cut by younger K-feldspar pyrite alteration (grey) in this sample of 
volcanic breccia. A characteristic zone of bleaching (tan color), largely devoid of boSi pyrite and specularite, 
separates the two styles of alteration. 
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Figure 4.1c: Styles of alteration and mineralization in Precambrian granitoids. Top photo shows vuggy 
alteration, where quartz has been leached from the rock, leaving a network of K-feldspar, pyrite and carbonate. 
Note euhedral adularia crystals growing into open space; this sample contains ~3 ppm Au. Bottom photos 
show comparison of unaltered alkali feldspar granite (top) and its altered equivalent, with intense K-feldspar 
+ pyrite alteration from a zone of mineralization. 



Figure 4.1d: Styles of alteration seen in volcanic breccias in deepest levels of exposure 
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Styles of alteration seen in volcanic breccias from the 3100 level (1000 m) of the Ajax-Portland and Vindicator Mines. Far left: Biotite-rich alteration; biotite has flooded 
the matrix of the breccia, and has replaced mafic minerals in clasts, and is seen in microfractures throughout the rock; this type of alteration is widespread in diatremal 
rocks in the deepest levels of the Ajax Mine. Middle left: Chlorite-albite-pyrite alteration (green color) seen in the vicinity of a brecciated tephriphonolite-phonotephrite 
stock. Middle right: K-feldspar + pyrite alteration is seen cutting both zones of chlorite and biotite-rich alteration. In this sample, a pyrite vein exhibits a well developed 
aheration of K-feldspar in the adjacent wall rock. Outward from the K-feldspar envelope, pyrite has replaced mafic minerals and K-feldspar has variably replaced sodic 
and calcic feldspars. Far right; purple-maroon alkali feldspar + specularite alteration from the Vindicator Mine. 

fluorophtogopite 

*;^A31-23-115' 

Examples of phlogopitic alteration hales adjacent to polymetallic quartz + anhydrite + pyrite + fluorite veins fi-om the 1000 m 
level of the Ajax Mine. Both veins are cutting sulfidized volcanic breccia; graphite tip of pencil is ~0.5 min. Assay and SIMS 
data fi-om sulfide grains in these veins demonstrate and association with gold mineralization. 

to 
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Figure 4.1 e: additional styles of high-temperature, K-sil!cate alteration A) Secondary biotite flooding 
volcanic breccia adjacent to nepheline monzosyenite intrusion (drill hole UGC-96-2). B) Intense K-feldspar 
alteration (orange-pink) with biotite and magnetite veins (black) developed in volcanic breccias adjacent to 
nepheline monzosyenite intmsion, 1000 m level of Vmdicator Mine. C) Biotite magnetite vein with orthoclase 
alteration halo (white) cutting altered volcanic breccia adjacent to nepheline monzosyenite intmsion, 1000 
m level of Vindicator Mine. D) Orthoclase + magnetite vein from same area. E) Biotite + magnetite veins 
cutting tephriphonolite near Rhittenhouse Mine. F) Early, high temerities orthoclase vein cut by younger 
pyrite veins and phyllosilicate alteration in Grassy Valley. 



215 

Figure 4.If: calcic and sodic alteration assemblages 

Clinopyroxene-rich styles of alteration; Left: pyroxene veins with centerlines filled with magnetite-pyrite-
biotite cutting porphyritic tephriphonolite in Vindicator Valley. Center: photomicrograph from zone of 
extensive ferrosalitic pyroxene alteration in Precambrian rocks near the Victor cemetery (see figure 4.5). 
Right: ferrosalitic pyroxene alteration (green, disseminated crystals) in sample of volcanic breccia from the 
1000 m level of the Vindicator Mine. 

^:2carbohate| 
•v;vfins- • 

Examples of rocks with sodic styles of alteration from various locations. Left: Pink carbonate veins cutting 
bleached tephriphonolite from the eastern sub-basin (drill hole DDHS-8). The bleached color in the wall 
rock adjacent to the veins marks a zone where albite has replaced framework silicate minerals, and pyrite 
and carbonate have replaced mafic minerals. Center: Chlorite + albite + hematite + pyrite alteration in fine 
grained volcanic breccia in the area of the Index-Pointer mines. The white zones are carbonate minerals 
filling cavities. Right: similar green, chlorite + albite + hematite + pyrite alteration from Mineral Hill (drill 
hole MHC-87-1). 



216 

Figure 4.1g: base metal-rich styles of mineralization (top), and late-stage mineral assemblages (bottom) 

Base metals and rhodochrosite-rich styles of alteration: Left: Hydrothermal breccia with sphalerite-rich matrix cutting 
margin of Railroad Breccia iamprophyre. Dark materials are sphalerite, and the light colored material is lamprophyric 
rock with strong K-silicate + pj^ite alteration. Middle: Stockwork sphalerite veins cutting Proterozoic gneissic rock on 
Beacon Hill, south of the El Paso Mine along the western perimeter of the diatreme. Right; Rhodochrosite vein from the 
Queen Bess Mine, with centerline filled by quartz and fluorite (c.f mineral paragenesis in the Ironclad - Globe Hill area). 

Base metals In deep exposures; Left; yellow sphalerite intergrown with anhydrite in volcanic breccia with K-feldspar 
+ pyrite alteration from the 1000 m level of the Ajax Mine. Minor carbonate and illite accompany this assemblage. Middle: 
galena + pyrite + carbonate vein from 1000 m level of Vindicator Mine Right: "disseminated" galena and pyrite in zone 
of intense orthoclase alteration (pink-orange color) adjacent to nepheline monzosyenite intrusion, 1000 m level of 
Vindicator Mine. 

Examples of late-stage mineral assemblages: Left: creedite from vicinity of Dante "collapse breccia"; see discussions 
of Creedite geochemistry in Chapter 8. Middle: sample of massive anhydrite with minor galena, pyrite, and fluorite from 
vicinity of Deerhom Mine, Ironclad Hill. Right: Cinnabar from Dante "collapse breccia" accessed from the Cresson Mine. 
The Dante breccia is clast supported, with large, angular clasts and abundant open space between clasts. In this case, the 
cavities have been partially filled by cinnabar (red), and a younger generation of calcite (white). 
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Figure 4.1 h: additional styles of alteration in the Cripple Creek district 

mm 

Xenolith of volcanic breccia encapsulated within a 
late stage phonolite dike. This xenolith of volcanic 
breccia exhibits pervasive alkali feldspar (albite + 
K-feldspar) + pyrite alteration, while the surrounding 
phonolite does not contain pyrite, and instead exhibits 
weak alkali feldspar + specularite alteration. Similar 
timing relationships are seen in several places where 
xenoliths of volcanic breccia with sulfide-bearing 
styles of alteration have been transported within 
younger intrusions. These relationships suggest that 
some volumes of alkali feldspar + pyrite alteration 
were developed before the emplacement of late stage 
phonolites and lamprophyres. Although these 
assemblages contain pyrite, they do not exhibit the 
K-feldspar-dominant compositions that are typical 
of alteration associated with gold mineralization. 
Geochemical analyses of this earlier form of alkali 
feldspar + pjmte alteration show no evidence of 
gold mineralization. 

Sample of volcanic breccia with strong K-
feldspar + pyrite alteration being cut by a 
late stage carbonate-anhydrite-pyrite vein 
with a dark, biotite-rich alteration halo. This 
sample is from the deep levels of the Cresson 
mine, and shows an example of late-stage 
carbonate + sulfate styles of alteration. 
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mixture 
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Figure 4.2: Hand sample and SEM (electron backscatter) image of volcanic breccia xenolith encapsulated by 
unaltered (dark green) porphyritic phonolite from Altman area. TTie ISOOum SEM image shows clots of intergrown 
biotite and carbonate, enveloped by dark, albite-rich halos. The mottled zones are intergrowths of K-feldspar 
(light gray) and albite (dark). Bright spots throughout the SEM image are pyrite. The SEM image was taken 
from a thm section cut from this sample; die approximate location of the image's position is shown as the box 
in the inset photo. 
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Figure 4.3: Compositions of hydrothermal pyroxenes in the Cripple Creek district. 
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A: Diopsidic clinopyroxene + 
analcime vein cutting porphyritic 
phonolite from the upper levels of 
the Cresson deposit. The 
groundmass of the rock is 
composed primarily of alkali 
feldspar (aQ, aegerine-augite (aa), 
analcime (ana), sphene (sn), and 
magnetite (mt). 

B; Nosean veins cutting 
porphyritic phonolite from Cresson 
deposit. The bright minerals at the 
bottom of the image are hainite. 

Figure 4.4: SEM (electron backscatter images) of feldspathoid (analcime, nosean) ± 
clinopyroxene veins cutting phonolitic rocks. 



400 m 

Figure 4.5: Example of pyroxene-rich alteration in Precambrian granitoids near Victor Cemetery. Ferrosahtic pyroxene 
minerals have replaced feldspars and mafic minerals, giving the rock a greenish color (see photomicrographs in 
figure 4. If, top-center). Also present are crystals of quartz, and white flecks of Ti-oxide minerals. A location map 
is shown on the right; coordinates in UTM (NAD27 datum). 
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Fig. 4.6: Compositions of igneous and hydrothermal biotites from the Cripple Creek 
district. 
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Figure 4.7; Ti vs Mg# plots for various zones of biotite-rich alteration. Compositional fields for all igneous and hydrothermal 
biotites from the Cripple Creek district are shown as crosses and gray filled circles, repulsively. Top left; black diamonds show 
compositions of early-stage biotite alteration in xenoliths of volcanic breccia. Top right; compositions of biotite alteration associated 
with nepheline monzosyenite stocks. Bottom; two examples of biotite alteration associated with biotite-rich intrusive phases; 
these appear to represent transitions from magmatic to deuteric/hydrothermal conditions. In all cases, hydrothermal biotites are 
more magnesian and have lower Ti than igneous biotites. 
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Figure 4.8: Ti vs Mg# plots for various zones of late stage biotite-rich alteration. Compositional 
fields for all igneous and hydrothermal biotites from the Cripple Creek district are shown as 
crosses and gray filled circles, respectively. Top; biotite compositions from zones of disseminated 
biotite alteration in volcanic breccias; these styles of alteration appear to cut lamprophyres, 
suggesting that they formed late, possibly during the early stages of gold mineralization. 
Bottom; Compositions of phlogopitic micas in alteration halos surrounding late-stage (post-
lamprophyre), polymetallic sulfate-carbonate-fluorite veins. These samples were collected 
from the 1000 m level. 
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Figure 4.9a: Orthoclase + biotite vein cutting altered biotite phonolite in vicinity of Ocean Wave mine, south 
Cresson. Note the euhedral orthoclase crystals (white) and euhedral books of biotite growing into open space. 
Similar veins were recognized in this area by Lindgren and Ransome (1906) 
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Fe-oxides 
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centerline 

Figure 4.9b: Coarse grained biotite vein with centerline filled by orthoclase from Ocean Wave Mine. Pyrite 
(now oxidized to limonite) has filled open spaces. 



Figure 4.10: Biotite + magnetite veins cutting biotite tephriphonolite in the vicinity of the Rhittenhouse 
mine. Biotite is particularly abundant in the vicinity of this intrusion, and bears strong similarity with the 
styles of biotite-rich alteration associated with biotite tephriphonolites near the Ocean Wave mine, and 
in the Vindicator Valley area. 



Figure 4.11: biotite + alkali feldspar alteration in 

Figure 4.11a: SEM (electron backscatter) image 
of biotite+K-feldspar alteration in drill hole CR-
1854 cutting volcanic breccia. The light material 
flooding the matrix of the breccia is K-feldspar, 
and is replacing albite (dark patches). 

ic breccias 

Figure 4.11b: Biotite alteration flooding the groundmass 
of a volcanic breccia from drill hole CRl 873. Note the 
"ratty" appearance of the biotite. 



Figure 4.12: biotite alteration cutting lamprophyre intrusions 

Figure 4.12a: SEM image of the margin of the Railroad 
Breccia as exposed in the Moffat Tunnel. Note the large 
pseudomorphs of serpentine replacing clinopyroxene and 
olivine phenocrysts. The dark groundmass material is a 
mixture of analcime, clinopyroxene and feldspar, and has 
been partially replaced by secondary hydrothermal biotite 
(light patchy material) and carbonate. The biotite is 
characterized by high Mg:Fe and low Ti (<1 wt.%). 

Figure 4.12b: SEM image of a sample taken from the 
margin of a lamprophyre dike in the Black Diamond Mine, 
accessed from a lateral off the Molly Kathleen 10th level. 
Seen in this sample is the juxtaposition of both primaty, 
magmatic and hydrothermal biotite. The primary biotite 
(mbi) is characterized by euhedral grains with high Ti 
concentrations (3-4 wt.%), while the secondary biotite (hbi) 
is seen as shreddy clusters of low-Ti (<1 wt.%) biotite grains. 
The groundmass is composed of a mixture of albite (ab), 
K-feldspar (Kf), and analcime. 
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Figure 4.13a: a comparison of a sample of unaltered phonolite and a phonolite with alkali feldspar 
+ specularite hematite alteration. Hand samples are shown on top, 1500 i^m scanning electron microscope 
(electron backscatter) images are shown on the bottom. The alkali feldspar + specularite alteration 
is marked by a reddish/purple color, and significant addition of potassium. 

In the SEM images, the unaltered phonolite (left) is shown to be composed of dark Na-rich sanidine, 
with bright specks of aegirine and magnetite. The groundmass in the altered sample is much brighter, 
reflecting replacement of Na-sanidine by K-feldspar. Mafic minerals (aegirine and magnetite) are 
replaced by specularite. 
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Figure 4.13b: Appearance of tephriphonolite rocks with alkali feldspar + specularite alteration. 
Variations in igneous textures are highlighted by this style of alteration. Shown are seriate porphyry 
textures (upper left and bottom) and glomeroporphyritic xenocrysts (top right). The prominent 
black minerals in the upper left sample are igneous biotites; specularite and carbonate minerals 
have replaced pyroxenes and amphiboles in the sample. It is notable that igneous biotite is typically 
stable in these zones of alteration. 
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Figure 4.14: feldspar compositions in rocks with various types of alteration. Compositions of feldspars 
from unaltered igneous rocks shown for comparison. 



Fig. 4.15: Examples of alkali exchange in zones of specularite-stable alteration. 
A & B: 1500 um SEM(BSE) image (A), and hand 
sample (B) of purple volcanic breccia from eastern 
sub-basin. This sample has the typical appearance of 
many volcanic breccia in the area. Clasts include 
phonolite fragments and quartz crystals derived from 
the neighboring Precambrian rocks. The matrix of 
the breccia been altered to varying proportions of K-
feldspar, albite, hematite and ankeritic carbonate. 
Most samples show evidence for modest additions 
of K-feidspar in this area, although albite is dominant 
in some samples (C). 

C: I500um SEM(BSE) image of alkali feldspar + specularite alteration in the matrix of a 
sample of volcanic breccia from drill hole V-7 (532'). This samples shows evidence for strong 
albitization. The dark material in the image is albite, with lighter shades representing mixtures 
(inteigrowths) of K-feldspar and carbonate. The brightest spots are specularite, and apatite 
(lath shaped crystals). 



Figure 4.16: Xenolith of phonolite/tephriphonolite within the Cresson Pipe lamprophyre 
breccia. This clast shows pervasive alkali feldspar + specular hematite alteration that is 
characteristic of most altered clasts within the Cresson Pipe. The predominance of K-feldspar 
+ specularite alteration in clasts suggests that it was the dominant alteration types in wall rocks 
adjacent to the Cresson Pipe at the time the pipe was formed. These clasts have been largely 
shielded from the effects of later (ore-stage) alteration by the impermeable lamprophyre. 
Evidence for K-feldspar + pyrite alteration is generally not seen in clasts within the pipe. 

Although clasts with pyrite-rich styles of alteration are occasionally observed in the Cresson 
pipe, they typically lack strong K-feldspar alteration. This contrasts with current day exposures, 
where many rocks adjacent to the Cresson Pipe exhibit strong K-feldspar + pyrite aheration. 
These relationships suggest that the K-feldspar + pyrite alteration was developed after the 
emplacement of lamprophyres, while K-feldspar + specularite alteration was the dominant 
alteration type in wall rocks prior to lamprophyre emplacement and gold mineralization. 



234 

feldspar chemistry as a function of alteration in phonolites and feldspathic roclfs 

K K K 

pervasive 
KforNa 

exchange 
igneous 
minerals 

segregation 
into alkali feldspars 

Ca Na Ca Na 

whole rock .. „ 
geochemistry: -r-SwtyoKjO -ll-ISwtVoK^O 

feldspar chemistry as a function of alteration In Isabella phonotephrite diiie 
K K K 

BB 
igneous 
minerals 

psrvaslvQ 
4 K for Na 

^ •xctiange 

segregation 
^ into alkali feldspart 

Ca Na Ca Na 

gSl/Sir; 3.5wf/.K,0 7.7wt%K20 11.5wt%K20 

Figure 4.17: feldspar shifts during K-feldspar + pyrite alteration. Top: alteration in a sample of porphyritic 
phonolite. Bottom: alteration in a mafb phonotephrite dike. 

Figure 4.18: Incipient stages of K-feldspar + pyrite alteration in lamprophyre from drill hole CR1385. This 
backscatter image shows blocks of analcime (dark gray) supported by a fine grained groundmass which has 
been largely replaced by hydrothermal K-feldspar (light gray) and pyrite (brightest areas). As shown in the 
inset image, the analcime masses commonly exhibit albite rims, which appear to represent an intermediate 
reaction products: 
analcime -> albite -» K-feldspar. 
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Figure 4.19: characteristics of low temperature, alkali feldspar-rich styles of alteration in the Cripple Creek 
district. Top: hand samples of late stage phonolite; unaltered phonolite (left), phonolite with alkali feldspar 
+ specularite alteration (middle), and phonolite with strong K-feldspar + pyrite alteration. Middle: 1500 um 
scanning electron microscope images of the same samples; note general brightening of groundmass in altered 
samples, indicating replacement of sodium-rich feldspar by K-feldspar. Bottom: photomicrographs (ppl) of 
same samples; while feldspars in altered rocks become turbid, the samples show no obvious evidence for 
recrystallization and retain their igneous fabrics. 
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Figure 4.20:bleached rim on feldspar phenocryst indicating incipient stages of K-feldspar + pyrite alteration. 

Figure 4.21: Photomicrographs of altered feldspar crystals which have retained their original optical 
characteristics. A: anorthoclase crystal in zone of high grade mineralization. Although 5ie crystal shows 
characteristic anorthoclase twinning patterns, microprobe traverses show the crystal to be composed of pure 
potassium feldspar. Inset photos show the turbid nature of the crystal (PPL), and abundance of small, clear 
fluid inclusions. B; former albite crystal in high-grade zones of mineralization; this crystal exhibits prominent 
polysynthetic twinning, even though the crystal has been replaced by K-feldspar. Inset photo shows an 
abimdance of fluid inclusions in the crystal. 
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Figure 4.22: examples of vuggy textures developed in altered phonolite. 

Hand sample of altered late stage phonolite with prominent vugs. 

Photomicrograph (ppl) of a vug from the sample in the upper photograph. The light material 
along the margins of the vug and in its interior is an optically continuous feldspar crystal. 
This material appears to represent the remnants of a feldspar phenocryst that was leached 
during the process of alteration. Similar cavities in other rocks occupy the former sites of 
feldspathoid-rich ocelli, a common feature developed in many late-stage phonolites. 
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Figure 4.23: Cross cutting relationships in drill core sample CC-98-91 (1127')- As seen on top, a sample of 
volcanic breccia is cut by a late stage aphanitic phonolite dike, both of which are cut by an even younger 
lamprophyre dike. K-feldspar + pjrite alteration cuts all three lithologies. 

K-feldspar + pyrite alteration is broadly developed in the phonolite dike and the breccias adjacent to the 
lamprophyre dike (on the scale of meters), but only penetrates a short distance into the lamprophyre (on the 
scale of centimeters). A steep chemical and mineralogic gradient is seen along the margin of the lamprophyre, 
grading from pervasive replacement by K-feldspar and pyrite at the contact, inward to K-feldspar + sericite 
+ carbonate + pyrite, and sericite + carbonate assemblages before grading into unaltered lamprophyre (far 
right). Similar cross cutting relationships have been observed in drill core throughout the district. This suggests 
a late timing for most (if not all) of the K-feldspar + pyrite alteration. 
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Figure 4.24: generalized distribution of chlorite (+/- albite, pyrite, specularite) 
alteration in the Cripple Creek district. 
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Figure 4.25a: characteristic styles of alteration in the eastern sub-basin 

ArlSOOum image of a common vein type in the eastern sub-basin; Ca,Mg,Fe carbonate with centerline 
fill by a younger stage of quartz-Ca carbonate. This paragenesis represents a typical relationship seen 
throughout the district (older Fe and Mg bearing carbonate minerals cut by younger Ca-carbonate). In the 
eastern sub-basin, these veins typically appear as thin, white veinlets enveloped by halos of bleached wall 
rock, where sulfides and carbonate minerals have overprinted the earlier hematite-stable alteration. Both 
K-feldspar rich and albite rich alterations halos are observed around these vein types, and base-metal 
sulfides (galena and sphalerite) are fairly common. 

B; 400 um image of a phonotephrite sample with pervasive specular hematite-stable alteration. At the 
center of the image is an albite phenocryst with a rim of hydrothermal K-feldspar. Also note the mottled 
appearance of the groundmass, which is composed of a mixture of albite and K-feldspar; the unaltered 
groundmasses of phonotephrites are typically composed of sodic alkali feldspar and plagioclase. 

C: Magnified view of groundmass in sample from image B (DDHS-8-269). Note the presence of abundant 
K-feldspar, and the K-feldspar rims seen on many albite crystals. Also note that the compositional 
boundaries between K-feldspar and albite do not correspond to the original grain boimdaries, giving the 
groundmass is characteristic "mottled" appearance. 

D: ISOOimi image of calcium carbonate vein with narrow, albite-rich alteration halo cutting a phonotephrite 
intrusion. 

E & F: 1500 um image (E), and hand sample (F) of purple volcanic breccia from eastem sub-basin. This 
is the most common appearance of volcanic breccia in Ae area. Note the large crystals of quartz in the 

breccia, which represent xenocrystic firagments derived firom Precambrian granitic rocks. Styles of alteration 
span a compositional that ranges firom K-feldspar-rich to albite-rich; the alkali feldspar alteration is 
accompanied by pervasive replacement of mafic minerals by hematite and ankeritic carbonate. Most 
samples show evidence for gains of K-feldspar as a resuh of alteration. 

G: ISOOum image of albitized phonotephrite adjacent to carbonate veins. Albitized rocks from this area 
show the highest Na:K ratios of any rocks in the district. These zones of albite-rich alteration appear as 
bleached, sulfidized halos adjacent to carbonate veins, some of which contain an abundance of base metals 
(sphalerite and galena). The zones of albitization look cosmetically similar to zones of K-feldspar alteration 
in hand sample and in thin section. Their identification requires geochemical analyses, SEM inspection, 
or staining techniques. 
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Figure 4.25b: Distal carbonate + base metal vein cutting porphyritic tephriphonolite from the eastern sub-
basin (DDHS-8-5952'). Bladed specular hematite grains are inter^own with base metals in the vein. The 
surrounding material is carbonate, with dark to light gradients indicating variations in mineral chemistry. 
These veins are typically enveloped by narrow, albite-rich alteration halos. 

Stellated and bladed specular hematite crystals intergrown with galena from carbonate vein in eastem sub-
basin (DDHS-8-5952'). 
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Figure 4.26: generalized map patterns showing distributions of phyllosilicate-
rich zones of alteration in the Cripple Creek district. 

Surface mapping of these areas is inhibited by poor exposure, and in the case 
of the Ironclad/Globe Hill area, by dump materials. 
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Bottom: examples of similar assemblages from clay-rich zones in the Grassy Valley area. 
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Figure 4.29: dickite veins from central 
Cresson. In the top photo, white dickite veins 
cut and offset an older quartz vein. Feldspar 
phenocrysts in the phonolitic wall rocks 
have also been replaced by dickite; the dark 
gray rock is rich in silica and pyrite. The 
zones of siliciflcation adjacent to dickite 
veins distinguishes this style of alteration 
from feldspar-rich styles of alteration that 
predominate elsewhere in the district. 

drill holeAN-3-778', 
1000 m level, Ajax Mine 

drill holeAI-7-700', 
1000 m level, Ajax Mine 

Figure 430: Late-stage specularite filling vugs and cavities. Top: bladed specularite crystals + carbonate 
minerals lining fracture in Precambrian granite. Middle and Bottom: specularite + carbonate ± pyrite filing 
vugs in phonolite dike, Ajax Mine. The phonolite dike exhibits intense K-feldspar + pyrite alteration in this 
example. 
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CHAPTER 5: GOLD MINERALIZATION 

Gold mineralization in the Cripple Creek district is broadly divisible into three styles: 

high-grade veins, hydrothermal breccias, and bulk-tonnage "disseminated" deposits. Each 

of these is distinctive in terms of its physical expression and structural style, but all share 

similar mineralogy, chemical signatures and paragenetic relationships. 

Veins occur as thin seams of hydrothermal minerals deposited along fractures. Many 

veins have minerals that have grown into open space, indicating that fractures were open 

(dilated) during the process of mineralization. Less commonly, wall rocks show 

dissolution textures where irregular-shaped cavities have been filled in by hydrothermal 

minerals. 

"Disseminated" deposits differ from high grade vein systems in that they comprise 

larger volumes of rock, and are lower-grade. These deposits are developed in areas of 

high vein density, where metasomatic halos around veins coalesce to produce large 

volumes of hydrothermally altered and mineralized rock. Although some truly 

"disseminated" gold is present in altered wall rocks, most of the gold in these deposits is 

contained within small veins and veinlets. These are not materially different than high 

grade vein systems, except that mineralization is developed at different scales. 

Hydrothermal breccias are characterized by clasts of wall rock cemented by 

hydrothermal minerals. These differ from volcanic breccias, which have matrices 

composed of igneous materials (rock flour, crystals, and less commonly, juvenile 

volcanic materials). The minerals present in many hydrothermal breccias are essentially 

the same as those seen in high grade veins, although their proportions show considerably 
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more variation. Gradations are seen between zones of hydrothermal brecciation and vein-

style mineralization. 

Of the three styles of mineralization, vein-hosted mineralization accounts for >85% of 

the historic production. A universal association amongst the styles of mineralization is K-

silicate + pyrite ± carbonate wall rock alteration, and all appear to have been developed 

after the emplacement of lamprophyres. Veins and their associated styles of alteration are 

described below, followed by a description of hydrothermal breccias. 

Vein mineralization 

Most gold is present as telluride minerals in thin seams of quartz, accompanied by 

variable amounts of fluorite, carbonate, pyrite, and barite-celestite (fig. 1-10). Accessory 

minerals include sphalerite, galena, tetrahedrite and a variety of REE-bearing phases such 

as Ce-monazite and bastnaesite. Veins are typically less than 5cm thick, and in most 

cases are less than 1cm thick. They tend to be inconspicuous in their host rocks, 

commonly appearing as dark seams along fractures (see fig. 4.1a). In a few places, veins 

approach 0.5-lm in width, but these are exceptional. Historic underground production 

obviously favored the largest veins, but new open pit exposures document vast numbers 

of veins at the centimeter and millimeter scales in lower grade, "disseminated" deposits. 

As described in Chapter 4, veins are enveloped by K-metasomatic hales in wall rocks, 

where K-feldspar is developed at the expense of framework silicates, and mafic minerals 

are replaced by pyrite and carbonate. Wall rock alteration varies spatially and according 

to host rock type. Alteration is weakly developed in phaneritic Precambrian rocks at deep 

levels (~1000m in the Ajax Mine), but becomes broader in its distribution in the near 
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surface environment, and is most extensively developed in permeable host rocks such as 

volcanic breccia. Strong K-feldspar + pyrite alteration accompanies gold telluride veins 

in felsic rocks such as phonolites, becoming more restricted and richer in phengitic illite 

and carbonate in mafic rocks (lamprophyres). Likewise, a suite of accessory minerals 

(including the vanadiferous mica roscoelite) show patterns of distribution that vary 

systematically with host rock composition. Although some grains of gold and gold 

telluride minerals are present in wall rocks adjacent to veins, it is clear that most of the 

gold in the Cripple Creek deposit is located within the veins themselves. Gold in wall 

rocks typically accounts for «30% of total gold, based upon petrographic evidence. 

Where veining is intense and alteration envelopes coalesce, alteration can be 

developed over large volumes of rock. This is most evident in the Cresson and East 

Cresson open pits, where continuous zones of K-metasomatism extend for lOO's of 

meters. These zones of metasomatism form the bulk of the "disseminated" mineralization 

that is mined in open pit exposures. It is estimated that as much as 2/3 of the volume of 

the diatreme in the near surface environment (depths of <500m) has had significant 

potassium added (>3 wt% K2O) during the episode(s) of metasomatism related to gold 

mineralization. These styles and volumes of alteration have not been previously 

documented. 

Structural and hydrologic controls vary, but several themes are consistent throughout 

the district. Alteration and mineralization are strongly developed along igneous contacts, 

with dikes of lamprophyres and late stage phonolite hosting a disproportionate amount of 

mineralization. Although lamprophyres comprise <1% of all igneous rocks, mineralized 
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margins of lamprophyres were mined in ~l/3 of historic mines, and lamprophyres were 

1 7 
found in close proximity to ore in roughly 2/3 of all mines . Mmeralization is also 

commonly focused along the margins of late stage phonolite intrusions, which serve as 

the primary hosts of mineralization outside the diatreme. Northwest, west, and southwest 

of the main diatreme, most exposures of late stage phonolites show strong K-

metasomatism, and variable evidence for gold mineralization. 

Sheeted fracture zones 

Parallel sets of closely spaced fractures are the dominant structural hosts for veins. 

These have been historically referred to as "sheeted fracture zones" (see descriptions by 

Penrose, 1895, p. 141-146; Lindgren and Ransome, 1906; Loughlin and Koschmann, 

1935), and are described in nearly every significant paper on the Cripple Creek district. 

They consist of numerous closely spaced fractures arranged in a subparallel fashion (fig. 

5.11; see also Plate XIV in Lindgren and Ransome, 1906), typically over widths of 1-2 

meters. Fracture density tends to be highest in the centers of these zones. When veins 

are present (not all "sheeted fracture zones" host veins), they typically form 

anastomosing stockworks that occupy several of the fractures. These structural features 

are commonly developed along igneous contacts, but also transect the interiors of 

intrusions, volcanic breccias, and Precambrian rocks adjacent to the diatreme. 
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Sheeted fracture zones are especially well developed along the margins of dikes, 

where fractures are developed parallel to the fissility and trachytic fabric of the dike's 

outer contact. A distinctive characteristic of the fracture zones is that little or no offset is 

seen along the structures. Significant offsets are rare in the Cripple Creek district, with 

most displacements being on the scale of centimeters or less. 

Lithologic and other structural controls are fiirther discussed in Chapter 7. 

Mineralogy of gold veins 

Gold-bearing veins are principally composed of foiu" gangue minerals: quartz, 

fluorite, carbonate, and pyrite. Of these minerals, quartz and pyrite are most consistently 

present, and are rarely absent. Fluorite and carbonate are dominant gangue minerals in 

some veins (fig. 5.1; e.g. Last Dollar vein, Lindgren and Ransome, 1906, p.376), but are 

entirely absent in others. Their presence or absence does not show an obvious 

relationship to grade (see also Rickard, 1899, p. 77). Carbonate becomes prominent in 

veins at deep levels, as seen in the deepest levels of the Ajax, Portland, and Vindicator 

mines, where many telluride-bearing veins are composed chiefly of carbonate (e.g. fig. 

5.1). These carbonate-dominated veins show styles of wall rock alteration that are similar 

those associated with quartz-rich veins at higher levels. 

Pyrite is the most abundant opaque mineral developed in and around veins. Adjacent 

to productive veins or productive vein intervals, pyrite tends to be auriferous, and also 

enriched in a number of trace elements including As and Te. Electron microprobe (EMP) 

and secondary ion microprobe (SIMS) analyses (Appendix Z) show that arsenic 

concentrations in pyrite can exceed 1 wt% in zones of mineralization, but arsenopyrite is 
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generally not observed. Enrichments in Sb, T1 and Cu have also been recognized in 

pyrites adjacent to high-grade veins (fig. 5.12). 

Some remarkable features seen in the Cripple Creek district are large veins of fluorite 

+ quartz (up to Im thick). These veins are typically fine grained, and have sugary 

textures, with quartz and fluorite intergrown at microscopic scales. These veins contain 

variable amounts of sulfides and barite-celestite, and occasionally contain visible 

tellurides. While prominent throughout the Cresson Pit, they are most abundant in the 

upper benches. Many of these veins contain only low-grade mineralization (5ppm Au or 

less), but stopes and drifts were frequently positioned along them. Grades appear to 

increase dramatically where cavities and centerline filling by other stages of 

mineralization are present. Although it has been suggested that some fluorite veins may 

pre-date injection of lamprophyres and gold mineralization, the majority of the large 

fluorite veins are clearly associated with the episode of gold mineralization. In and 

around the Cresson Pipe lamprophyre breccia, numerous fluorite veins form an armulus 

around the perimeter of the pipe (as seen in mine level maps and described by A. H. 

Koschmann), with many cutting the margins of the pipe, demonstrating a post-

lamprophyre timing. Inside the Cresson Pipe and other lamprophyre intrusions, however, 

fluorite is uncommon. This is likely a consequence of the remarkably low solubility of 

fluorite in the presence of calcium (lamprophyres and other mafic rock types contain an 

abundance of calcium). 

Marcasite has been reported in numerous reports and publications (e.g. Dwelley, 

1984; Saunders, 1986), but it is suspected that arsenical pyrite has been mistaken for 
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marcasite in many cases. X-ray diffraction (XRD) analyses of anisotropic iron sulfides 

failed to identify marcasite in several zones of mineralization, and instead identified the 

grains as pyrite. Subsequent electron microprobe analyses showed them to be enriched in 

arsenic. Like marcasite, As-rich pyrite shares the optical property of anisotropism when 

viewed under an optical microscope. During this study, marcasite was identified with 

confidence only in high level, distal parts of the system, but has not been widely 

recognized in the central zones of mineralization, or at deep levels within the diatreme 

(c.f. Dwelley, 1984). 

Gold mineralogy: Gold is chiefly present as telluride minerals, with calaverite being 

the most common species. Telluride mineralogy can be diverse (e.g. Lindgren and 

Ransome, 1906), but the more exotic and unusual tellurides (e.g. coloradoite, melonite, 

etc.) are found almost exclusively in wall rocks, rather than inside the veins. Tellurides 

distributed in wall rocks show systematic variations with respect to host rock type. The 

Ni-telluride melonite is typically associated with mineralized lamprophyres, which have 

much higher Ni concentrations than other rocks types (Chapters 2,3). Altaite, a lead 

telluride, is most abundant in feldspathic rocks. 

Sylvanite has been reported in many veins, but the term "sylvanite" was often applied 

to silver-colored calaverite (see also Loughlin and Koschmann, 1935, p.295-296). The 

silver to gold ratios reported by production records are not compatible with petrographic 

reports and other descriptions which suggest an abundance of sylvanite in the district's 

ores. Figure 5.13 shows a plot of tellurium vs. gold for Cripple Creek rocks. Rocks with 

substantial gold inventories have Au;Te suggestive of calaverite. Figure 5.14 shows the 
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chemistry of telluride species found in the Cripple Creek district, as identified by electron 

microprobe and scanning electron microscope/electron dispersion analyses (SEM/EDS). 

Within veins, calaverite accounts for >4/5 of all tellurides. These minerals are most 

commonly sited along the edges of veins, or at the interface between successive stages of 

mineral deposition within the veins. This characteristic has important implications for 

metallurgy, as their siting along the edges of veins aids gold recovery in process circuits. 

In zones of oxidation, native gold (high fineness electrum) is present in veins and is seen 

commonly seen pseudomorphing and replacing tellurides, an apparent oxidation product. 

Tellurate minerals are often located nearby. The native gold typically has a "spongy" 

appearance, where single telluride crystals are replaced by a porous network of native 

gold crystals that resembles a sponge. The "spongy" gold often retains the shape of 

original telluride crystals. This gold is commonly dispersed as "flour gold" in the 

weathering environment. 

Native gold occurs only rarely as a hypogene phase, and is far subordinate to telluride 

minerals. Hypogene native gold appears to be proportionally more abundant in wall 

rocks, where it may account for up to 10-20% of the "disseminated" gold inventory. 

Native gold in wall rocks us present as micron-scale inclusions or intergrowths in sulfide 

grains and encapsulated within hydrothermal K-feldspar and quartz in wall rocks (fig. 

5.6-5.9). 
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Accessory minerals: Sulfate minerals are commonly present in veins, and occur as 

solid solutions between barite and celestite. Anhydrite and gypsum are not found in 

telluride veins in the near surface environment, but are more abundant at deeper levels'^. 

Roscoelite is an accessory mineral that has received a great deal of attention in the 

literature'''. Overall, roscoelite is uncommon, and is typically abundant only where veins 

cut lamprophyres and some types of Precambrian rocks. Elsewhere it is typically absent 

in ore-stage veins. Loughlin (1927) also made note of this relationship: "[roscoelite] is 

more conspicuous in basaltic [lamprophyric] than in other rocks", p. 10. 

REE phases are variably present, and occur as 5-20 |j.m grains of bastneastie and 

LREE-enriched monazites in veins. Apatite is less common in veins, but is often 

abundant in adjacent wall rocks. Apatites adjacent to veins often exhibit LREE-enriched 

rims, which appear to represent hydrothermal overgrowths on igneous apatite grains. 

More exotic U, W, and Sr-bearing minerals are also seen in association with gold 

mineralization. 

Base metals: Base-metal sulfides are relatively common in telluride-bearing veins, 

chiefly as sphalerite, galena, and tetrahedrite. Of these, galena and sphalerite 

Three large bodies of anhydrite/gypsum are present in the Ironclad hydrothermal breccia pipe within 

~150m of the surface. Other veins and breccias of sulfate are present throughout the area as well. The large 

volumes of sulfate in the Ironclad area is unusual for the near surface environment. 

Roscoelite is often reported in discussions of Cripple Creek ores, but is rare mineral in the district. In 

many cases, other green minerals such as chlorite, and melanteritic stains in oxidized veins have been 

misidentified as roscoelite. 
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predominate, with tetrahedrite being only sparingly present. Traces of chalcopyrite are 

seen in and around gold veins as exsolution blebs within sphalerite, and as inclusions in 

pyrite. Base metal sulfides become noticeably more abundant in wall rocks in areas of 

gold mineralization. Their presence in alteration halos is noteworthy, especially 

tetrahedrite, which often contains inclusions of telluride minerals. 

Base metal sulfides typically account for «1% of the rock, and are not economically 

significant. In some veins, however, base metals sulfides form the dominant or sole 

mineral(s) over short intervals. Where base metals become abundant, gold grades are 

often diminished. 

Vein paragenesis 

Table 5.1: Generalized paragenesis observed in veins; 

margin outer halo* inner halo* centerline 
texture euhedral fine-sugary euhedral Fine 

quartz, 

(Mg,Fe)C03 
adularia aalena ' barite-celestite, chalcedony 

minerals sulfate relrahe'drite, ^rbonate, CaCOs 

> tellurides 
celestite) ^ barite tellurides 

celestite 
* indicates that multiple stages are possible 

Vein paragenesis has received considerable attention. Multiple stages of mineral 

deposition within veins have been described by many authors (Lindgren and Ransome, 

One consistent observation made in many parts of the district, is that sphalerite and pyrite are 

frequently cut by galena, which is often seen along thin microfractures in other sulfides. The same appears 

to be true for tellurides, and especially Pb-tellurides. 
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1906; Loughlin, 1927; Loughlin and Koschmann, 1935; Thompson, et al., 1985), with 

most studies concluding that there have been 3 to 5 stages of mineral deposition within 

veins. Table 5.2 summarizes these studies. Although most authors agree on a general 

sequence of mineral deposition, it has become clear that many (if not most) veins are 

more complex than the models of vein paragenesis suggest. Only rarely do veins show all 

the stages of mineralization described in Table 5.1, and many variations in textures or the 

order of mineral deposition have been observed. Large numbers of gold-bearing veins 

contain only a single stage of mineral deposition, and multiple stages are not a 

prerequisite for the development of gold mineralization. Most productive veins in open 

pit exposures show only one or two stages of mineral deposition. 

Table 5.3 summarizes paragenetic relationships for a variety of multi-stage veins 

found throughout the district. Up to eight stages of mineral precipitation are recorded in 

some veins, and a tremendous range in the number of stages, mineral assemblages, and 

textures is seen. Veins with a single stage of mineralization have not been included in 

Table 5.3, but typically occur as narrow seams of quartz (±fluorite), carbonate pyrite with 

traces of base metals and tellurides. To date, gold mineralization in the form of tellurides, 

native gold, or auriferous sulfides has been found in virtually all known "stages" of 

mineralization. It should also be recognized that any of the common gangue minerals can 

be the dominant (or sole) mineral present within particular veins or vein intervals. 

Gold grades can vary substantially within, both vertically and along strike. Changes 

in gold grades may or may not correspond to changes in gangue mineralogy. Veins with 

otherwise little gold may contain significant mineralization where they develop open-
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space textures, or develop additional stages of mineral deposition along their centerlines. 

In other cases, veins of consistent mineralogy and texture show dramatic variations in 

gold grade with relatively little change in the abundance, presence or proportions of 

gangue minerals. Figure 5.15 shows variations in grade along the Newmarket vein, one of 

the more productive high grade veins in the district. 

In the past, many workers have tried to identify a single stage of mineral deposition or 

a mineral species that can serve as an indicator of mineralization. Although some models 

have proved to be useful at local scales (within individual mines or specific levels within 

a mine), no general model has proved to be applicable throughout the entire district. 

Locally, roscoelite and to a lesser degree tetrahedrite (typically argentiferous and 

containing significant As) have been used as prospecting tools, and these minerals often 

do show strong correlations with gold. These minerals are themselves uncommon, 

however, and are usually restricted to areas immediately adjacent to, or containing the 

gold mineralization, limiting their utility as pathfinders. 

Textures in veins 

A distinctive characteristic of veins in the Cripple Creek district is a predominance of 

textures indicative of open space filling. Most veins are characterized by drusy to 

crystalline crusts from which project euhedral crystals of gangue minerals and tellurides. 

In some veins, successive stages of euhedral crystal development are seen. The outer 

margins of veins are commonly fine grained, but interiors typically exhibit larger, 

euhedral crystals growing toward an open centerline. Tellurides are often found as atop or 

alongside euhedral crystals gangue minerals, or at the interfaces between successive 



259 

stages of mineral precipitation in veins. These textures indicate that veins were formed 

during periods when structures were dilated, and the common positioning of telluride 

crystals in open spaces has favorable implication for metallurgical recovery of gold. The 

centerlines of many veins have remained open, but in many cases, late calcite or 

chalcedony has filled the open space. 

Dissolution cavities and replacement textures are present in some places, most 

commonly in Precambrian rocks, but are also seen in Tertiary alkaline rocks such as 

phonolites. Where present in Tertiary alkaline rocks, the rocks typically show evidence 

for strong K-metasomatism. In many cases, analcime or zeolite-rich zones in the 

groundmass of phonolites have been replaced by dissolution cavities in zones of 

alteration. Other cavities are irregular, and appear to cut obliquely across igneous fabrics 

in rocks. These likely represent volume loss in wall rocks during the process of alteration, 

and suggest that the process of mineralization likely led to enhancement of primary 

porosity and permeability. 

In several cases, spectacular telluride crystals have been found growing into open 

space cavities, and are often mantled by quartz and fluorite minerals. Perhaps the most 

notorious discovery made in the district was the "Cresson Vug". This "vug" was a cavity 

8 m X 4 m wide and 13 m high that was opened in the Cresson mine in November, 1914. 

The cavity walls were lined with gold tellurides, quartz, celestite and a white, soft 

mineral that was probably kaolinite (dickite?). By the end of 1914, nearly 20,000 ounces 

of gold had been removed firom the cavity (see descriptions by Patton and Wolf, 1915; 
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Smith et al.,1985). It should be noted that fluorite, commonly present in the open in many 

veins and cavities was absent in the Cresson Vug (Patton and Wolf, 1915). 

Barren veins 

Although great attention has been paid to gold-telluride veins, most veins in the 

district lack economic gold mineralization. "Barren" veins often closely resemble 

productive veins in terms of their mineralogy, texture, and wall rock alteration. They may 

be so similar to productive veins that they are indistinguishable by visual inspection, 

differing only in terms of their gold contents and other subtle geochemical signatures 

(discussed in chapter 7). In part, the distinction between "barren" and mineralized veins 

is an economic one, where "barren" veins often contain anomalous, but subeconomic 

gold, although it is clear that many veins are devoid of gold altogether (<10 ppb Au). 

Particularly abundant are barren carbonate and pyrite veins. Below the zone of 

oxidation, most fracture surfaces effervesce in dilute acid, and/or show thin coatings of 

iron sulfide. In the near surface environment, many of these veins have been oxidized and 

replaced by thin coatings of limonite along fracture surfaces. K-feldspar + pyrite 

alteration is commonly present adjacent to these veins, but tends to be weak, or in 

incipient stages of formation. 

Several explanations may explain the lack of gold in these veins: 

• they may have formed under physicochemical conditions unfavorable for the 

precipitation of gold 

• they may have formed from fluids undersaturated with respect to gold, or 

different generations of fluid 
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• water to rock ratios may have been too low to allow significant gold 

mineralization to develop. 

The latter explanation is supported by SIMS analyses of pyrite grains from 

unproductive veins, which show gold to be present, but in concentrations too low to be 

economic (500 ppb - 5ppm Au in pyrite grains that account for 1-3% of their host rocks). 

Alteration of wall rocks adjacent to gold veins 

Alteration in wall rocks adjacent to veins is characterized by vein envelopes of K-

feldspar + pyrite alteration (described in chapter 4), where wall rocks have been 

bleached. The replacement of framework silicate minerals by K-feldspar in wall rocks 

becomes more intense as veins are approached. Cation exchange in feldspars (K for Na 

and Ca) is hard to recognize in hand sample or in thin section (see discussion of K-

feldspar + pyrite alteration in Chapter 4), making it difficult to judge the intensity of K-

metasomatism within alteration halos. Immediately adjacent to veins, however, rocks 

typically become darker where microveinlets of silica permeate the rock'^. The 

microveinlets of silica give the rock a "glassy", steel gray appearance (fig. 4.1 and 5.16). 

The presence of "glassy K-feldspar alteration" is a trustworthy indicator of proximity to 

mineralization. 

Outward from veins, zones of pervasive replacement by K-feldspar grade into K-

feldspar + albite assemblages with minor illite and carbonate. Illite and carbonate 

The opposite occurs in Precambrian rocks, where rocks with intense alteration are much lighter than 

the unaltered igneous rocks. 
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predominate as alteration products in mafic rocks, and in schistose or micaceous 

Precambrian rocks, as discussed in Chapter 4. Mafic minerals adjacent to veins are 

typically replaced by pyrite, with increasing proportions of carbonate away from veins. 

Outside of the zones of potassium metasomatism, replacement of mafic minerals by 

carbonate (±pyrite) may persist for considerable distance (lO's of meters). Chlorite and 

hematite typically accompany pyrite and carbonate as distal alteration assemblages in 

mafic rocks (nepheline monzosyenites, phonotephrites, etc.) and in some Precambrian 

rocks. Igneous biotite appears to be particularly susceptible to chloritization. It should be 

noted, however, that chlorite is absent in most zones of alteration and mineralization, 

especially inside the diatreme. Likewise, epidote is generally not observed, probably a 

result of the high CO2 and carbonate species in ore-stage fluids. 

Styles of alteration aroimd veins cutting Precambrian rocks show several distinctive 

features, and these are discussed in Appendix Q. 

Phlogopite-rich alteration associated with polymetallic veins 

In deep exposures, some polymetallic veins exhibit phlogopite-rich alteration halos. 

These veins resemble ore-stage veins in terms of the mineralogy and timing, except that 

they are richer in base metals (galena, sphalerite, and molybdenite), and have phlogopitic 

alteration halos (fig. 5.17). These veins typically contain an abundance of carbonate, 

fluorite, and sulfate minerals such as barite, celestite and anhydrite. Quartz is variably 

present, but is absent in some of the veins. Phlogopite is found in thin alteration halos (1-

5x vein width) along the margins of these veins. The phlogopite is Ti-poor, and amongst 
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the most magnesium-rich in the district (Mg# > 80). Fluorine is also markedly enriched in 

the phlogopites, and exceeds 4wt% in many analyses. 

According to assay data and secondary ion microprobe (SIMS) analyses (Appendix 

Z), these veins are enriched in gold, with pyrite containing >lppm. Their timing, mode of 

occurrence (deep), and similarity with ore-stage veins at higher levels suggests that these 

may represent higher-temperature (deeper) compliments to the epithermal mineralization. 

Size of alteration halos around gold veins: 

The breadth of alteration halos around veins varies systematically according to host 

rock type. The widths of alteration halos range from narrow halos (1-10 cm) in 

lamprophyres and some Precambrian rocks, to wide halos (up to lO's of meters) in 

porous volcanic breccias. Halos in phonolites are typically on the order of 1-3 meters 

wide (see fig 5.18), while halos in phaneritic rocks such as nepheline monzosyenites and 

Precambrian granite are much narrower; typically on the scale of centimeters. In a 

general sense, the breadth of alteration halos around veins increases with elevation. Broad 

zones of K-metasomatism are seen to surround veins in the near surface environment 

(lO's-lOO's of meters in the case of the Pharmacist vein system in East Cresson/Altman), 

but more restricted halos are seen surrounding zones of mineralization in deep exposures 

(<lm halos are common in the deepest levels of the Ajax-Portland mines). Figures 5.19-

5.23 shows examples of veins in Precambrian rock. 

The boundary between bleached, altered rocks and unaltered wall rocks is typically 

abrupt, and in many cases, these alteration fronts are so sharp and distinctive that they 

have been mistaken for lithologic contacts. This is especially true in lamprophyres. 
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where K-feldspar floods the matrix of the rock, giving altered lamprophyres the 

appearance of altered phonolites (fig. 5.23). 

Gold in altered wall rocks: 

Although most gold occurs in veins and veinlets, gold is also found in altered wall 

rocks adjacent to veins, as briefly described above. Gold grades in wall rocks can be 

economically significant (>1 ppm), but typically accounts for less than 1/4 of total gold. 

Calaverite is the dominant gold-bearing mineral disseminated in wall rocks, but other 

species of tellurides such as sylvanite, altaite and melonite are more common in wall 

rocks than they are in veins. Within alteration halos, tellurides are often found as 

inclusions in pyrite, and to a lesser extent, galena and sphalerite. When present, 

tetrahedrite is often spatially associated with, or contains inclusions of tellurides. 

Although the majority of gold in wall rocks is located in mafic mineral sites, tellurides 

are also found as inclusions in hydrothermal carbonate minerals, K-feldspar and quartz 

(fig. 5.6-5.10). 

Significant variations are seen amongst different rock types, with hypogene electrum 

grains and Ni-tellurides (melonite) being more common in altered mafic rocks (see figure 

5.8). This may reflect a condition where the available Te was sequestered in Ni-rich rocks 

to form melonite, resulting in precipitation of native gold instead of calaverite. Likewise, 

ahaite is more common in felsic rocks. 

Secondary ion microprobe (SIMS) analyses of pyrite grains from alteration halos 

shows that the pyrite adjacent to mineralized veins may contain up to 80 ppm Au, with 

most pyrites containing on the order or 1-10 ppm Au (Appendix Z). It is unknown if this 
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gold is present as solid solution within pyrite grains, or is present as sub-micron 

inclusions of native gold. It is also possible that the inclusions of tellurides seen in pyrite 

and base metal sulfides are products of post-crystallization exsolution. 

Vertical interval of mineralization 

Although Cripple Creek is often cited as an example of an epithermal deposit with 

remarkable vertical continuity of mineralization (>1000m; Thompson et al., 1985), vein 

abundances and grades diminish significantly with depth. This is well documented by 

review of production figures and assay data fi-om district mines, as well as sterilization 

drilling conducted beneath the high-grade veins systems in the Portland-Aj ax, Vindicator, 

and Cresson Mines (discussed below, and in Appendix R). It is notable that >3/4 of 

district's production came fi-om its upper 300m, with less than 5% coming from depths of 

greater than 600m. Limited gold production continued to depths of 1150 m in the 

Portland-Aj ax Mine, but as was boldly (and correctly) predicted by Lindgren and 

Ransome (1906), mining at deep levels (>500m) met with relatively little success in the 

Cripple Creek district. 

Considering that mineralization extends for 7-10 km laterally, the highly prospective 

zone of mineralization has an aspect ratio of -15:1 (lateral extent vs. depth). In other 

deposits, bodies of epithermal mineralization with similar aspect ratios have been 

interpreted to represent "boiling horizons", where boiling was initiated at a specific 

elevation, triggering gold precipitation in a narrow interval above that level. Fluid 

inclusion evidence from Cripple Creek suggests that boiling was initiated at depths of 

>1000m (discussed in chapter 8; Thompson et al., 1985), but the processes which 
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triggered gold deposition in the upper parts of the Cripple Creek system remain unclear 

(Chapter 8). 

In the case of the Vindicator and Captain Stopes vein systems (both of which 

produced over 1 million ounces of gold), abundant hydrothermal alteration and gangue 

minerals are developed along the downward projection of productive veins, but mine 

records and assays of deep drill core from the 1000m level in both mines show little 

evidence for significant gold mineralization. In both cases, sub-economic gold 

mineralization was only developed over narrow intervals at the 1000 m level (1-5 m of 1-

10 ppm Au). Plate 5 shows lithology, alteration and mineralization maps for these areas, 

and their geology is further discussed in Appendix R. 

"Disseminated deposits" 

Where vein density is high, alteration halos coalesce to produce large volumes of 

altered and mineralized rock. These environments appear to be especially developed at 

high levels, generally within 300 meters of the surface, where fracturing is most intense. 

The Cresson and East Cresson (Altman) deposits are examples where metasomatism is 

developed over zones that exceed lO's to lOO's meters (Plate 3), forming broad zones of 

low-grade mineralized rock accompanied by intense K-feldspar + pyrite alteration. 

While the Cresson and East Cresson deposits contain numerous high-grade vein 

systems (many of which were targeted for underground mining by historic operations), 

these are complimented by a much greater nimiber of smaller veins and veinlets (< 1 cm) 

that also host mineralization. The mineralogy and general character of these veins do not 
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differ from the high-grade veins; they simply represent similar styles of mineralization 

developed at finer scales. 

The undersides of the bulk mineable deposits are poorly understood due to limited 

drilling and lack of exposure. In the Cresson deposit, intense K-feldspar + pyrite 

alteration is pervasively developed in deep drill holes, extending down to the lower limit 

of drilling and showing no obvious decrease in intensity or volume at depths of 500-

600m. More will be learned as mining and drilling continue. 

Gold mineralization hosted by mafic intrusions 

Although they account for less than 1 percent of the diatreme, lamprophyres host a 

disproportionate amount of gold mineralization. Mineralized lamprophyres were mined in 

at least 1/3 of the mines in the district, and -1.5 million ounces of gold were produced 

from the area around the Cresson Pipe lamprophyre breccia alone. Detailed descriptions 

of lamprophyre petrography and geochemistry are provided in Chapters 2 and 3, and their 

styles of alteration and mineralization are essentially variants of the high-grade 

mineralization seen elsewhere in the district. 

Owing to their significance as hosts of mineralization, additional descriptions and 

discussion of lamprophyres are given in Appendixes G and H. 

Hydrothermal breccias 

Hydrothermal breccias are found throughout the district (fig. 1.3), some of which host 

gold mineralization. These breccias differ from the igneous and volcanic types by having 

a matrix composed of hydrothermal minerals. Several types are seen, and are broadly 

divisible into four groups, although it is recognized that hybrid types and gradations are 
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seen amongst them. Examples are shown in figures 5.24-5.25, and are briefly 

summarized here: 

1) Carbonate-rich hydrotliermal breccias associated with lamprophyres; These 

breccias are characterized by rounded "blebs" of lamprophyric silicate material 

surrounded by a carbonate>quartz + pyrite matrix. Examples are seen throughout the 

Trail and Cresson lamprophyre breccias (see discussion of lamprophyres in Chapter 

2, and Appendix H). They are typically barren, and appear to predate gold 

mineralization and its associated alteration. They likely formed as carbonate-rich 

phases were exsolved by lamprophyres during their emplacement. 

2) Quartz - fluorite hydrothermal breccias; these occur as heterolithic-monolithic 

hydrothermal breccias with a quartz + fluorite > pyrite (± celestite, barite) matrix. 

Examples include the "Big Banta Blowout", the "Nugget Breccia" and the quartz 

matrix breccias in the Forest Queen mine. They are commonly mineralized, with 

general low grades (1-10 ppm Au), but grades as high as 1 opt Au (>30 ppm Au) 

have been reported. 

3) Manganiferous hydrothermal breccias; these form a distinctive group of breccias 

characterized by a rhodochrosite, fluorite, sulfate (Ba or Sr-rich) matrix with 

subordinate quartz, pyrite, and adularia. Common accessory minerals include galena 

and REE phases (bastnaesite, monazite, etc.). Examples are the Conundrum, Unity, 

Ironclad and Globe Hill breccia pipes, and possibly the Anna Lee breccia pipe on 

Battle Mountain. They are typically mineralized, but erratically so; gold contents 

ranging from lOO's of ppb to > 50 ppm. Average grades of ~ 1.5 ppm Au were mined 

from the Ironclad and Globe hill deposits (surface operations), with grades of > 45 

ppm Au reported from underground workings. Samples analyzed in this study 

typically contain lOO's of ppb Au. Also characteristic are marked elevations in Ba, Sr, 

Mn and REE. 

4) Sulfate / carbonate breccias; these breccias are characterized by massive bodies of 

Ca-sulfate (anhydrite or gypsum) ± Ca-rich carbonate, pyrite and base metal sulfides. 

They are abundant in the Ironclad and Globe Hill area, and appear to intimately 
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related to manganiferous hydrothermal breccias, as seen at Ironclad/Globe Hill and in 

the Unity breccia pipe. Similar breccias are found in the deepest levels of the Ajax 

and Portland mines. 

More detailed descriptions of hydrothermal breccias are given in Appendix T. 

Mineralized hydrothermal breccias 

In mineralized hydrothermal breccias, the minerals present in breccia matrixes are 

generally similar those seen in gold-bearing vein veins. These include varying 

proportions of quartz, carbonate, fluorite, sulfate minerals and pyrite. One or more of 

these minerals may predominate, but all are typically present in some amount. 

The most significant zone of hydrothermal breccias, in terms of their volumes and 

gold production, are those in the Ironclad/Globe Hill area. Trippel (1985) and Seibel 

(1991) have documented several stages ofbrecciation in the Ironclad and Globe Hill 

mines (fig. 1.3, 1.4). These include both hydrothermal breccias and tectonic breccias. 

According to Texasgulf reports, an estimated 300,000 ounces of gold were produced 

from the underground operations at Ironclad and Globe Hill, with an additional 187,000 

ounces produced from NERCO surface operations in the late 1980's and early 1990's. A 

significant amount of this gold was produced from hydrothermal breccias, including large 

masses of manganese-rich types. These have unique mineral and chemical characteristics 

that distinguish them from other styles of mineralization in the district, and are briefly 

described here: 
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Manganiferous hydrothermal breccias at Ironclad/Globe Hill; 

Manganiferous hydrothermal breccias are characterized by a pink matrix of 

rhodochrosite, fluorite and celestite with accessory pyrite and galena (fig. 5.25). 

Bastnaesite, thorite, sphalerite and LREE-enriched monazites are also common. 

Tellurides are present, and are widely distributed in the rhodochrosite-rich matrix. Altaite 

appears to be the most common telluride, but Au and Ag-rich telluride species have also 

been observed. Like other hydrothermal breccias, these contain monolithic to heterolithic 

clasts of wall rock supported by a matrix of hydrothermal minerals. The manganiferous 

breccias are distinguished firom other hydrothermal breccias, however, by the abundance 

of Mn-rich carbonate and celestite in their matrixes. Where unoxidized, they exhibit a 

distinctive pink matrix. 

The pink-matrix breccias at Ironclad/Globe Hill are only seen in deep drill core (e.g. 

drill hole 90DDH-8) and in deep exposures. In the near surface environment, the 

rhodochrosite + celestite + fluorite matrix is commonly oxidized to a dark, porous mass 

of black Mn-oxides (fig. 5.25). Sulfides are replaced by limonite, and feldspathic wall 

rocks and clasts are variably altered to assemblages of montmorillonite + illite + kaolinite 

+ Fe-oxides. Chalcedony and sulfates (supergene?) become abundant along fi-actures and 

in voids. These breccias are easily recognized in the field by their abundance of black, 

sooty manganese oxides (Fig. 5.25) with variegated black, orange and red colors. 

As described above, average grades of ~ 1.5 ppm Au were mined fi'om the Ironclad 

and Globe hill deposits (surface operations), with grades of > 45 ppm Au reported fi-om 

underground workings. Further description of the manganiferous breccia and other types 



271 

of hydrothermal breccias, including the voluminous anhydrite-rich breccias seen in the 

vicinity of Ironclad and Globe Hill are provided in Appendix T. 

Timing relationstiips amongst hydrothermal breccias 

Throughout the district, several consistent timing relationships are observed, 

suggesting that hydrothermal breccias are late features. Mineralized hydrothermal 

breccias clearly cut lamprophyres in several locations (fig. 5.24). Quartz-fluorite-pyrite 

breccias appear to be earliest, and are cut by manganiferous breccias at Ironclad-Globe 

Hill and in the Unity Breccia Pipe. In turn, manganiferous breccias are cut by anhydrite-

carbonate breccias in several locations. 

Timing relationships between alteration/mineralization and 
igneous rocks 

The timing relationship between gold mineralization and K-feldspar + pyrite 

alteration has been a source of controversy. High grade veins clearly cut lamprophyres, 

but several authors have proposed that large volumes of K-feldspar + pyrite alteration 

were at least partly developed during the earlier stages of magmatic evolution, and pre

date the lamprophyres intrusions (e.g. Fears et al, 1986; Pontius, 1992,1996). Oxidation 

and supergene alteration have obscured the timing relationships between hypogene 

alteration and lamprophyres in the near surface environment, making determination of 

this timing relationship difficult. Where lamprophyres have been encountered below the 

level of oxidation, however, K-feldspar + pyrite alteration and gold mineralization are 

clearly shown to cut lamprophyres (fig. 4.23). 
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Alternatively, Thompson et al. (1985), Burnett (1995), and Kelley et al. (1998) 

suggest that adularia was formed during the earliest stages of vein development, but was 

produced by relatively hot and saline fluids that preceded gold mineralization'These 

conclusions were based upon the observation that adularia is restricted to the outer 

margins of veins, and is not commonly seen in the veins themselves (examples are shown 

in fig. 5.1 and Plate XVIIb in Lindgren and Ransome, 1906). Considering the extremely 

low solubilities of aluminum in alkaline epithermal fluids, however, it is likely that 

aluminosilicate minerals could only form at the interface with wall rocks, where fluids 

had access to wall rock aluminum (calculated solubilities of aluminum in Cripple Creek's 

ore fluids are on the order of 10"^m). In this sense, the restriction of adularia to the 

margins of veins may not represent a timing relationship, but may be a consequence of 

fluid chemistry. 

It is notable that K-feldspar-rich styles of alteration are developed around veins with 

variable stages and sequences of mineral deposition. K-feldspar alteration has developed 

around veins rich in quartz, carbonate, sulfate, pyrite and any combination of these 

minerals. The development of this type of alteration does not appear to be restricted to a 

specific stage of mineralization, but appears to have widely developed during multiple 

stages of hydrothermal activity related to gold mineralization. Further discussion of key 

timing relationships between igneous and hydrothermal events is given in Appendix O. 

" High salinity fluid inclusions have been observed in Precambrian wall rocks in zones of 

mineralization, leading to speculation that early fluids were hot and highly saline. These inclusions, their 

distributions and interpretations are discussed in Chapter 3. 
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Placers 

Placer mining has taken place intermittently over the past century, although only 

minimal gold production has come from placer operations. Most placer production has 

come from the vicinity of Mineral Hill, north of Cripple Creek, where small scale 

operations continue there today. 

Considering the large size of the Cripple Creek gold deposit, placers are remarkably 

underdeveloped in comparison with other epithermal gold districts. At Cripple Creek, 

oxidation of gold-tellurides produces delicate, spongy native gold pseudomorphs of 

telluride crystals. These are dispersed in the weathering environment as extremely fine 

"flour gold" upon weathering, apparently inhibiting the formation of placers. 

Summary 

The Cripple Creek district is characterized by quartz poor styles of alteration and 

mineralization, rich in gold tellurides and a suite of accessory minerals that include 

fluorite, rare earth element phases, barite-celestite, tetrahedrite, and roscoelite. 

Mineralization is chiefly present in high-grade veins, hydrothermal breccias, and in lower 

grade, bulk tonnage deposits. Although most gold is contained within veins, gold is also 

present as disseminated grains of tellurides and electrum in K-metasomatized wall rocks 

adjacent to veins. >85% of historic production is from high-grade veins, but current 

production is from open pit mines in zones of high vein density, where metasomatic halos 

around veins coalesce to produce large volumes of hydrothermally altered and 

mineralized rock. 
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Vein paragenesis varies considerably across the district, but veins are generally 

characterized by thin seams of quartz, carbonate, fluorite, pyrite and barite-celestite 

deposited along fractures. Open space textures and euhedral crystals are common in 

veins, and indicate that many (most?) mineralized fractures were dilated during the 

process of mineralization. Textures indicating dissolution and replacement are also 

present, but are far less common. 

Although most attention has been paid to mineralized veins, large numbers of 

subeconomic and barren veins are present throughout the district. In many cases, these 

are cosmetically similar to mineralized veins, but differ in terms of their geochemical 

signatures. 

Alteration in wall rocks adjacent to veins is characterized by K-silicate + pyrite 

assemblages; K-feldspar is the dominant alteration product, but illite and carbonate 

become more important in mafic rock types and some Precambrian lithologies. 

Phlogopite and base metal minerals (sphalerite and galena) are present in deepest 

exposures, possibly indicating a transition to a higher temperature environment. 

Likewise, gold mineralization diminishes with depth, with ~75% of historic production 

from within 300 m of the surface, and only 5% from depths greater than 600m. 

Condemnation drilling beneath several of the most productive zones of mineralization 

has revealed less intense and more restricted volumes of veins and related alteration, and 

lower (subeconomic) gold grades. Biotite and base metal-rich styles of alteration also 

become more abundant at deepest levels of exposure. Some vein systems, however, such 

as those in the Ajax Mine, are mineralized over a vertical interval that exceeds 1000m. 
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In addition to high grade veins, mineralized hydrothermal breccias are present 

throughout the district. In many cases, veins and breccias are gradational, but other 

hydrothermal breccias show distinctive mineral assemblages and chemical signatures. 

These include a group of mineralized breccias particularly rich in manganese carbonate 

(rhodochrosite), fluorite and celestite. 

Throughout the district, cross cutting relationships demonstrate a post-lamprophyre 

timing for much (if not all) of the gold mineralization. 



Table 5.2: studies of vein paragenesis in the Cripple Creek district 

Stages of mineral depositions, Loughiin and Koschmann (1935) 
stage 1 stage 2 stage 3 
quartz quartz quartz 
fluorite fluorite pyrite 
adularia pyrite calcite 
pyrite carbonate cinnabar 

celestite fluorite 
tellurides chalcedony 
roscoelite 
galena 
sphalerite 
tetrahedrite 

Paragensis of Bobtail and Newmarket veins, after Dwelley (1985) 
stage 1 stage 2 stage 3 stage 4 stage 5 
quartz quartz quartz quartz quartz 
fluorite pyrite fluorite fluorite fluorite 
adularia sphalerite pyrite pyrite dolomite 
dolomite galena hematite rutile 
pyrite marcasite rutile calaverite 
marcasite chalcopyrite acanthite 

pyrrhotite 

Stages of mineral deposition, Cresson Mine, Saunders (1986) 
stage 1 stage 2 stage 3 stage 4 
pyrite quartz tellurides 
marcasite sphalerite 
hematite chalcopyrite 
dolomite precious metal 
sphalerite tellurides 
chalcopyrite 
quartz 

pyrite 
quartz 

Stages of mineral deposition, El Paso Mine, Lane (1976) 
stage 1 stage 2 stage 3 stage 4? 
adularia quartz quartz tellurides 

sphalerite fluorite 
galena barite 

sphalerite 

Stages of mineral deposition, Cresson Mine, Nelson (1989) 
stage 1 stage 2 stage 3 stage 4? 
adularia celestite quartz chalcedony 
quartz dolomite fluorite pyrite 
pyrite quartz celestite 
specularie galena tellurides 
marcasite sphalerite native gold 

fluorite 
pyrite 
chalcopyrite-fammatinite 

Stages of mineral deposition, Cresson Pit, Burnett (1995) 
stage 1 stage 2 stage 3 supergene 
adularia quartz 
biotite pyrite 
apatite sericite 
quartz barite 
pyrite rutile 
sericite dolomite 
hematite fluorite 

quartz 
pyrite 
sericite 
fluorite 
calcite 
tellurides 
native gold 

kaolinite 
geothite 

marcasite native gold chalcedony 
smectite 



Table 5.3; examples and paragenis of multi-stage veins 

Description 

Location Level Gross description Wall rock Alteration Vein name 

Mineralogy 

stage 1 St£ 

Portland 26 sample of *No 2* vein Brecciated Xgr? strong K-py; ftuorito-f smectite- No 2 
rosceliie? after plagioclase; vugs 
(after qz) filled by chalcedonic silica; 
Dvrite -f clavs after mafics 

Oter thin band of fine quartz •*- Band 
pyrite and 1 

gray 
auan 

Portland 26 Sulflde-base metal vein cutting phonolite dike pervasive K-py or orttioclase-py 
phonolite dike cutting dike 

Massive, fined grained Cent 
cartx>naia. pyrite. gray base cryst 
metat samples ± K-feldspar 

Portland Ooxtervein at contact between volcanic breccia tnetnseK-py D6Xt6r 
Tbxil and lamprophyre 

White quartz radiating upwards Yello 
rom wall rock trans 

Crssson ^ 3 Mineralized bowout from 1850 altered Intense K-py alteration f)as obscured 
stope lamprpohyre the idenity of the rock 

breccia 

Fine grained quartz and pyrite Coai 
pyriti 
soac 

CreSSOn y material' none Earty stage of white euhedral targe 
quartz rimmed by clear/grey inter 
quartz with grey base metals 
(oalena?). 

Ajax 20 Newmarket vein Xgr K-py around vein; limonite stained 
clays in plagioclase and mafic 
mineral sites 

nitial stage of quartz growth euh€ 
;euhedral crystals) topped by spac 
imonite oxides and tellurides 

Cresson ^ open space filling by ore stage Cresson breccia Pervaded by green clay (roscoelite?) 
mienralization cutting greon pyrite and fluorite 
Cresson Breccia (pervaded by 
roscoelite -f pyrite fiuorite 
alteration) 

Outer thin band ol white/pink Larg 
carbonate, some of which is next 
euhedral. some of which is cubf' 
botyoidal into 

and 
teliu 
bas4 
also 
crys 
dod 

Cresson *1 QQ Salittered, mineralized blowout Cresson breccia Intense K*py alteration 
and Phk 

Euherdal quartz growig into open fine 
space gra) 

Cresson "l 2 Mineralized Funeral Dike lamprpohyre Lamp is bleached and sullidized Funeral 
(srtong K-py alteration) 

white, euhedral quartz >» pyrite inte 
pyri 

Cresson *13 Replacement vein Combination of Intense K-py alteration; tluohte and 
PhK and Ibx roscoelite abundant in Ibx 

Pyrite Rn< 
inte 

Cresson 3 Hydrothermal matrix to Brecciated Intense K-py alteration 
brecciated porphyritic phonolite porphyritic 
(in Cresson pipe or along phonolite with 
margin?) abundant open 

space filled by 
hydrothermal 

minerals 

Outer halo of Pur 
pyrite+quartz+fluorite-fsphalerite 
(galena) 

Cresson *15 'Typical ore" Lbx Strong K-py Euhedral gray quartz growing gol 
into open space cal< 

qrc 

Cresson *15 sample of ore cutting aphanitic aphanitic intense K-py alteration accompanied 
phonolite breccia phonolite breccia by silicification and selective 

replacement of plagioclase by fluorite 

outer thin band of euhedral eul 
quartz and pyrite growing into like 
cavity 

Dante cinnabar ore from Dante Altered, Intense K-py alteration 

Collapse breccialedphk 
\ with open space 

Breccia between clasts 

Quartz * pyrite Flu 
(ct-
+ F 

Ajax 21 r vein cutting Xgr with virtually Xgr narrow selvage of sulfidation Mohican 
no alteration halo surrounds vein (<1/4*) 

Euhedral quartz growing toward Fk 
centeritno. Narrow selvage of an 
sulfides and roscoelite surround thr 
vein (<1/8") ro< 

se 
in 





}enis of multi-stage veins 

l/Vall rock Alteration Vein name 

Mineralogy 

Stage 1 Stage 2 Stage 3 Stage 4 ! 

Brecciated Xgr? strong K-py; fluorite + smectKe- fsJO 2 
roscelite? after plagioclase; vugs 
(after qz) filled by chalcedonic silica; 
Dvrite f ciavs after mafics 

Oter thin band of fine quartz + Band of gray quarts with fluorite at base White, euhedral quartz growing upward yellow-white chalcedonic quartz 
pyrite and iregularly disperesed throughout from gray quartz with lesser, lighter 

gray quartz; fine grained sulfides in gray cofored ftuorite 
Quartz 

phonolite dike pervasive K-py or orthoclase-py 
cutting dike 

Massive, fined grained Centerline fill by euhdral clear quartz 
cartx>nate. pyrite. gray base crystals growing into ope space 
metal samotes ± K-feidsoar 

i'Olcanjc breccia Inetnse K-py Dexter White quartz radiating upwards Yellow, euhedral quartz crystals, more Intergrowths of quartz and fluorite 
rom wall rock transparent than stage 1 

altered Intense K-py alteration has obscured 
iamprpohyre the idenily of the rock 

breccia 

Fine grained quartz and pyrite Coarse, ouhderal quartz fluorite -f 
pyrite (5-sided faces) growing into open 
space 

none Earty stage of white euhedral large, euhedral cubes of fluorite yellow chatcedonic silica and sulfate 
quartz rimmed by dear/grey intergrown with quartz blades, needles 
quartz with grey base metals 
(galena?). 

Xgr K-py around vein; limonite stained 
clays in plagioclase and mafic 
mineral sites 

Initial stage of quartz growth euhedral quartz growing into open Chalcedonic quartz 
(euhedral crystals) topped by space lined with limonite 
limonite oxides and tellurides 

Cresson breccia Pervaded by green clay (roscoelite?) 
pyrite and fluorite 

Outer thin band of white/pink Large slender crystals of quartz (clear) 
carbonate, some of which is next to. but rarely integrown with purple 
euhedral. some of which is cubic fluorite. Tellurides seen growing 
botyoidal into open space next to quartz crystals 

and intergrown with them. A few 
tellurides appear to be located at the 
base of the quartz crystals. Pyrite is 
also present growing next to quartz 
crystals, and appear to be 
dodecahedrai. 

Cresson breccia Intense K-py alteration 
and Phk 

Euherdal quartz growig into open fine grained quartz -f fluorite + pyrite fine grained 'snowball' carbonate; base 
space gray base metals metals also intergrown with carbonate 

lamprpohyre Lamp is bleached and sulfidized Funeral 
(srtong K-py alteration) 

white, euhedral quartz »> pyrite intergrowth of white quartz fluorite > atop and partially intergrown with stage 2 partially intergrown with stage 3 
pyrite (vuggy) quartz are euhedral cubes of lluorite, minerals are euhdral carbonate 

pyrite-sphalerite intergrowth (dolomite?) rhombs, which partially 
encapsulate and are intergrown with 
sphalerite > pyrite 

Combination of Intense K-py alteration; fluorite and 
PhK and Ibx roscoelite abundant in Ibx 

l^rite Rne grained quartz + fluorite * pyrite Euhedral quartz Cubic fluorite growing into open 
Intergrowths space with rhombs of carbonate and 

pynte * sphalerite intergrowths 

Brecciated Intense K-py alteration 
poiphyritic 

phonolite with 
abundant open 
space filled by 
hydrothermai 

minerals 

Outer halo of Purple stage of fluorite-t-quartz+pyrite White anhedral quartz with lesser quartz yellowish chalcedonic quartz 
pyrite-fquartz-t-fiuorite-fsphalerite 
(±galena) 

Lbx Strong K-py Euhedral gray quartz growing gold-tellurides. scalenohedrons of 
into open space calcite and whiteAan sulfate needles 

Qrowina on top of staqe 1 quartz 
aphanitic intense K-py alteration accompanied 

phonolite breccia by silicification and selective 
replacement of plagioclase by fluorite 

outer thin band of euhedral euhderal riiombs of calcite and needle-
quartz and pyrite growing into like and bladed crystals of clear sulfate 
cavity 

Altered, Intense K-py alteration 
brecciated phk 

with open space 
between clasts 

Quartz pyrite Fluorite cubes engulfed in fine silica Cinnabar 
(chalcedony) and 'snowball* carbonate 
* pyrite and occasional base metals(?) 

Xgr narrow selvage of sulfidation MohiCan 
surrounds vein (<1/4') 

Euhedral quartz growing toward Fluorite + quartz seen as certeriine fill, 
centerlme. (Harrow selvage of and as branches from centerline cutting 
sulfides and roscoelite surround through the stage 1 quartz arid wall 
vein (< 1/8*) rock. No discemable alteration halo 

seen surrounding fluorite tributary veins 
in wall rock 
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Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 

lartz with ((uorifo at base White, euhedral quartz growing upward yellow-white chaicedonic quartz 
isperesed throughout from gray quartz with lesser, lighter 
) grained sulfides in gray colored fluorite 

r euhdrai clear quartz 
) into ope space 

}l quartz crystals, more Intergrowths of quartz and fluorite 
n stage 1 

ral quartz •«- fluorite -f 
faces) growing into open 

cubes of fluorite yellow chalcedontc s>l>ca and sulfate 
quartz blades, needles 

z growing into open Chaicedonic quartz 
h limonite 

crystals of quartz (clear) 
efy integrown wth purple 
Tellurides seen growing 
e next to quartz crystals 
k with them . A few 
lar to be located at the 
artz crystals. Pyriteis 
rowing next to quartz 
ippear to be 

jartz 'f fluorite pyrite * fine grained 'snowball* carbonate; base 
tals metals also intergrown with cart>onate 

white quartz * fluorite > atop and partially intergrown with stage 2 partially intergrown with stage 3 
quartz are euhedral cubes of fluorite. minerals are euhdrai carbonate 
pyrite-sphalerite intergrowth (dolomite?) rhombs, which partially 

encapsulate and aro intergrown with 
sphalerite > pyrite 

:}uartz * fluorite + pyrite Euhedral quartz Cubic lluorito growing into open Rne grained. 
space with rhombs of carbonate and chaicedonic 
pyrite sphalerite intergrowths quartz 

of fluorile-»-quartz+r)yrite White anhedral quartz with lesser quartz yellowish chaicedonic quartz 

s, scalenohedrons of 
t)iteAan sulfate needles 
3P of stage 1 quartz 
mbs of calcite and needle-

ed crystals of clear sulfate 

}S engulfed in fine silica Cinnabar 
) and 'snowball* carbonate 
occasional base metals(?) 

lartz seen as certeriine fill, 
ches from centerline cutting 
stage 1 quartz and wall 
scemable alteration halo 
mding fluorite tributary veins 





Table 5.3 (con't); examples and paragenis of multi-stage veins 
j 

Location Level Gross description Wall rock Alteration Vein name Stage 1 Sts 

Anchoria 
Leiand 

1 Massive, multi-stage vein cutting 
porphyritic phonolite 

phk Strong K-py 1' dark gray band oMine grained 1/4'( 
silk^-t-pyrite forming microbreccia 
matrix around clasts and 
xenocrysts from phk 

Molly 
Kathleen 

10 'Silver ore from Molly Kathleen 
10' 

none Molly Kathleen white/pink carbonate black 

Gold King 9 Sample of Queen Bess vein; 
looks like a quartz-fluorite 
hydrothenDal breccia; Brecciated 
mass of phonolite engulfed in 
quartz-fluorite-pyrite matrix 

Porphyritic 
phonolite 

strong K-py alt Queen Bess Early dark fluorite-fquartz-t-pyrile Latei 
grow 

Molly 
Kathleen 

8 Rhoctocrosite matrix breccia True syenite 
(coarse, 

phaneritic 
phonolite) 

Silver (Gold 
King?) vein 

Pyrite and sphalerite Rho< 
yrite 

Molly 
Kathleen 

10 Rhodocrosite vein with narrow 
alteration halo 

phk Narrow sulfiation/bleaching cutting K-
sp (bio stable) alteration 

Silver Rhodocrosite (massive and 
anhedral) 

Blad 
with 

Eagles 21 21 Ore from side of Fmdiey Dike Glassy K-feldspar * pyhte alteration Findley Euodral adularia py + 
teliu 

Cameron 8 High grade vein cutting pC? Xgr or altered 
schist? (highly 

altered pC) 

wfYite adularia (pink igneous K-
feldspar); quartz stable; smectite x 
roscoelite (plagioclase); pyrite-t-
smectite (mafics); disseminated 
galena and sphalerite near vein 

euhedral quartz brigl 
quai 

Hull City 6 Quartz teliuride vein cutting 
Tbxil 

TbxIL Strong K-py alteration Euhedral tellurides growing into 
open space atop a thin file of 
quartz 

colli 
blot 
with 
SUlf: 

Hull City 9 Dolomite vein cutting TbxIL TbxlL Intense K-py Dolomite with sparse sulfides yell< 

Carlton 
Drainage 
Tunnel 

31 Multi-stage quartz vein along 
contact between aphanitic 
phor}oi(td dike and porphyritic 
phonolite wall-rock 

Contact between 
porphyrtic 

phonolite and 
aphanitic 

phonolite dike 

inetnse K-py alteration with incipient 
silicification in phk. Darke, steeel-
gray color in aphanitic phonolite dike 

Outer thin band of fine grained 
qartz and pyrite 

bas 
opv 
witf 
gra 

Index 5 C03-zinc tead vein in blcx:k 8 Highly altered 
breccia 

Glassy K-feldspar * pyrite alteration 
(?) 

Galena and other base metals 
(?) 

Ca 
pyr 

Index 5 5 Multi-stage, rhodocrosite vein 
cutting granite (Ycc) 

Ycc white adularia (pink igneous K-
feldspar); quartz stable; 
fluorite+smectite (plagioclase); 
pyrite-f smectite (mafics) 

Gilbert Quartz + fluorite + pyrite Ba 
lati 

Index 5 sameas41-K-89a Rhodocrosite + galnea *• pyrite qu 

Ajax 23 Newmarket Vein on 2302 drfit. 
Ajax mine 

Xgr Narrow selvage (2/3') of 
sulfidation/bleaching surrounds 
Newmarket vein 

Newmarket Fine pyrite * quartz Eu 

El Paso 9b Pyritic base voin cutting granitoid altered foliated 
granitoid 

white fledspar after pink igneous 
fledspar, serk:ite * pyrite aftem 
plagioclase. quartz stable; 
Dvrite-K:lav after manes 

euhedral, slender quartz crystals Lc 
intergrown with pyrite > 

SL 

Vindicator 4 High grade vein from Vindicator 
4 

Fine grained 
TbxlL 

Glassy K-py alteratin White, euhedral quartz grains 
radiating from wall rock 

G 
in 
(n 





id paragenis of multi-stage veins 
Wall rock Alteration Vein name Stage 1 Stage 2 Stage 3 Stage 4 

phk strong K-py 1' dark gray band of fine grained 1/4' quartz pyrite sphalerite (black) 
silica+pyrite forming microbreccia 
matrix around cEasts and 
xenocrysts from phk 

1 * of vuggy, white quartz with lesser 
pyrite 

yellow, chalcedonic silica 

none Molly Kathleen Mt)ite/plnk cart}onate blackjack sphalerite pink cartTonate with galena inclusions hairtine pyrite * sphalerite vetnlets 

Pofphyritic 
phonolite 

strong K-py alt Queen Bess Early dark fluorite-Kjuartz-t-pyrite Later white euhdral bands of quartz 
growing into open spaces 

True syenite 
{coarse, 

phaneriHc 
Dhonolite) 

Silver (Gold 
King?) vein 

Pyrite and sphalerite Rhodocros'te>sphalorite>pyrite>chatcop 
yrite 

phk Narrow sulfiation/bleaching cutting K-
sp (bio stable) alteration 

Silver Rhodocrosite (massive and 
anhedral) 

Bladed yeilow-pink cart>onate intergrown 
with spahlerite and galena -t- pyrite 

Glassy K-feldspar + pyrite alteration Findley Euedral adularia py -f grey minerals (either tetrahedrite or 
tellurides • see XRO sample} 

Xgror altered 
schist? (highly 

altered pC) 

white adularta (pink igneous K-
feidspar); quartz stable; smectite t 
roscoelite (plagioclase); pyrite-t-
smectite (mafics); disseminated 
galena and sphalerite near vein 

euhedral quartz bright silver tellurides grown on top of 
quartz crystals 

•R))ctL Strong K-py alteration Euhedra) tellurides growing into 
open space atop a thin file of 
quartz 

colliform quartz as small sphere and 
blobs coating telluride crystals along 
withwhite Ca-carboate and possibly 
sulfate minerals 

TbxIL Intense K-py Dolomite with sparse sulfides yellow, chalcedonic quartz 

Contact between 
porphyrtic 

phonolite and 
aphanitic 

phonolite dike 

inetnse K-py alteration with inciplant 
silicification in phk. Darke, steeel-
gray color in aphanitic phonolite dike 

Outer thin band of fine grained 
qartz and pyrite 

base of quartz»>fluorite growing 
opward into daric gray anhedral quartz 
with fine disseminations of pyrite and 
gray base metals 

white quartz, fine grained at base, 
growing upwards into euhedral 
terminated equant quartz crystals. Gray 
metallic minerals are seen encapsulated 
at base of growth, and near terminations. 
Both pyrite and gray base metals are 
seeen. All sulfides are a very minor 
component, however 

Highly altered 
breccia 

Glassy K-feldspar + pyrite alteration 
(?) 

Galena and other base metals 
(?) 

Cart>onate with quartz(?) -fgalena 
ovrite 

Yellow sphalerite 

Ycc white adularia (pink Igneous K-
feldspar); quartz stable; 
fluorite+smectite (plagioclase); 
pyrite-f smectite (mafics) 

Gilbert Quartz + fluorite pyrite Base metals (gn *• si) + py with slightly 
later MnC03 

Qz R -f tine pyrite (somo quartz and 
fluorite are euhedral) 

White cartxinate ••• pyrite 

Rhodocrosite * galnea + pyrite quartz ^ fluorite * galena + pyrite white carbonate 

Xgr Narrow selvage (2/3') of 
sulfidation/bleaching surrounds 
Newmarket vein 

Newmarket Fine pyrite + quartz Euhedral quartz growing into vein anhedral greay quartz, cubic lluorito 
intergrowths with blades of barito(?). 
gold tellurides and traces of pyrite 

Gray quartz > fluorite with telluride 
growing upward into open space 

d altered foliated 
granitoid 

white fledspar after pink igneous 

fledspar. sericile pyrite attem 

plagioclase, quartz stable; 

Dvrite-fclay after mafics 

euhedral. slender quartz crystal: 
intergrown with pyrite 

Largo black sphalerite crystals » pyrite 
> white, soft minerals (carbonate + 
sulfate?) 

Dodecahedral pyrite grains with lessser 
sphalerite and sulate crystals growing 
into open space. 

Fine grained 
TbxIL 

Glassy K-py alteralin White, euhedral quartz grains 
radiating from wall rock 

Grey euhedral quartz atop stage 1. 
intergrown with oxidized tellurides 
(native gold and limonlte after tellurides). 
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i 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 

1z pyrite sphalerite (black) 1' of vuggy. white quartz with lesser yellow, chalcedonic silica 
pyrite 

I sphalerite pink cartxsnate with galena inclusions hairiine pyrite + sphalerite veinlets 

ite auhdral bands of quartz 
into open spaces 

o$ite>sphal6tite>pyrile>chalcop 

ellow-pink cartsonate intergrown 
ileiite and galena * pyrite 

f minerals (either tetrahedrite or 
- see XRD sample) 

/er tellurides grown on top of 
ystals 

quartz as small sphere and 
ating telluride crystals along 
> Ca-cart>oate and possibly 
»nerals 
halcedonic quartz 

]uartz»>fluorite growing 
nto dark gray anhedral quartz 
disseminations of pyrite and 
e metals 

white quartz, fine grained at base, 
growing upwards into euhedral 
terminated equant quartz crystals. Gray 
metallic minerals are seen encapsulated 
at base of growth, and near terminations. 
Both pyrite and gray base metals are 
seeen. Ail sulfides are a very minor 
component, however 

ite wiUi quar1z(?) -t-galena •• Yellow sphalerite 

itals (gn * si) py with slightly Qz R fine pyrite (some quartz and White cart>onalo -t- pyhte 
303 fluorite are euhedral) 

Very fine grained Coarse grained Euhedral quartz chalcedonic silica 
quartz and pyrite quartz and fluorite and dark fluorite coaling stage 7 
with an outer rim with an outer rim growing into opon quartz + fluorite 
of fluorite of grey base space 

metals (galena?) 

fluorite * galena pyrite white carbonate 

il quartz growing into vein anhedral greay quartz, cubic fluorite Gray quartz > fluorite with tellurides Euhedral. equant 
Intergrowths with blades of barite(?). growing upward into open space grains of quartz 
gold tellurides and traces of pyiite and cubes of 

fluorite atop gray 
quartz from stage 
4 

ack sphalerite crystals » pyrite Dodecahedrai pyrite grains with lessser 
soft minerals (carbonate * sphalerite and sulate crystals growing 
) into open space. 

hedral quartz atop stage 1, 
Am with oxidized tellurides 
)old and limonite after tellurides). 





Table 5.3 (con't); examples and paragenis of multi-stage veins 
Location Level Gross description Wall rock Alteration Vein name Stage 1 Sta 

Ajax 21 quartz telluride vein cutting Xgr Xgr rsulfidation halo surrounds vein Newmarket hin band of pyrite+quartz at 
margin of wall rock 

band 
forms 
radlati 
lluoriti 
neart 
interg 

Ajax 23 Fluorite-stibnite vein cutting Xgr Xgr Thin band of sulfidation, belaching 
immediately adjacent to vein 

Outer band of quartz, fluohte. 
stibnite and lesser pyrite 

Band 
into 01 
stibnil 
but ai 
basal 

Orpha May 13(?) Phk cut by vugy pink carbonate-
base metal vein 

Phk Pe/vsive K-py alt with incipient 
bfeachlng and oxidation 

Pikes Peak Pink carbonate white, 
open 
metal 

Orpha May 6 Ouartz tetrahedrite vein cuttng 
porphyritic phonolite 

phk strong K-py Pikes Peak Discontinuous thin band of dark 
suliftdes and quartz (including 
tetrahedrite?) 

Band 
brass 
and c 

Orpha May 11 sample of 'basalt vein' where it 
cuts phonolite 

Phk strong K-py "Basalt vein" Rne grained intergrowth of 
fluorit, quartz and pyrite (purple 
mass) 

grad( 

quart 

tenrnl 

Rafte 
in tx) 

Orpha May 10 Partially oxidized stibnite, 
slibnlkonite (?) quartz veins 
cutting pink, (ine-grained breccia 

breccia Pink color in breccia may be 
inherited from K-sp alteration or 
incipient oxidation 

Mud vein Euhedral quartz and stibnite 
growing outward in stellated 
masses 

Fine 
bladf 
plac( 

Orpha May 13 Massive fuorite+pyrite vein 
cutting 

phk strong K-py alteration 2* of fluorite quartz + pyrite + 
white/pink sulfate intergrowths 
(dark purple) 

Clea 

Logan 5 celestite crystals and oxidized 
sulfides in vugs in phk, pyrite in 
phk 

phk Strong K-py alteration Euhedral, orthrombic. bfue 
celestite crystals growing into 
ooen space. 

Coal 

El Paso 7 High grade quartz-telluride vein none Intersection of El 
Paso and 

Tilfery(?) veins 

quartz + calverite fluor 

Ophelia 
Tunnel 

"Gold ore" Quartz + pyrite intense K-py with silicification 
matrix 

hydrothermal 

breccia with clasts 

of phk and pC cut 
by quartz fluohte 

veins 

Outer, thin, segmented halo of 
roscoelite 

quai 
basi 
at la 

Vindicator 21 Massive fluohte vein described 
as hiqh qrade ore 

none Dark purple fluorite + pyrite ± 
Quartz 

Euti 

Ada Bell 4 Oxidized quartz-fluorite viens 
coated with cinnat)ar 

Tbxll Strong K-py alt Quartz fluorite ± pyrite (now 
limonite 

Cini 

Mary 
Nevin(?) 

1 fluorite and qz vein in stope 
cutting aphanitic phonolite 

aphanitic 
phonolite 

Intense K-py Ojter band of white quartz 
radiating from wall rock; 
occasional grains of galena at 
base of veins 

Eut 
gro 

Mary Nevin 1 1 Qz-ft-stibnite vein cutting 
phonolite 

aphanitic 
phonolite 

intense K-py alteration thin band of pyrite+quartz at 
margin of wall rock 

thir 
up\ 
cry 

Mary Nevin 1 1 Silver veins on level 1 at contact 
between phonolite and pC 

Contact between 
phonolite and 
Precambrian 

granitoid 

Pervasive K-py aitoration Outer band of white quartz 
radiating from wall rock 

Inn 
witi 

Chicken 
Hawk 

6 Porous quartz/sutfide vein cuttinc 

phonolite: part of 'rubblo-like' 

mass part of Unity Breccia pipe 

phk intense K-py alteration Outer thin film of gray sulfides > 

pyrite + quartz 
Vu 





d paragenis of multi-stage veins 
Vail rock Alteration Vein name Stage 1 Stage 2 Stage 3 Stage 4 

Xgr 1 * suifidation halo surrounds vein NGWmarket hin band of pyrite-t-quartz at band of white quartz (sometimes clear) Clusters of clear euhedral quartz crystals Chalcedonic quartz 
margin of wall rock forms continuous band of crystals growing Into open space from vein 

radiating away from v^ll rock. Traces of 
fluorite are seen. Tellurides are seen 
near top of the quartz. Pyrite is 
Intergrown witii quartz 

Xgr Thin band of suifidation, belaching 
immediately adjacent to vein 

Outer band of quartz, fluorite. Band of white, euhedral quartz growing 
stibnite and lesser pyrite into open space. Occasional blades of 

stibnite are seen intergrown with quartz, 
but are much less abindant than in the 
basal quartz, fluorite. pyrite stage. 

Phk Pen/sive K-py alt witfi incipient Pikes Peak 
bfeacfiing and oxidation 

Pink carbonate white, euhedral cartjonate growing into 
open space and intergrown with base 
metal sulfides (sphalerite) 

phk strong K-py Pikes Peak Discontinuous thin band of dark Band of euhedral white quartz with gray- Euhedral smoky quartz growing into 
suurides and quartz (including brass suindes with trangular facted faces open space 
tetrahedrite?) and a blood red streak (tetrahedrite) 

Phk strong K-py "Basalt vein" Fine grained intergrowth of grades upward Into white, euhedral White kaolin-silica intergrowths 
fluorit, quartz and pyrite (purple quartz with lesser fluorite (cubes), with 
mciss) terminations growing into open space. 

Rafted pieces of wall rock encapsulated 
in both stages of mineralization 

breccia Pink color in breccia may be Mudvein 
inherited from K-sp alteration or 
incipient oxidation 

Euhedral quartz and stibnite Fine grained, chalcedonic silica coating 
growing outward in stellated blades of earlier formed stibnite: In 
masses places the silica >ooks like jasperoid 

phk strong K-py alteration 2' of fluorite m quartz + pyrite Clear, euhedral quartz * pyrite growths supergen6(?) clay 
white/pink sulfate Intergrowths 
(dark ourolG) 

phk Strong K-py alteration Euhedral. orthrombic. blue Coated by iimonite crystals, 
celestite crystals growing into 
open space. 

none Interseclion of El 
Paso and 

Tilfery(?) veins 

quartz calverite fluorite cubes 

Quartz + pyrite Intense K-py with silicification 
matrix 

hydrothermal 
breccia with clasts 
of phk and pC cut 
by quartz fluorite 

veins 

Outer, thin, segmented halo of quartz + fluorite with clavarite crystals at 
roscoelite base (adjacent to wall rock), and pynto 

at later stages of deposition 

none Dark purple fluorite * pyrite t Euhedral quartz chalcedonic silica 
quartz 

Tbxil Strong K-py alt Quartz fluorite ± pyrite (now Cinnabar 
Iimonite 

aphanitk: Intense K-py 

phonolite 

Outer band of white quartz Euhedral clear quartz and fluorite cubes 
radiating from wall rock: growing atop of stage 1 quartz 
occasional grains of galena at 
base of veins 

aphanitic intense K-py alteration 
phonolite 

thin band of pyrite+quartz at thin band of white quartz, growing thick band of gray quartz (containing fine euhedral fluorite>quartz growing into 
margin of wall rock upward into euhedral gray quartz disseminated pyrite) intergrown with long open space 

crystals. (up to 2cm) bladed stibnite crystals 

Contact between Pervasive K-py alteration 
phonolite and 
Precambrian 

granitoid 

phk intense K-py alteration 

Outer band of white quartz Inner halo of greay quartz Intergrown Inner halo of clusters of ehedral quartz 
radiating from wall rock with tellurides and possibly base metals cyrstals growing into open space v^th 

baldes of sulfates 

Outer thin film of gray sulfides * Vuggy mass of quartz and pyrite thin veil ot chalcedonic silica 
pyrite + quartz 
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Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 

quartz (sometimes clear) Clusters ot clear euhedral quartz crystals Chalcedonic quartz 
ous band of crystals growing into open space from vein 
/ from wall rock. Traces of 
en. Tellurides are seen 
e quartz. Pyriteis 

quartz 

. euhedral quartz growing 
ce. Occasional blades of 
)en intergrown witt) quartz, 
less abindant than in the 
fluorite, pyrite stage. 

ai cart>onate growing into 
nd Intergrown with base 
i (sphalerite) 
dral white quartz with gray- Euhedral smoky quartz growing into 
i with trangular facted faces open space 
ed streak (tetrahedrite) 

"d into white, euhedral White kaoiin-silica intergrowths 
sser fluorite (cubes), with 
growing into open space. 
i of wall rock encapsulated 
5 of mineralization 

chalcedonic silica coating 
lier formed stibnite; in 
ica looks like jasperoid 

ral quartz + pyrite growths sup6rgene(?) clay 

lonite crystals. 

ite with cJavarite crystals at 
nt to wall rock), and pyrite 
IS of deposition 

chalcedonic silica 

ar quartz and lluorito cubes 
»of stage 1 quartz 

white quartz, growing thick band of gray quartz (containing fine euhedral lluorite>quartz growing into 
euhedral gray quartz disseminated pyrite) intergrown with long open space 

(up to 2cm) bladed stibnite crystals 

f greay quartz intergrown Inner halo of clusters of ehedral quartz 
s and possibly base metals cyrstals growing into open space with 

baldes of sulfates 

I of quartz and pyrite thin veil of chalcedonic silica 





Table 5.3 (con't); examples and paragenis of multi-stage veins 
Location Level Gross description Wall rock Alteration Vein name Stage 1 Stf 

Strong Mine 4 High grade vens cutting Xgr Xgr Alteration is much more intense in 
these exposure than is in the lower 
levels fo the syste (Ajax deep levels); 
K-feldspar and quartz are stable, but 
plagioclase is altered to green 
ciaystsericite; biotite replaced by 
pyrite, sericite and leucoxene 
throughout rock. High grade vines 
ahve stockwork -like appearance 

Thin bands of gray anhedral Euhc 
quartz with fine pyrite oper 

and 1 
aduli 
tellui 

Ajax 23 Newmaket vein cutting Xgr Narrow (<r)suiridation/belaching Newmarket 
halo surrounds vein (1/4* thick vein); 
along silica + pyrite veins, 
plagioclase is converted to pyrite *• 
clay, pink orhtoclase (magmatic 
fiedspar) is replaced by wtiite. 
secondary feldspar. Pyrite replaces 
biotite in mafic mineral sites 

Outher. thin halo of fine grained Rad 
ntergrowth of pyrite and quartz ± grov 
roscoelite; also forms thin upw 
microveinlets branching off from of m 
the main Newmarket vein, but teliu 
does not cut across stages 2-4 loca 

quai 
quai 
stag 

El Paso 93 grade gold vein cutting Aphanitic Glassy K-alt 
phonolite dike(?) phonolite 

Fine grained quartz and pyrite, Whi 
very dark, thin bands ope 

crvs 
drill sample Altered pC(Xgr) adjacent to Xgr Sulfidiation of mafics, and weak Newmarket 
DDU-2'243- lamprophyre, Newmarket Vein lightening of rock's color: red color 

system remains intact; laced with thin 
245 quartz/pyrite veins 

outer hairiine qz+fine pyrite Whi 

drill sample High grade qt^artz vein cutting Xgr Roscoelite 4-pyrite after mafics; 

DDU-2-280- bleaching surrouding voins 

281 

Outer halo fo Quartz + pynte + Op< 
tellurides cry< 

drill sample Vhalo of altered Xgr adjacent to Xgr Rock is bleached, and all matics 

DDU-2*303- phonolite dike have been sulfidized; quartz * 
sulfide veinlets throughout 

304 

Outer halo of anhedral quartz + Opi 
pyrite pyr 

drill sample Altered Xgr adjacent to Xgr Mafics and plagioclse replaced by 
DDU-3-62 5- lamprophyre dike rosoelite. carbonate, pyrite. 

leucoxene and clays adjacent to vein 
63.5 

Quartz * pyrite ± adularia(?) car 

drill sample Vuggy quartz + pyrite -f calcite Xgr Mafics and plagioclse replaced by 
AM-10-676 vein cutting Xgr rosoetite, caftjonate. pyrite. 

leucoxene and clays adjacent to vein 

Quartz + pryite vein with bladed Lai 
pyrite crystals 

drill sample High grade vein cutting xgr Xgr Mafics and plagioclse replaced by 

AM-10-662 rosoelite. cartranate. pyrite. 
leucoxene and clays adjacent to vein 

Outer, thin film of quartz * pyrite Wl 





and paragenis of multi-stage veins 
n Wall rock Alteration Vein name Stage 1 Stage 2 Stage 3 Stage 

Xgr Alteration is mucti more intense in 

these exposure than is in the lower 
leveis fo the syste (Ajax deep levels); 
K-leidspar and quartz are stable, but 
ptagiociase is altered to green 
claysisericite; biotite replaced by 
pyrite, sericite and ieucoxene 
throughout rock. High grade vines 
ahve stockworK -Wke appearance 

Thin bands of gray anhodral 
quartz with fine pyrite 

Euhedrai quartz crystals growing into 
open space alongside teiiuride crystals 
and spectacular aduiaria crystals. Some 
aduiaria crystals are intergrown with 
tellurides. 

Narrow (<1 *) sulfidation/belaching 
halo surrounds vein (1/4' thick vein): 
along silica + pyrite veins, 
plagioclase is converted to pyrite 
clay, pink orhtoclase (magmatic 
fledspar) is replaced by white, 
secondary feldspar. Pyrite replaces 
biotite in mafic mineral sites 

Newmarket Outher, thin halo of fine grained Radiating masses of white quartz 
intergrowth of pyrite and quartz ± growing aw/ay from wall rock, grading 
roscoelite; also forms thin upwards into greay quartz (whole stage 
microveinlets branching off from of mineralization about 1/4* thick). Gold 
the main Newmarket vein, but 
does not cut across stages 2-4 

teiiuride most abundant in this stage, 
located both along the base of the 
quartz band and intergrown with the 
quartz. Little or no pyrite present in this 
stage of mineralization. 

Euhedrai quartz intergrown with cubes of 
purple fluorite. TTiis stage also contains 
tellurides. intergrown with (he early 
stages of mineral growth. Late 
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very dari(,thin bands 

White, euhedrai quartz growing into 
open space topped by bladed teiiuride 
crystals 

chalcedonic quartz: some of which forms 
concentric rings around teiiuride crystals 

Xgr Sulfidiation of mafics, and weak 
lightening of rock's color, red color 
remains intact; laced with thin 
quartz/pyrite veins 

Newmarket outer hairline qz-t-fine pyrite White, anhedral quartz vinth terminations euhedrai quartz crystals growing into 
open space. 

Xgr Roscoelite pyrite after mafics; 
bleaching sunrouding veins 
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tellurides 

Open space Tilling by tabular shaped 
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sulfide veinlets throughout 
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pyrite pyrite 

Xgr Mafics and plagioclse replaced by 
rosoelite. carisonate. pyrite. 
Ieucoxene and clays adjacent to vein 

Quartz + pyrite ± adularia(?) carbonate 

Xgr Mafics and plagioclse replaced by 
rosoelite, carbonate, pyrite. 
Ieucoxene and clays adjacent to vein 

Quartz * pryite vein with bladed Later stage of euhedrai calcile 
pyrite crystals 

r Xgr Mafics and plagioclse replaced by 
rosoelite. carbonate, pyrite. 
Ieucoxene and clays adjacent to vein 

Clear, anhedral to euhedrai quartz 





280 

stages Stage4 Stage 5 Stage6 Stage? Stage 8 

rtz crystals growing into 
longside telluride crystals 
lar adutaria crystals. Some 
i\s are intergrown with 

sses of white quartz Euhedral quartz intergrown with cubes of 
from wall rock, grading purple fluorite. This stage also contains 

greay quartz (whole stage tellurides. intergrown with the early 
ion about 1/4* thick). Gold stages of mineral growth. Late 
abundant in this stage. dodecahedrai pyrite grows on lop of the 
along the base of the euhedral quartz and lluohte 
ind intergrown with the 
or no pyrite present in this 
ralization. 

ral quartz growing into chalcedonic quartz; some of which forms 
3pped by bladed telluride concentric rings around telluride crystals 

Iral quartz with terminations euhedral quartz crystals growing into 
open space. 

rilling by tabular shaped 
h are soft (celestite?) 

Tiiling by quartz * fluorite * 

3f euhedral calcite 

drai quartz + pyrite Clear, anhedral to euhedral quartz 





281 

Portland Mine 

white quartz 
+ tellurides 

covered by thin 
veil of yellow 
chalcedony 

Figure 5.1: Examples of mineralized veins from the Cripple Creek district. Top: photo of 
carbonate + fluorite vein with abundant gold telluride minerals (slender metallic minerals) 
cutting porphyritic phonolite with intense K-feldspar + pyrite alteration (gray color) in 
Portland Mine. Bottom: quartz-telluride vein with two stages of silica deposition; an early 
stage of white, milky quartz capped by telluride minerals, and a later stage of chalcendony. 
This vein is cutting a phonolite dike(?) with intense K-feldspar + pyrite aheration (gray) 
on the 9th level of the El Paso Mine. 
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tellurides 

stages of quartz 
deposition 

Figure 5.2: characteristic appearance and typical scales of mineralization in the near surface environment. 
Top: Example of typical high-grade quartz-telluride vein from the vicinity of the Howard Mine; shown is a 
thin seam of quartz with gold telluride minerals. Many high grade veins in the district are characterized by 
thin seams of quartz that are only a few millimeters to centimeters wide. Bottom: Swarms of quartz-fluorite-
pyrite-telluride veins and veinlets cutting pophyritic phonolite with intense K-feldspar + pyrite alteration 
(note scribe for scale). This boulder shows a typical appearance of mineralization in the near surface 
environment; swarms of thin quartz seams with variable fluorite, pyrite, and carbonate minerals enveloped 
by intense K-feldspar + pyrite alteration in the adjacent wall rocks (steel gray color). The inset photo shows 
crystals of native gold and limonite pseudomorphing oxidized telluride minerals. 



Figure 5.3: Additional styles of mineralization. 

Vug in lamprophyre filled by quartz, roscoelite (dark green), pyrite, and gold 
tellurides (long, slender crystals). The lamprophyre is strongly altered to K-feldspar 
+ carbonate + illite + pyrite (gray color). 

Example of mineralized hydrothermal breccia from the Unity breccia pipe. 
Shown is a fluorite-quartz-carbonate-gold telluride matrix supporting clasts 
of aphanitic phonolite with intense K-feldspar+pyrite alteration (gray). The 
metallic minerals at the end of the scribe are tellurides. 
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Figure 5.4: Examples of mineralization and alteration in Precambrian rocks. 

Typical mode of occurrence of high grade veins in Precambrian rocks; this sample shows the X-10-
U-8 vein as intersected by drill hole AN-3, representing one of the deepest veins exposed by drilling. 
The steel scribe points to a telluride crystal amidst a vein of quartz (yellow and white) and fluorite. 
The surrounding wall rock (1.6 Ga alkali feldspar granite) is strongly altered to K-feldspar + pyrite + 
carbonate (gray), with remnant pink grains of igneous K-feldspar. 

Characteristic styles of alteration and mineralization developed in Precambrian rocks; this 
sample of Precambrian alkali feldspar granite exhibits evidence for quartz leaching in the form of 
vugs, and subsequent K-feldspar + pyrite alteration (gray color). Crystals of adularia, quartz, pyrite 
and carbonate fill cavities have replaced mafic minerals and plagioclase. (A31-30-127). Rocks with 
this type of texture have been historically referred to as "bug hole granites". 
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SEM (BSE) image of quartz-pyrite veins with telluride minerals 
qz vein in lamprophyre qz vein in phonolite 

calaverite 

carbonate minerals with tellurides 
in wall rock along margin of high grade vein 

100 |im 

Figure 5.5: SEM (electron backscatter) images of high grade veins. Top left: typical style of high grade 
mineralization seen in lamprophyres; thin veinlets of quartz with gold telluride crystals cut lamprophyre with 
intense carbonate + K-feldspar + pyrite adjacent to veins; euhedral crystals of carbonate commonly line the 
walls of quartz veins in lamprophyres. Top right: typical style of mineralization in phonolites; quartz-calaverite 
vein cutting porphyritic phonolite with intense K-feldspar + pyrite alteration adjacent to vein (see also fig. 
5.6). Euhe^al-subhedral crystals of adularia line the interface between vein material (quartz) and wall rock 
(aluminosilicate minerals). Bottom: Margin of high grade vein cutting lamprophyre; shown are crystals of 
sylvanite intergrown with carbonate and pyrite in the wall rock adjacent to vein. 

Mineralization and alteration in lamprophyres tends to be richer in carbonate minerals, while adularia 
dominates alteration assemblages in phonolitic rocks (see fig. 5.6). 



Figure 5.6 

Alteration surrounding a quartz-telluhde-roscoelite vein in lamprophyric rocl< (Cresson Pipe) 

Styles of mineralization alteration in lampropliyres: SEM (electron backscatter) images of alteration surrounding a quartz+telluride+roscoelite vein 
cutting lamprophyre. Shown are images from the center of the vein (far left), margin of the vein (middle left), wall rock - I cm from the vein (middle 
right), and wall rock ~5 cm from vein (far right). These images show typical scales and gradations seen in alteration assemblages in lamprophyres; roscoelite 
rosettes and telluride crystals are developed inside the vein, while euhedral carbonate (and in other places, adularia) has grown into the vein from the wall 
rocks. Likewise, the wall rocks immediately adjacent to the vein are strongly altered to K-feldspar and carbonate (dolomite-ankerite). A distal halo of pyrite 
is developed along the margin of the K-feldspar + carbonate zone, which grades outward to K-feldspar + illite + carbonate+ pyrite assemblages. As seen 
on the far right, carbonate has replaced mafic mineral phases, with K-feldspar + illite being strongly developed in the groundmass. 

Alteration surrounding telluride-bearing quartz veins in ptionolitic rock (East Cresson deposit) 

Calaverite 

SEM (electron backscatter) images of alteration surround a single-stage quartz+telluride vein cutting porphyritic phonolite rocks in East Cresson. Quartz-
telluride veins in phonolites are typically enveloped by alteration halos of K-feldspar + pyrite. Minor illite and carbonate are also present, tj^ically 
becoming more abundant away from veins. This particular alteration halo extends for 3-5 m outward from a slockwork zone of quartz + telluride veinlets oo 
in the east Cresson deposit. 



287 

calaverite 

Pyrit( 

K-feldspar (gray) 

-150um-

Calverite between two pyrite grains in 
porphyritic phonolite. The pyrite and calaverite 
grains occupy a former mafic mineral site. The 
homogenous gray material surrounding the 
pyrite and telluride minerals is hydrothermal 
K-feldspar, which has replaced the original 
igneous feldspars. 

pyrite 

calaverite 

pyrite / 
Ce-Monazlte 

K-feldspar (gray) 

K-feldspar (gray) 

calaverite 

quartz vein 

Calverite encapsulated within pyrite grain in altered 
porphyritic phonolite, Cresson deposit. The pyrite 
and calaverite are developed within a broad zone of 
K-feldspar + pyrite alteration in the phonolite. 

Calaverite, chalcopyrite and coloradoite 
encapsulated by pyrite in quartz vein cutting 
porphyritic phonolite. The phonolite adjacent 
to the vein exhibits intense K-feldspar + pyrite 
alteration. 

coloradoite , 
chalcopyrite 

Figure 5.7: Examples of "disseminated" gold occupying former mafic minerals sites in zones of K-feldspar + pyrite alteration. 
Samples are from altered and mineralized phonolites from the Cresson deposit. 
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SEM (BSE) image of mineralized wall rock samples adjacent to gold veins 

distributed gold in ptionolite 
(occupying former mafic site) distributed gold in lampropliyre 

calavor i to  

Sli-tcllurides 

cloctruni 

Au in carbonate + K-feldspar carbonate + K-feldspar + pyrite 
wall rock alteration alteration in lamprophyre 

Figure 5.8: Further examples of gold mineralization distributed in wall rocks adjacent to 
high grade veins. Top left: Gold tellurides intergrown with pyrite in a former mafic mineral 
site in phonolite with pervasive K-feldspar + pyrite alteration. Top right: electrum and Ni-
tellurides in lamprophyre with intense K-feldspar + carbonate alteration (Cresson Pipe). 
Bottom: sylvanite crystal intergrown with carbonate in altered lamprophyre with intense 
K-feldspar + pyrite + carbonate alteration. 



A: 5 um grain of native gold encapulated 
within hydrothermal K-feldspar in a 
broad halo of alteration surrounding a 
quartz telluride vein, Cresson pit. 

C: Native gold (lum) in hydrothermal K-
feldspar from a broad zone of K-feldspar 
+ pyrite alteration, Cresson Pit. 

B: lOum native gold encapsulated within 
hydrothermal K-feldspar (black) from 
zone of intense K-feldspar + pyrite 
alteration in East Cresson deposit. 

Figure 5.9: Examples of native gold encapsulated within hydrothermal K-feldspar within zones of K-feldspar + pyrite alteration. 
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SEM (BSE) image of wall rock adjacent to vein in sample MHC-87-1-228, Mineral Hill 
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SEM (BSE) image of vein cutting Precambrian rock, Ajax Mine (31 level) 

native tellurium 
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Figure 5.10: Top left: Cu-tellurides intergrown with pyrite in a zone of high grade 
mineralization intercepted in drilling on Mineral Hill. Top right: intense K-feldspar + pyrite 
alteration within the zone of high grade mineralization. Remnant patches of albite are still 
present in this sample. Bottom: Example of quartz vein from zone of mineralization on the 
3100 level of the Ajax Mine. Shown are unusual habits of pyrite crystals occasionally seen 
in zones of mineralization, where pyrites exhibit a slender, elongate, and sometimes fibrous 
habit. Also present in this samples is a rare crystal of native tellurium - native tellurium is 



Figure 5.11a: Example of a sheeted fracture zone exposed in an open cut near the Joe 
Dandy mine. NNE trending fractures host mineralization exposed in these mine 
workings. A shown in this photo, typical sheeted fracture zones consist of closely 
spaced joints/fractures developed over zones 1-10 meter in width. Mineralization is 
t^ically best developed at the center of these fracture sets. 

Figure 5.lib: Photograph showing sheeted fractures developed along the margins of 
dikes in the east Cresson area; also shown are several key cross-cutting relationships. 
In this exposure a late stage phonolite dike has intruded the center of the "Isabella" 
phonotephrite dike, both of which are cutting a series of early stage phonolitic and 
bedded volcaniclastic rocks. Sheeted fractures are strongly developed in the dikes 
(Michelle White for scale). 

intense alteration is developed in the surrounding phonolitic and volcaniclastic rocks, 
and is also focussed along the margins of both dikes. Strong alteration and gold 
mineralization are developed along the a margins of the Isabella dike throughout this 
area. 

Fossils of leaves and other biogenic materials are present in the bedded rocks, and it is 
notable that the bedded rocks are not found on the opposite side of the Isabella dike. 
This suggests that significant offset may have taken place along this structural trend 
prior to or during the intrusion of the Isabella dike. Subsequent intrusion by the younger 
the younger phonolite dike, and development of alteration and gold mineralization 
demonstrate utilization of this particular structural conduit during multiple stages of 
igneous and hydrothermal activity. 
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Figure 5.12: Examples of trace element enrichments in pyrites collected from zones of high grade gold mineralization. 
Figure 5.12a is an S£M backseatter image of a strongly zoned pyrite crystal. The light colored rim shows enrichments 
in As, Te, Au, Sb, Tl and Cu. As exceeds lwt% in the enrichment halo, and Au exceeds 0.01wt%. Bright zones are 
tellurides. Figure 5.12b is an arsenic X-ray map of a pyrite grain taken from the same zone of mineralization. SIMS and 
EMP analyses of pyrite grains throughout the district continuously demonstrate thai pyrites contain significant gold (some 
> 1 Oppm), and all zones of Au enrichment in pyrite are arsenical. These figures illustrate the co-precipitation of pathflnder 
elements and gold during the process of mineralization. Similar zonation patters have been observed in modern geothermal 
systems, such as the Broadlands geothermal systems in New Zealand, where gold-rich pyrites in the near surface 
environment are enriched in A, Sb and Tl (see figure 15.5 of Weissberg et al., 1979). 

The growth of a pyrite crystals with rims enriched in gold and pathfinder elements may result from the progressive loss 
of bisulfide from solution during the formation of the pyrite. "Desulfidation" of the fluid could trigger precipitation of 
sulfur-transported elements such as Au, As, Sb and Tl. Alternatively, compositional differences between cores and rims 
in alteration minerals may reflect broader changes in fluid compositions or sources with time. to 
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Figure 5.13: molar Au/Te vs Au grade for samples throughout the Cripple Creek district. Samples 
with Au>lppm generally approach the stoichiometry of calaverite. Samples that plot above the mol 
Au/Te = 1 line tend to be oxidized; oxidation produces high Au/Te ratios as tellurium is mobilized 
in the weathering environment. 
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Figure 5.14; Telluride compositions in the Cripple Creek district 
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Figure 5.15: longitudinal profile along Newmarket vein, 2200 level of Ajax Mine. ~1 m 
channel samples taken perpendicular across veins at Im intervals along the vein. 
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Stages ^ 
quartz + fluoritii 

stage 2 
quartz 

quartz 

Figure 5.15b; Example of vein with multiple stages of quartz deposition: This photo shows the 
Dexter Vein along a contact between lamprophyre and volcanic breccia. An early stage of milky, 
white, anhedral quartz is capped by a later stage of yellow, translucent, terminated quartz crystals. 
These, in turn, are capped by third stage of purple fluorite and clear quartz. Ferromagnesian 
minerals in the surrounding volcanic breccia has been pervasively sulfidized and silicates have 
been altered to K-feldspar. The adjacent volcanic breccia exhibits intense K-feldspar + pyrite 
alteration. 

A31-36-XX; margin of phonolite dike A31-36-xx; interior of dil<e 

Figure 5.16; Contrast between a sample of "glassy" K-feldspar + pyrite alteration along the brecciated margin 
of phonolite dike (left), and less intense, but still pervasive K-feldspar + pyrite alteration in interior of the 
dike (right). The zone of "glassy" K-feldspar + pyrite alteration is laced with fine veinlets of quartz, and 
contains ~ 10 ppm Au; samples are from drill hole A31-36, 3100 level Ajax Mine. 
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Figure 5.17; Mineralized polymetallic vein with 
fluorophlogopitic alteration halos from the 3100 level of 
the Ajax Mine (drill hole A31-23-115.5'). This vein is 
dominantly composed of quartz and carbonate, with lesser 
fluorite, celestite, anhydrite, pyrite, galena, and sphalerite. 
Calcium rich carbonate appears to be later then Mg 
carbonate in this sample, and occurs as late stage veins 
cutting the silicate assemblages. The polymetallic vein is 
flanked by a dark brown alteration halo of fluorine-rich 
phlogopite, which grades outward to K-feldspar, pyrite 
and carbonate. The phlogopite is characterized by extremely 
high Mg:Fe (15:1 average), low Ti (less than 0.5 wt%), 
and up to 4.5wt% F. Top: Hand sample showing both the 
vein and alteration halo; divisions on mler are 1mm. Middle: 
SEM (electron backscatter) image of the margin of the 
vein. Bottom: Magnified image of the vein and alteration 
halo. Note the complex architecture of the carbonate grains, 
as well as the presence of abimdant celestite. The "shreddy" 
nature of the hydrothermal phlogopite is clearly shown, 
along with intergrowths of K-feldspar and (Ca,Mg)C03. 
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Figure 5.18a: Photo of a high grade quartz telluride vein and alteration halo developed 
in phonolitic rocks near the Doctor - Jackpot mines. This serves as a good example of 
the typical width of alteration halos surrounding high grade veins in the near surface 
environment. The mineralogy of the alteration halo is shown below, in figure 5.18b, and 
the chemistry of samples taken from this area are show in Table AA.l ("VN4" sample 
series). 
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Figure 5.18b: Bulk mineralogy of the alteration halo surrounding the vein pictured in fig. 
5.18a. Strong K-feldspar alteration is developed adjacent to the vein, and grades outward 
to assemblages with progressively greater proportions of albite. Illite is present in small 
amounts, but shows little change in across this profile. The proportions of minerals were 
determined by > -1600 SEM/EDS analyses. 
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Figure 5.19: Typical scales of high grade veins and their associated styles of aheration as seen in drilling 
from the 3100 level of Portland-Ajax mines (see Plate 2). 

These photos show the Monument-Dillon vein system as intersected in drill hole AM 10. This photo and 
annotated grayscale image show the extent of veins and alteration in the surrounding 1.6 Ga granite. All three 
veins are mineralized quartz + pyrite veins, two of which contain accessory fluorite. 

I 1 K-feldspar + pyrite alteration in 
1.6 .6 Ga granite 

vein minerals 
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Figure 5.20: Additional examples of veins and alteration intersected by drilling from the 3100 level 
of Portland-Ajax mines (see Plate 2). 
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Mineralized contact between 1.6 Ga granite and an aphanitic phonolite dike, as intersected in drill hole DDU-
2 (see Plate 2). This vein marks the margin of the "Newmarket" vein system. Highlighted in the grayscale 
image below are the zones of alteration associated with mineralization. Note the pervasive nature of the 
alteration within the dike, whereas it tends to be more restricted in the phaneritic granitoid rocks. Figure 5.21 
shows similar mineralization developed on the other side of the dike. 
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Figure 5.21: Mineralized margin of an aphanitic phonolite dike cutting 1.6 Ga Precambrian rocks on the 3100 level of 
the Ajax-Portland Mine (opposite side of the dike shown in figure 5.20). 

These photos show addition intercepts of the Newmarket vein system in drill hole DDH-2 where mineralization is developed along the 
margins of a phonolite dike. As seen in fig. 5.20, alteration is pervasively developed within the phonolite dike, but is more restricted in 
the adjacent granite. The Newmarket vein systems consists of multiple sub-parallel and anastomosing/bifurcating veins; a typical manifestation 
of high grade veins throughout the district. 
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Figure 5.22: Additional examples of mineralized veins cutting Precambrian rocks from the 3100 level of the 
Ajax-Portland Mines. 

Sample from the Newmarket vein system, 21 level, 
Ajax Mine. The vein shows four stages of mineral 
deposition; (1) a narrow band of pyrite and quartz 
(2) quartz with minor fluorite and pyrite with 
tellurides intergrown with quartz near the tops of 
the crystals (3) a later stage of clear, euhedral quartz 
growing into open space (4) chalcedonic quartz. 
The alteration halo in the surrounding rock is narrow, 
with mafic minerals having been replaced by pyrite 
only ~2 cm outward from the vein. 

Newmarket vein from drill hole 
DDU-8 (228'), drilled from the 3100' 
level of the Ajax mine, where the 
vein cuts across an aplite dike. Mafic 
minerals in the aplitic wall rock 
adjacent to the vein have been 
replaced by pyrite. The 5 ft. interval 
which contained this vein assayed 
11.6ppmAu. 

qz + fl + te +py 
qz + te 

alteration ha 

US'25c 
V tr\ 

Sample of the Newmarket Vein collected from slope 2305, Ajax Mine. This sample shows an early stage of quartz + 
calaverite mineralization followed by deposition of tellurides above the quartz, followed by quartz + fluorite + tellurides 
+ pyrite as the final stage of mineralization. The vein is surrounded by a narrow selvage of K-feldspar alteration, where 
mafic mineral sites have been altered to pyrite + roscoelite + illite + carbonate. 



qz + py + tel 
veins 

Figure 5.23: Color and grayscale photos of a sample from a mineralized lamprophyre dike, north Cresson Pit. This sample of lamprophyre is cut by late-
stage quartz + pyrite + telluride veins. Veins are enveloped by halos of intense K-feldspar + pyrite alteration (darker blue shades in right photo), and weaker 
zones of K-feldspar alteration away from the veins (lighter shades of blue). The halos also contain an abundance of ferroan carbonate, which has been 
replaced by limonite and other Fe-oxides in zones of oxidation. oj 
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black bar = 1cm 

Figure 5.24: Examples of hydrothermal breccias in the Cripple Creek district. A-B: Lamprophyric breccia 
with leucocratic matrixes; the white material is composed of analcime, K-feldspar, and carbonate. Sample 
A shows rounded blebs of lamprophyric material supported by a leucrocratic matrix; this texture may resuh 
from liquid-liquid immiscibility. Sample B shows a heterolithic breccia with clasts of lamprophyre (dark 
green) and monzosyenite. C: Sample of quartz matrix breccia supporting clasts of lamprophyre and phonolite 
from the "Big Banta" breccia pipe exposed in the Roosevelt Tunnel. D: Quartz-sulfide matrix breccia cutting 
porphyritic phonolite; sample from the Cresson Pit. E: Quartz-fluorite-carbonate matrix hydrothermal breccia 
with accessory pyrite and gold tellurides; Unity Breccia pipe. If; Anhydrite matrix breccia with base metal 
sulfides and pyrite, dill hole A31-27-11113100 level, Ajax Mine. Go: Anhydrite matrix breccia with clasts 
of monzosyenite and brecciated Precambrian alkali feldspar granite, drill hole UGC-97-5, "Granite Island". 
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Figure 5.25: Examples of manganiferous hydrothermal breccias. 
A-C: samples from drill hole 90DDH-8; Ironclad breccia pipe. 
A: Rhodochrosite-fluorite-celestite matrix supporting clasts of 
porphyritic and aphanitic (aph) phonolite B: Similar breccia 
with clast of older quartz-fluorite-pyrite matrix breccia (purple) 
with rounded clasts of phonolite and intense K-feldspar pyrite 
alliterating (gray). C: Oxidized sample of anhydrite matrix 
breccia supporting angular clasts of phonolite with intense K-
feldspar alteration, and a clast of fluorite breccia (purple) D: 
Oxidized equivalent of manganiferous hydrothermal breccia 
with a matrix of Mn-oxides and pyrolusite. E: Rhodochrosite-
sphalerite hydrothermal breccia cutting phonolitic wall rocks 
in Molly Kathleen Mine; in this area, rhodochrosite veins and 
breccias are cut by quartz-fluorite styles of mineralization; a 
different timing relationship than those seen in the Ironclad area 
(samples A-C). 
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CHAPTER 6: STRUCTURAL EVOLUTION AND ORE 
CONTROLS 

Introduction 

Gold mineralization forms part of a continuum of structural evolution that began with 

the emplacement of the diatreme, continued through numerous cycles of igneous and 

hydrothermal activity, and culminated with the emplacement of late lamprophyre dikes 

and the generation of gold mineralization. This evolution is reflected by the styles and 

emplacement geometries of intrusive bodies, dike orientations, and the orientations of 

veins. Our current understanding suggests that both local and regional forces and patterns 

dictated the development of structures and the course of this evolution. These include 

forces related to the emplacement of the diatreme and subsequent magmatic activity, and 

structural trends related to regional-scale processes or patterns. 

The structural evolution of the Cripple Creek diatreme has been the subject of 

numerous studies in the past century. Most notable are studies by Loughlin and 

Koschmann (1935), Koschmann (1949), Koschmann (1965), and a series of unpublished 

company reports. As the purpose of this study was to explore the magmatic and 

hydrothermal evolution of the Cripple Creek district, only brief descriptions of structural 

features are given here; this chapter focuses on this study's contributions to the evolving 

structural model, and broadly discusses the district's structural features in the context of 

the evolution of the magmatic and hydrothermal systems. Specific attention is paid to the 

role of structures and lithologic contacts as hydrologic controls and their influence on the 
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distribution of ore. More thorough discussions of structural theory and kinematics are 

available elsewhere. 

Structural evolution 

Early structural activity included processes of brecciation and the emplacement of the 

diatreme. The generation of volcanic breccias involved the physical comminution of 

phonolitic and Precambrian host rock materials, and in this sense represents a profound 

structural event. Evacuation of pre-existing Precambrian materials during this event is 

suggested by the dominance of phonolitic compositions in the volcanic breccias, and 

limited evidence for incorporation of country rock (Chapters 2, 3, and Appendix J). The 

resulting mass of diatremal breccia likely resembled a cauldron of loosely consolidated 

rock fragments, which served to focus numerous episodes of subsequent igneous and 

hydrothermal activity. Processes of lithification followed, as evidenced by the eventual 

emplacement of coherent igneous dikes with high aspect ratios and persistence over 

kilometers of strike length. 

After their emplacement, diatremal breccias were intruded by hundreds of individual 

intrusive phases. Early phonolitic intrusions are characterized by stocks and voluminous 

tabular-shaped subhorizontal bodies (Plate 4). These early intrusions commonly exhibit 

brecciated margins, and irregular geometries suggestive of intrusion into loosely 

consolidated and/or wet diatremal breccias. Subsequent intrusions were manifested as 

stock-like geometries and greater prevalence of tabular-shaped and dike-like features, 
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culminating with emplacement of tephriphonolite-phonotephrite dikes throughout the 

diatreme. These dikes mark the first intrusive event of a dominantly dike-like character, 

and were likely emplaced after considerable lithification had taken place within the 

diatreme. 

The emplacement of phonotephrite dikes was followed by the intrusion of late-stage 

phonolites and lamprophyres, also dominantly expressed as dikes with high aspect ratios 

and continuity over long distances (Plates 1,3)- In turn, these events were followed by 

the generation of gold-bearing veins and continued development of large volumes of 

hydrothermal alteration in and around the diatreme. 

Figure 6.1 shows attitudes for dikes and tabular intrusions associated with each of the 

major igneous events, as well as the orientations of gold veins in the district. As seen in 

fig. 6.1,1.3 and Plate 1, the orientations of dikes remained relatively consistent 

throughout evolution of the volcanic complex, with a predominance of NNW-SSE 

orientations. Late stage aphanitic phonolite intrusions showed greater variability than 

many of the preceding intrusive events, but subsequent lamprophyre intrusions once 

again strongly conformed to NNW-SSE orientations. 

These intrusive events represent episodes of significant structural modification of the 

original diatreme. The emplacement of rigid intrusive bodies into permeable volcanic 

Some dikes were also generated during earlier intrusive events, but often graded upwards or 

outwards into breccias, and were relatively discontinuous. In contrast, augite and hornblende bearing 

tephriphonolite-phonotephrites chiefly occur as dikes, several of which are found be continous over 

distances of kilometers, with widths of 1-3 m. 
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breccias effectively compartmentalized the diatreme and surrounding rocks. 

Mineralization and alteration are focused along many igneous contacts (fig. 6.2 a-c), 

suggesting that intrusions formed barriers to fluid flow within the porous volcanic 

breccia. After rainstorms, groundwater seeps are common along the margins of many 

dikes that cut through diatremal breccias, illustrating the confinement of fluid flow by 

igneous contacts. Where mineralization is developed along the margins of dikes, the 

attitudes of veins have been inherited from the structural regime that guided emplacement 

of the dikes. 

Gold mineralization 

Gold mineralization took place after the emplacement of lamprophyres, and formed a 

complex fabric of veins throughout the diatreme and surrounding Precambrian rocks. 

Figure 6.3 shows a composite map of underground workings in the Cripple Creek district, 

marking the positions of known high-grade veins. Although present throughout the area, 

the most productive veins show a preference for the southern half of the volcanic 

complex. Of the principal vein systems, roughly 70% of the total district production came 

from five distinct groups of mine workings in the southern half of the diatreme. These 

five vein "systems" account for at least 12.5 Moz of gold production, and are highlighted 

in figure 6.3. 

Most productive veins have subvertical orientations and upward flaring morphologies 

(fig 6.4). They consist of networks of veins and veinlets occupying sheeted fi-acture zones 

that link together to form coherent structural trends. In many cases these structural trends 

follow lithologic contacts, but several of the more prominent vein systems cut across 
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multiple lithologies. Examples include the Newmarket, Bobtail, Mohican, and Elkton 

veins. These veins are vertically continuous, and show little evidence of significant lateral 

displacement by faulting along their exposures. 

Stopes and individual ore shoots along vein systems are typically elongate in the 

vertical dimension (see discussions in Lindgren and Ransome, 1906), and are often pipe-

shaped. Ratios of breadth vs. pitch length range from 1.5:1 to 5:1, with the largest ore 

bodies having pitch lengths of up to 500 m (Lindgren and Ransome, 1906). 

Mineralization is especially developed in pipe-shaped bodies at the intersections of 

fractures or dikes. 

In addition to steeply dipping and sub-vertical structures, -10-20% of veins are 

hosted by lower angle structures. These structures have been historically referred to as 

"flats" even though they dip as much as 60 degrees. They are particularly well developed 

in the near surface environment, and become less abundant at depth. In many cases, low 

angle veins have developed where major subvertical structures intersect sets of flat-lying 

fractures, and mineralization has bled outward from the steeply dipping main conduit. 

Their prevalence at higher elevations suggests that increasing lithostatic loads at depth 

made it difficult to keep flat-lying structures open during the process of mineralization. 

Mineralized low angle structures are especially abundant in the vicinity of the Forest 

Queen mine, and in the Moffat Tunnel near the Callie shaft. In both cases, stope 

morphologies and notes compiled by district geologists indicate that the low angle veins 

were fed by adjacent conduits occupying high angle structures (see discussion of the 
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Forest Queen Mine in Koschmann notebooks 2865 and 2886, U. S. Geological Survey 

Field Records Library, Denver, CO). 

Tension fractures and dilatant zones 

Two important structural sub-domains include the en echelon vein patters of the 

Captain Stopes (see fig. 6.5), and the Vindicator vein system (fig. 6.6), both of which 

appear to represent the development of tension fractures along left lateral shear zones. In 

both cases, veins are strongly developed where blocks of volcanic breccias are pinned 

between masses of closely spaced intrusions. Mineralization rarely extends far into the 

rigid bodies of intrusive rock, but is strongly focused in the permeable volcanic breccias 

that lie between the intrusions. Mineralization is best developed along the contacts of the 

intrusions (Vindicator), and in septa of breccia that lie between masses of phonolitic 

intrusive rock (Captain Stopes). Over 1 million ounces of gold were produced from each 

of these areas. 

Hydrothermal breccias 

Hydrothermal breccias represent a distinctive class of structural features, where fluid 

pressures exceeded lithostatic pressures and wall rocks were hydraulically fractured. 

While typically oblate or circular in plan view, these breccia bodies are commonly 

elongate in the direction of prevailing structural trends, and in many cases, are focused at 

the intersection of major structures (Seibel, 1991). Hydrothermal breccias represent cases 

where the physical properties of fluids controlled the development of structures and 

superceded any local and regional stress fields. 
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Displacements along structures 

A distinctive characteristic of the Cripple Creek district is that most veins and zones 

of mineralization are hosted by structures with little or no displacement. The most 

significant offsets (as constrained by credible offset markers such as intersecting dikes, 

contacts, or piercing points) are typically measured on the order of meters, with most 

being «lm. In many places, seemingly well developed structures (i.e. those with large 

zones of gouge, well developed slickensides or other kinematic indicators) show no 

evidence of significant offset where they cross igneous contacts. Lindgren and Ransome 

(1906, p.166-167) described the well known Cashen fault which is exposed in the Gold 

Coin Mine 

"It contains in places from 4-5ft of crushed and altered country rock forming a soft, clayey gouge, and has the 

appearance of considerable throw. Nevertheless the Coin lode and the Montana phonolite dike, both of which are 

intersected by the Cashen fault, show no discemable displacement." 

A similar observafion is made in the East Cresson pit, where a prominent, mineralized 

low-angle structure shows no discemable offset where it crosses a phonolite dike (fig. 

6.7). 

To date, the largest displacements reported in the district tend to be located along the 

periphery of the diatreme, especially near the contact between the diatreme and the 

surrounding Precambrian rock. Displacements as large as 30m may have taken place 

along the diatreme contact, as seen on mine level maps compiled by Koschmann (1965). 

Broadly speaking, right-lateral, left-lateral, normal and reverse displacements have all 

been observed in different areas, sometimes with multiple senses of motion along the 
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same structure, indicating reactivation. Offsets with reverse motion predominate over 

other types of displacement. 

Structural patterns related to fabrics in Precambrian rocks 

Around the periphery of the diatreme, many veins follow orientations that are 

coincident with metamorphic fabrics, igneous foliations, and brittle fabrics in the 

surrounding Precambrian rocks. These patterns are especially well developed along the 

western margin of the diatreme, where many veins run parallel to the prominent N50-

N60E foliation developed in adjacent Precambrian rocks. This includes both vein systems 

located in Precambrian rock (El Paso, Gold Dollar and Caledonia veins), as well as veins 

inside the diatreme (Mary McKinney, Doctor-Jackpot, Pointer-Index, and Midget-Moon 

Anchor vein systems). Likewise, N-S orientations are prominent in vein systems along 

the southern margin of the diatreme, which run parallel to similar fabrics seen in the 

adjacent Precambrian rocks (prominent N-S linears are especially prominent in 

geophysical data). This trend includes the veins of the Portland-Ajax, Gold Coin, 

Independence, and Monument -Dillon mines. 

Structural trends that run parallel to fabrics in Precambrian rocks commonly project 

far inside the diatreme. This is especially apparent along the western margin of the 

diatreme (~NNE attitudes of veins in the Morning Glory-Doctor-Jackpot and Mary 

McKinney mines). These relationships suggest that structural development within the 

diatreme was influenced by fabrics in underlying or adjacent Precambrian rocks, and 

possibly from reactivation of preexisting Precambrian structural elements. 
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Structural patterns at deep levels 

Like the rocks in many high-level volcanic complexes, the volcanic rocks at Cripple 

Creek are intensely fractured, and fracture density is shown to increase with elevation 

(Lindgren and Ransome, 1906). In the near surface environment fractures are pervasively 

developed in most rocks, but only a small percentage of these fi-actures host gold 

mineralization or related styles of alteration. The presence of mineralization in a 

particular set of fractures or structural orientation appears to have been dictated by a 

variety of processes, but at some level is controlled by the distribution of deep-seated 

fluid conduits, which served to feed the fracture systems present at higher levels. A key 

to understanding the distribution of ore in the near surface environment requires an 

understanding of the structural controls at deeper levels. While structural elements in the 

near surface environment occupy a wide range of orientations (fig. 6.1, 6.3), structural 

patterns are much more uniform at depths of 1000m. 

At the Carlton Tunnel elevation (1000 m level) of the Ajax, Portland, Cresson and 

Vindicator mines, almost all lithologic contacts and zones of mineralization conform to 

NNW-SSE trends (fig. 6.8). As mapped by geologists and exposed by drilling programs, 

almost all lithologic contacts, veins, and fracture patterns are oriented NNW-SSE, 

roughly parallel to the "Cresson trend" seen at the surface. Only a small percentage of 

structures are seen to deviate from this profound structural trend (see Plate 2, 5). The 

dominance of NNW-SSE orientations below three of the largest mines in the district 

suggests that this structural trend played a critical role in focusing mineralization in the 

district. Structural elements at shallower levels show greater variability, and NE-SW, E-
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W and N-S orientations become prominent in zones of mineralization at shallower 

depths. 

Development of structures 

Theories of fracture formation and structural evolution have produced much debate 

over the years. Various structural studies have been conducted in the district, and no 

general consensus has been reached to date. Although most authors agree that structural 

fabrics are products of a combination of stresses related to emplacement of the volcanic 

center and those inherited from trends in Precambrian rocks, the significance of far-field 

tectonic forces remains a question. Many theories have related structural development to 

local forces related to magmatism, especially as a means of explaining the subradial 

component to the fracture patterns (e.g. Lindgren and Ransome, 1906). Others call upon 

regional compression during emplacement of the diatreme (Loughlin and Koschmann, 

1935, Koschmann, 1949, Caddy, 2001). However, interpretations calling for regional 

compression remain at odds with observations made elsewhere in the region, which 

suggest that neutral or incipient phases of an extension were active at the time (as 

discussion in Chapter 1). Lindgren and Ransome (1906) also suggest that minor 

subsidence of the volcanic crater may have been a principal driving force for the 

development of fractures within the diatreme. Their argument was largely based upon the 

predominance of minor offsets with reverse motion over normal and thrust 

displacements. 

In addition to far field stress and processes of subsidence, forces related to the 

dynamic and explosive emplacement of buoyant magmas within the diatreme may have 
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played an important (if not dominant) role in generating structural elements. Structural 

trends seen within the diatreme impart a sub-radial geometry (fig. 6.3) that differs from 

the structural fabrics seen in the surrounding Precambrian rocks. These geometries appear 

to implicate local stresses or processes related to the volcanic complex, and are broadly 

similar to other structural patterns seen in circular-elliptical alkaline igneous centers 

around the world. The minor reverse offsets seen in structural zones may have provided 

the means of accommodating intrusions emplaced into the diatreme. 

The dominance of NNW-SSE orientations at deeper levels, however, is more 

consistent with a far-field stress pattern, or the influence of a pre-existing regional fabric. 

The upward transition to the sub-radial geometry may reflect refraction of stresses as a 

function of proximity to the paleosurface and decreasing lithostatic load. 

Ore controls 

The principal control on the genesis of mineralization was the availability of 

hydrothermal solutions under physicochemical conditions appropriate for gold 

deposition. The development of mineralization and its related styles of alteration are non-

isochemical processes, making permeability a key factor in controlling the distribution of 

mineralization. At Cripple Creek, the process of mineralization resulted in significant 

chemical changes in wall rocks adjacent to gold veins (Chapter 7), and the development 

of high grade mineralization required high fluid to rock ratios. Ore controls are best 

defined as structural elements and other physical entities that served to focus large 

amounts of hydrothermal fluids. These include permeable host rocks, structural elements 
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which increased the permeability of host rocks, and igneous contacts which provide sharp 

contrasts in permeability between adjacent rock types. 

As described above, fractures are pervasively developed throughout the diatreme and 

surrounding Precambrian rocks. Only small subsets of these fractures are mineralized, 

and those show characteristic styles of alteration and gangue mineralogy (Chapter 5). The 

sheeted fracture zones that host mineralization and characteristics of fracture-controlled 

mineralization were discussed in Chapter 5. This section focuses on other types of ore 

controls, such as igneous contacts and hydrothermal breccias, and describes regional 

scale patterns. 

Ore Controls at a regional scale 

At a regional scale, ore-stage alteration and mineralization are asymmetrically 

distributed around the diatreme. Intense K-feldspar + pyrite alteration with variable 

mineralization has been mapped as far as 5 km to the west, southwest, and northwest of 

the diatreme, but is rarely strongly developed to the east (fig. 6.9). In almost all cases, 

alteration and mineralization are spatially associated with Tertiary intrusions or major 

structural trends within the area outlined in figure 6.9. 

East of the diatreme. Tertiary volcanic rocks are occasionally bleached, but 

commonly lack the intense potassium metasomatism associated with economic 

mineralization. Similarly, the eastern sub-basin, large volumes of pervasive specular 

hematite + alkali feldspar ± carbonate alteration are developed which have not been 

overprinted by the K-feldspar + pyrite alteration related to gold mineralization (Plate 1). 

Only narrow zones of structurally focused K-feldspar + pyrite alteration and 
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mineralization are seen in the area''. This contrasts with exposures in the western half of 

the diatreme, where much broader volumes of K-feldspar + pyrite alteration and 

mineralization are developed. 

Lithologic controls on mineralization 

In all major vein systems, favorable igneous plumbing is seen in the form of multiple 

stages of dikes or other intrusions (stocks, sills, etc.), and alteration and mineralization 

are strongly developed along many igneous contacts. The most productive mines exhibit 

intrusive phases from all major igneous events, indicating that structural conduits were 

continuously reopened throughout the evolution of the igneous complex. As was 

recognized by Lindgren and Ransome (1906, p. 167-168), the presence of late-stage 

lamprophyre dikes is particularly favorable, and indicate that structural conduits were 

dilated during the waning stages of igneous activity. Although lamprophyres account for 

less than 1% of the volume of rock in the district, mineralized lamprophyres were mined 

in at least 1/3 of the mines in the district. 

In addition to lamprophyres, alteration and mineralization are strongly developed 

along the margins of late stage phonolite dikes and intrusions. Like lamprophyres, these 

appear to have formed impermeable barriers for fluids (fig. 6.2c), or served as conduhs 

for migrating fluids. Outside of the main diatreme complex, satellite phonolite dikes and 

intrusions serve as the main controls for mineralization and alteration. Altered phonolites 

" A similar pattern is apparent on the 1000m level of the Vindicator mine, where K-feldspar + 

specularite assemblages predominate in the easternmost exposures (Plate 4). Drill holes from the area show 

little evidence of mineralization, with the exception of a few narrow zones. 
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are readily identified by their pale white color, and can be easily spotted as float on 

hillsides and in road cuts. 

Also acting as ore controls were the bases of phonolite flows, and other sill-like 

intrusive masses (e.g. Bull Cliffs phonotephrite and the "Big Stope" lamprophyre in the 

Moffat Tunnel). Many flat-lying bodies of mineralization are developed along the bases 

of sub-horizontal intrusions, and occasionally along the top surfaces of flat-lying 

intrusions as well (e.g. Prince Albert Mine, Beacon Hill; see descriptions by Lindgren 

and Ransome, 1906, p. 209). 

In several locations, zones of mineralization are seen to occupy structural zones with 

no apparent relationships to lithologic contacts. However, deep development or drilling 

has shown that many emanate as splays or spurs off lithologic contacts at depth. Drill 

hole AN-4, for example, intersected the Newmarket vein at a depth of 450 m below the 

Carlton Tunnel elevation, and showed the vein to be focused along the contact of a 

lamprophyre intrusion, a relationship not seen at higher elevations (fig. 6.10). Likewise, it 

is also possible for veins to be "captured", deflected, or constricted by lithologic contacts. 

In the Conundrum Mine, the principal lode is located along the margins of a lamprophyre 

in the upper levels of the mine, but is found to part form the lamprophyre and swing 

towards the diatreme contact at depth (see descriptions in Koschmann field notebooks, U. 

S. Geological Survey Field Records Library, Denver, CO). The dike appears to have 

"captured" the vein as fluids migrated upwards and were channelized along the margins 

of the dike. 
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Sources of fluids 

Although the diatreme serves as the principal host for intrusions eind mineralization, it 

is clear that hydrothermal fluids and magmas have also been sourced from outside the 

diatreme. This is illustrated by satellite alkaline intrusions with strong alteration, and the 

major vein systems in the Ajax Mine, which generally strike N-S and dip to the west 

away from the diatreme contact (fig. 6.11). The convergence of dikes and veins in the 

deepest levels of the Ajax Mine implies a source for fluids that is displaced to the west of 

the diatreme, as does the intense K-metasomatism seen to the southwest of the diatreme 

at Straub and Grouse Mountain (fig. 1.2). 

In the eastern sub-basin the diatreme contact is shallow dipping (fig. 2.1), and 

Precambrian rocks underlie volcanic breccias and volcaniclastic sediments at depths of 

100-300 m. Sub-vertical mafic dikes in the area cut across the diatreme contact, and 

appear to have been intruded through the Precambrian rocks and upward into the 

overlying diatremal deposits. Drilling beneath the Altman (East Cresson) area intersected 

the "Isabella" phonotephrite dike where it cuts through Precambrian rock beneath the 

diatreme contact, exposing intense K-feldspar + illite + pyrite alteration along the 

margins of the dike in Precambrian rock (see Appendix Y, fig. Y.l). These relationships 

suggest that sources of gold-bearing fluids are located in Precambrian rocks outside and 

below the main diatreme, in addition to within the diatreme itself 

Potential fluid conduits and zones of mineralization are variably present throughout 

the broader zone of alteration shown in figure 6.9. 
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Summary 

Gold mineralization forms part of a continuum of structural evolution that began with 

the generation and emplacement of diatremal breccias, and continued through several 

episodes of magmatic and hydrothermal activity, culminating with the emplacement of 

lamprophyres and development of mineralization. Dike orientations remained relatively 

consistent during this evolution, with NNW-SSE orientations being dominant. Late stage 

phonolites show the greatest variability, possibly signifying a major period of magmatic 

recharge or interruption in the prevailing mode of structural evolution, but subsequent 

lamprophyre intrusions one again strongly conformed to NNW-SSE orientations. 

Gold mineralization is hosted by narrow veins occupying small displacement 

fractures that link together to form coherent structural trends. Orientations vary around 

the district, but three dominant structural environments are apparent: 

- A broad, subradial distribution of vein systems is apparent in the near surface 

environment (fig. 6.2; Plate 3 of Lindgren and Ransome, 1906) with a focal 

point in the vicinity of Globe Hill - Ironclad. At smaller scales, the 

orientations of veins and igneous intrusions are more chaotic, and reflect the 

influence of local structural subdomains in the near surface environment. 

- The orientations of vein systems outside of the diatreme strongly reflect the 

regional structural patterns existent in Precambrian rocks. Likewise, many 

vein systems within the diatreme, but close to the diatreme contact, also 

assume orientations coincident with fabrics in adjacent Precambrian rocks. 
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- A profound dominance of NNW-SSE trending structural elements and 

igneous intrusions is seen at the 1000 m level of the diatreme. This represents 

a much more uniform structural pattern than those seen at higher levels, and 

appears to represent the most significant structural control in the district. 

Of particular importance for gold mineralization are lithologic contacts and 

intersections of major structural zones. Major vein systems exhibit intrusive phases from 

all major igneous events, indicating that structural conduits were continuously reopened 

throughout the evolution of the igneous complex. Of the rock types, lamprophyres and 

late stage phonolites show strongest relationships with zones of alteration and 

mineralization. 

Distinctive characteristics of veins in the Cripple Creek district are textures indicative 

of open space filling, suggesting that fractures were dilated during vein formation. The 

importance of tension and dilation is illustrated by the two structural subdomains that 

served to focus large volumes of mineralization in the Vindicator and Captain Stopes. 

These are characterized by development of tension fractures along left lateral shear zones 

in blocks of permeable volcanic breccia adjacent to coherent igneous intrusions; both 

areas produced over 1 Moz of gold. 

Collectively, these patterns suggest that the explosive magmatism at Cripple Creek, in 

addition to the structural trends existent in adjacent Precambrian rocks dictated the 

structural evolution of the district. Far field stresses or regional tectonic forces may have 

also played a significant role, as suggested by the conformity of deep-seated structures to 
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NNW-SSE orientations, but pre-existing regional structural patterns may have also 

influenced the development of this structural trend. 
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Figure 6.1: Lower hemisphere, equal area stereonet 
plots of dike and vein orientations in the near surface 
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Figure 6.2a: Schematic representation of the scales and distribution of alteration and 
mineralization along contacts. Top: contact between volcanic breccia and phonolite. 
Bottom: contact between volcanic breccia and lamprophyre dikes. In both cases, alteration 
is typically more extensive in volcanic breccias than in the adjacent, less permeable 
intrusive rocks. Examples from drill core are shown in figures 6.2 b and c. 
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Figure 6.2b: Alteration and mineralization along the margin of the "Bluebird" late stage phonolite dike, as exposed 
in drill core from the Cresson mine. Early K-feldspar + specularite alteration in the dike has been overprinted by younger 
K-feldspar + pyrite alteration. The K-feldspar + pyrite alteration is pervasively developed in the volcanic brecci^ adjacent 
to the dike, but penetrates only a short distance into the dike, becoming fracture controlled in its interior. Relatively 
unaltered rock (not pictured) is present in the interior of the dike. 
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Figure 6.2c: Cross cutting relationships in drill core sample CC-98-91 (1127'). As seen in the top photo, early 
volcanic breccias are cut by a. late stage aphanitic phonolite dike, both of which are cut by a younger lamprophyre dike. 
K-feldspar + pyrite alteration cuts all lithologies. K-feldspar + pyrite alteration is broadly developed in the phonolites 

and breccias adjacent to the lamprophyre dike (on the scale of meters), but only penetrates a short distance into the 
lamprophyre (on the scale of centimeters). A steep chemical and mineralogic gradient is seen in the lamprophyre dike, 
grading from pervasive replacement by K-feldspar and pyrite at the contact, inward to K-feldspar + sericite + carbonate 
+ pyrite, and sericite + carbonate assemblages before grading into unaltered lamprophyre (far right). 
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Figure 6.3: Composite map of underground workings in the Cripple Creek 
district as compiled from underground mine level maps (Koschmann, 1965). 
Names of major mines shown in black; the names of major vein systems are 
shown in red color. Production figures for individual vein systems are in 
ounces (Texasgulf data). Igneous contacts shown as blue lines. Note the broad 
sub-radial pattern of vein distribution. 
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Figure 6.4: E-W profile through principle vein systems in the Portland-Independence mines (after Loughlin, 1927) This section extends from surface 
exposures to the 3000 level. Shaded outlines are generalized representations of sloped areas. 
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Figure 6.5: Plan view map of 5th level, Portland mine, showing die Captain and 
Hidden Treasure veins. These vein systems are focussed within a mass of permeable 
volcanic breccia surrounded by phonolitic intrusions (After Ransome, 1906 and 
Loughlin, 1927) 



Figure 6.6: positions of major veins and masses 
of nepheline monzosyenite, Vindicator Mine 
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after Loughlin, 1927 
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Figure 6.7: Contact between phonotephrite sill/flow and 
underlying porphyritic phonolites exposed along the northern 
flank of Bull Cliffs, in the east Cresson pit. Note the presence of a 
prominent structural feature just below the contact (inset photo). Note 
that a prominent phonolite dike is not offset by the structure. 
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Figure 6.8: Lower hemisphere, equal area stereonet plots of structural trends and veins 
from the 3100 level of the Vindicator and Ajax Mines. Data were compiled from Texasgulf 
mapping of the CarUon Tunnel, 3100 level of the Carlton tunnel, Ajax-Portland Mine, 
Cresson lateral, 3100 level of the Vmdicator mine, and Vmdicator lateral. Points represent 
poles to planes, contour interval is 2a. Plotted veins are composites of mineralized 
structures in the Ajax, Portland, and Vindicator Mines. Note strong NNW-SSE structural 
fabric; similar orientations are also seen in dikes and igneous contacts. 
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Figure 6.9 Tertiary alkaline rocks in the Cripple Creek area. Within the dashed red perimeter, 
large volumes of Tertiary alkaline rocks exhibit intense K-alteration. Outside the dashed line, 
metasomatism is occasionally present, but is typically poorly developed or discontinuous. 
Precambrian rocks generally lack K-alteration, except along structural zones and in close 
proximity to Tertiary alkaline rocks. 
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Figure 6.10: drilling from the 3100 level of the Ajax Mine, Carlton 
tunnel level 
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Figure 6.11: east-west cross section through center of Ajax Mine showing distribution of 
major vein systems and dikes. Data from Texasgulf mapping. 
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CHAPTER 7: CHEMICAL CONSEQUENCES OF ALTERATION 
AND MINERALIZATION 

Introduction 

Alteration produced massive chemical changes in the diatreme and surrounding 

rocks. The patterns of chemical change vary according to alteration type, and show 

systematic relationships with gold mineralization. Amongst the alteration types, the 

largest chemical shifts involve the alkali elements, with alkali exchange (K for Na and 

vice versa) being a dominant process. In particular, low temperature forms of K-silicate 

alteration resulted in significant additions of potassium to the upper 1000m of the 

diatreme complex and surrounding area. In contrast to many other epithermal systems, 

zones of alteration where alkalis have been leached from rocks (hydrolytic or acid styles 

of alteration) are comparatively minor. 

As described in chapter 4, a complex history of hydrothermal activity is linked with 

the evolution of the magmatic system(s). Alteration was developed in the earliest stages 

of magmatic activity, and continued at least intermittently through the emplacement of 

lamprophyres. Early (pre-ore) events are dominated by K-silicate assemblages, although 

more restricted volumes of sodic and calcic assemblages are also present. Gold 

mineralization followed the emplacement of lamprophyres, and was accompanied by 

large volumes of K-feldspar + pyrite alteration. This is not to be taken as compelling 

evidence for a genetic continuum amongst the styles of hydrothermal alteration. High 

temperature (biotite or pyroxene stable) events were both preceded by, and follow 

extensive episodes of low-T alteration, indicating cycling, and perhaps activities of 
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independent hydrothermal systems. Most zones of zones of early alteration are devoid of 

gold mineralization, and it is unclear how (or if) these events related to the major episode 

of gold mineralization. 

In zones of mineralization, addition of gold and tellurium represents a tiny mass flux 

compared to shifts in alkali elements (ppm's vs several weight percent), but Au and Te 

show some of the largest relative enrichments, being enriched 10'*-10^ over unaltered 

rocks. These serve as distinguishing features of the Cripple Creek district; broad zones of 

alkali metasomatism with more restricted volumes of rocks highly enriched in gold and 

tellurium. Elements such as Ti, Al, Zr, and notably. Si and Fe show relatively little 

change. Other elements such as LILE and base metals show considerable variation across 

zones of alteration. Chemical changes are discussed in this chapter. 

Methods 

The simplest way of quantifying the enrichment or depletion of elements in zones of 

alteration is to make direct comparisons between altered rocks and their unaltered 

equivalents. Over the past 5 years, hundreds of samples were collected from various rock 

types, alteration types, and zones of mineralization. Zones of gold mineralization were 

emphasized, in an attempt to identify reliable pathfinder elements and geochemical 

vectors toward zones of mineralization. This sampling was not intended to produce a bulk 

geochemical survey of the district - it was intended to provide representative analyses of 

the various types of igneous rocks, and styles of alteration and mineralization 

superimposed upon those rocks. 
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Fig. 7.1 shows the distribution of samples around the district. Samples were collected 

from surface exposures throughout the district, including five major open pit mines. 

Subsurface samples were obtained from drill core, and various underground workings 

that remain accessible. Drill core from the 7000' elevation is available from deep drilling 

in the Ajax, Portland and Vindicator Mines, and these samples provide critical data from 

the deepest levels of the district. Another valuable source of material is the Koschmarm 

collection, currently stored at the University of Nevada at Reno, under the direction of 

Dr. Tommy Thompson. During his tenure as a USGS geologist, Albert Koschmann 

collected samples of representative wall rocks and styles of mineralization from around 

the district. These are exceptionally valuable in that they provide samples of rocks, 

mineralization, and alteration from underground workings that are no longer accessible. 

Over 150 samples from the Koschmann collection have been analyzed as part of this 

study. 

Including the Koschmann samples, over 500 samples were analyzed for major 

elements, and variable suites of trace elements. Methods are described in Appendix Z, 

and a subset of representative analyses are provided in Appendix AA. 

Chemical consequences of mineralogic change 

Changes in bulk chemistry as a result of alteration reflect replacement of igneous 

minerals by hydrothermal phases, along with more subtle processes such as cation and 

isotopic exchange. These vary systematically according to alteration type and host rock. 

Figures 7.2-7.5 show chemical shifts resulting from alteration, and these changes are 

summarized here for several groups of elements. 
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Alkali and alkali earth elements 

Alkali exchange has affected large volumes of rock in the near surface environment, 

and represents the largest mass change during alteration. Alkali metasomatism is strongly 

developed in the upper 300 m, but is less extensive at depth, where it becomes focused 

along structural zones (as described in Chapters 4 and 5). The most significant chemical 

changes result from the alteration of framework silicates, where K is exchanged for Na 

and Ca, reflecting replacement of Na-rich sanidine, plagioclase and feldspathoids by K-

feldspar (± sericite): 

NaAlSisOg + K" = KAlSisOs + Na^. 
Albite K-fcldspar 

Plagioclase, if originally present, is variably converted to an assemblage of K-

feldspar, sericite^°, and carbonate: 

H2O + KAlSisOg + CaAlzSizOg + CO2 - CaCOs + KAlzAlSisOioCOH): + 2Si02 
K-feldspar plagioclase carbonate sericite (illite) quartz 

CaAl2Si208 + 2K^ + 4Si02 (aq) = Ca^^ + 2KAlSi308 
plagioclase K-feldspar 

Figure 7.2 shows chemical plots that compare the alkali concentrations and ratios of 

unaltered rocks and various types of alteration. 

K-feldspar + pvrite alteration: Samples with K-feldspar + pyrite alteration and gold 

mineralization are strongly shifted toward K-rich compositions. Felsic rock types 

(phonolites, phonolitic breccias) with K-feldspar + pyrite alteration can show extreme 

although the term "sericite" has been generally applied to white sheet silicates in zones of alteration, 

most are more appropriately classified as phengitic illite. 
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enrichments in K2O, with many altered rocks having >14wt% K2O. Such altered rocks 

are essentially composed of K-feldspar, with minor pyrite and carbonate. Altered mafic 

rocks are shifted toward the K-feldspar-carbonate join on Al-(Na+Ca)-K diagrams (fig. 

7.2), reflecting alteration to K-feldspar + illite + carbonate assemblages with pyrite. 

Intermediate compositions plot between these end members. In rocks with K-feldspar + 

pyrite alteration, K is added at the expense of Na and Ca, and is typically exchanged in 

molar proportions with the other alkali and alkali earth cations. Metasomatism tends to be 

less extensive in phaneritic rocks such as nepheline monzosyenites and coarse-grained 

Precambrian rocks, and occurs only as narrow selvages surrounding veins and contacts. 

Veins associated with zones of K-feldspar + pyrite alteration are typically low in 

alkalis, being principally composed of quartz, carbonate, and pyrite, and typically lack 

aluminosilicate minerals. On geochemical plots, samples with an abundance of vein 

materials are shifted toward alkali-poor and quartz rich-compositions, reflecting the 

dilution of feldspathic wall rock material by vein minerals. These rocks are characterized 

by high K20/Na20, but low total alkalis overall (fig. 7.2). 

Alkali feldspar + specular hematite: Rocks with alkali-feldspar hematite alteration 

typically show weaker enrichments in K2O, reflecting the common presence of both 

albite and K-feldspar in altered rocks (fig. 7.3; Chapter 4). This alteration type tends to 

have a much broader compositional range, with some samples approaching 14 wt% K2O, 

and other trending towards sodic compositions. This is also reflected by substantial 

variations in mineralogy; rocks range from K-feldspar-rich to albite-rich (Chapter 4). It is 
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interesting to note that the color and general appearance of rocks with potassic and sodic 

compositions show little cosmetic difference. 

Biotite and clmopyroxene-rich styles of alteration: Biotite and pyroxene-rich styles of 

alteration show relatively little shift in alkalis relative to unaltered rocks (fig. 7.4). 

Although significant biotite has been added to these rocks, albite is also typically present, 

which serves to moderate K/Na. Although minor shifts toward to K-rich compositions are 

seen in cases of strong biotite alteration, these shifts are much less dramatic compared to 

the lower temperature, alkali feldspar-rich styles of alteration. Likewise, zones of 

pyroxene-rich alteration have alkali ratios similar to unaltered rocks, and can show weak 

shifts toward sodic compositions with increasing albite. 

Chlorite + albite: Zones of chlorite-stable alteration commonly exhibit sodic 

chemical compositions, reflecting the dominance of albite in these assemblages (as 

discussed in Chapter 4). Rocks with this style of alteration typically have molar Na:K > 

3, and are shifted towards Na on compositional plots (fig. 7.4). As described in Chapter 4, 

these zones of alteration are typically located along the periphery of the diatreme, both in 

the near surface environment and at deep levels (3100 level, Ajax Mine). 

Albite + pvrite or specularite: Na is also markedly enriched in zones of albite + 

pyrite alteration and some samples of alkali feldspar + specularite alteration. Like the 

zones of chlorite + albite alteration, these tend to be located along the periphery of the 

system. These rocks have the highest Na;K of any rocks in the district. 
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Ba, Sr and Cs: 

The alkali earth elements Ba and Sr behave more erratically than K, Na and Ca. Ba 

and Sr are sometimes enriched and sometimes depleted in zones of alteration, showing no 

obvious systematic behavior according to alteration type or its intensity. At the district 

scale, however, a broad is zonation apparent. Barite and celestite are present throughout 

the upper levels of the diatreme complex, especially in the upper levels of zones of 

extensive K-feldspar + pyrite alteration. Ca-sulfates (anhydrite, gypsum), however, are 

typically restricted to deeper levels, and appear to be associated with higher temperature 

styles of alteration. 

Ba and Sr are strongly enriched in igneous feldspars (fig. 2.13), but are much less 

abundant in hydrothermal feldspars. Significant quantities of these elements may be 

mobilized during alteration of igneous feldspar sites, making them available to form Ba 

and Sr sulfate minerals, or to be transported in solution. Thus, broad zones of intense 

feldspathic alteration may have served to liberate substantial quantities of Ba and Sr. It is 

interesting to note that the largest zones of barite and celestite-rich alteration are found in 

the vicinity of Ironclad/Globe Hill, which also represents the broadest area of intense K-

feldspar alteration in the district. 

Like Ba and Sr, Cs in enriched in igneous feldspar, but unlike Ba and Sr, Cs is 

systematically depleted in altered rocks. While barite and celestite form repositories for 

the Ba and Sr liberated during alteration, no hydrothermal phases are present that serve as 

repositories for Cs. Instead, Cs appears to have been evacuated from zones of alteration. 
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Rare earth elements 

REE, and in particular light REE, are often strongly enriched in mineralized veins and 

hydrothermal breccias. Mn-rich hydrothermal breccias are particularly enriched, 

commonly containing > 0.1 wt% S REE (e.g. Ironclad/Globe Hill). The enrichments of 

REE in zones of mineralization are not complimented by depletions of REE in adjacent 

wall rocks, and significant amounts of REE appear to have been added during the process 

of mineralization. Likewise, most REE addition is restricted to vein materials and breccia 

matrixes, with relatively little (or no apparent) addition of REE in wall rocks adjacent to 

veins. 

Mineralized veins often contain crystals of bastnasite and other more exotic REE 

phases. Apatite grains in wall rocks immediately adjacent to veins commonly exhibit 

LREE enriched rims, which serves as a distinguishing characteristic of zones of 

mineralization. 

Base metals 

Like Ba and Sr, transition metal elements behave erratically, and show little evidence 

for systematic enrichments or depletions in most zones of alteration and mineralization. 

Notable exceptions are zones of alkali feldspar + specular hematite alteration, which are 

typically depleted in Cu, Pb and Zn. It is possible that significant quantities of these 

metals were leached from the diatreme complex during episodes of alkali feldspar + 

specularite alteration, but the ultimate repository for these metals is unknown. 

Although regular patterns of depletion and enrichment for base metals are not 

apparent in ore-stage mineralization/alteration, base metals appear to be crudely zoned at 
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the district scale. Cu (as turquoise and tetrahedrite) is more abundant in the northern part 

of the district (especially in the vicinity of Mineral Hill), and Lindgren and Ransome 

(1906) report vug filling by native copper in lamprophyre dikes in the area. Likewise, 

distal veins of galena and sphalerite are abundant around the periphery of the district. 

At deeper levels, weak enrichments of base metals are seen in the form of 

disseminated galena and sphalerite in zones of K-feldspar + illite + pyrite alteration at the 

7000' elevation in the Ajax-Portland and Vindicator mines (Chapter 4). Molybdenum 

also appears to be enriched in ore stage veins at deep levels, and molybdenite veins have 

occasionally been encountered in deep drilling. This appears to reflect a transition to 

base-metal rich environments at deep levels. 

Base metal distribution is discussed in greater detail in Appendixes N and R. 

Sulfur and carbon 

Additions of sulfur and carbon during episodes of hydro thermal alteration took place 

throughout the evolution of the diatreme. As described in chapter 4, pyrite and sulfate 

minerals occur in many hydrothermal mineral assemblages. These include zones of 

sulfide-rich alteration generated in the early stages of magmatic activity, as seen in 

altered xenoliths transported by early volcanic breccias and phonolitic intrusions (Chapter 

4). Likewise, nosean-rich styles of alteration document addition of sulfate during the 

earliest stages of phonolitic magmatism. Hydrothermal carbonate accompanies many of 

these early alteration types, and represents a net addition of carbon (CO2 or carbonate 

ion) to wall rocks. 



342 

Large amounts of carbon, and to a lesser degree, sulfur were also introduced during 

the emplacement of lamprophyre dikes and intrusions. Veins of ferroan carbonate are 

pervasively developed in and around many lamprophyre intrusions (fig. 7.6), and 

carbonate minerals are abundant in lamprophyric rocks. Textural evidence suggests that 

lamprophyres exsolved low-density, carbonate-rich phases during crystallization, 

producing carbonate-rich ocelli and breccia matrixes (as discussed in Chapter 2). In the 

Cresson Pipe lamprophyre, carbonate accounts for 10-30% of the rock mass, with large 

numbers of carbonate veins developed in adjacent wall rocks up to 100 m fi"om the 

contact. In many cases, minor amounts of pyrite accompany these carbonate minerals. 

The most significant additions of sulfur and carbon, however, took place after the 

emplacement of lamprophyres, during episodes of K-silicate + pyrite alteration and gold 

mineralization. Rocks with K-silicate + pyrite alteration show significant additions of 

both sulfur and carbon. Sulfur is fixed in hydrothermal pyrite, barite and celestite, with an 

average sulfide:sulfate of ~8. Carbon is more variable, and is present as hydrothermal 

carbonate minerals in veins and in the sites of altered mafic minerals and plagioclase. 

Mafic rocks show the strongest gains of both carbon and sulfur, with their greater 

amounts of mafic minerals having been replaced by pyrite and carbonate minerals. 

The hydrothermal breccia pipes at Ironclad and Globe Hill represent exceptional 

enrichments in sulfur and carbon, in the form of large bodies of rhodochrosite, 

celestite/barite and anhydrite. Large volume of calcite veins are also present in the area 

(especially drill hole UGC-97-5), which required massive addition of carbon to wall 

rocks in the area. 
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Sulfur isotopes, and sulfur budgets are further discussed in Chapter 8. 

Si addition/loss 

The Cripple Creek district is characterized by quartz-poor styles of alteration. While 

quartz is present in veins and hydrothermal breccias, most types of alteration are quartz 

poor, and some alteration assemblages contain feldspathoids (e.g. nosean-

analcimeiclinopyroxene; see descriptions in Chapter 4). Although small amounts of 

quartz may be present in altered wall rocks adjacent to ore-stage veins, alteration 

assemblages in wall rocks are dominated by K-silicate minerals, pyrite and carbonate. 

A significant change that took place during K-metasomatism and gold mineralization 

is the conversion of feldspathoidal rocks to rocks chiefly composed of feldspar. As seen 

in fig.4.18, sodic feldspathoids such as nepheline, analcime, hauyne, nosean and sodalite 

develop reaction rims of albite in the incipient stages of alteration: 

NaAlSi04 + 2Si02 = NaAlSiaOg and NaAlSi206-H20 + SiOz = NaAlSisOs + H2O 
Nepheline silica albite analcime silica albitc 

Albite, in turn, is converted to K-feldspar as metasomatism becomes more intense 

(fig. 4.18). 

Conversion of feldspathoids to feldspars requires an addition of silica. Whole rock 

geochemical data, however, show little evidence for systematic additions of silica in 

altered rocks. Instead, excess silica appears to have been largely derived from the 

carbonation and sulfidation of mafic mineral sites, and alteration of plagioclase; 

+ Na3CaMg(Fe^''2Ti)Fe^''2AlSi7O30 + 6H2S + 2H2CO3 + O2 + 2H^ 
Tl-rich aegerinc-augite 

= 3FeS2 + (Ca,Fe)(C03)2 + K(Mg,Ar')2Si40io(OH)2 + Ti02 + SSIOz + 3Na^ + 8H2O 
pyrite ankerite phengitic illite leucoxene 
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HzO + KAlSisOg + CaAbSizOg + CO2 = CaCOs + KAl2AlSi30io(OH)2 + ISiOi 
K-spar plagioclase carbonate sericite 

In zones with quartz-rich veins or quartz-rich hydrothermal breccias, however, more 

significant silica addition was required. Magmatic fluids exsolved from silica 

undersaturated magmas can become quartz saturated at low temperatures (as will be 

discussed in Chapter 11). This model is supported by the presence of hydrothermal quartz 

at high (cooler) levels in the Cripple Creek system, while deeper, higher temperature 

veins have greater proportions of carbonate, fluorite and sulfate, and are quartz poor in 

many cases. 

It is notable that modal quartz and quartz veining is only developed where 

feldspathoids in adjacent wall rock have been altered to feldspar. In distal veins where 

alteration is less intense and feldspathoids are still present in wall rocks, veins tend to 

dominated by carbonate minerals. 

Silica addition and loss in Precambrian rocks 

Stronger evidence for silica mobility is seen where veins cut quartz-rich Precambrian 

granitoid rocks. As discussed in Chapter 4, large zones of Precambrian rocks show 

evidence for silica removal (fig. 4.1c). According to cross-cutting relationships, this may 

represent an early event, and is possibly related to the original emplacement of silica 

undersaturated magma into quartz-rich wall rocks. Where ore-stage veins cut across these 

"bug-hole" granites, quartz has clearly been reintroduced, and is often seen as euhedral 

grains of quartz, fluorite and adularia growing into the open cavities. Often, these 

euhedral quartz grains are coated by thin veils of chalcedonic silica. 
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Fe, Ti and Al 

Titanium, aluminum and iron have been largely conserved during hydrothermal 

alteration. Although many hydrothermal assemblages contain Fe-bearing phases 

(specularite, pyrite, biotite), chemical analyses show that iron was largely derived from 

pre-existing Fe-phases in wall rocks. The small amounts of iron sulfides present in ore-

stage veins do not represent a significant mass flux of Fe at the district scale. Likewise, 

large specularite veins (>0.5 cm) are uncommon, and hydrothermal specularite is largely 

confined to the sites of altered mafic minerals. 

Aluminum also shows little evidence for mobility during hydrothermal alteration and 

gold mineralization, and aluminosilicate minerals are absent in most veins. Exceptions 

include late-stage dickite veins and other phyllosilicate veins associated with small 

volumes of acid styles of alteration. In ore-stage veins, however, aluminosilicate minerals 

are typically restricted to the margins of veins, where large reservoirs of wall rock 

aluminum were available (fig. 7.7a). Within the veins, only roscoelite (an aluminum-

deficient mica) is typically present. These patterns likely reflect the extremely low 

solubility of aluminum in alkaline hydrothermal systems. 

As discussed in Chapter 2, titanium is enriched in igneous mafic minerals (up to 4 

wt% in biotite), as is typical of alkaline magmatic systems (Ti'*^ substitution for Si"^ is 

encouraged in silica deficient magmas). Geochemical analyses indicate that titanium was 

largely conserved in zones of alteration, and hydrothermal Ti-oxide minerals such as 

leucoxene are commonly found in the sites of altered mafic minerals. Ti minerals 

(leucoxene and rutile) are occasionally observed in veins (fig. 7.7b), especially at deeper 
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levels. That Ti-oxide veins at Cripple Creek are most commonly recognized at deep 

levels (>500m) may reflect greater mobility in deeper, higher temperature environments. 

Redox changes 

Changes in redox states took place during alteration, and provide insight into fluid 

chemistry and the physicochemical conditions of alteration. Redox states are constrained 

by whole rock geochemistry (Fe^VFe^"^ ratios), mineral chemistry (e.g. Xpc of sphalerite), 

stable isotope data, and phase equilibria. These data were compiled for a wide variety of 

igneous and hydrothermal mineral assemblages in the Cripple Creek district. 

The oxygen fugacities (redox states) of most magmatic systems are buffered by 

reactions that involve Fe^'^-bearing silicates and magnetite (Carmichael and Ghiorso, 

2+ 
1986; Carmichael, 1991). Unaltered rocks in the Cnpple Creek distnct contam Fe -

bearing silicates, Fe^^-bearing silicates (aegirine), and magnetite, suggesting that the 

magmas evolved along similar Fe^"*^/Fe^"^ redox buffers. Fresh rocks are relatively 

oxidized, as evidenced by the prominence of Fe^^ bearing silicates (aegirine) and igneous 

sulfate minerals (nosean), but significant Fe^^ is also present in pyroxene, amphibole, 

biotite and magnetite. Fig. 7.8 shows Fe^"^/Fe^^ for fresh rocks, and altered equivalents. 

Amongst the redox changes that took place during alteration, the most significant 

shifts took place during episodes of alkali feldspar + specular hematite and K-feldspar + 

2+ 
pynte alteration. In zones of specularite-stable alteration, Fe -bearing silicates and 

magnetite have been replaced by hematite, leading to significant increases in Fe^V Fe^"^. 
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3+ 2+ 
In zones of K-feldspar + pyrite alteration, Fe was reduced to Fe during the process of 

sulfidation, resulting in dramatic increases in Fe^'^/Fe^'^ (fig. 7.8). 

It is tempting to consider sulfidation (pyrite replacing ferric minerals) to reflect a 

process of reduction, where Fe^"^ in wall rocks (in hematite, magnetite, and aegirine) is 

reduced to Fe^"^ to form pyrite. However, pyrite is stable over a broad range of redox 

conditions, including oxidation states much higher than typical oxidation states of 

igneous rocks. Figure 7.9 shows mineral assemblages plotted as a function of ^,^^5/^504 

(redox) and temperature, along with likely oxidation buffers for fluids and host rocks. As 

shown by fig. 7.9, the development of pyrite + sulfate and specularite assemblages 

requires significant increases in oxidation states. These shifts to higher oxidation states 

reflect transitions fi'om rock dominated environments (Fe^^/Fe^^ redox buffers) to fluid 

dominated conditions (redox buffered by reactions). 

Other alteration types, including biotite and chlorite-albite assemblages show less 

dramatic changes in Fe^'^/Fe^'^ ratios. Fluid compositions and redox changes during fluid 

evolution are further discussed in Chapter 8. 

Chemical signatures of gold mineralization 

Amongst the large volumes of rocks with K-silicate + pyrite alteration, rocks with 

gold mineralization represent a distinctive sub-population. Almost all rocks with >1 ppm 

Au show evidence for strong K-metasomatism, but many rocks with K-metasomatism 

lack gold mineralization (fig. 7.10). Conversely, highly mineralized rocks lacking K-

silicate alteration are not observed. Together with the observed timing relationships and 
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patterns of mineral distribution, K-metasomatism and gold mineralization appear to be 

products of the same hydrothermal event (and potentially the same fluids), but result from 

different processes. While K-metasomatism was extensively developed along fluid 

pathways, gold mineralization was more selective. It is also possible that gold was, at 

times, being scavenged from wall rocks along flow paths. 

Passage of ore-stage fluid is indicated by the presence of K-metasomatic + sulfide ± 

carbonate alteration, but the presence of Au mineralization in these environments has 

more specific chemical and mineralogic signatures. The chemical signatures of gold 

mineralization are discussed here. 

Enrichment and depletion of elements in zones of mineralization 

Figures 7.11-7.13 show enrichment and depletion patterns for zones of mineralization 

throughout the district. To construct these plots, chemical data from mineralized samples 

were normalized to adjacent, unaltered and unmineralized wall rocks. Although 

enrichment patterns for individual elements show considerable variation, systematic 

patterns are apparent. Elements such as Te, Sb, As, W, K and T1 are almost always 

enriched in zones of gold mineralization, while others such as Ca and Na are 

systematically depleted. Ba, Sr, Pb, Zn and Cu behave erratically, being enriched in some 

zones of mineralization, but are depleted in others. 

These chemical signatures of mineralization remain remarkably consistent across a 

variety of environments and rock types. Few differences are seen between deep and 

shallow environments, with the possible exception of Mo. Deep veins show greater 
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enrichment in Mo compared with zones of mineralization in the near surface 

environment. 

Base metal sulfides (sphalerite > galena > tetrahedrite » chalcopyrite) are often seen 

in veins and in alteration halos adjacent to veins, but total Pb, Zn, and Cu behave 

erratically in zones of mineralization. In many cases, base metals are strongly depleted in 

the vicinity of veins, suggesting that they have been leached and transported by 

hydrothermal solutions. In other cases Pb, Zn, and Cu are strongly enriched. Similar 

behavior is seen with uranium and vanadium. 

The tremendous enrichments of Au seen in fig 7.11-7.13 testify to the efficiency of 

the hydrothermal system at concentrating gold relative to other elements. Fig. 7.14 

present the same data, recalculated in terms of mass flux, and shows the clear dominance 

of alkali mass transfer in the hydrothermal system. Whereas gold shows the greatest 

relative enrichments, it represents only a tiny fi-action of material moved by the 

hydrothermal system. 

Manganiferous hydrothermal breccias 

Although most zones of mineralization show remarkably consistent patterns of 

chemical enrichment and depletion, manganiferous hydrothermal breccias have 

distinctive chemical signatures. The manganiferous hydrothermal breccias in and around 

Globe Hill and Ironclad are strongly enriched in rare earth elements (REE), Mn, Ba and 

Sr. Some rocks from zones of mineralization contain in excess of 1 wt% Sr and 1 wt% 

REE. Unlike other zones of mineralization. Mo, Cu and Pb are strongly enriched in 

almost all mineralized samples. In contrast to the other base metals, Zn has been variably 
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enriched and depleted in the Ironclad/Globe Hill area (fig. 7.13). The area is also 

characterized by broad zones of rock with >10 wt% K2O, and represents one of the 

largest zones of intense potassium metasomatism in the district (fig. 7.15). 

Gold mineralization is erratic throughout the area, but mineralization appears to be 

strongest in areas of quartz veining with intense potassium metasomatism. Considering 

the unusual endowments in REE, large ion lithophile elements, and manganese, along 

with the >400,000 ounces of gold produced from the area, the Globe Hill and Ironclad 

breccia pipes represent the most significant geochemical anomalies in the district. The 

area also contains the highest density of high-grade (>3 ppm) intercepts in the existing 

drill hole database. 

Te vs Au 

Cripple Creek is renowned for its telluride-rich styles of mineralization. Gold and 

tellurium are strongly correlated, and Au:Te of high grade samples systematically 

approach the stoichiometry of calaverite (fig. 5.13). Samples with Au:Te greater than the 

molar 1:2 contain native gold, but the vast majority of these samples are oxidized 

equivalents of telluride-rich mineralization. Likewise, native tellurium has been 

recognized in a few samples (fig. 6.10), but is exceedingly rare. 

Statistical approaches 

In addition to direct comparisons of mineralized and unmineralized samples, 

statistical approaches were used to identify geochemical patterns indicative of gold 

mineralization. Pearson correlation coefficients were calculated for the entire 

geochemical database, and various subsets. In all cases. As, Sb, Ag, Te, Tl, and to a lesser 
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degree, Mo and W showed the strongest correlations with gold. With the exception of Cs, 

no trace elements showed systematic negative correlations. These data are consistent with 

trends observed in the enrichment and depletion patterns described above. 

The suite of elements characteristically associated with gold mineralization (As, Sb, 

Ag, Te and Tl) show a common association in many epithermal gold deposits. Like gold, 

these enjoy significant transport as sulfide complexes (Spycher and Reed, 1989; Wood 

and Samson, 1998), and are likely to be precipitated by similar mechanisms 

(desulfidation of the fluid, reaction with wall rocks, etc.). 

Other statistical methods and further discussions of statistical correlations are given in 

Appendix U. 

Pathfinder elements 

According to multiple lines of evidence (mineral chemistry, patterns of enrichment 

and depletion, statistical analyses, etc.), the most reliable pathfinder elements for gold 

mineralization are As, Te, Sb, Mo, Tl and W: 

- Arsenic typically shows the strongest correlations with gold, but does not 

form a discrete mineral phase. As is typically present as arsenical pyrite, 

or in the tennantite component of tetrahedrite crystals. 

- Te is chiefly present as telluride minerals, but is also enriched in sulfides 

- Like As, Tl tends to be enriched in pyrite (fig. 5.12), but does not form a 

discrete mineral phase. 

- Sb occurs as tetrahedrite and less commonly as stibnite or Sb-enriched 

pyrite. 
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- Mo is found as discrete grains of molybdenite, but strong correlations 

between Pb and Mo in some vein systems suggests that some wulfenite 

may be present in zones of mineralization. Tungsten remains enigmatic. 

- W concentrations do not typically exceed lOppm in mineralized rocks, and 

discrete tungsten phases are rare. Lindgren and Ransome (1906) report 

the presence of hubnerite in a few locations. 

Au:Ag: 

While Au: Ag can show considerable variation throughout the district (Thompson et 

al., 1985), a weak negative correlation is seen between Au;Ag and elevation, suggesting 

that silver is enriched in the upper levels of the system. Production data indicate a ~4:1 

Au:Ag for the Cresson open pit mine, lower than the 9:1 indicated by historic 

underground production for the district as a whole. Although consistent with silver being 

enriched at higher elevations, zones of mineralization in the near surface environment are 

typically oxidized, a process that can shift Au:Ag. It is likely that the some of the 

zonation in Au:Ag is a reflection of supergene processes. 

Profound district-scale zonations in Au:Ag, or marked increases in silver in the 

deepest exposures are not apparent in geochemical data sets. High Ag:Au are seen in 

some peripheral Pb-Zn veins, but their significance is poorly understood. 

Mass Balance 

Mass balance calculations provide insight into the likely size of the magmatic 

system(s) that fueled gold mineralization at Cripple Creek. Assuming a magmatic source 

for metals such as gold and potassium, the minimum size of the parent system can be 



353 

calculated by estimating the amount of material added during metasomatism, and the 

concentration of that material in the parent magmatic system. 

Calculations for Au and K (described in Appendix V), suggest that gold could have 

been supplied by a magma chamber with a characteristic dimension of 3-8km (25-525 

km^), and potassium from a magmatic system with a characteristic dimension of 6-17 km 

(130-5000 km^). These calculations are strongly dependent upon the efficiencies of mass 

transfer, and the original concentrations of K and Au in the parent system. However, they 

do serve to illustrate that that source of materials added during the process of 

metasomatism could have been derived from a reasonably sized, moderate-large intrusive 

system. It is notable that potassium requires a larger parent system than gold. Further 

discussion and implications are given in Chapter 8. 

As seen on regional geologic maps, Tertiary alkaline rocks outcrop over an area 

roughly 15x15 km (fig. 1.2), and the outer limit of intense K-alteration forms an ellipse 

that has dimensions of ~15 x 9 km (fig. 6.9). Both of these observations are consistent 

with the dimensions of the magmatic system suggested by the mass balance calculations. 

Loss of Na and Ca 

Considering the large volumes of K-altered rock with depletions of Na and Ca, 

significant masses of Na and Ca were mobilized during the process of alteration. The 

ultimate repositories for the Na and Ca are not clear, but insight is gained from active 

geothermal systems. 

Lindgren (1933) describes how geothermal waters rich in sodium chloride and 

sodium carbonate often precipitate calcium-rich tufa in surface exposures. Although 
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sodium represents the most abundant cation in these waters, Na is not commonly fixed in 

chemical precipitates along flow paths in geothermal systems, nor where these waters are 

issued at the surface as hot springs. Lindgren cited the sodium chloride springs at 

Glenwood, Colorado and the sodium carbonate springs at Ojo Caliente, New Mexico as 

examples of this phenomenon (Lindgren, 1933, p. 54, 66-73). 

Elsewhere in the world, sodium-rich trona deposits are found near hot-springs 

discharges in zones of alkaline magmatic activity in the East African Rift zone (Muhongo 

and Norbert, 1999), which may represent a repository for sodium leached from wall rocks 

during similar processes of alteration. Trona beds have poor preservation potential, owing 

to the extremely high solubility of sodium carbonate, which is readily dissolved by 

rainwater. If originally present in the Cripple Creek area, similar trona beds are unlikely 

to have survived ~27 million years of rainfall/snowfall and erosion. 

It seems most likely that both Na and Ca were evacuated from the system. If 

originally redeposited in surficial hot spring discharges or as precipitates in local fluvial 

or groundwater systems, they have been removed during the subsequent 30 million years 

of erosion and weathering. It also remains possible that some Na and Ca is dispersed at 

inconspicuously low concentrations in the surrounding country rock, or as chemical 

precipitates along groundwater flow paths in the area. 

Summary 

Alteration and mineralization in the Cripple Creek district resulted in massive 

chemical changes in host rocks. While chemical changes associated with early high-

temperature styles of alteration are relatively minor, large changes are associated with 
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lower temperature forms of alkali metasomatism and gold mineralization. Amongst the 

elements, alkalis show the greatest shifts during alteration, and account for the largest 

masses of materials moved. Gold shows the largest relative enrichments, testifying to the 

efficiency of the hydrothermal system(s) at mobilizing and concentrating gold. Other 

elements, most notably base metals and alkali earth elements such as Sr and Ba, behave 

erratically and have not been systematically enriched or depleted along fluid flow paths 

and zones of mineralization. 

Elements such as iron, titanium, and aluminum have been largely conserved during 

processes of alteration and mineralization. Silica has clearly been added to form quartz 

veins and quartz-rich matrices in some hydrothermal breccias, but overall, the rocks and 

styles of mineralization can be characterized as quartz-poor in comparison with other 

classic epithermal districts (Comstock, NV, Oatman, AZ). 

Zones of gold mineralization show elevated concentrations of a characteristic suite of 

"pathfinder" elements. These include As, Te, Sb, T1 and W. More unusual styles of 

mineralization include the group of manganiferous breccias. These zones of 

mineralization exhibit strong enrichments in REE, Mo, Sr and Ba, along with intense 

potassium metasomatism. Au:Ag show little variability both vertically and laterally (see 

also Thompson et al., 1985), although local zones of argentiferous galena and sphalerite 

veins are found along the periphery of the district. Amongst the base metals. Mo is the 

only element that shows evidence for systematic enrichments at deep levels. 

While Cripple Creek contains a remarkable endowment of gold, the mass flux of gold 

and quartz are minor. More remarkable are the mass transfers implied by the large 
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volumes of K-metasomatism, carbonation and sulfidation. The solubilities of alkalis 

predicted by chloride-complexing would require enormous fluxes of magmatically 

derived fluid to explain the enrichment of potassium seen in the district; a flux that is 

significantly larger that that required to produce the gold mineralization alone (see 

Appendix V). Carbonate complexing of alkalis may have played a significant, if not 

dominant role, in boosting solubilities of alkalis in the ore-fluids at Cripple Creek. 

Although little thermodynamic data exist for alkali-carbonate complexes (KCO3", NaCOs" 

, etc.), the presence of alkali carbonate crystals in fluid inclusions fi-om other alkaline 

complexes (e.g. Phalaborwa, R.S.A.; Eriksson, 1989) suggests that they play a key role in 

alkaline systems. In this sense, the styles of K-rich metasomatism at Cripple Creek 

resemble low-temperature fenitization. 

The compositions inferred for Cripple Creek's hydrothermal fluids (e.g. enrichments 

in CO2, K, F, Te) appear to be intimately linked to the endowments of volatiles and more 

exotic chemical species that are characteristic of alkaline magmatic systems. 
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Figure 7.5b: Chemical analyses of unaltered rocks (phonolites and terphriphonolites) and their altered 
equivalents. Fe, Ti, and Si are largely conserved during processes of alteration. Some samples with K-feldspar 
+ pyrite alteration show evidence for silica enrichment in the form of veins and hydrothermal breccias with 
quartz-rich matrixes (lower right), but silicification of wall rocks is generally not seen. Even in zones of 
quartz veining, gains in silica are minor; discussed at greater length in the text. 
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7/14/2000 12:02 

Figure 7.6a: Lamprophyre intmsion (gray-green color) exposed near Trail mine, south Cresson Pit. As 
shown in this photo of broken muck, the dark green lamprophyric breccia is surrounded by an armulus of 
orange alteration. The orange color is a product of the oxidation of ferroan carbonate (± iron sulfides), and 
is commonly developed around lamprophyre intmsions. 

Figure 7.6b: Heterolithic breccia with limonitic matrix (replacing ferroan carbonate) in south Cresson Pit, 
near Rose Nichol Mine. Late-stage lamprophyre dikes cut both breccia and wall rock (brecciated nepheline 
monzosyenite). Clasts in the limonitic breccia include varieties of porphyritic and aphanitic phonolite and 
nepheline monzosyenite. Similar breccias are developed above several lamprophyre intrusions and lamprophyre 
breccia pipes. A large intrusion of lamprophyre breccia was exposed beneath this outcrop as mining continued. 
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Figure 7.7a; Coarse, euhedral adularia crystals along the margin of a quartz, fluorite, 
pyrite vein cutting phonolite (from central Cresson pit). 
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150 200 250 300 350 

Figure 7.9: ^ vs. temperature diagram showing speciation fields for 
aqueous sulfur Compounds and mineral stability fields (p^te stability field 
is shaded). Also shown are shaded fields for rock and fluid redox buffers. 
Pressures used in calculations conform to conditions of Uquid-vapor saturation. 
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CHAPTER 8: FLUID CHEMISTRY 

Introduction 

The complex history of hydrothermal activity in the Cripple Creek district is marked 

by regular changes in fluid compositions, and physicochemical conditions. These 

produced a variety alteration types that range from small volumes of high-temperature, 

intrusion-related alteration, to broad volumes of low temperature, alkali metasomatism. 

Insight into changes in fluid chemistry is gained from geochemical analyses, mineral 

chemistry, isotope systematics, and fluid inclusion data. These components are 

synthesized here to produce models of fluid evolution for the Cripple Creek district. 

This chapter is divided into several sections, including a review of fluid inclusion 

data, discussion of stable and radiogenic isotope data, discussion of fluid chemistries, and 

how these data influence our interpretations of fluid evolution, depths of formation, and 

the transport and deposition of gold. 

Fluid inclusion petrography 

Direct insight into fluid compositions and temperatures of formation can be gained 

from fluid inclusions. Fluid inclusion studies in the Cripple Creek district have been the 

subject of numerous theses and unpublished company reports. Notable theses include: 

Lane, C. A., 1976, Geology, mineralogy, and fluid inclusion geothermometry of the 
El Paso Gold Mine; Cripple Creek, Colorado; University of Missouri-Rolla. 

Dwelley, P. C., 1984, Geology, mineralization, and fluid inclusion analysis of the 
Ajax vein system, Cripple Creek Mining District; Colorado School of Mines. 

Saunders, J. A., 1986, Petrology, mineralogy, and geochemistry of representative 
gold telluride ores from Colorado; Colorado School of Mines. 

Seibel, G. E., 1991, Geology of the Victor Mine, Cripple Creek mining district, 
Colorado; Colorado School of Mines. 

Burnett, W. J., 1995, Fluid chemistry and hydrothermal alteration of the Cresson 
disseminated gold deposit. Cripple Creek, Colorado; Colorado School of Mines. 
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Mote, A. S., 2000, Fluid inclusion study of veins within Granite Island, Cripple 
Creek Mining District; University of Georgia. 

In these and unpublished company reports, several types of fluid inclusions have been 

described, along with homogenization temperatures and calculated salinities. These data 

suggest that the bulk of gold mineralization took place at relatively low temperatures 

(-150-225° C), and was produced from low salinity fluids (<5wt % NaCl), but evidence 

is also seen for the presence of other fluid types, including high-temperature, high-

salinity events, and fluid inclusions rich in liquid CO2. Collectively, these inclusion 

populations represent a considerable range of physicochemical conditions. 

The presence of high-temperature fluid inclusions in the Cripple Creek district has 

been cited as evidence that the early stages of mineral deposition in gold-bearing veins 

took place at relatively high temperatures (206-510° C) and involved hypersaline (33-40 

wt% NaCl) solutions (Dwelley, 1984; Thompson et al., 1985). Other geologic evidence 

suggests that gold mineralization was developed at relatively shallow levels (within ~1 

kilometer of the surface). The shallow level of formation is difficult to reconcile with the 

presence of the high-salinity, high temperature fluid inclusions, which would require 

much greater depths (> 3km). This constraint is discussed in greater detail below. 

To better understand the evolution of the gold deposit, place additional constraints on 

fluid chemistry, and to reconcile the observation of coexisting populations of high and 

low temperature inclusions, petrographic studies of fluid inclusions from throughout the 

district were made. Hundreds of thin sections were examined for fluid inclusions, and 

notes on characteristics, paragenesis, and primary vs. secondary nature were recorded. 

Some heating and freezing measurements were made during this study, but the principal 
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goal was to map out the distribution of fluid inclusion populations, and place timing 

constraints on the evolution of fluid chemistry in the Cripple Creek district. 

Fluid inclusion populations 

Fluid inclusions in Tertiary rocks and veins are dominated by two phase, 

liquid+vapor inclusions, while Precambrian rocks contain a broader range of fluid 

inclusion types, including high temperature, multi-phase inclusions. These reflect 

different evolutionary histories and conditions of formation. 

Fluid inclusions in Precambrian rocks 

A wide variety of fluid inclusion types are found in the Precambrian rocks of the 

Cripple Creek district (fig. 8.1). Igneous quartz crystals and quartz veins are the principal 

hosts for large (>5 |am) fluid inclusions, while feldspars are typically clouded and made 

turbid by networks of smaller inclusions. Inclusions in igneous minerals are typically 

found along annealed fractures and have characteristics consistent with secondary fluid 

inclusion assemblages (using criteria of Roedder, 1979; Bodnar et al., 1985; Goldstein 

and Reynolds, 1994), while milky quartz veins exhibit both primary fluid inclusions and 

secondary assemblages. 

Fluid inclusions in Precambrian rocks consist of several types: 

• one phase liquid or vapor-rich 

• two phase liquid+vapor 

• three phase vapor + liquid + liquid (inclusions with double meniscus) 
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• complex inclusions with liquid, vapor and multiple solid phases including 

halite, sylvite, hematite, and several other orthrombic and monoclinic 

crystals. 

The two phase, liquid+vapor inclusions are the most common type in Precambrian 

rocks, and are present in almost all samples collected in the area. These inclusions exhibit 

highly variable liquidrvapor and coexisting liquid and vapor-rich inclusions. These are 

interpreted to reflect trapping of dilute (low-salinity) fluids, and highly variable liquid-

vapor ratios are generally considered as evidence that fluids were undergoing phase 

separation at the time of trapping (e.g. Bodnar et al., 1985). Similar inclusions are present 

in Tertiary rocks and Tertiary vein materials throughout the area (discussed below). 

A distinctive facet of the Precambrian rocks is the presence of complex fluid 

inclusions, including vapor + liquid + liquid inclusions and inclusions with solid mineral 

phases in addition to liquid and vapor. These inclusions are more erratically distributed 

than single-phase and two-phase inclusions, but are present in most Precambrian 

granitoid rocks in the region, including Precambrian rocks lO's of kilometers from the 

diatreme. 

Clear, cubic crystals of halite are often present in these inclusions, along with sylvite 

and small crystals of hematite (fig. 8.1). The shapes and optical properties of other 

daughter crystals are consistent with alkali-carbonate or sulfate minerals, but are often 

too small to identify with confidence. Many fluid inclusions in Precambrian rocks exhibit 

liquid phases with double menisci, indicating the presence of two immiscible liquids. 
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These are interpreted to represent the presence of liquid CO2, in addition to a H20-rich 

liquid phase (e.g. Bodnar et al, 1985). 

Inclusions in Tertiary rocks 

Hydrothermal quartz, fluorite, and carbonate grains are the principal hosts of large 

(>5 i^m) fluid inclusions in Tertiary rocks, while hydrothermally altered feldspars are 

typically clouded by large numbers of sub-micron scale inclusions. Most inclusions large 

enough to view with an optical microscope are found in veins; quartz, fluorite, and 

carbonate minerals are most useful for fluid inclusion studies. Some large inclusions are 

also present in sulfate minerals (particularly anhydrite) and low-Fe sphalerite, but their 

distribution tends to be more erratic. 

Compared to Precambrian rocks, more restricted ranges of inclusion types are seen in 

Tertiary rocks and veins. Tertiary rocks and veins typically contain only single or two-

phase inclusions with liquid ± vapor. Two-phase inclusions are dominant in the majority 

of ore-stage veins, and generally have high liquid:vapor. In heating runs, these inclusions 

typically homogenize between 150 and 225° C, and have low salinities (<5 wt% NaCl; 

see also Thompson et al., 1985 and Dwelley, 1984). Many of these inclusions exhibit 

significant variations in liquidrvapor, and include populations of dark, vapor-rich 

inclusions (fig. 8.1). Although inclusions with double liquid menisci are generally absent 

in Tertiary rocks, high CO2 is suggested by the common presence of clathrates in freezing 

runs and vapor bubble expansion upon crushing (e.g. Seibel, 1991; Burnett, 1995). Along 

with mineralogic and chemical evidence, these characteristics suggest that ore was 

deposited by relatively cool (<225°), C02-rich, low salinity fluids. 
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Tertiary rocks and veins generally lack complex fluid inclusions with double menisci 

or multiple daughter crystals. Although a few inclusions with slender, rod-shaped 

daughter crystals have been observed in the deep levels of the Ironclad/Globe Hill area 

(see also Seibel, 1991) these appear to be exceptional. Likewise, dark menisci around 

vapor bubbles were observed in some Tertiary fluid inclusions by Seibel (1991) and 

Burnett (1995), and were interpreted to reflect the presence of CO2 (liquid?). However, 

clearly defined second menisci were not described, and fluid inclusions with clear 

evidence for liquid CO2 were not found in Tertiary rocks in this study. If such inclusions 

are present in Tertiary rocks and veins, they are unusual; far subordinate to the large 

populations of two-phase inclusions. This contrasts with the marked abundance of 

complex fluid inclusions with multiple daughter crystals and/or double menisci seen in 

Precambrian rocks throughout the area. 

Gold telluride veins in Precambrian rock 

Gold telluride veins in the Ajax Mine are principally hosted by Precambrian rocks, 

but also cut across Tertiary phonolite and lamprophyre dikes. As reported by Dwelley 

(1984) and Thompson et al. (1985), complex fluid inclusions with multiple daughter 

products are observed along the margins of gold telluride-bearing veins in Precambrian 

rocks. Where vein margins are clearly defined, however, the complex inclusions are 

located outside of the veins (fig. 8.2). Within the veins, only two-phase liquid+vapor and 

single phase inclusions (liquid or vapor dominant) are observed. 

Where telluride-bearing veins in the Ajax Mine cut Tertiary alkaline dikes, only two 

phase and single phase inclusions are present in wall rocks and in vein minerals (fig. 8.3). 
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The lack of complex, multi-phase inclusions where veins cut Tertiary dikes suggests that 

the complex, multi-phase fluid inclusions are older and unrelated to the formation of the 

veins. 

Summary and interpretation of fluid inclusion characteristics 

A variety of fluid inclusion types are present in the Cripple Creek district, reflecting a 

wide range of trapping conditions. These include an older generation of high-

temperature, complex inclusions with multiple daughter crystals, and younger, low 

temperature liquid+vapor inclusions. Some fluid inclusions in Precambrian rocks have 

double liquid menisci, indicating presence of liquid CO2. Although many two phase 

inclusions in Tertiary rocks and veins show evidence for CO2 (clathrates and vapor 

bubble expansion during crushing), double liquid menisci were not observed in fluid 

inclusions in Tertiary rocks. 

Homogenization temperatures for ore-stage veins range from 150-225°C with 

salinities <5 wt%, suggesting that ore forming fluids were relatively cool, dilute, and 

charged with CO2. High CO2 is also consistent with the abundance of carbonate minerals 

seen in altered and mineralized rocks, indicating extensive carbonation of wall rocks 

during alteration and mineralization. The widely varying liquid:vapor and presence of 

vapor-rich inclusions throughout the system indicate that fluids were boiling. Phase 

separation/effervescence appears to have been active over the entire vertical range of 

mineralization, from the deepest levels of the Ajax Mine, to samples collected at the 

present day surface (see also Thompson et al., 1985). 
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High temperature, complex inclusions with multiple daughter crystals represent very 

different fluid conditions. Homogenization temperatures in these inclusions are generally 

>300°C, although many decrepitate before homogenization. Salinities commonly exceed 

40 wt%. These inclusions are widely distributed throughout the area, and have been 

documented by numerous studies including Lane (1976), Dwelley (1984), Thompson et 

al. (1985), Mote (2000), and in numerous unpublished company reports. A common link 

amongst these studies is that complex fluid inclusions have only been observed in 

Precambrian rocks. This contrasts with a lack of similar inclusions in Tertiary alkaline 

rocks and veins. 

The presence of complex inclusions has led to suggestions of "porphyry-style" 

mineralization at Cripple Creek (unpublished company reports). While the complex 

inclusions are similar to those observed in many "porphyry" base metal deposits, they are 

also widely developed in igneous systems such as granitic batholiths that lack evidence of 

"porphyry" mineralization. Cross cutting relationships do not demonstrate a Tertiary age 

for the complex fluid inclusions, and their restriction to Precambrian rocks suggests that 

they may be older, and unrelated to the Tertiary magmatic-hydrothermal activity. 

Isotope systems 

Stable isotopes provide further insight into fluid chemistry. Over the past 30 years, 

much attention has been paid to the sources of fluids in epithermal gold deposits. This has 

led to broad application of stable isotope analyses in an attempt to discriminate between 

fluids exsolved from magmatic systems, and external fluids that were circulated by 

thermal anomalies. Together with real-time observations from geo thermal systems, much 
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evidence suggests that external fluids play a dominant role in many (if not most) 

epithermal systems. Epithermal systems related to alkaline magmatism, however, appear 

to be exceptional, and stable isotope data indicate a greater involvement of magmatically-

derived components. 

Sulfur isotopes help constrain fluid temperatures, redox states, and sources of sulfur, 

while oxygen isotopes help constrain fluid sources and temperatures. These isotope 

systems are discussed here. 

S'^O of vein and alteration minerals 

1 R 
5 O was determined for a variety of hydrothermal minerals, including an extensive 

set of samples from ore-stage veins, and a suite of minerals from higher temperature 

assemblages (fig. 8.4). Estimates of fluid compositions were calculated using equations 

from Field and Fifarek (1985), with temperatures derived fi-om fluid inclusion studies and 

other lines of evidence. 

As shown by figure 8.4, the 6'^0 of quartz from mineralized veins typically ranges 

from 15-20%o, and overlaps compositions of barren veins. These compositions remain 

consistent for veins both inside and outside of the diatreme. Calculated compositions for 

fluids in equilibrium with vein assemblages are relatively enriched in 5'^0, ranging from 

~ +2 to +8%o, with most clustering around +5%o. These values are consistent with a 

magmatic origin for the fluids (shaded box on figure 8.4), but are also consistent with 

other types of fluids (external, meteoric) that have become isotopically buffered through 

isotopic exchange with igneous wall rocks. 
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S'^O of hydrothermal K-feldspar in wall rocks ranges from ~ +8 to +14%o and are 

typically zoned around veins, with highest values immediately adjacent to veins. 

Euhedral adularia along vein margins typically have 6*^0 > 12%o, whereas hydrothermal 

K-feldspar in wall rocks further from veins are typically lighter (9-12 %o). This zonation 

is developed on the scale of centimeters in some veins, but may be developed over lO's 

of meters in permeable host rocks, or where metasomatism is especially intense (e.g. 

Beaty et al., 1996). 

8'^0 for fluids in equilibrium with wall rock K-feldspar overlap the ranges of fluids 

calculated for vein quartz, but extend toward lighter 6*^0 (fig. 8.4). The lighter S'^O in 

wall rock K-feldspar and patterns of isotopic zonation appear to reflect mixing with wall 

rock oxygen (5'^0 ~ 8%o). Dilution becomes more significant away from veins, resulting 

in progressively lighter 5*^0, and feldspars eventually grade outward to wall rock 

1 Q 

compositions. Alternatively, the shifts to lighter 5 0 in wall rocks may reflect greater 

incorporation of meteoric waters (low S'^O) away from veins (e.g. Beaty et al., 1996), but 

the lack of K-feldspar with 6'^0 lighter than wall rock values is more consistent with a 

process of isotopic dilution. 

Calculated fluid compositions for high temperature, biotite-orthoclase-magnetite 

I R 
assemblages overlap the compositions of magmatic fluids (6-8%o 5 0; fig. 8.4), and 

temperatures calculated from isotopic thermometry range from 390-570°C. These zones 

of alteration are barren of gold mineralization, and appear to represent episodes of 

magmatic hydrothermal alteration related to the emplacement of biotite-rich intrusive 

stocks (Chapter 4). 
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Interpretations 

Oxygen isotope data from ore-stage veins and earlier, high-temperature styles of 

alteration in the Cripple Creek district show evidence for high 5*^0 fluids that overlap 

compositions of magmatic waters. The isotopic compositions of mineralized veins are 

similar to those of barren veins, and remain remarkably consistent throughout all parts of 

the system. 5*^0 for fluids in equilibrium with hydrothermal K-feldspar in wall rocks are 

broadly consistent with compositions calculated from vein minerals, but also show 

evidence for incorporation of wall rock 6'^0, or dilution by low 5'^0 fluids. Similar 

conclusions were reached by Rosdeutscher (1999), Kelley et al. (1998), and Beaty et al. 

(1996). 

Distinct evidence for multiple fluid sources, or zones of fluid mixing has yet to be 

I o 

demonstrated in the Cripple Creek district. A few quartz veins do show lower 6 O (+8 

to +12%o) than the bulk of mineralized veins, and veins with low-5'^0 signatures are 

typically barren of gold mineralization. Their presence may indicate zones of recharge in 

1 o 

the hydrothermal system, or zones of meteonc fluid peripheral to high-5 O hydrothermal 

cells. More data are needed to provide a representative survey of the district. 

Analytical methods and 5'^0 data are given in Table 8.1 and Appendix Z. 

Comparisons with other systems 

Figure 8.5 compares the Cripple Creek data with values reported for other epithermal 

systems. A striking characteristic of Cripple Creek and other alkaline-related epithermal 

systems is their consistently high 5*^0 in vein materials and calculated fluid 

compositions. These are consistent with hydrothermal systems dominated by magmatic 



383 

fluids, and suggest a mode of origin/evolution that is distinctive amongst epithermal 

deposit types. Like other characteristics (Chapter 1), these argue for links to common 

processes amongst this clan. 

Sulfur isotopes 

Sulfur isotope data further constrain redox conditions, potential sources of sulfur, and 

trends in fluid evolution during hydrothermal alteration. Sulfide and sulfate samples from 

a wide variety of assemblages in the Cripple Creek district were analyzed for S^'^S, 

including numerous samples from ore-stage veins and base metal-rich events. 

Collectively, sulfides tend to be depleted in ranging from -18.6 to 2.91%o, with 

most less than 0%o. The light values in sulfides are complimented by heavier 6^'^S in 

sulfates, which range from +6 to +16%o. Average sulfide:sulfate is ~ 8:1 in most rocks, 

according to whole rock chemical analyses. 

Figure 8.6 shows histograms of 6^'^S for various sulfide and sulfate bearing 

assemblages throughout the Cripple Creek district. Samples were chosen to represent 

sulfur-bearing species from shallow mineralization (Cresson Pit), deep vein systems 

(Ajax-Portland Mine) and mineralized hydrothermal breccias (Ironclad-Globe Hill). 

for these samples are shown on the left side of the diagram. As part of a reconnaissance 

survey, additional samples were collected from other environments and other paragenetic 

stages. These are shown on the right and top of the diagram, and include assemblages 

from: 

• -late (post ore) hydrothermal events and zones of late-stage acid alteration. 

• -sulfides from distal, polymetallic assemblages 
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• -stratiform sulfides from fluvial/lacustrine and volcaniclastic sedimentary 

units 

• -sulfides from illite-rich zones of alteration in the Grassy Valley area 

Several patterns are apparent in these data (fig. 8.6): 

> Samples from zones of mineralization show consistent 6^'^S at all levels of 

exposure, including shallow vein systems (Cresson Pit), deep vein systems 

(Ajax-Portland), and hydrothermal breccias (Ironclad-Globe Hill). Although 

variations in 6^'^S are seen amongst different mineral species, calculated 6^'^S 

for aqueous H2S and S04'^ show relatively narrow and consistent ranges (fig. 

8.6). 

> Within the ore forming system, sulfide minerals in later stages of vein 

paragenesis are commonly shifted to lighter S^'^S. These include late stage 

stibnite and cinnabar which have S^'^S as light as -16%o. These minerals are 

often found as drusy coatings and filling cavities (vapor transported?). 

> More extreme isotopic variations are seen in sulfides from other paragenetic 

stages, such as the base-metal assemblages from the deeper levels of the 

Pointer-Index mines, which show very light S^^S. 

> Samples of sulfides from the near surface environment along the western 

perimeter of the diatreme show the heaviest S^^'S, and form a distinctive 

population of high S^^S sulfides. 
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Interpretations 

A remarkable characteristic of samples from zones of mineralization is their 

consistency in values. At all levels of exposure, populations of ore-stage sulfide and 

sulfate minerals show relatively consistent 5^'^S values, with more extreme variations 

seen in other paragenetic stages. Although some variability is seen amongst ore-stage 

sulfides and sulfates (+2 to -W%o for sulfides, +6 to +16%o for sulfates), much of the 

variation reflects differing degrees of fractionation between sulfide species (e.g. Apyrite-

galena ~ 3.76%o at 250°C). The similarity of 5^''S values for minerals and calculated fluid 

compositions for ore-stage samples in the Cresson Pit, deep levels of Ajax-Portland 

mines, and in the Ironclad-Globe Hill breccias is consistent with a common lineage 

amongst these zones of mineralization. 

Evidence for steam heated zones (where ascending H2S gases condense and oxidize 

to produce depleted sulfate) is not obvious in the sulfur isotope data. The lone 

exceptions appear to be samples of creedite from the top of the Dante collapse breccia in 

the Cresson Pit, which have of -5.6 and -0.1 %o. These creedite minerals are 

associated with late-stage acid alteration assemblages that are interpreted to be products 

of vapor condensation above the Dante collapse breccia (descriptions of the "Dante 

collapse breccia" are given in Appendix P). This collapse breccia appears to have acted 

as a chimney for gases and vapors ascending from deeper levels. 

The heavy (> 0%o) 5^''S values of sulfides collected from the western margin of the 

diatreme remains unexplained. This signature may reflect several processes: 
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• contributions of heavy 6^''S from external fluids or an independent source 

of sulfur 

• zones of reduction in the hydrothermal system, where heavy from 

SO4" was reduced to produce isotopically heavy H2S. 

• Raleigh fractionation; precipitation of low sulfides progressively 

shifted the remaining H2S to heavier 5^''S values 

Of these, Rayleigh fractionation appears to be least likely. The process of Rayleigh 

fractionation needed to shift the 5^'^S of H2S to > 0%o would require fractionation of > 80-

90% of available H2S; a process so extreme that it seems very unlikely to have taken 

place at a large scale. 

Bulk of hydrothermal fluids 

Using the 8:1 sulfide to sulfate ratio from bulk chemical analyses, for bulk sulfur 

in rocks lies close to 0%o, ranging from -3%o to +2%o (Table 8.2). This bulk is 

consistent with a magmatic source, assuming that the sulfide to sulfate ratio measured in 

rocks is a fair estimate for the H2S:S04"^ in the hydrothermal fluids. In active geothermal 

systems, however, it is common for the H2S:S04'^ in hydrothermal fluids to be very 

different from the sulfate:sulfide ratios preserved in veins and wall rocks. Therefore, the 

of = 0%o for bulk sulfur in the Cripple Creek system remains an inference, and it is 

acknowledged that 5^''S for the bulk sulfur in the hydrothermal fluids may have been 

significantly different than 0%o. 
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Potential additional sources of sulfur 

The presence of sulfide-rich sediments and carbonaceous limestones in the eastern 

sub-basin suggests that some surface waters in the upper levels of the diatreme were fetid 

and may have contained biogenically processed sulfur. It is unclear if these potential 

sulfur sources contributed to the overall sulfur budget of the hydrothermal system(s). 

Symptoms of the involvement of such fluids would include anomalously heavy 

signatures in the near-surface environment. Although not obvious in data collected from 

the eastem sub-basin, these types of signatures are observed along the western margin of 

the diatreme, which may be taken as permissive evidence of such a process. 

6^'*S isotopic thermometry 

Using published fractionation equations, temperatures of formation can be calculated 

for coexisting sulfate and sulfide pairs (Ohmoto and Rye, 1979; Field and Fifarek, 1985). 

While fluid inclusions provide key temperature data for the epithermal gold 

mineralization, useful fluid inclusions are lacking in many sulfate and base metal-rich 

assemblages. Sulfur isotope thermometers provide valuable temperature data for these 

assemblages. 

Samples of sulfates and sulfides from carefully selected mineral pairs were analyzed 

for including assemblages from a variety of elevations. Of particular interest are the 

base metal-rich assemblages found in the deepest levels of the district, some of which 

share similar timing relationships with the development of gold mineralization. Results 

are shown in figure 8.7. 
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Samples from base metal-rich mineralization in the deep levels of the Ajax Mine 

cluster between 317 and 407° C, while lower temperatures (223,277° C) were calculated 

for base metal veins in the Cresson Pit. These data are consistent with a transition to 

higher-temperature environments at deeper levels, were base metals have been 

precipitated in greater abundance, along with anhydrite-rich zones of mineralization. 

Temperatures of365° and 428° C were calculated from anhydrite - pyrite pairs in the 

vicinity of Ironclad and Globe Hill. These samples were taken from large anhydrite ± 

pyrite masses exposed at the surface and in drill core. Celestite-pyrite pairs from the 

Ironclad Mn-rich hydrothermal breccia gave an anomalously high temperature of 570°C 

that contrasts with cooler temperatures (<300°) inferred from fluid inclusion studies on 

similar assemblages in the area (Seibel, 1991). The 570° C temperature likely results 

from disequilibrium in the sulfur system. 

Summary of sulfur isotope thermometry 

Temperatures for sulfate-sulfide pairs are remarkably consistent throughout the 

district, all of which suggest temperatures of > 300° C. These are consistent with the 

higher temperatures expected for anhydrite and biotite-rich assemblages. These contrast 

with the lower temperatures calculated for sulfide pairs (galena-pyrite) from the Cresson 

Pit, and the 150-225°C temperatures for epithermal mineralization suggested by fluid 

inclusion studies. It should be noted that isotopic equilibration between H2S and SO4 is 

sluggish at temperatures below ~350°C (Ohmoto and Rye, 1979), and the isotopic 

compositions measured in the near surface environment may be inherited from equilibria 

established at higher temperatures and greater depths. This may be especially true for 



389 

areas like Ironclad and Globe Hill, where other lines of evidence (e.g. fluid inclusion 

studies) suggest temperatures of formation that are much cooler than those indicated by 

the sulfur isotope system. 

Radiogenic isotopes 

Re-Os dating: 

Re/Os dates for ore-stage molybdenite-bearing veins were determined by laboratories 

at the University of Arizona (Ryan Mathur) and Colorado State University (Holly Stein). 

These reported ages of 27.8 ± 0.3 and 27.6 ± 0.09, respectively. The -27.7 Ma age for 

mineralization is consistent with observed cross-cutting relationships, and other age dates 

in the district (Chapter 2). 

Pb isotopes 

Pb isotopes from galena in ore stage veins overlap the compositions of Cripple 

Creek's igneous rocks (Kelley et al., 1998). This can be interpreted to reflect derivation 

of Pb from a magmatic source. Alternatively, two arguments suggest that the Pb present 

in galena was derived from pre-existing igneous minerals in wall rocks: 

- Chemical mass balance shows no evidence for systematic enrichment of 

Pb in zones of mineralization (Chapter 7). Instead, Pb appears to have 

been variably leached and enriched in zones of alteration and 

mineralization. These pattems suggest that hydrothermal fluids were at 

times scavenging Pb from host rocks, and at other times depositing these 

metals in veins. 
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- Igneous feldspars contain up to 0.2 wt. % Pb, and the amount of Pb 

present as galena in the Cripple Creek district is orders of magnitude less 

than the amount of lead contained within wall rocks. During the 

development of extensive K-feldspar alteration, significant mobilization of 

igneous Pb and isotopic exchange would have taken place along the flow 

path leading to homogenization of Pb isotopic signatures. 

A distinction between an igneous source of lead (exchanged or scavenged from 

igneous host rocks) and a magmatic source have not been made clear by the existing 

isotope data. It is also unclear how these data relate to gold mineralization or sources of 

other metals. While much of the Pb present in hydrothermal assemblages appears to have 

been derived from (or exchanged with) igneous lead in the phonolitic wall rocks, metals 

such as Au and Te are systematically enriched, and appear to require an outside 

(magmatic?) source. Unlike Pb, they show little evidence that they could have been 

derived from the wall rocks that host mineralization. 

Fluid chemistry/evolution 

Mineral assemblages place constraints on fluid compositions, and track regular 

changes in fluid chemistry. Figures 8.8-8.11 show phase equilibria for various styles of 

alteration and mineralization, plotted according to different thermodynamic variables 

(redox, sulfidation, temperature). 

Evidence from field relationships (map pattems, cross-cutting relationships) indicate 

that multiple hydrothermal events took place, including small volumes of magmatic-

hydrothermal alteration characterized by pyroxene and biotite-rich assemblages, and 
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broader volumes of low temperature alteration characterized by alkali feldspar + pyrite or 

specularite. Gold mineralization was developed late, in association with large volumes of 

K-feldspar + pyrite alteration. 

Potential fluid compositions for low temperature, alkali feldspar + specularite 

alteration are plotted on fig. 8.8 as field "A". Two possibilities explain the lack of pyrite 

in these assemblages; fluids were either exceedingly poor in sulfur, or had a redox states 

high enough that SS « SO4". Although biotite was not generated during these events, 

igneous biotite (Xgnn = 0.3-0.5) remained stable in host rocks while other mafic minerals 

(pyroxene, amphibole and magnetite) were replaced by specular hematite. The lack of 

sulfate in these assemblages and stability of biotite place additional constraints on fluid 

compositions, and are suggestive of low SS. 

Early magmatic-hydrothermal events include high-temperature pyroxene-nosean 

assemblages, and biotite + magnetite + orthoclase alteration. Zones of pyroxene-nosean 

alteration appear to be products of fluids with oxidized sulfur species (SO2 or possibly 

SO3) liberated from phonolitic intrusions, while zones of biotite-magnetite-orthoclase 

alteration tend to be sulfur poor; anhydrite and pyrite are sometimes present, but are not 

universally developed. As seen in fig. 8.10, the biotite + magnetite stability fields overlap 

a wide range of SS. Also shown by fig. 8.10 is that the stability of pyrite in these 

assemblages would require 2S > 10"'m/L, a concentration of total aqueous sulfur that 

seems unrealistically high. Although pyrite is occasionally present in the biotite + 

magnetite + orthoclase veins, petrographic evidence suggests that the pyrite was 

introduced by later events. More reasonable fluid compositions for biotite + magnetite + 
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orthoclase alteration are shown by the shaded field labeled "A" in fig. 8.10, a position 

that plots closer to ZS ~ 10'^ to 10"^ m/L. 

The conditions of gold mineralization are constrained by assemblages rich in pyrite 

and sulfate minerals, along with minor amounts of tetrahedrite. The coexistence of sulfide 

and sulfate minerals in these assemblages constrain fluid compositions to lie close to 

« but at moderate JS2 where tetrahedrite is stable (field "B" on fig. 8.8). As seen in 

fig. 8.8, these mineral assemblages constrain ZS to -10"^ m/L, which appears realistic for 

dilute, alkaline epithermal fluids. Deeper polymetallic veins with phlogopitic alteration 

halos may represent high-temperature (deeper) compliments to the epithermal 

mineralization, based upon field relationships. Their implied fluid compositions share 

similarities with ore stage fluids, as shown by fig. 8.9. 

Mineral assemblages and compositions in zones of gold mineralization remain 

consistent throughout much of the Cripple Creek district, but several base-metal rich 

veins from the western perimeter of the diatreme show unusually heavy sulfur isotope 

signatures (discussed above). An example is shown as field "C" in fig. 8.8, which 

represents high-Fe sphalerite veins fl^om hydrothermal breccias along the margin of the 

Railroad Breccia lamprophyre. High Fe in sphalerite (Xz^s = 0.9) suggests relatively 

reduced conditions, and contrasts with more oxidized mineral assemblages associated 

with gold mineralization. No simple path of fluid evolution links fields "B" and "C" on 

fig. 8.8. Their distinctive compositions of high Fe sphalerite assemblages complement 
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their unusually high isotope signatures (discussed above), and are suggestive of 

separate fluid sources or different modes of evolution. 

Inferences about the speciation of sulfur in solution are made on the basis of 

mineralogy; dominance of sulfides are taken to reflect H2S (or HS") rich conditions, while 

assemblages rich in sulfates reflect dominance of S04~. Figures 8.8-8.11 were 

constructed assuming that H2S and S04~ represent the dominant sulfur species under 

reduced and oxidized conditions, respectively. Given the alkaline nature of the system, 

however, it is possible that alkali-sulfate species such as NaS04' and KSO4" played key or 

dominant roles in sulfur transport. The presence (or dominance) of alkali sulfate species 

may also rationalize the underdevelopment of acid-styles of alteration in the district, 

where cations in solutions were dominated by K"^ and Na^ instead of H^. This may have 

allowed for the extensive generation of sulfate-rich alteration in the vicinity of Ironclad 

and Globe Hill, without the generation of attendant volumes of acid (hydrolytic) styles of 

alteration. 

This contrasts with the behavior of sulfur species in subalkaline systems, where S-

rich hydrothermal systems almost always produce large volumes of acid alteration due to 

the disproportionation of SO2 to H2S and H2SO4 at high levels. It is possible that similar 

processes may be suppressed in alkaline magmatic hydrothermal systems, where Na"^ and 

K"^ actively compete with for complexation of sulfur species. Likewise, the oxidized 

and sulfur-rich nature of alkaline magmas suggests that low SS in their associated 

hydrothermal systems is an unlikely explanation for the underdevelopment of acid styles 
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of alteration, and the abundance of sulfate-rich alteration with relatively little acid 

alteration at Cripple Creek similarly emphasizes this point. 

Paths of fluid evolution 

Potential paths of fluid evolution for ore stage fluids are shown in fig. 8.11. The 

generation of ore-stage K-feldspar + pyrite alteration is consistent with the evolution of 

fluids that produced biotite-anhydrite-pyrite assemblages at 300-350°C. Potential paths of 

fluid evolution can also link high temperature (>400°C) biotite + magnetite + orthoclase 

assemblages with both K-feldspar + pyrite and K-feldspar specularite assemblages. 

Timing relationships, however, suggest that biotite + magnetite + orthoclase assemblages 

were generated during intrusive events that preceded the emplacement of lamprophyres, 

and were unrelated to gold mineralization. 

It is possible that some volumes of alkali feldspar + specularite alteration represent 

low-sulfur analogs to K-feldspar + pyrite alteration; fluids may have been driven into the 

hematite stability field through progressive reaction with wall rocks (desulfidation), or as 

H2S was oxidized in the near surface environment to produce S04~ rich fluids (shown 

schematically as the yellow, dashed path). The latter explanation appears unlikely, due to 

the lack of acid alteration that would accompany oxidation of the H2S (H2S + 2O2 = 

H2SO4). Alternatively, these assemblages represent the products of multiple episodes of 

alteration with different sulfur budgets. Evidence from geochemistry and cross-cutting 

relationships (fig. 8.12) offer strong evidence that K-feldspar + pyrite and alkali feldspar 

+ specularite alteration are products of independent events. Small volumes of specularite 

do occur, however, as late stage minerals in some ore-stage veins or as euhedral crystals 
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filling cavities and vugs. These may be products of fluid evolution (e.g. yellow path on 

figure 8.11), or may represent small volumes of oxidized, sulfur poor fluids that were 

circulated in the waning stages of hydro thermal activity in the district. 

Consistent themes amongst the styles of alteration at Cripple Creek are alkaline 

compositions and relatively oxidized conditions. These conditions are ideal for gold 

transport as bisulfide complexes (discussed below). Sulfur budgets may have varied 

substantially during the evolution of the magmatic and hydrothermal system(s), but 

sulfur-bearing assemblages appear to reflect fluid conditions close to a « a , and 
M20 

moderate ZS. Under such conditions, the presence of pyrite in ore-stage assemblages that 

range from 150-350° constrains SS in these fluids to 10'^ m/L or higher. These are 

consistent with evolution of fluids capable of producing phlogopite stable fluorite -1-

pyrite + sulfate + base metal veins at higher temperatures, such as those seen in the 

deepest levels of the district. 

Depth of formation 

Most studies suggest that up to 800m have been eroded since the end of volcanic and 

hydrothermal activity, but a shallow depth for ore formation is widely acknowledged. 

This is consistent with the presence of carbonized tree fragments in volcanic breccias 

(Lindgren and Ransome, 1906, p.31), trace fossils, and evidence of subaerial deposition 

of sediments in the eastem part of the district (mudcracks, worm burrows, bird tracks; see 

rock plates Loughlin and Koschmann, 1935; Koschmann, 1949). The unconformity 
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between Precambrian rocks and volcaniclastic and fluvial/lacustrine deposits marks the 

paleosurface at the onset of Tertiary volcanism. 

The generation of volcanic breccias and fluvial/lacustrine sediments took place 

relatively early in the evolution of the igneous system(s), followed by numerous intrusive 

cycles, with hundreds of individual intrusions emplaced throughout the area. It is 

possible that these intrusive events built a substantial volcanic pile (tuffs, lava flows, etc.) 

that has since been eroded. While no direct evidence has been found for the existence of 

thick volcanic deposits or other supracrustal rocks at the time of gold mineralization, 

several indirect lines of evidence support their existence. 

Depth to boiling curve relationships: 

Fig. 8.13 shows the positions of various assemblages in the Cripple Creek system 

relative the liquid-vapor curve on pressure-temperature diagrams. Zones of biotite-stable 

alteration in the near surface environment were likely generated at temperatures of 300-

450° C, requiring pressures of >100 bars if fluids were at or near liquid-vapor saturation. 

This corresponds to depths of several hundred meters under lithostatic conditions, and 

more than a kilometer if conditions were hydrostatic. It should also be recognized that 

these pressure estimates represent minima; high CO2 would require even greater 

pressures (e.g. Roedder, 1979). Considering that biotite-rich assemblages are exposed at 

depths of < 100m in the northern parts of the district, the paleosurface would have been 

located at elevations substantially higher than current exposures. 

In contrast, complex fluid inclusions in Precambrian rocks with multiple daughter 

products and high temperatures of homogenization (450-550°C), require trapping 
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pressures of >500 bars, implying depths of at least several kilometers. These differ 

significantly from the conditions implied for epithermal mineralization and the formation 

of biotite-stable assemblages. As discussed above, complex fluid inclusions are only 

abundant in Precambrian rocks at Cripple Creek, and their presence close to the Tertiary 

paleosurface would be difficult to explain if they were products of the shallow Tertiary 

epithermal system. 

Evidence from igneous rock textures: 

Phaneritic equigranular rocks, including syenites and nepheline monzosyenites, are 

exposed at the current surface. These rocks exhibit coarse grained textures that are 

characteristic of deeper intrusions, and are not likely to have been developed in surficial 

environments. These intrusions were emplaced relatively late in the evolution of the 

igneous system(s), and their textures suggest that significant thicknesses of cover rocks 

were present at the time of their emplacement. 

Liquid COi-bearing fluid inclusions 

Liquid C02-bearing fluid inclusions have been recognized in the Cripple Creek 

district (fig. 8.1). Although the majority of these inclusions have been found in 

Precambrian rocks, Bumett (1995) reports liquid-C02 in some inclusions in Tertiary 

rocks at relatively shallow levels in the Cresson deposit. While not recognized in this 

study, the presence of Tertiary fluid inclusions with liquid CO2 would impose significant 

constraints on paleodepths. Liquid C02-bearing fluid inclusions are generally interpreted 

to reflect trapping at depths of several kilometers (Barton and Chou, 1993), which 
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conflict with other data that suggest a shallow level for epithermal mineralization 

(<lkm), as described above. 

It is possible that the high pressures implied by inclusions with liquid-COa could have 

been developed as a result of sealing and overpressuring of hydrothermal conduits during 

hydrothermal activity. Throughout the Cripple Creek district, hydrothermal breccias are 

seen in zones of mineralization, suggesting that fluids frequently exceeded lithostatic 

pressures. It should also be recognized that experimental data for the CO2-H2O system do 

not account for the effects of alkali-carbonate complexing. Particularly in alkaline 

systems, where concentrations of alkalis and CO2 are likely to be high, alkali-carbonate 

complexing (e.g. KCO3', NaCOs", etc.) may serve to boost the solubility of CO2 (and 

alkalis) in fluids. A lack of thermodynamic data for these complexes prohibits 

assessment, but it is recognized that depth estimates based on data from the CO2-H2O 

system may underestimate the solubility of CO2 in alkaline fluids, leading to incorrect 

pressure estimates. 

Amongst the few epithermal deposits which have liquid C02-bearing fluid inclusions, 

a surprising number are related to alkaline magmatic activity. Liquid C02-bearing 

inclusions have been reported at Porgera, Papua New Guinea (Ronacher et al., 1999; see 

descriptions in Chapter 11), Emperor, Fiji (Kwak, 1990; see descriptions in chapter 11), 

and in the Rosita Hills-Silvercliffe Au-Ag deposit, Colorado (McEwan et al., 1996; 

described in Appendix A), all of which are associated with alkaline igneous systems. 

Two of these deposits (Rosita Hills-Silvercliffe and Porgera), have stratigraphic 

relationships and geologic features that suggest mineralization took place at shallow 
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levels. At Rosita-Silver Cliff, fossilized leaves are preserved in the Tertiary rhyolitic mud 

flows that host epithermal vein mineralization (Cross, 1896, p.273). These observations 

appear to contradict the depths predicted by the presence of liquid CO2 in fluid inclusions 

and phase equilibria in the CO2-H2O system (e.g. Barton and Chou, 1993). The stability 

of liquid CO2 in fluid inclusion assemblages trapped at relatively low pressures may 

represent another distinctive characteristic of alkaline-related hydrothermal systems. 

Transport and precipitation of gold 

Transport of gold 

Our current understanding is that gold is principally transported as a bisulfide 

complex (AU(HS)2") in alkaline fluids at intermediate oxidation states (Seward, 1973; 

Schenberger and Barnes, 1989; Hayashi and Ohmoto, 1991; Benning and Seward, 1996; 

Wood and Samson, 1999). Ore forming fluids at Cripple Creek maintained alkaline 

compositions and moderate oxidation states throughout the evolution of the hydrothermal 

system, as evidenced by the abundance of hydrothermal K-feldspar and carbonate 

minerals, and the coprecipitation of pyrite, and sulfate minerals. As shown fig. 11.13, 

fluids with these properties have ideal compositions for transporting gold. With a likely 

ES between 10'^ and 10*^m/L, gold solubilities would be measured in the lOO's of ppb to 

1 's of ppm range. The high fluid to rock ratios suggested by the volumes and intensities 

of K-silicate + pyrite alteration at Cripple Creek, and the solubilities of gold predicted 

from bisulfide complexing (see additional discussion in Appendix V) more than 

adequately account for the amount of gold transported by the hydrothermal system(s). 
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The predominance of telluride minerals in the Cripple Creek district and other 

alkaline-related gold deposits has led to suggestions of gold transport by gold-tellurium 

complexes. However, the lack of thermodynamic data for gold-tellurium complexes (and 

tellurium species in general) makes assessment of such processes difficult. Further 

discussion of tellurium geochemistry is given below. 

Precipitation of gold 

Processes that contribute to the precipitation of gold in epithermal systems include 

phase separation, reaction with wall rocks/desulfidation of fluids, and more tentatively, 

fluid mixing (Drummond and Ohmoto, 1985; Brown, 1986; Seward, 1989; Vikre, 1989; 

Sander and Einuadi, 1990; Corbett and Leach, 1998; Cooke and Simmons, 2000; 

Simmons and Browne, 2000; Cooke and McPhail, 2001). Thompson et al. (1985) 

describe evidence of boiling in veins at Cripple Creek, and suggest that continuous phase 

separation led to mineralization being developed along the >1050m of vertical exposure. 

Similar observations were made in this study. 

The C02-rich nature of the fluids may have also played a critical role in encouraging 

gold precipitation. High activities of CO2 would have encouraged effervescence (phase 

separation) as fluids ascended, leading to the development of mineralization over 

protracted vertical intervals along flow paths. Under such conditions, little change in 

temperatures or fluid compositions may take place over a protracted vertical interval of 

mineralization, such as seen in the Cripple Creek district (see also Thompson et al., 

1985). Similar phenomena are observed in other gold deposits related to alkaline 

magmatism (e.g. Emperor deposit, Fiji; Poliquin and Simons, 1998). 
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Away from veins, gold is disseminated in wall rocks, and is most commonly found in 

the sites of former mafic minerals (Chapter 5). This and other petrographic evidence (fig. 

5.12) suggests that reaction with Fe-phases in wall rocks (desulfidation) contributed to 

the development of large volumes of metasomatized rock with ppm-level gold in the near 

surface envirorunent. Direct evidence for fluid mixing is not obvious at Cripple Creek; 

current isotope data do not show convincing evidence for mixing, and the geometries of 

ore-shoots (vertically oriented, tabular to pipe-shaped bodies) are more consistent with 

other mechanisms (boiling, cooling, etc.). 

Throughout the district, fluid conduits for ore-stage fluids are marked by zones of K-

metasomatism (K-feldspar + pyrite ± illite, carbonate alteration). In other places, 

however, similar styles of alteration are extensively developed with little or no gold 

eru-ichment. As described in Chapter 7, the processes that cause precipitation of gold are 

different from those that generate K-metasomatism. While K-metasomatism tends to be 

broadly developed along vein systems, gold enrichment tends to be erratic. Fig 5.15 

shows the distribution of grade along a zone of production from a high-grade vein in the 

Ajax mine. Throughout the profile, alteration remains relatively consistent, but gold 

values vary from < 1 ppm to nearly 100 ppm. 

The role of tellurium 

The behavior of tellurium in hydrothermal systems remains somewhat of a mystery, 

largely because thermodynamic data are lacking for almost all known tellurium 

compounds. While redox and acid-base relationships have been established for a variety 

of tellurium phases and aqueous species (e.g. Afifi et al., 1988; Zhang and Spry, 1994a; 
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McPhail, 1995), solubility data have been more difficult to generate and asses (e.g. 

McPhail, 1995). Thermodynamic data are available for a few significant tellurium species 

at low temperatures (18-25°C); much of these data are from the 1920's through 1940's 

with a few more recent studies (e.g. Lingane and Niedrach, 1948; Awad, 1962; Panson, 

1963, 1964). For some important tellurium complexes such as H2Te, thermodynamic 

properties have been estimated using data for similar species such as H2S or H2Se (e.g. 

isocoulombic method of McPhail, 1995). The uncertainties involved in calculations of 

free energies and enthalpies of formation are amplified by many orders of magnitude in 

solubility calculations; 5-9 orders of magnitude in the case of HaTe. 

Using the thermodynamic data calculated by McPhail (1995), predicted solubilities of 

H2Te are on the order of 10'^ to 10"'^m/L. McPhail (1995) and Cooke and McPhail 

(2001) cite these low solubilities to suggest that vapor transport of Te may be dominant 

over aqueous transport. This has important implications for gold-telluride deposition, in 

that condensation of Te gas or remixing of vapor-transported Te may be a mechanism for 

triggering telluride deposition (Cooke and McPhail, 2001; A. Bamicoat, personal 

communication, 2002). 

Experimental evidence, however, suggests that much higher Te solubilities are 

achieved in aqueous solutions. Although very little experimental data on tellurium 

solubility exists, McPhail (1995) points out that Te solubilities of lO's to lOOO's ofppm 

have been measured in dissolution experiments. Likewise, in notes compiled by A.H. 

Koschmann, reference is made to experiments by W.F. Hillebrand which showed that 

gold tellurides could be dissolved by solutions rich in sodium bicarbonate and hydrogen 
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sulfide (Koschmann notebook, 2886, U.S. Geological Survey Field Records Library, 

Denver, CO). These measured concentrations of tellurium are orders of magnitude higher 

than those predicted from the thermodynamic data of McPhail (1995). Higher solubilities 

of Te in bicarbonate-rich solutions (as described by Hillebrand) may be key, as high CO2 

and enrichments in telluride minerals are common links amongst alkaline-related 

epithermal systems. 

Alternatively, the presence of tellurium in solution may have the effect of limiting 

gold solubilities at low temperatures. As telluride minerals become stable at temperatures 

lower than -200° C, gold transport may become inhibited by the presence of tellurium in 

solution, rapidly triggering the precipitation of gold and tellurium as telluride minerals as 

fluids cool below 200° C. More experimental and thermodynamic data are needed to 

judge to relative effectiveness of these processes. 

Further discussion of tellurium geochemistry and its effects on gold solubility and 

transport are given in Chapter 11. 

Synthesis and interpretation; sources and characteristics of 
fluids 

In the early stages of magmatism, large volumes of external waters were present in 

the upper levels of the diatreme, as evidenced by the widespread presence of 

fluviolacustrine sediments, limestones, and fine grained, fossil-bearing clastic rocks. 

Repetitive episodes of volcanism and sedimentation at Cripple Creek are indicated by 

stratigraphic relationships (Koschmann, 1965). 
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Recurrent episodes of alkali-feldspar + specularite alteration in the early evolution of 

the diatreme may reflect the circulation of oxidized alkaline fluids that were poor in 

sulfur; these properties are consistent with groundwater and surface water compositions 

expected in lacustrine settings or closed basins. Similar styles of alteration are developed 

in many volcanic terranes where surflcial fluids were circulated through cooling volcanic 

piles (e.g. Lindley, 1985; D'Andrea, et al, 1983; Ennis, et al, 1994; Dunbar et al., 1995), 

and as diagenetic alteration in sedimentary piles (Sheppard et al, 1968, and Sheppard et 

al, 1973). Variable K/Na in alteration assemblages may reflect convective circulation of 

these fluids, where Na-rich styles of alteration were developed along prograding (heating) 

fluid pathways, and K-rich styles of alteration along retrograding (cooling) paths (e.g. 

Carten, 1986). 

Episodes of intrusion-related magmatic-hydrothermal alteration are indicated by 

isotopic data and the presence of higher temperature alteration assemblages; these 

suggest transient introduction of magmatically-derived fluids into the diatreme 

environment. Mapped patterns of alteration show specific styles of alteration to be 

associated with individual intrusions in the district. Phonolitic and monzosyenitic 

intrusions appear to have generated the largest volumes of magmatic-hydrothermal 

alteration (biotite-magnetite-orthoclase alteration), and weakly developed peralkaline 

styles of alteration are intimately associated with late stage phonolite intrusions. 

Lamprophyres also exhibit evidence for exsolution of low-density phases in the form of 

ocelli, and leucocratic matrixes in lamprophyre breccia units; some bear cosmetic 

similarity with mineral assemblages developed during gold mineralization. 
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Gold mineralization appears to be associated with a large magmatic-hydrothermal 

system developed after (and possibly during) the emplacement of lamprophyres. The size 

of the system is constrained by the outer limit of associated K-feldspar + pyrite alteration 

developed in the area (fig. 6.9). This area extends for considerable distances to the south, 

west and north of the main diatreme, and includes significant zones of alteration 

developed in the volcanic breccias at Mineral Hill and Copper Mountain. Gold 

mineralization and attendant volumes of K-feldspar + pyrite alteration are characterized 

by heavy (magmatic?) 6*^0, suggestive of a significant magmatic fluid component. This 

episode of metasomatism also introduced large masses of C, S, Au, and Te; systematic 

enrichments of these and other pathfinder elements are also suggestive of an outside 

(magmatic?) source. 

Impressive volumes of manganiferous hydrothermal breccia, anhydrite, and carbonate 

mineralization are developed in the vicinity of Ironclad-Globe Hill, in the northern part of 

the district. This area also shows evidence for encroachment of high-temperature fluids, 

as suggested by the abundance of post-lamprophyre biotite-rich alteration in the near 

surface environment. It seems likely that the hydrothermal features in the Ironclad and 

Globe Hill area represent a more proximal position in the magmatic-hydrothermal 

system; the unusual breccia pipes in the area may have served as conduits for magmatic 

gases and aqueous solutions from an underlying magmatic cupola. 

Following gold mineralization, limited volumes of acid alteration were developed in 

several areas. These include illite-rich zones of alteration in Ironclad-Globe Hill and 

Grassy Valley, and more restricted (structurally focused) volumes of quartz-dickite-pyrite 
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alteration. Zones of sulfide-rich, fluidized breccia were also developed in the Ironclad-

Globe Hill area during this time, and incorporated fragments of mineralized 

quartz+fluorite veins and clasts with K-feldspar + pyrite alteration. The zones of 

phyllosilicate-rich alteration in the vicinity of Ironclad-Globe hill appear to be associated 

with the generation of large volumes of anhydrite in the area, and may be products of 

large-scale introduction of SO2 or S04~-rich fluids (±vapors?) in the area. Although illite 

is widely developed in the area, most rocks retain some feldspathic minerals, indicating 

that wall rocks effectively buffered the influx of acid fluids. The significance of these 

late-stage (post-ore) events is not clear, but little or no epithermal mineralization appears 

to have been generated by these events at the current level of exposure. Recent drilling, 

however, suggests that molybdenite-rich styles of mineralization with anomalous gold 

(lO's to lOO's of ppb Au) accompany late-stage anhydrite-rich styles of alteration at 

deeper levels in the Ironclad-Globe Hill area. 

Following the cessation of hydrothermal activity, supergene oxidation and weathering 

were extensively developed in the upper 1000m of the system. During the past 30 million 

years, pyrite was oxidized in these zones, and kaolinite was generated along fractures, 

grading outwards and downwards to more neutral-pH assemblages of illite-smectite 

clays. 

Fluid compositions 

Fluids that deposited gold were relatively cool (~ 125-200°C), alkaline, and charged 

with CO2. Such fluids have ideal compositions for transporting gold as bisulfide 

complexes (Au(HS)2"). Most lines of evidence suggest that phase separation (boiling, 
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CO2 effervescence) played a key role in precipitating gold in veins. The continuous 

effervescence of CO2 over protracted vertical intervals may explain the continuous 

vertical extent of mineralization in some veins (e.g. Thompson et al., 1985). Away from 

veins, gold was precipitated in K-silicate alteration halos, mostly in the sites of former 

mafic minerals, but also as isolated telluride or electrum grains in metasomatic K-

feldspar and carbonate minerals (Chapter 5). The preference of mafic mineral sites for 

gold mineralization suggests that reaction with Fe-bearing phases in wall rocks played a 

critical role in triggering gold precipitation in wall rocks. 

Compared to most epithermal districts, the mineralization at Cripple Creek appears to 

have been produced by fluids with high S'^O (~ +3 to +9%o). These data are consistent 

with fluids dominated by magmatically-derived waters, recognizing that a significant 

component of externally-derived fluids cannot be ruled out. High signatures are 

seen in many other alkaline-related epithermal gold deposits, a characteristic that 

distinguishes them as a group. Sulfur isotopes are also consistent with derivation from a 

magmatic source. 

Gold mineralization at Cripple Creek is also distinguished by its abundance of gold 

telluride minerals and extensive zones of K-rich metasomatism. The solubilities of alkali 

ions and gold tellurides may be enhanced in aqueous solutions rich in bicarbonate and 

bisulfide ions, characteristics common to many gold deposits related to alkaline 

magmatism. Further, the lack of significant volumes of hydrolytic (acid) styles of 

alteration may reflect the high acid-buffering potential of rocks with K-feldspar and 

carbonate-rich styles of alteration, or alternatively may reflect processes of fluid 
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evolution that are specific to alkaline hydrothermal systems. Better understanding of 

sulfur speciation and the effects of alkali-carbonate ions seem key; high solubilities of 

potassium sulfate species and/or alkali carbonate ions may act to suppress the activites of 

in solution and substantially alter the physicochemical properties of fluids in alkaline 

systems. 



Table 8.1: representative 8'®0 from various mineral assemblages in the Cripple Creek district 

mineral 5"0 description 

quartz from mineralized and high grade veins 
FXU-20 qz 20.688 pharmacist vein 

DDHS-2-198.5 qz 20.064 Newmarl<et vein system 

CL 4063 qz 19.298 qz-fl-cal vn from Rose Niohol mine 

AI5 1601 qz 18.985 Independence vein 

CL4018 qz 18.803 qz-cal vein from Isabella mine 

FXU 20 qz 18.452 pharmacist vein 

NS-PHO-VN qz 18.448 qz-tel vn, 10050 level, Cresson Pit 

HOC-92-1-497.5 qz 18.357 qz-tel vn, vicinity of Howard l\^ine 

39-K-175 qz 17.779 qz-tel vn from 8th level, Cameron mine 

AJX-DEX-1700 qz 17.708 Dexter vein, 17th level, Ajax mine 

41-K-89A qz 17.686 qz-fluorite vein from 5th level. Index 

AN3-678.5 qz 17.650 Newmarket vein system 

AN8 qz 17.405 X-10-U-8 

24-L-1850 S2 qz 17.162 mineralized Cresson pipe, Cresson 18 

39-K-2 qz 17.003 qz-sulfide-cal vein from Anchoria Leiand 1 

CL4018 qz 16.799 qz-cal vein from Isabella mine 

CR-1023-400 qz 16.756 mineralized qz-fl breccia from Cresson 

37-K-90 qz 16.754 qz-fl vn from H^ary Nevin 1 

HOC92-1-497.5 qz 16.494 qz-tel vn, vicinity of Howard f^ine 

24-L-48B qz 16.273 qz-fl Dexter vn from Portland 17 

EP7 TILLEY qz 16.130 high grade vein, 7th level. El Paso 

CL 4068 qz 16.096 qz-tel veins. Wild Horse IVIine 

41-K-74 qz 15.422 qz vein from 3100 level, Carlton tunnel 

orthoclase veins from 3100 level, Vindicator mine 
V-17-658MT or 8.02 
L or 7.386 
L#2 or 7.386 
V-17-697 or 6.500 
V-19-733 or 6.393 
VINDOR or 5.972 

adularia from margins of veins and wall rocks 
adjacent to veins 

39-K-132 ad 13.345 
K-124 ad 13.281 
AN3-678.5 ad 12.711 
CL-96-73-443 ad 11.397 
HOC 92-1-497.5 ad 9.667 
HOC-92-1-497 ad 9.627 
HOC-92-1-493 ad 9.602 
HOC-92-1-494 ad 9.123 
HOC-92-1-495 ad 8.962 
92-46-161 ad 8.129 
DDHS-8-533 ad 7.592 
92-46-160 ad 7.394 
39-K-119 ad 6.723 
CR-1023-400 ad 1.826 



Table 8.1 (con't): 5"0 from various mineral assemblages in the Cripple Creek district 

biotite from veins at the 3100 ievel of the Vindicator mine 
V-17-670 bio 7.030 
L bio 6.157 
V-19-697 bio 5.979 
V-12-366 bio 5.773 
VIND bio 5.371 

magnetite from veins at the 3100 levei of the Vindicator mini 
L#1 Mt mt 1.896 
VIND Mt mt 1.254 
V-17-697 mt 1.211 
V-12-366 mt 0.934 
L#2Mt mt 0.216 
L#2Mt mt -0.035 
L#1 Mt mt -0.803 

quartz from weakly mineralized or barren veins 

l141-MMR-5-535.fl qz 30.801 
STAGE 3 qz 24.126 
STAGE 2 qz 22.007 
STAGE 1 qz 19.735 
V35FL qz 18.975 
V37QZB qz 18.638 
UGC-97-5-2777 qz 18.493 
V37QZA qz 17.946 
AJX-DEX-1700 qz 17.708 
I126.sbfl qz 17.097 
I78.FLTRAIL qz 15.241 
AN3-678.5QZ qz 14.886 
UGC 97-3-1768 qz 14.651 

UGC 97-4-1881 qz 14.325 

1181-CC-92-46-1256.fl qz 14.288 
CC-92-46 qz 14.155 
DDU-2-192 LATE qz 14.123 
I170.fl qz 14.075 
CR1628-926 qz 14.06 
37-K-90 S1 qz 13.854 

24-L-74 S1 qz 13.611 
92-46-160 qz 13.570 
BANTA qz 13.318 
FOREST QUEEN qz 10.933 
36-K-3 SI qz 10.778 
AJX-24-2400 qz 10.377 
UGC 5-201 qz 8.913 
AJX 24 2400 qz 8.639 
24-L-1850 SI qz 8.084 

qz-molybdenlte vein with phlogopitic alteration hali 

CL 678 qz 9.639 
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Table 8.2: 6'''S for various sulfide assemblages, 

and bulk sulfatersulfide from samples at deep levels 

Ironclad/Globe Hill area 
UGC-97-5-2358 PY py 
UGC-97-5-2358 PYan 

-2.7 
10.1754 

GVC-92-79 PY 
GVC-92-1-591 

py 
py 

-4.7 
-4.2 

sulfides and sulfate minerals 
from 3100 level (1000m) level 

UGC-97-5-2777 py -2.6 A31-30A-7gn -8.0 
90DDH8-1050 py -2.9 A31-25-78 Si -7.81 
90DDH8-1050PY py -2.17 A31-23-11:gn -6.9 
90DDH8-1050 cl 6.8576 A31-27-11 gn -6.6 
90DDH8-1050 cl 8.0733 V-7-432SISI -4.7 
136(DDH500SE) an 8.9776 A31-27-11 py -3.5 
ICPY py -4.91 A31-23-10 py -3.1 
IC S04 an 10.5153 V-7-431.5 mo -2.4 

A31-29-13sl -2.17 
samples from Cresson Pit A-29-137.esl -2.1 
UGC-2-1902.5 PY py 0.4 V-4-1007.£mo -1.2 
UGC-2-2017 PY py -0.7 A31-25-16py -1.1 
FXU-19 py -1.4 A31-23-irpy -0.6 
HITZ-VN PY py -4.19 A31-27-14 py -0.3 
DRAB A PY py -6.1 A31-23-1tan 10.8483 
PITPY py -4.84 A31-23-41 an 11.4144 
PITGN gn -8.21 A31-27-11 an 11.5322 
PITGN gn -8.98 A31-23-82an 11.5958 
STIBFL sb -18.6 V-7-327 an 12.4245 

A31-25-64 an 13.0239 
samples from along the western A31-27-50ian 13.048 
margin of the dlatreme A31-25-78: an 13.0904 
RRBX SL si 0.05 A31-25-16.an 13.3342 
MOFFAT 700 PY py 1.63 A31-27-14 an 14.52795 
KEYSTONE py 1.7 A31-23-10 an 14.8332 
BEACON SL si 1.97 
154 PY py 2.12 sulfur/suifate ratios from bulk 
EP9B SL si 2.32 samples of deep drill core 
EP9B PY py 2.91 sample sulfur sulfate 

A31-28-490-49 2.93 0.1 
distal base metal-rich vein A31-26-472-481 1.71 0.09 
GOODWILL ADIT G gn -13.2 1 A31 •28-454-464 1.94 0.18 
WEST VEIN PY py -2.4 A31-20-177-18/ 0.78 0.06 
DDH58-5952 GN gn -0.42 A31-2e-73-84 3.69 0.31 

A31-28-37-47 3.17 0.71 
sulfldes from sedimentary rocks In eastern sub«basln A31-23-300-31C 5.96 0.54 
39-K-180 PY py -3.5 A31-23-a95-405 2.75 0.26 
39-K-180PY py -3.75 V-7-471-481 2.32 0.16 

V-3-97-106 1.37 0.22 
sulfides from late-stage veins V-3-50-60 3.35 0.41 
STIBFL sb -18.6 V-3.155-165 1.1 0.18 
37-K-144 SB sb -16.12 V-3-444-453 1.85 0.31 
37-K-69 CN cn -13.82 V3-501-591 0.29 0.04 

V-3-600-610 0.46 0.08 
sulfides from deep levels of the V3-687-697 1.3 0.14 
Pointer-index mines V.3 0-6 1.2 0.15 
41-K-115BGN gn -13.08 V-16-210-300 0.88 0.05 
41-K-115B SL si -11.73 V-16-439^48 0.04 0.01 
41-K-115B SL si -11.41 V-16-241-251 2.11 0.19 

average 1.96 0.2095 
pyrite from Grassy Valley sulfate/sulfide 0.106888 

see table xx for sample descriptions 
an = anhydrite, cl = celestite. cn = cinnabar, gn = galena, 

mo = molybdenite, py = pyrite. sb ~ stibnite. si = sphalerite. 
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XGD2 UGC-97-5-928 UGC^7-5-928 ^ 

UGC-97-S-928 

Figure 8.1a: Examples of fluid inclusion types seen in Precambrian rocks in the Cripple Creek district. Top 
left: liquid-liquid-vapor inclusion in unaltered 1.6 Ga granodiorite ~8 km from diatreme contact. Top middle: 
multi-phase inclusion with halite, sylvite and 2 additional translucent daughter products + hematite crystal 
(red) in 1.6Ga granodiorite in "Granite Island". Top right and lower right: additional multi-phase fluid 
inclusions from "Granite Island". Lower left: multi phase inclusion with halite, two additional translucent 
daughter crystals, and hematite (red); from 3100 level of Ajax Mine. 

cem2 

Figure 8.1b: Examples of two-phase fluid inclusions seen throughout the district. Top left: trail of secondary, 
two phase fluid inclusions with variable liquid-vapor ratios seen in Precambrian rocks along the western 
periphery of the diatreme. Top middle: Two-phase inclusions in fluorite from mineralized quartz-fluorite vein. 
Top right: Two phase inclusions in fluorite from Dexter vein, in volcanic breccia near contact with a 
lamprophyre difc. This fluorite crystal is part of a third stage of vein paragenesis (quartz+fluorite) that 
postdates two episodes of quartz deposition (sample from fig. 5.15b). Bottom left: Two phase inclusions with 
consistent liquid-vapor ratios in Fe-poor sphalerite from a hydrothermal breccia adjacent to the Railroad 
Breccia lamprophyre, as exposed in Moffat Tuimel. Bottom right: two phase inclusions in fluorite crystal 
encapsulated within a quartz-telluride vein (see fig.5.23). Note the widely varying liquid-vapor ratios in the 
inclusions and the presence of vapor-dominated inclusions (dark), suggestive of phase separation. 
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Precambrian quartz Tertiary qz + tel + py vein 

primary fluid 
usioi|.assemblage 

AM10-678 

1 

'ft 

two phase (l+v) 
I fluid inclusion 
in Tertiaty vein 

complex (l+v+s) fluid 
inclusions in Precambrian rock 

Figure 8.2: photomicrograph of fluid inclusion plate from Monument-Dillon vein, as sampled from drill hole 
AM 10 (678'), 3100 level, Ajax Mine. This sample consists of a high grade quartz-telluride-pyrite cutting 
Precambrian granite. Quartz crystals in the Precambrian rock are characterized by an abundance of secondary 
fluid inclusions, including complex liquid+vapor+solid (l+v+s) hypersaline inclusions. Liquid CO- is also 
present in some of the Precambrian fluid inclusions. The boundary between the Tertiary vein and Precambrian 
wall rock quartz is difficult to see, but is marked by the development of pyramidal-shaped primary fluid 
inclusion assemblages along growth bands in the vein quartz. Elsewhere in the sample, the boundary is clearly 
defined where the vein cuts across Precambrian feldspars. Within the Tertiary vein, only two phase (liquid 
+ vapor) inclusions are seen, l+v+s or liquid CO2 bearing inclusions are absent in the vein quartz. Figure 
8.3 shows fluid inclusion assemblages fi"om a nearby location where the Monument Dillon vein system crosses 
a Tertiary phonolite dike. 
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10um 

AI-7-748.3' 
seams of quartz 
cutting phenol ite 
dike; tellurides 
are intergrown 
witti quartz, and 
are seen growing 
into cavities along 
vein 

Figure 8.3: Photomicrographs of two phase, 1+v inclusions in quartz + pyrite + telluride 
vein (part of the Monument-Dillon system) cutting a phonolite dike in Precambrian rock; 
drill hole AI-7 (748.3'), 3100 level, Ajax Mine. Note the widely varying liquid to vapor 
ratios in the fluid inclusions, and presence of dark, vapor dominated inclusions. Where the 
Monument-Dillon vein cuts Precambrian rock, an abundance of multi-phase inclusions are 
seen in the wall rocks adjacent to the vein (see fig. 8.2) 



hfgh-T (>300°C) 
qz-Mo vein post-ore chalcedony 

deep, high-T 
orthoclasevein 

K-feldspar 

tite 
• magnet 

O 
o 
V> 
«M 

mineralized veins 

barren' 
quartz 
veins 

K-feldspar in wall rocl( 

post-lamprophyre 

pre-lamprophyre 

biotite-magnetite-orthciase 
alteration around 

nepheline monzosyenite stocks 

t 
o 
o 

lO 
CM 

lO 

M 

-5 10 15 20 25 30 

O 
o 

O 
<M 
in • 
o 

00 
CO 
t 

35 

5^®0 

Figure 8.4: Oxygen isotope compositions of selected hydrothernial minerals from the Cripple Creek district. Shown are analyses 
of individual minerals, and calculated fluid compositions according to temperature data provided by fluid inclusion data and other 
lines of evidence. Quartz and K-feldspar from zones of mineralization and alteration are shown above. Quartz from both quartz-
telluride veins and barren veins overlap compositions of typical magmatic waters. Although wall rock K-feldspar 5 "'O compositions 
are lighter than adjacent quartz veins, calculated fluid compositions broadly overlap. Some K-feldspar compositions drift to 
lighter compositions, a possible reflection of incorporation of wall rock oxygen (-8 %o) or mixing with an isotopically lighter 
(external?) fluid. Higher temperature vein minerals (orthoclase, biotite, magnetite) also exhibit isotope compositions consistent 
with magmatic waters. 
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Figure 8.5: mineral and fluid compositions from Cripple Creek (data from figure 8.4) in comparison with 
other epithermai districts in the southwestem U.S., and several epithermai gold deposits associated with 
alkaline magmatism (bottom). The isotopic compositions of CriRjle Creek's hydrothermal minerals and 
calculated fluid compositions are distinctly heavy relative to other epithermai districts in the southwestem 
United States. Similar heavy isotopic signatures are seen in other alkaline-related gold deposits (Emperor, 
Potgera, and Geis), consistent with greater contributions from magmatically-derived waters. Data from various 
sources, including Field and Fifarek, 1985. 



central zones 
of mineralization 

distal 

post-ore acid 
assemblages ^ 

Cresson Pit 

•2t .11 -U 4 -4 0 4 $ 12 t« 

Cresson Pit 

late ®JL 
.M -1i -U 4 .4 D 4 a 1Z 1« 

post-ore 

^ pyrite + 

anhydrite 

Ironclad » ^ 
brGCCiSS IMn-rlch, 

celesti 

matrix 

celestite 

shailow 
(Cresson and 
East Cresson i. 

pits) 

deep 
(1000m level, 

AJax Mine) 

•2f 'H 'U 4 

•7t -la 'U 

D Sulfides: 

B = stibnite 
G <s galena 
N = cinnabar 
M = molybdenite 
P = pyrite 
S = sphalerite 

5»<S (CDT) 

Sulfates: | 

A = anhydrite/gypsu 
C = ceiestite/barite 
R = creedite 

f' 

(0 

I 

distal 
poly-metallic 
assemblages •» O* -12 4 

sulfides in 
CO sediments 
Ul 40 •!« <12 •* A 

V 
f: 

pyrhe from 
Grassv pos*-®'® 
Wf phyiiosilicate | 
VQUeV assemblages 

I I I I I I I I 
« -It •» 4 

pyritt values from 
' Ro»cl*iitfteh*r, 1999 

I l-li I I » • > f 

base metal 
assemblages 
Pointer-Index 

SOOm level. Index Mine 

•n -ift -12 -a 

V 
western 
margin 

of diatreme 

shallow 
veins 

^ -i« -tr 4 

(CDT) 

Sulfides from 
assemblages that 

clearly contain m 
teliuride mineralization: | 

generalized 
»^S for fluid 804* 

in equilibrium m 
with sulfate mineals: | 

generalized 
for fluid HiS 

in equilibrium 
with sulfide mineals: I 

Figure 8.6: '̂'S data for various mineral assemblages in the Cripple Creek district. Samples from Ihe principal zones of gold production are shown on the left, while samples 
from elsewhere in the system (including distal assemblages) are shown on the right. Note Ihe consistency between' ̂''S values from both deep and shallow mineral assemblages 
in the principal zones of production (lef̂  side of diagram). Drifts toward lighter' ̂"*5 in sulfides are particularly notable in late-stage minerals (cinnabar and stibnite). I'yrite 
from post-ore acid assemblages show moderate' depletion (-2 to -4ii{o), while creedite is isolopically light (' ̂''S<0). Tlie negative' '''S of creedite contrasts with sulfate 
minerals in other parts of the system, and is suggestive of sulfate formed by condensation of H2S gas in Ihe near surface environment (steam heated environment). 
Greater variation is seen amongst samples from distal assemblages. In particular, sulfides from shallow, base metal-rich veins along the western margin of the diatreme show 

relatively heavj' (>0%o)' These include sphalerite and pyrite from veins culling Ihe Railroad Breccia lamprophyre. These contrast with nearby base metal veins from Ihe 
300m level in the Poinler-Indcx mine, which are markedly lighter; -14 <' '"*8 < -lOSfe. As described in the le.\t, processes of extreme isotopic evolution are required to derive 
both signatures ̂ m a common fluid. More likely explanations include multiple lluid sources/events or mixing between fluids. 
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Figure 8.7:534S values and calculated temperatures for sulfate + sulfide and sulfide + sulfide mineral pairs. 
Samples were selected where minerals appear to have grown together in equiUbrium. As shown, assemblages 
from deep environments show significantly higher temperatures than those from shallow environments, and 
temperatures indicated for gold mineralization in fluid inclusion studies. These data are consistent with 
observations of higher-temperature mineral assemblages (biotite-stability, abundance of anhydrite), which 
indicate a higher-temperature, base metal-rich environment at depth. 

Temperatures were calculated using equations published by Ohmoto and Rye (1979). Calculated temperatures 
have precisions on the order of +/- 20-50 degrees, accounting for analytical errors and uncertainties of the 
fractionation equations. 
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Figure 8.8: likely stability fields for alkali feldspar + specularite alteration assemblages ("A") and K-feldspar 
+ pyrite alteration/gold mineralization ("B") plotted as a function of JS2-JO2. The position of field "A" is 
constrained by the presence of hematite, and the lack of sulfides in hematite-rich assemblages is consistent 
with low SS (> 10' to 10' m). Field "B" is constrained by the presence of both sulfide and sulfate (barite-
celestite) in ore stage alteration and zones of mineralization, and the presence of tetrahedrite places upper 
limits on JS2. 

Field "C" represents fluid conditions for Fe-rich, sphalerite-pyrite assemblages seen along the periphery of 
the diatreme. These mineral assemblages serve as evidence for significant changes in fluid chemistries 
(processes of reduction?), distinctive fluid sources/events, or fluid mixing. As seen in figure 8.6, these 
assemblages commonly exhibit heavier 634s than other sulfide assemblages in the district. 
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Figure 8.9: stability field for late-stage polymetallic veins with phlogopitic hales plotted as a function 

of JS2-JO2. The position of this field is constrained by the presence of pyrite, low Xpes sphalerite (Xzns ~ 
0.99), and stability of anhydrite (close to These conditions constrain SS to ~ 10'" - 10'm. 
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Figure 8.10: likely stability field for biotite-magnetite-orthoclase assemblages ("A") plotted as a function 
ofySn-yO:. Although pyrite is present in some veins, petrpgraphic evidence suggests that it may have been 
introduced by later events. Exceptionally high ES (> 10'm) would be required to stabilize pyrite in these 
assemblages (black hexagon), a condition that seems unlikely, given the lack of acid alteration in the district 
as a whole. As plotted, the biotite stability field is largely restricted to H^S-dominant conditions, but substitution 
of F for OH", or stabilization of ferroannite components would expand the biotite stability field to more 

oxidized (higher 850,) conditions; as indicated by the expansion of the biotite field from Xann ~ to 0.1. 



421 

150 

-̂S ' 0.001 m \ 

200 250 300 350 

A 
b" 
M 

8 

4 

log ^so!" 

E 

•§ 

V 

^ 0 

-4 

•8 

•12 

•16 

SO. a H,S 

i;s = 0.005 m 

'© 
IS = 0.005 m 

150 
I  ! " • • "  I  I  I  • •  ' " ' I  "  I  •  " •  I  '  •  

200 250 300 350 

alkali feldspar specular hematite 

•• K-feldspar + pyrlte COj barlte/celestite (Au mineralization) 

•m deep, late-stage ptilogopite + pyrite * anhydrite 
+fluorite base metal veins 

Figure 8.11: speciation fields for aqueous sulfur species and stability fields for Fe-sulfide/oxide mineral assemblages 
plotted as a function of temperature, /ay^g), and SS (top). Potential paths of evolution for ore-stage fluids 
in the Cripple Creek district are shown in Ae oottom diagram, as constrained by available data. Fluid compositions 
for ore stage fluids and K-feldspar + pyrite alteration are consistent with evolution of fluids that produced deep, 
phlogopite + polymetallic styles of mineralization (fig. 4. Id and 5.17). Hematite-dominated assemblages require 
processes of oxidation (yellow path), and the presence of specular hematite as a late stage mineral in some ore-
stage veins is consistent with such a process. Earlier alkali-feldspar + specualrite alteration appears unrelated 
based upon mapable crosscutting relationships, but it is envisioned that similar styles of alteration could be 
produced by progressive desulfidation or oxidation of ore-stage fluids. 



Figure 8.12: Color and grayscale photographs of HQ drill core showing cross cutting relationships between alteration types in 
the Altman area (East Cresson pit). K-feldspar + pyrite alteration (shown as blue color in inset photo) cuts across early K-feldspar 
+ specular hematite alteration (shown as violet color in inset photo). Both alteration types cut across unaltered porphyritic 
phonolite (dark green wall rock). Note the large, pale sanidine phenocrysts in the phonolite. 
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Figure 8.13; Pressure-temperature-composition diagrams for the HjO-NaCl system with 
schematic fields showing fluid compositions for A) biotite-stable alteration and B) high-
temperature, hypersaline fluid inclusion assemblages found in Precambrian rocks throu^out 
the area. 
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PART IV: MAP FOLIO AND SYNTHESIS/SUMMARY 

Parts II and III served to describe magmatic and hydrothermal features in the Cripple 

Creek district, and discuss timing relationships. This part serves to synthesize and 

summarize the observations made in Parts II and III, and provide a basic model for the 

magmatic and hydrothermal evolution of the system. This is accomplished by providing 

map folio of the district (Chapter 9), which gives a sense of the spatial distribution and 

volumes of various rock and alteration types. This is followed by a general review and 

sythesis in Chapter 10. Chapter 10 consists of two parts: a time-space summary of the 

magmatic and hydrothermal evolution of the Cripple Creek district (part 1), and a more 

general synthesis of the first eight chapters of this thesis (part II). 

This section is followed by Part V, which reviews and discusses the salient 

characteristics of gold deposits related to alkaline magmatism at a global scale. 
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CHAPTER 9; MAP FOLIO OF THE CRIPPLE CREEK DISTRICT 

Included in this chapter are various maps of the Cripple Creek district. These include 

maps of surface exposures as well as cross sections and plan view maps of subterranean 

levels. Scales range from district-wide compilations to topical studies that focus on 

specific zones of mineralization or mine levels. In addition to compilations of lithology, 

included are a new series of maps that depict the distribution of styles of alteration and 

mineralization. 

Plate 1: District-scale maps 

• Interpretive district geologic map 

• Interpretive district alteration map 

• Map of outcrops, surface observations, and other sources of data 

Plate 2: Maps of vein systems and key underground mines 

• Shafts and major mines in the Cripple Creek district 

• Underground workings, major veins in Ajax-Portland-Vindicator Mines; 

included are maps of drill hole locations and workings of 3100 (Carlton 

Tunnel) level. 

• Locations of cross sections and plan view maps of mines (location figure for 

maps in plates 3,4 and 5) 

Plate 3: Maps of Cresson and East Cresson open pit mines 

• Cresson Mine; plan view maps of lithology, alteration, and mineralization 
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• Gold Star Pit in Altman (East Cresson) area; plan view maps of lithology, 

alteration and mineralization 

Plate 4: Cross sections through zones of mineralization 

• Cross section through central Cresson deposit, transecting Trail system 

lamprophyre breccias (53,650 N); maps of lithology, alteration, and 

mineralization 

• Cross section through South Cresson showing distribution of early, higher 

temperature styles of alteration in vicinity of nepheline monzosyenite stock 

(52,750 N); maps of lithology and alteration. 

• Cross section through vein systems in Vindicator Valley; maps of lithology 

and alteration 

Plate 5: Plan view maps from the 1000 m level 

• Plan view maps of 3100 (Carlton tunnel) level of Ajax-Portland and 

Vindicator mines; maps of lithology, alteration, and mineralization. 
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CHAPTER 10, PART I: TIME-SPACE SYNTHESIS OF 
MAGMATIC AND HYDROTHERMAL ACTIVITY 

Figure 10.1 shows a time-space diagram which summarizes the magmatic and 

hydrothermal evolution of the Cripple Creek gold deposit. Hydrothermal systems were 

active from the onset of magmatism, as evidenced by xenoliths of altered rock entrained 

within early volcanic breccias and intrusions. Early styles of alteration include biotite and 

pyroxene-rich types, variably accompanied by variable pyrite, carbonate minerals and 

alkali feldspar. These appear to represent styles of alteration developed at deep levels 

prior to the emplacement of the diatreme, and are not exposed in the near surface 

environment. Some of these early styles of alteration are gold bearing, according to SIMS 

analyses of sulfide grains (Appendix Z), but their extents and volumes are unknown. 

Hydrothermal activity continued with the emplacement of diatremal and volcanic 

breccia, as evidenced by the phreatomagmatic(-phreatic) styles of magmatism. Large 

volumes of diatremal breccia, as well as many subsequent intrusions exhibit alkali-

feldspar + specularite alteration. Alkali feldspar + specularite alteration is also broadly 

developed in volcaniclastic sediments in the eastern sub-basin, and in some cases, is seen 

to cut transgressively across sedimentary units. The specularite-stable alteration and 

characteristics of metasomatism are consistent with the circulation of oxidized (hematite-

stable) surficial fluids through a cooling volcanic pile, a phenomenon often seen in 

volcanic terranes (e.g. Lindley, 1985, and D'Andrea, et al, 1983, Dunbar, et al, 1994), 

and as diagenetic alteration in sedimentary piles (Sheppard et al, 1968, and Sheppard et 

al, 1973). This appears to have been a recurring phenomenon throughout the evolution of 
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the diatreme as shown by cross-cutting relationships, possibly in response to each major 

intrusive event. 

Also present are small volumes of intrusion-related alteration, characterized by 

pyroxene and biotite-rich assemblages. Biotite-rich styles of alteration are most 

commonly developed around stocks and intrusions with igneous biotite, while pyroxene-

rich styles of alteration appear to be related to the more felsic phonolites and 

tephriphonolites. Smaller volumes of peralkaline alteration (blue, sodic feldspars) are 

specifically related to the emplacement of late stage, peralkaline phonolites. 

Lamprophyres appear to have exsolved low-density feldspar + carbonate phases, based 

on the immiscibility textures seen in some lamprophyre intrusions. Gold mineralization is 

generally not associated with these intrusion-related styles of alteration, which are limited 

to small volumes in the immediate vicinity of intrusive bodies. 

In addition to the K-silicate styles of alteration, zones of albite and chlorite-rich 

alteration are present around the periphery of the diatreme and in some outlying 

intrusions. They contain variable amounts of pyrite, specular hematite, and in some cases, 

base metal sulfides. Cross cutting relationships for these zones of alteration are not well 

exposed, and many timing relationships have been obscured by younger hydrothermal 

events. It is possible that some zones of sodic alteration represent Na-rich styles of 

alteration that compliment the much larger volumes of K-rich alteration. Further work is 

needed to constrain their timing, distribution and significance. 

Gold mineralization took place after the emplacement of lamprophyres. Large 

volumes of hydrothermal alteration and mineralization were developed throughout the 
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area, causing large volumes of rocks to become altered and mineralized. Mineralization 

was characterized by the development of thin seams of quartz and carbonate with 

accessory pyrite, fluorite, adularia, celestite and barite. Traces of base metal sulfides and 

gold ± silver tellurides were erratically deposited along the veins. 

Fluids responsible for gold mineralization were especially concentrated in areas of 

favorable igneous plumbing. High densities of lamprophyre dikes, late stage phonolites, 

and to a lesser degree, monzosyenite intrusions appear to have been especially favorable 

for the development of mineralization. Areas with complex magmatic histories represent 

especially favorable structural conduits, in that they have been continuously utilized by 

magmas and hydrothermal fluids throughout the evolution of the diatreme. 

Gold mineralization was accompanied by the generation of voluminous low-

temperature K-metasomatism in the near surface environment, with the largest volumes 

developed in volcanic breccias and phonolites. More restricted volumes of vein-related 

alteration are developed in less permeable host rocks such as monzosyenites, and in 

Precambrian rocks. This metasomatism was characterized by the addition of potassium to 

wall rocks, coupled with a loss of Na and Ca. This cation exchange appears to have taken 

place on a molar basis, reflected by a ~1:1 replacement of Na by K. Also added to wall 

rocks during the process of alteration were significant sulfur, CO2, and to a lesser degree, 

fluorine. These are manifested as pyrite (replacing mafic minerals), carbonates, and 

fluorite, respectively. 

Several lines of evidence suggest that gold mineralization and related metasomatism 

took place at relatively low temperatures. Fluid inclusion and stable isotope data 
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generally suggest that mineralization took place at 125-225° C, and was produced by 

fluids with unusually heavy 6'^0 compositions (consistent with magmatically-derived 

waters). In some deep exposures, however, evidence is seen for higher temperature styles 

of mineralization in the form of alteration assemblages rich in phlogopite, anhydrite and 

base metals (Pb, Zn > Mo and Cu). 

Also developed during the process of mineralization were hydrothermal breccias, 

some of which are characterized by Mn-rich carbonate matrices, but otherwise exhibit 

mineral assemblages and paragenetic relationships consistent with other types of 

mineralization developed throughout the district. 

While acid styles of alteration were generally underdeveloped, clay alteration is 

broadly developed in a few areas (Grassy Valley, Ironclad/Globe Hill and above the 

Dante collapse Breccia). The development of phyllosilicate alteration shares similar 

timing and patterns of distribution with large volumes of hydrothermal sulfate (anhydrite) 

and carbonate, particularly in the northern part of the diatreme. These sulfate and 

carbonate-rich assemblages are accompanied by pyrite, galena, sphalerite and 

molybdenite. Molybdenite appears to increase significantly with depth in the area of 

Globe Hill-Ironclad, possibly signaling a transition downward to a porphyry-style 

molybdenum deposit. Also present in the area are significant volumes of post-

lamprophyre biotite-rich alteration, indicating the presence of higher temperature styles 

of alteration during this event. Similar features have also been revealed in recent drilling 

in the vicinity of the Cresson Pipe, which shows evidence for late-stage biotite-rich 

alteration and anhydrite veining cutting zones of intense K-feldspar+pyrite alteration. 
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Following the cessation of hydrothermal activity, oxidation and hydrolytic alteration 

took place throughout the upper levels of the diatreme during subsequent 30 million years 

of weathering. 



Figure 10.1 

+200 m 

Simplified time-space diagram depicting the evolution 
of Cripple Creek's magmatic and hydrothermai systems 

paleosurface 

- _ cuirent 
" n surface 

-200 m 

-400 m 

-600 m 

-800 m 

+Wt+ 

-1000 m 

deepest 
exposure 
xenohths 

> 1.2 Km 
MO (±Cu, Au) 

porphyry" deposit 

^ carbonate 
+ sulfide 
alteration 

sulfate 
±acid 
alteration 
(py. mo) 

/' carbonate-rich styles 
"" of alteration 

sinter/hot springs 
± trona deposits 

^ phyilosiiicate alteration 
T-i (ijiite + kaoiinite) 

hydrothermai breccia w/ 
hydrothermai matrix 

gold mineralization II 
K-feidspar + pyrite alteration 

deep, higher temperature 
galena+sphalerite+carbonate 
± biotite or sericite K-feldspar 

all(ali feldspar + specularite 
alteration (typically potassic, 
but sometimes sodic) 

intrusion related 
sodic pyroxene, amphibole 
± analcime, nosean alteration 

biotite (torthoclase) 
-stable alteration 

igneous intrusions 

breccia 

time 
4^ 
oo 
N) 



433 

CHAPTER 10, PART II: GENERAL SUMMARY OF THE 
GEOLOGY OF THE CRIPPLE CREEK DISTRICT 

Introduction 

The Cripple Creek gold deposit in central Colorado is hosted by an Oligocene 

alkaline diatreme complex. Cripple Creek is distinguished from the majority of 

epithermal ore deposits in the region by its remarkable production record (-9301 Au 

production + reserves), its association with a rare class of igneous rocks (phonolitic-

lamprophyric magmatism), and its unusual styles of mineralization. While the association 

between alkaline rocks and gold mineralization has been long recognized (Lindgren, 

1933; Mutschler and Mooney, 1985, Jensen and Barton, 2000), a key question remains: 

why do alkaline igneous centers show a disproportionate relationship with large (>100 

Mt) gold resources? Further insight will be gained from detailed studies of individual 

deposits such as Cripple Creek, and these studies will also benefit our understanding of 

the petrogenesis and geodynamic significance of this unusual class of igneous rocks. 

One hundred years of geologic studies have accompanied the history of mining in the 

Cripple Creek district, with most activity taking place in the early 20"^ century. Recent 

renewal of mining activity in the district (1994) affords new exposures and a wealth of 

new information from recent drill programs. Coupled with reinterpretations of existing 

data, a complex and dynamic history of magmatic and hydrothermal activity has been 

revealed which provides new insight into the geologic evolution of central Colorado, and 

how large gold deposits are formed. 
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Regional Geology/overview 

The Cripple Creek diatreme was emplaced at the junction of several Precambrian 

units along the margin of the Pikes Peak batholith, at a time when both widespread 

alkalic and calc-alkalic magmatism were active throughout the region (fig. 10.2). This 

period of volcanic activity was the product of dynamic activity in the lower crust and 

upper mantle (Johnson et al., 1990; Johnson, 1991, Riciputi and Johnson, 1990) which 

saw widespread production of diverse magma types. 

At the time of the emplacement of alkaline magmas at Cripple Creek, calc alkaline 

magmatism was active in both the San Juan Volcanic Field (SJVF) and the nearby 39-

Mile volcanic field (fig. 10.2). In the case of the SJVF, calculations by Coluccia et al. 

(1991) show that significant volumes of mantle-produced (basaltic) magmas underwent 

differentiation and AFC to produce magmas of intermediate compositions. The 

progressive increases of SNd seen in more evolved compositions are explicable by 

progressive hybridization of lower crust through injection of mantle derived basalts 

(Coluccia et al, 1991). Similar histories are inferred for other major calc alkaline volcanic 

fields in Colorado. 

Alkaline magmatism was also active throughout the region, manifested as smaller 

centers throughout Colorado, Utah, and New Mexico. These centers are compositionally 

diverse, ranging from oversaturated, high-K granites/rhyolites to ultramafic 

lamprophyres. This compositional spectrum reflects a similar diversity in modes of 

petrogenesis. Theories of petrogenesis range from fusion of lower crustal materials in the 

case of the high-K granites associated with Mo-rich styles of mineralization at 
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Henderson-Urad (Bookstron et al., 1988; Carten et al., 1993), to mantle-dominated 

compositions in the case of alkaline basalts erupted along the axis of the Rio Grande Rift 

(Gibson et al., 1993). The majority of Oligocene melts generated in the region exhibit 

depletions of Ta and Nb relative to other high field strength and rare earth elements, 

including shoshonitic magmatism at Guffey, Colorado (~30km from Cripple Creek; 

Wobus et al., 1990), as well as the more primitive, mantle derived basalts along the axis 

of the Rio Grande Rift (Thompson et al., 1991). Exceptions to this geochemical signature 

include Cripple Creek, the Raton-Clayton volcanic field in northern New Mexico (Phelps 

et al., 1983), and basanitic lavas in the Espanola Basin, Colorado (Gibson et al., 1993). 

District geology 

The Cripple Creek district has a gold inventory in excess of ~9001 Au, principally 

hosted by high-grade veins and bulk-mineable, lower grade resources in an intensely 

altered alkaline diatreme. The volcanic complex consists of an upward flaring volcanic 

neck filled by heterolithic volcanic breccia, with evidence for significant vertical 

transport during magmatism (Thompson et al., 1985). Within the diatreme are a complex 

series of alkaline intrusions, with hundreds of individual intrusive bodies. These form 

composite flows, dikes, sills, laccoliths, and dome-shaped features intruding diatremal 

volcanic breccias and the surrounding Precambrian rocks. Satellite alkaline volcanic 

centers are present up to 10 km fi-om the main diatreme. 

The alkaline intrusions at Cripple Creek belong to an unusual and rare class of rocks 

based upon their distinctive geochemical properties. These include high alkali 

concentrations for their given levels of silica, and high concentrations of large ion 
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lithophile elements (LILE), high field strength elements (HFSE), light rare earth elements 

(LREE), and CO2 (carbonate minerals). All intrusive phases within the diatreme are silica 

undersaturated^', and intrusions span the entire range from felsic phonolites to ultramafic 

lamprophyres and silicocarbonatites (see figure 1.5). The magmatic system(s) at Cripple 

Creek show evidence for a complex process of evolution that involved multiple cycles of 

magmatic recharge, and a pronounced evolution towards more mafic compositions with 

time, culminating with the emplacement of ultramafic lamprophyres and 

silicocarbonatites. The complex history of magmatic activity was accompanied by 

multiple phases of hydrothermal activity, which ultimately led to the development of gold 

mineralization. 

Igneous chemistry of Cripple Creek's alkaline rocks 

Figure 10.3 shows trace and rare earth element compositions for Cripple Creek's 

rocks in comparison with other regional magmatic centers. On isotopic plots (Chapter 3), 

these rocks plot near bulk earth, and share other chemical similarities with primitive rock 

types such as "type I" kimberlites (Smith et al., 1983), and are distinct from the alkaline 

igneous centers in the Montana and Boulder County, Colorado which host smaller 

volumes of gold mineralization (fig. 1.6, 3.7 a,b and 10.3b). The patterns of rare-earth 

element enrichment, lack of negative Ta-Nb anomalies, and sodic compositions of 

Cripple Creek's rocks are most consistent with derivation from asthenospheric sources. 

Although a few peripheral intrusions (flows?) contain quartz grains, these appear to be xenocrystic 

fragments inherited from quartz-rich Precambrian country rocks. 
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Similar modes of petrogenesis have been inferred for many rift-related phonolites, or 

phonolites associated with plume magmatism (OIB). This combination of signatures 

differs from the calc-alkaline and most other alkaline igneous centers in the region. 

Styles of alteration and mineralization 

Multiple episodes and styles of hydrothermal alteration and mineralization are seen in 

the Cripple Creek district. These include early, high-temperature pyroxene and biotite-

stable types that are broadly overprinted by low-temperature types dominated by alkali 

feldspar with specularite or pyrite. Volumes of alkali feldspar + specularite alteration 

were developed throughout the evolution of the diatreme, while large volumes of K-

feldspar + pyrite alteration and gold mineralization were developed late, following the 

emplacement of mafic rocks and lamprophyres. Although sulfate-bearing styles of 

alteration are locally abundant, hydrolytic (acid) styles of alteration are minor, although 

phyllosilicate minerals appear most abundant in areas of late-stage, sulfate-rich alteration. 

At the district scale, however, phyllosilicate minerals are far subordinate to the feldspar-

stable styles of alkali metasomatism. 

Gold mineralization took place following the emplacement of lamprophyres, and is 

associated with thin seams of quartz (typically <5 cm) that contain variable fluorite, 

carbonate, pyrite, barite-celestite, and a suite of accessory minerals that include gold 

tellurides and, more rarely, the vanadiferous mica, roscoelite. 

Economic gold mineralization is intimately associated with the late, voluminous K-

feldspar-pyrite which makes up >5 km^ of the explored portion (upper 1 km) of the 

complex. Also present in the district are mineralized hydrothermal breccias with quartz-
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fluorite-carbonate and rhodochrosite-celestite-fluorite matrixes; these show similar styles 

of wall rock alteration. Intriguing features include large masses of anhydrite-fluorite-

pyrite ± galena-sphalerite-molybdenite and late stage, massive carbonate-sulfide veins 

and breccias in some parts of the district at deep levels. 

Intense potassium metasomatism is broadly developed throughout the diatreme, the 

surrounding country rocks, and in satellite alkaline intrusions (variably developed over an 

area of 15 x 15 km), to the extent that it grossly exceeds the volumes of potassic 

alteration described in many other types of mineral deposits. In zones of potassium 

metasomatism, K-feldspar has replaced alkali feldspar and sodic plagioclase, while illite 

and carbonate replace more calcic varieties of plagioclase. Mafic minerals are replaced 

by combinations of pyrite, carbonate, illite, and rutile (leucoxene). A notable 

characteristic of this alteration type is its cryptic nature. Where sodic alkali feldspar 

(sanidine or albite) has been replaced by K-feldspar, feldspar grains are commonly 

bleached, and appear turbid and "dusty" in thin section, but retain igneous grain 

boundaries. Plagioclase crystals replaced by metasomatic K-feldspar often retain their 

original polysynthetic twinning, and show no obvious textural evidence for conversion to 

K-feldspar. Only occasionally is the metasomatism texturally destructive in feldspathic 

rocks, whereas in mafic rocks (esp. lamprophyres), the alteration is much more dramatic 

in hand sample and in thin section. Although subtle in appearance, the chemical 

signatures of this style of alteration can be extreme, with many altered rocks having >14 

wt % K2O. K-feldspar rich styles of mineralization are intimately associated with gold 

mineralization, although earlier K-silicate events are also broadly developed. It is 
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suggested that similar styles of alteration are under-recognized in many alkaline igneous 

centers. 

Fluid compositions in the ore forming system were dominated by low temperature, 

dilute, COa-rich fluids (<225° C, <5 wt% NaCl). Most lines of evidence suggest that 

phase separation (boiling, effervescence) played a key role in precipitating gold in veins. 

The continuous effervescence of CO2 over protracted vertical intervals may explain the 

continuous vertical extent of mineralization in some veins (e.g. Thompson et al., 1985). 

Away from veins, lesser amounts of gold were precipitated in alteration halos, mostly in 

the sites of former mafic minerals. The preference for mafic mineral sites suggests that 

reaction with Fe-bearing phases in wall rocks also played a critical role in triggering gold 

precipitation. 

The development of phlogopitic alteration halos around deep ore-stage veins, and an 

increasing abundance of anhydrite and base metal (sphalerite, galena, molybdenite) 

assemblages at deep levels (1000 m) is suggestive of transitions to higher-temperature, 

and base metal-rich environments at depth. 

Compared to most epithermal districts, the mineralization at Cripple Creek appears to 

have been produced by fluids with high 5'^0 (~ +3 to +9%o; Chapter 8). These data are 

consistent with fluids dominated by magmatically-derived waters, recognizing that a 

1S 

significant component of externally-derived fluids cannot be ruled out. High 5 O 

signatures are seen in many other alkaline-related epithermal gold deposits, a 

characteristic that distinguishes them as a group from other epithermal deposits (c.f Field 
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and Fifarek, 1985). Sulfur isotopes are also broadly consistent with derivation fi-om a 

magmatic source (Chapter 8). 

According to our current understanding of precious metal geochemistry, alkaline 

hydrothermal fluids with moderate oxygen fugacities (as suggested by the coprecipitation 

of pyrite and sulfate minerals) have ideal chemistries for gold transport as a bisulfide 

complex (Seward, 1973; Schenberger and Barnes, 1989; Hayashi and Ohmoto, 1991; 

Benning and Seward, 1996; Wood and Samson, 1999). The large fluxes of these fluids 

suggested by the volumes of alteration at Cripple Creek, and the evidence for widespread 

phase separation and wall rock reaction during mineralization rationalize the large size of 

the Cripple Creek gold deposit. 

Discussion 

The Cripple Creek magmatism appears to represent a primitive end-member of 

widespread magmatic activity during the Mid-Tertiary in Colorado, much in the way that 

the Missouri Breaks kimberlite pipes are thought to represent primitive end-members in 

the Eocene magmatic province of Montana (Scambos, 1991; O'brien, 1991). Although 

distinguished by its gold mineralization, the magmatism at Cripple Creek closely 

resembles other small volumes of phonolitic magmatism seen along the trend of the Rio 

Grande rift (e.g. Phelps et al., 1983). Collectively, these may represent deep-seated 

magmas that were emplaced in off-axis rift positions during the incipient stages of 

regional extension, similar to the styles of phonolitic magmatism in the East African rift 

(e.g. Mt. Kilimanjaro and Mt. Kenya). 
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Cripple Creek serves as an example of sodic phonolitic magmatism where the 

magmas have traversed a great thickness of continental crust with little chemical 

modification, and in this sense, serves as an end-member in a continuum of geologic 

environments which host sodic phonolitic magmatism. These range from oceanic island 

centers to rift zones to back arc environments, but appear to operate independently of the 

type and thickness of overlying continental crust and lithospheric mantle. A consistent 

theme of sodic phonolitic magmatism is its association with active or incipient stages of 

extensional tectonic envirormients. The histories of evolution in their mantle source 

regions remain unclear, but either a specialized mantle source or source region modified 

by metasomatism prior to magmatism seem key, given their unusual chemical 

endowments and lack of time-integrated isotopic signatures suggestive of long-lived 

chemical anomalies. 

Amongst the Tertiary alkaline systems of Colorado and surrounding regions. Cripple 

Creek is unusual in that it shows little evidence for crustal assimilation or derivation from 

modified lithospheric mantle source regions (metasomatically enriched mantle with 

negative Nb and Ta anomalies). Widespread evidence is seen for Nb-Ta depletions in 

many alkaline rocks and lithospheric mantle xenoliths, and appears to be a long-lived 

characteristic of the region. Although generally thought to reflect influence of 

subduction-related processes, the persistence of this signature in a wide variety of rock 

types (both alkaline and subalkaline) suggests a more general characteristic of the 

lithospheric mantle ± lower crust in the region. 
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The distinctive compositions of Cripple Creek's rocks and strong similarities with 

global OIB and rift zone phonolites suggests a fundamental link to processes acting in 

asthenospheric mantle. If so, Cripple Creek represents one of the earliest expressions of 

asthenosphere-derived melts emplaced along the axis of the Rio Grande Rift during the 

incipient phases of extension in the mid-Tertiary (c.f Gibson et al., 1993). Lithospheric 

relaxation may have allowed small volumes of chemically exotic magmas to migrate to 

upper levels in the crust, which ultimately led to the development of the unusual styles of 

mineralization seen at Cripple Creek. 

Gold Mineralization 

Like many other epithermal districts, the alteration associated with gold 

mineralization at Cripple Creek is characterized by the development of K-silicate 

minerals such as K-feldspar (adularia), and illite±sericite. However, K-metasomatism at 

Cripple Creek is much more intense, and the large volumes of altered rock more closely 

resemble the styles of K-rich fenitization commonly developed around many carbonatites 

and alkaline igneous complexes. In comparison with other districts such as the Bingham 

porphyry copper deposit, the volumes and intensity of K-metasomatism at Cripple Creek 

are exceptional (fig. 10.4), and represent some of the largest volumes of K-silicate 

alteration documented in an ore forming system. 

While a protracted and complex history of magmatism and hydrothermal activity pre

dated gold mineralization, it is clear that the economic mineralization only developed in 

the latest stages of magmatism (post-lamprophyre), and is characterized by thin veins that 

show remarkably consistent compositions, isotope signatures, mineralogies and textures 
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throughout the district. Evidence for multiple pulses of ore-bearing fluids (thick and 

repetitively banded veins) is generally absent. Instead, veins follow a relatively simple 

and consistent pattern of mineral deposition throughout much of the district, and many 

ore-stage veins are characterized by only a single stage of mineral deposition. This 

suggests that the fluid or fluids responsible for mineralization followed a well-defined 

path of evolution, with little variation throughout the district. 

While showing a close spatial and temporal association with phonolitic magmatism, 

the gold mineralization at Cripple Creek appears to be a product of complex processes of 

magmatic and hydrothermal evolution. In the Cripple Creek system, gold mineralization 

was not developed until several cycles of magmatism had taken place, many of which 

show evidence for related episodes of hydrothermal activity. Amongst the Tertiary 

alkaline magmatic centers along the Rio Grande rift, this may serve as a distinguishing 

feature at Cripple Creek and a symptom of prospectivity for gold mineralization in 

underexplored systems; complex magmatic histories and evidence for multiple stages of 

recharge in the magmatic system. While relatively anhydrous phonolitic magmatism 

(characterized by rocks with pyroxene-rich compositions) is dominant at Cripple Creek, 

gold mineralization was not introduced until the emplacement of more diverse and 

volatile-rich magma compositions (e.g. lamprophyres and hydrous monzosyenitic 

intrusions), many of which have demonstrably developed magmatic-hydrothermal 

systems. Similar magmatic histories and clear evidence for voluminous alkali-

metasomatism may be key characteristics for further exploration in the region. 
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The presence of tellurides, fluorite and other minerals characteristic of alkaline-

related gold deposits suggests that fluids were enriched in chemical components derived 

from magmatic volatiles. The large fluxes of fluids with "magmatic" compositions, 

striking enrichment in tellurium, and other characteristics that distinguish these deposits 

from the more "classic" epithermal deposits (e.g. Bonham, 1984; Richards, 1995; Jensen 

and Barton, 2000) argues for a fundamental control; one of processes and compositions 

that are inherent to the magmatic-hydrothermal systems related to alkaline magmatism. 
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Chemical signatures from alkaline igneous rocks in the 
Montana and Boulder County, CO telluride districts 
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PART V: COMPARISONS WITH GLOBAL AND REGIONAL 
ALKALINE-RELATED GOLD DEPOSITS 

Following the synthesis and summary of the geology of the Cripple Creek district 

(Part IV), this part considers gold deposits related to alkaline magmatism at a global scale 

(Chapter 11). This is complimented by discsussion of regional alkaline magmatism and 

the metallogeny of the Rocky Mountain alkaline provnince (Appendix A). 

Abstract of Chapter 11 

Gold deposits associated with alkaline rocks include high-grade, gold-rich epithermal 

deposits, porphyry-type Cu(Au) and Mo(Au) deposits, and several other deposit types 

more speculatively linked to alkaline magmatism. These deposits can be large and high 

grade, including several examples approaching 1 GOD tonnes Au. Alkaline rocks 

associated with gold mineralization range from mafic-ultramafic lamprophyres to 

fractionated alkaline rhyolites, they have widely variable K:Na, and they are found in a 

variety of tectonic settings, most notably in arc environments and in areas of extensional 

tectonics. Alkaline Cu(Au) deposits tend to form in volcanic arcs with thin or mafic 

crust, while Mo(Au) deposits are typically found in areas of thickened continental crust. 

Alkaline rocks are found to be as old as the Archean, but alkaline-related gold deposits 

are usually associated with shallow-level Phanerozoic alkaline magmatism, particularly 

within Cenozoic orogenic zones. In many cases, deposits are found in clusters, or in 

regions with recurring episodes of alkaline magmatism through time. Key characteristics 

of alkaline rocks associated with gold mineralization are their hydrous and oxidized 

nature, as well as their ability to produce hydrothermal systems with ideal compositions 
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for trarisporting gold. Magmatic endowments may be variable, but are not likely to 

exceed tens of parts per billion. 

In addition to their association with a distinctive group of igneous rocks, gold 

deposits related to alkaline magmatism are characterized by telluride-rich mineralization, 

extensive carbonation, and voluminous K-metasomatism. Hydrothermal quartz is much 

less prominent in many alkaline systems than in most subalkaline systems, and is absent 

in some high-T alkaline deposits. Likewise, hydrolytic (acid) alteration tends to be 

poorly developed in many alkaline systems. Where sericitic alteration is observed, it is 

commonly accompanied by carbonate minerals and a significant gain of K2O. These 

features and other geochemical data (isotopes, fluid inclusions) reflect formation from 

predominantly magmatic-sourced hydrothermal fluids. Alkaline porphyry-style systems 

with Si02 <60 wt. % tend to develop Cu and PGE-rich mineralization, whereas more 

felsic systems show enrichments of Mo and ultimately F, Be, Hg W, Sn. Alkaline gold 

deposits also exhibit distinctive metal ratios and zonations. Both Cu(Au) and Mo(Au) 

porphyry-type deposits may grade upwards or outwards into telluride-rich epithermal 

deposits. Epithermal parts typically are base-metal poor and have Au>Ag, whereas 

porphyry-style parts contain significant gold, but have Ag>Au in a base metal-rich core. 

Both epithermal and porphyry-type deposits typically have low total sulfides. 

Exploration for these deposits is encouraged by their large sizes and high grades, 

as well as their being environmentally favorable to mine (low total sulfides, high acid 

buffering potential). The most productive deposits show evidence for voluminous 

metasomatism, multiple magmatic and hydrothermal events, in addition to structurally 
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focused zones of high-grade mineralization. Geophysical and geochemical signatures of 

these deposits are variable, but their characteristic styles of mineralization and alteration 

can be recognized in almost all examples, providing an effective exploration tool. 
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CHAPTER 11: GOLD DEPOSITS RELATED TO ALKALINE 
MAGMATISM 

Introduction 

A distinctive group of gold-rich deposits have fundamentally alkaline magmatic 

affinities and many other gold-rich deposits occur near alkali-rich igneous rocks. Gold 

deposits clearly linked to alkaline magmatic systems include gold telluride epithermal-

style deposits, a number of gold-rich porphyry-style deposits, and a few magmatic 

deposits. Some other types of gold-rich deposits can be spatially associated with alkali-

rich igneous rocks, but are more speculatively linked to alkaline magmatism. These 

include some lode gold-quartz (mesothermal) deposits, many Olympic Dam-type iron-

oxide-copper-gold deposits, and some submarine exhalative deposits. This paper reviews 

the characteristics and origins of those systems that are indisputably associated with 

alkaline magmas, and discusses features that distinguish these deposits from other types. 

Deposit types with less certain links to alkaline magmatism are considered only briefly. 

Alkaline-related gold deposits range in grade and size, the largest districts contain on 

the order of 1,0001 of gold (Fig. 11.1). World class examples of epithermal gold deposits 

related to alkaline rocks include the giant gold deposits at Cripple Creek in Colorado, 

Porgera in Papua New Guinea, and Emperor in Fiji. Alkaline porphyry deposits typically 

contain much lower gold grades, but can represent significant gold resources due to their 

large sizes. They include both mafic to intermediate associated Cu(Au) deposits, and 

intermediate to felsic associated Mo(Au) types. Alkaline gold deposits are best known in 
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North America and in the southwestern Pacific, but occur globally in association with 

Phanerozoic alkaline magmatism (see Fig. 11.2). 

Some other large deposits of gold (and copper) primarily associated with subalkaline 

igneous rocks have alkaline magmatic affinities. These include deposits associated with 

marginally subalkaline rocks, such as the Grasberg Cu-Au deposit (Miiller and Groves, 

1997; McMahon, 1994), and deposits with coeval, but volumetrically subordinate 

alkaline magmatism, as seen in the Bingham Cu-Au-Mo deposit (Keith et al., 1997, 

1998). 

In other cases, alkaline igneous rocks are spatially associated with gold deposits, but a 

genetic link remains controversial. Lode gold deposits in the Superior province of Canada 

and the Yilgam Block of Western Australia are spatially associated with shoshonitic 

lamprophyres and, locally, syenitic rocks (Rock and Groves, 1988a,b; Rock et al., 1989; 

Kerrich and Watson, 1984; Wyman and Kerrich, 1988, 1989). Many Olympic Dam-type 

iron-oxide-copper-gold deposits are spatially associated with alkaline granitoids (see 

Mutschler and Mooney, 1993, p. 486), and possibly carbonatites (as seen at Bayan Obo, 

China). In other cases, however, this style of mineralization is clearly associated with 

subalkaline igneous rocks and is accompanied by voluminous alkaline metasomatism 

(Hitzman et al., 1992; Barton and Johnson, 1996). Some submarine exhalative deposits 

are spatially associated with alkaline rocks including alkaline basalts, trachytes, and 

possibly carbonatites. These deposits are typically small (Fig. 5 in Mutschler and 

Mooney, 1993), and encompass a wide range of mineralization styles and metal contents 

(Mutschler et al., 1985; Mutschler and Mooney, 1993). 
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Types of alkaline rocks associated with gold mineralization 

Daly (1933) estimated the volume of alkaline rocks to be less than 0.5% of all 

igneous rocks^^, yet alkaline rocks have about half of the igneous rock nomenclature 

(Sorensen, 1974, p. 559-76). The confusing lexicon of alkaline rock names results from 

their unusual compositions and mineralogies, and is partly due to a lack of agreement 

among petrologists as to how these rocks should be named and classified. Thus, there are 

many definitions of alkaline igneous rocks; most overlap. In this paper we emphasize 

those defined on the basis of total Na20+K20 versus Si02 (e.g., see Irvine and Baragar, 

1971; Cox et al., 1979; Le Bas et al. 1986; Fig. 11.3a,b). Such rocks may have normative 

quartz or feldspathoids/olivine or neither (respectively; silica oversaturated, 

undersaturated, saturated). They are commonly, but not necessarily peralkaline (molar 

Na20+K20 > molar AI2O3), and they generally belong to the alkalic or alkali-calcic 

magma types in the sense of Peacock (1931), defined on the relationships of total alkalis 

to calcium as a function of Si02. Further subdivisions in terms of potassium versus 

sodium contents can be useful and have been widely applied (e.g., ultrapotassic, high-K 

("shoshonitic"), sodic series). In this paper we emphasize only the distinctions clearly 

related to gold-bearing hydrothermal systems. 

As applied, the term alkaline refers to a remarkably broad range of igneous rocks 

including carbonatites (which commonly have very low alkali contents), as well as 

quartz-rich rocks with high alkali concentrations such as high-K rhyolites. Many alkaline 

Although widely cited, this figure is probably in need of revision. At the other extreme, Barker 

(1974, p. 163) suggested that alkaline rocks may account for 10 percent of all igneous rocks. 
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igneous complexes contain coeval alkaline and subalkaline rock types, and strict division 

between the two types is not always possible, or appropriate. 

Alkaline rock types associated with gold mineralization (see Fig. 11.3) range from 

ultramafic lamprophyres (<40 wt. % SiOa) to fractionated, high-K rhyolites (up to 75 wt. 

% Si02). Gold-rich alkaline complexes typically exhibit multiple intrusive phases, and 

show evidence of complex evolutionary histories. Individual gold-producing complexes 

can exhibit a wide range of compositions; many evolve in ways more complex than 

crystal fractionation. The histories of alkaline magmatic systems appear to correlate with 

the styles and magnitudes of mineralization. 

Figure 11.3 shows compositional trends of alkaline rocks from several important 

alkaline Au deposits. Most districts plot near the boundary between the alkaline and 

subalkaline fields, and span a considerable range of K to Na ratios. In many cases, both 

silica saturated and silica undersaturated rocks are found in the same system. The range 

of compositions plotted in Figure 11.3 does not necessarily reflect evolutionary paths. At 

Cripple Creek, for example, intrusions became successively more mafic with time and 

exhibit little evidence for consanguinity (E. P. Jensen, unpublished data). 

Subdivisions of alkaline rocks are often made on the basis of K vs. Na. In particular, 

the term "shoshonitic" has been used to describe potassic varieties of alkaline basalts, and 

some authors have suggested that shoshonitic rocks are particularly favorable for hosting 

Cu+Au mineralization (Muller and Groves, 1997). According to its lUGS definition, the 

term shoshonite refers to basaltic trachyandesites with NaaO - 2 < K2O. Unfortunately, 

this definition allows rocks with molar Na:K as high as 3.5 to be classified as 
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"shoshonitic", which includes much of the range of Na:K for average igneous rocks. 

This lies far from the use intended by Iddings (1895), Joplin (1968) and Morrison (1980). 

As shown in Figures 11.3c and 11.3d, most large alkaline gold deposits are associated 

with distinctly sodic rocks, almost all of which have been classified as part of a 

"shoshonite" series at some point, implying potassic compositions (e.g. Rock et al., 1988; 

Eaton and Setterfield, 1993; Miiller and Groves, 1997). As it has been applied, the 

shoshonite classification does not appear to be a useful criterion for distinguishing a 

group of rocks with high potential for gold mineralization. 

It is also important to recognize that not all alkali enrichments in these systems are 

magmatic. Alkali metasomatism can be intense in alkaline complexes with altered rocks 

commonly containing >10 wt. % K2O. As discussed below, alkali metasomatism can be 

subtle and not easily recognized in hand specimen or thin section. Care should be used 

when evaluating whole rock analyses of alkaline rocks. 

Distribution of Au-rich deposits and alkaline igneous rocks 

Figure 11.2 shows the global distribution of alkaline igneous rocks and the locations 

of several important alkaline related Au-deposits. Alkaline rocks are known to be as old 

as late Archean (Mitchell, 1976; Patchett et al., 1981). They occur in many tectonic 

settings, but are most common in rift settings and volcanic arc environments. Some 

workers, such as Muller and Groves (1997), distinguish specific settings for alkaline 

magmatism. It is clear that the range of alkaline magmatism has few universal features 

beyond a connection to the mantle and generally extensional tectonics. A simple, general 

explanation for the genesis of these magmas is unlikely. 
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Trace element patterns are commonly used to distinguish suites of alkaline rocks from 

other groups (Wilson, 1989; Muller and Groves, 1997). Trace elements such as LREE, 

LILE and to varying extents, HFSE can be substantially enriched in alkaline rocks (see 

discussions by Gerasimovsky, 1974, and Fitton and Upton, 1987). The unusual 

compositions of alkaline rocks have led to speculation that economically significant 

elements may also be enriched, notably Au as suggested by Finch et al. (1983) and Rock 

(1991). However, these inferences are based upon compilations of chemical analyses of 

varying quality. The paucity of accurate trace element analyses from indisputably fresh 

rocks often precludes the use of such data. Trace elements are also used to infer tectonic 

setting (see Muller and Groves, 1997, p. 28-39) but it is important to remember that this 

remains an inference, even in cases of modem magmatism where we have the advantage 

of collecting real-time data on the structure and dynamics of the systems. Moreover, in 

many cases, the sources and tectonic controls on magmatism remain controversial. In this 

paper, we summarize inferences about tectonic settings but only in a broad sense. 

Like alkaline magmas themselves, alkaline-related gold deposits are in many cases 

present in clusters (such as the Boulder County, Colorado, and Montana telluride 

districts). Figure 11.4 shows major episodes of alkaline activity in western North 

America through time, and the locations of alkaline provinces with gold deposits. During 

the past 250 m.y. of magmatism in western North America, there are two prominent 

periods of alkaline magmatism, first in the Jurassic and most dramatically, in the late 

Cretaceous through mid-Tertiary (e.g., see Barton, 1996). 



459 

Previous work 

The relationship between gold deposits and alkaline magmatism has been of interest 

for nearly a century. Lindgren noted the link between alkaline hydrothermal fluids and 

the gold deposits at Cripple Creek during his field seasons in 1903 and 1904: . .the 

remarkable telluride ores were formed by alkaline solutions emanating from deeper 

igneous masses" (Lindgren, 1933a, p. 495). He also recognized the broader association 

between alkaline magmatism and fluorine-rich, telluride-bearing epithermal systems 

(Lindgren, 1933b, p. 179-180). McLennan, (1915) suggested that lamprophyres (alkaline, 

hydrous mafic-ultramafic dikes) are indicators of potential gold mineralization in the 

Superior Province of Canada. 

With the discovery of world class alkaline-related gold deposits such as Porgera and 

Emperor, and continued development of associations between lode gold occurrences and 

lamprophyric magmatism (Yilgam Province, Australia and Superior Province, Canada), 

the possible link between alkaline magmatism and other types of gold deposits has gained 

significant attention (Dyer 1936; Moore, 1937; McNeil and Kerrich, 1986; Rock and 

Groves, 1988a,b; Wyman and Kerrich, 1988; Rock et al., 1989; Wyman and Kerrich, 

1989; Kerrich and Wyman, 1990, 1994). Descriptions of the distinctive styles of 

mineralization associated with alkaline precious metal deposits are provided by Bonham 

and Giles (1983), Bonham (1984) and Mutschler et al., (1985). Extended reviews of 

alkaline-related precious metal deposits are offered by Mutschler et al. (1985,1991), 

Mutschler and Mooney (1993), and Laznicka (1985, p.1473-1580). These reviews discuss 

a variety of deposit types and offer descriptions of many important districts as well as 
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deposit models. Richards (1995) in reviewing the characteristics of alkaline related 

epithermal deposits discusses the potential link with porphyry-style mineralization and 

emphasized the importance of hydrous, oxidized alkaline compositions for suppressing 

sulfide saturation in order to generate large gold deposits. Cox and Singer (1986), Cox 

and Bagby (1986) and Bliss et al. (1992) provide summaries of the characteristics of 

alkaline-related epithermal gold deposits and grade-tonnage models. Semenov (1974) 

and Pell (1996) discuss the broader association between alkaline rocks and mineral 

deposits in general. Many topical, deposit and district scale studies provide the basis for 

this paper and are referenced below. 

Magmatic-hydrothermal alkaline gold systems 

Magmatic hydrothermal systems related to alkaline magmatism form a continuum 

between relatively low-temperature (<300°C), shallow (<1-2 km depth) epithermal-style 

deposits and high-temperature (commonly >300°C), variable depth (> 1 km) porphyry-

style deposits (Table 11.1). A number of districts contain both styles, although in most 

cases only one type is known to be economically significant. The porphyry-style systems 

vary fi-om relatively copper-rich deposits associated with predominantly mafic to 

intermediate composition igneous rocks, to relatively Mo (or Zn-Pb) rich systems 

associated with felsic composition rocks (see Fig. 11.5). All deposits are associated with 

alkaline igneous rocks with moderate to absent volumes of subalkaline rocks. Associated 

volcanic rocks vary fi-om predominant to absent, largely as a fiinction of depth of erosion. 

Multiple hydrothermal events are documented in most of these systems, along with 

multiple magmatic events. 
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The alkaline epithemial type differs from other epithermal deposits by having lower 

abundances of hydrothermal quartz, gold telluride-rich mineralization, a paucity of 

sericitic and other acid styles of alteration (except in the near surface), mineralization 

commonly distributed over extended vertical intervals, and the widespread presence of 

minerals such as fluorite and roscoelite (V-rich mica). The porphyry-style parts of these 

systems range from Cu- to Mo-rich, have abundant alkali-rich alteration, and vary from 

quartz-absent to quartz-rich stockworks. Although some deposits, such as Galore Creek, 

British Columbia, differ dramatically from subalkaline porphyry deposits in their quartz-

poor styles of mineralization, others show styles of mineralization which are similar to 

subalkaline deposits (e.g. Central City, CO). Thus, it appears that a continuum exists 

between the two types. 

Epithermal-style deposits 

Epithermal-style systems are those where evidence points to low (<300°C) 

temperatures and shallow levels (<1-2 km) of formation. They are characterized by Au-

rich, base metal-poor veins with high Au to Ag ratios, and commonly tellurides > native 

gold. Gold may also be present as disseminated grains of native gold or auriferous pyrite 

in alteration halos. There is an overlap with porphyry style-mineralization, formed at 

higher temperatures and greater depths, as discussed below. 

Geologic framework: These deposits are found in a wide range of geologic settings, 

but are most common in island arc environments (Porgera, Emperor, Ladolam), and in 

regions of thickened continental crust (Cripple Creek, Au-telluride belts of Montana and 

Colorado). Tectonic controls are discussed later in the paper, but are summarized for 
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individual districts in Table 11.1. They are hosted by a variety of igneous features 

including calderas (Emperor, Ladolam), diatremes (Golden Sunlight, Ortiz, Cripple 

Creek), and hypabyssal intrusive stocks (Porgera, Boulder County, Montana telluride 

belt). Igneous complexes are typically on the order of 2-5 km in diameter, show several 

episodes of intrusive activity, and in many cases exhibit satellite intrusive bodies (Fig. 

11.6). Coeval volcanic rocks are variably present. 

Associated igneous compositions range from alkaline basalts (Porgera) to alkali 

rhyolites (Boulder County, Colorado). In most districts, economic mineralization occurs 

late in the evolution of the igneous complex, and is commonly linked to evolved intrusive 

phases. At Porgera and Emperor, for example, the intrusive/volcanic complexes are 

dominated by mafic alkaline rocks, but mineralization is linked to intrusive phases with 

intermediate compositions (the "feldspar porphjTies" of Richards et al. (1991) at Porgera; 

monzonite stocks at Emperor: Eaton and Setterfield, 1993). In other districts, such as 

Cripple Creek, the intrusive phase specifically linked to high-grade vein mineralization 

has yet to be identified. This may be true of many epithermal systems, where exposed 

mineralization can be far removed from buried source intrusions. 

Host rocks are quite variable, ranging from oxidized igneous rocks (Cripple Creek, 

Ladolam), to carbonaceous or sulfide-rich sedimentary packages (Golden Sunlight), or 

both (Porgera). 

Structural control: Mineralization typically shows strong structural controls (Table 

11.1). Structural trends may conform to reactivated, older regional structures (e.g.. 

Central City, Colorado), or develop radial or concentric patterns characteristic of stress 
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fields generated during the emplacement of the alkaline intrusions (e.g., ring faults 

surrounding caldera complexes). Intersections between these two classes of structures are 

particularly favorable. For example, the Emperor Mine in Fiji is located at the 

intersection of the Tavua Caldera boundary fault and the Nasivi shear zone (Anderson 

and Eaton, 1990; Fig. 11.6). Most vein systems occupy vertical or steeply dipping 

structures (Cripple Creek, Porgera), but low-angle structures can also be mineralized 

(e.g., the "flatmakes" at Emperor adjacent to the Tavua Caldera: Anderson and Eaton, 

1990). Some mineralization is also hosted by hydrothermal breccias (e.g., the Ironclad 

and Globe Hill deposits at Cripple Creek: Seibel, 1991). Ore is commonly best developed 

within dilational structural zones, contacts between rocks of contrasting permeabilities, 

and zones of brecciation or shattering. 

Mineralization and hydrothermal alteration: In addition to a close time-space link to 

alkaline magmatism, these deposits show characteristic styles of mineralization and 

alteration (see Table 11.1, and Fig. 11.7). Mineralization is chiefly in the form of 

telluride-rich gold veins with varying proportions of quartz, carbonate, adularia, and 

sulfates (barite, celestite) ± fluorite as gangue minerals. Alteration halos around the veins 

are variably developed, but are characterized by neutral-pH, K-silicate mineral 

assemblages (adularia and sericite) with voluminous carbonation. Roscoelite (V-rich 

mica) is commonly present, both in veins and in alteration halos, and its abundance is 

correlated with mafic wall rocks. Some deposits contain restricted volumes of acid 

alteration, commonly found at shallow levels or as small populations of late veins cutting 
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other assemblages. Distal propylitic alteration halos are both present (Ladolam, Porgera) 

or absent (Cripple Creek). 

Base metals are typically represented by sphalerite and galena with subordinate 

tetrahedrite, chalcopyrite, and molybdenite, but are typically present only as minor 

phases. Most veins have low total sulfides, and are base metal-poor with Au>Ag 

(although exceptions are noted, such as Zortman Landusky, where Ag/Au > 4 (Hastings, 

1988), and Geis, Montana, where Ag/Au >10; Zhang and Spry, 1994b). Mineralization 

can be distributed over protracted vertical intervals in alkaline systems. High-grade 

mineralization extends over 1000m in some vein systems at Cripple Creek (Thompson et 

al., 1985), and over 500m at Emperor (Ahmad et al., 1987b; Poliquin and Simmons, 

1998). 

K-metasomatism: Potassium metasomatism has been described in almost all alkaline 

epithermal deposits. As shown in Figures 11.6 and 11.7, and described in Table 11.1, this 

metasomatism ranges from broad zones of K-feldspathized wall rocks (Cripple Creek), to 

narrow zones of sericitic (+ roscoelite, carbonate, K-feldspar) alteration (Porgera). Most 

deposits show some combination of K-feldspar (adularia) and sericite + carbonate ± 

roscoelite alteration. In almost all examples, significant amounts of potassium are added 

during the process of alteration, while sodium and calcium are leached (Fig. 11.8). 

Potassium metasomatism is typically described as either sericitic or adularia-sericite 

alteration. In either case, K-silicate phases replace nepheline, plagioclase, or Na-rich 

alkali feldspar, resulting in a net addition of potassium to the altered rock. Mafic mineral 

sites are typically replaced by sulfides (pyrite ± arsenopyrite, pyrrhotite, marcasite, and 
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base metals), Fe-Mg carbonates, leucoxene, and clays (illite-montmorillonite), which 

give the rock a bleached appearance. Feldspars are typically shifted towards more 

potassic compositions relative to unaltered igneous feldspars, and plagioclase may be 

partly replaced by typically minor amounts of sericite. When viewed in thin section, this 

alteration is seen as turbid feldspars and replacement of mafic minerals by alteration 

products. The turbidity in the feldspar grains is commonly described as "dustings" of clay 

and/or sericite. In many cases, primary igneous textures are retained and rocks can show 

little evidence for alteration. This style of alteration is commonly mistaken for weak 

sericitic or argillic alteration. Igneous mineral textures such as albite twins and cross-

hatched anorthoclase twinning may be preserved even though the mineral has been 

altered to K-feldspar. Figure 11.9 illustrates the difficulty in recognizing this alteration. 

Where K-metasomatism is intense, virtually the entire rock can be replaced by low-

temperature, K-feldspar (adularia). Small amounts of quartz and sericite are seen 

distributed throughout the rock, but account for only a few percent of the rock's volume. 

The alteration surrounding epithermal veins in Zortman Landusky, Montana as described 

by Wilson and Keyser (1988): "although altered intrusive rocks appear in hand specimen 

and thin sections as clay-rich, with illite filling narrow fractures and dusting almost all of 

the feldspars, whole rock XRD analyses of most of the altered samples indicate that the 

modal abundance is less than 5 percent...the chemical compositions are almost 

independent of the degree of alteration, despite its obvious appearance in hand specimens 

and thin sections." Four of eight geochemical analyses from Wilson and Keyser, 1988 
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show K2O >12 wt.%, in comparison with 4.62 wt.% for unmineralized samples 

(Hastings, 1988). 

Gold is commonly present in the adularia halos as discrete grains of native gold, 

electrum (usually high Au:Ag), or tellurides, and as auriferous pyrite. Distributed gold in 

pyrite is most commonly reported as micron-sized native gold, but gold concentrations up 

to 100 ppm in solid solution in pyrite have been determined by SIMS analyses from 

Cripple Creek (Mazdab and Jensen, unpublished data), where it may account for a 

significant portion of the gold inventory in disseminated styles of mineralization. Where 

sizeable, these metasomatic halos with disseminated gold may constitute economic gold 

resources, as seen at Zortman Landusky (Hastings, 1988) and in the near surface 

environment at Cripple Creek and possibly Porgera (stage I mineralization; Richards, 

personal communication). 

Similar types of alteration are seen in many alkaline districts. Examples of extreme 

K-metasomatism are reported at Galore Creek, BC (Allen et al., 1976), the Allard Stock, 

Colorado (Werle et al., 1984), and Emperor, Fiji (Kwak, 1990; Poliquin and Simmons, 

1998) and appear to be found in many (if not most) alkaline systems according to 

compilations of whole rock analyses from alteration zones. When plotted in K vs. Na 

discrimination diagrams, altered rocks are commonly distributed along the K:Na 

exchange vector (see Figs. 11.3 and 11.8; Fig. 10 in Fleming et al., 1986; Fig. 4 in Wilson 

and Kyser, 1988), with compositions falling far outside the normal K/Na ratios for 

igneous rocks. 
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Although K-metasomatism can be voluminous, it is not always spatially associated 

with gold mineralization. In some cases, such as at Emperor, zones of intense K-

metasomatism may underlie areas of gold mineralization (see Kwak, 1990, p. 313). In 

these cases, K-metasomatism may reflect appropriate conditions for transport of gold, 

but not gold deposition, which takes place further along the flow path (see discussion of 

gold transport below). 

Acid alteration: Zones of intense acid alteration (advanced argillic) have been 

documented in several alkaline epithermal systems including Ladolam (Moyle et al., 

1990), Emperor (Eaton and Setterfield, 1993), and Mt. Kasi, Fiji (Taylor, 1987, Corbett 

and Taylor; 1994, Adsett and Taylor, 1995). These zones are characterized by kaolinite 

(± pyrophyllite or dickite), alunite, and quartz alteration superimposed upon earlier 

potassic alteration. They are typically located in the upper levels of the deposits, 

generally near or conformable to the surface. Cu-sulfides such as enargite and covellite 

are common, and gold is chiefly present as Au°, electrum, and tellurides. It is notable that 

tellurides are also found in advanced argillic alteration not associated with alkaline 

magmatism (e.g.. Pueblo Viejo, Dominican Republic; Goldfield, NV). Restricted zones 

of acid aheration (quartz-dickite) are also seen in some deposits such as Cripple Creek 

(E. P. Jensen, unpublished data). Golden Sunlight (Spry et al., 1996), and the Bessie G 

Mine in the La Plata Mts. (Saunders and May, 1986) as narrow, late stage veins that cut 

across all other assemblages. 

Wall rock effects: Wall rock compositions (mafic vs. felsic; quartz-poor vs. quartz-

rich; pelitic vs. carbonate) strongly influence the appearance, mineralogy, and size of 
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alteration halos. At Cripple Creek, K-metasomatism is characterized by pervasive K-

feldspar flooding in feldspathic phonolites (Fig. 11.9), but is manifested as much 

narrower zones of sericite-carbonate alteration where veins and alteration have cut 

lamprophyres or mafic Precambrian rocks (very abrupt changes in the mineralogy of 

alteration assemblages are seen at contacts between the two rock types). The style of 

alteration seen in the mafic rock types at Cripple Creek closely resembles the types of 

alteration described at Emperor and Porgera (Richards et al., 1991; Eaton and Setterfield, 

1993; Richards and Kerrich, 1993). 

Wall rock reaction in felsic rocks is chiefly manifested by alkali exchange reactions 

where plagioclase and Na-rich alkali feldspar are altered to potassium feldspar: 

NaAlSisOg + = KAlSiaOg + Na^ 

In mafic rocks (and in the mafic mineral sites in felsic rocks), carbonation of Ca, Mg 

and Fe bearing phases in the presence of alkali feldspar, biotite or K-rich fluids will 

produce sericite-carbonate assemblages: 

KFeMg2AlSi30io(OH)2 + CaAbSiaOg + 4C02 = 4(Fe,Mg,Ca)C03 + 

KAl2AlSi30io(OH)2 + 2Si02 

H2O + KAlSisOg + CaAl2Si208 + CO2 = CaCOs + KAl2AlSi30io(OH)2 + 2Si02 

In these examples, sericite-carbonate±K-feldspar alteration is accomplished by 

carbonation reactions, as opposed to the carbonate-poor sericitic assemblages generated 

by sulfide and chloride acids in subalkaline deposits. Key distinctions are the presence of 

carbonate, the stability of K-feldspar, and the fact that these assemblages commonly 

exhibit significant addition of K2O. 
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Vanadium enrichment, expressed especially as roscoelite (KV2[AlSi30io](OH)2), also 

correlates with the proportions of mafic and felsic rocks. Vanadium enrichment is 

documented at Emperor and Porgera (systems with mafic-intermediate igneous rocks), 

where zones of high-grade mineralization are flanked by roscoelite-rich alteration halos 

up to several centimeters wide (Figure 11.7a,b). Roscoelite is present in felsic alkaline 

systems, but is much less abundant and would best be described as an accessory mineral 

(e.g.. Boulder County and Cripple Creek, Colorado and the Montana telluride districts). 

This is expected, as mafic rocks have much higher concentrations of vanadium than felsic 

rocks. Other minerals such as millerite (Ni-sulfide) and Cr-micas are also more abundant 

in altered mafic rocks, but are not likely to be mobile and reflect in-situ alteration of Ni or 

Cr-rich igneous minerals. Fluorite, on the other hand, is much less abundant in mafic 

systems due to the low solubility of fluorine in calcium-rich environments. Fluorite is 

abundant in the felsic rock hosted systems in Boulder County and Cripple Creek, 

Colorado, but is much less abundant or absent at Emperor and Porgera. 

K-metasomatism is also seen where fluids cross or cut impure carbonate rocks. In the 

Mayflower Mine, Montana, zones of silicified dolomitic limestone up to 7m wide contain 

pyrite, tellurides, native gold, and base metals near alkaline intrusions (Cocker, 1993). 

The zones of silicification are surrounded by adularia, quartz, pyrite and sericite (± 

roscoelite) alteration halos up to 1 Om wide. 

Other distinctive styles of wall rock alteration are seen at Porgera, where pelitic 

sedimentary wall rocks have been variably replaced by chlorite and garnet-rich 

assemblages outward from K-silicate alteration envelopes (Richards and Kerrich, 1993). 
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Analcime-rich alteration is seen as a subsolidus effect at Mt. Kare, Papua, New Guinea 

(Richards and Ledlie, 1993). 

Fluid compositions and sources of components: Fluid inclusion evidence suggests 

that fluids were relatively cool (<300°) and low salinity (<10wt% NaCl). Moderate to 

high CO2 concentrations are reported for many deposits (Central City: Rice et al., 1985; 

Porgera: Ronacher et al., 1999; Cripple Creek: Thompson et al., 1985; Golden Sunlight: 

Spry et al., 1996; Emperor: Ahmad et al., 1987a, 1987b; Boulder County, Colorado: 

Saunders, 1991). Stable isotopes indicate a high proportion of magmatic fluids in most 

systems. Reported values of 5*^0 for hydrothermal fluids commonly overlap with 

magmatic fluid compositions, but show displacements toward lighter values in later 

stages of mineralization (Ahmad et al., 1987b; Richards and Kerrich, 1993; Zhang and 

Spry, 1994b). 6D values tend to show greater variability, suggestive of contributions 

from external fluids such as exchanged groundwaters (Porgera: Richards and Kerrich, 

1993) and seawater (Emperor: Ahmad et al., 1987b). Some deposits, such as Cripple 

Creek (Thompson, 1998; Jensen et al., 1998), and epithermal gold deposits in the Black 

Hills of South Dakota (Paterson et al., 1988,1989) may have been formed almost 

exclusively from magmatic fluids. This contrasts with subalkaline adularia-sericite type 

epithermal deposits, which tend to be dominated by external fluids (although minor 

magmatic contributions may be critical). 

Metals also appear to be directly inherited from magmatic sources, as indicated by 

radiogenic isotopic studies of ore minerals (Richards et al., 1991; Kelley et al., 1998). 

Stable isotopic ratios of carbon and sulfur are consistent with magmatic sources, although 
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there is enough variability to allow for derivation in part from sedimentary sources 

(Shannon et al., 1983; Ahmad et al., 1987b; Richards, 1995; Spry et al, 1996; Zhang and 

Spry, 1994b). 

Indicators for exploration: With the possible exceptions of Te and V, there do not 

appear to be any reliable pathfinder elements for distinguishing alkaline-related 

mineralization from other types of epithermal gold deposits in geochemical surveys. 

Although only a few studies have been reported, Gott et al. (1969) made an extensive soil 

survey of the Cripple Creek district and found a general correlation between Au, Ag, Te, 

K, and V and to a lesser degree. Mo and Hg. Other elements such as Pb, Cu and Zn were 

much more erratic in their distribution and did not serve as helpful indicators of gold 

mineralization. Cocker (1993) studied element dispersion patterns in mineralized 

carbonate strata at the Mayflower Mine in Montana, finding anomalous Te, Cu, Pb, Ag, 

Au, V, K20, and Zn in the vicinity of gold mineralization, grading outwards in a 

proximal zone of Hg, As and Cu, with a distal halo of MnO, and MgO. Distal halos of 

Mn enrichment were also noted by Gott et al. (1969) at Cripple Creek. Jenkins and 

Carter (1997) analyzed both soil and biological samples from the vicinity of the Rex gold 

telluride vein system in the Gold Hill mining district, Boulder County, Colorado. 

Samples were analyzed for Ag, Te, Cu, Pb, Zn, Fe, Ca, Na, K, and Mg, and a correlation 

between Te, Au, Ag and Pb was observed. Interested readers are directed to Jenkins 

(1996) for further discussion. In the vicinity of Au-Cu-Te veins in the Exciban deposit, 

Camarines Norte, Philippines, James and Fuchs (1990) found Cu and As to be variably 

correlated with gold, whereas Pb and Zn were not appreciably enriched in zones of 



All 

mineralization. The abundance of Bi-Te phases in the Exciban veins may suggest Bi as a 

potential pathfinder element in some systems. Like other types of epithermal deposits, 

however, Au is probably the single best indicator of mineralization, and other elements 

such as As, Sb, Cu, Pb, and Zn are only variably enriched. Mn, Ba, Sr, U, F, Hg, and 

PGE behave much more erratically, and do not appear to be particularly useful. 

Likewise, geophysical signatures show significant variability. Many deposits are 

characterized by magnetic and gravity lows (Cripple Creek, Zortman Landusky), but 

exceptions include Porgera, which is centered upon a magnetic high (Richards, 1990a). 

Negative magnetic signatures result from sulfidation of magnetite in wall rocks, and 

gravity lows result from replacement of wall rock minerals by low-density alteration 

products such as sheet silicates and carbonates (Irvine and Smith, 1990). Positive 

magnetic anomalies may result fi-om the presence deep mafic plutonic masses, or zones 

of extensive biotite-magnetite alteration at depth (a typical manifestation of porphyry-

style alteration in alkaline systems; discussed below). Induced polarization surveys are in 

many cases useful in delineating zones of sulfidation which surround vein systems (Irvine 

and Smith, 1990), but could potentially be confusing where mineralization cuts sulfide-

rich sediments, as is the case at Porgera. 

It seems that the best method of identifying potential alkaline epithermal deposits is 

by recognizing their characteristic mineral and alteration assemblages in and around 

alkaline intrusive complexes. 
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Epithermal - porphyry transition 

Alkaline epithermal deposits may grade downward into porphyry-type Cu(Au) 

deposits (Bonham and Giles, 1983; Mutschler et al., 1985; Mutschler and Mooney, 1993; 

and Richards, 1995) or porphyry-type Mo(Au) deposits (Rice et al., 1985; Saunders, 

1991; Foster and Childs, 1993; Spry et al., 1996). Permissive evidence for such a 

transition is seen in many alkaline epithermal systems. Some alkaline epithermal deposits 

contain zones of high-T mineralization and alteration that have been overprinted by lower 

temperature, epithermal-style mineralization. Examples include Porgera (Richards and 

Kerrich, 1993), Ladolam (Moyle et al., 1990), Cripple Creek (Jensen and Barton, 1997), 

Golden Sunlight (Spry et al., 1996) and Central City (Rice et al., 1985). Higher 

temperature styles of mineralization and alteration are commonly biotite-stable and 

contain higher concentrations of base metals (Fig. 11.10c,d). In other cases, epithermal 

systems are found in close spatial and temporal association with porphyry-style 

mineralization, as seen in the Allard Stock and Bessie G deposits in Colorado (Werle et 

al., 1984) and the Emperor and Nasivi 3 deposits in the Tavua Caldera, Fiji (Eaton and 

Setterfield, 1993). Such juxtapositions of high and low-T styles of alteration and 

mineralization are characteristic of telescoping hydrothermal systems. At Cripple Creek, 

evidence is seen for several episodes of high-T alteration which have been variably 

overprinted by at least two episodes of low-T alteration (Jensen et al., 1998). The 

transition between these two styles of alteration/mineralization can take place over 

protracted vertical intervals (> 1000m at Cripple Creek), or the two can be directly 

overlapping (Porgera, Ladolam). 
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Not all alkaline hydrothermal systems show Cu or Mo affinities, however. Zones of 

disseminated sphalerite and galena become abundant in the deep levels at Cripple Creek, 

but lack Cu or Mo sulfides. A similar environment may be present at Porgera, where 

disseminated Zn and Pb sulfides are more abundant than Cu-sulfides (Fleming et al., 

1986; Handley and Bradshaw, 1986; Cameron et al., 1995). Recent drilling at Porgera, 

however, appears to indicate the presence of "porphyry-style" Cu mineralization at depth 

(Ronacher et al., 1999). Other deposits, such as Zortman Landusky show comparatively 

little base-metal mineralization of any type at current levels of exposure. 

Porphyry-type deposits 

Deeper portions of gold-rich alkaline systems can be separated on the basis of Mo or 

Cu enrichment. As a general rule, Cu-rich deposits are associated with intrusive phases 

with < 60 wt% Si02, whereas Mo-rich systems tend to be associated with intrusive 

phases with > 65 wt% Si02 (see Fig. 11.5). Transitional Cu-Mo deposits, such as those 

associated with the Sierra Blanca complex in New Mexico (Giles and Thompson, 1972; 

Thompson, 1972), show compositions between these ranges. Several important examples 

of alkaline related base metal-rich deposits are described in Table 11.1. 

Cu(Au) deposits 

Geologic framework: Whereas alkaline rocks as a group are found in a wide range of 

geologic settings, Cu-rich alkaline deposits are primarily found in arc environments. 

Many of these deposits formed during initial stages of back arc rifting or during tectonic 

reconfigurations of volcanic arcs (discussed below). Details about specific tectonic and 

regional geologic settings for individual deposits are given in Table 11.1. 
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Less evolved, alkaline diorites, mafic syenites and monzonites tend to be associated 

with Cu(Au) base metal-rich hydrothermal systems (e.g., Galore Creek, Allard Stock, 

Goonumbla, Emperor, Porgera; see Fig. 11.5). These intrusions range from silica 

undersaturated (Galore Creek) to silica saturated (Goonumbla), and are commonly 

accompanied by coeval alkaline volcanic piles (see Fig. 11.6). Volcanic rock types 

include pseudoleucite phonolites, augite trachyandesites, trachybasalts, and trachytes in 

British Columbia deposits (Allen et al., 1976; Lang et al., 1995), latites and trachytes at 

Goonumbla (Heithersay and Walshe, 1995), and trachybasalts and trachyandesites at 

Emperor (Ahmad et al., 1987a; Eaton and Setterfield, 1993). The intrusions that are most 

intimately associated with mineralization tend to be monzonitic in composition, or 

evolved equivalents of early, mafic phases. The carbonatite hosted porphyry Cu (Au, 

PGE, Ni, Fe, P) deposit at Phalaborwa, RSA, also belongs to this class of deposit, and 

possibly represents an ultra-mafic end member. 

Intrusive complexes are typically multi-phase and exhibit a variety of geometries. 

These include subcircular plugs and stocks up to several kilometers in diameter 

(Emperor: Ahmad et al., 1987a), relatively narrow dikes and sills (Galore Creek: Allen et 

al., 1976; Copper Mountain, British Columbia: Lang et al., 1995), multiple phase 

laccoliths (Mt. Polley, British Columbia: Hodgson et al., 1976), plutonic or batholithic 

intrusive complexes (Allard Stock, Colorado: Werle et al., 1984; Iron Mask Batholith, 

British Columbia: Snyder, 1994 and Lang et al., 1995), and annular intrusive bodies 

emplaced along ring faults in caldera complexes (Goonumbla: Jones, 1985; Heithersay 

and Walshe, 1995). 
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These deposits typically show evidence for multiple stages of alteration and 

mineralization, beginning with early intrusive events, and continuing throughout the 

evolution of the complexes (Werle et al., 1984; Heithersay and Walshe, 1995; Lang et al., 

1995). Cu(Au) stockwork mineralization at Goonumbla associated with an early quartz 

monzonite intrusion (QMPl) is visibly cut by a later intrusion (QMP2) and its associated 

stages of mineralization (Heithersay and Walshe, 1995). Peripheral, base metal-rich 

mineralization is typically absent, or weakly developed (Lang et al., 1995). 

Mineralization and alteration: Grades and tonnages for several deposits are shown in 

Figure 11.1, and styles of mineralization for individual deposits are described in Table 

11.1. Geologic, alteration, and mineralization maps for Galore Creek, Mt Polley, 

Ladolam, Goonumbla and Emperor are shown in Fig. 11.6. Examples of the textures and 

styles of alteration and mineralization are shown in Fig. 11.10. 

Cu mineralization is typically characterized by a zone of central bomite + magnetite 

mineralization which grades outward to bomite + chalcopyrite and chalcopyrite + pyrite. 

As a group, these deposits tend to be sulfide poor, with pyrite found peripherally, or in 

association with late stage sericitic alteration. Gold mineralization occurs as native gold, 

tellurides, cuprian gold, or auriferous sulfides, and tends to be associated with zones of 

bomite-rich mineralization (Fig. 11.10c). Tellurides are variably present, but are much 

less abundant than in the shallow, low-T alkaline epithermal systems (with possible 

exceptions such as Goonumbla: Heithersay and Walshe, 1995). Alkaline porphyry 

Cu(Au) deposits also show much lower Au to Ag ratios than epithermal systems (Fig. 

11.11). Alteration types include potassic, sodic (± sodic-calcic), propylitic and magnetite 
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replacement. Acid types of alteration (i.e. sericitic) are subordinate or absent, with the 

possible exception of Goonumbla, where sericitic alteration locally becomes pervasive 

along major structures, but shows little relationship with Cu(Au) mineralization 

(Heithersay et al., 1990). Skams are variably developed where carbonate units have 

undergone metasomatism, and can account for appreciable portions of the mineralization 

in some deposits (e.g.. Galore Creek and Mt. Polley: British Columbia: Dawson and 

Kirkham, 1995). 

The cores of these deposits typically exhibit fracture controlled and pervasive types of 

K-feldspar + biotite + magnetite alteration, often accompanied by anhydrite (Fig. 

11.1 Oa,b). The hydrothermal K-feldspar typically replaces primary feldspars, and biotite 

(± magnetite or hematite) replaces mafic minerals such as pyroxene and amphibole. 

Hydrothermal biotite from Goonumbla is characterized by high Mg:Fe, low Ti02, and 

high fluorine concentrations relative to magmatic biotite (see Table 3 in Heithersay and 

Walshe, 1995). Quartz is variably present, being virtually absent in strongly silica 

undersaturated deposits (Galore Creek), but can be abundant in silica saturated systems 

(Goonumbla). Fluorite is present in many deposits as an accessory mineral (Galore 

Creek: Allen et al., 1976; Goonumbla: Heithersay and Walshe, 1995). Cu(Au) 

mineralization correlates with the zones of potassic alteration in time and space. 

As seen at Galore Creek and Mt. Polley, where mineralization cuts calcareous 

pyroclastic, and volcaniclastic strata, K-feldspar-biotite alteration is flanked by 

andradite+ diopside+ epidote+ vesuvianite with bomite, chalcopyrite, pyrite, magnetite, 

sphalerite, and galena (Dawson and Kirkham, 1995). 
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The degree of K enrichment in potassically altered zones can be variable, but is 

extreme in many deposits. Galore Creek, Goonumbla, and the Allard Stock all show 

metasomatized rocks with > 10 wt. % K2O. The intensity of K-metasomatism in alkaline 

complexes appears to be much greater than the potassic alteration observed in sub-

alkaline systems. K2O values do not typically exceed 7-8 wt. % in the cores of calc-

alkaline porphyry copper deposits, where zones of potassic alteration are typically 

characterized by modest additions of potassium (1-3 wt. % K2O; D. A. Johnson, 

unpublished compilation). 

Sodic or sodic-calcic alteration is also commonly observed in alkaline Cu(Au) 

deposits (see Fig. 11.6). Albite veins and albitization of wall rocks are abundant in the 

deep portions of the alkaline porphyry Cu deposits of British Columbia. Ca-rich phases 

such as epidote, diopside and actinolite (± andradite, calcite, chlorite, sulfides) are 

commonly seen in and around zones of albitic alteration. In most cases, the sodic ± calcic 

alteration is deep or peripheral to the central core of potassic alteration, and commonly 

overprints early alteration assemblages (as seen at Galore Creek). In the Ajax deposit in 

British Columbia, high grade gold and copper mineralization is associated with sodic 

(albitic) alteration (Ross, 1993), which in turn is cut by potassic and scapolitic styles of 

alteration. Albitic and scapolite bearing skam assemblages are present in some districts 

where fluids encountered carbonate strata (Ingerbelle, B.C.: Barr et al., 1976; Lang et al., 

1995). 

Hydrothermal magnetite is variably abundant, and is commonly accompanied by or 

replaced by hematite (e.g., Goonumbla; Jones, 1985; Heithersay and Walshe, 1995). 
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Magnetite (± hematite) is associated with both potassic and sodic assemblages and can 

form large replacement zones in intrusive rocks (Cann, 1979; Lang et al, 1995), or in the 

surrounding country rocks (Allard Stock, Colorado: Eckel, 1949, p.60). In many deposits, 

these replacement bodies have been described as Fe-skams. 

In addition to the styles of alkali metasomatism, "propylitic" assemblages are 

typically developed in alkaline Au(Cu) deposits peripheral to zones of potassic alteration. 

Zones of "propylitic" alteration contain epidote, chlorite, carbonate, pyrite, and 

chalcopyrite as well as weak albite, actinolite, or K-feldspar alteration. Garnet, magnetite, 

hematite, and sulfides are variably abundant in these assemblages. 

Noticeably lacking or subordinate in alkaline Cu(Au) deposits are zones of intense 

hydrolytic (acid) alteration (Jones, 1985; Lang et al., 1995; McMillan and Panteleyev, 

1995). When sericitic assemblages are present, they tend to be structurally controlled and 

overprint earlier K-feldspar + biotite + magnetite assemblages. With few exceptions (e.g. 

Endeavour 48 deposit at Goonumbla: Hooper et al., 1996) they are rarely pervasive over 

large volumes of rock. Locally, advanced argillic (alunite-pyrophyllite-kaolinite) 

assemblages may be developed, but are typically restricted to the upper levels of the 

deposits (Ladolam and Goonumbla; see Wolfe et al., 1996). 

Many alkaline Cu(Au) deposits show anomalous PGE enrichments (Mutschler et al., 

1991). Although rarely economic, PGEs can be concentrated to 100s of parts per billion 

and even parts per million in some cases. Examples of this style of mineralization are 

seen at the Allard Stock Au-Cu-PGE deposit (Werle et al., 1984), the porphyry Cu-Ag-

Au-PGE deposit at Silmikameen, BC (Mutschler and Mooney, 1993), Phalaborwa (PMC 
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Ltd., 1976; Verwoerd, 1986; Eriksson, 1989), possibly in the Ortiz Au deposit in New 

Mexico (Bliss et al., 1992) and at Bingham (F. Mazdab, unpublished PGE analyses of 

sulfides from the Bingham district). Molybdenite is typically sparse, but becomes 

progressively more abundant in association with felsic rock types. 

Fluid compositions and sources: Fluid inclusion evidence suggests that fluids were 

relatively hot (400-700°), and typically saline to hypersaline (up to 65 wt% NaCl) during 

ore formation (Heithersay et al., 1990; Lang et al., 1995). Late stages of alteration and 

mineralization record lower temperatures, much lower salinities, and CO2 in some cases 

(see discussion in Lang et al., 1995). Fluids were relatively oxidized, as suggested by the 

abundance of magnetite and hematite (e.g. Goonumbla; Heithersay and Walshe, 1995). 

Stable isotope studies are lacking, but the saline-rich nature and high temperatures of the 

fluids along with abundances of S and Cu are consistent with a magmatically derived 

fluid. Contribution from extemal fluid sources, and in particular, extemal saline brines 

cannot be discounted, however. The abundance of sodic, sodic-calcic, and magnetite-rich 

mineralization in the Jurassic deposits of British Columbia may reflect circulation of 

extemal saline fluids (discussed below). 

Exploration indicators: The abundance of magnetite in mafic alkaline rocks and as 

hydrothermal alteration products in the cores of these deposits can strongly influence the 

character of the magnetic geophysical signatures. Peripheral bodies of magnetite 

replacement or mafic intrusions invading ring-faults can produce characteristic ring 

shaped magnetic highs (as seen at Goonumbla: Jones, 1985; Heithersay and Walshe, 

1995). Stockwork biotite-magnetite-orthoclase veins can also produce magnetic highs in 
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the cores of these deposits. In other cases, however, replacement of magnetite by 

hematite (Goonumbla) or pyrite will result in magnetic lows over ore bodies. Gravity 

surveys are generally not reported, except for Goonumbla, where pronounced gravity 

lows are positioned over the ore bodies and intrusions (Heithersay and Walshe, 1995; 

Hooper et al., 1996). As is true for any magmatic-hydrothermal system, geophysical 

signatures are influenced by the characteristics of the causative intrusion, hydrothermal 

alteration, and the properties of the country rock. Thus, the geophysical expressions of 

these deposits are variable, and a simple model is not likely to be universally applicable. 

Mo(Au) deposits 

Geologic framework: Mo(Au) deposits are found in regions of thickened continental 

crust (central Colorado and Montana) where alkaline intrusions have been emplaced as 

inboard expressions of arc-related magmatism (O'Brien et al., 1991, 1995; Saunders and 

Bookstrom, 1998). These deposits are associated with highly evolved rocks of the 

alkaline series, such as fractionated monzonites, alkali rhyolites, and some trachyte-

phonolites. In many deposits Cu mineralization is variably present, but as a group they 

are characterized by Mo == Cu or Mo > Cu. Relative to porphyry Mo deposits associated 

with calc-alkaline rocks, the alkaline Mo deposits tend to be enriched in gold. Examples 

include the Boulder County, Colorado occurrences (Rice et al., 1985; Saunders, 1991), 

the Mo(Au) deposits in the Great Falls Tectonic Zone, Montana (Theiben and Spry, 

1995) and the Sierra Blanca Cu-Mo(Au) deposit, NM (Giles and Thompson, 1972; 

Thompson 1972,1974). The geology and alteration at Golden Sunlight, Montana is 

shown in Figure 11.6. 
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Mineralization and hydrothermal alteration: Mo(Au) mineralization is typically 

manifested as stockwork veins of quartz ± K-feldspar with molybdenite and gold. Gold is 

commonly present as discrete grains of Au° (and auriferous sulfides?), but tellurides are 

also common (Rice et al., 1985; Spry et al., 1996). In some systems, telluride minerals 

may not be obvious, but anomalous concentrations of Te have been reported in zones of 

stockwork Mo-Au veins at Porphyry Mountain in Boulder County, Colorado (Saunders, 

1991). 

Alteration types in alkaline Mo(Au) deposits are dominated by K-silicate 

assemblages. Central cores of K-feldspar + quartz ± sericite + carbonate alteration grade 

outward to, and are commonly overprinted by more pervasive styles of sericite + pyrite 

alteration (Rice et al., 1985; Spry et al., 1996; Saunders, 1991). Like the alkaline Cu(Au) 

deposits, zones of Mo(Au) mineralization appear to be correlated with potassic styles of 

alteration (Rice et al., 1985; Spry et al., 1996). In contrast with Cu-rich deposits, 

however, biotite alteration is poorly developed or absent in Mo(Au) systems, which 

probably reflects the lower Fe and Mg abundances in the felsic rocks. 

Spry et al. (1994), Rice et al. (1985), and Saunders (1991) suggest that central cores 

of porphyry-style Mo(Au) mineralization grade upward to or are overprinted by telluride-

rich epithermal systems. Evidence for such a transition is seen in the common 

juxtaposition of these two types of mineralization in the gold-telluride belts of Montana 

and Colorado (e.g., Golden Sunlight and Central City). 

Fluid compositions and sources: Few fluid inclusion data are available for Mo(Au) 

deposits, but those reported suggest that fluids were moderately saline (10-15 wt. % 
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NaCl), and had temperatures in the 200 to 400° range (Rice et al., 1985; Spry et al., 

1996). Moderate to high concentrations of CO2 are also reported (Rice et al., 1985; Spry 

et al., 1996). Although more saline than typical epithermal fluids, these observations 

contrast with the hypersaline fluids commonly observed in alkaline Cu(Au) deposits. 

Stable isotope evidence suggests that the fluids are dominantly of magmatic origin, but 

show increasing proportions of external fluids with decreasing temperature and distance 

from the source intrusion (Rice et al., 1985; Spry et al., 1996). 

Exploration indicators: Regional aeromagnetic surveys of the central Montana 

alkaline province show distinctive positive anomalies centered on alkaline intrusive 

complexes located at intersections of linear positive magnetic anomalies (Klinekopf, 

1991). The linear anomalies are thought to represent mafic intrusions occupying regional 

structural trends. At the scale of individual intrusive complexes, zones of mineralization 

may be represented by magnetic lows (Olmore, 1991), where igneous magnetite has been 

destroyed by hydrothermal alteration. 

Other porphyry deposits with links to alkaline magmatism 

In a number of subalkaline systems, there is evidence for late injection of mafic 

alkaline magmas, typically manifested as lamprophyre dikes, alkaline basalts, or 

phonotephrites. These intrusions are volumetrically subordinate to early, felsic, 

subalkaline intrusions and are typically highly altered. The relationship between these 

late mafic intrusions and mineralization is not clear in many cases, but some authors 

(Rock et al., 1989; Keith et al., 1998) suggest that these mafic melts play a critical role in 

generating large mineral deposits. Keith et al. (1998) show strong evidence for magma 
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mixing in the Bingham system between late-stage mafic alkaline magmas (minettes) and 

subalkaline granitic melts (Fig. 11.3a). They suggest that the minette magmas could have 

supplied a significant portion of sulfur, copper, and gold to the Bingham system. Recent 

work has documented the presence of biotite alteration with bomite and gold-silver 

tellurides in the minette phase at Bingham (Fig. 11.10c), in contrast to adjacent 

subalkaline phases where tellurides are rare (P. Redmond, personal communication, 

2000). 

In addition to supplying chalcophile elements, late-stage injections of mafic alkaline 

melts into a partially solidified felsic magma chamber may trigger a catastrophic volatile 

release. This has been documented in a number of volcanic systems (e.g., Mount 

Pinatubo: Pallister et al., 1992,1996). It is clear that mafic intrusions exist in many 

deposits, and in some cases, they are temporally or spatially related to gold ± copper 

mineralization. Mafic alkaline magmas certainly are not required to form deposits, yet it 

is probable that they would be more favorable in terms of gold and PGE contents (see 

Table A2 in Romberger, 1991, and compilations of geochemical analyses by Mason and 

Moore, 1982). 

Among other deposits, Muller and Groves (1997) include Grasberg (Irian Jaya, 

Indonesia) along with Bingham as another large gold-rich porphyry copper deposit 

associated with potassic alkaline magmatism. Although the Grasberg intrusions are high 

K rocks, all are distinctly subalkaline (McMahon, 1994). Rather than broadening the 

group of "alkaline-related" deposits to include deposits associated with oversaturated 

igneous rocks with moderate alkali concentrations, it seems more appropriate to 
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recognize that a continuum exists between alkaline and subalkaline related porphyry-style 

mineralization. 

Summary of characteristics 

Alkaline related hydrothermal systems show fundamental characteristics that 

distinguish them as a group. These include quartz-poor (or quartz absent) styles of 

alteration and mineralization, Te-rich mineral assemblages, voluminous K-

metasomatism, subordinate or absent hydrolytic (acid) alteration relative to their 

subalkaline counterparts, and a suite of associated minerals including fluorite, 

tetrahedrite, barite-celestite, and roscoelite. 

Styles of mineralization range from disseminated or stockwork-veined ore in 

porphyry-type deposits, to strongly vein/structurally controlled mineralization in high-

level epithermal systems. Gold can be present at discrete grains of native gold, tellurides, 

or auriferous sulfides. Tellurides are most common in epithermal deposits, but are seen in 

some porphyry-type systems as well (Goonumbla). Many porphyry-type deposits show 

elevated Te levels in mineralized rocks (Werle et al., 1984; Saunders, 1991). In Cu-rich 

porphyry deposits, gold is commonly associated with bomite, and is generally correlated 

with copper mineralization. In Mo-rich deposits, gold is found in stockwork veins of 

quartz, sulfides, molybdenite, and native gold and tellurides. In both cases, porphyry-type 

systems are thought to grade upwards into telluride-rich epithermal mineralization. Gold 

to silver ratios vary from high (Au>Ag) in epithermal systems to low (Au<Ag) in 

porphyry-type systems (Fig. 11.11). Both epithermal and porphyry deposits show high 

Au to base metal ratios relative to subalkaline counterparts. 
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Styles of wall-rock alteration show significant, but systematic variations according to 

temperature, pressure, and character of the wall rocks. Alteration in porphyry-type 

systems is chiefly manifested as biotite-magnetite-orthoclase assemblages, with the 

abundance of biotite and magnetite controlled by the Fe and Mg contents of the wall 

rocks. Calc-silicate assemblages are developed in the deepest parts of some systems 

(andraditic garnets at Mt. Polley and Galore Creek), and are commonly accompanied by 

sodic (albite-rich) alteration. Sodic alteration is also found peripheral to zones of potassic 

alteration, as seen in many of the Cu(Au) deposits in British Columbia. Low temperature 

alteration in epithermal systems is characterized by biotite-free K-silicate assemblages, 

extensive carbonation and variably developed peripheral "propylitic" assemblages. 

Where felsic wall rocks are altered, extensive zones of K-feldspathification are seen 

(Cripple Creek, Zortman Landusky), and where mafic rocks are altered, sericite+ 

carbonate+ K-feldspar ± roscoelite assemblages predominate (Porgera, Emperor). 

Skams are variably developed, but when present can be economically significant (as 

seen at Galore Creek and Mt. Polley). Potassic styles of alteration seen in igneous rocks 

correlate with calc-silicate assemblages in altered carbonate rocks dominated by 

andraditic garnet, diopside, epidote, and sometimes biotite. Low temperature epithermal 

mineralization in carbonate units is characterized by zones of silicification with outer 

halos of adularia, sericite, and sulfides within the altered carbonate units. 

Alkaline systems commonly have brecciation, related to both hydrothermal and 

igneous (phreatomagmatic) processes. Examples of phreatomagmatic/diatremal breccias 

are seen at Cripple Creek, Ortiz, and Golden Sunlight. Examples of mineralized 
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hydrothermal breccias are seen at Cripple Creek, Ladolam, Galore Creek, Goonumbla, 

Emperor, Porgera, and throughout the central Montana alkaline belt (see Lindsey and 

Fisher, 1985 for descriptions). 

Constraints on genesis 

P-T conditions: Alkaline-related gold deposits appear to be formed at high levels in 

the crust, based upon evidence from geomorphic constraints, stratigraphic 

reconstructions, fluid inclusions, and textural/mineralogical considerations. Many 

porphyry-style deposits are found in close spatial association with coeval alkaline 

volcanic piles (e.g., Goonumbla, Galore Creek, Mt. Polley; see Fig. 11.6 and references 

in Table 11.1). The few formation pressures that have been reported are between 400 and 

800 bars (Rice et al., 1985; Heithersay and Walshe, 1995), which correlates to depths of 

l-3km. Porphyry-style mineralization is likely to have been produced under moderate 

confining pressures and lithostatic conditions, as evidenced by the common presence of 

liquid-rich fluid inclusions (indicating that confining pressures inhibited phase 

separation). If hydrostatic conditions are assumed, trapping pressures would correlate to 

unrealistic depths of emplacement. Locally, fluids may have undergone depressurization 

(and phase separation) related to brecciation, as seen in the gamet-biotite-anhydrite-

pyrite-chalcopyrite breccias at Galore Creek (Allen et al., 1976) and hydrothermal 

breccias at Goonumbla (Heithersay and Walshe, 1995). 

Alkaline epithermal deposits show evidence for transitions to lower pressures and 

hydrostatic conditions, based upon the common presence of coexisting vapor and liquid-

rich fluid inclusions (indicators of phase separation; Ahmad et al., 1987b; Richards and 
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Kerrich, 1993; Poliquin and Simmons, 1998), and the common presence of brecciated 

textures in many hydrothermal vein systems (Seibel, 1991; Richards and Kerrich, 1993). 

In several deposits (Ladolam and Emperor), opaline silica and/or sinters are seen along 

with coeval volcanic piles and volcaniclastic sediments, which restricts their depths of 

formation to fairly shallow levels (Moyle et al., 1990; Eaton and Setterfield, 1993). 

However, other evidence suggests that some alkaline epithermal systems formed at 

greater pressures than are typical for epithermal environments. CO2 liquid-bearing fluid 

inclusions have been observed in Cripple Creek (Thompson et al., 1985), Emperor 

(Kwak, 1990), Porgera (Ronacher et al., 1999), the Black Hills of South Dakota 

(Paterson et al., 1989) and Central City, Colorado (Rice et al., 1985), and fluid trapping 

pressures have been estimated as high as 450 bars at Porgera (Richards and Kerrich, 

1993) and Cripple Creek (Thompson et al., 1985). These conditions are significantly 

different than typical epithermal systems, which commonly form at pressures of <100 

bars (Hayba et al., 1985, Heald et al., 1987). 

In some cases, low temperature and pressure assemblages directly overprint much 

higher temperature and pressure styles of alteration and mineralization. At Ladolam, 

opaline hot spring deposits and advanced argillic alteration are superimposed upon high 

temperature porphyry-style mineralization. This juxtaposition implies that significant 

erosion or unloading took place during the evolution of the hydrothermal system(s). Such 

features have been interpreted to reflect cone failure or catastrophic mass wastage of the 

stratovolcano by Moyle et al. (1990). Similar features are observed at Cripple Creek, 

where low-T alteration and mineralization overprints zones of biotite-magnetite-
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orthoclase alteration in the near surface environment (Jensen et al., 1998). 

Superpositioning of these types of alteration and mineralization imply that low-T 

assemblages successively overprinted high-T assemblages as isotherms receded during 

cooling, or that separate hydrothermal systems were active at different points in time. 

This distinction requires better geochronological constraints than are available for many 

deposits at present. 

Fluid compositions: Fluid inclusion data are scarce for alkaline porphyry-style 

deposits, largely due to the low abundances of hydrothermal quartz (Lang et al., 1995). 

More data are available for alkaline epithermal systems, but not necessarily for the fluids 

directly responsible for ore deposition (Richards, 1995). As reported, however, fluids 

range from saline-hypersaline in alkaline porphyry-style deposits (10-60 wt% NaCl; 

Jones, 1985; Rice et al., 1985; Heithersay and Walshe, 1995; Lang et al., 1995; Spry et 

al., 1996) to low-salinity fluids in alkaline epithermal deposits (< 10wt% NaCl: Richards, 

1995). CO2 concentrations are variable, but are typically described as moderate to high 

(see Table 11.1). These observations are also supported by the common presence of 

voluminous carbonate alteration. 

Evidence for phase separation (boiling, effervescence), in the form of fluid inclusions 

with widely varying liquid/vapor ratios, is observed in many alkaline epithermal systems 

(Thompson et al., 1985; Ahmad et al., 1987b; Spry et al., 1996; Ronacher et al., 1999), 

but is absent in others (Rice et al., 1985; Saunders and May, 1986; Saunders, 1991). 

Some districts may lack conclusive evidence for boiling in fluid inclusions, but contain 

textural evidence such as fine grained silica as vein filling material, which would be 
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compatible with boiling conditions (Richards and Kerrich, 1993). The abundance of low-

temperature carbonate alteration may be taken as additional evidence for boiling, 

although lattice textures have been reported only at Emperor (S. F. Simmons, personal 

communication, 1999). Hydrothermal breccias are recognized in some districts 

(Thompson et al., 1985; Moyle et al., 1990; Richards and Kerrich, 1993), which may also 

indicate phase separation. 

Oxidation and sulfidation states: Mineralogical and geochemical evidence points to 

relatively oxidized magmas and associated hydrothermal systems. The common presence 

of Fe^^- bearing phases such as magnetite and aegirine in alkaline rocks is suggestive of 

high oxidation states, a notion supported by high Fe^^Fe^^ reported in alkaline rocks and 

glasses (Carmichael, 1991; Carmichael et al., 1996). Likewise, porphyry-style deposits 

are characterized by abundant magnetite, hematite, and anhydrite, and some deposits 

contain andraditic garnets in skams or as veins within igneous rocks (Galore Creek; Allen 

et al., 1976; Dawson and Kirkham, 1995). Unfortunately, hydrothermal biotite 

compositions are not reported for most deposits, although samples taken from deep, 

biotite-rich, base metal-bearing zones of mineralization at Cripple Creek have dominantly 

phlogopitic compositions (mol Mg/mol Fe «15: Jensen, unpublished data; Fig. 11.10d,e). 

Hydrothermal biotites analyzed by Heithersay and Walshe (1995), and those reported 

from Galore Creek (see Fig. 2 in Beane, 1974) are also phlogopitic, which is taken to be 

an indication of high oxidation states (Wones and Eugster, 1965; Beane, 1974; Guidotti, 

1984). 
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The fluids in alkaline epithermal systems also appear to be relatively oxidized, based 

upon the common presence of sulfates (barite, celestite, and anhydrite or gypsum; 

Thompson et al., 1985; Richards and Kerrich, 1993; Moyle et al., 1990; Saunders and 

May, 1986). Many epithermal systems also contain hematite or magnetite (Thompson et 

al., 1985; Ahmad et al., 1987b; Zhang and Spry, 1994b; Spry et al., 1996). A lack of 

hematite or magnetite in other systems, however, should not be viewed as evidence for 

low oxidation states, as pyrite can also be stable at relatively high oxidation states. 

As a group, alkaline deposits are characterized by moderate to low sulfidation states. 

Central zones of bomite-magnetite-biotite mineralization are seen in almost all porphyry 

Cu(Au) deposits, which grade outward into chalcopyrite+pyrite halos (Heithersay and 

Walshe, 1995; Lang et al., 1995). Epithermal systems can contain appreciable amounts of 

pyrite, but do not typically exhibit assemblages characteristic of high sulfidation states 

such as enargite or bomite + pyrite. Rather, epithermal systems typically contain 

magnetite ± hematite, moderately iron-rich sphalerite, and tetrahedrite-tennantite which 

constrain these systems to moderate or low sulfidation states. Exceptions occur where 

advanced argillic alteration assemblages developed in the upper portions of these systems 

(e.g., enargite and covellite at Ladolam; Moyle et al., 1990). 

Sulfur budgets are to some degree influenced by the oxidation states of these systems. 

Even though many porphyry Cu(Au) deposits are characterized by bomite-magnetite-

biotite assemblages, significant volumes of anhydrite are commonly present (Galore 

Creek: Allen et al., 1976; Goonumbla: Heithersay and Walshe, 1995). The effect of 

degassing significant volumes of oxidized sulfur from alkaline magmas may lead to 
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proximal zones of sulfide-poor mineralization with high-level zones of advanced argillic 

alteration, where sulfur-rich vapors have condensed in the near surface environment. In 

some cases, however, the abundance of sulfate may be attributable to the influx of large 

volumes of seawater, particularly in island arc environments (e.g., Ladolam: Moyle et al., 

1990). 

Acid base relationships: The dominance of low- and high-temperature feldspar-

stable alteration assemblages in most systems points to near-neutral conditions, as does 

the widespread occurrence of carbonate (Fig. 11.12,11.13). This is supported by the 

relative paucity of sericite and other acid assemblages in alkaline hydrothermal systems 

in comparison with subalkaline types, except in the shallow and late parts of some 

districts. The presence of vanadium-rich micas (roscoelite and V-bearing muscovite) 

further evidences near-neutral conditions because the substitution of vanadium for 

aluminum stabilizes the white mica at the expense of K-feldspar (Fig. 11.13). The 

development of sodic feldspars with or without calcic minerals such as garnet in the 

marginal portions of systems points to higher Na(±Ca) activities. It is uncertain what 

these reflect: possibilities include the effect of original bulk compositions (Dawson and 

Kirkham, 1995), influx of non-magmatic brines (Battles and Barton, 1995; Dilles and 

Proffett., 1995), or a fundamental characteristic of some alkaline magmatic fluids (cf. 

carbonatite systems, Woolley, 1982). 

Hydrothermal quartz is sparse in many deposits, notably those associated with silica 

undersaturated igneous centers (e.g.. Cripple Creek, Galore Creek; Table 11.1). High-

temperature (>300°C) veins contain quartz only in those igneous centers with quartz 
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monzonitic or granitic compositions (e.g., Goonumbla, Central City, Golden Sunlight). 

Because hydrothermal quartz forms either during fluid cooling / decompression or from 

silica released by hydrolysis reactions, the distribution of quartz is consistent with near-

neutral fluids equilibrated with the commonly silica undersaturated and near-neutral 

igneous rocks. These systems generate relatively little acid alteration (and alteration 

quartz) except in late and shallow parts and, in undersaturated systems, would be 

expected to precipitate quartz only after substantial cooling (Fig. 11.14). 

Gold transport and precipitation: Mechanisms for gold transport are likely to differ 

between the porphyry and epithermal environments (see discussion by Richards 1995, p. 

388-390). In the relatively oxidizing and saline conditions of the high temperature 

porphyry environment, base metals and gold are likely to be transported as chloride 

species (Hayashi and Ohmoto, 1991). Considering the relatively neutral pHs in alkaline 

hydrothermal systems, however, some transport of gold as thio-complexes at high 

temperatures is possible (Seward, 1973a,b). 

In the epithermal environment, alkaline hydrothermal systems have ideal 

compositions for transporting gold as a bisulfide species (Au(HS)2"; see Fig. 11.13; 

Seward, 1973a,b; Romberger, 1991). Base metals, however, are likely to have low 

solubilities in low-salinity, sulfur-bearing, neutral-pH epithermal fluids. This may explain 

the high Au to base metal ratios commonly observed in alkaline epithermal systems. 

Some authors (Thompson at al., 1985; Saunders and May, 1986; Richards, 1995) 

have suggested that telluro-complexing of gold may play an important role in epithermal 

systems, although no thermodynamic data are available for such species. However, 
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considering the overwhelming abundance of sulfur relative to tellurium species in 

solution (O.Ol-O.OOlm, vs «100ppb respectively; see Ahmad et al., 1987b and Zhang 

and Spry, 1994a), gold-tellurium complexes would need to be several orders of 

magnitude more stable than gold-sulfide complexes in order to compete for transport of 

gold. 

Mechanisms inferred for gold precipitation in alkaline epithermal systems span the 

range observed in other epithermal systems. Boiling (loss of H2S to vapor phase), fluid 

mixing (reduction, oxidation, or dilution), and wall rock reaction (desulfidation of fluid) 

are all excellent ways to precipitate gold from the bisulfide complex. There is nothing 

distinctive about the chemistry of these systems that necessarily favors one mechanism 

over others, indeed there is evidence that several mechanisms have operated in single 

deposits. Boiling (Ahmad et al., 1987b; Richards and Kerrich, 1993; Poliquin and 

Simmons, 1998), fluid mixing (Kwak, 1990; Cameron et al., 1995; Spry et al., 1996; 

Zhang and Spry, 1994b), and cooling (Thompson et al., 1985) have all been suggested as 

possible mechanisms for precipitating gold in alkaline epithermal systems. Additionally, 

mafic-ultramafic and other Fe-rich rocks provide ideal sulfidation traps for fluids. 

Sulfidation of wall rocks causes a reduction of H2S in solution which destabilizes the 

gold bisulfide complex. Evidence for such reactions is seen at Cripple Creek, where gold 

mineralization occurs disproportionately around lamprophyres and other mafic rock types 

(Fig. 11.7). Where reduced sediments are present, they may also serve as traps for gold 

mineralization (Cameron et al., 1995). It should be noted that none of these mechanisms 

are restricted to or unique to alkaline systems. 
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Isotopic signatures: As discussed above and summarized in Table 11.1, stable 

isotope studies indicate a dominantly magmatic source for fluids in alkaline porphyry 

environments, and a mixture of magmatic and external fluids in most alkaline epithermal 

systems. Fluid compositions calculated for epithermal deposits are characterized by 

restricted ranges of 8*^0 (2-10%o), and variable 5D (-10 to -120%o), consistent with either 

a largely magmatic origin or exchanged groundwaters (Richards, 1995). This contrasts 

with subalkaline epithermal systems, which are characterized by meteoric fluids with 

much lighter 5*^0 values. It appears that significant contributions by magmatic fluids are 

likely in many alkaline epithermal systems (Ahmad et al., 1987b; Spry et al., 1996). 

Some alkaline epithermal deposits, such as Cripple Creek, may have been formed almost 

exclusively from magmatic fluids (Jensen, unpublished data). 

Alkaline epithermal deposits are generally characterized by light sulfur isotopes 

(Ahmad et al., 1987a; Richards and Kerrich, 1993; Thompson, 1998) possibly an 

indicator of the oxidized state of sulfur in alkaline magmatic systems, or the progressive 

oxidation of hydrothermal fluids (e.g. boiling; see Richards and Kerrich, 1993). These 

data should be viewed with caution, however, as analyses of coexisting sulfates (barite, 

gypsum) are seldom reported. Where sulfates have been analyzed, they are significantly 

heavier than sulfides (Heithersay and Walshe, 1995). In the St. Paul deposit, near Golden 

Sunlight, Montana, contributions from sedimentary sources are implied by anomalously 

heavy sulfur isotopes (S^'^S up to 9%o; Spry et al., 1996). Carbon isotopes (5'^C) from 

epithermal deposits range from -8 to 0%o (Richards, 1995), which overiap magmatic 

values, but allow for limited contributions from sedimentary rocks. As a group, isotopes 
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of carbon and sulfur are largely consistent with derivation from magmatic sources, 

although contributions from sedimentary sources cannot be ruled out in many cases 

(Shannon et al., 1983; Richards and Kerrich, 1993; Richards, 1995; Spry and Thieben, 

1998). 

The presence of mantle peridotite xenoliths (Ladolam: Mclnnes et al., 1998), and 

their common location in regions underlain by thin crust (Emperor) suggest that alkaline 

Cu(Au) deposits are associated with mantle-derived magmas. This is supported by 

radiogenic isotope studies on Cu(Au) systems (Mclnnes et al., 1998). Mantle sources are 

also indicated at Porgera for both magmas and metals (Richards et al., 1991). 

In contrast to the more primitive Cu(Au) systems, isotopic studies of intrusive phases 

related to Mo(Au) mineralization show greater evidence for crustal sources. Analyses of 

alkaline rocks associated with Mo(Au) mineralization in Boulder County, Colorado, 

show low Sr isotope ratios (< 0.706; Simmons and Hedge, 1978; Stein and Crock, 1990), 

but 5'®0 averages ~8.5%o (Stein et al., 1987) and sNd ranges from -1.9 to -9.8 (Stein and 

Crock, 1987). The Sr isotopes would be consistent with a mantle source (with limited 

crustal contamination), but 5'^0 and sNd require significant contributions from the lower 

crust. Similar variations in the isotopic signatures of ore-forming magmas are seen in 

other deposits (Richards et al., 1991; Kelley et al., 1998), which may reflect contributions 

from mantle, lower crustal, and possibly upper crustal sedimentary source rocks. It 

should be remembered, however, that regions of metasomatized mantle are often cited as 

sources for alkaline magmas, and may exhibit isotopic characteristics that are virtually 
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identical to crustal materials (e.g., mantle nodules with sNd < -20 and > 0.830; see 

Fig. 6 in Menzies, 1987). This leads to ambiguities in the interpretation of isotopic data. 

Other indicators of petrogenesis: Although LREE are typically enriched in most 

alkaline igneous systems, this characteristic is variably developed in alkaline igneous 

sys-tems related to Cu(Au) deposits (Muller and Groves, 1993,1997). Some 

trachyandesite/trachybasalt volcanic systems show relatively low concentrations of LREE 

(Porgera, Ladolam, Emperor, Goonumbla) in comparison with deposits in the gold 

telluride belts of Colorado and Montana. Generally, deposits with low concentrations of 

LREE tend to show enrichments in Cu, whereas deposits with high LREE tend to show 

higher concentrations of Mo, reflecting different histories of fractionation or crustal 

assimilation. The abundances of Nb, Ta, and Eu are variable in alkaline systems related 

to gold mineralization, and do not appear to show a systematic relationship with respect 

to styles and magnitudes of Au, Cu, or Mo mineralization. 

Telluride association: Tellurium is the most abundant element in the solar system 

with an atomic number greater than 40 (Anders and Ebihara, 1982), but is exceedingly 

rare in terrestrial rocks (Beaty and Manuel, 1973; Loss et al., 1983). As most of the 

earth's endowment of tellurium was sequestered during core formation (due to its 

chalcophile behavior), tellurium abundances in mantle and crustal rocks are similar to 

gold (typically < lOppb). Thus, alkaline hydrothermal systems represent very unusual 

concentrations of Te. 

The association between tellurides and alkaline magmatism (Lindgren, 1933b; 

Bonham and Giles, 1983; Bonham, 1984,1988) may reflect enrichment of Te in the 
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lithospheric mantle sources, perhaps by sediment recycling. Tellurium is strongly 

concentrated in organic materials (Cohen, 1984), and as a result, the most significant 

known repositories of tellurium are limestones, shales and pelagic sediments (see 

analyses in Beaty and Manuel, 1973; Loss et. al, 1983; Cohen, 1984). Ocean floor 

sediments, therefore, constitute a large resource of tellurium. Subduction of Te-rich 

sediments could produce anomalous Te enrichments in the mantle, and some 

metasomatized mantle rocks show evidence for anomalous enrichments of tellurium 

(Ohnenstetter, 1992). In turn, melting of such enriched mantle would lead to Te-enriched 

magmas. 

Tectonics and petrogenesis 

Alkaline magmas show a general relationship with extensional tectonics, but their 

tectonic settings are as complex as the magmas themselves. Alkaline rocks erupt in three 

principal environments: continental rift valleys, convergent margins, and as intraplate 

alkaline complexes (Fitton and Upton, 1987). Examples of alkaline complexes with gold 

mineralization are most commonly associated with several variants of arc-related 

magmatism, although some appear to form in rift-related settings as well. Few (if any) are 

clearly associated with intraplate hot spot magmatism. 

Arc settings: Alkaline rocks are generally found as inboard expressions of arc-related 

magmatism (Lindgren, 1933b p. 178-179; Kuno, 1959; Dickinson, 1975; Wilson, 1989). 

In detail, however, the settings of arc-related alkaline magmatism are much more 

complex. Alkaline magmas are sometimes erupted in the initial stages of arc formation 

(Miiller and Groves, 1997), but are more commonly erupted late in the evolution of the 
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arc (Wilson, 1989). They range from mafic to felsic, show variable K to Na ratios, and 

can be enriched in K relative to rocks in other tectonic settings (Wilson, 1989). Although 

generally erupted farthest from the trench (Morrison, 1980; Wilson, 1989), they can erupt 

anywhere, including the forearc (e.g.. Lesser Antilles: Barsdell et al., 1982). 

Trachyandesites and trachybasalts (including "shoshonites") represent an 

economically significant class of arc related alkaline magmatism (Fig. 11.3). They are 

commonly erupted in arcs with complex subduction geometries, or where arcs have 

undergone tectonic reconfiguration. Such environments include arcs with oblique or 

transgressive convergence (Morrison, 1980; Rock et al., 1989; Wyman and Kerrich, 

1989; Ashley et al., 1994), arcs where convergence ceased with collision (Richards et al., 

1990a), and arc environments disrupted by extension or back arc rifting (Gill and 

Whelan, 1989; Richards, 1995). In almost all cases, a transition from convergent 

tectonics to transpressive or extensional tectonics is observed. 

Examples of alkaline-related Au(Cu) mineralization with a clear relationship to arc 

magmatism include the young volcanic belts in Papua New Guinea and Fiji, as well as 

the Jurassic arc terranes of British Columbia (Quesnellia and Stikinia terranes). The 

Ordovician shoshonite belt in Bogan Gate Synclinorial Zone in the Lachlan Fold Belt of 

eastern Australia shares many geochemical characteristics with the aforementioned 

examples, and may represent a paleo-arc environment (Miiller et al., 1994), although a 

rift-related origin is favored by Jones (1985). This belt of shoshonitic volcanic rocks 

hosts the Goonumbla Cu(Au) deposits (see Table 11.1 and Fig. 11.6). 
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Examples of possible arc-related Au(Mo) deposits include the gold telluride belts of 

Colorado and Montana. These deposits are thought to represent the farthest inboard 

expressions of late-Cretaceous to early Tertiary arc related magmatism in the western 

U.S., where alkaline magmas have traversed large thicknesses of continental crust 

(Eggler and Furlong, 1991; Baker, 1992; Zhang and Spry, 1994b; Saunders and 

Bookstrom, 1998; Spry and Theiben, 1998). 

Rift settings: In addition to arc-related settings, alkaline Au deposits are also found in 

rift settings. Small alkaline-related gold deposits are seen throughout the "Rocky 

Mountain alkaline province" (Douglass and Campbell, 1994; Mutschler et al., 1998), 

which stretches from central Colorado into northem Mexico along the Rio Grande rift 

(Fig. 11.2; Wilson, 1989). Examples include the Ortiz (Old Placers) district near Santa 

Fe, New Mexico (Schutz and Nelsen, 1990,1991), the White Oaks district, N.M. 

(Willard and Jahns, 1974; Ronkos, 1991), and the Sierra Blanca-Nogal district (Giles and 

Thompson, 1972; Thompson, 1972, 1974; Douglass and Campbell, 1994). The phonolitic 

diatreme at Cripple Creek, Colorado, is located in an off-axis position relative to the Rio 

Grande Rift, but resembles the sodic phonolite magmatism seen in similar positions 

relative to the East African Rift (e.g., Mt. Kilamanjaro and Mt. Kenya: Baker, 1987). 

Mutschler and Mooney (1993) describe sinter deposits enriched in Au, As and Sb 

found in terrestrial rift setting which appear to be associated with alkalic magmatism 

(e.g., trachyandesite lavas associated with the Rhynie chert, Scotland; see Mutschler and 

Mooney, 1993, p. 486). These sinters are associated with carbonate+ barite+ K-feldspar+ 

pyrite veins and hydrothermal breccias. 
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Other considerations: Although most alkaline magmas appear to be mantle-derived, 

these systems are enriched in elements that are scarce in typical mantle peridotite (e.g. 

Te, K, F). Several lines of evidence suggest that the source regions of alkaline magmas 

have experienced some degree of enrichment prior to melt generation (additional of 

volatiles and other components). How this process of enrichment has influenced metal 

budgets is unclear (see discussions by Mitchell and Keays (1981), Hamilyn et al. (1985), 

and Richards (1995) for source models). It is now generally accepted that most alkaline 

rocks associated with gold deposits lack gold enrichments greater than a few 1 Os of ppb 

(Finch et al., 1983; Mutschler et al., 1985; Rock et al., 1988). Thus, the enrichment of 

metals in alkaline-deposits cannot simply be related to anomalous magmatic endowments 

or enriched source regions, but instead appears to be a product of efficient hydrothermal 

systems. 

Key characteristics of alkaline magmas that may ultimately contribute to the 

generation of hydrothermal gold deposits are their oxidized and volatile-rich nature (see 

discussion in Richards, 1995, p. 384-385). The high oxidation state of alkaline magmas 

should suppress sulfide melt immiscibility (Richards, 1995; Keith et al., 1998), thus 

retaining chalcophile elements and PGEs in the silicate melt (e.g., Naldrett, 1981; 

Candela, 1992). 

Alkaline complexes associated with gold mineralization are typically manifested as a 

series of intrusive events, in some cases bearing systematic relationships with episodes of 

hydrothermal alteration and mineralization. Ore formation is typically late, perhaps 

reflecting an extended period of magmatic evolution. However, this is not always the 
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case. In several areas, late mafic magmas (i.e. lamprophyres) may have introduced 

materials and/or triggered volatile release (in the sense of Pallister et al., 1996, and Keith 

et al., 1998). Regardless of evolutionary paths, these relatively small, shallow intrusions 

are likely derived from larger magmatic reservoirs at depth, a necessary requirement to 

account for the mass of gold. 

Other types of gold deposits linked to alkaline magmatism 

Orthomagmatic deposits: There are a few examples of orthomagmatic deposits 

associated with alkaline mafic rocks (some of which are classified as "alkaline" 

according to the TAS scheme, but are actually low in alkalis). Examples include the 

deposits at Salt Chuck, AK (Loney et al., 1987; Loney and Himmelberg, 1992) and the 

Bokan Mountain district, AK (MacKevett, 1963; Philpotts et al., 1996). As a group they 

are of minor economic significance, and interested readers are directed to Mutschler and 

Mooney (1993) for further information. More compelling is the relationship between gold 

enrichment and carbonatites. The carbonatite hosted Phalaborwa Cu deposit is enriched 

in both PGE and Au. Au is produced as a byproduct of copper mining at Phalaborwa, and 

has accounted for a substantial percentage of the mine's revenue (Verwoerd, 1986; 

Eriksson, 1989). Both orthomagmatic and hydrothermal styles of mineralization are 

reported at Phalaborwa (see Table 11.1). 

Links between other carbonatites and gold mineralization are less certain. The 

Mountain Pass carbonatite-shonkinite complex in southeastern California, noted for its 

REE production, was originally mined for gold (Wright et al., 1953; Olson et al., 1954). 

In Colorado, gold mineralization is associated with radial mafic phases of the 
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Powderhom carbonatite complex. Gold concentrations are seldom reported for 

carbonatites, although Bell (1991) suggests that carbonatites are anomalously enriched in 

gold. Overall, the association between carbonatites and gold deserves further attention. 

Lode gold systems and associated alkaline rocks: A spatial association between 

lamprophyres and lode gold deposits has been long recognized (McClennan, 1915; Dyer 

1936; Moore, 1937; McNeil and Kerrich, 1986; Rock and Groves, 1988a,b; Rock et al., 

1989; Wyman and Kerrich, 1988,1989; Kerrich and Wyman, 1990,1994). Gold 

mineralization accompanies lamprophyres in the Superior province of Canada (Wyman 

and Kerrich, 1989), the Yilgam Block of Australia (Rock et al., 1988) and the Maopai 

district of China (Shaocong, 1992) (Fig. 11.2). Rock and Groves (1988) suggested that 

lamprophyres are genetically related to the gold mineralization, supplying both volatile 

components and gold. However, considering that most lamprophyres do not show Au 

enrichments greater than 10s of ppb, a significant body of lamprophyric magma is needed 

to supply the volumes of gold observed in most lode gold systems (along with fluids and 

silica). Such bodies are not seen at current levels of exposure. An alternative explanation 

is that both lamprophyres and lode-gold style mineralization may utilize the same crustal 

scale dilational structures, and their spatial association may thus be one of coincidence, a 

model proposed by Wyman and Kerrich (1989) and by Ashley et al. (1994). 

Iron-oxide(-copper-gold) systems: Many iron-oxide(-copper-gold) deposits are 

associated with igneous rocks that have alkali-rich compositions. Magnetite or hematite 

dominates these deposits with subordinate, late iron-copper sulfides. Rare earth, uranium, 

cobalt, and silver are also commonly enriched. Unlike porphyry-style deposits associated 
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with silica saturated rocks, hydrothermal quartz tends to be subordinate and 

paragenetically late (Hitzman et al., 1992). A genetic link to alkaline or shoshonitic 

magmatism is proposed for some of these, notably the Olympic Dam type (Hauck, 1990; 

Reeve et al., 1990; Mutschler and Mooney, 1993; Pollard et al., 1998). The evidence for 

this connection is equivocal. In some areas alkaline magmatism ("shoshonitic" or 

"anorogenic") is clearly present (Cloncurry region, Stuart Shelf), but in many areas the 

igneous rocks are clearly subalkaline and range from tholeiitic basalts to weakly 

peraluminous rhyolites (Barton and Johnson, 1996). In some regions a recognized link to 

magmatic activity is absent, for example in the detachment Fe-(Cu-Au) systems of SW 

North America (Spencer and Welty, 1986,1989a, 1989b). The volumes of intense sodic 

and potassic alteration can dwarf the volumes in alkaline igneous centers. The extensive 

alteration, lack of correlation with igneous compositions, and other evidence for saline 

non-magmatic fluids differ markedly from most magmatic-hydrothermal systems 

including alkaline gold systems (Barton and Johnson, 1996). 

Alkaline rock types not associated with gold mineralization 

Some alkaline rock types such ultrapotassic rocks have no apparent association with 

gold deposits. Ultrapotassic rocks are generally assumed to represent small degree partial 

melts of phlogopite-rich mantle (Bergman, 1987; Edgar, 1987). These magmatic systems 

are typically very small (kimberlites, lamproites etc.) and do not show evidence for 

complex histories (i.e. lack multiple intrusive phases). Their small size and lack of 

magmatic evolution may prevent these systems from concentrating metals beyond the 

concentrations inherited from their source regions. Many felsic alkaline complexes lack 
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gold but may have other types of associated mineralization. Examples include the 

peralkaline granitic complexes in rift zones (Nigeria, Oslo), and syenitic complexes 

associated with hot spot and extensional magmatism (White Mountains-Monteregian 

Hills; Greenland alkaline province). It is difficult to be certain the gold is missing from 

these complexes, but little or no gold mineralization has been reported (even placers). 

Exploration considerations 

Why look for this kind of deposit? These systems are attractive targets because they 

can be large and high grade (Fig. 11.1), environmentally favorable to mine, and may have 

been overlooked because of the often localized, inconspicuous nature of the 

mineralization. Cripple Creek, Ladolam, and Porgera each exceed 300 tons (lO^oz) of Au 

in production and reserves (see Fig. 11.1). Overall, these systems are of moderate scale 

(Fig. 11.6), but may contain very high-grade portions (e.g. Zone VII at Porgera, and the 

Cresson Pipe, Cripple Creek). Alkaline base-metal rich "porphyry" deposits are also 

typically smaller than their subalkaline counterparts, yet are commonly enriched in gold, 

which can make them attractive as exploration targets. 

Alkaline gold deposits may pass unrecognized due to the unusual nature of the 

mineralization. Because gold commonly occurs in tellurides or pyrite, it forms flour gold 

on oxidation and placers can be poorly developed or absent (see discussion in Lindgren 

and Ransome, 1906, p. 152). Likewise, the thin, quartz-poor, but very high grade veins 

common in many districts are inconspicuous. Gold mineralization at Porgera was known 

as early as 1938, but not until the 1980s was high grade mineralization discovered along 

the Roamane Fault (Richards, 1995). The diatreme at Cripple Creek was prospected for 
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nearly forty years before Bob Womack identified high grade gold veins in 1891. It is 

likely that traditional methods of exploration may have overlooked many alkaline gold 

deposits. 

These deposits can also be attractive targets for environmental and metallurgical 

reasons. The dominance in many systems of feldspar and carbonate-rich alteration, as 

well as low total sulfide concentrations, provides rocks with excellent acid buffering 

potential, and can significantly reduce (or eliminate) the risk of acid mine drainage. At 

Cripple Creek, for example, waters issued from the Carlton drainage tunnel have a pH 

that hovers about 8, indicative of carbonate buffered solutions. 

Region selection: Consideration of the tectonic settings and time-space distribution 

of alkaline gold deposits (e.g.. Fig. 11.2,11.4) can focus exploration attention, notably 

towards preserved shallow level Phanerozoic alkaline magmatism. Large alkaline 

epithermal deposits are almost exclusively Cretaceous to Neogene, undoubtedly because 

their preservation potential is poor. Conversely, the somewhat deeper-forming alkaline 

porphyry-style systems are better preserved in the geologic record, as evidenced by their 

greater range of deposit ages. 

Alkaline deposits are commonly present as clusters (see Fig. 11.4). Discovery of one 

deposit may lead to nearby discoveries (e.g. Mt. Kare, Papua, New Guinea: Richards and 

Ledlie, 1993). Regions of alkaline magmatism also commonly exhibit multiple ages of 

alkaline activity. Thus, when exploring for young deposits, provinces of ancient alkaline 

magmatism should not be discounted. Much younger alkaline intrusions are commonly 
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juxtaposed with ancient (Precambrian) alkaline rocks (e.g. Kola Peninsula, Russia; Front 

Range, Colorado). 

Although the tectonic settings of alkaline gold deposits are quite diverse, arcs that 

have undergone recent tectonic reconfigurations appear to be particularly favorable for 

Cu(Au) deposits and associated epithermal systems. Several of the premier examples 

(Ladolam, Porgera, Emperor) formed in settings where subduction ceased and was 

followed by extensional or transtensional tectonics. In particular, Richards (1997) 

suggests that regions of extension or transtension behind an arc or collisional suture zone 

provide favorable settings for alkaline gold deposits. Conversely, alkaline magmatism in 

regions of thickened continental crust (especially back arcs) would be targets for Mo(Au) 

exploration. 

Target evaluation: At the district scale, large alkaline gold systems are characterized 

by voluminous metasomatism, multiple magmatic and hydrothermal events, and 

structurally focussed zones of high-grade mineralization (Table 11.1). The presence of 

reactivated regional structures or other significant, through-going structures cutting the 

intrusive complex may serve to focus ore-bearing fluids and make the difference between 

an economic and subeconomic deposit (e.g. Richards, 1997). Attention to magmatic 

complexity, structural patterns (controlling magmatic and hydrothermal plumbing), 

surface geochemical anomalies (especially Au, Te), and the distribution and intensity of 

hydrothermal alteration seem key. 

Styles of mineralization and alteration can help distinguish appropriate levels of 

exposures. High-T, biotite-stable alteration may imply proximity to a base metal-rich 
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porphyry environment as opposed to a shallow epithermal environment. Both styles can 

be juxtaposed, however, so the presence of one type does not preclude the presence of the 

other. 

Summary 

Alkaline-related gold deposits include high-grade, low-T epithermal deposits and 

low-grade, high-T base metal rich deposits. Epithermal deposits are among the largest 

volcanic hosted gold deposits containing up to -1,0001 Au. The porphyry-style deposits 

tend to be smaller than subalkaline types, but contain substantial Au and Ag ± PGE in 

addition to base metals. 

These systems occur with a wide variety of igneous rocks all having high primary 

Na20+ K2O contents for their given Si02 content. Deposit types vary systematically 

according to rock types: Cu(Au) deposits with mafic-intermediate rock types (Si02 < 60 

wt. %); Mo(Au) deposits with intermediate-felsic alkaline rocks (SiOz > 65 wt. %). Both 

can have distal telluride-rich epithermal deposits (Fig. 11.15). Mineralization in 

epithermal systems can extend over large vertical intervals (>1000 m) or be telescoped. 

As a group, these deposits are characterized by telluride-rich mineralization, abundant 

K-metasomatism, and minerals such as fluorite and roscoelite. In detail, styles of 

alteration and mineralization vary with magma type, host rock type, and physicochemical 

conditions (Fig. 11.15). K-feldspar alteration predominates in felsic rocks, whereas 

sericite + carbonate + K-feldspar assemblages predominate in mafic-intermediate rocks. 

Hydrothermal quartz and acid styles of alteration are poorly developed or absent. 
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Field, geochemical, and petrological evidence indicates that these deposits form 

primarily from magmatic fluids with variable contributions from external sources inferred 

for epithermal systems. Fluids were C02-rich, relatively oxidized, near neutral pH, and 

had low sulfidation states as constrained by mineral assemblages and fluid inclusion 

evidence. Evidence points to gold precipitation by several mechanisms including phase 

separation, fluid mixing, cooling, and wall rock reaction. No one mechanism is universal. 

• These deposits occur in a variety of tectonic settings and share a general association 

with extensional tectonics, often accompanying tectonic reconfigurations. Mafic to 

intermediate systems occur in volcanic arc environments commonly with thin or 

mafic crust. Intermediate to felsic systems occur in regions of relatively thick 

continental crust, as inboard expression of arc magmatism. Some deposits may be rift 

related. 

Future work needs to concentrate on issues of source enrichments and petrogenesis. 

Key questions include how magmatic, structural and hydrothermal histories govern 

formation of 1001 plus deposits and how these deposits relate to specific tectonic 

environments. Further descriptions of hydrothermal assemblages and their distributions 

would greatly aid in our understanding of how these deposits form, evolve and compare 

with other deposit types. 



District 

Type 

Grades/tonnage 

Alkalic Rocks Tcctonic setting Geologic framework: 
Styles // 

Structural controls of 
mineralization 

Au(Te> enithennal-stvle systems 

Porgera, 
Papua New Guinea 

Au 

51Mt@ 7g/t Au 

6Ma maflc alkaline 
volcanics; 
hawaiite mugearite. No 
Nb-Ta or Eu amomalies, 
La-38, Yb=l,5. K:Na = 
0.15-0.35 

Intrusive complex emplaced in fold 
thrust belt shortly after continent-island 
arc collision between Australian 
continent and Bismark Sea Plate. This 
collision took place following a period 
of double polarity subduction and 
modification of the upper mantle. 

Located near crustal suture 
between Australian 
continent and island arc on 
Bismark Sea plate. 
Intrusions emplaced in 
Cretaceous carbonaceous 
mudstones and calcareous 
siltstones. 

Disseminated Au-bearing pyrite 
with superimposed high grade, 
gold-tclluridc epithermal veins 
(prefcrentailly localized along 
normal Roamane fault); Deep 
Cu "porphyry" style 
mineralization? 

Emperor, Fiji 

Au (± Cu) 

14.7 Mt@ 8.1 g/t Au 

Ladolam, 
Lihir Island, Papua 
New Guinea 

Au (± Cu) 

29.7Mt@>l g/t Au 
(proven);reserves 
with geological 
reserve of 43Moz 

Cripple Creek, 
Colorado 

Au(Tc) 

High grade, historic 
production: 
4IMt @ 17.1 g/t Au 
Low grade resource; 
l70Mt@ -I g/t 

3.8-4.8Ma maifc alkaline 
volcanics (absarokite, 
banakite) intruded by 
monzonite stocks. Nb-Ta 
anomalies, La=20, Yb=2. 
K:Na = 0.8 

1.5-0.18Ma volcanics; 
(trachybasalts) intruded by 
Q-normative monzonite, 
syenite, latitc porphyry 
dikes. La=20(1500in 
ore). 340Ka hydrothermal 
biotitc. 
Mydrothermal breccias 

30Ma (K.-Ar) Volcanic 
breccia, phonolite, 
nepheline monzonsyenite, 
phonotephrite, 
lamprophyre + bedded 
volcanoclastic materials 
(base surge deposits from 
phonolitic diatrme). No 
Nb-Ta anomalies, 
La=IOOO, Yb=5. K:Na 
=0.4 
Hydrothermal breccias 

Alkalic trachybasaltic-trachyandesitic 
volcanism followed period of island-arc 
tholeiitic magmatism, and appears to be 
related to arc fragmentation and rifting 
in Late Miocene time. Emplaced in 
waning stages of subduction before 
failure of subduction zone. A series of 
shoshonitic volcanoes are located along 
a NE trending crustal scale normal 
fault. 

Eruptions of trachybasaltic-
trachyandesitic volcanics followed 
episode of tholeiitic magmatism. 
Shoshonites were erupted in back-arc 
environment during incipient rifling 
following ceasation of subduction along 
Kilinailau trench. 

Emplaced during incipient phases of 
crustal extension during Oligocenc. 
Magmatism bears strong similarities 
with phonolites in East African Rift 
(Ml. Kilamanjoaro, Mt. Kenya) and in 
the Rhinegraben, Germany. 
Contemporaneous with similar alkalic 
magmatism along the Rio Grande Rift, 
from northern Colorado through 
Coahuila, Mexico. 

Intrusions and 
mineralization controlled 
by intersection of regional 
structure with the Tavua 
caldera margin. Intrusions 
emplaced into volcanic 
pile of interbedded basalts 
and volcanic ash at margin 
of Tavua caldera. 

The Ladolam deposit is 
located within the Luise 
trachybasaltic caldcra, and 
is hosted by volcanic 
flows, tuffs and breccias. 

Diatrcme emplaced at 
junction of four 
Precambrian units in 
Colorado Front range, 
40km off aixs of Rio 
Grande Rift. No 
supercrustal rocks near 
diatrcme. 

High grade Au-telluride 
epithermal veins (intersections 
of steep structures with 
"flatmakes"). Deep Cu-
"porphyry" style mineralization 
exposed in other regions of 
Tavua caldera (Nasivi 3 
prospcct). 

Deep, stockwork qz, anhy, C03 
veins associated with Kf-bio 
alteration overlain by 
subhorizontal zone of 
brecciation and high grade Au 
(boiling horizon?). Shallow 
level advanced argillic 
alteration caps deposit. 

High grade, Au-telluride 
epithermal veins with K-
alteration halos containing 
disseminated native gold and 
tellurides. Deep, high-T, base 
metal rich mineralization. // 
Mine scale structural elements 
controlling mineralization 
unclear. Sub-radial patten to 
vein orientations seen at district 
scale, merging with NNW-SSE 
and NE-SW regional 
Precambrian(?) trends. 

acan = acanthite, acm = acmite, act = actinolite, ad = adularia, aeg = aegerine, alb = albite, alun = alunite, anat = anatase, and = and 
barite, bio = biotite, bis = bismuthinite, bn = boinite, cal = caicite, cc = chalcocite, chl = chlorite, cin = cinnabar, C03 = carbonate, 
dolomite, en = enargite, ep = epidote, fl = flourite, gn = galena, gt = garnet, hbid = hornblende, hm = hematite, ill = illite, kaol = ka 
monosulfide solid solution, mt = magnetite, or = orthoclase, pent = pentlandite, PGE = platinum group elements, pitch = pitchblend 
rutile, S°= native sulfur, ser = sericite, si = sphalerite, smec = smectite, S04 = sulfate, tel = tellurides, tet = tetrahedrite, tn = tenanti 

* = aurifeous phase 





)ld and gold-bearing deposits related to alkaline magmatism. 
Styles // 

;ctonic setting Geologic framework: Structural controls of Ore minerals Mineralization 
mineralization 

vein minerals // alteration halo or disseminated 
mineralization 
(phase) = rcplaccd by prcccding mineral phase 

plex cmplaced in fold 
irtly after continent-island 
letween Australian 
Bismark Sea Plate. This 
place following a period 

irity subduction and 
sf the upper mantle. 

Located near crustal suture 
between Australian 
continent and island arc on 
Bismark Sea plate. 
Intrusions emplaced in 
Cretaceous carbonaceous 
mudstones and calcareous 
siltstones. 

Disseminated Au-bearing pyrite 
with superimposed high grade, 
gold-telluride epithermal veins 
(prefercntailly localized along 
normal Roamane fault); Deep 
Cu "porphyry" style 
mineralization? 

"Stage 1"; py*+ gn+ sl+ qz+ COi+ asp+ po+ tet+ Au^ // 
ser+ COi+ py+ anatt qz 
"Stage 2": qz+ py+ rosc+ C0,+ bari- cpy+ tet+ elec+ 

Au-tellurides, Au°, Au°+ tel ± hm // ser+ CO)+ rosc+ py 
electrum, auriferous Deep: porphyry "Cu"? 
pyrite Late: anhy+ qz+ C03 
± auriferous Distal/deep?; and+ act+ hbld+ ser(plag)+ cp+ cal 
arsenopyrile Dislaiyregional: - // cp+ chl+ C03 ± gt 

/basaltic-trachyandesitic 
lowed period of island-arc 
;matism, and appears to be 
fragmentation and rifting 
:ne time. Emplaced in 
5 of subduction before 
duction zone. A series of 
olcanoes are located along 
I crustal scale normal 

Intrusions and 
mineralization controlled 
by intersection of regional 
structure with the Tavua 
caldera margin. Intrusions 
emplaced into volcanic 
pile of interbcdded basalts 
and volcanic ash at margin 
of Tavua caldera. 

High grade Au-telluride 
epithermal veins (intersections 
of steep structures with 
"flatmakes"). Deep Cu-
"porphyry" style mineralization 
exposed in other regions of 
Tavua caldera (Nasivi 3 
prospect). 

Au°, auriferous pyrite 
and tellurides 

Central, deep: - // Kf+ bio+ ser+ qz+ mt+ hm+ py+ 
anhv+ Au° 
Central, peripheral: - // ser+ ill+ qz+ C03+ py+ Au° 
Lode veins: qz+ C03-t- ad+ ser+ rosc+ bar+ py+ asp+ 
gn+ sl+ tct,tn+ Au°.tcl // ad+ scr+ qz+ rosc+ py+ smec 
Deep peripheral?: alb+ anhy+ py± bio, chl, mt, ep, trm, 
ser-ill 
Distal: - // C03+ chl+ smec+ py 
Shallow: - II alun+ q/.+ kaol+ py 

trachybasaltic-
:ic volcanics followed 
oleiitic magmatism. 
were erupted in back-arc 
during incipient rifting 
isation of subduction along 
:nch. 

iring incipient phases of 
sion during Oligocene. 
bears strong similarities 
tes in East African Rift 
njoaro, Mt. Kenya) and in 
iben, Germany. 
ncous with similar alkalic 
along the Rio Grande Rift, 
•n Colorado through 
exico. 

The Ladolam deposit is 
located within the Luise 
trachybasaltic caldera, and 
is hosted by volcanic 
flows, tuffs and breccias. 

Diatrcme emplaced at 
Junction of four 
Precambrian units in 
Colorado Front range, 
40km off aixs of Rio 
Grande Rift. No 
supercrustal rocks near 
diatrcme. 

Deep, stockwork qz, anhy, C03 
veins associated with Kf-bio 
alteration overlain by 
subhorizontal zone of 
brecciation and high grade Au 
(boiling horizon?). Shallow 
level advanced argillic 
alteration caps deposit. 

High grade, Au-telluride 
epithermal veins with K-
alteration halos containing 
disseminated native gold and 
tellurides. Deep, high-T, base 
metal rich mineralization. // 
Mine scale structural elements 
controlling mineralization 
unclear. Sub-radial patten to 
vein orientations seen at district 
scale, merging with NNW-SSE 
and NE-SW regional 
Precambrian(?) trends. 

Cu: zones of up to 
3.6% Cu seen in deep 
drilling (Davies and 
Ballantyne, 1987); 
Au: auriferous 
sulfides»Au°, rare 
tellurides (seen in 
zones of advanced 
argillic alteration) 

Au-Iellurides, 
auriferous pyrite and 
Au" 

Early, deep: [anhy+ cal+ bar+ cpy+ gn+ sl+ py± tel H 
bio(hbld, px)+ lCfl;plag)+ scr+ py+ amphj or [ -// bio+ 
anhy+ py+ cpy(py)± sl+ gn T- cin*l or [qz+ DV+ AU°± 

tel // bio+ Kf] 
Late, shallow: [- // alun+ pyi- marc) or [-// alun+ kaoI+ 
opaH- S°1 or [ - // ser+ ill + smec| 
Peripheral: - // chl(amph,px)+ alb(plag)+ ep+ cal+ mt 

Early shallow: hm // Kf+ hm ± C03 
Late shallow felsic rocks: qz+ py+ C03+ ad+ fl+ S04+ 
sl+ gn+ tet+ tel // ad(feldspar)+ pv*C03.ser 
(bio,px,hbld)+ Au°+ tel 
Late shallow mafic rocks: qz+ py+ C03+ ad+ rosc+ 11+ 
S04+ sl+ gn+ tet-i- tel // ser(plag,mafics)+ ad(feldspar) 
+ nv*.C03.ser (bio,px,hbld)+ Au°+ td 
Early deep: barren bio+mt+or 
Late deep: [bio+ Kf+ DV*+ S04+ C03+ fl+ gn+ si // 
bio+ py+ C03 +gn +sl| or [C03+ gn+ si // ser + C03| 
Peripheral: [C03,py,hm(marics)| ± [ser,kaol(feldspar)) 
or [weak alb(feldspar)| 
* = auriferous pyrite 

ularia, aeg = aegerine, alb = albite, alun = alunite, anat = anatase, and = andradite, anhy = anhydrite, ank = ankerite, ap = apatite, asp = arsenopyr 
1 = calcite, cc = chalcocite, chl = chlorite, cin = cinnabar, COS = carbonate, col = coioradoite, cpy = chalcopyrite, ess = , cv = covelite, dick = die 
galena, gt = garnet, hbld = hornblende, hm = hematite, ill = illite, kaol = kaolinite, Kf = K-feldspar, marc = marcasite, me! = melonite, mill = mil 
lase, pent = pentlandite, PGE = platinum group elements, pitch = pitchblende, plag = plagioclase, po = pyrrhotite, px = pyroxene, py = pyrite, qz 
mec = smectite, S04 = sulfate, tel = tellurides, tet = tetrahedrite, tn = tenantite, trm - tremolite 





510 

atlsm. 

Ore minerals Mineralization Fluid compositions and sources References 

Au-tclluridcs, Au", 
electrum, auriferous 
pyrite 
± auriferous 
arsenopyrite 

vein minerals // alteration halo or disseminated 
mineralization 
(phase) = replaced by preceding mineral phase 

"Stage 1py•+ gn+ sl+ qz+ COj+ asp+ po+ tet+ Au° // 
serf COi+ py+ anat± qz 
"Stage 2": qz+ py+ rosc+ COi+ bar+ cpy+ tet+ elcc+ 
Au°+ tel ± hm // seri- COj+ rosc+ py 
Deep: porphyry "Cu"? 
Late: anhy+ qz+ C03 
Distal/deep?; and+ act+ hbld+ ser(plag)+ ep+ cal 
Distal/regional; - // cp+ chl+ C03 ± gt 

"Stage 1"; 200°-350'', up to 32 wt% 
NaCl; moderate COi 
"Stage 2": 165°. 3-10wt% NaCI; 
moderate CO2 
5'"0 = 2-6 %o, 5D = -30 to -65%<. 
Dissminated mineralization: 
inagmaitc 
High-grade veins; Exchanged 
groundwaters with magmatic 
contributions 

Au:Ag; 1-0.5; zone VII: 1.5 (Handley 
and Bradshavv 1986) 

Cameron et al., 1995 
Fleming et al., 1986 
Handley et al., 1986 
Handley et al., 1990 
Richards, 1990a,b 
Richards etal., 1991 
Richards, 1992 
Richards and Kerrich, 1993 
Richards et al., 1998 
Ronacher, et al., 1999 

Au°, auriferous pyrite 
and tellurides 

Central, deep: - // Kf+ bio+ ser-t- qz+ mt+ hm+ py+ 
anhy+ Au° 
Central, peripheral: - // ser+ ill+ qz+ C03+ py+ Au° 
Lode veins: qz+ C03+ ad+ scr+ rosc+ bar+ py+ asp+ 
gn+ sl+ tet,tn+ Au°.tel // ad+ ser+ qz+ rosc+ py+ smec 
Deep peripheral?: alb+ anhy+ py± bio, chl, mt, ep, trm, 
ser-ill 
Distal: - // C03+ chl+ smcc+ py 
Shallow: - // alun+ qz+ kaol+ py 

200-250°, 5.5wt% NaCI 
Moderate COi (?) 

Qq = 5-8 %o, zz = -10 to -60%o 
magmatic>seawatcr±mcteoric fluids 

Au:Ag; =2 

Ahmad and Walshe, 1990 
Ahmad et al, 1987 a&b, 
Eaton and Setterfield, 1993'^ 
Kwak, 1990*, Anderson and 
Eaton, 1990 
Eaton and Setterfield, 1993 

Cu: zones of up to 
3.6% Cu seen in deep 
drilling (Davies and 
Ballantyne, 1987); 
Au; auriferous 
sulfides»Au°, rare 
tellurides (seen in 
zones of advanced 
argillic alteration) 

Au-tellurides, 
auriferous pyrite and 
Au° 

Early, deep: [anhy+ cal+ bar+ cpy+ gn+ sl+ py± tel // 
bio(hbld, px)+ K((plag)+ ser+ py+ amph| or [ -// bio+ 
anhy+ py+ cpy(py)± sl+ gn+ cin*| or [qz+ py+.Au^± 
tel // bio+ Kf] 
Late, shallow: [- // alun+ py+ marc] or [-// alun+ kaol+ 
opal+ S°] or [ - // scr+ ill + smec] 
Peripheral: - // chl(amph,p.x)+ alb(plag)+ ep+ cal+ mt 

Early shallow: hm // Kf+ hm ± 003 
Late shallow felsic rocks: qz+ py+ C03+ ad+ fl+ S04+ 
sl+ gn+ tet+ tel // ad(feldspar)+ pv*.C03.ser 
(bio,px,hbld)+ Au°+ tel 
Late shallow mafic rocks: qz+ py+ C03+ ad+ rosc+ fl+ 
S04+ sl+ gn+ tct+ tel // ser(plag,mafics)+ ad(feldspar) 
+ nv*.C03.ser (bio,px,hbld)+ Au°+ te! 
Early deep: barren bio+mt+or 
Late deep: [bio+ Kf+ DV*+ S04+ C03+ N+ gn+ si // 
bio+ py+ C03 +gn +sl| or [C03+ gn+ si // ser + C03| 
Peripheral: [C03,py,hm(mafics)| ± [ser,kaol(feldspar)l 
or [weak alb(feldspar)| 
* = auriferous pyrite 

200°, 3.8wt% NaCl, but hypersaline 
(luids were identified by hlarrison 
(1986) 

Au:Ag; =1 

100-200°, <5wt% NaCl in shallow 
veins 

300-400°, >5wt% NaCI(?) for deep 
veins 

Moderate-high COi 
Qq = 5-10%« 
magmatic»mcteoric fluid.s 

Au:Ag = 9 

Davies and Ballantyne, 1987 
Davies, and Ballantyne 1992 
Rytuba, ct al., 1993 ; Moyle, 
etal., 1990 Harrison, 1986 
Mclnnes, et al„ 1998 

'ITiompson, et al., 1985 
Kelley et al., 1998 
Jensen and Barton, 1997 
Jensen, et a!., 1998 
Lindgren and Ransome, 1906 
Scibel, 1991 
Birmingham, 1987 
Koschmann, 1935 

dite, anhy = anhydrite, ank = ankerite, ap = apatite, asp = arsenopyrite, Au° = native gold, bar = 
)1 = coloradoite, cpy = chalcopyrite, ess = , cv = covelite, dick = dickite, diop = diopside, do! = 
inite, Kf = K-feldspar, marc = marcasite, mel = melonite, mill = millerite, mo = molybdenite, MSS = 
plag = plagioclase, po = pyrrhotite, px = pyroxene, py = pyrite, qz = quartz, rose = roscoelite, ru = 
trm = tremolite 





District 

Type 

Grades/tonnage 

Alkalic Rocks 

Mafic-intemmdiale CCu(Au^) Dorohvrv-stvle systems 

Galore Creek, 
British Columbia 

Cu(Au) ± Fe 

125Mt of 0.4 g/t Au, 
1.06% Cu 

La Plata Mts, Colorado 

/i Hard Slack: 

Cu(Au) ± PGE 
32 Mt of0.07g/t Au, 
0.4% Cu 
Hessie (i: 

Au(Te)0.5T Au sincc 
1887 

Goonumbla, 
New South Wales 

Cii(Au) ± Zn 

30Mt @ 0.5 g/t Au, 0.91 

%Cu 

Jurassic aged alkaline 
volcanics, syenite (14 phases), 
monzonite,^ minor late alkalic 
basalts and lamprophyres 
(hawaiites and inugcaritei;?) 

65-70Ma (Cunningham el al, 
1977) Alkaline diorite, 
monzonites syenites, mafic 
syenites (+lamprophyres?); 12-
23ppm Nb; High A1203 and 
lowTi02, P205 for alkaline 
rocks 

431-435 (K-Ar); Late 
Ordovician alkaline volcanics 
intruded by diorite, monzonite, 
quaitz monzonites and post-
ore syenite porpliyrics. 

Late mafic dikes 

(lamprophyres?) 

Tcctonic setting 

One of several alkalic-related Cu(Au) deposits 
in the Triassic-Jurassic arc terranes of 
Quesnelh'a and Stikinia. Intrusions were 
emplaced in intraoceanic island arc terranes 
prior to or during accretion onto North 
American continent. 

Formed dunng episode of Late 
Cretaceous/Paleocene alkaline (shoshonitic?) 
magmatism which began shortly af\cr the 
onset of the Laramide orogeny. This period 
was marked by NE-SW regional compression, 
at approximately right angles to a major 
crvstal suture which served as a conduit for 
alkalic magams. Contemporaneous with low 
anglc(?) subduction 

Emplaced as part of an Ordovician alkaline 
belt in Bogan Gate Synclinorial Zone of the 
Lachlan Fold Belt in eastern Australia. 
Interpreted as late oceanic arc magmatism by 
Muller and Groves, 1990 and Schicbner 1976. 
Jones, 1985 suggests a continental extensional 
environment. 

Geologic framework; 

Alkalic complex located within 
Sitkine arch, at western margin 
of Intermontain belt. Intrusions 
hosted by Upper Triassic 
volcanic and sedimentary 
rocks. 

Intrusions occupy a 25km 
structural dome where the 

southwestern end of Colorado 

Mineral Belt (COMB) meets 

the Colorado Platacu. 
Intrusions hosted by Permian-
Jurassic metasedinientary 
package. 

Monzonitic intrusions follow 
ring fracture in shoshonitic 
caldcra, situated in Bogan Gate 
syncline. Intrusions hosted by 
early Ordivician greenschist 
slates, cherts, phyllite and 

schist. 

Styles // 
Structural controls of mineralization 

Disseminated Cu(Au) "porphyry" 
style mineralization with peripheral 
Fe-skams. // Subhorizontal firacture 
cleavage attributed to expansion 
resulting from hydration of 
anhydrite. Post-ore faults w/ small 
displacement throughout 

Cu (Au) t PGE "porphyry"-style 
mineralization (Allard Stock) with 
superimposed high grade, 

epithemiai gold telluride veins 
(Bessie G deposit). // Mineralization 
directed by concentric/radial faults 
and structures related to early 
intrusions. 

Disseminated Cu(Au) 
mineralization; stockwork 
quartz/sultlde veins in core of 
deposit. // Late qz-ser-py alteration 
controlled by regional structures 
(e.g. Endeavour linear). 

Phalaborwa, RSA 

Cu(Au. Ag.PGE, Ti, 
Fc. P. REE, vermiculite) 

2050Ma (U-Pb) Pyroxenite, 
syenite, ultra-basic-
pegmatoids, phoscorite, 
multiphase carbonatite 

not described / rift-related(?) 
Polyphase alkaline centers with 
ring and radial dikes in granitic 
gneiss 

Cu + Au, Ag, PGE. Ti, Fc, P, REE 
"porphyry" style mineralization; 
some may be magmatic, some 
hydrothermnl 

Intermediate-felsic fMo(A»^) norphvrv-stvle systems 

Sierra Blanca 
<Nogal), 
New Mexico 

Au+Cu+Mo 

Central City, Colorado 

Au(Mo,U) 

Historic production from 
high-grade:-
3.2 Mt @ 7.2 g/t 

Middle-Tertiary andesite, 
trachyte, monzonite. syenite, 
latitc 

58-59Ma(U-Pb.K-Ar) 
leucocratic monzonitcand 
syenite, hiecocratic monzonite 
dikes, bostonitc, quartz 
bostonite; No Nb-Ta 
anomalies 

Situated at margin of Rio Grand Rif\ 
(cxtensional/rin related?). Intrusions form part 
of Tertiary Rocky Mtn. alkalic province 
which stretches from Montana to Mexico 
along the eastern front of the Rocky 
Mountains (Mutschler, et al, 1987) 

Eocene alkalic intrusions emplaced at 
intersection between Colorado Mineral Belt 
and Colorado Front Range. Contemporaneous 
with regional upwarping and incipient phases 
of cnistal extension? 

Intrusions emplaced at 
southern end of Lincoln 
County, NM porphyry belt; 
inlrxisions aligned along axis of 

fate Pennsylvanian uplift where 

it intersects a major E-W 

lineament 

Magmatic system focussed at 
intersection of Dory Hill Fault 
with Idaho Springs-Ralston 
shear zone. Intrusions hosted 
by Precambrian metavolcanic 
and metasedinientary package 
(Idaho Springs formation). 

Disseminated Cu,Mo i Au 
mineralization with superimposed 
polymctallic and precious metal 
epithermal veins 

Early Mo "porphyry" style 
mineralization with superimposed 
gold-tclluride epithermal veins // 
Molybdenite mineralization forms 
ellipse elongated in orientation of 
Dory Hill Fault. Telluride veins 
associated with Dory Hill Fault. 

Golden Sunlight, 
Montana 

Au(Mo) 

70Ml@ 1.6 g/t Au 

75-80Ma quartz monzonite. 
latite porphyry and 
lamprophyres. Rocks show 
Nb-Ta depletions, and La-2Q, 
Yb-2 ppm 

Regional alkalic intrusions and mineralization 
centers controlled by Great Falls Tectonic 
Zone. Localized zones oftranstension or 
releasing bends along GFTZ provided escape 
conduits for small degree partial melts of the 
upper mantle. 
Passive hot spot model advocated by 
(Mutschler, etal., 1991). 

Intrusions emplaced in horst 
bounded by Golden Sunlight 
and St Paul Gulch faults. 
Intrusions are hosted by 
I^oterozoic Belt series 
sedimentary package. 

"Porphyry" Mo minerali/iilion with 

superimposed gold-teiluride 

epithennal veins. // Veins oriented 
parallel to Golden Sunlight Fault 
andN70E, Minor structural 
development of intrusion-related 
radial and concentric faults. 





)ld and gold-bearing deposits related to alkaline magmatism. 

Styles // 
rcctonicsclting Geologic framework: structural controls of mineraliza.ion Ore minerals Mineralization 

iikaiic-related Cu(Au) deposits 
lurassic arc tcrranes of 
Stikinia. Intrusions were 
raoceanic island arc terranes 
ig accretion onto North 
nent. 

episode of Late 
:ocenc alkaline (shoshonitic?) 
ich began shortly aAer the 
amide orogeny. This period 
NE-SW regional compression, 

ly right angles to a major 

/hich served as a conduit for 
I. Contemporaneous with low 

:tion 

irt of an Ordovician alkaline 
jate Synclinorial Zone of the 
lelt in eastern Australia, 
ate oceanic arc magmatism by 
)ves, 1990 and Schiebner 1976. 
ggtists a continental extensional 

rift-relaied(?) 

Alkalic complex located within 
Sitkine arch, at western margin 
of Intermontain belt. Intrusions 
hosted by Upper Triassic 
volcanic and sedimentary 
rocks. 

Intrusions occupy a 2Skm 
structural dome where the 
southwesteni end of Colorado 

Mineral Belt (COMB) meets 

the Colorado Plataeu. 

Intrusions hosted by Permian-
Jurassic melasedimentary 
package. 

Monzonitic intrusions follow 
ring fracture in shoshonitic 
caldera, situated in Bogan Gate 
synctine. Intrusions hosted by 
early Ordivician grecnsehist 
slates, cherts, phyllite and 
schist. 

Polyphase alkaline centers with 
ring and radial dikes in granitic 
gneiss 

Disseminated Cu(Au) "porphyry" 
style mineralization with peripheral 
Fe-skarns. // Subhonzontal lecture 

cleavage attributed to expansion 
resulting from hydration of 
anhydrite. Post-ore faults w/ small 
displacement throughout 

Cu (Au) i: PGE "porphyry"-styIc 
mineralization (Allard Stock) with 
superimposed high grade, 
epithermal gold tellmde veins 
(Bessie G deposit). // Mineralization 

dircctcd by conccntric/radial faults 

and structures related to early 
intrusions. 

Disseminated Cu(Au) 
mineralization; stockwork 
quartz/suinde veins in core of 
deposit. // Late qz-ser-py alteration 
controlled by regional stmcturcs 
(e.g. Endeavour linear). 

Cu + Au, Ag, PGE. Ti, Fe, P. REE 
"porphyry*' style mineralization; 
some may be magmatic, some 
hydrothermal 

Cu: cpy + bn, tet 

Au: Au°, tellurides, auriferous 
sulfides 

Au is closely related to 
bomite mineralization in core 
of deposit 

Allard stock; bn +• cpy + 
Au°+ tellurides 

Bessie G: 

tellurides 

Cu: bn + cpy 

Au: Au®, tellurides; 

Cu: bn + cpy »• cubanite 

Cpy>bn in carbonatite core; 
bn>cpy in peripheral banded 
carbonatite and foscorite 
mantle 

Central: mt+ bn+ cpyi diop+ gt + Au° // bio(hbld,px)> 
kf^plag)± anhy+ ap | 
Grades laterally to: mt+ cpy+ py // bio(hb(d,px) + kf(plag)+ 
mt+ pyi anhy 
Deep: alb+ mt+- gt(and-mel)i: diop+ trm+ act+ cal+ chl+ ep 

Peripheral: a\b^ ep 
Late: [C03+ py+ anhy+ sl+ gn± tet] or [ser t- anhy+ C03+ py+ 

hm) 

Central (deep): qzt- Kf^- fit- C03+ py*+- bn+ cpyi Au'^, tel // Kf 
+ py* ± bn+ cpy± Au".lel.PGE 
Peripheral veins: qz+ py+ bar+ ank+ cal+ asp+ Au°+ sl+ cpy+ 

tet+ gn^- tel+ cin 

Peripheral skams: (Fe-oxide) 
Shallow (Bessie G): qz i- rosc+ C03+ bar+ 111- py+ sl^- gn+ tet+ 

cpy+- tel[col|^- Au® //qz[Kf?I+ sc^^- py 

Late: dickite 

Central (early): qz+ kf+ fl anhy ^ hm+ bn± cpy, cc, C03, Au2, 
tel // Kf+ bio+ hm+ mt •- C03 + bn± cc or cpy py 
Central (late): qz+ S04 •- py+ fl fc bn,cc.cpy // ser + py 
Peripheral/regional: - // ep+ chl »• C03+ py 

Central -//orthomagmatic blebs of sulfides (MSS?) in 
carbonatite 
Inner core (carbonatite): (cpy>+bn)^ po+ pent »• milk cv i- tet+ 
sl+ gn^^ py+ marc// -
Peripheral (banded carbonatite/phoscorite): (bn>cpy)+ pot-
pent+ mill+ cvt- tet *- sl»- gn+ py+ marc // -
liUense K-metasomatism (fenitization) surrounds complex 
(Verwoerd, 1967 RSA dept. of mines) 

rgin of Rio Grand Rif) 
ft related?). Intrusions form part 
cky Mtn. alkalic province 
s from Montana to Mexico 

front of the Rocky 
utschler, et al. 1987) 

: intrusions emplaced at 
stween Colorado Mineral Belt 
Front Range. Contemporaneous 

upwarping and incipient phases 

fision? 

lie intrusions and mineralization 
•lied by Great Falls Tectonic 
:ed zones of transtension or 
Js along GFTZ provided escape 
mall degree partial melts of the 

x>t model advocated by 
tal., 1991). 

Intrusions emplaced at 
southern end of Lincoln 
County, NM porphyry belt; 
intrusions aligned along axis of 
late Pennsylvanian uplift where 
it intersects a major E-W 
lineament 

Magmatic system focussed at 
intersection of Dory Hill Fault 
with Idaho Springs-Ralston 
shear zone. Intrusions hosted 
by Prccambrian metavolcanic 
and metasedimentary package 
(Idaho Springs formation). 

Intrusions emplaced in horst 
bounded by Golden Sunlight 
and St. Paul Gulch faults. 
Intrusions are hosted by 
Proterozoic Belt series 
sedimentary package. 

Disseminated Cu.Mo ± Au 
mineralization with superimposed 
polymetallic and precious metal 
epithermal veins 

Early Mo "porphyry" style 
mineralization with superimposed 
gold-telluride epithermal veins // 
Molybdenite mineralization forms 
ellipse elongated in orientation of 
Dory Hill Fault. Telluride veins 
associated with Dory Hill Fault. 

"Porphyry" Mo mineralization with 
superimposed gold-telluride 
epithermal veins. // Veins oriented 
parallel to Golden Sunlight Fault 
and N70E. Minor structural 

development of intrusion-related 

radial and concentric faults. 

Cu-Mo i Au 
Polymetallic veins; 
qz,py,gn,cpy,sl,ba,lct,C03 
Au-rich polymetallic veins 

Dissminated and vein 

controlled Mo; Au®, tellurides 

Mo; disseminated Mo 
Au: Au® + tellurides; 
auriferous pyrite? 

Central: qz+ hm+ or+ py »• mo ••cpy t Au // silicincation+ 
K-feldspar+ n»- py+ ser^- C03 •- ap^- hm+ moi- bn+ sl+- tet+ 

css^- asp 
Outer: qz // ser+ clays-«- py 
Peripheral; qz // chl+ ep+ py 

l^-Mo, U-rich; qz+ py+ pitch 
Early Mo-rich; qz+ py+- bis+ ser»- moi tl // qz^- Kf?^ ser+ py 
Middle base metal-rich; qz+ py+ C03+ sl^- cpy»- gn«- tn+ en + 
Au® // qz »• ser+ py 

Late: qz+ py^ mov C03^- tn<- lU tel// ? 

Central (early): ? // qz^- py+ hm bar 
Central, deep: qz*- py+ Kf+ mt+ mo»- tl+ ru+ po // qz+ Kf»-
mo± Au® 

Central, shallow; qz+ py^ cpy»• bn^• tn+ Au"*^ lei // qz*- ser^- p 
± K f  

Central (late): qz+ py+ bar+ C03+ dick ^ ser // ? 
Peripheral: py+ gn+ sl+ cpy+ asp+ bn acan»- tct.tn // ? 

Distal: MnC03 ̂  base metals H silicificution. bleaching and 
sult'idation 





m. 

5 1 1  

Ore minerals Mineralization Fluid compositions and sources Rererences 

:py + bn, tet 

Au", tellurides, auriferous 
des 

s closely related to 
lite mineralization in core 
?posit 

rd stock: bn + cpy + 
+ tellurides 

sie G: 

irides 

Central: mt+ bn+ cpy± diop+ gt + Au° // bio(hbld.px)+ 
kftplag)± anhy+ ap 
Grades laterally to: mt^- cpy+ py // bio(hbld,px) + kfl[plag)+ 
mt+ pyi anhy 
Deep: alb mt+ gt(and-nicl)± diop+- trm-'- act+ cal^- chl^- ep 
Peripheral: alb+ ep 
Late: [C03+ py+ anhy+ si+ gn± tet] or [scr+ anhy+ C03+ py+ 

hm] 

Central (deep): qz+ Kf+ fl+- C03+- py*+ bn^- cpy± Au°, tel // Kf 
+ py* ± bn+ cpy± Au°.tel.PGE 
Peripheral veins: qz+ py+- bar+ ank+ cal-*- asp+ A»°+ sl+ cpy+ 

tet+ gn+ tcl+ cin 

Peripheral skams: (Fe-oxide) 
Shallow (Bessie G): qz+ rosc+ C03^- barf- fl+ py^- sH gn+ tett 
cpy+ telfcoll^- Au° // qz[Kr?I ^ scr+ py 
Late: dickite 

400-650®, hypersaline (40-65 \vt% 

salts). Highest salinities in 
hydrothermal garnets; low fS2 (bn). 
moderate 102 (mt-hm-py-so4); 

Dominantly magmatic 

Au:Ag: 0.52 

Dominantly magmatic(?) 

Allard stock: Au:Ag = 0.01 
Bessie G: Au;Ag = 0.8 
150°C, 4-5wt% NaCI, C02-rich 

Ban* i 966 
Allen 1971 
Allen et al., 1976 
Langet al., 1995 
Langct al.. 1996 
McMillan and Panteleyev, 1996 

Cunningham etal, 1977 
Werle, et al, 1984 
Saunders and May, 1986 
Eckel et al. 1949 
Mutschlcr, ct al, 1987 

bn + cpy 

Au®, tellurides; 

Central (early): qz+ kf+ fl+ anhy+ hm+ bn± cpy, cc, C03, Au°. 
id// Kf+ bio+ hm+ mt+ C03 + bn± cc or cpy^- py 
Central (late): qz+ S04+ py+ n± bn,cc,cpy // ser + py 
Peripheral/regional: - // ep+ chl+ C03+ py 

Dominantly magmatic; 440-720®, 40-

60wt% NaCI; Evidence is seen for 
boiling 

(^feithersay and WaJshe, 1995 
Heithersay et al. 1990 
Jones, 1985 

bn + cpy + cubanite 

/>bn in carbonatite core; 
*cpy in peripheral banded 
bonatite and foscorite 
ntle 

Central -//orthomagniatic blebs of sulfides (MSS?) in 
carbonatite 
Inner core (carbonatite): (cpy>+bn)t- po+ pent+ mill+- cv«- icl+ 
sl+ gn ^ py+ marc // -
Peripheral (banded carbonatite/phoscorile): (bn>cpy)+ po»-
penl+ mill+ cv^ tet> sl»- gn+ py+ marc // -
Intense K-metasomatism (feiritization) surrounds complex 
(Verwoerd, 1967 RSAdept. of mines) 

Dominantly magmatic (?) based on 
carbonatite association 

Eriksson. 1989 
PMC Ltd. 1976 
Verwoerd, 1986 

-Mo ± Au 
lymetallic veins; 
,py,gn,cpy,sl,ba,tet,C03 
i-rich polymetaliic veins 

ssmtnated and vein 
ntrolled Mo; Au®, tellurides 

lo: disseminated Mo 
u: Au® + tellurides; 
iriferous pyrite? 

Central: qz+ hm^- or+ py+- mo fcpy silicification^ 
K-feIdspar+ fl+ py+ ser+ C03+ ap^- hm^- mo^- bnt- slf tet+ 
CSS+ asp 
Outer: qz H ser »• clays py 
Peripheral: qz// chl+ ep+ py 

Pre-Mo, U-rich: qz^ py+ pitch 
Early Mo-rich: qz+ py+* bis+ ser+ mot fl // qz> Kr?<- ser+ py 
Middle base metal-rich: qz+ pyC03+ si »• cpy gn t- tn+ en + 
Au® // qz+ scr+ py 

Late: qz+ py+ mo+ C03+ tn+ IH lei// ? 

Central (early): ? // qz^- py+ hm+ bar 
Central, deep; qz>- py ^ Kf*- ml+ mo^ ru^ po// qz+ Kf+ 
n»o± 
Central, shallow: qz+ py+ cpy«- bn^• tn+ Au^+ tel 11 qz+ ser+- py 
irKf 
Central (late); qz+ py+ bar+ C03> dick+ ser // ? 
Peripheral: py+* gn+ sl+ cpy+ asp*- bn+ acan*- let.tn // ? 

Distal: Mn(^03 ^ ba.se metals // silicification. bleaching and 

suifidation 

Majority of inclusions indicate 
temperatures of = 250® C with 6wt % 
NaCl, although high temperature, 
hypersaline inclusions are present (-
480®, 45wt% NaCI). Evidence is seen 
for involvement of both meteoric and 
magmatic waters. 
Early Mo-n«neralization: {C02-rich 
(up to 50vol%), 340-420®C, 12-14wt% 
NaCl] and [200-300°C, 33-40wt% 
NaC) in quartz) 

Mo-telluride mineralization: 200-
300®C. 2-12wt% NaCl, C02-rich 
Qq = 3-I0!!6o. zz = -50 to -70%o 
Mixed magmatic + meteoric 
Deep qz-py-mo veins: 130-400°C, 1,2-
I4.2wl%NaCI 
qz-py-Au veins: 145-345®C, 1-10 vvt% 

NaCl 
Moderate C0> 
Q q =  1 - 8  % o , z z  =  - 5  10 -75%o 

Early magmatic fluid responsible tor 

qz^Kf*-py alteration/mineralization. 

Mixed meteoric/magmatic fluid for 
higher level auriferous qz-py veins 

Thompson, 1972 
Giles and Thompson, 1972 
Douglass and Campbell, 1994 

Riceet al, 1985 
Saunders, 1991 

Spry, et al., 1997 
Porter and Ripley, 1985 
Spry, et al., 1996 
DeWitt et al, 1996 
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Figure 11.1: Grade tonnage plot for alkaline-related gold deposits. Dashed contours indicate total contained gold. 
Shaded ellipse defines field for >80% of mesothermal lode veins (after Taylor, 1995). The Salt Chuck, Alaska, alkaline 
orthomagmatic deposit is shown in italicized gray letters (Mutschler and Mooney, 1993). Cripple Creek and the La 
Plata district have each been plotted as two points. The point labeled "La Plata Mts" represents historic production from 
high-grade epithermal veins. The point labeled "Allard Stock" represents the porphyry-style Cu-Au-PGE deposit. 
Cripple Creek is plotted as "Cripple Creek I" and "Cripple Creek 11", high-grade veins systems and low-grade 
"disseminated" resources, respectively. 



Olympic Daml 

Figure 11.2: District locations and regions of alkaJine magmatism. Crosshairs are sample locations for alkaline rocks 
in PLUTO database (Baedecker et al., 1998). Shaded regions are known provinces and other localities of alkaline 
magmatism. Data from various sources including Mutschler et al. (1976), Woolley (1987) and Kogarko et al. (1995). 
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figure 11.3a 
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Figure 11.3 a,b: Total alkali silica diagrams show compositions of igneous rocks from 
alkaline-associated gold systems: (3a) mafic-intermediate, (3b) intermediate-felsic. Fields 
are shown for published whole rock geochemical analyses from various districts (see Table 
11.1 for references). Alkaline rock fields are defined by Rollinson (1993), and alkaline vs. 
subalkaiine by Irvine and Baragar (1971). 
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figure 11.3c 
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figure 11.3d 
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Figures 11.3 c,d: K2O vs. Na20 diagrams for mafic-intermediate (3c) and intermediate-felsic (3d) 
suites. Fields are shown for published whole rock geochemical analyses from various districts (see 
Table 11.1 for references). Contours are shown for molar K = Na, dividing sodic and potassic types. 
The inset in the upper right shows metasomatic vectors for K vs. Na exchange, and sericitic alteration. 
Sericitic alteration is shown as an array of vectors, ranging from selective replacement of albite 
(darkest), to selective replacement of K-feldspar (lightest). Actual paths lie between these end 
members. 

The shaded field with vertical bars represents ranges of average igneous rock compositions, 
and the stippled field is for potassic igneous rocks. These data are from the PETROS database 
(Mutschler et al., 1976). Plotted are average igneous rocks compositions reported by various authors 
(Daly, McBimey, etc.). These fields include analyses of over 60,000 samples, and define typical 
evolutionary trends for igneous rock series. 
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figure 11.4 
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Figure 11.4: Time-space distribution of occurrences of alkaline magmatism in the western 
United States. Data points from various sources, including the PLUTO database (Baedecker 
et al., 1998), and compilations by Woolley (1987). Data points on the Tertiary map are coded 
by age. Also shown are provinces of alkaline-related gold deposits (shaded gray), and the 
locations of key districts. 
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Figure 11.6: District and deposit geology of selected gold-bearing deposits 
associated with alkaline magmatism. Note the common scales illustrating sizes 
of systems. 11.6a) Cripple Qeek, 11.6b) Ladolam, 11.6c) Porgera, 11.6d) 
Emperor, 11.6e) Golden Sunlight, 11.6f) Galore Creek, 11.6g) Mt. Polley, 11.6h) 
Goonumbla, 11.6i) Bingham. Mineral abbreviations are defined in Table 11.1. 
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Figure 11.7: Textures and styles of mineralization seen in alkaline epithermal systems. 
A) vug in lamprophyre breccia filled by quartz, pyrite, roscoelite, and tellurides from 
Cripple Creek, CO. The lamprophyre has been pervasively altered to K-feldspar, 
sericite, and carbonate. K-feldspar is most abundant adjacent to the vug, and grades 
outward into a peripheral halo of K-feldspar, sericite, carbonate, and pyrite. B) High-
grade quartz+carbonate vein cutting trachyasalt from the Matanagata Flatmake, Emperor 
Mine, Fiji; several episodes of mineralization are recorded as closely spaced anastomosing 
veinlets. The vein is flanked by an inner halo of roscoelite and carbonate and an outer 
halo marked by K-metasomatism and bleaching. C) Banded, massive fluorite vein 
cutting volcanic breccia from Cripple Creek, CO; note "sedimentary"-like features in 
vein. D) Photomicrograph of "whispy" dolomite (dark) with centerline filling by silica 
in Porgera "A"-vein (Figure 11 .taken from Richards, 1990a, Figure 11.7). Note 
repetitive banding in vein filling materials. Scale bar is 0.5 mm. E) Calaverite 
pseudomorphs after augite in nepheline monzosyenite from Cripple Creek, CO, 
illustrating selective replacement of mafic minerals by gold (wall rock control at a 
fine scale). Mineral abbreviations defined in Table 11.1. 
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Figure 11.8a: Molar AI2O3 - K2O - (Na20 + CaO) plot showing 
samples or selected altered and unaltered rocks from various districts 
(data from references in Table 11.1). Tlie inset diagram shows 
approximate fields for unaltered alkaline feldspathic rocks, as well 
as mafic alkaline rocks such as lamprophyres. Also shown are 
metasomatic vectors for sericitic alteration (path a). K-feldspar 
alteration (path b) and catenate alteration (path c). Note that samples 
plot along a general trend towanl K-feldspar enrichment, and show 
no obvious trend toward acid styles of alteration (following the 
sericite vector). Some samples plot in the lower left of the diagram, 
indicative of carbonation (endoskam in extreme examples'.'). These 
two styles of alteration are characteristic of alkaline systems. See 
table 11.1 for abbreviations. 
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Figure li.Sb: Gains and losses for K, Na and Ca during alteration 
associated with mineralization: comparisons of oxide concentrations 
in unaltered and altered samples from several districts, normalized 
to AI2O3. Data from various sources (Table 11.1). 

figure 11.9 

Unaltered 
Phonolite 

, Sanldlne 
phenocrysts 

Aegerine 

5.S4wt%K20 

•  .  • •  • •  t 

V"': V •' 

1cm Hand 
samples 

K-feld + py 
altered 

Phonolite 
Sanldine 

phenocrysts 

Sericite 

14.42 wt%K20 

1000 u Photomicrographs 
(40X magnification) 

Electron back-
scatter images 

Figure 11.9: Comparison of fresh and altered phonolite from Cripple Creek in hand specimen, thin section, and as seen with a scanning electron 
microscope. Column A; In hand specimens, rocks with strong K-feldspar+pyrite alteration are light gray in comparison with dark green unaltered 
phonolite (aegirine magnetite stable). Column B: In thin section, the fresh phonolite shows sanidine phenocrysts in a groundmass of sanidine. 
aegirine, and magnetite with a strong trachytic fabric. In the altered rock, phenocrysts and groundmass minerals become turbid and "dusty", but 
the rock retains it original igneous fabric. Minor amounts of sericite are seen along with pyrite in former mafic mineral sites, but no evidence is 
seen for pervasive recrystallization of feldspars. As it appears through the optical microscope, this alteration would best be described as weak 
sericitic or argillic alteration. Column C: SEM photos illustrate the difference between the two samples. In the SEM photo of the fresh rock, 
sanidine phenocrysts with dark (sodic) rims are seen in a groundmass of sodic feldspar (dark gray), magnetite (brightest), and aegirine. In the 
photo of the altered rock, it can be seen that virtually the entire rock has been replaced by low-temperature, K-feldspar (light gray). Small amounts 
of quartz and sericite (dark patches) are distributed throughout the rock, but account for only a few percent of the rock's volume. Pyrite (brightest), 
leucoxene, and carbonate minerals occupy former mafic mineral sites. Although not seen in this image, gold is commonly present within the 
adularia halos as discrete, micron-scale grains of native gold encapsulated within adularia and quartz, and as inclusions or atomic substitutions 
in pyrite grains. 



Figure 11.10: Examples of textures and styles of mineralization seen in 
alkalic porphyry deposits and in deep, high temperature portions of alkaline 
epithermal deposits. A) Hand specimen of stockwork biotite + magnetite 
+ bomite veins with pervasive K-feldspar + hematite alteration in 
surrounding porphyritic quartz monzonite from Endeavor 26 deposit at 
Goonumbla, Australia. B) Hand specimen of stockwork veins of quartz 
+ bomite with K-feldspar + hematite alteration in porphyritic quartz 
monzonite also from the Endeavor 26 deposit. C) Scanning electron 
microscope image of gold-silver telluride inclusion (bright) in bomite-
chalcopyrite grain from altered biotite porphyry (minette) at Bingham, 
UT; image provided by Patrick Redmond: Ore Deposits and Exploration 
research group, Stanford University. D) Hand specimen of early (pre-
ore) biotite + magnetite vein with orthoclase (white) / biotite alteration 
halo cutting nepheline monzosyenite from 1000m level. Vindicator Mine, 
Cripple Creek, CO. E) Hand specimen of ore-stage polymetallic anhydrite 
+ fluorite + K-feldspar + pyrite vein with phlogopite (dark) + K-feldspar 
(white) halo cutting volcanic breccia, 1000m level of Ajax Mine, Cripple 
Creek, CO. 

Figure 11.11. Gold contents and gold to silver ratios (wt) for alkaline-
related gold deposits and selected other types. The latter data (Cox and 
Singer, 1986) are Au:Ag from the 10th percentile, and the 50th percentile 
grades. Tie lines are shown for districts that exhiljit both high and low-T 
styles of mineralization. Also plotted are data from USGS deposit models. 
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figure 11.12 
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Figure 11.12: Activity-activity diagram for SiO; vs. AI2O3 showing typical ranges for 
various igneous rocks. Also shown are mineral buffers significant to alkaline systems 
(e.g., acmitc = nepheline (albite) + hematite). The log(aNa VaH') contours illustrate 
that magmatic fluids become much less acidic moving away fi-om quartz-saturated, 
peraluminous rocks. Fluids associated with alkaline rocks will be bufTered to near 
neutral or alkaline pHs except in the near surface environment of boiling systems and 
where SO2 is introduced. These relationship help reconcile the volumes and acid 
alteration (e.g., griesen) commonly observed in peraluminous systems, and the lack of 
acid types of aheration in alkaline systems (cf. Barton, 1996). 
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Figure 11.13: Gold solubility as a function of pH and f02 (dark, solid 
contours) calculated at 250°, and ?S = 0.01 m using data from Shenberger 
and Barnes (1989). Stability fields for sulfide and oxide mineral species are 
shown as thick, dashed, gray lines (mineral abbreviations same as for Table 
11.1). Stability fields for volatile sulfide and sulfate species are shown as 
dark, dot-dashed lines. Vertical dotted lines show the positions of the reactions 
3K-feldspar + 2H^ = sericite +6Si02 +2K'" (with aK^ = 0.05m) and albite + 
Fe-phase = aegirine. 
As indicated by the shaded field, V-substitution for aluminum in sericite 
shifts the feldspar-sericite reaction to more alkaline pHs. Note that the field 
of high gold solubility is found at moderate f02 and neutral pHs, plotting to 
the alkaline side of the reaction Kf = Mu. Likewise, the compositions of 
hydrotheimal fluids in equilibrium with an aegirine-bearing melt or buffered 
by reaction with aegirine-bearing wall rocks are shown by the position of the 
albite-aegirine reaction. Fluids exsolved from alkaline magmas will have an 
initial composition near the aegeine-albite buffer (also shown by Fig. 12), 
but will shift toward lower pH's as acidifying reactions (such as carbonation) 
take place during fluid evolution. This path is shown schematically by the 
large, white arrow. Compositions of hydrothermal fluids in alkaline systems 
are likely to lie between the two reaction fields, along the SOa' -H^S buffer, 
near the position of highest gold solubility. 
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Figure 11.14: Representative quartz solubility relationships in alkaline systems. Point 
A represents a hypothetical magmatic fluid in equilibrium with a nepheline bearing 
magma at 700°C. If this fluid continuously reacts with nepheline bearing rock as it 
cools, it will move along path B and never achieve silica saturation. If the fluid 
becomes channeled along conduits lined by hydrothermal minerals (adularia, for 
example), it will be prevented from reacting with nepheline bearing wall rocks. Such 
a fluid may follow path C. This fluid will cool until it intersects the curve of silica 
saturation, at which time it will begin precipitating quartz. Note that quartz precipitation 
does not begin until relatively low temperatures (<200° for pressures less than 2 Idj). 
This model predicts that deep high-temperature, "porphyry-style" alkaline mineralization 
may lack hydrothermal quartz, but quartz veins may be prominent in higher-level, 
epithermal systems (as seen at Cripple Creek, Emperor, and Porgera). The inset 
diagram shows calculations at lower pressures. Note that the topology of the diagram 
does not change significantly over the pressure ranges observed in most alkaline 
deposits. 
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APPENDIX A: DESCRIPTIONS OF REGIONAL ALKALINE 
MAGMATISM AND METALLOGENY 

As seen in figures 1.6,10.3, and 11.5 the Cenozoic era has seen the generation of a 

large number of remarkably diverse and widely distributed alkaline magmatic centers in 

the western United Sates. This episode of alkaline magmatism is unprecedented in the 

geologic record, and represents a time of dynamic activity in the upper mantle and lower 

crust. Alkaline magmas were emplaced in several geodynamic settings, including 

episodes of tectonic relaxation following the Laramide orogeny, a potential continental 

back arc environment, and the extensional environment associated with the Rio Grande 

rift. In addition to their petrogenetic and geodynamic significance, the alkaline centers are 

of great interest for their associated mineral deposits, and have collectively produced >50 

million ounces of gold in New Mexico, Colorado, Wyoming, South Dakota, Utah, and 

Montana. Also associated with these magmatic centers are notable deposits of silver, 

copper, lead, zinc, fluorite, iron, rare earth elements, manganese, vermiculite, sapphire, 

and tellurium. 

The general characteristics of gold deposits related to alkaline magmatism fi-om 

around the world are discussed in Chapter 11, but this section focuses on the Cenozoic 

alkaline magmatism and metallogeny of the Rocky Mountain alkaline province. 

Described below are the pattems of Cenozoic alkaline magmatism through time and 

space, and a review of significant mineral deposits associated with the alkaline magmatic 

centers. 
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Figures A.l and A.2 show patterns of mineralization and igneous rocks associated 

with gold telluride districts of central Montana and Boulder County, Colorado. 

Paleocene-Eocene alkaline magmatism in Montana: Montana alkaline province 

Much of the late Cretaceous to early Eocene alkaline igneous activity in the United 

States was focused in the Montana alkaline province, where relatively mafic alkaline 

intrusions were emplaced during the late stages of the Sevier and early stages of the 

Laramide orogenies. In Montana, Idaho, and northem Wyoming, sporadic Mesozoic 

alkaline magmatism took place between 92 and 80 Ma (Mutschler et al., 1987; Meen et 

al., 1988; De Witt et al., 1996), when isolated syenite-pyroxenite-ijolite-carbonatite 

complexes were emplaced (e.g. Rainy Creek, MT; Boettcher, 1967), in addition to 

bimodal felsic rhyolite-monzonite/lamprophyric suites. These rocks share many 

similarities with younger alkaline complexes in the region, and have been interpreted by 

Meen et al. (1988) to represent melting of enriched lithospheric mantle in a back arc 

setting. This episode of magmatism produced the alkaline intrusions seen in the Elkhom 

volcanic field, with which the Golden Sunlight Au(Mo) deposit is associated (DeWitt et 

al., 1996; Spryetal. 1996). 

A more significant episode of alkaline magmatism took place in Eocene time, when 

large numbers of alkaline intrusions were emplaced throughout Montana, Wyoming, 

western South Dakota, and along the axis of the Colorado Mineral Belt (Mutschler et al., 

1987). These rocks appear to have been emplaced in several pulses in Montana and 

northem Wyoming. An early pulse at 65-60Ma produced relatively felsic (evolved) 

syenites and phonolites in the Judith Mountains (Kohrt, 1991), Little Rocky Mountains 
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(Marvin et al., 1980), and Moccasin Mountains (Marvin et al., 1980). Amongst these 

intrusive complexes, gold-telluride mineralization is associated vi^ith 64-61 Ma syenites 

and monzonites in the Little Rocky Mountains (Zortman Landusky deposit; Hastings, 

1988; Wilson and Kyser, 1988; Russell, 1991), and the ~65Ma syenite-quartz monzonite-

tinguaite intrusions of the Judith Mountains (Geis deposit; Zhang and Spry, 1994). Gold 

mineralization, some with anomalous tellurium (e.g. Kendall district), has also been 

reported in the Moccasin mountains, associated with syenite-quartz monzonite intrusions 

(Lindsey, 1982; Kurisoo, 1991). 

The early period of Eocene alkaline magmatism in Montana was followed by more 

extensive mafic alkaline magmatism from 57-50 Ma, characterized by shonkinites, 

ijolites, pyroxenites, and kimberlitic-lamprophyric intrusions (Scambos, 1991; Tureck-

Schwartz and Hyndman, 1991; Marvin et al., 1980). This phase of magmatism was 

markedly potassic in character, and appears to have produced only minor amounts of gold 

mineralization (gold + silver deposits in the Bearpaw Mountains and Sweet Grass Hills; 

Gavin, 1991). 

Amongst a diverse range of igneous compositions, gold telluride mineralization in the 

Montana alkaline province appears to be favorably associated with late Cretaceous-aged 

rocks of evolved compositions (80-92Ma), and was most significantly developed during 

the early Eocene (60-65Ma). Intrusions associated with gold mineralization appear to be 

largely sodic (Chapter 11), although a few gold prospects are associated with potassic 

alkaline intrusions (e.g. Bearpaw Mountains). Gold deposits are both associated with 
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rocks that show significant negative Nb-Ta anomaUes (e.g. Geis, MT), and those that do 

not (see analyses in Scampos, 1991). . 

Paleocene-Eocene alkaline magmatism in Wyoming and South Dakota 

In addition to the late-Cretaceous and early Tertiary alkaline magmatism in Montana, 

small volumes of alkaline magmas were produced in scattered locations through 

Wyoming, Colorado, New Mexico, and the Trans Pecos region of Texas, forming a belt 

that extends southward along the Rocky Mountains and their forelands. 

A distinct pulse of sodic alkaline magmatism took place along the Wyoming-South 

Dakota border at ~55Ma. Sodic, aegirine-bearing phonolites were emplaced throughout 

the region along with syenites, trachytes and lesser volumes of mafic alkaline rocks such 

as jacupirangite (Walsh, 1974; Lisenbee et al., 1981; Woolley, 1987; Kirchner, 1991). 

Best known amongst these rocks is the "Devil's Tower" phonolite intrusion in 

northeastern Wyoming. Prisson (1894) was the first to report the distinctive mineralogy 

and sodic chemistry of the phonolites, and noted similarities with the composition of 

phonolite reported by Cross (1887) in the Cripple Creek district. Gold mineralization is 

associated with the sodic phonolites in vicinity of the Homestake mine in Lead, S.D. 

(Paterson et al., 1989). Numerous gold prospects are also associated with several of the 

alkaline igneous complexes in northwestern Wyoming, especially in the Bear Lodge 

Mountains, where anomalous gold is associated with large zones of intense potassic 

alteration associated with alkaline intrusions (Jenner, 1984). 

-43-44 Ma sodic trachyte-phonolites are also reported by Pekarek (1977) and Hoch 

and Frost (1993) in the Rattlesnake Hills of central Wyoming. Although poorly 
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described, zones of alteration in at least several of the Tertiary alkaline stocks exhibit 

gold anomalies, and have been targeted by recent (1980's to present) exploration (Hausel, 

1998, Debruin et a., 2003). These rocks bear strong similarities with the sodic phonolites 

at Cripple Creek based upon their major, trace, and isotopic compositions (see analyses in 

Hoch and Frost, 1993). 

Elsewhere in Wyoming, the Absaroka volcanic field was generated between 51 and 

43Ma. These rocks are characterized by flows of trachybasalt and trachyandesites, along 

with lesser volumes of calc-alkaline andesites (Hiza and Grunder, 1997). Compared with 

other Tertiary volcanic fields in the western U.S., such as the San Juan volcanic field in 

Colorado, the Absaroka range enjoyed relatively little economic mineral production. 

Limited erosion has taken place since the deposition of the volcanic rocks, and 

appropriate structural levels may not be exposed. 

The most significant deposit in the Absaroka volcanic field is in the New World 

District along the Montana-Wyoming border, which boasts a gold reserve of ~2.75 Moz 

(Johnson, 1996). The deposit is located in the northem part of the range, where uplift and 

erosion is greatest, and the subsequent deep dissection of the volcanic complex has 

exposed the ore body (Hausel, 1989, p. 16). Mineralized skams, replacement bodies in 

carbonate rocks, and disseminated styles of mineralization have been recognized in and 

around several moderately alkaline intrusive centers in the area (see descriptions in 

Johnson and Meinert, 1994). These zones of mineralization exhibit anomalous Cu, Mo, 

Ag, Au, Pb and Zn. Although historic production in the Absaroka range is small 

considering that the volcanic field spans 23,000km^, other deposits may be undiscovered 
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or hidden beneath the volcanic cover, given the lack of dissection and erosion across 

much of the volcanic field. 

Paleocene-Eocene alkaline magmatism in Colorado 

In Colorado, Eocene calc-alkaline magmatism was active throughout the Colorado 

Mineral Belt (COMB), but alkaline magmatism was active along its NE and SW ends. 

Paleocene-Eocene alkaline magmatism in Colorado took place in the La Plata Mountains 

(70-65 Ma) and in the Rico intrusive center (65-60 Ma), both at the southwest margin of 

the COMB, and in the Boulder County area (59-44 Ma), at the northeast margin of the 

COMB (Mutschler et al., 1987). 

In the La Plata Mountains, mineralization is associated with mafic-intermediate 

alkaline stocks. Gold telluride bearing epithermal veins are found throughout the area, in 

addition to the Cu-Au(-PGE) "porphyry" mineralization associated with the dioritic and 

mafic syenitic intrusions of the Allard Stock (Werle et al., 1984; Saunders and May, 

1986). The Allard "stock" represents a composite Laramide (65-70 Ma) pluton 

consisting largely of syenites and monzosyenites with subordinate volumes of trachytes, 

alkaline pegmatites, and lamprophyres (Werle et al., 1984). Much of the chemistry of 

these rocks has been obscured by large volumes of K-metasomatism (see fig. 11.3), but 

relatively unaltered samples have sodic chemistries. The alkaline intrusions are 

associated with a subeconomic "porphyry-style" Cu-Au deposit with anomalous PGE 

concentrations (-lOO's of ppb). Peripheral epithermal gold-telluride mineralization is 

also spatially associated with the stock ("Bessie G" deposit; Saunders, 1986). About 8 
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tons of gold have been produced from the La Plata district, with additional resources 

present in the form of low grade, bulk tonnage resources. 

The copper rich styles of mineralization in the La Plata Mountains contrasts with 

molybdenum-rich deposits described at Central City, and in other areas of Boulder 

County (Lovering and Goddard, 1950; Rice et al., 1985; Saunders, 1991). Between 65 

and 45 Ma, alkaline magmatism was active along the NE end of the COMB, with alkaline 

intrusions emplaced west of Denver in Boulder County and near Central City. Syenites, 

bostonites, monzonites, and lamprophyres were emplaced as stocks, dikes and breccia 

pipes throughout the area along with coeval calc-alkaline rocks. Epithermal gold 

telluride mineralization is associated with a suite of alkaline monzonites and quartz 

bostonites (alkaline rhyolites) emplaced between 59 and 44 Ma, and subeconomic 

molybdenum-rich base metal mineralization is associated with several quartz syenite 

stocks (Saunders, 1986,1991; Rice et al., 1985; Lovering and Goddard, 1950). In some 

cases, epithermal gold telluride mineralization appears to grade downward into deep 

"porphyry"-style molybdenum mineralization (Rice et al., 1985). 

Upon discovery of the Boulder County deposits in the mid-1800's, several mining 

camps were established, including the famous Gold Hill, Jamestown, and Central City 

gold telluride districts. Although production records are incomplete, over 1,000,000 

ounces of gold have been produced prior to 1968 (Koschmann and Bergendahl, 1968), 

with limited production since then. In addition to gold, the Boulder County districts are 

notable for their abundance of fluorite and tungsten mineralization. Fluorite was mined 

in the Jamestown district in the early-1900's from the Emmett, Argo, Burlington, 
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Chancellor, and Brown Spar mines (Lovering and Goddard, 1950). Tungsten minerals 

such as ferbergite and wolframite are found in many gold telluride districts such as Ward, 

Jamestown, Magnolia and Gold Hill (Lovering and Goddard, 1950). While Tungsten 

mineralization appears to post-date telluride mineralization in several mines, it is found in 

intimate association with tellurides in the Magnolia district (Lovering and Goddard, 

1950, p. 228). Like fluorite, tungsten was locally concentrated enough to be mined 

commercially, leading to the establishment of the Boulder County tungsten district in the 

early 1900's. The character of the gold-telluride + fluorite + tungsten mineralization and 

association with monzonitic stocks bears striking similarity to the W-rich styles of 

mineralization reported in the White Oaks and Nogal district of New Mexico (discussed 

below). 

Early Tertiary alkaline magmatism elsewhere in western North America 

A few early Tertiary alkaline intrusions are scattered elsewhere in the western U.S.. 

These represent isolated intrusions which do not appear to be part of regional extensive 

magmatism, and in a few places their ages are suspect. A notable group of Late 

Cretaceous-Paleocene (100-66 Ma) intrusions are located near Ulvade, Texas (Barker et 

al., 1987). These intrusions are nepheline normative, distinctly sodic, and span a range of 

compositions from olivine basanites to phonolites. Several of these intrusions bear close 

resemblance to the Cripple Creek rocks (discussed further below). Little or no precious 

metal mineralization has been reported in the area. 
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Mid-Tertiary magmatism in the greater Colorado area 

Regional mid-Tertiary magmatism (40-25 Ma) in and around Colorado took place 

during a time of tectonic reconfiguration. Laramide compression had largely waned by 

-40 Ma, and a short period of tectonic "quiescence" or relaxation was followed by the 

onset of extension tectonics at about 31 Ma in the central Rocky Mountain region, 

followed by the opening of the Rio Grande Rift at about 26-28 Ma (Chapter 1). Farther 

south, the transition to extensional tectonics was marked by magmatism and a change in 

dike orientations in Texas between 30 and 32 Ma (Price and Henry, 1984; Barker, 1987; 

Price et al., 1987). By 35 Ma, large composite batholiths had been emplaced in areas of 

Laramide uplift in central Colorado (Mt. Princeton area) and the San Juan Mountains. 

Early stratovolcanoes erupted mainly andesitic lavas, while later, voluminous rhyolitic to 

quartz latitic ash flows were erupted from a series of caldera centers in the region 

(Mutschler et al., 1987). This major magmatic event is referred to as the "ignimbrite 

flare-up", and marked a significant period of magma generation and crustal modification 

in the region. Large volumes of calc-alkaline magmas were produced, with activity 

focused in four major volcanic fields (San Juan Mts, Colorado, Mt. Princeton, Colorado, 

Thirtynine Mile Volcanic Field, Colorado, Latir Volcanic Field, New Mexico), and at 

numerous other calc-alkaline magmatic centers (fig. 10.2). Isotopic and geochemical data 

and petrogenesis models suggest that the magmas were largely derived from the crust, 

with 10-30% contributed by more primitive, mantle derived melts (Johnson papers). 
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Smaller, alkaline volcanic centers 

In addition to the development of large caldera complexes associated with composite 

calc-alkaline batholiths, middle Tertiary magmatism included contemporaneous and 

widespread magmatism of an alkaline character (fig. 10.2). These events did not involve 

the large volumes of magmatism associated with the calc-alkaline batholith/ignimbrite 

centers (at least as seen in the upper crust), but are significant in that they reflect broad-

scale modification of the lower crust and upper mantle throughout the region and melting 

of chemically anomalous mantle source regions. 

Far to the east of the Rocky Mountain physiographic province, alkaline magmas were 

erupted at Two Buttes, Colorado at 37 Ma (Davis et al., 1996), and represent the 

easternmost expression of Tertiary magmatism in the central U.S. Lamprophyric dike 

swarms and lesser volumes of more felsic alkaline intrusive rocks are present throughout 

the area, and form a semi-continuous belt between the Two Buttes intrusive complex and 

the Spanish Peaks in Huerfano County. These dikes form a fan-shaped pattern that 

spreads out onto the high plains of south-central Colorado. It is likely that many other 

similar intrusions did not reach the current surface. 

The mafic and felsic alkaline rocks at Two Buttes have pronounced depletions of Ta-

Nb, and HFSE/REE patterns that are remarkably similar to those of the calc-alkaline 

batholithic systems (e.g. San Juan Mountains). Isotopic evidence, however, suggests a 

mantle origin for the Two Buttes magmas (Davis et al., 1996). 

Mid-Tertiary alkaline volcanic centers were also emplaced at Cripple Creek (27-31 

Ma), and the Spanish Peaks (25 Ma) in central Colorado, along with the emplacement of 
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potassic and high siUca magmas at Urad-Henderson and Chmax. Smaller alkaline and 

calc-alkaline eruptive centers were active at Rito-Alto (28-33) and Silver Cliff-Rosita 

(27-33), which included early rhyolitic magmas followed by smaller volumes of alkaline 

trachytes and lamprophyres. 

Farther west, alkaline intrusions were emplaced in the La Sal and Henry mountains in 

Utah at -29 Ma, with calc-alkaline magmatism active in the Abajo Mountains to the 

south. Sr, Nd, Pb, and O isotopic systems suggest that the alkaline magmas in eastern 

Utah were mantle derived, and these intrusion show strong Ta-Nb depletions (Nelson and 

Davidson, 1993) that are similar to those developed in the larger calc-alkaline systems. 

Nelson and Davidson (1993) also suggest that the Colorado plateau acted as a barrier 

which inhibited melt migration through the crust, explaining the lack of mid-Tertiary 

intrusions on the plateau. Mid-Tertiary magmatism on the plateau was characterized only 

by the emplacement of small, explosive minettes and kimberlites in the mid-Tertiary. 

Mid-Tertiary alkaline magmatism was most active along the axis of the Rio Grande 

rift and elsewhere in New Mexico (fig. 1.6, 10.2). Mid-Tertiary alkaline intrusive centers 

are seen at Raton (~30 Ma), Ortiz (-35), Cerillos (-30-26 Ma), in Lincoln County (26-37 

Ma), and in the southwestem comer of the state (Grant, Hidalgo, Dona Ana counties). 

Many of these intrusions are monzonitic-syenitic in character, although a diverse 

population of alkaline intrusions are seen, including lamprophyres and phonolites. Large 

number of smaller alkaline intrusions are also scattered outside of the areas mentioned 

above. 
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After 26 Ma, magmatism in the region generally shifted to a bimodal character, with 

the majority of magmatism taking place along the Rio Grande Rift. Basaltic lavas issued 

throughout the area, most of which have alkaline affinities. These basaltic eruptions were 

accompanied by lesser volumes of high-K rhyolites and calc alkaline volcanics. hi the 

late Tertiary (Miocene-Pliocene), small volumes of potassic and ultrapotassic mafic 

magmas (minettes and leucitites) were erupted in Arizona (Hopi Buttes), Utah (Sa 

Rafael) and California (central Sierra Nevada), roughly contemporaneously with the 

ultrapotassic magmatism in the Leucite Hills of Wyoming. 

Mid-Tertiary alkaline magmatism in Trans Pecos region of Texas; 

Several episodes of alkaline magmatism took place in Trans Pecos region of western 

Texas and southern New Mexico from 48-17Ma (Henry et al., 1983). This magmatism 

spanned a considerable length of time, with compositions ranging from alkali basalts to 

quartz syenites to carbonatites (Barker, 1987; Nandigam, 2000), and was produced under 

the influences of several tectonic regimes (Barker, 1979, Barker 1987). An especially 

large number of alkaline intrusions were emplaced between 40-32 Ma along an axis 

between El Paso and the Big Bend area of Texas. These intrusions are characterized by 

silica undersaturated chemistries including phonolites, nepheline syenites and nepheline 

trachytes (Barker, 1987). 

Metallogeny of the Mid-Tertiary alkaline intrusive centers 

In addition to their interesting petrology, geochemistry and mode of genesis, the mid-

Tertiary alkaline intrusive centers of Colorado and New Mexico are important sources of 

metals and minerals. Deposits associated with these alkaline rocks have been mined 



543 

commercially for gold, silver, zinc, lead, copper, molybdenum, tungsten, fluorine, rare 

earth elements, and tellurium. Economically, gold is the principle resource that has been 

developed, with production being dominated by the Cripple Creek gold deposit. Smaller 

gold, copper, and molybdenum resources are associated with Mid-Tertiary alkaline 

intrusive center elsewhere in Colorado and New Mexico, and their general characteristics 

are summarized here. 

Throughout the region, distinctive styles of mineralization are associated with 

alkaline igneous centers. Lindgren (1933a) first recognized a relationship between 

alkaline magmatism and fluorite-rich gold telluride deposits along the foreland of the 

Rocky Mountains, and was intrigued by the abundance of fluorite in mid-Tertiary 

alkaline-related hydrothermal deposits in Colorado and New Mexico. A semi-continuous 

belt of fluorite-rich, telluride-bearing epithermal deposits are seen along the axis of the 

Rio Grande rift, stretching from southern New Mexico to northem Colorado (fig. 1.6). 

Most of these deposits are much smaller than the Cripple Creek deposit, but a few have 

produced between 15 and 30 tons of gold (-500,000 - IMoz). 

Closest to the Cripple Creek deposit is the Rosita-Silver Cliff Ag-Au district. 

Rosita-Silver Cliff district 

The Rosita-Silver Cliff district has produced 2.4 tons of gold and 98.8 tons of silver 

(McEwan and Rice, 1991) between 1874 and 1885. Mineralization is hosted by a 

complex mid-Tertiary volcanic center, dominantly rhyolitic in composition, but also 

including smaller volumes of alkaline rocks. Several authors describe an early phase of 

dominantly rhyolitic and andesitic magmatism followed by smaller volumes of alkaline 
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rocks (McEwan et al., 1996; Siems, 1967, Steven and Epis, 1968). After voluminous 

extrusions of rhyolites and andesitic lavas, smaller volumes of trachyandesites, sodic 

nepheline diorites, trachytes, and lamprophyres were intruded (Siems, 1967). 

Cross (1896) also describes an earlier series of syenites, variably porphyritic diabasic 

dikes, and a biotite peridotite. A Precambrian age is generally assumed for these rocks, as 

Precambrian syenites and diabases have been described elsewhere in the region. The age 

and timing of the Rosita syenite, diabase, and biotite peridotite intrusions, however, 

remains enigmatic. The syenite and diabase dikes are described as variably porphyritic, 

and in the Bull-Domingo Mine, Emmons (1896) described a brecciated volcanic vent 

with an abundance of angular syenitic fragments. Along with the porphyritic textures of 

many of the rocks, it seems possible that the syenitic breccia described by Emmons 

(1896) may represent a hypabyssal intrusion breccia, making a Precambrian age unlikely. 

Likewise, it is also possible that the undated syenites, diabases, and alkaline peridotites 

may represent an early stage of the Tertiary magmatism, or perhaps belong to the 

regional Cambrian-Ordovician alkaline magmatic event (e.g. Loring and Armstrong, 

1980). 

Timing relationships between the magmatism and mineralization also remain unclear. 

McEwan et al. (1996) report an early stage of Au-Ag telluride mineralization that pre

dates the alkaline magmatism and appears to be associated with the generation of 

phreatomagmatic breccia pipes (the Bassick Pipe and Bull-Domingo agglomerate). 

However, this timing relationship is based upon an assumption that the mineralization in 

these pipes pre-dates intrusions of trachyte and lamprophyre. Cross (1896) reports that 
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trachyte "fragments" have been encountered within the Bassick Pipe, but their mode of 

occurrence (as part of the breccia or a later dikes), and relationship with mineralization is 

unknown (p.97). A thin lamprophyre in the Bassick Pipe was also examined by Cross 

(1896) and Seims (1967), which appeared to be relatively unaltered compared to the 

surrounding volcanic breccia, but its margins were obscured by "disintegration"^^ (Cross 

1896, p. 312). Definitive cross cutting relationships have not been described. 

The largest producing mine in the Rosita-Silver Cliff district was the Bassick Mine, 

which bears similarity with the Cripple Creek mineralization. The Bassick Mine is 

located within a volcanic breccia pipe, composed of heterolithic rock fragments 

supported by a highly altered, rock flour matrix. Grabill (1883) described five stages of 

mineralization including an early phase of Ag and Sb-rich mineralization, followed by 

Au-Ag tellurides (with quartz and tetrahedrite), and later stages of sphalerite, 

chalcopyrite and pyrite. Grabill (1883) was impressed by a lack of common epithermal 

gangue minerals such as calcite and barite, and also described widely distributed masses 

of "charcoal" which have been variably sulfidized. The "charcoal" preserves woody 

fragments and is found as interstitial fragments in the breccia at depths as great as 275m 

below the present surface. McEewen and Rice (1991) also describe sericite+K-

feldspar+pyrite in association with the gold mineralization. 

This type of occurrence is typical of pre-mineralization lamprophyre dikes at Cripple Creek, where 

the interior of the lamprophyres are commonly much less altered than the surrounding rocks. The relative 

impermeability of lamprophyres restricts mineralization and alteration to thin zones along their contacts. 
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The gold mineralization at Cripple Creek and the Bassick Pipe are similar in that they 

are both hosted by volcanic breccia pipes with alkaline affinities, are rich in tellurides, 

and are both associated with K-silicate rich styles of alteration. Both deposits also appear 

to have formed very close to the paleosurface, with leaf fossils and other carbonaceous 

materials preserved in their breccias and volcaniclastic sediments. 

Elizabethtown-Mt. Baldy-Red River: 

Little work has been done to describe the character of mineral deposits in the 

Elizabethtown-Mt. Baldy and Red River districts in northern New Mexico, as much of 

the area is located within a Mexican land grant and has not been the subject of formal 

study (Kelley and Ludington, 2002). The area produced ~15 tons of gold (500,000 oz) in 

the late 1800's and early 1900's, making it one of New Mexico's largest gold deposits. 

Lindgren et al., (1910) provide the most complete description of the districts' 

mineralization, and describes monzonitic to quartz monzonitic intrusions^'' which are 

intimately associated with the precious metal mineralization. Although little description 

Graton (1910) describes quartz phenocrysts which have been "much rounded by corrosion" (p. 94). 

This texture is seen in many quartz monzonites where quartz was stabilized as an early liquidus phase 

forming large phenocrysts, but as the melt cooled and solidified or as a result of volatile realease, shifts in 

ta melt's eutectic composition triggered partial resorption of quartz. This effect produces the "quartz eye 

porphyries" common in many calc-alkaline porphyry deposits. These textures are typically not seen in 

alkaline systems, where the low activity of silica does not allow quartz to stabilize as an early liquidus 

phase, and instead, igneous quartz is restricted to the groundmass or is entirely absent. 
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is available for the igneous intrusions in the area, these districts have been assigned to the 

"alkaline related" clan (Kelley and Ludington, 2002). 

In the Red River district, Ag-Au telluride bearing epithermal gold veins are found in 

association v^ith a series of late Tertiary monzonitic intrusions and rhyolites. The veins 

are mainly composed of quartz, fluorite and carbonate, with accessory base metal 

sulfides. Molybdenite is described as being present in the ores, along with galena, 

sphalerite and less abundant chalcopyrite. While the character of the igneous rocks 

remains somewhat unclear (some of the monzonites are described as quartz monzonites, 

and the rhyolites may not be intrinsically alkaline), the association of fluorite and 

tellurides is typical of the alkaline-related gold deposits throughout the region. 

Very different styles of mineralization are reported in the Elizabethtown district. At 

Elizabethtown, most production has come from veins of pyrite, quartz and calcite with 

accessory chalcopyrite, galena and magnetite in areas of diopside, hornblende, epidote, 

gamet, scapolite and Fe-oxide alteration. The productive veins are mostly found in 

altered sediments along the contacts with monzonitic sills (Graton, 1910), which have 

been variably oxidized, obscuring some of the primary mineralogy. Gold is commonly 

present as wire gold (Lee, 1916) or as free gold in limonitic masses that appear to have 

been derived from the oxidation of auriferous pyrite (Graton, 1910; p. 97). In the Aztec 

mine, sulfides and aresenides of nickel and cobalt are also associated with mineralization 

(Lee, 1916). 

In many ways, the descriptions of mineralization and metasomatism in the 

Elizabethtown area are more similar to Fe-oxide-Au-Cu±REE deposits (e.g. Hitzman et 
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al., 1992; Barton and Johnson, 1996), in that Au and Cu mineralization appears to be 

associated with a broad area of Fe-oxide (magnetite and specular hematite) 

mineralization accompanied by scapolite-rich ± Ca-Na silicate alteration (see descriptions 

in Graton, 1910, p. 93-98). Gold appears to have been deposited where fluids 

encountered reduced sediments (triggering the precipitation of pyrrhotite in veins) along 

the contacts of the intrusions. 

Deposits in Santa Fe County 

Several mining districts have been established amongst a series of mid-Tertiary calc-

alkaline and alkaline intrusions southwest of Santa Fe. These intrusions comprise the 

Ortiz Mountains, in which the Old Placers (Ortiz) district is located, and the Los Cerillos 

range, where the Cerillos district is located. Total production is estimated at 15 tons of 

gold with minor silver and base metal credits. In addition to metal production, turquoise 

has been mined in the Cerillos district for over 1000 years, first by Native Americans and 

Spanish colonialists (Giles, 1991). After being intermittently worked in the 1800's and 

early 1900's, the Cerillos district was explored for its copper potential by Kennecott in the 

late 1950's, leading to the discovery of a subeconomic porphyry copper deposit (Wargo, 

1964). The property was reevaluated by Occidental Minerals in the early 1970's, but was 

not moved forward to production. 

In the nearby Ortiz Mountains, the Old Placers district was mined initially between 

1820 and 1850, but has been the focus of recent mining activity in the 1980's and early 

1990's, when LAC Minerals and Consolidated Gold Fields operated open pit mines in the 
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district (Coles, 1990; Maynard, 1991). Additional resources of -40 tons of gold have 

been delineated in the Ortiz mountains. 

In both the Old Placers and Cerillos districts, mineralization is associated with quartz 

poor monzonite-latite intrusions. Subordinate volumes of more mafic rock types 

(diorites) are also present, along with more alkaline rocks (syenites), including the 

feldspathoid bearing trachytes, tephriphonolites, and phonotephrites in the Ortiz district. 

At Ortiz, mineralization is characterized by native gold associated with pyrite, magnetite, 

specular hematite, tungstates, chalcopyrite, carbonates and quartz (Maynard, 1991). 

Alteration is dominated by K-silicate mineral assemblages, including broad zones of 

biotite alteration (Coles, 1990). 

In the Cerillos district, porphyry copper mineralization is characterized by 

disseminated chalcopyrite and bomite with minor electrum in zones of biotite alteration. 

Late Ag-Pb-Zn veins cut across copper mineralization and all intrusions (Giles, 1991). 

The Cerillos mineralization forms a well-developed annulus around a monzonitic 

intrusive stock. 

Fluorite is reported by Coles (1990), and Maynard (1991) at Ortiz, and tellurides of 

unknown compositions are reported by Northrop (1959). 

Gallinas Mts. 

Copper, fluorite, iron, and bastnaesite (a rare earth element fluocarbonate mineral) 

have been produced from numerous mines in the Gallinas Mountains in northem Lincoln 

County, New Mexico. The district was established in the 1880's, with most production 

taking place in the 1920's and sporadically from 1943 through 1956 (Griswold, 1959). 
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The mineralization is associated with a series of mid-Tertiary intrusions emplaced into 

Permian sedimentary rocks. The intrusive rocks are moderately alkaline, straddling the 

alkaline-subalkaline boundary on TAS diagrams, but all are quartz modal and range from 

syenograbbros to quartz syenite and rhyolite (Allen and Foord, 1991; Williams-Jones et 

al., 2000). Although peralkaline phases such as reibeckite and aegirine are reported, these 

appear to be products of metasomatism (Schreiner, 1993), as intrusive rocks are distinctly 

peraluminous (Williams-Jones et al., 2000). 

Two principle styles of mineralization are developed in the district; iron-rich skam 

deposits and hydrothermal breccias and veins rich in fluorite, quartz, barite, bastnaesite, 

and various copper minerals. Skams are restricted to carbonate units in the Permian Yeso 

and San Andreas formations, and are rich in iron oxides (magnetite and specular 

hematite), with accessory calcite, quartz, fluorite, and biotite. The fluorite-copper-

bastnaesite breccias and veins are more broadly distributed in the area, and are principally 

associated with intrusions, especially along the contacts between igneous and 

sedimentary rocks. Some zones of hydrothermal alteration are rich in lead, zinc, and 

silver (Griswold, 1959), and potentially gold (Woodward and Fulp, 1991). 

Although gypsum and other evaporitic materials are locally absent in the Permian 

Yeso formation in the vicinity of the Gallinas Mountains, these materials may have been 

originally present and dissolved by hydrothermal activity related to the Tertiary 

magmatism. Extensive brecciation is reported in the Yeso formation in the vicinity of the 

intrusions (Grisworld, 1959), and may be products of dissolution of evaporate minerals. 

The extensive development of Fe-oxide rich alteration, and the metasomatic development 



551 

of peralkaline phases in zones of alteration are both characteristics of magmatic-

hydrothermal systems that have incorporated evaporitic materials (e.g. Barton and 

Johnson, 1996). 

White Oaks District, central Lincoln County 

Although relatively little has been written about the White Oaks District, it remains 

one of the leading producers of gold in New Mexico, with a production total of-160,000 

ounces of gold. Roughly 143,000 ounces of gold were produced between 1879 and 1904, 

with up to 20,000 additional ounces produced until mining activities ceased in the 1930's 

(Griswold, 1959). Mineralization is associated with a series of syenite, monzonitic and 

biotite-rich lamprophyric intrusions (Willard and Jahns, 1974). The lamprophyres were 

originally described as minettes and kersantites by Graton (1910). 

Mineralization in the White Oaks district is principally hosted by thin quartz-pyrite 

veins described as "narrow streaks or stringers" by Graton (1910, p. 180). A distinctive 

characteristic of the veins is the presence of hubnerite, and potentially scheelite in zones 

of mineralization. The tungsten-rich styles of mineralization are similar to the styles of 

mineralization described in the gold telluride districts of Boulder County, CO, also 

associated with a suite of broadly monzonitic-syenitic intrusions. White Oaks veins also 

contain variable amounts of fluorite, calcite and tourmaline. Graton (1910) describes 

albite as being present in some veins, and potentially as a stable phase in silicified wall 

rocks adjacent to veins. 
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Nogal-Bonito Districts, central Lincoln County 

A series of small mines and prospects are associated with a cluster of moderately 

alkaline intrusions in central Lincoln County, and comprise the Nogal-Bonito Districts. 

Mineralization in the Nogal area was discovered in 1865, but development did not take 

place until the 1880's, when the area was released from reservation holdings (Graton, 

1910). Sporadic production took place from the 1880's through the 1930's from small 

lode deposits such as the Helen Rae Mine, with a total gold production of-15,000-

20,000 ounces from the area (Thompson, 1973). Recent exploration activity (1950's to 

present) has focused on zones of "porphyry-style" mineralization associated with 

intrusive stocks, and gold-rich breccias. A -200,000 ounce epithermal gold resource was 

also recently defined in the area of the Great Western Mine (Mining Record, 1989), but 

has not been moved forward to production at the time of this writing. 

Mineral deposits in the Nogal district are associated with a series of stocks, sills and 

dikes dated at 35-25 Ma that have intruded Oligocene andesitic-trachytic volcanic rocks 

and older sedimentary rocks (Thompson, 1972). Most intrusive rocks are quartz poor, 

moderately alkaline, and range from diorite to monzonite to quartz syenite (Thompson, 

1972). Small volumes of more mafic rocks are also reported, including lamprophyres 

(Giles and Thompson, 1972). 

Styles of mineralization can be broadly divided into Pb-Zn-Ag, Au-rich, and 

"porphyry" types (Griswold, 1959; Thompson, 1973; Fuip and Woodward, 1991; Eng, 

1991; Douglass and Campbell, 1994). Precious metal deposits are associated with quartz-

rich veins and breccias with variable sulfides, carbonate minerals, and barite. Sulfides 
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associated with mineraUzation include pyrite and variable chalcopyrite, sphalerite, galena 

and molybdenite. Small amounts of tetrahedrite and bomite have also been reported 

(Giles and Thompson, 1972; Douglass and Campbell, 1994). 

Mo(+/-Cu) "porphyry-style" mineralization is associated with zones of silica-pyrite 

+/- K-feldspar, sericite, and fluorite alteration in the Three Rivers Stock (Giles and 

Thompson, 1972). Similar styles of mineralization are described in the northern half of 

the Rialto Stock (Thompson, 1973; Douglass and Campbell, 1994), where they are seen 

to grade downward into zones of intense K-silicate alteration characterized by orthoclase, 

biotite, magnetite, pyrite and chalcopyrite (Thompson, 1995). Potential for Cu(Au) 

"porphyry-style" mineralization has also been described by Fulp and Woodward (1991) 

at the Mudpuppy-Waterdog prospect, where surface sampling and limited drilling has 

delineated a broad zone of Cu and Au enrichment in the vicinity of monzonite and 

syenite intrusions. Cu grades of 0.2-0.4% over "several 20 ft zones" and anomalous gold 

(lOO's of ppb) were intercepted in the area (Fulp and Woodward, 1991, p.328). 

Although tellurides have not been reported in the Lincoln County deposits, a ~1 x 2 

km zone of marked Te enrichment (>1 ppm) is associated with mineralization at the 

Mudpuppy-Waterdog prospect (Fulp and Woodward, 1991). Soil and rock chip samples 

with as much as 7 ppm Te were reported by Fulp and Woodward (1991). 

Sylvanite District 

The Sylvanite gold district is located in the Little Hachita Mountains, southwestern 

New Mexico. Shortly after the district was founded in 1908, a brief description of the 

geology and mineral deposits was provided by Hill (1910). Although only a limited 
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amount of gold was produced (much from placers), the characteristics of the 

mineralization are typical of many alkaline-related mineral deposits. 

At Sylvanite, metasomatism is associated with orthoclase biotite syenitic intrusions 

cutting a monzonitic laccolith. Elsewhere, quartz-poor diorite intrusions are associated 

with mineralization where they cut limestone and shale units. Lamprophyre dikes are 

also reported. The mineralization is poorly described, but is characterized by native gold 

with an abundance of telluride minerals. Although the district is named after the Au-Ag 

telluride mineral sylvanite, most of the tellurides appear to be tetradymite (Bi2Te3; 

Crawford, 1937). Biotite alteration is widely developed in areas of metasomatism, along 

with minor copper mineralization (chalcopyrite and Cu-oxide; Hill, 1910). 

Wilcox District 

Although relatively little information is available for the Wilcox mining district in 

Catron County, New Mexico, the district is notable for its apparent richness in tellurium 

minerals and fluorite. Mineralization is associated with a series of silicified rhyolite dikes 

cutting Tertiary volcanic and volcaniclastic units. Telluride, tellurate and tellurite species 

are associated with zones of fluorite-rich mineralization in the vicinity of the Lone Pine 

Mine, and the district is reported to have produced 5 tons of tellurium, in addition to 

~11,000 tons of fluorite and small amounts of silver, copper and gold (Ratte et al., 1979; 

Lueth et al., 1996). The Lone Pine mine is the only known tellurium mine in New 

Mexico, and was drill tested for additional Te resources by Minnesota Mining and 

Manufacturing Company (3M) in 1961 and 1962 (Everett, 1964). The area is now 

contained within the Gila Wilderness and Primitive Area. 
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Organ Mountains 

Precious metal telluride minerals are associated with skams and vein systems along 

the flanks of the Organ batholith in southern New Mexico. Discovery of mineralization in 

the Organ area dates to 1846, and small scale mining operations were active in the area 

until the mid-1930's (Seager, 1981). The district boasts only modest production of Cu 

(-2200 tons), Pb (~8000 tons), Ag (780,000 oz) and minor Zn and Au. Although the area 

has been considered as an exploration target for porphyry-style Cu(Mo) mineralization, 

much of the batholith was included within the White Sands Proving Grounds in 1945. 

Zones of fluorite-rich mineralization have also attracted some attention (Seager, 1981). 

The Organ batholith represents a composite of numerous intrusions ranging from 

early diorite and diorite porphyries to more evolved quartz monzonitic and granitic rocks. 

Although generally rich in quartz, quartz syenite facies are reported by Lindgren (1910) 

and Seager (1981), and Seager (1981) reports the presence of co-magmatic alkaline 

trachytes in the area. 

Zones of mineralization are variably developed throughout the area, but are most 

significant in the vicinity of the town of Organ. Near Organ, the 32.8 Ma Sugarloaf Peak 

quartz monzonitic phase of the Organ batholith exhibits broad zones of quartz-sericite-

pyrite alteration, and is cut by swarms of aplite and rhyolite dikes (Seager, 1981). The 

Sugarloaf Peak monzonite is a coarsely porphyritic rock that contains an abundance of 

mafic enclaves and "autoliths" of mafic rocks types (Seager, 1981). Miarolitic cavities up 

to "several feet wide" are reported (Seager, 1981, p.64), suggestive of volatile-rich 

magma compositions. Cu(Mo)-rich styles of mineralization are broadly developed in the 
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area, along with a series of distal veins enriched in Pb, Zn, and precious metals (see 

descriptions in Lindgren, 1910 and Seager, 1981). Map patterns and associated styles of 

alteration and mineralization closely resemble the types of environments seen in the 

upper levels of many porphyry systems, such as the dike swarms and mineralization in 

the Ann-Mason area at Yerington, NV (see descriptions in Dilles and Einaudi, 1992). 

Telluride-rich styles of mineralization in the Organ Mountains are described by Lueth 

(1978), and include zones of silicification in dolomitic rocks adjacent to the contact with 

batholithic rocks, and quartz veins and breccias that contain fluorite, sulfides, and 

telluride minerals. Multiple stage of mineralization are seen in the area, and Dunham 

(1935) describes a broad zonation from pyrite-Cu(Mo) in the interior of the Sugarloaf 

Peak monzonite, grading outward to zones of Zn mineralization and more distal Pb-Ag 

along the outer contact of the batholith, with an outer fringe of fluorite-rich 

mineralization developed in the adjacent supracrustal rocks. 

Although the mineralization in the Organ Mountains is clearly associated with a suite 

of quartz-rich intrusive rocks, the association of Te and F-rich styles of mineralization 

and presence of trachytic and syenitic phases in the magmatic system is suggestive of an 

alkaline affinity. It should be noted, however, that the "trachytic" volcanic facies 

described by Seager (1981) may represent a more typical rhyolitic composition that has 

been subjected to alkali metasomatism. Alkali ratios reported in these rocks appear to be 

unusually rich in K (see analyses in Table 3, p. 54 of Seager, 1981), and are suggestive of 

K-alteration. 
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APPENDIX B: DESCRIPTIONS OF PRECAMBRIAN ROCK 
TYPES 

Biotite gneiss (Xbgn) 

The oldest rocks in area (Xbgn) occur as a large pendant(s) of interbedded 

metavolcanic and metasedimentary rocks, collectively referred to as "biotite gneiss", 

"biotite schist", or "Xbgn" (Graton, 1906; Wobus et al., 1976). These rocks have been 

locally metamorphosed to biotite-sillimanite-gamet grade, are pervasively foliated, and 

are laced with milky quartz veins. The unit is cut by younger pegmatites associated with 

several younger phases of granitoid intrusions (described below). 

This Xbgn unit can be divided into metasedimentary and metavolcanic subunits, 

along with segregations that have bulk compositions and mineralogies similar to 

granitoid rocks. The metasedimentary rocks can be distinguished by their peraluminous 

chemistries, and are chiefly composed of muscovite, quartz, and sillimanite (fig. B.l). 

Biotite, orthoclase and plagioclase, and red garnets are also variably present. 

Metavolcanic segregations are characterized by an abundance of biotite and 

amphibole, often appearing as equigranular, dark segregations within the Xbgn unit. The 

contacts between the metasedimentary rocks can be sharp or gradational, and are 

commonly marked by an increase in muscovite, garnet and sillimanite moving toward the 

metasedimentary unit. Also present are zones which appear to be foliated granitoids, rich 

in pink orthoclase, and occasionally, microcline. Further descriptions are provided by 

Graton (1906). 
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Early-Middle Proterozoic "Ajax" Granite (Xgd or Xgr) 

The Xgbn unit was first cut by large, batholithic sized intrusions of red granite (Xgr 

or Xgd), which has been variably foliated (fig. B.2). Where foliation is well developed, 

the rock appears as augen gneiss, with large prophyroblasts of red microcline, intergrown 

with fine grained quartz and plagioclase (albite-oligoclase). The reddish augen are 

supported by dark fine-grained foliation planes of biotite and magnetite. Accessory 

apatite, zircon, and sphene/rutile are variably present. 

This unit appears to be correlative with regional -1.6-1.7 Ga Boulder Creek 

granodioritic stocks, and has been provisionally assigned such an age by Wobus et al. 

(1976). Subsequent authors and maps have commonly referred to the unit as a 

granodiorite. However, plagioclase and albite are markedly subordinate to alkali feldspar 

in virtually all exposures of this rock. The rock is more appropriately classified rock as 

granite, with zones of alkali feldspar granite and syenite where igneous quartz is poorly 

developed (Graton, 1906, p. 44). The use of "Xgr" is retained to refer to this unit instead 

of "Xgd". 

A remarkable feature of this rock is an abundance of fluid inclusions seen in quartz 

and to a lesser degree, feldspars. As noted by Graton (1906, p.43-44), the igneous quartz 

is often pervaded by several generations of fluid inclusions, both in the vicinity of the 

diatreme, and outward. Descriptions and photos of these fluid inclusions are discussed in 

a later chapter. 

The provisional age of 1.65 Ga given by Wobus et al. (1976) agrees with recent 

interpretations of Precambrian evolution in the region. The pervasive foliation present in 
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the rock appears to reflect a major metamorphic event at 1.65 Ga (Karlstrom and 

Humphreys, 1998). Younger granitoid intrusions may show weaker foliations related to 

syntectonic or flow foliations developed during emplacement (Moyles and Jensen, 2001), 

but lack the strong, pervasive foliation seen in the Xgr unit. 

Cripple Creek Granite (CCg) 

Both the Xbgn metasedimentary package and the Xgr granites are cut by a leucocratic 

granite, locally referred to a "Cripple Creek granite", and more recently has been 

reclassified as "Cripple Creek quartz monzonite" (Ycc of Wobus et al., 1976). Largely on 

the basis of a Rb/Sr age date of 1.43 Ga (Hutchinson and Hedge, 1968), and mapping by 

Wobus et al. (1976), the Cripple Creek granite has been correlated with the emplacement 

of the Silver Plume quartz monzonite plutons in central Colorado. Subsequent maps of 

the area (including Wobus et al., 1976) refer to this unit as the "Cripple Creek Quartz 

Monzonite". However, as recognized by Graton (1906), and on the basis of its 

mineralogy and chemistry, the rock is more appropriately classified as a leucogranite. 

The CCg is more equigranular than the older Xgr unit, although it locally contains 1-

2cm phenocrysts of orthoclase which commonly exhibit a pronounced foliation (fig. B.3; 

Moyles and Jensen, 2001). The rock is chiefly composed of orthoclase and quartz with 

subordinate microcline, plagioclase and mafic minerals. Biotite, magnetite, and 

occasionally hornblende are seen. Muscovite is typically present as an alteration mineral 

replacing plagioclase and biotite (fine grained sericite), but also as euhedral magmatic 

grains which are commonly intergrown with biotite, reflecting a peraluminous chemistry. 

Cogenetic pegmatites associated with this phase of intrusive activity are typically 
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strongly peraluminous and contain significant muscovite and red garnet of unknown 

composition. Where its sparse mafic minerals have been altered, the rock takes on a 

siliceous, bleached appearance, in some cases has been mapped as "alaskite". 

The stability of igneous muscovite in the rocks requires emplacement at significant 

depths (>5 kb). 

Pikes Peak Granite (PPg) 

At 1.05 Ga (Smith et al., 1999), the Pikes Peak batholith and associated pegmatites 

and peralkaline stocks were emplaced. The batholith borders the northern edge of the 

diatreme complex, but its associated pegmatites cut all older Precambrian rocks 

throughout the area. Pike's Peak granite is chiefly composed of red-pink alkali feldspar 

with subordinate quartz, plagioclase, biotite and magnetite with accessory apatite, zircon, 

and occasionally fluorite (fig. B.4). It is distinguished from the CCg by its equigranular 

texture (lack of lath-shaped phenocrysts), and lack of igneous muscovite. Foliations are 

typically absent. Smith et al, 1999, and Beane et al., 1999 offer detailed description of the 

Pikes Peak batholith and its associated intrusions. 

Fayalite syenite and related units 

A prominent, oval shaped syenitic intrusion of Precambrian age is located just 

northwest of Cripple Creek (fig. 1.1 and 1.2). The intrusive complex exhibits a border 

phase of olivine gabbro with an interior core of olivine (fayalitic) syenite. At least five 

mapable units are present within the complex, as documented by Sage (1966). Graton 

(1906) describes the syenite as being chiefly composed of microperthitic feldspar with 

subequal amounts of zoned pyroxene and iron-rich (fayalitic) olivine. Quartz is present as 
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an interstitial mineral, and feldspathoids have not been described (Graton, 1906), 

suggesting that the melt became quartz saturated in its later stages of crystallization. The 

rock is dark, with a variegated olive to red color, and appears very similar to other 1.05 

Ga fayalite granites and syenitic to the Pikes Peak batholith (Beane et al., 1999). 

Hutchinson and Hedge (1968) report an age date of 1.02 Ga (Rb/Sr) for the Cripple Creek 

fayalite syenite. 

A particularly interesting feature of the syenitic intrusive complex is the development 

of magnetite + apatite replacement bodies in country rock along the periphery of the 

intrusion (Sage, 1966, p.46). This development of magnetite rich alteration is also 

reflected by the locality's name "Iron Mountain" (Graton, 1906, p. 53). Geophysical 

surveys show a well defined annulus of highly magnetic rocks around the periphery of 

the intrusion, which appears to reflect the presence of magnetite+apatite alteration. 

Actinolitic amphiboles have been described by Sage (1966) as replacing pyroxene inside 

the intrusion. 

While the syenitic intrusion lies outside of the Tertiary diatreme, phonolite/trachyte 

intrusions border the syenite to the north, and weakly developed mineralization has been 

reported in the syenite stock and its vicinity (Sage, 1966). 

Anorthosite 

In and around the olivine syenite stock are smaller intrusions of anorthosite. This rock 

is currently exposed in several prospect pits along the eastern margin of the syenite stock. 

The rock appears white-gray, and is chiefly composed of large plagioclase crystals 

(locally developing a pegmatitic texture). The plagioclase laths exhibit prominent 
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polysynthetic twin planes, and in some cases, labradorescence. Graton (1906) suggested 

that decomposed mafic mineral sites present in the rock represent weather olivine 

crystals. The labradoritic plagioclase is similar to plagioclase compositions observed in 

the border phase of olivine gabbro (Sage, 1966), and thus the anorthosite appears to be 

genetically related to the syenite stock (Graton, 1906). 

Precambrian lamprophyres 

Also present in the area of the syenite stock (and perhaps elsewhere in the region) are 

lamprophyre dikes which have been assigned a provisional Precambrian age (Sage, 1966, 

Wobus et al., 1976). These dikes occur as dark-green, clay-altered masses with large 

amphibole phenocrysts, along with biotite, pyroxene, and possibly olivine (now altered to 

serpentine + clays). These rocks are very similar in appearance to Tertiary lamprophyres 

found in and around the diatreme. However, large amphibole phenocrysts are not seen in 

the Tertiary dikes, and the spatial association of the amphibole-rich lamprophyres with 

the olivine syenite complex is suggestive of a relationship to the syenite. 

Based on their mineralogy, these dikes closely resemble Precambrian lamprophyres 

associated with late-stage peralkaline phases of the Pike's Peak batholith. Similar 

lamprophyres are found in close association with other fayalite granites and syenites 

elsewhere along the periphery of the Pikes Peak batholith. 

Diabase 

Small intrusions of diabase are present throughout the area, and are commonly seen 

cutting the Ajax granite (fig. B.5). These diabasic intrusions form small lenticular masses 

and dikes within the older Precambrian rocks. They are distinguished from Tertiary mafic 
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rocks by weakly developed foliation along their margins, lack of phenocrysts, and fine 

grained, ophitic textures. The rocks appear as compact, indurated masses of 

clinopyroxene and plagioclase with a prominent ophitic texture visible with a hand lens 

or microscope. Magnetite is abundant in these rocks, and samples of unaltered diabase 

strongly attract hand magnets. 
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Figure B.la; sample of Precambrian (~1.7? Ga) peraluminous schist. Note presence of muscovite 
porphyroblasts. Also typically present in these rocks are sillimanite and accessory gamet. Magnetic 
susceptibility meter for scale. Note that the meter is registering zero counts; low magentism is 
characteristic of metasedimentaiy rocks in the area 

Figure B.lb: typical appearance of 
Precambrian (~1.7? Ga) peraluminous schist. 
These rocks tj^ically contain discordant bands 
of quartz veins, quartz-feldspar-gamet 
migmatites, and pegmatitic quartz-feldspar 
segregations cutting mica-rich schist. Note 
presence of mica porphyroblasts in lower left. 

H 

• 
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Figure B.2a: example of ~1.6 Ga alkali feldspar granite from Victor area. Note presence of augen 
phenocrysts-porphyroblasts of alkali feldspar (pii5c). White minerals are plagioclase, gray minerals are 
quartz, black minerals are mixtures of biotite and magnetite. White, cloudy minerals just below image 
center are Ti-rich alteration products (leucoxene). 

Figure B.2b: typical appearance of batholithic 
~1.6 Ga alkali feldspar granite (Xgr) from Victor 
area. Note presence of augen gnessic textures; 
in these rocks range from strongly foliated 
(typically strongest along margins of the 1.6 Ga 
baAolith), to equigranular. These rocks are 
characterized by an abundance of pink feldspar 
phenocrysts-porphyroblasts, and locally exhibit 
compositions of aDcali feldspar syenite. 
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Figure B Ja: Lineation of feldspar megacrysts in 1.4 (?) Ga Cripple Creek quartz monzonite (CCg). These 
textures are most strongly developed along the periphery of this intrusion. 

Figure B.3b: contact between Cripple Creek quartz monzonite and older metasedimentary/metavolcanic package; 
shown here are boudinaged segments of granite (CCg) dikes cutting amphibolite metavolcanic (metabasalt?) unit 
along margin of Cripple Creek granite batholith. Note conformity of dikes and foliation, but clear evidence for post-
dike deformation. TTiis deformation either coincided with emplacement of the adjacent batholith, or represents a 
younger event. 



Figure B.4: Sample of ~ 1.05 Ga Pike's Peak granite. This granite is distinguished from other Precambrian 
granitoids in the area by its equigranular texture. 

Figure B.5: intrusive mass of Precambrian diabase within the Cripple Creek city limits 
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APPENDIX C: TABLES OF CROSS CUTTING RELATIONSHIPS 

Table C.l gives examples of relevant cross-cutting relationships, as observed around 

the Cripple Creek district. These data, as well as relationships from maps (Plates 1 - 5), 

and data from Table 5.3 were used to develop the time-space framework for the evolution 

of the magmatic and hydrothermal systems. 



Table C.1; examples of relevent cross cutting relationships amongst rock types, alteration and mineralization 

: Type:; First event Mtneralogy Second event Mineralogy Third event • Mineralogy ' Fourth Event Mineralogy Location Source Notes 

melanocratic augite 
bearing phonolite 

20% mafic phenocrysts 
up to 0.5cm (augite?). 
White feldspars of 
smaller size account 
toe 60-70% of rock 

,mas&. Fine 
disseminated n>afics 
(5%). AbuTKlam 
magnetite. 

dike altered to gray 
color. 5% white 
feldspar 
phenocrysts up to 

. ... . ... 0.5cm. Phenocrysts 
porphyntic phonoltla . . ^ 
^ ^ replaced by senctle 

(clay?). 
Groundmass is 
hard, bluish, and 

.pervaded by pyrite. 

drill log 

L Xgr 
nepheline 
monzosyenite 
intrusion 

UGC-97-5-1407-
1582 

L 

large body of 
aphanilic phonolite 
in center of south 
pit, 10150 elev 

heterolithic breccia 
(monolithic w/ aph 
clasts at center) 
which cuts up along 
the aphanitic 
phonolite body. 

hydrothermal 
breccias (cemented 
by quartz) cutting up 
trough both 
volcanic breccia 
(event2)and 

aphanitic phonoNte. 

Center, South Pit personal notes 

L 
augite phonotephnte . ^ i k i i, . . phenocrysts up to 1 aphanitic phonolite 
dfkesindeep . , .. ' ..7 

. cm tn melanocratic dike 
' vindicator • 

dike 

V-7.230-261 drill log 

L :N2 dike, Altman pit 
baldwin vesicular, 
aphanitic phonolite 
dike 

Altman pit highwatl 

L 
"L-J" phonolite dike 
and adjacent 
porphyritic phonolite 

NO dike. Altman pit • Altman pit highy^rall 

L 
phonolite with 15-20% feldpsar 
seriate porphyrit/c phenocrysts up to 
texture 5mm 

PhK 

5-15% feldspar 
phenocrysts up to 
10mm; typical 
porphyritic phonolite 
seen in upper levels 
of Cresson Pit 

9925 South Pit 

; Marc Melker. 
personal ; 
communication. 
•1999 

L 

heterolithic breccia 
with aph/porph 

lamprophyre l>recci3^^°"°'''®' 
(CressonI and amprophyre 

clasts in rock 
flour/lamprophync 
matrix 

hydrothemial 
breccia 

abundant dasts of 
coarse phonolite 
porphyry in a matrix 
of FeOx, Clay and 

Quartz 

CC-98-r8-444-490 

• 

drili log 



Table C.I con't 
'Type:; First event Mineralogy Second event Mineralogy Third event Mineralogy Fourth Event Mineralogy Location Source Notes 

L breccia PhK 
nepheline 
monzosyenite / 
monzodiorite 

School Section 
Mine, 4lh 

: Koschmann field 
: notebook 2865. p.22 

L 

purple porphyritic 
volcanic rocks SW 
of LitUe Pisgah in 
prospects quartz 
phenocfysts 
(xenocrysts?) 

aphanitic phonolite 
dikes with distinctive 
reddish coloration 

SW of Little Pisgah 
Koschmann field 
notebook 2869 p. 4' 

L PhK oatmeal phonolite 
Koschmann field 

Moose Mine, level 6 notebook 2872, p. 
47 

L "white syenite" leucocratic syenite "dark syenite" 
melanocratic syenite 
(monzosyenite?) 

Eagles 11 38-K-
105a 

'Kosdiamnn field 
! notebook 2877 p. 41 

L "dark syenite* 
melanocratic syenite. ... 

"while syenite 
(monzosyenite?) ' leucocratic syenite Eagles 17 38-K-37 

Koschamnn field 
notebook 2877 p. 14 

L diabase breccia 
Anchoria Leland 4 
39«K-6 

„  .  . . .  6 "  c l a s t  o f  d i a b a s e  
within 

notebook 2879, p 4 

L latite phonolite 
nepheline 
monzosvenite 

phonolite 
Hull Cily9 41-K-
62.63 

Koschamnn field 
i notebook 2881 

L nepheline 
monzosyenite 

"oatmeal" latite 
Index Mine. 5 41-K- Koschamnn field 
82 notebook 2881 p. 35 

L 
augite phonotephrite 
dikes in deep 
Vindicator 

Porphyritic phonolite 
w/ 5% phenocrysts 
up to 1/3cm 

V-2-162 drill logs 

L 
augite phorratephrite 
dikes in deep 
Vindicator 

Porphyritic phonolite 
w/ 5% phenocrysts 
up (0 1/3cm 

V-4-77 

i some of these dikes I 
... alsewhere show 
dniNogs evidence of former j 

biotite phenocrysts 

L porphyritic phonolite Fine grained 
porphyritic phonolite 

V-4.1014 drill logs i 

L 
augite phonotephrite 
dikes in deep 
Vindicator 

aphanitic phonolite 
dike 

V-7-234 

same dike as 
^example of "augite , 

; drill logs phonotephrite" 
.grading into 
"oatmeal porphyry" ; 

L 
augite phonotephrite 
dikes in deep 
Vindicator 

leucorcratic. fine 
grained phonolite 

V-7-253 
' same dike as V-7-

idrilllogs !234 cross cutting 
' relationship i 

L 
augite phonotephrite 
dikes in deep 
Vindicator 

leucorcratic. fine 
grained phonolite 

V-7^17 drill logs 



Table C.I con't 
Type: First event Mineralogy Second event Mineralogy Third event Mineralogy Fourth Event Mineralogy Location Source j Notes 

augite phonotephnte 
L dikes in deep 

A/indicator 

aphanitic phonolite 
dike 

V-7-655 drill logs 

PhKwjth6% 
^ : feldspar 

phenocrysts up to 
1/2cm 

aphanitic phonolite 
dike 

V-11-495 drill logs relationship inferred 

Cresson 
L lamprophyre breccia 

(Cresson) 
lamprophyre dike 00-98-78-494-497 drill log 

L Vbx pervasive af/sp alt 
PHO monolithic 
breccia 

large PHO dasts 
with intense Kf/py 
alt. and af/sp 
alteration 

10000 level. S end , . 
of Spit pefsonal notes ^ 

L Vbx PHO dike 

af/sp alt in interior, 
Kf/py w/Au 
mineralization along 

margins 

10000 level. S end • . ' ' 
of Spit personainotes 

L Vbx 
monolithic breccia of 
porrtiyritic phonolite 
in sulfide matrix 

10000 level, Send personal notes see : 
of Spit sample sample 1152 

L Vbx PHO dike 
: subhorizontal 
aphanitic phonolite 
dike 

10000 level, S end , . 
ofSpit personal notes ^ ; 

^ subhorizontal Aph 
dike (porpoise dike) PHO dike 

10000 level. Send , . ' 
OfSpit personainotes 

L Vbx 
fluizied breccia Mriih 
clasts of Vbx 

megacrystic 
porphyry (PHO) 

10-15% feldspar 
phenocrysts 11/2 >2 seriate porphyry 
cm in length 

25-30% feldsoar twth phonolite dikes 

pt,enc^sts<a5cn,"'̂ -®'-^-''»»- notes framdrf,Nogs.^ 
in dialler ;TOrgms intrusion , 

:brecoas) 

L Xgr aph dikes :UGC-97-5-0-1275 drilllog 

i PHK (typical "cap 
rock' phonolite) 
15% lath-shaped 

^ , mafic phenocrysts 
(>aegerine)less 
than 2mm and 10% 
Feldspar 
phenocrysts <5mm 

PHO (coarsely 
porphyritic phonolite 
dike) 

south Cresson Pit personainotes 

LV lamprophyre fluorlte 
incoporation wilhln 
Dante Collapse 
breccia 

. Dante Collapse Loughlinand 
breccia Koschmann. 1935 

nephelene 
monzosyenite 

melanocratic 
phonolite (fine 
grained black-green 
mafic dike) 

aphanitic phonolite 
dike 

intense Kf/py which 
cuts all lithologies 

. See sample RS- -

iuGC-96.2-1666 -""l 
assooated ! 
geochemistry 

Ui 
U) 



Table C.I con't 
Type: First event Mineralogy Second event Mineralogy Third event Mineralogy Fourth Event , Mineralogy Location Source Notes 

V 

,1/2" quartz veins 
with dogtoothed 
crystals meeting at 
centerline 

1/4-1/2" white 
adulana veins 

UGC-97-4-1881 drill log Emery 
Quartz veins clearly 

ioffset by adulana 
veins. 

V 

adularia vein in 
• ^ . zone of "glassy" K-
adulanavem . .qz/pyvein 

alt in Bx at margin of ^ 
meianocratic dike 

V-4-63.5 drill log 

V 
. 1 onhodasevein 
orttiodase vein ... .. ... . , 

With biotite halo 
bio veins V-12-228.7 drill log 

V 
niassive cartonate 
vein 

gypsunVanhydrtte 
vein 

UGC-97-5-253S Sample 

V 

bio/Mt veins in 
nepheline ... ... 

.. .... bio, Mt 
monzosyenite Sill in 
Xgr 

hematite, 
chlorite/day, C03 
after magnetite and 
biotite. respectively 

Hm, Chi. CI. C03 

large, pink 
orthoctase veins ± 
hen^tized 
magnetite 

Or±Mt 

qz veins (in turn cut 
t>e later C03 veins) 
with accessory 
pyrite, celestite and 
base metals 

UGC-97-5-1442 drill log 

jCompiex series of ; 
veining, puntuated . 

; by Intervals of 
"propylitic" 
(hm.chJ.d.C03) 

, alteration, involving 
the hematization of 

magnetite in the 
blo/mt and later 
or/mt assemblage. 

V celestite veining Celestite grains CaCOS vein CD-4 SEM image CD4a 
Carbobate vein cuts, 
celestite 

! grain/veinlet 

V 
telluride/Celestite 
bearing quartz vein CaC03 vein CD-4 SEM 

; Clear cut 
i relationship 

V 
Kspar mineralization 
in lamprophyre 

celestite 
microveinlets 

CO-4 SEM 1 : 
f 

V 

quartz/adulana vein 
with centerline 
carbonate and pyrite 
nch alteration halos 
cutting nepheline 
monzosyenite 

cart>onate vein with 
sulfidation halo 
(pynte replacing 
mafic minerals 
adjacent to vein) 

FWC-2 petrography 

V 

hydrothermal .... 
,• ,Vbx. phonolite breccatJonofTbxIl ' . . 

(black sulfide^ict, 
Luix) KF.qz(?)matn* 

quartz, fluorite, 
pyhie matrix 

qz. fl. py CC-98-91-530-550 drill log 

' Fluorite and quartz < 
ifil vugs and open 
'fractures within 
1 hydrothermal ' 
breccia 

V lamprophyre dike biotile veining bio 

center of South Pit, 
9925 elev. adjacent 

,(0 high grade zone 
of mineralization at 
margin of PHO dike 

personal 
observation 

samples in 
'representative 
1 alteration suite in 
CoUentz building ; 



Table C.1 con't 
! Type:: First event Mineralogy Second event Mineralogy ! Third event Mineralogy Fourth Event Mineralogy Location Source Notes 

V 

.aphanitic phonolite 
breccia at margin of 
aphanitic phonolite 
body 

intense (k=S) Kf/py ; 
alteration and 
sulfide veining 

FeC03 veining with 
subordinate quartz, 
pyrlte 

CC-98-91-680-700 ; 

1 

V 
crthoclase/biotite/m 
agnetite veins 

,green amphibole 
veins 

carbonate/pynte 
veins 

V-17-868 

the youngest evel ' 
(C03/py)hadthe ; 

1 effect of hematizing. 
the magnetite from • 
the previous event ! 

V 
early Adularia iiniing 
wallofvien 

later quartz/adularia 

rhombic pink 
cart>onate veins 
gowing into vuggy 
centerline 

bolryoidal(?) clear 
calcite (round, clear 
crystals in vein 
centerline and open 
space) 

;DDHS-8-534. ^ . 
eastern sub-basin • " ^ 

stockwork veininig ! 
surrounded by zone 

; of bleaching. ; 
i sulfidation in PhK 
i(seePS-DDHS-8- i 
,533,521.5) 

V cart>onate veins gypsum veins UGC-97-5-2532 
: dear relationship 
between anhydrite ; 
and cart>onate ; 

V 
open space filling by 
euhedral qzand o. 
veins 

carbonate vein UGC-97-5-2513 

V 
' phonotephrite dike 
cutting Xgr 

fine grained 
quartz/pyrite veins 
with biotite halos 

cartx>nate vi/iens 
with occasional 
euhedral quartz 
crystals and pyrite 
(base meatals) 

UGC-97-5-1612 
• 

V 
red ofthodase veins 

' (biotite stable) with 
pyrile 

vuggy quartz veins 
:yellow euhedral 
quartz filling 

UGC-97-5-1220 ; 
V 

: phonotephrite dike ; 
1 cutting Xgr 

orthocalse/pyite 
veins (biolile stable) 

: cartx^nate veins 
with traces of quartz 
and pyrite 

UGC-97-5-1622 

V 
carbonate 
stockwork veining 

quartz veins GT-S6-1-785R 
• 

V 
lamprophyre dike 
(Moose) fluoritevein 

Moose Mine. Level : Loughlin field ; 
15 : notebook #2667, p.4 

V 
tetrahederite 
quartz 

quartz 
Dolly Varden 6th 38;Koschamnn field 
K-46 notebook 2877 p. 17: 

V pyrite sphalerite ; vuggy quartz 
Anchoha Leiand 1 Koschamnn field 

: 39-K-2 : notebook 2879. p.2 

V fluorite celestite-barite 
Orpha ^y 17 ;Koschmann field 
Buena Vista Vein 33^^ p 3^. 

V pyhte 
tetrahderite 
(molybdenite?) 

.quartz :calaverite/f)uorite 
Molly Kathleen Koschmann field 

> 10(?) 39-K-dO notebook 2879 p. 45 ! 

V metallic minerals cartxinate minerals 
Molly Kathleen 7 39-Koschamnn field j 

! K-103 ; notebook 2879 p. 50 



Table C.1 con't 
; Type:; First event Mineralogy Second event Mineralogy Third event Mineralogy Fourth Event Mineralogy Location Source Notes 

V cart>onate base metals (sphal, 
galena) 

Index Mine. Level 5 Koschamnn field 
41-K*87 notebook 2881 p. 36 

V fluorite metallic minerals 
(type undescribed) 

carbonate sphalerite 
. . ... , , ^ Koschamnn field 
index M,ne. Level 5 233, p. 37 

V fluorite cart>onate base metals ; fluorite+quartz 
Index Mine, Level 5 Koschamnn field 
41-K-89-ab-c notebook 2881 p. 38 

V carbonate quartz + fluorite 
Index Mine. Level 5; Koschamnn field 
41-K-94 inotebook2881 p. 40 

V fluorite galena 
lateer stage of 
fluohte 

Jndex Mine, Level 5; 
(south end of ' Koschamnn field 
pointer drift) 41-K- notebook2881 p. 44 
105 

V cart>onate 
galena and 
sphelarite 

telluride 
mineralization 

. . ... , Koschamnn field 
index Mme. Level 7 2881 p. 47 

V 
outer halo of 
cart>onate pyrite 
adjacent to wall rock 

fine grained quartz 
with "explosion" 
textures 

V-19-403 drill logs i 

V pyrite vein galena vein V-8-37.5 
SEM 
image/description 

V co3-cel-py vein 

Kf/py halo 
(immediately 

; adjacent to vein is 
thin albitic halo) 

apatite - Ca-Ce vein V-17-848 
SEM 
image/description ' 

V 
celestite 
mineralization 

cartx>nate vein CD4 
SEM 

! imane/description i 

V Fe.Mg cart}onate caldte/quartz DOHS-8-8165 
jSEM 
i image/description 

V 
adularia as outer 
halo 

Ca.Fe C03 :CaC03 FWC-23 

Multj-stage vein with, 
SEM i pyrite cutting Kf/py j 

I image/description altered aphanitic 
phonolite in syn | 

V albite 
CaC03 centerline 
fill 

all cut by celestite-
barite veinlets 

CC92-46-404 
SEM 
image/description 

V Xgr lamp Kfeldspar veins 

galena * carbonate 
+ pyrite veins with , 
abundant REE and 

. Zr phases 

3100 level. Ajax 
Mine 

SEM Silver mineralization i 
image/description iinA30hole? 

V Xgr orthoctase vein 
sulfides/sulfate/ 
REE/ Base metals 

UGC-97-5-2058 
;SEM 
. imaqe/description 

V pink fledspar vein quartz-fluorite vein 
Carbonate Queen at.. . ' 
level of Roosevelt i ^oschmann leve. o Kooseveii Notebooks. 2863 
Tunnel 



Table C.I con't 
Type:: First event Mineralogy Second event Mineralogy Third event ^ Mineralogy Fourth Event Mineralogy Location : Source i Notes 

V diabase 
veins in area of 
secondary 
biotite+pyrite 
alteration 

pyrite-day vein with 
pyrite cubes up to 
1cm in diameter 

GVC-92-4^591 
sample collected 

,2/5/02 

V pink fledspar vein 
sulfide vein filling 
centeriine of 
feldspar vein 

quartz-fluorite vein ,26-L-12 
: from Koschmann 
: sample collection 

A 

af + sp± C03 alt 
associated with 

' emplacement of 
lamprophyres 

Kf/py alteration (± 
day. sericite) 

see microprobe 
analyses 

CC-98-78-
560.561.603 

; seen throughout drill 
1 hand samples, drill ; hole CC-g8-78 with 
log ! veins of 

, C03/QZ/sulfale 

A 
emplacement of 
Cresson Pipe 

silicification 
lintense 
replacement of rock 
fabric by silica/py 

CC-98-78-605 

! 

drill log 

A 
specularite 
alteration in Vbx 

Kf/py alteration in 
and surrounding 
subhorizontal 
aphanitic phonolite 
dike 

supergene 
oxidation/argillizatio 
n of Kf/py alteration 

10000 level. S end 
of S pit 

personal notes 

A 
af/sp alteration in 
oatmeal (seriate) 
porphyry dike 

Kf/py alteration 
encroaching upon 
margins of the dike 

UGC-97-4.1722-
1736 

notes from drill logs; 

C03/py/hm after 
mafic minerals. 
biotite halo is 

biotite +• magnetite preserved, and is • 

forming shreddy now seen forming ' : 

halos around mafic 
cart>onate/pyrite/he 
matite 

rim around 
A secondary biotile minerals In 

cart>onate/pyrite/he 
matite 

C03/py/hm Interior V.7-231.246 sample RS-V-7-246 
nepheline 

cart>onate/pyrite/he 
matite 

of former mafic 
imonzosyenite sites, microveinlets : • ' 
intrusion of C03/py are seen 

cutting entire grain 
and groundmass of 
sunrounding rock 

Kf/py alteration 1 • 

lamprophyre dike 
A cutting aph/x 

contact 

invading 
lamprophyre from 
both margins. 

; alteration most ; 

CC-98.83-785-788 notes from drill logs ' 
" : contact wilhaph 

lamprophyre dike 
A cutting aph/x 

contact encroaching 1>2' 
from dike margin. 

jdike 

pervasive K-
A feldspar/pyrite 

alteration 
Kf/py :f1uoritevein GT-98^-4935 

SEM/microporbe 
notes i 

A af/sp alteration 
carbonate vein with 
albitic halos 

centeriine quartz , 
intergrown with 
cartx)nate 

;DDHS-8-8185 
; i ' 



Table C.1 con't 
Type: First event Mineralogy Second event Mineralogy Third event • Mineralogy Fourth Event Mineralogy : Location Source Notes 

porphyritic phonolite lamprophyre 
Kf/py alteration 
along margin of 
lamp 

CR1670-1145 notes from driillogs i 

A 
•'Syn'dike in Altman 
pit (west end of pit) 

af/sp alteration 
. Kf<py alteration 
along margins 

supergene oxidation 
and aî illization 

Altma pit highwall ; 
personal notes 

A 
pinto lamprophyre 

' dike. Altman Pit 
af/sp alteration Kf/py alteration Altman pit highwall ' ' 

A 
Cripple Creek 
'Brecda 

, bio/mt/py alteration Kf/py alteration 
' Outcrops atong road 
near index and 
Pointer veins 

A ! porphyritic phonolite 
biotite/mtApy 
alteration 

Outcrops along road 
near Index and 
Pointer veins i 

A 
bedded 
volcanodastic 
sediments 

af/sp alteration Kf/py alteration 
Cameron, Pinnade Loughlin and 
mines Koschmann, 1935 

A vug filling ankerile vug filling calcite Distirct in general - qqc 
® Koschmann. 1935 

A brecda 
biotitization along 
joints 

"shows fine breccia 
Anchoria Leiand 1 j and biotization along 
39-K-38 joints adjacent (0 

phonolite 

; nepheiine 
monzosyenite phonolite 

'Koshmann field 
Portland 21 39-K-50 notebook 2979 p.21 

22 

A 
Kf alteration with 
quartz ad traces of 

! pyrite and oxides 
lamprophyre brecda MTl733cnt 

.SBM : 
image/description 

A ,quartz-biotite+/-
muscovite s^ist 

phonolite dike albitization 
K-feldspar pyrite i 
alteration 

SIC-93-1-493.8 SEM 
image/description 

A N-series dikes. 
Altman 

Kf/py alteration Altman pit highwall 

A ; porphyritic phonolite 
ortnodase (?Vpy 
vein 1/4" thick 

Outcrops along road 
near Index and 
Pointer veins 

dast Of PHK in LDx 
pervasive alkali with gray color, and 

' feldspar alteration fine grained 
; with disseminated disseminated pyrite. 
pyrite Phenocrysts are 

doudy. 

PhK clast 
incorporated within 

lamprophyre brecdaa dark green, cartxinate veining 
magnetic 
lamprophyric matrix 

GT-1-96-161 sample 
evidence for pre-
lamprophyre sulfide: 
mineralization 

A 
biotite-pyrite-mt 
alteration 

bio-mt-py alteration incorporation of 
seen in dast of Vbx dast into 
in Cresson brecda lamprophyric matrix 

GT-96-1.156 



Table C.1 con't 

Type: 

V vein 

L lithotogy 

A pervasive alteration 

Mineral abbreviations: 
ab albite co3 carbonate il 

af alkali feldspar cpy chalcopyrite kaol 

ana analcime dik dickite Kf 

ap apatite fl fluorite leu 

bar barite gn galena ml 

bio biotite ha haloysite mo 

eel celesb'te hm hematite Na-amph 

ros roscoelite 

si sphalerite 

so4 anhydrite/gypsum 

sp specularite 

tel tellurides 

tet tetrahedrite 

ti titanite (sphene) 

Rock type abbreviations: 
PHO potphyritic phonolite intnjsion with megacrystic phenocrysts 

PhK early prophryritic phonolite 

Aph late stage, aphanitic phonolite 

Vbx heterolithic volcanic breccia with lapilli sized rock fragments 

phengitic illlte Na-fs sodic ferrosalitic pyroxene 

kaolinite nos nosean 

K-feldspar or orthoclase 

leucoxene phi phlogopite 

magnetite py pyrite 

molybdenite qz quartz 

blue, sodic amphibole REE rare earth element minerals 

Ul 

VO 
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APPENDIX D: ADDITIONAL DISCUSSION OF PHONOLITES 

Numerous names and subdivisions have been applied to the phonolitic and 

tephriphonolitic rocks in the Cripple Creek district. Cross (1887,1895) initially described 

phonolites, trachytic phonolites, syenite porphyries, and andesites, which were 

reclassified as phonolites and latite-phonolites by Graton (1906). Graton's nomenclature 

was used by Thompson et al., (1985) and modified by Birmingham (1987). Most of these 

rocks belong to a continuum of compositions, and basing distinctions on subtle 

differences in mineralogy or chemistry is not always appropriate or possible in the field, 

especially where rocks have been altered. 

Field geologists working in the district have further complicated matters by mapping 

phonolites, "hornblende phonolites", "biotite phonolites", and "mafic phonolites". The 

predominant mafic phenocryst in most phonolites is aegirine-augite, which forms slender, 

elongate crystals in many rocks. These minerals have often been mistaken for amphiboles 

in the field (see discussions in Cross, 1895, p.28, and Graton, 1906), especially where 

altered. Upon close examination, many "homblende phonolites" proved to have mafic 

minerals dominated by aegirine-augite. Likewise, biotite-bearing phonolites are certainly 

present in many areas of the district, but several examples of "biotite phonolite" have 

proved to be typical phonolites with hydrothermal biotite. In turn, the term "mafic 

phonolite" has been applied to rocks with abundant mafic phenocrysts of varying types, 

some with Si02 concentrations of less than 50 wt. %. This is equivalent to using the term 

"mafic rhyolite" to describe andesites and basalts; rocks should instead be referred to by 

an appropriate TAS classification. 
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It is proposed that most of the felsic alkaline volcanics found in the Cripple Creek 

district be referred to as part of a "phonolitic series", and subclassifications be limited to 

descriptive adjectives. Rocks should be referred to by their TAS classification, with a 

mineral modifier used only when clear identification can be made, and only when the 

mineral is of a primary igneous origin. In this thesis, phonolites have been referred to as 

belonging to an "early series" (those emplaced before the generation of mafic rock types 

such as nepheline monzosyenites and phonotephrite), and "late stage phonolites" (those 

that clearly cut nepheline monzosyenites and phonotephrites). While chemical and 

mineralogical differences can be used to distinguish these rocks (late stage phonolites are 

distinctly peralkaline and radioactive), the primary means of distinguishing these rocks 

are their timing relationships seen in the field. 

Textural and mineralogic variations in phonolites 

Phonolites vary in texture between trachytic aphanitic intrusions and distinctly 

porphyritic rocks with alkali feldspar or plagioclase "phenocrysts" up to 2cm in length. 

While feldspar phenocrysts may be very difficult to identify in dark, unaltered rocks, 

incipient weathering or hydrothermal alteration often accentuates their textures (see fig. 

4.13). When altered, many porphyritic phonolites exhibit clusters of white phenocrysts 

supported by a darker groundmass, which look as though flakes of oatmeal have been 

scattered across the dark surface of the rock (see fig. 4.13). These rocks are referred to as 

"oatmeal phonolites" and have been mapped in the district as such for nearly 80 years. It 

should be recognized that the designation of "oatmeal phonolite" is made on the basis of 
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a style of alteration, and their mapped distributions do not necessarily reflect the 

distribution of a discrete igneous rock unit. 

As described above, petrographic examination of "oatmeal phonolites" has shown 

many of their "phenocrysts" to be polygranular clusters of feldspar crystals or crystal 

fragments, many of which have cleaved or broken margins (see fig. 4.13). Most clusters 

are composed of intergrown orthoclase and albite-oligoclase-andesine feldspars. These 

appear to be xenocrysts and fragments derived from coarse-grained, feldspathic intrusive 

masses which are not seen in the near surface environment. Clasts of similarly coarse

grained intrusive rocks are frequently found as xenoliths in phonolite intrusions (see fig. 

2.5) throughout the district. These xenoliths are coarse grained syenitic rocks with 

abundant, large feldspars that are similar to the xenocrystic crystal fragments seen in 

many phonolites. Also present in the coarsely crystalline syenitic rocks are feldspathoids, 

green pyroxenes, and magnetite. Many examples of "latite-phonolite" or "plagioclase 

phonolite" appear to be typical phonolitic rocks with have entrained plagioclase and 

orthoclase xenocrysts during ascent. 

Single feldspar (sanidlne-dominant) and two-feldspar 
(plagioclase-bearing) phonolites 

Some phonolites contain authigenic plagioclase crystals, both as phenocrysts and as 

groundmass constituents. Plagioclase bearing rocks also contain orthoclase (or K-

sanidine), and low, but persistent abundances of hornblende (fig. 2.11). Ignoring the 

xenocrystic fragments, phonolites can be divided into two groups; plagioclase bearing 
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phonolites with complimentary K-feldspar (latite-phonolites of Graton, 1906), and single-

feldspar phonolites composed chiefly of sodic sanidine. 

The single-feldspar, sanidine bearing phonolites typically lack hydrous minerals such 

as hornblende, and contain 10-20% aegerine-augite in the groundmass. Euhedral 

sanidine phenocrysts up to 2cm in length are common, but rarely account for more than 

5% of the rock (these differ from the xenocrystic fragments in that they are euhedral, and 

show much less evidence of fragmentation). Sanidine phenocrysts are typically sodic 

(microprobe analyses are given below), with mol Na > K, and in some cases can be 

classified as anorthoclase. They typically exhibit a prominent Carlsbad twin, and are 

optically and compositionally similar to sanidines in the groundmass. 

The compositional range of two-feldspar, authigenic plagioclase-bearing phonolites 

overlaps with the single feldspar phonolites, but also extends to more mafic chemistries 

(see fields for the early phonolite series and late stage phonolites in fig. 2.3; phonolites 

with two feldspars extend toward the tephriphonolite fields in fig. 2.3). This suggests 

that the development of single and two-feldspar phonolites may be influenced by: 

differences in cooling histories or emplacement styles of compositionally similar 

magmas; rocks with single, hypersolvus feldspars may reflect rapid 

crystallization at hypersolvus temperatures, while two-feldspar rocks may reflect 

slower cooling and crystallization/recrystallization under subsolvus conditions, 

composition differences; the abundance of H20-rich phases (i.e. hornblende) in 

two feldspar rocks suggests more hydrous chemistries, which may have acted to 
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lower solidus temperatures and contributed to crystallization of feldspars under 

sub-solvus conditions. 

Vuggy textures in late stage phonolites 

Another notable characteristic of these rocks is their tendency to develop vuggy 

textures when altered. Many altered late stage phonolites have voids elongated parallel to 

the trachytic fabric of the rock. Thin sections have shown many of these vugs to occupy 

the sites of former phenocrysts, remnant edges of which can be seen around the periphery 

of the cavity (fig. 4.22). In other cases, the vugs appear to occupy ocelli that were 

originally composed of feldspars, feldspathoids and carbonate minerals. These textures, 

and the fact that they are only present in altered samples suggest that the vugs are 

dissolution cavities generated during hydrothermal alteration. In one example from the 

Cresson Pit, the "Bluebird" late stage phonolite dike exhibits zones of vesicle rich 

alteration along its margin, but grades inward into unaltered rock that lacks vugs. 

Between the fresh and vesicle-rich rock are zones of partially developed cavities 

replacing the sites of ocelli. 

Vuggy phonolites have been traditionally mapped as "TphV" (vesicular phonolite) by 

district geologists. It is unclear if they represent a distinct subpopulation of Late stage 

phonolites (one with prominent phenocrysts or xenocrysts of plagioclase), or if they are 

simply represent a textural variety. Timing relationships throughout the district indicate 

mutually cross-cutting relationships between the "TphV" dikes and late stage phonolites. 
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Further discussion of feldspathoids in phonoiites 

A variety of feldspathoids and similar minerals can be found in phonoiites, but 

generally include some combination of nepheline, nosean, hauyne, analcime, and 

sodalite. Total feldspathoids typically account for 5-15% of the mass of phonoiites, with 

nosean being most abundant. Feldspathoids are typically seen as pale-colored, 

pseudohexagonal crystals groups, often appearing as polycrystalline clusters (as 

discussed in Chapter 3). 

Graton (1906) reported as much as 12% nepheline in some phonoiites, but this 

estimate was later questioned (e.g. Birmingham, 1987). In this study, microprobe, 

SEM/EDS, and petrographic examinations typically identified 1-2% nepheline in 

phonolite samples. Nepheline is altogether absent in some phonoiites, and its abundance 

appears to be irregular throughout the district. Although nepheline may have originally 

present in many phonoiites, it has commonly been replaced by other minerals such as 

zeolites and analcime, even in rocks which otherwise appear to be unaltered. 

In addition to the macroscopic hexagonal feldspathoid sites, interstitial and 

groundmass feldspathoids are also common. Nepheline is found intergrown with 

feldspars in the groundmass of many phonoiites, and is often difficult to recognize using 

the petrographic microscope. Groundmass analcime becomes particularly more abundant 

in mafic varieties of the phonolite-tephriphonolite series, where it may constitute the 

most abundant feldspathoid. 

Analcime and other feldspathoids are also commonly observed as late-stage 

interstitial-fillings, lining cavities (Cross, 1895, p. 32, and Graton, 1906, p. 62), and as 
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veins cutting phonolites. In many of these cases, analcime appears to be a subsolidus 

product, and is commonly intergrown with a bright green pyroxene, thought by Cross 

(1895) to be aegirine, but microprobe analyses show many of these minerals to have 

salitic-hedenbergitic compositions. 

Feldspathoid mineral sites are more susceptible to weathering than the surrounding 

rock, which gives phonolites a pitted appearance when weathered (Graton, 1906). In 

weakly altered rocks, macroscopic feldspathoid sites commonly take on a bluish color 

(fig. 2.4, 2.6), and XRD analyses have shown these alteration products to be various 

types of zeolites. 
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APPENDIX E: TEPHRIPHONOLITES AND PHONOTEPHRITES 

Biotite phonotephrites (fig. E.1) 

Rocks in this class include a small number of equigranular, fine-grained rocks 

composed chiefly of biotite, alkali feldspar, plagioclase and feldspathoids. These rocks 

occur as dikes that cut nepheline monzosyenite intrusions in south Cresson, but are in 

turn cut by late stage aphanitic phonolite dikes (as seen in drill hole UGC-96-2-1666'). 

They have also been intercepted by drilling fi^om the 1000 m levels of the Ajax-Portland 

Mines. These rocks are classified as phonotephrites, but are contain much greater 

amounts of biotite than phonotephrites seen elsewhere in the district. They are 

distinguished from lamprophyres by their lack of phenocrysts, fine grained nature, and 

dominance of feldspar minerals, but are provisionally grouped with the other mafic rocks 

due to their similarities in major element chemistry and timing of emplacement^^. 

Hornblende phonotephrites (fig. E.2) 

A small number of hornblende porphyritic dikes also belong to the class of mafic 

intrusions. They have been misclassified as lamprophyres in some cases because of their 

hydrous mafic phenocryst assemblages (e.g. fig. 28 in Wood, 1990), but can be 

distinguished from lamprophyres on the basis of timing relationships (they dikes are cut 

by late stage phonolites), and presence of plagioclase phenocrysts. The "N-0", "N-l", 

and "N-2" phonotephrite dikes near the former town of Altman (see Plate 3) are examples 

of this rock type. These dikes were classified as "melilite basalt" by USGS geologists, 

It is unclear if these rocks are cut by late stage radiogenic aphanitic phonolites 
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and have subsequently been mapped as lamprophyres as a result (Koch and Geller, 1991). 

Petrographic and geochemical analyses failed to identify melilite in these rocks, and they 

are shown to have a chemistry and mineralogy no different than typical phonotephrties, 

with the exception of the hornblende phenocrysts. In appearance, these dikes look very 

similar to the Isabella augite phonotephrite dike, except that they exhibit amphibole 

phenocrysts in addition to pyroxene. 

Deep Ajax tephriphonolite-phonotephrite intrusions (fig. E.3) 

Broad intercepts of dark green tephriphonolite-phonotephrite were intercepted by 

drilling in the deep levels of the Portland-Ajax mine (Plate 5). These appear as dark 

green to black rocks with sparse pyroxene, hornblende, and biotite phenocrysts; they 

resemble porphyritic phonolites with 5-10% mafic phenocrysts. Plagioclase (and 

possibly alkali feldspar) phenocrysts are present (1-5% of rock), and are especially 

prominent where the rocks have been altered. Where these rocks have been intercepted 

by drilling in the deep levels of the Portland-Ajax Mine, they commonly grade outward 

into breccias. Chlorite-albite-pyrite styles of alteration are spatially associated with these 

rocks, and both are cut by ore-stage veins and their related patterns of alteration. 

Along with large volumes of biotitized volcanic breccia, these rocks were described 

as "gabbros" on Texasgulf drill logs (see logs for holes A31-23 through 29). 

Phonotephrite and trachyandesite intrusions in the eastern sub-
basin: (fig. E.4) 

Large masses of phonotephrites are also seen in drill core from the eastern sub-basin, 

and in sparse outcrops in and around the town of Goldfield. A prominent outcrop is seen 
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at the intersection of 9"^ St. and Independence St. in the town of Goldfield, and large 

volumes of similar phonotephrite were exposed in drill hole DDHS-8 (collared at 

46750E, 52870N in the mine coordinate system). The numbers and sizes of these 

intrusions remain unconstrained. In terms of their mineralogy and appearance, they 

closely resemble the phonotephrites seen in drill core from the deep Ajax Mine (see plate 

5). 

Where altered, these rocks appear white, red or gray, typically with white feldspar 

phenocrysts. Mafic minerals are variably replaced by hematite, limonite (after secondary 

ferroan carbonate and pyrite). Alteration and weak mineralization are developed along 

structurally controlled zones within the intrusions, although much of the intrusions 

remain unaltered. The preservation of igneous magnetite in the unaltered portions of 

these intrusions gives them a strong response on magnetic surveys. 

These rocks are chemically similar to the phonotephrites exposed on neighboring Bull 

Cliffs and in the east Cresson Pit. Other masses of similar rock types in the area are rich 

in biotite, and plot as trachyandesites on TAS diagrams (fig. E.5). Many of these rocks 

contain xenocrystic quartz crystals that appear to have been scavenged from neighboring 

Precambrian rocks during transport. They remain strongly silica undersaturated, however, 

according to chemical analyses. 
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Figure E.l: TAS diagram showing analyses ofbiotite phonotephrite dikes from the Cresson Mine. 
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epJjtlT. 
Dhonol 

Dacite 
Andesite 

Basaltic 
andesite 

y 
Basalt 

Rhyolite 

55 

Wt % Si02 

Figure E.2: TAS diagram showing analyses of hornblende phonotephrite dikes, east Cresson deposit (N-1 
and N-2 dikes; see Plate 3). 
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Figure E.3; TAS diagram showing analyses of tephriphonolite-phonotephrite intrusions as exposed in drilling 
in the deepest levels of the Portland Mine. 
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Figure E.4: TAS diagram showing analyses of phonotephrite intmsions in the eastern sub-basin (and exposed 
in the town of Goldfield) 
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Figure E.5; TAS diagram showing analyses of trachyandesite intrusions in the vicinity of the Ocean Wave 
Mine and elsewhere in the eastern half of the district. 
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APPENDIX F: ADDITIONAL DESCRIPTIONS OF LATE STAGE 
PHONOLITES 

Radioactive nature 

As discussed in Chapter 1, members of the late stage phonolites tend to be markedly 

radioactive, making them readily identifiable on aerial radiometric surveys and with hand 

held scintillometers. A particularly striking characteristic of these rocks is their high Rb 

concentrations, remarkably high Rb/Sr ratios, and elevated Hf concentrations relative to 

other rock types. Whereas other rocks in the district have Rb/Sr <1, these rocks typically 

have Rb/Sr > 2, and as high as 50. Many outlying satellite phonolitic intrusions belong to 

this group, and appear as prominent highs on regional gamma ray surveys. This provides 

an effective means of mapping these units in areas of cover. During this project, ground 

traverse with hand-held scintillometers proved effective at identifying buried dikes, in 

addition to hanging a hand-held scintillometer out of the window of a moving truck. In 

some cases, the dikes identified by driving over them in a truck at 40-50 Km/hr proved to 

be less than Im wide. 

Porphyrltic varieties of late stage phonolites 

A few phonolitic dikes of this group have abundant plagioclase phenocrysts (up to 

20% of the rock's volume). In many cases, these macroscopic plagioclase crystals are 

present as polygranular clusters of interlocking grains, suggestive of disaggregated 

masses of coarse grained feldspathic rocks. Others are present as broken or fragmented 

xenocrysts. The abundance of plagioclase crystals makes them a distinctive subgroup, but 

are chemically similar to the late stage phonolites, including high Rb/Sr. 
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Alteration in late stage phonolites and ore controls 

Late-stage phonolite intrusions outside of the main diatreme have served to focus 

large volumes of intense K-feldspar + pyrite alteration. These rocks serve as the principal 

hosts of alteration outside of the main diatreme, within the area shown in figure 6.9. 

Altered phonolites are typically bleached, and are easily spotted as pale rocks and float 

on hillslopes outside of the diatreme. Alteration rarely extends far into adjacent 

Precambrian rocks (fig. F.l), demonstrating the effectiveness of phonolitic intrusions as 

fluid conduits during episode(s) of alteration and mineralization. 

Similar relationships are seen within the diatreme, where many late-stage phonolites 

have served to focus zones of intense alteration and mineralization along their margins 

(fig. F.2). Along with lamprophyres, these intrusions serve as some of the key ore 

controls in the Cripple Creek district. 
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Figure F.l: Late-stage aphanitic phonolite dike cutting granitic 
rocks near Victor. The dike is intensely altered, with K2O > 14 
wt%. The surrounding granite is largely unaltered, except for a 
small halo of alteration that extends outward from the margin of 
the dike (inset photo). These relationships are typical of many 
rocks in fte region, where aphanitic phonolites tend to be the most 
strongly altered, and coarse grained, phaneritic rocks tend to show 
greater resistance to the effects of alteration. 
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Figure F.2: Photo (top) and grayscale image (bottom) showing mineralization and alteration focussed along 
the contact of a late-stage aphanitic phonolite dike cutting porphyritic phonolite in East Cresson deposit. 
Along the hangingwall contact of the dike, a high-grade limonite-quartz vein is seen (oxidized quartz + sulfide 
± telluride vein). Intense K-feldspar + pyrite (oxidized) alteration is associated with the mineralization. 
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APPENDIX G: ADDITIONAL DESCRIPTIONS OF 
LAMPROPHYRES 

Over the years, many names have been applied to late stage mafic to ultramafic rocks 

that post-date all other rock types, creating a great deal of confusion in the literature. 

Most are highly altered, and their original chemistries, mineralogies, and textures have 

been obscured. This has undoubtedly contributed to the difficulty in classifying these 

rocks. Cross (1895) initially called them "plagioclase basalts" and "nepheline basalts". To 

this early classification were added "limburgite" and "tephrite", by Stevens (1901, 1903). 

Graton (1906) reclassified the rocks as "monchiquites", "vogesites", and "trachydolerites" 

recognizing that "while outwardly resembling basalts are because of their notable content 

of alkalis really are not basalts at all" (p.91), and that the rock classified as "limburgite" 

by Stevens (1901) contained analcime rather than glass in its groundmass^*^. Graton 

(1906) noted that "the names assigned to them are not wholly satisfactory, but 

nevertheless seem the best now in use" (p. 92). 

The terms "monchiquite", "vogesite", and "trachydolerite" have been retained by 

subsequent authors and used throughout the 20"^ century, although the dikes were 

collectively referred to as "basalts" until the term "lamprophyre" was first applied by A. 

H. Koschmann in 1936. Citing textural distinctions between lamprophyres and basalts, 

Koschmann began reclassifying many dikes as "lamprophyres", and since that time, 

"lamprophyre" has gradually taken the place of "basalt" in the literature. Birmingham 

At the time (and in present day usage), monchiquites are partly distinguished from limbugites by the 

former having analcime as a groundmass constituent whereas limbugites have a glassy groundmass. 
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(1987) reclassified "trachydolerites" as phonotephrites according to the TAS scheme, but 

retained the use of monchiquite and vogesite, both officially recognized as proper names 

for lamprophyres by the lUGS (Streckeisen, 1979). However, Birmingham (1987) 

suggested that several rocks mapped as "monchiquites" may be more appropriately 

classified as "sannaites". 

Table 2.2 compares lamprophyric rocks from the Cripple Creek district with lUGS 

criteria for lamprophyres. Two conclusions can be drawn; 

a) Many of these intrusions at Cripple Creek do not meet the definition of lamprophyre 

sensu stricto. According to the lUGS classification, lamprophyres contain hydrous 

mafic minerals such as biotite or amphibole. Many of the late mafic intrusions at 

Cripple Creek lack biotite and amphibole, including most samples fi-om the Cresson 

Pipe. However, on the basis of their chemistry, phlogopite-bearing and phlogopite-

lacking lamprophyres are virtually indistinguishable. Thus, division of this clan into 

two groups based upon the presence or absence of an accessory phase (phlogopite) 

does not appear to be appropriate. All rocks which share characteristics described in 

Chapter 2 are, therefore, included under the general classification of "lamprophyres" 

in the Cripple Creek district, recognizing that they may not meet the strict definition 

of lamprophyres according to the lUGS systematics. 

b) Few (if any) of the Cripple Creek lamprophyres match the lUGS definitions of 

"monchiquite", "vogesite", "camptonite" or "sannaite", although these names have 

been widely applied. Over the past four years, samples of lamprophyres with little or 

no alteration have been carefully selected from around the district. Their mineralogies 
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are shown as "CCl" and "CC2" in Table 2.2. Note that Cripple Creek lamprophyres 

differ from true monchiquites, camptonites and sannaites in their feldspar and 

feldspathoid contents, and lack of essential biotite and amphibole. Likewise, 

vogesites by definition lack feldspathoids, whereas all known Cripple Creek 

lamprophyres contain them. 

Considering these difficulties, it may be better to avoid the use of subclassifications 

altogether due to the long history of misapplication and bastardization of these terms in 

the geologic literature. Shoehoming a group of otherwise similar rocks into three or more 

arbitrarily defined classifications simply adds more confusion. 

Variations amongst lamprophyres 

A distinctive, but uncommon subclass of lamprophyres at Cripple Creek have been 

referred to as "vogesites" by Graton (1906), and have been cited by Muller and Groves 

(2000) as an example of "shoshonitic" (potassic) magmatism at Cripple Creek. These 

dikes are characterized by an abundance of black mica and alkali feldspar which far 

exceeds the abundances seen in typical Cripple Creek lamprophyres. These 

characteristics prompted Graton (1906) to seek a distinctive classification for these rocks, 

although he noted differences with true vogesites. 

The "Pinto" dike in the east Cresson pit, near the former town of Altman, is 

commonly cited as an example of this rock type (Plate 3D). This suggestion was first 

made by Graton (1906), who examined a sample collected by Lindgren and Ransome 

during their field studies. Unfortunately, the sample taken by Lindgren and Ransome in 

the Jennie Sample Mine was altered, and give anomalously high potassium 
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concentrations in their chemical analysis (Graton, 1906, p.93). This likely contributed to 

an incorrect classification. 

In August, 2000, a remarkably unaltered segment of the "Pinto" dike became exposed 

in the east Cresson Pit. SEM/EMP and petrographic examination of these samples have 

shown them to be chiefly composed of biotite, clinopyroxene and amphibole phenocrysts 

supported by a fine groundmass of clinopyroxene, analcime, alkali feldspar, plagioclase, 

biotite and magnetite. The abundance of biotite and analcime distinguishes this rock from 

the lUGS vogesites (see Table 2.2). Mineralogically, they are closest to sannaites, but 

have analcime>feldspar. They are probably best described as "biotite-amphibole 

lamprophyres". Compositionally, they are similar to other lamprophyres in the district, 

but can be distinguished by their abundance of K-rich alkali feldspar in the groundmass, 

and contain more biotite than other lamprophyres. The Pinto dike and Railroad Breccia 

lamprophyres belong to this class. 

In an attempt to obtain samples of the Pinto dike, Birmingham (1987) collected 

samples of chloritized rock from dumps of the Pinto and Jackson mines. Based upon his 

descriptions and photomicrographs, the samples collected by Birmingham do not appear 

to be from the Pinto dike, as they are rich in amphibole and lack biotite altogether. The 

photomicrograph of the sample (Birmingham 1987, fig. 19, p. 115) more closely 

resembles samples from the amphibole-rich "N-series" phonotephrite dikes that are 

exposed in the same area (Plate 3D). Likewise, the "monchiquite-vogesite" shown in 

Wood (1990, fig. 28, p. 99) appears to be fi-om tephriphonolite exposures SW of Bull 

Cliffs and is not representative of the "vogesites" described by Graton (1906). 
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APPENDIX H: DESCRIPTIONS OF LAMPROPHYRE BRECCIAS 

Characteristics of and variations amongst lamprophyre 
breccias: 

Lamprophyre breccias are known from at least four locations in the district; 

1) the Cresson pipe, located in the west-central Cresson pit 

2) the "Trail system" of lamprophyre dikes and small breccia pipes, located in the 

southeast comer of the Cresson pit 

3) the "Railroad Breccia", located just west of the diatreme contact near the Pointer 

and Index vein systems. 

4) A small exposure in drill hole AN-4, nearly 500' below the 3100' level of the Ajax 

Mine. 

Lamprophyre breccias differ from dikes in their larger volumes, elliptical cross 

sections, and brecciated textures. Individually and collectively they exhibit considerable 

variation, mostly in the nature of their matrix: 

Cresson Pipe: 

The Cresson pipe is an elliptical, pipe-shaped body of breccia elongated east-

northeast, with an average diameter of approximately 100 feet. The pipe plunges steeply 

to the south, tapering and becoming increasingly tabular at depth, and eventually 

bifurcating into two roots ~600m below the surface (fig. H.l). The bulk of the material 

inside the pipe is lamprophyric, although large blocks of country rock (phonolite) have 

been incorporated within the breccia. Clasts are well rounded, and dominantly 
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lamprophyric, although subordinate populations of porphyritic phonolites, syenites, 

tephriphonolites, phonotephrites and Precambrian lithologies are present. 

The matrix of the Cresson Pipe varies from a fine-grained, crystalline lamprophyric 

matrix rich in clinopyroxene and analcime (commonly altered to montmorillonite clays 

and carbonate), to a leucocratic matrix of carbonate-analcime-alkali feldspariquartz (fig. 

2.4c, 5.24a). This light colored matrix forms the most common matrix seen in the 

Cresson Pipe, and typically contains accessory pyrite, barite, anhydrite, and Cr-rich 

spinel-group minerals. Rock flour is variably present throughout all types of matrix. 

In some cases, the carbonate-rich leucocratic matrix engulfs spherical-shaped blebs 

of lamprophyre (fig. 5.24c), some of which are concentrically zoned, with fine grained 

rims. In other places, the leucocratic matrix appears to grade into a silicate matrix 

dominated by clinopyroxene, analcime, and Ti-rich magnetite along with traces of biotite 

and amphibole. The character of the mafic silicate matrix is virtually indistinguishable 

from typical lamprophyres, although the matrix tends to be finer grained in the Cresson 

Pipe, and lacks the coarsely porphyritic textures seen in most other lamprophyres in the 

district. 

The origin of the leucocratic matrix is not clear. The spherical lamprophyric 

inclusions supported by a carbonate-rich matrix may represent immiscibility between a 

lamprophyric (silicate) melt and a carbonatite-like phase. Carbonatite-lamprophyre 

immiscibility has been proposed as a mechanism for generating carbonatite magmas by 

several authors (Pearce and Leng, 1996 and references in; Twyman and Gittins, 1987: 

Kjarsgaard and Hamilton, 1989: Rock 1991). Textural evidence for such a process is also 
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seen in the common presence of carbonate-filled ocelli and "carbonatite bands" in many 

lamprophyres (Rock, 1987,1991; Pearce and Leng, 1996). Whole rock geochemical 

analyses from Cripple Creek lamprophyres show that some lamprophyres contain in 

excess of 30wt% carbonate, and the carbonate matrix seen in many places within the 

Cresson Pipe can locally account for upwards of 50% of the volume of the rock. 

Alternatively, the leucocratic carbonate matrix may have a hydrothermal origin. The 

occasional presence of pyrite and quartz are suggestive of hydrothermal processes, as 

these are unlikely to have crystallized directly from a silica-undersaturated magma. 

Exsolution of a CO2-H2O phase during ascent of the lamprophyric magma may have 

brecciated and re-cemented the upper portions of the breccia pipe. Depressurization of 

such a volatile-charged magma could be expected to trigger a potentially catastrophic 

volatile release in the near surface environment, which may explain the brecciated and 

comminuted nature of materials and upward-flaring morphology of the pipe. 

The Cresson Pipe has truncated lamprophyre dikes along its margins, including the 

prominent Funeral and Silver dikes. These two NNW-SSE trending lamprophyres serve 

as important ore controls in the area, both having significant mineralization developed 

along their margins. Each is cut off along the margins of the Cresson Pipe, but are found 

to continue on the opposite side. Likewise, a series of phonolite dikes have also been 

truncated. These cross-cutting relationships are well demonstrated by the level maps of 

the Cresson Mine (Koschmann, 1965), and are described in several publications 

(Loughlin, 1927; Loughlin and Koschmann, 1935). Other lamprophyre dikes, in turn, cut 

the Cresson Pipe, but are virtually indistinguishable on the basis of their chemistry. 



603 

These relationships suggest that the Cresson Pipe was emplaced during a period of 

successive lamprophyre intrusions, all of which appear to be largely contemporaneous, if 

not consanguineous. 

Trail system 

The Trail system consists of system of closely spaced lamprophyre breccia pipes and 

NW-SE trending lamprophyre dikes which extend to the SE of the Cresson Pipe, and are 

exposed in the Cresson open pit (see fig. H.2a,b, H.3, and Plate 3). Samples from Trail 

System lamprophyres closely resemble the Cresson Pipe in terms of texture, mineralogy 

and chemistry, and the Trail Pipe is considered to be an extension along the NW-SE trend 

of the same lamprophyric magmatism that generated the Cresson Pipe. Several historic 

mines were active in the area, and ore control pattems in the Cresson mine indicate that 

mineralization was focused along the margins of breccias in the Trail System. 

Railroad Breccia 

The Railroad Breccia is a pipe-shaped lamprophyre intrusion that was discovered 

during reconnaissance geologic mapping in the vicinity of the Pointer and Index vein 

systems in July, 1999. Prior to its discovery, mapping in the area showed a complex 

series of intrusions and several alteration types to be present in the area. Repeated 

episodes of magmatic and hydrothermal activity suggested a high prospectivity for gold 

mineralization, and further mapping eventually led to the discovery of a significant 

intrusion of lamprophyre. 

The lamprophyre is exposed as float, colluvium and green soils on the NW flank of 

Folley Hill which lies between the former town of Anaconda and the Pointer-Index vein 
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system. No outcroppings have been observed in the area, and exposures are limited to 

prospect pits. The lamprophyre has intruded leucocratic Precambrian granite (altered 

Cripple Creek quartz monzonite) 100-120m west of the diatreme contact. It appears to 

have been localized at the intersection of a N-S structure (seen as a prominent lineament 

on air-photos) and a structure trend that parallels the NE-SW trending Pointer-Index vein 

system. At the surface, the Railroad Breccia occupies an area estimated to be 20 x 30m, 

as constrained by the distribution of lamprophyre-rich colluvium, and the occurrence of 

green, clay-rich soils on the hillslope. 

In surface exposures, the Railroad Breccia is characterized by a dark, fragmental 

lamprophyre mingled with comminuted and brecciated fragments of Precambrian country 

rock. In many cases, the Precambrian fragments are arranged in a web-like fabric 

supporting clasts of lamprophyre, or as partially disaggregated trails of xenocrysts in a 

lamprophyric matrix. Clasts of both Precambrian and Tertiary volcanic rocks are found 

in the breccia (fig. H.3). 

The lamprophyre is characterized by prominent phenocrysts of clinopyroxene, 

olivine, and biotite supported by a clinopyroxene + analcime groundmass (fig. 2.15b-c). 

Subordinate plagioclase, alkali feldspar, and magnetite are also present. Xenocrysts of 

Precambrian quartz and feldspar are abundant, both as large xenocrysts and as milled 

fragments in the groundmass (fig. 2.15d). Geochemical analyses from surface exposures 

are similar to typical lamprophyre compositions, but are slightly more silica-rich, likely 

reflecting contamination by the surrounding quartz-rich granitoids. Samples taken from 

deeper exposures within the pipe are more typical lamprophyre compositions. 
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The southern margin of the pipe is exposed in the Moffat Tunnel, approximately 

650m east of the portal. The lamprophyre makes an arcuate contact with Precambrian 

and Tertiary volcanic rock in the north rib and in the back of the tunnel. In the Moffat 

tunnel exposures, brecciated textures are developed along the margins of the 

lamprophyre, but grade into massive, unbrecciated lamprophyre in its interior. A 

backfilled drift along its western contact leads north from the Moffat Tunnel, and was 

excavated in July 2000. Mapping along the north-trending drift further defined the 

margins of the pipe (fig. H.4). Koschmann had described the Railroad Breccia as a mass 

of "basalt" in the Moffat Tunnel, and was apparently puzzled by it. Koschmann assumed 

that the body of "basalt" was part of an unusually large dike and described broad zones of 

base-metal rich alteration along its margins (Koschmann field notebook 2864). 

In terms of its mineralogy and texture, the Railroad Breccia lamprophyre is similar to 

the Cresson Pipe. Both pipes are characterized by lamprophyric materials with 

olivine+clinopyroxene phenocrysts supported by a groundmass of 

analcimeiclinopyroxene with minor plagioclase and magnetite (fig. 2.15). The Railroad 

Breccia, however, does not exhibit the carbonate-rich, leucocratic matrix seen in parts of 

the Cresson Pipe, and has a much lower abundance of carbonate overall. The lesser 

amounts of brecciation in the Railroad Breccia compared with the Cresson Pipe may have 

implications for the development of mineralization, as the structural preparation related to 

brecciation may not have been as strongly developed around the Railroad Breccia. 
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AN4 breccia 

As part of a 1977 drilling program in the Ajax mine, drill hole AN4 was drilled 

downward from the Ajax 31 level, intending to intercept the Newmarket Vein at a depth 

of 500fl below the drill station in the Carlton Tunnel (see Plate 2). This hole and a 

subsequent hole drilled in another area (AN8) represent the deepest exposures in the 

Cripple Creek district. Drilled at 45°, hole AN4 intercepted the Newmarket vein at 875ft 

(fig. 6.10). On the Ajax 31 level, the Newmarket vein parallels a narrow lamprophyre 

dike, which was also intercepted by several horizontal drill holes. The dike is clearly 

exposed in hole AN4, but also present is a lamprophyre breccia with a carbonate-

analcime-quartz matrix similar to the leucocratic matrixes observed in the Cresson Pipe 

lamprophyre. The interval in which the breccia and mineralization were intercepted is 

approximately 1.3m wide, but recovery from the interval was poor and its exact 

dimensions are unknown. Similar rocks have not been seen or described elsewhere along 

the Newmarket vein or in nearby lamprophyres at higher elevations. 



Figure H.l: 3-D portrayal of Cresson Pipe, looking north. 
Note elliptical-shaped cross section, and bifurcation at depth. 
Stopes along the margin of the pipe are shown in red. 
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Figure H.2a: View of Cresson Pit, July 2000. See figure H.2b for key. 
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Figure H2.b: Cresson Pit in July, 2000. Location and geologic key to figure H.2a. Geographic features shown in 
italics. 
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Figure H.3a: Margin of Railroad Breccia lamprophyre pipe as 
exposed in unnamed drift to north off Moffat Tunnel. Note the 
dark color of the rock and the abundance of rounded phonolite 
clasts. 

Figure H.3b: Oblique section through one of the lamprophyre 
breccia pipes in the "Trail system". Note the large egg-shaped, 
rafted blocks of porphyritic phonolite with pervasive K-feldspar 
+ specularite alteration (purple color). 
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Figure H.4: map of lithology and alteration in the vicinity of the Railroad breccia lamprophyre 
as exposed in the MofFat Tunnel. See figure 1.4 for location of MofFat Tunnel. 
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APPENDIX I: UNCOMMON LITHOLOGIES 

Occasionally, dikes or small intrusions which do not fit into the general sequence of 

intrusive events outlined in Chapter 2, or those that plot outside the standard 

compositional fields are observed in the district. 

Late stage "oatmeal" dikes in south Cresson 

One example is an "oatmeal" phonolite dike which cuts late-stage aphanitic phonolite 

dikes in south Cresson. This dike is a 2m wide dike with glomeroporphyritic feldspar 

fragments in a fine grained groundmass (fig. 4.13 and Plate 3a), and cuts the fiat-lying 

"Porpoise" aphanitic phonolite dike. The younger dike is substantially altered throughout 

its exposure, although it resembles altered augite-porphyry tephriphonolite intrusions 

seen at depth in the same area (in drill core). The younger dike is, in tum, cut by 

lamprophyre dikes/breccias of the "Trail system". Several other similar "oatmeal" 

phonolite dikes in the Cresson pit are cut by late phonolites. These mutually cross cutting 

relationships suggest that the "oatmeal" dikes, and the late stage phonolites may have 

been intruded at the same time. 

Shonkinites in Ajax Mine 

An unusual dike is seen on the 21 level of the Ajax mine, where it cuts Precambrian 

granite (see sample 36-K-9). Being composed of biotite, dark pyroxenes, blue 

amphiboles, and feldspars, this rock is best described as a "shonkinite". Unlike any of the 

Tertiary alkaline rocks, the rock is distinctly potassic, and has an equigranular, phaneritic 
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texture. Geochemical analyses show the rock to be markedly depleted in Nb and Ta, a 

signature not observed in any of the Tertiary alkaline rocks. 

As no cross-cutting relationships have been observed between this rock and the 

Tertiary alkaline rocks, the age of the rock remains unclear. It is possible that this 

intrusion was emplaced during the regional episode of Cambrian-Ordovician alkaline 

magmatism (see Loring and Armstrong, 1980). Similar rock types with similar 

geochemical patters are seen in rocks of the Cambrian-Ordovician suite in Colorado and 

New Mexico. 
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APPENDIX J : ADDITIONAL DESCRIPTION OF VOLCANIC 
BRECCIAS, AND DISCUSSION OF BRECCIA GENESIS 

Incorporation of Precambrian rocks and fragments into volcanic 
breccias 

Throughout the diatreme and at all levels of exposure, the matrixes of volcanic 

breccias contain xenocrystic fragments derived from the surrounding Precambrian rocks. 

These crystals may account for up to several percent of the mass of heterolithic breccia, 

becoming increasingly abundant in the vicinity of contacts with Precambrian rocks. 

Materials inherited from Precambrian rocks include pink alkali feldspar grains, 

microcline, quartz, muscovite, and biotite. The pink alkali feldspar grains, and to a lesser 

degree, quartz xenocrysts are easily identified in hand samples, and their relative 

abundance serves as an indicator of proximity to Precambrian contacts. 

Contacts between heterolithic, diatremal breccia and Precambrian rocks are typically 

gradational. In many cases, the phonolitic volcanic breccias grade steadily into 

"Precambrian breccia" with increasing contents of Precambrian fragments, and ultimately 

into "crackle breccias" composed exclusively of fractured Precambrian rock. The angular 

to sub-angular clasts in "crackle breccias" can often be pieced together to form the 

original, coherent body of wall rock, indicating little or no transport or rotation during the 

process of brecciation. This gradation is observable on the scale of >100m in some 

surface exposures, or may be relatively abrupt (<5m). A particularly good exposure is 

offered by drill hole A31-36, drilled across the Precambrian contact from the 1000m level 

of the Ajax Mine. In some cases, no gradation is seen and the contact is characterized by 

a sharp contact between rock types. 
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Influences of alteration on the character and appearance of 
volcanic breccias 

Virtually all exposures of diatremal breccia have been hydrothermally altered to 

varying degrees. As discussed in Chapter 4, a phreatomagmatic origin for the diatremal 

breccias is widely accepted (Thompson, et al., 1985), and the common presence of water-

laid sedimentary rocks in the eastem part of the volcanic complex suggests that 

significant amounts of surface water were present during magmatic activity. The 

circulation of these waters would have been a necessary consequence of the emplacement 

of magmas into the near surface environment. As volcanic breccias have much higher 

permeabilities and porosities relative to other rock types, they were particularly 

susceptible to alteration. As a result, the original textures and compositions of the 

breccias have been largely obscured by multiple episodes of hydrothermal alteration. 

Alteration types developed in volcanic breccias are diverse, ranging from high-T, biotite-

stable assemblages to low-T adularia flooding and carbonation. 

Heterolithic, diatremal breccias can be subdivided into five types, according to their 

appearance and dominant type of alteration; these are summarized in Table J.l. The 

breccias described in Table J.l are readily distinguished by their appearances, but it 

should be noted that these distinctions are principally based upon their styles of 

alteration. Many (if not most) of the heterolithic breccias were generated during the initial 

stages of diatreme formation, and subsequently altered by later events. These include 

specularite, pyrite, biotite, and chlorite-rich types of alteration. 

Away from zones of mineralization and related styles of sulfide-rich alteration, most 

breccias exhibit specularite-stable alteration and are dark purple or reddish in color. As 
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discussed in Chapter 4, this style of alteration is often accompanied by alkali exchange, 

and can either be K or Na-rich. Breccias with this style of alteration are most abundant 

around the periphery of the diatreme, and in particular, in the eastern sub-basin. These 

breccias were described as "andesite breccias" in the early days of exploration in the 

district (Cross and Penrose, 1894). They are also prominent in the upper elevations of the 

volcanic breccias on Mineral Hill. This style of alteration is likely accompanied the 

formation of the breccias, or was developed at an early stage in their evolution. 

Stratification in breccias 

Stratification within volcanic breccias is variably developed throughout the diatreme, 

but is especially well-developed along its margins. Bedded volcaniclastic deposits are 

most abundant in the eastern sub-basin, lying above the shallow-dipping Precambrian 

contact, but are also developed along the southern margins of the district (see Plate 1). 

These bedded volcanic fades are characterized by well-sorted lamellae, and occasionally 

exhibit sedimentary-like structures such as cross-bedding and graded beds (coarsening 

upward and downward sequences have both been observed). Lamellae are typically 

composed of pulverized rock fragments, crystal shards and volcanic ash or lapilli-sized 

fragments, some of which have accretionary textures (best seen in exposures of the 

Portland-Independence open pit, just above the Captain Stopes underground workings; 

see also Lindgren and Ransome, 1906, p.99, and Wood, 1990, p. 160-164). hi most 

exposures, the beds are nearly flat-lying, and some show low angle cross-stratification or 

"dune structures" (preserved fragments of tuff rings or base surge deposits?). Soft 

sedimentary deformation structures (such as flame structures, slump blocks, and small 
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scale recumbent folding), and impact sags produced by volcanic ejecta are common (see 

figures 12-18 from Wood, 1990). The character and distribution of the bedded 

pyroclastic facies is discussed in greater detail by Wood (1990). 

Erosion surfaces, slump blocks, and/or small mass wastage events are locally 

preserved in stratified rocks, suggesting that the volcaniclastic materials were deposited 

in a dynamic environment, in which surface and groundwater flows were in a state of 

flux, due to local (district-scale) tectonic forces, volcanic events, and prevailing weather 

conditions. As discussed below, repeated episodes of brecciation and re-brecciation have 

been recorded in the diatreme, both predating and postdating intrusive sequences. This 

suggests that periods of quiescence (marked by weathering and sedimentation) were 

punctuated by periods of explosive volcanism and intrusive events. 

Downfaulted or down-dropped blocks of bedded pyroclastic materials, and possibly 

epiclastic sediments, are occasionally seen at deep levels in the diatreme. These blocks 

are typically engulfed within the heterolithic diatreme breccia or within coherent volcanic 

units. A spectacular example was seen on the 10050 level of the Cresson Pit, where a 

10m X 5m block of stratified volcaniclastic material was preserved as a coherent block 

amongst intrusions of phonolite and heterolithic, unstratified volcanic breccia. The block 

was composed of fine laminations of bentonite clay^^, interbedded with lamellae of 

coarse, angular volcanic fragments (fig. 2.4d). The coarse layers of volcanic clasts 

appeared to represent volcanic surge deposits, and graded upward into progressively finer 

" As identified by PIMA (portable infrared multi-spectral analyzer(?)) analyses. 
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material sizes. Stratigraphic up directions in the block were indicated by the orientations 

of impact sags associated with volcanic bombs and smaller ejecta. 

Fragments of carbonaceous materials have also been observed at great depths in the 

diatreme. In two cases, bituminous coal (still exhibiting a woody structure) was recovered 

by miners at 200 m below the surface of the Doctor Jackpot and Morning Glory mines 

(see descriptions and analyses by Lindgren and Ransome, 1906, p.31). A tree "trunk" 

from a conifer was discovered at a depth of 260 m by miners in the Independence mine, 

which left impressions of tree bark and knots in the surrounding indurated volcanic 

breccia. These occurrences are extremely rare, however, and it should not be expected 

that significant volumes of such material exist in the diatreme (carbonaceous materials 

account for a negligible mass within the diatreme, being almost entirely restricted to the 

clastic sediments in the eastern periphery, and almost never are encountered within the 

main mass of diatremal breccia). 

In the eastern sub-basin, bedded volcanicalstics and coherent bodies of 

phonolite/tephriphonolite are commonly interfingered with lacustrine and fluvial 

sediments. These include various arenites, arkoses, and lacustrine carbonates (see fig. 

2.4c-d). Many of these sediments show delicate laminations suggestive of deposition in a 

water-laid environment, and bioturbation. Drilling and underground exposures in the 

Cameron and School Section mines show that these sediments locally extend to depths of 

up to 300m. However, it is not clear how continuous the sediments are elsewhere the 

eastern sub-basin, due to poor exposure and limited drilling. In some of the deepest drill 

holes in the eastern sub-basin (DDHS-8 and UGC-97-5), the bulk of materials at depths 
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greater than 200m are poorly sorted, non-stratified heterolithic breccias which are similar 

to heterolithic, diatremal breccias seen elsewhere in the diatreme. 

Fluidization in breccias 

In some cases, volcanic breccias exhibit fluidized textures. These breccias are 

characterized by a high degree of sorting, and are commonly stratified (see fig. 2.4c, 

bottom). Particle sizes range fi-om coarse grained lapilli (up to 1-2 cm in diameter), to 

tiny shale-like commuted particles. Fluidized breccias often have a distinctive 

"sedimentary" appearance, locally exhibiting graded bedding or delicate deformation 

textures akin to soft sediment deformation (flame structures, slumps, injection "dikelets" 

of clastic materials, etc.). These are distinguished from volcaniclastic deposits generated 

by processes of sedimentation, as they cut discordantly across other rock types, bifurcate, 

or are often positioned at steep angles. 

Examples of fluidized textures are seen in several places along the Precambrian 

contact. These breccias are composed of finely commuted rock fi-agments which have 

been variably sorted and arranged in delicate lamellae (see figure 2.4c). In at least 

several cases, these lamellae are oriented vertically (as reported in exposures in the Victor 

Mine), suggesting that these textures developed as fluids were streaming upwards along 

vertical contacts (see discussion in McCallum, 1985). Flow banding parallel to a vertical 

Precambrian contact was also noted by Wood (1990, p. 28) in the Ajax mine. 

Along the eastern flat lying contact with the underlying Precambrian rock, well sorted 

and laminated materials are commonly observed (drill holes UGC-97-2; fig. 2.4c), and 

may either represent products of fluidization and volatile streaming along the 
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Precambrian contact, or bedded volcaniclastic or epiclastic sediments deposited along an 

exposed base of Precambrian rock during the initial stages of volcanism in the area. 

Evidence for both processes is currently equivocal, and subsequent hydrothermal 

alteration has further obscured these relationships. 

Stratiflcation in intrusion-related breccias 

Like the heterolithic volcanic breccias, some intrusions show evidence for 

fluidization or development of stratification along their margins. Excellent examples are 

preserved in and around the former town of Altman, where stratified breccias are 

symmetrically developed on both sides of the vertically-oriented "L-J" aphanitic 

phonolite dike. As the dike is approached in drill hole AC-97-45 (140-160'), the 

surrounding breccias become progressively more stratified, with porphyritic clasts being 

abundant away from the intrusion, and aphanitic clasts identical in composition and 

texture to the L-J dike becoming more abundant toward the intrusion. Plastically 

deformed clasts of aphanitic phonolite are particularly abundant along the contact with 

the dike, and in many cases the clasts are flattened and imbricated. Fine particles of rock 

flour predominate in the intrusion breccia (>60% by volume), and laminations of fine

grained particles wrap around coarse fragments and larger clasts. Margins of tributary 

"dikelets" splitting off from the main intrusive mass commonly show crenulated margins, 

around which the laminations of fine particles are conformably wrapped. A similar 

stratified breccia with an abundance of aphanitic phonolite clasts is seen along the 

downhole contact as well (AC-97-45, 297-310'). 
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Origins of volcanic breccia 

Lindgren and Ransome (1906) and Laughlin and Koschmann (1935) initially 

proposed that the large volumes of volcanic breccias originated during a series of violent, 

explosive volcanic eruptions. Thompson, et al. (1985) also advocate a volcanic origin for 

the breccias, suggesting that fluidization processes were responsible for generating the 

majority of the volcanic features observed within the diatreme. Koschmann (1949), 

however, proposed that the "consolidated fragmental rocks" (breccias) "for the most part 

are not direct products of volcanic eruptions but represent debris of volcanic and pre-

Cambrian rocks that have been waterlaid in a shallow volcanic basin" (p.25). He based 

this conclusion on the observation of bedded volcanic materials at varying depths and 

spatial distribution throughout the diatreme. This allowed Koschmann to advocate a 

model of subsidence and sedimentation punctuated by intrusive events to explain the 

origin of the volcanic complex. Eminently a structural geologist, Koschmann used this 

hypothesis to bolster his structural model for the evolution of the district. 

Based largely upon the arguments and observations made by Koschmann (1949), 

Birmingham (1987) later challenged the classification of the volcanic complex as a 

diatreme: "In my opinion, the characterization of the Cripple Creek volcanic center as a 

'diatreme complex', 'complex diatreme', or a 'diatreme' by Mayo (1976), Thompson and 

other (1985), McCallum (1985), and Fears et al., (1986) insofar as the terms imply an 

explosive or fluidized emplacement, overemphasizes one process [volcanic] at the 

expense of the other phenomenon [subsidence and sedimentation] which may more 

significant" (p. 54). 
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At the heart of the sedimentation vs. volcanic/eruptive debate is the nature and 

distribution of bedded clastic rocks. Based upon an interpretation of remarks made by 

Koschmarm (1949), Birmingham (1987) states: "subaerially deposited sedimentary rocks 

of non-volcanic origin with few or no volcanic clasts are widely distributed and are 

continuous for 'very appreciable' horizontal and vertical distances" (p.41), and that "[the 

area] served as a slowly subsiding depositional basin receiving fme-grained sediments 

washed in from beyond the basin, material collapsing from the walls of the feature, and 

reworked volcanic features" (p.47). For the majority of fragmental rocks of the complex 

(breccias) to have originated by "long periods of fluvial and lacustrine sedimentation and 

subsidence" (p.53), it would be expected that the bulk of the volume of the complex 

would be composed of stratified sediments, rich in epiclastic clays and silt. Two major 

observations favor a volcanic-diatremal origin for the vast majority of the breccia, as 

advocated by Thompson et al. (1985): 

1) Stratified "sedimentary" rocks have received disproportionate attention in published 

literature. While curious to geologists, the attention paid to stratified rocks gives 

the false impression that bedded facies are broadly distributed throughout the 

diatreme complex, both horizontally and vertically (as implied by Birmingham, 

1987, on p. 41,47 and 53). Koschmann (1949) and Birmingham (1987) cite the 

presence of bedded facies on the 3350 level of the Portland Mine as evidence for 

their model, and Birmingham (1987) claims that "fluvial and lacustrine deposits are 

more common at great depths within the basin, and volcanic rocks are more 

common at shallow levels" (p.186). Over 50,000 feet of horizontal drilling from the 
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1000m (3100) level of the Portland, Ajax and Vindicator mines failed to intersect 

significant intercepts of bedded breccias. Virtually all of the breccias exposed in 

these holes are non-stratified heterolithic breccias that appear little different than the 

main body of diatremal breccia, with the exception that their matrix shows a higher 

degree of crystallinity. This remains a critical observation, as the non-stratified 

heterolithic breccias grade downward into breccias with a partially crystalline 

matrix, and in many cases, into unbrecciated phonolites. This indicates a transition 

to crystalline volcanic rocks at depth. If these breccias were deposited by water or 

processes of sedimentation, nonconformities would be expected at contacts with 

igneous bodies. Further, the exposures in the Cresson and East Cresson pit, as well 

as the >4000 exploration holes drilled since 1990, indicate the overwhelming 

dominance of non-bedded heterolithic breccias over stratified materials that may be 

interpreted to have an epiclastic in origin. Only in the near surface environment 

(eastern sub-basin) and in isolated blocks near the Portland mine are bedded 

volcanic facies volumetrically significant. 

2) Geochemically, the volcanic breccias are indistinguishable from the alkaline 

intrusive phases (see fig. 2.3). This places significant limits on the incorporation of 

"fine-grained sediments washed in from beyond the basin", which would be derived 

fi-om quartz-rich granitoids and peraluminous metamorphic rocks. Likewise, 

epiclastic sediments inherited from the weathering of the feldspathic Tertiary 

alkaline rocks would be dominated by aluminous clay and silt fractions. 

Incorporation of these materials into the breccia is not indicated by geochemical 
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analyses of breccias, which show the breccias to be strongly silica undersaturated 

and phonolitic in composition (with rare exception). 

Summary of breccia characteristics 

The volcanic complex at Cripple Creek shows evidence for several styles of volcanic 

breccias, coherent igneous bodies, volcaniclastic, and sedimentary rocks. Collectively, 

these share characteristics and patterns of distribution that are typical of diatreme 

environments. The main throat of the complex is largely filled by heterolithic volcanic 

breccias which lack horizontal stratification. These breccias contain heterolithic, 

subrounded, and abraded rock fragments supported by a matrix of pulverized rock flour. 

At depths of -1000 m, the matrix becomes progressively more crystalline, and in many 

cases is seen to grade into unbrecciated, coherent bodies of phonolite, tephriphonolite, 

and phonotephrite. Several generations of brecciation are seen, and many of the younger 

intrusions have brecciated margins. Brecciation accompanied intrusive events from the 

onset of volcanism through the emplacement of lamprophyres. Collectively, the various 

breccias comprise a large, nested diatreme complex. 

In the upper levels of the complex, large volumes of bedded volcaniclastic, fluvial, 

and lacustrine deposits are interfingered with coherent bodies of volcanic rocks. These 

are largely subhorizontal, and are principally located in the eastern half of the diatreme 

above a shallow dipping contact with the surrounding Precambrian rocks. Similar rocks 

are seen elsewhere around the periphery of the diatreme complex, and as isolated bodies 

and subsided blocks within the complex. In the vicinity of the Portland Mine, fine grained 

volcaniclastic rocks show accretionary lapilli and low angle cross beds that are typical of 
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base surge or tuff ring deposits. Also common along the margins of the diatreme are well-

sorted lamella of pulverized rock fragments that cosmetically resemble sedimentary 

rocks, but appear to be products of fluidization (volatile streaming) along the 

Precambrian contact, as they commonly occupy subvertical orientations. 

Although epiclastic and lacustrine sediments are broadly developed in the upper 

levels of the diatreme, the bulk of the heterolithic breccias have compositions that overlap 

those of phonolites and tephriphonolites. Only limited evidence is seen for incorporation 

of Precambrian rocks in the chemical compositions of the breccias, suggesting that large 

volumes of Precambrian materials were necessarily evacuated from the diatreme during 

eruptive cycles. The diatreme was then filled by masses of comminuted phonolite 

fragments, and fragments of unexposed alkaline rocks presumably sampled fi^om levels 

deeper than the current level of exposure. Continued evolution of the diatreme complex 

saw repeated episodes of brecciation, magmatism, and periods of sedimentation and 

fluvial/lacustrine activity in the upper levels of the diatreme. 



Table J.1: styles of heterolithic, diatremal breccias in the Cripple Creek district 

Type/ 
appearance: 

General 
description: 

Mineralogy of 
altered matrix: 

Distribution: Timing: Association with gold 
mineralization: 

dark green, 
pyroxene-rich breccia 

heterolithic breccia with 
dart< green, ferrosalite-rich 
matrix 

matrix of breccia flooded 
by fine grains of sodic 
ferrosalitic pyroxene (5-
20um), albite > K-feldspar 

rare; seen in deep 
exposures (V-series drill 
holes) and as breccia 
xenoliths encapsulated 
within intrusions 

early or synchronous with 
phonolites; cut by some 
intrusions, but resembles 
styles of alteration 
associated with phonolite 
intrusions 

barren 

reddish-purple, 
specular hematite-
rich breccia 

heterolithic; variably 
stratified breccia with 
pervasive red-purple color; 
historically mapped as 
"andesite breccia" 

matrix flooded by K-
feldspar, albite and 
specular hematite. 
Alteration varies from 
Kf»alb to alb>Kf. Mafic 
minerals in clasts replaced 
by hematite,C03, illite, Ti-
oxides. 

dominant breccia type 
seen in eastern sub-basin, 
Sangre de Cristo tunnel, 
upper levels of exposure 
in Mineral Hill breccia 
pipe; found elsewhere in 
diatreme as irregular, 
remnant patches engulfed 
within bleached breccia 

apparently recurrent 
through eariy history of 
diatreme development. 
Most common type of 
breccia seen in Cresson 
Pipe xenoliths, but cleariy 
cut by other alteration 
types, gold mineralization 
and K-silicate + pyrite 
alteration. 

barren 

green, chlorite-rich 
breccia 

heterolithic breccia with 
green matrix. 

matrix of breccia flooded 
by chlorite, albite ± pyrite 
and carbonate; feldspars 
altered to albite. mafic 
minerals replaced by 
combinations of pyrite. 
carbonate, hematite. Ti-
oxides 

most commonly developed 
at deep levels and along 
the periphery of the 
diatreme; seen in deep 
drill core from Ajax mine 
(Plate 5); Dominant 
breccia type seen in drill 
core from Mineral Hill; 

timing pooriy constrained. 
Cut by mineralization and 
K-feldspar + pyrite 
alteration In diatreme and 
in Mineral Hill drill core. 

barren(?) 
1-10 ppm Au in pyrite from 
chlorite breccias in deep 
Ajax mine. 

brown to black 
breccia 

Dar1( brown to black 
heterolithic breccia. 
Rocks are often magnetic. 
Clasts commonly 
obscured by alteration, 
giving the rock a 
homogenous appearance. 
Historically mapped as 
gabbroic or basaltic 
breccia in district. 

matrix flooded by fluorine-
rich. Ti-poor phlogopitic 
mica. Pyrite and magnetite 
are commonly present; 
rocks show evidence for 
K-feldspar replacing albite. 
Disseminated gn, si 
variably present 

uncommon; seen in deep 
drill core from Ajax mine, 
in and around the Pointer. 
Index and Keystone 
mines, and in underground 
exposures in vicinity of the 
Molly Kathleen mine. 

biotite-rich alteration cuts 
the Railroad Breccia 
lamprophyre, and 
lampropyre dikes in the 
Portland and Black 
Diamond mines. 
Variations in biotite 
compositions and mode of 
occurrence suggestive of 
multiple episodes; some 
Dossibly eariv 

not apparently associated 
with mineralization 

bleached/variegated 
breccia with 
disseminated pyrite 
and/or limonte 

Light colored, bluish-gray 
to white heterolithic 
breccia; various shades of 
red, orange, yellow, white 
and black where oxidized. 
Oxidized examples 
commonly show liesegang 
bands of limonite. 

matrix composed of K-
feldspar, albite, pyrite, 
COS, illite. Kf commonly > 
alb. Rarely Kf»alb. 
Mafic sites in clasts 
replaced by py, COS, 
cl(ill), feldspars altered to 
Kf or alb. I 

Most abundant style of 
breccia; broadly 
distributed throughout 
diatreme. 

Post-lamprophyre, 
associated with broadly 
developed zones of 
alteration and gold 
mineralization. 

Associated with gold 
mineralization 

c^ to o\ 
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APPENDIX K: PETROGENESIS OF PHONOLITIC 
MAGMATISM 

Figure K.l shows chondrite normaUzed trace element diagrams for various types of 

alkaline and phonolitic magmatic complexes around the world, as well as data collected 

from Mesozoic-Cenozoic magmatic complexes throughout the North American 

Cordillera. The compositional fields for the Cripple Creek rocks are shown for 

comparison in each chart. These figures offer direct comparison of Cripple Creek's 

magmatism with a variety of global and regional magmatic centers, including several 

others that host similar styles of economic mineralization. Striking similarities are seen 

between phonolitic complexes in the Kenya rift, the Rhine graben rift of Germany, the 

Marie Byrd Land Rift in Antarctica, and several oceanic island centers. 

Characteristics of global phonolite occurrences 

Phonolitic magmatism has occurred in many regions of the world, and in a variety of 

geologic settings. However, the majority of phonolites are generated in two principle 

tectonic environments; rifl zones and intra-plate oceanic magmatic centers. Table K.l 

lists some of the premier examples phonolitic magmatism in the world. 

Phonolitic magmas are generally assumed to be sourced in the mantle. Their 

undersaturated chemistries, clear association with basanitic and alkaline basaltic 

magmatism, primitive isotope systematics, and enrichments of LREE, HFSE and LILE 

are all consistent with derivation from variably enriched mantle source regions. Taken 

collectively, these characteristics would be difficult to consistently produce from crustal 

materials. 
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Goles (1976), Hay and Wendlandt (1995), and Hay et al., (1995a,b) have discussed 

various models for the generation of phonolitic magmatism in the Kenya rift zone, which 

bear striking similarities with the Cripple Creek phonolites (fig. 10.3c, and K.l). Their 

models range from extensive fractional crystallization of a picritic magma at crustal 

depths (Goles, 1976), to a two stage melt evolution first involving injection of alkaline 

basalts into the lower crust, followed by later remelting of the basaltic material with 

variable incorporation of crustal materials (Hay et al., 1995a,b; Hay and Wendlandt, 

1995). However, it is important to recognize that sodic phonolites which overlap the 

Kenya compositions (including major element, trace element, and isotopic chemistry) 

have also been erupted in oceanic settings (e.g. Tristan de Cunha, Kergeulen, Canary 

Islands, Cameroon line, etc.). Thus, the presence of continental crust is not a prerequisite 

for generating sodic phonolitic magmas like those seen in Kenya. The consistency of 

compositions of sodic phonolites throughout the world, and in many different geologic 

settings (fig. 10.3a,b,c, K.l) argues instead for a source region that is not influenced by 

the evolution or presence of continental crust. 

Other issues; 

-do phonolitic systems represent highly evolved products of mafic alkaline 

niagmatism (e.g. basanitic melts), or can they be directly produced from small 

degree partial melts of mantle rocks? 

-if they are differentiated products of mafic melts, does the differentiation take place 

in crustal magma chambers or at mantle depths? 

The latter has significant implications for the development of economic mineralization. 
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Origin of phonolite by mechanisms of differentiation; crustal 
level magma chambers vs. mantle processes 

In several locations (Nigeria, northeastern Australia, eastern Germany, and in the 

Kerguelen archipelago), phonolitic magmas have entrained Iherzolite xenoliths of mantle 

rocks (Irving and Price, 1981; Mattielli et al., 1999). This offers direct evidence that at 

least some phonolites magmas were generated at mantle depths, and cannot all be high 

level (crustal) differentiates of ascending mafic alkaline magmas. An apparent lack of 

consanguineous mafic magmatism has been noted in several phonolitic volcanic fields 

(e.g. Kenya), also suggestive of an origin independent of mafic magmas in the upper 

crust. 

In other cases, most notably in oceanic island settings, contemporaneous and 

apparently consanguineous mafic alkaline magmas (basanites, phonotephrites, and 

tephriphonolites) are erupted in great volumes with phonolites. In a few examples, 

continental airfall deposits exhibit gradation between mafic compositions and evolved 

phonolites, suggesting that differentiation was taking place in upper crustal magma 

chambers prior to eruption (e.g. Laacher See volcano, Germany; Woemer et al., 1983). 

Thus, various lines of evidence suggest that phonolites can have several modes of 

evolution, but given their preference for rift zones and oceanic island settings, share a 

fundamental link to common geodynamic settings. 

Lithospheric mantle vs. asthenospheric mantle: 

Although a mantle origin is widely accepted for most alkaline magmas, there has 

been a long-standing debate about whether alkaline magmas are sourced in lithospheric 
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or asthenospheric mantle (e.g. Vame, 1985; Menzies, 1987; Rogers et al., 1987). There 

have also been suggestions of a direct link between alkaline magmatism and mantle 

metasomatism, and such a link would have implications for source regions of alkaline 

magmatism. Records of ancient metasomatism could only be preserved in the 

lithosphere, as metasomatized regions of asthenospheric mantle would be disrupted by 

convection at relatively short time scales. Further, ancient metasomatized lithospheric 

mantle is likely only present beneath continents, as the oldest oceanic crust is Mesozoic 

in age. The confinement of specialized types of enriched alkaline magmas to continental 

settings (lamproites and "type 11" kimberlites) strongly argues for source regions in 

subcontinental lithospheric mantle (Menzies, 1987; Wilson, 1989). 

A record of ancient metasomatism (time integrated isotopic ratios which are 

consistent with elevated trace element concentrations) has been preserved in the mantle 

throughout the western United States (Tingey et al., 1991; Dudas, 1991; O'Brien et al., 

1991; Wendlandt et al., 1993; Davis et al., 1996; Mattie et al., 1997). Model Nd from 

variably metasomatized mantle xenoliths throughout the region are broadly consistent 

with ages of crustal assembly (Calrson and Irving, 1994). This enriched mantle is 

considered to be the principle source region of many of the alkaline rocks in the Montana 

alkaline belt (e.g. Eggler et al, 1988; Eggler and Furlong, 1991; O'Brien et al., 1991; 

Dudas, 1991) based upon a variety of isotopic and chemical evidence, and the presence of 

geochemically anomalous xenoliths thought to be derived from the lithospheric mantle 

(Carlson and Irving, 1994). Rocks in the central Montana alkaline belt and Boulder 
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County, CO commonly show marked depletions in Ta-Nb as well as clear evidence for 

incorporation of material with depleted (fig. A.l and A.2)^^. 

Other groups of alkaline rocks show primitive isotopic characteristics and trace 

element patterns that show no significant variation whether they are generated in 

continental or oceanic settings (e.g. primitive alkaline rocks in the Cameroon line, 

Africa). This is especially true for alkaline basalts, which show little chemical or isotopic 

variation in continental and oceanic settings throughout the world (Fitton and Upton, 

1987; Menzies, 1987; Fitton, 1987). These alkaline rocks typically exhibit Nd and Sr 

isotopic ratios that plot near bulk earth or undepleted (fertile) mantle (Fitton, 1987; 

Menzies, 1987). 

Table K.2 summarizes generalized characteristics of alkaline rocks which appear to 

be sourced in asthenospheric and continental lithospheric source regions. 

Table K.2: salient chemical distinctions between alkaline magmas sources in 
asthenospheric and lithospheric mantle 

Source Na/K Ta-Nb sNd """Sr 

Subcontinental uf°apotaL'ic greater than or 0.705-0.720 
iithosohenc mantle anomaly close to 0 

asthenospheric sodic enriched «0 0.705 

Petrogenesis of potassic and sodic alkaline rocks 

Although many ultrapotassic rocks have isotopic signatures that share similarities 

with the lower crust (i.e. unusually low and low ^^'^^Sr), their extreme LREE 

enrichments and elevated HFSE and REE concentrations are very unlike those observed 

Similar patterns are also seen for the alkaline intrusions in Boulder County, CO (fig. A.2). 
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in most lower crustal materials. Further, many ultrapotassic rocks have time-integrated 

isotopic characteristics that require significant periods of isotopic evolution in low ''^^Nd 

mantle source regions. These are typically consistent with their calculated Nd model 

ages, and contrast with the higher ''^^Nd expected from primitive or asthenospheric 

mantle. are variable, indicating that their mantle source regions have experienced 

varying degrees of enrichment, in some cases being fairly recent and possibly 

contemporaneous with melt generation. Together with their consistent trace element 

patterns (fig. K. 1), these data have been interpreted to reflect derivation of most potassic 

magmas from subcontinental lithospheric mantle which have experienced ancient to 

recent metasomatic enrichments (e.g. Menzies and Murthy, 1980 a,b; Vame, 1985; Fraser 

et al., 1985; Menzies, 1987; Roden, 1987). 

Another striking characteristic of potassic alkaline magmatism is the common 

presence of high La/Nb ratios and negative Ta-Nb anomalies on spider diagrams (fig. 

K.l). These signatures are often interpreted to reflect the role of subduction-related 

processes in melt generation (e.g. Vame and Foden, 1986; Turpin et al., 1988; Stolz, et 

al., 1988; Rogers et al., 1985; Ellam et al., 1989; O'Brien et al., 1991), based upon the 

widespread presence of similar negative Ta-Nb anomalies in arc related magmas 

throughout the world. However, in many cases of potassic alkaline magmatism a direct 

temporal or spatial link to subduction zones are lacking. Considering the consistency with 

which these geochemical signatures appear in potassic alkaline provinces, and the 

presence of Nb-Ta anomalies in K-rich lower cmstal and upper mantle xenoliths (fig. 

K.l; Wendlandt, et al., 1993), these geochemical pattems appear to be a long lived and 
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widely distributed signatures in the lower crust and lithospheric mantle. Melting of this 

material, whether related to subduction processes or not, will produce "arc-like" 

signatures. The production of potassic magmas with Nb-Ta depletion can be triggered by 

any process which raises isotherms in lithospheric mantle such as magmatic underplating, 

impinging mantle plumes, or subduction related volatile fluxing. 

In contrast, sodic alkaline magmas tend to plot in regions of Sr-Nd diagrams which 

reflect derivation from more primitive mantle source regions (near bulk earth, or in areas 

of undepleted mantle; see fig. 3.7 a,b). Ta-Nb anomalies are much less common in sodic 

alkaline rocks than the potassic clan, and many show enrichments of Ta-Nb relative to 

other HFSE and LILE. Their common association with primitive basanitic or nephelinitic 

magmatism appears to represent a genetic link, and these magmas are generally thought 

to be derived from enriched asthenospheric mantle sources (Fitton and Upton, 1987; 

Fitton, 1987). That sodic phonolites are most commonly erupted in the incipient stages of 

continental rifting and in oceanic islands related to "hot-spot" activity is a strong 

suggestion that they are related to mantle plumes either impinging on continental 

lithosphere (e.g. Kenya, Rhine graben, Rio Grande Rift-?), or oceanic lithosphere (e.g. 

Kerguelen, Tristan de Cunha). Contributions from lithospheric mantle or crustal materials 

is certainly permissible, and in some cases likely (e.g. phonolites in Crazy Mountains, 

Montana), but not required. 

Magmatism in the Rio Grande Rift 

In terms of the Rio Grande rift, Gibson et al. (1993) document the primitive nature of 

Oligocene-Miocene Espanola Basin basalts, and cite them as the "earliest examples of 
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asthenospheric-derived magmas associated with the development of the Rio Grande rift" 

(p. 215). Gibson et al. (1993) favor an OIB-like mantle source for magmatism along the 

axis of the Rio Grande Rift, and the striking similarity between OIB phonolitic 

magmatism and the Cripple Creek rocks supports their hypothesis. 

Gibson et al., (1993) also document negative correlations between K2O and 

in a broad traverse across the rift, and between La/Nb and This suggests that 

high-K rocks are associated with Nb poor mantle source regions with low and 

the negative correlations reflect progressive dilution of sodic, asthenospheric melts with 

this material. The presence of potassic intrusive rocks along the flanks of the rift (e.g. 

Two Buttes, CO, Navajo Province, AZ & UT), with sodic, primitive melts along the rift 

axis (Espanola Basin) is consistent with an upwelling asthenosphere contributing directly 

to melt production along the rift axis, but also triggering melting of lithospheric mantle 

along its margins. 

The timing of phonolitic magmatism at Cripple Creek corresponds with the initial 

phases of extension along the axis of the Rio Grande rift. The magmatism at Cripple 

Creek is also grossly similar with phonolitic magmatism in the Rhinegraben of Germany, 

Kenya Rift zone, and the Marie Byrd Land rift in Antarctica, suggesting a link between 

the rift environment and magmatism at Cripple Creek. That upwelling asthenospheric 

mantle would have been present in the region at the time of rifting is consistent with our 

current understanding of rift dynamics. Alternatively, sodic phonolitic magmatism may 

be produced in back-arc settings, with Tertiary phonolites in eastern Peru (Stewart, 1971) 

and those in the Rattlesnake Hills of Wyoming (Hoch and Frost, 1993) serve as probable 
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examples. The onset of extension in the Rio Grande rift zone closely followed a 

prolonged period of subduction along the western coast of North America, and in this 

sense, may represent a hybrid between a classic rift environment and a back arc setting 

where mantle materials had recently been chemically modified by subduction-related 

processes. 

Summary 

Phonolitic magmas represent a rare breed of igneous rocks most commonly found in 

rift zones (including back arc rift environments) and in oceanic island settings. Their 

undersaturated chemistries, trace element and isotopic signatures, and common 

association with basanitic and alkaline basaltic magmatism are most consistent with 

derivation from variably enriched mantle source regions. The consistency of their 

chemical compositions across a diverse range of geologic settings (fig. K.l) further 

suggests that the presence of continental crust is not a prerequisite for generating sodic 

phonolitic magmas. 

Some phonolites have entrained xenoliths of mantle rocks, and are not associated 

with comparable volumes of consanguineous mafic rocks. Others show close spatial 

associations with mafic alkaline rocks, and differentiation patterns suggestive of 

derivation from mafic alkaline parent magmas. Thus, it appears that phonolites can be 

produced directly from the mantle, and through processes of high-level differentiation in 

upper crustal magma chamber. Although phonolites appear to have several modes of 

evolution, but given their preference for rift zones and oceanic island settings, share a 

fundamental link to common geodynamic settings. 
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Alkaline magmas show variable evidence for derivation from either asthenospheric or 

lithospheric mantle source regions, or possibly combinations of both. For example, the 

confinement of lamproites and "type 11" kimberlites to continental settings strongly 

argues for source regions in subcontinental lithospheric mantle (Menzies, 1987; Wilson, 

1989), while other groups of alkaline rocks typically exhibit Nd and Sr isotopic ratios that 

plot near bulk earth or undepleted (fertile) mantle. In general, most potassic and ultra-

potassic magmas appear to be derived from subcontinental lithospheric mantle which has 

experienced ancient to recent metasomatic enrichments, while sodic alkaline magmas 

appear to be broadly sources in asthenospheric, or more primitive mantle source regions. 

Contributions from crustal materials for both potassic and sodic alkaline rocks is certainly 

permissible, and in some cases likely (e.g. phonolites in Crazy Mountains, Montana), but 

not required. 

A common characteristic of potassic alkaline magmas derived from melting of 

lithospheric mantle is the common presence of high La/Nb ratios and negative Ta-Nb 

anomalies on spider diagrams. Although generally attributed to subduction-related 

processes, it seems equally likely that the production of alkaline magmas with Nb-Ta 

depletion can be triggered by any process which raises isotherms in lithospheric mantle 

such as magmatic underplating, impinging mantle plumes, or subduction related volatile 

fluxing. In contrast, Ta-Nb anomalies are much less common in sodic alkaline rocks than 

the potassic clan, and many show enrichments of Ta-Nb relative to other HFSE and 

LILE. 
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Sodic alkaline magmatism at Cripple Creek was active during the incipient stages of 

extension along the Rio Grande rift. Although located in an off-axis position relative the 

rift, the position of Cripple Creek's magmatic center is nearly identical to the positions of 

Mt. Kenya and Mt. Kilimanjaro relative to the east African rift. Gibson et al. (1993) 

suggest that upwelling asthenosphere contributing directly to melt production along the 

center of the Rio Grande rift, with melting of lithospheric mantle along its margins. 

Cripple Creek appears to represent some of the earliest asthenosphere-derived melts that 

have been emplaced in this neutral-extensional geodynamic environment. 
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Table K.1: Global phonolite occurrences 

Location Geologic Setting Notes References 
Kenya phonolite province eastern branch of East 

Africa Rifl 
generated during incipient 

phases of rifting, but also 
later. Commonly found 
in off-axis position 

Goles, 1976; Price et al., 
1985; Baker, 1987; Hay 
et al., 1995a,b; Hay and 
Wendlandt, 1995 

Kaiserstuhl, Germany; 
Eifel volcanic zone 

late Cenozoic magmatism 
in Rhine graben rift 

Quaternary phonolitic 
magmatism associated 
with nephelinites, 
basanites, carbonatites 

Schmincke et al., 1983; 
Woemer and Schmincke, 
1984; Schleicher et al., 
1990; Riley et al., 1999 

Marie Byrd Land, 
Antarctica 

late Cenozoic magmatism 
in rift zone 

basanitic magmas evolved 
to phonolitic 
compositions 

Panter et al., 1997 

Canary Islands, Atlantic 
Ocean 

1 -3 Ma volcanic complex 
in OIB environment 

basinite-phonolite lineage 
of the Teide-Pico Viejo 
Volcanic complex 

Ablay et al., 1998 

Kerguelen Archipelago, 
Indian Ocean 

late Cenozoic intra-plate 
oceanic magmatism 

upper Miocene phonolitic 
magmatism associated 
with basanites and 
tephriphonolites (+ 
carbonatites) 

Vidal et al., 1979; Mattielli 
et al., 1999 

Tristan de Cuhna, Atlantic 
Ocean 

Late-Cenozoic intra-plate 
oceanic magmatism 

phonolitic magmatism as 
differentiates of basanitic 
melts 

Le Roex et al., 1990 
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Regional alkaline magmatism 
Alkaline basalts, Rio Grande rift 

San Luis Hills 
Rio Grande Rift 

Ba Rb Th U K Nb Ta U Ct 8m Zr Hf Tl Tb r Tm Yb 

RIO Grande Rift basalts 

fta Rb Th U K Nb Tc U Ca 8m Zr Hf n Tb Y Tm Yb 

Espanola Basin Tertiary alkaline rocks, 
northern New Mexico 

Raton - Clayton, NM 

mafic rocks 

phonolite Rb Th U K Nb Ta U C« Sr Nd f Sm Zr Hf Ti Tb Y Tm Yb 

Ba Rb Th U K Nb Ta La Ca 8r Nd P Sm Zr Hf Tl Tb Y Tm Yb 

Late Cretaceous 
alkaline magmatism, 
west Texas 

Oligocene bimodal 
magmatism, northern 
Coahuila, Mexico 

Balcones province 
phonolitas Auguachile 

rhyolttes 

basa ts 

Rb Th U K Nb Ta U Ca 8r Nd P Sm Zr Hf Tl Tb Y Tm Yb 

Ba Rb Th U K Nb Ta U Ca Tb Y Tm Yb 

Figure K.1: Spider diagrams for global alkaline, regional alkaline and calc-alkaline igneous complexes, 
including several examples with associated Au (+/- Cu, Mo) mineral deposits. Shown are examples from rift 
zones, arc settings, oceanic island complexes, potassic alkaline suites from continental settings, and xenolith 
suites entrained within alkaline igneous magmatic suites. In each example, compositions for Cripple Creek's 
rocks are shown as shaded fields in background for comparison. See figure 3.3 for Cripple Creek data. 
Geochemical data normalized to chondritic values of Thompson (1982). 
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Regional alkaline magmatism 
Oligocene alkaline magmatism, Colorado 

Guffey, CO Spanish Peaks, CO 

Ba Rb Th U K Nb T« La C« 9r Ntf f 8m Zr Hf T1 7b r Tin Y6 BiRbTh U K NbTa La C« Sffl Zr Hf n Tb Y Tm Yb 

Cripple Creek, CO Two Buttes, CO 

Lamprophyres 

early phonolite 

RAPhonolite 

fib Th U K Nb Ta U Ca St Nd P SmZr Hf Tl Tb Y Tm Yb Ba RbTh U K NbTa La Ca I Nd f SmZr HI Tl Tb Y TmYb 
If P 

Oligocene calc-alkaline 
magmatism, Colorado 

Oligocene alkaline rocks, 
New Mexico 

San Juan volcanic field Carache Canyon, NM 

catdera voicanics 

Ba RbTh U K NbTa U Ca Ba Rb Th U K Nb Ta L« Ca Sm Zr Hf T^ Tb Y Tm Yb 

Oligocene calc-alkaline 
magmatism, Utah 

Oligocene calc-alkaline 
rocks, New Mexico 

Latir volcanic field 
evolved compo«itlon» 

La Sal and Abajo Mts, UT 

primitive 
compositions 

Rb Th U K Nb Ta U Ca Sffl Zr Hf Tl Tb Y Tm Yb Rb Tti U K Nb Ta La Ca • Nd r 8m Zr Hf W Tb Y Tm Yb 
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Lower crustal compositions, 
Colorado Plateau 

Geochemistry of xenolith populations 

Colorado Plateau 
amphibolite xenoliths 

Colorado Plateau 
granulite xenoliths 

BaRbTh U K NbTa La Ce SmZr Hf Ti Tb Y Tm Yfc BaRbTh U K NbTa La Ce SmZr Hf TI Tb Y TmYb 

Colorado Plateau 
paraqneiss xenoliths 

Colorado Plateau 
eclogite xenoliths 

Ba RbTh U K NbTa La Ca SmZr Hf TI Tb Y Tm Yb Ba RbTh U K NbTa La C« SmZr Hf TI Tb Y TmYb 

Mantle-denved 
phonlites 

Colorado Plateau 
average lower crust 

Mattie et al., 1997 
Navajo v.f. xenoliths) 

llherzolite-beanng 
phonolites 

Ba Rb Th U K Nb Ta La Ce SmZr Hf TI Tb Y TmYb 

BaRbThU K NbTa La Ce Sr Nd F SmZr Hf lirTb Y TmYb 
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Alkaline rocks related to major 
gold-telluride (± Cu, Mo) deposits 

Telluride districts in SW Pacific arc settings 
Porgera 

Papua, New Guinea 
Lihir Island 

~45 M oz. Au 
s ba 

|Vyj|chubasalMrachya ndesite 

o £ 
U T Mugearites \ A 

O 
£ 
U 

U o b 

* 10 
o s 

0.1 

Ba Rb Th U K Nb Ta La Ca Nd 1 8mZr Hf Tl Tb Y Tm Yb 

0.1 

Ba Rb Th U K Nb Ta La Ca Nd 1 SmZr Hf Tl Tb Y Tm Yb 

Au(Te) + Mo districts w/ evolved 
alkaline rocks 

0.1 

10000 

Boulder County 
districts 

BcRbThU K NbTa U C* 8rN4 # 8mZr Hf YTmYb 

Golden Sunlight, MT 
-80,000 kg Au 

monzonites and 
rophyres 

evolved 
compositions 

primitive 
compositions 

Ba Rb Th U K Nb Tt La Ca * 8m Zr Hf Tl Tb V Tm Yb 

Judith Mts (Gels), MT 
-12,000 kg Au 

Ba Rb Th U K Nb Ta La Ca SmZr Tl Tb Y Tm Yh 

Crazy Mts, MT 
allMllne basalts to plionolltes 

Mafic rockt 

Evolved rockt 
tpbonoUti) 

Ba Rb fb U K Nb Ta La ir Nd I tmZr Hf fi lb Y Tm > 

Major alkaline Cu-Au deposits 

Goonumbia, Australia 
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Oceanic island phonolites 

Canary Islands 

(phonolites) 

luii ^ 100 

prtmittve 
compositions 

Ba Rb TK U K Nb Ta Li Ca • Nd P Sm Zf Hf T) Tb V Ttn Yb Ba Rb Th U K Nb Ta La Ca 8r Nd P SmZr Hf Tl Tb Y Tm Yb 

Tristan da Cunha 
.evolved compositions 
(including phonolites) 

Comparison of phonolitic intra-plate alkaline 
magmatism in continental and oceanic sectors; 
Cameroon line, west Africa 

Cameroon line, 
west Africa 

I Continental sector 

Cameroon line, 
west Africa 

evolved rocks 
(pho Elites, etc.) 

evolved rocks 
(pho^^tes. etc.) 

oceanic sector 

(basanltes, etc.) 

Ba Rb Th U K Nb Ta La Ca 8r Nd I SmZr Hf Tl Tb Y Tm Yb 

0.1 0.1 

Ultrapotassic alkaline rocks 

Roman Province, Italy 
^ kynefuflltea end hlflh»K series 

Leucite Hills, WY 

iprottes 

K-rich volcanics 

Leucite«bearing 
.volcanics 

Lamprottes 
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Rift-related phonolites 
Rhinegraben - Kaiserstuhl region, 
Germany 

10000 

o 
o 

Laacher See, Germany 
evolved phonolites 

Rhinegraben rift 
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APPENDIX L: ADDITIONAL DESCRIPTIONS OF ZONES OF 
BIOTITE ALTERATION 

Biotite-rich breccias in the vicinity of the Pointer, Index, and 
Keystone mines 

Heterolithic breccias with intense biotite + pyrite alteration are abundant in mine 

dumps in the vicinity of the Point, hidex and Keystone Mines, and are exposed in the 

Moffat Tunnel, ~600-750m from the portal (fig. H.4). They are typically dark red or 

reddish brown in color, and are commonly laced with thin pyrite veins. This style of 

alteration is characterized by the presence of low-Ti, phlogopitic biotite and magnetite 

disseminated throughout the matrix and clasts. Accessory minerals include pyrite, barite, 

apatite with minor galena, sphalerite and molybdenite. 

While principally developed in breccias, hydrothermal biotite is also seen cutting 

lamprophyres in the area. Hydrothermal biotite is prominent in samples collected from 

the western margin of Railroad Breccia lamprophyre where it is exposed in the Moffat 

Tunnel (fig. 4.12). This suggests that some (if not all) of the biotite-rich alteration post

dates the emplacement of lamprophyres. 

The biotite altered breccias have been mapped as "arkose" and "siltstones" on historic 

maps of the Moffat Tunnel, although they have textures that are similar to volcanic 

breccias elsewhere in the district. Geochemically, they have distinctive compositions, and 

many samples plot in the subalkaline field on TAS diagrams (fig. L.l). As a group, they 

grade from phonolitic compositions to chemistries similar to rocks found outside the 

diatreme. This appears to indicate significant incorporation of subalkaline wall rocks or 
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detrital material from outside the diatreme, distinguishing them from the majority of 

samples of volcanic breccias. 

Biotite alteration in the vicinity of the Blacl^ Diamond and Mollie 
Kathleen Mines 

Broad zones of biotite-rich alteration are present in the Mollie Kathleen and Black 

Diamond mines (fig. L.2). These include both fracture controlled biotite-orthoclase-pyrite 

(± pyrrhotite) veins developed in and around syenitic-monzosyenitic intrusions in the 

Molly Kathleen mine, as well as broad zones of pervasive biotite±magnetite+ pyrite 

alteration in breccias between the Black Diamond Mine and Molly Kathleen shaft. While 

the structurally biotite veins in the Molly Kathleen mine closely resembles the intrusion-

related styles of biotite alteration developed in the vicinity of nepheline monzosyenites 

elsewhere in the district, the zones of broadly developed biotite alteration in the vicinity 

of the Black Diamond Mine show no association with a specific intrusion at the present 

levels of exposure. 

In and around the Black Diamond mine, volcanic breccias are nearly black (fig. L.3), 

and contain an abundance of hydro thermal biotite, magnetite, and pyrite (fig. L.4). 

Because this alteration is only exposed in underground workings, its distribution in the 

area and cross-cutting relationships are poorly constrained. However, biotite alteration 

clearly cuts a lamprophyre dike in the Black Diamond mine, suggesting a late timing for 

the biotite alteration (figure 4.12, L.4). Zones of biotite alteration, are in turn, cut by gold 

veins and their associated styles of K-feldspar + pyrite alteration. 
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Biotite alteration in the deep levels of the Portland-Ajax Mine 

Drilling from the 3100 (1000 m) level of the Portland-Ajax Mine intersected broad 

zones of biotite alteration in heterolithic volcanic breccias (Plate 5). In these exposures, 

biotite is pervasively developed in the matrix of the breccias, giving the rocks a dark 

brown to black color. The biotite is accompanied by disseminated pyrite, carbonate and 

magnetite, with accessory REE phases, base metals (galena and sphalerite), celestite and 

rare tellurides (fig. L.3). In several cases, biotite appears to be intergrown with magnetite; 

pyrite, REE phases, and base metals appear to be contemporaneous or younger than 

biotite and magnetite. Silver and lead tellurides are the most common tellurides, and are 

typically present as inclusions or intergrown with pyrite grains. 

K-feldspar and albite are also both present in the zones of biotite alteration. In some 

samples, K-feldspar appears to be replacing albite, but these textures are not universally 

developed. As discussed in Chapter 5, few of the rocks with pervasive biotite alteration 

are markedly enriched in either potassium or sodium, although framework silicate 

minerals account for ~60% of the mass of these rocks - typically as fine intergrowths of 

both K-feldspar and albite. 

The biotite alteration in the deep levels of the Portland-Ajax mine appears to cut the 

margins of lamprophyre dikes (fig. 4.12), but is in tum cut by gold mineralization and 

associated alteration. 

Broad zones of biotite alteration at the 1000 m level in the Ajax-Portland Mine (Plate 

5), and are present directly beneath the Captain Stopes. These stopes produced > 1 

million ounces of gold and lie -300-600 m above the zones of biotite alteration. Timing 
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relationships and the presence of base metals and tellurides in zones of biotite alteration 

in the deep levels of the Portland Mine, suggest that the biotite-rich styles of alteration 

represent high temperature styles of alteration +/- mineralization developed in the early 

stages of gold mineralization in the Cripple Creek district. Biotite alteration was 

subsequently overprinted by lower temperature styles of alteration and mineralization (K-

feldspar + pyrite, and quartz-pyrite-telluride veins) in later stages of mineralization. 
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Figure L.l: TAS diagram showing compositions of breccias with a sedimentary or detrital 
provenance. These include several types of breccias and volcaniclastic units along the periphery 
of the diatreme, which appear to have incorporated materials from outside of Sie diatreme. 
This group also includes the breccias on Mineral Hill, a satellite breccia pipe. The field of 
compositions from Mineral Hill appears to represent a mixing line between phonotephritic-
teplmphonolitic compositions and tiie surrounding country rocks. Shown in grayscale are the 
fields for alkaline igneous rocks in the Cripple Creek district, and phonoliticvolcanic breccias. 
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Figure L.3: Sample of volcanic breccia from Black Diamond mine with intense biotite alteration. Note the 
dark color of the sample. Biotite crystals are intergrown with magnetite and small amounts of pyrite. See 
fig. 4.8 for compositions; note the high Fe contents of these biotites relative to other styles of alteration in 
the Cripple Creek district. 

Figure L.3b: 1500 um electron backscatter (BSE) image of biotite-rich styles of alteration at the 1000 m 
level of the Portland Mine (sample A31-23-360). Shown in a pyrite grain (brightest grains), with multiple 
inclusions of REE phases, galena, Ag tellurides and Pb tellurides. The pyrite grain is surrounded by K-feldspar 
(light gray), and shreddy crystals of phlogopitic biotite (see fig. 4.8 for analyses of biotite grains from the 
deep levels of the Ajax-Portland Mines). 
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Figure L.4: A: 400um image of biotite-rich aheration cutting a lamprophyre dike exposed in the Black 
Diamond Mine, accessed from the 10th level of the Molly Kathleen Mine. Shown is the ratty, irregular 
appearance of the hydrothermal biotite, accompanied by K-feldspar and pyrite. Biotite-rich alteration 
is widespread in the area, and large volumes of volcanic breccias have been altered to biotite-rich 
assemblages. The hydrothermal biotite is characterized by Ti-poor fluophlogopitic compositions. B: 
ISOOum image of biotite-rich alteration in the same dike. Note the remnant lamprophyric texture, 
abundant solutions cavities (black areas), and mottled appearance of the groundmass (biotite+K-feldspar 
alteration). C: 150um image of coexisting magmatic biotite (mbio) and hydrothermal biothe (hbio). 
Note the different habits of the euhedral, latti shaped grains of magmatic biotite, and the irregular, "ratty" 
grains of hydrothermal biotite. Also present are apatite and pyrite. D; ISOOum image of the magmatic 
(mbio) and hydrothermal (hbio) biotite in the altered margin of the lamprophyre dike. Note the more 
intense, texturally destmctive alteration in the right side of the image. 
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APPENDIX M: ADDITIONAL DESCRIPTIONS OF CHLORITE-
ALBITE ALTERATION 

Moffat Tunnel I Index-Pointer area 

In the western regions of the district, a distinctive style of dark green alteration is seen 

in volcanic breccias near the Index, Pointer, and Keystone mines. Although much of the 

area has been resurfaced or is covered by float, volcanic breccias with chlorite-rich styles 

of alteration are exposed in the Moffat Tunnel (fig. 4. If, 4.24). This alteration is 

characterized by albite, chlorite, calcium-rich carbonate, specular hematite and apatite 

flooding the matrix and replacing clasts in the breccias. Feldspars have been albitized, 

although some carbonate and chlorite are also seen replacing feldspars. Mafic minerals 

have been replaced by combinations of hematite, chlorite, illite clays and pyrite. Stringers 

and veinlets of pyrite are abundant in the area, but timing relationships between the 

hematite-chlorite alteration and sulfide veins are not clear. 

Hematite in these zones of chlorite-rich are markedly enriched in titanium (up to 5 

wt%), which distinguishes this alteration type fi-om other styles of hematite-rich 

alteration. Apatite is also common present, showing a close association with hematite in 

many samples. The dominance of albite over K-feldspar distinguishes this alteration type 

from the more voluminous K-silicate alteration types seen elsewhere in the district. 

Whole rock geochemical analyses of these rocks show them to be quite variable in 

terms of their chemistry, ranging from subalkaline, silica rich rocks to undersaturated 

mafic rocks. To some degree, this range in composition reflects the incorporation of 
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mafic volcanic rocks (phonotephrite clasts), and siliceous Precambrian rocks and/or rocks 

of a sedimentary provenance (fig. L.l). 

The chlorite-rich styles of alteration in the vicinity of the Index and Pointer mines is 

clearly overprinted by later K-metasomatism and sulfidation along veins, structures and 

contacts with intrusive rocks. 

Chlorite alteration in the deep levels of the Portland Mine 

A large body of chlorite-rich alteration is spatially associated with a brecciated mass 

of tephriphonolite/phonotephrite in the deepest levels of the Ajax mine (see Plate 5). The 

zone of chlorite-rich alteration appears to form an annulus around the brecciated margin 

of the tephriphonolite/phonotephrite intrusion. Intergrowths of chlorite, carbonate, and 

pyrite have replaced mafic minerals and albite has replaced feldspars and feldspathoids in 

this zone of alteration. 

Where mapped, this alteration type tends to be pervasive, giving the rock a distinctive 

dark green color. Dark green chlorite±pyrite and carbonate veins are distributed 

throughout, along with monomineralic veins of anhydrite/gypsum and pyrite. 

Mineral Hill 

Broad zones of chlorite-rich alteration are also developed in the volcanic breccias of 

Mineral Hill, giving the breccias a distinctive light green color. The matrix of the altered 

breccias is chiefly composed of albite and K-feldspar (albitoK-feldspar) with pockets of 

chlorite and illite/kaolinite. 5-10% of the breccia is comprised of hematite ± magnetite, 

Ti-oxide minerals, widely distributed euhedral pyrite grains, and small grains of 

monazite. Some of the iron oxide grains are lath shaped, indicating replacement of 
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earlier mafic minerals. There is no evidence, however, that the chlorite is replacing 

earlier hydrothermal biotite. 
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APPENDIX N: ADDITIONAL STYLES OF ALTERATION 

Albitic (sodic) styles of alteration 

As discussed in Chapter 2, albite-rich (sodic) styles of alteration are present in several 

locations in the Cripple Creek district, mostly along the perimeter of the diatreme, and 

more uncommonly in its interior. These include [chlorite + albite], [analcime (±nosean) 

+ clinopyroxene], and [sodic alkali feldspar + specularite] assemblages, which appear to 

reflect early alteration events characterized by the development of Na-silicate minerals 

and a net increase in sodium in wall rocks. Albitic alteration is also developed along the 

periphery of the district in association with carbonate-pyrite ± base-metal veins. Timing 

relationships are poorly constrained, but these possibly represent compliments to the 

greater volumes of potassium-rich alteration seen in the district. 

Along the eastern margins of the district, albite halos are developed around many 

carbonate veins. These veins cut phonolites, tephriphonolites and phonotephrites, and are 

chiefly composed of Ca>Mg,Fe carbonate, with accessory barite, pyrite and celestite. 

Some veins exhibit centerline fill by quartz and carbonate (fig. 4.25 a,b), and others 

contain an abundance of sphalerite and galena. Adjacent to the veins, wall rocks are 

bleached, feldspars have been replaced by albite, and mafic minerals have been replaced 

by combinations of pyrite, carbonate and leucoxene. While several spectacular examples 

have been encountered in drill holes (fig. 4.If), their distribution appears to be limited. 

When present, the zones of albitization appear to be restricted to narrow vein envelopes, 

not more than 10-15x vein widths. Broad regions or zones of albitization are generally 

not observed. 
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These zones of sodic/carbonate-rich alteration may represent recharge zones for the 

hydrothermal system(s), or areas of convective downwelling in a complex hydrothermal 

system. Fluids migrating along a downwelling (warming) path, or being drawn into a 

hydrothermal system would impart sodic (albitic) alteration (e.g. Carten, 1986), and 

deposition of carbonate along flow paths due to its retrograde solubility. The common 

position of these assemblages along the periphery of the district is consistent with this 

model. 

Deep carbonate + base metal ± sericite veins 

Distinctive populations of base metal-rich carbonate veins are present in the deep 

levels of the Ajax and Vindicator mines, (fig. N.l, N.2, Plate. 5). These veins are chiefly 

composed of K-feldspar, phengitic illite-muscovite, and ankeritic carbonate with 

accessory pyrite, base metal sulfides and sulfate minerals (barite, celestite, anhydrite and 

gypsum). Galena and sphalerite are the most common base metal sulfides in these veins, 

although traces of chalcopyrite and molybdenite are also seen (photographs of base metal 

veins, and green sericitic veins). Assay data indicate that these veins occasionally contain 

gold mineralization, but typically at low grades (~ 1 ppm, or less). 

The veins show no distinctive association with specific rock types, and are most 

found cutting volcanic breccias in zones of bleaching and weak K-metasomatism 

(Vindicator Mine). In the deepest levels of Portland-Ajax Mine, similar base metal-rich 

veins are found in areas of pervasive biotite alteration (Plate 3). In places, these veins can 

exhibit a stockwork characteristic where vein densities approach 10/m, but more 

commonly the veins are diffuse (< 2/m). 
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Many of the base metal-rich veins in the 3100 level of the Vindicator Mine are 

flanked by halos of K-feldspar, phengitic illite-muscovite, carbonate, and pyrite in wall 

rocks. The illite-muscovite minerals have a distinctive green appearance, and are 

typically intergrown with ferroan and/or magnesian carbonate. The green color of the 

illite appears to largely result from Fe-rich compositions. PIMA analyses indicate that K-

micas vary from relatively disordered, phengitic illite to highly crystalline sericite 

(muscovite) compositions, a likely indicator of temperature of formation. 

Molybdenite-rich veins and stockworks are occasionally observed in the deepest 

levels of the district, but these occurrences are rare. One sample from the deepest levels 

of the Cresson Mine (2400 level) exhibits a quartz-molybdenite stockwork with 

fluophlogopitic alteration halos, and other molybdenite veins have been found on the 

1000m level of the Vindicator and Ajax Mines. Molybdenite veins have also been found 

in the northern part of the district, in the vicinity of Ironclad-Globe Hill, and in the deeper 

levels of the Molly Kathleen mine, as reported by Koschmann (1965). 

More discussion of styles of alteration and mineralization in the deepest levels of the 

Portland-Ajax and Vindicator Mines are give below. 

Red Orthociase veins 

Swarms of reddish orthociase veins are present in the deeper levels of the district, and 

are especially abundant in the vicinity of Ironclad and Globe Hill. They are also found in 

close association with nepheline monzosyenite stocks elsewhere in the district. 

In drill hole UGC-97-5, (drilled in Precambrian rock just south of Ironclad/Globe 

Hill), red orthociase veins became quite abundant at depth. The veins are commonly 
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enveloped by halos of K-feldspar alteration in the wall rocks, and many exhibit centerline 

filling by pyrite and carbonate. Many of these veins cut late-stage nepheline 

monzosyenite intrusions, but their timing relationships with lamprophyres has not been 

established. Examples of these veins are shown in figure N.3, and 4.1e. 

Massive carbonate veins 

A striking feature of the Cripple Creek district is the presence of large carbonate-rich 

veins which contain accessory sulfide minerals and quartz. Theses veins appear as 

massive, white veins up to several meters in width, and are dominantly composed of 

calcite, although some ferroan carbonate is also typically present. Within the veins, 

quartz is often present as slender hexagonal crystals up to 5 cm in length, and sulfides are 

commonly intergrown with carbonate minerals, or are focused along the margins of the 

veins. Base metal sulfides include galena, sphalerite, and molybdenite. 

Massive carbonate veins are most abundant in the vicinity of Ironclad-Globe Hill, but 

are broadly distributed throughout the district. They are most abundant at deeper levels, 

but are present in the near surface environment at Ironclad-Globe Hill, where they are 

associated with broad zones of K-feldspar + pyrite alteration. Few cross-cutting 

relationships are exposed, but the gross similarity with late stage K-feldspar + pyrite 

alteration suggests a similar timing. In the vicinity of Ironclad-Globe Hill, carbonate + 

sulfide assemblages are closely related to zones of anhydrite-pyrite-molybdenite breccias, 

and in at least several cases appear to demonstrate mutually cross-cutting relationships. In 

general, the carbonate-sulfide mineralization appears to commonly cut anhydrite-pyrite-

molybdenite veins and breccias in the area. 
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The presence of large volumes of hydrothermal carbonate in the vicinity of Ironclad 

and Globe hills has significant environmental implications. Several major waste dumps 

are located in that area, directly above the zones of carbonate-rich alteration. 

Anhydrite/gypsum veins 

In the deep levels of the Ajax and Vindicator mines, veins of gypsum and anhydrite 

become abundant. These veins are typically late, cut all known lithologies, and 

commonly contain accessory pyrite, fluorite, carbonate and celestite/barite. In some 

cases, they form anhydrite matrix breccias (see discussion above; photo of A31-27?-

1111). These assemblages are strikingly similar to the anhydrite-matrix breccias and 

veining seen in the vicinity of the Ironclad/Globe Hill breccia pipes (see earlier 

discussion). They share similar modes of occurrence, mineralogies and timing 

relationships. 

In the deep levels of the Ajax and Portland mines, ore-stage fluorite-carbonate-quartz 

+ polymetallic sulfide veins also commonly contain gypsum or anhydrite. In the 

Vindicator mine, anhydrite veins are common in and around the nepheline monzosyenite 

intrusion, and these veins may represent a distinct population of sulfate veins related to 

the emplacement of that stock. These veins are commonly juxtaposed with the intrusion-

related biotite-magnetite-orthoclase alteration. 



Figure N.la: Polymetallic carbonate + K-feldspar vein cutting volcanic 
breccia in drill hole V-9, Vindicator 3100 level. The surrounding wall rock 
has been pervasively altered to an assemblage of K-feldspar, albite and 
pyrite. This assemblage characterizes large volumes of rock in the deeper 
levels of the diatreme. Large volumes of similar rocks have been bleached 
and sulfidized, and are characterized by alteration assemblages with varying 
proportions of K-feldspar and albite. K-feldspar abundances increase 
significantly toward zones of mineralization with little change in the outward 
appearance of the rock. In transmitted light microscopy, this type of 
alteration appears as turbid feldspars with little discernible distinction 
between K-feldspar and albite-rich zones of alteration. 

Figure N.lb: Darkened grayscale image of figure N.la. Highlighted are 
the contrasts between grains of pyrite, sphalerite, and galena. Both sphalerite 
and galena appear to be later than pyrite and are seen as microveinlets 
cutting pyrite grains in this area. 
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Figure N.2: Carbonate +illite + pyrite vein cutting 
volcanic breccia in drill hole V-12, Vindicator 
3100 level. This vein type is common in the 
deep levels of the system, and is frequently 
accompanied by galena and sphalerite. The veins 
are marked by a light green color. 
Analyses of carbonates from the vein show 
Fe>Mg»Ca»>Mn chemistries. The illite is 
phengitic and fluorinated: 

Average phengitic illite composition from vein 
(wt%): 
Fe 2.6 
K 8.9 
Si 24.4 
A1 14.3 
Ti 0.46 
Mg 2.3 
F 3.2 
Zn 0.02 
V 0.08 

80% of the vein is composed of pyrite and 
carbonate, and is surrounded by an albite>K-
feldspar alteration halo. 
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Figure N3: sample of hydrothermal breccia with clasts of monzosyenite with stockwork veins of orthoclase, 
which are truncated at the margins of the clast. The matrix between the clasts is composed of milky white 
carbonate, with rims and streaks of molybdenite (gray material) developed along the margins of clasts. Late-
stage (supergene?) gypsum fills open space cavities in the carbonate. 

Figure N.4: carbonate veins (white) with minor pyrite and molybdenite cutting nepheline monzosyenite in 
the vicinity of Ironclad/Globe Hill. Phyllosilicate alteration is developed adjacent to the veins, where illite 
has partially replaced the original plagioclase and alkali feldspar in the rock. Mafic minerals have been partially 
replaced by pyrite adjacent to the veins. 



664 

APPENDIX O: TIMING RELATIONSHIPS BETWEEN GOLD 
MINERALIZATION, K-FELDSPAR + PYRITE ALTERATION, AND 

IGNEOUS ROCKS 

Relationships between lamprophyre intrusions and gold 
mineralization 

A spatial association between lamprophyres and gold mineralization has been widely 

recognized (McLennan, 1915; Boyle, 1979, p.250; Rock and Groves, 1988 a,b; Rock et 

al., 1989; Rock, 1991; Wyman and Kerrich, 1988,1989), and Cripple Creek has been 

cited as an example of this association (Rock, 1991). While there exists no specific 

evidence to suggest that lamprophyres shared a genetic relationship with gold 

mineralization at Cripple Creek, lamprophyres represent the igneous event that is closest 

to gold mineralization in space and time. Mass balance constraints and other 

considerations, however, make derivation of the gold bearing fluids from the 

lamprophyres seem unlikely. Other possibilities: 

- While the gold-bearing fluids may not have been derived from lamprophyres directly, 

lamprophyres many have contributed volatiles and/or metals, or played a role in 

triggering volatile release in the magmatic system(s). It has been suggested that the 

recent eruptions of Mt. Pinatubo, Philippines were triggered by injections of mafic 

magmas into partially solidified or evolving magma chambers, leading to catastrophic 

volatile release (Pallister et al.,1992, Pallister et al., 1996). Similar suggestions have 

been made for the Bingham, Utah Cu-Au deposit, and it has been argued that 

lamprophyres contributed key inputs of metals and volatiles to the Bingham system 

(Keith et al., 1997, Keith et al., 1998). The close timing relationships between 



665 

lamprophyres and the generation of large volumes of alteration and gold mineralization 

at Cripple Creek would be consistent with a similar process having acted at Cripple 

Creek. 

- Lamprophyres account for ~1% of the volume of igneous rocks at current levels of 

exposure, but it is possible that larger masses are present at depth. Textural evidence 

suggests that the Cripple Creek lamprophyres exsolved silicate, carbonate, and hydrous 

phases during their evolution. The ocelli and leucocratic matrices in many 

lamprophyres contain K-feldspar, pyrite and carbonate in addition to albite, analcime, 

fluorite, and clinopyroxene. Some exhibit K-metasomatism in surrounding 

lamprophyric wall rock that is similar to the styles of alteration developed in zones of 

mineralization in the Cripple Creek district. However, the small volumes of 

lamprophyre in current exposures are not sufficient to produce the volumes of alteration 

or mineralization seen in the deposit. This does not preclude the possibility of a larger, 

unseen lamprophyric intrusion at depth which supplied volatiles and/or metals to the 

hydrothermal system. As the epithermal mineralization at Cripple Creek is likely 

positioned several kilometers above the causative intrusion(s), such an intrusive mass 

may not have obvious expressions in geophysical surveys. 

It should also be pointed out that causative intrusions associated with similar styles of 

mineralization around the world tend to be monzonitic or more felsic in composition 

(Chapter 11) rather than lamprophyric. 
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Timing of wall rock K-feldspar alteration relative to vein 
formation 

Although K-feldspar + pyrite alteration is broadly associated with gold 

mineralization, many veins shows multiple stages of mineralization (Chapter 5). 

Comparisons of veins with multiple stages of mineralization provide insight into when 

and how K-feldspar alteration was developed in surrounding wall rocks: 

Positions of adularia in veins 

Although K-feldspar and other aluminosilicate minerals are abundant in high-

temperature veins, they are much less abundant and frequently absent from the interiors 

of the telluride-bearing quartz veins that host the majority of mineralization at Cripple 

Creek. Adularia is sometimes present as euhedral crystals growing into veins from the 

surrounding wall rock (see fig. 5.1, Plate XVIIb from Lindgren and Ransome, 1906, and 

figure 13 from Burnett, 1995), and is commonly pervasively developed in wall rocks 

adjacent to veins, but aluminosilicate minerals are virtually absent in the interior of 

• 29 veins . 

Thompson et al. (1985), Burnett (1995), and Kelley et al. (1998) suggest that adularia 

was formed during the earliest stages of vein development, and was produced by 

Although aluminosilicate minerals such as adularia are typically lacking in the interiors of veins, 

roscoelite is sometimes present (fig. 5.1). Rocoelite, however, is essentially a aluminum deficient mica, 

where V has substituted for Al. Roscoelites from the Cripple Creek district have amongst the highest molar 

V:A1 reported (2-3:1) 
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relatively hot and saline fluids^". Temperatures and salinities for the adularia have been 

generally assumed from fluid inclusions in adjacent vein quartz, or in the case of 

Precambrian rocks, from quartz in wall rocks (e.g. Dwelley, 1984; Thompson et al., 

1985). 

Alternatively, the positioning of adularia along the margins of veins and in adjacent 

wall rocks may reflect the alkaline nature of the ore-forming fluids. Calculated 

solubilities of aluminum in Cripple Creek's ore fluids are on the order of 10'®m/L, several 

orders of magnitude lower than the calculated solubilities of K, Na, and Si. Metasomatic 

K-feldspar may have only formed at the interface with adjacent wall rocks, where an 

abundance of wall rock aluminum would have been available for reaction with the K-

rich, but Al-deficient solutions. Thus, the common presence of adularia along the margins 

of veins may not necessarily reflect a timing relationship, but rather, a chemical control. 

It is also noteworthy that roscoelite, a vanadiferous mica, is one of the only 

aluminosilicate minerals that is found in the interior of veins. In effect, roscoelite 

represents an Al-deficient mica, where V substitutes for Al in the mica structure. 

Roscoelite is a characteristic mineral that forms in alkaline hydrothermal systems, 

reflecting the higher solubility of V relative to Al in alkaline fluids. 

High salinity fluid inclusions have been observed in Precambrian wall rocks in zones of 

mineralization, leading to speculation that early fluids were hot and highly saline. These inclusions, their 

distributions and interpretations are discussed in Chapter 3. 
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Timing relationships between K-feldspar + pyrite alteration and lamprophyres 

Several authors have suggested that K-metasomatism pre-dated gold mineralization, 

and either represents an earlier, high-temperature event, or shared no genetic link to gold 

mineralization (e.g. Fears et al., 1986; Thompson et al., 1985; Burnett, 1995; and Kelley 

et al., 1998). Relationships between late-stage mafic dikes (lamprophyres) and K-feldspar 

+ pyrite alteration provide a key constraint for the timing of K-metasomatism in the 

district. If K-feldspar + pyrite alteration had been an early or recurring phenomenon 

during the evolution of the diatreme complex, lamprophyres should cut zones of K-

feldspar + pyrite alteration. Throughout the district, however, K-feldspar + pyrite 

alteration and gold mineralization are clearly shown to cut lamprophyres in all known 

cases. 

Timing relationships between lamprophyres and hydrothermal alteration can be 

subtle. Lamprophyres are relatively impermeable, and as a result, hydrothermal alteration 

rarely penetrates more than a few centimeters, even in zones of intense alteration (figures 

4.23). In the near surface environment, the margins of the relatively impermeable 

lamprophyres serve as impermeable barriers to groundwater flow, and seeps and springs 

are often seen issuing from their the margins after rainfall events (see fig. 0.1). As a 

result, the margins of most lamprophyres have been subjected to weathering and 

oxidation in the near surface environment. Supergene iron oxides and clay minerals are 

typically abundant along the margins of mafic intrusions (see fig. 7.6a), and tends to 

obscure cross-cutting relationships between hypogene styles of alteration and the 

lamprophyre intrusions. 
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As described in Chapters 4 and 5, below the zone of oxidation cross-cutting 

relationships between styles of alteration and lamprophyres are much easier to evaluate. 

Drilling throughout the district, and in particular, in the vicinity of the Cresson Mine has 

intercepted numerous lamprophyres below the zone of oxidation in areas of intense K-

feldspar + pyrite alteration. In every example observed to date (n=54), K-feldspar + 

pyrite alteration clearly cuts the margins of the lamprophyres. Similar timing 

relationships are seen between K-feldspar + pyrite alteration and other lithologies, 

including phonotephrites (as seen in Pit exposures in East Cresson in the vicinity of the 

"Isabella" dike). 

It may be argued that in some cases, K-feldspar + pyrite alteration is only weakly 

developed in lamprophyres, whereas it appears to be much more intense in adjacent 

breccias or phonolites. This may reflect an overlap in timing between lamprophyres and 

K-feldspar + pyrite alteration, where lamprophyres were actively intruding during the 

process of alteration and mineralization. This may lend support to suggestions of a 

genetic or temporal link between lamprophyre intrusion and mineralization, as discussed 

above. To date, however, an example of a gold vein being convincingly cut off by a 

lamprophyre intrusion has not been demonstrated. 

Paragenesis of K-feldspar-rich alteration in wall rocks 

Alteration halos of K-feldspar and carbonate surround many types of veins, including 

single-stage quartz veins, complex veins with multiple stages of mineral deposition, and 

some monomineralic calcite and sulfate veins. Throughout the district, adularia and 

carbonate alteration in wall rocks do not appear to be related to a specific stage or 
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sequence of mineral deposition, but more likely appear to have been generated 

throughout vein development. 

Temperatures/fluid compositions for K-feldspar + pyrite alteration 

Few reliable thermometric measurements of trapping temperatures are available from 

wall rock adularia, largely because fluid inclusions are generally too small for 

measurement, or are not convincingly primary. The few temperature measurements that 

have been reported range from -150-250° C (Burnett, 1995), which overlap temperatures 

measured in most telluride-bearing quartz veins. Similar conditions are implied for other 

examples, such as the Pharmacist vein system near the former town of Altman (East 

Cresson). The Pharmacist vein system contains an abundance of veins, many of which 

consist of one or two stages of quartz deposition with minor sulfides and traces of 

telluride minerals. Fluid inclusions in quartz crystals within the veins give temperatures 

of 177-260°C (Beaty et al., 1996), and similar conditions can be inferred for the K-

feldspar + pyrite alteration halos that surround the veins. Similar relationships are seen in 

other low-temperature veins from around the district. 

Throughout the district, oxygen isotopes in wall rock K-feldspar alteration vary 

systematically according to distance from veins. Immediately adjacent to veins, 6*^0 of 

K-feldspar in wall rocks commonly approaches 14%o, and grades outward to isotopically 

lighter compositions away from veins, approaching wall rock values (5*^0 ~ 8%o) in the 

distal parts of alteration halos. The scales of these halos of isotopic exchange are variable, 

18 ranging from millimeters to tens of meters (see also Beaty et al., 1996). Typical 6 0 

values for quartz veins range from 13-18%o 5'®0, and are generally consistent with values 
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measured in wall rock K-feldspar immediately adjacent to veins (taking into account the 

Aqz-kf ~ 3.5 %o @ 200°C). Progressively lower 6'^0 in wall rock feldspar away from 

veins may represent fluid mixing (e.g. Beaty et al., 1996), but more likely represents 

dilution by wall rock '^O (see discussions in Chapter 8). 
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phonolite j lamprophyre 

Figure O.l: Seepage of water along margin of lamprophyre dike. Groundwater flow is 
often chaimelized along the contacts of impermeable lamprophyre dikes after rainstorms. 
Wooden stake is Im in length. 
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APPENDIX P: LATE HYDROTHERMAL EVENTS 

Following the development of telluride-rich mineralization, several additional styles 

of alteration and metasomatism were developed. Evidence for these events is present 

throughout the district, but is especially pronounced in the area of the Cresson Mine, 

Grassy Valley, and Ironclad - Globe Hill. 

Late-stage "milled breccias" in the Ironclad and Globe Hill breccia pipes cut across 

zones of gold mineralization (see also Trippel, 1985 and Seibel, 1991). These late events 

are characterized by an abundance of sulfides (now oxidized to limonite) and 

phyllosilicate minerals (kaolinite-halloysite). Clasts include fragments of quartz-fluorite 

veins, and clasts that contain gold mineralization. Evidence for similar events is seen at 

Grassy Valley (see Appendix P), where late veins and breccias of kaolinite, illite-smectite 

and pyrite cut across earlier formed quartz-adularia-pyrite veins and gold mineralization. 

The abundance of these styles of alteration and mineralization in the vicinities of Grassy 

Valley and Ironclad-Globe Hill suggests that they represent a discrete event that was 

focused in the northern part of the diatreme. They are also closely related to anhydrite-

base metal and carbonate-sulfide events in terms of both space and time; all of which 

appear to be related to a voluminous late-stage insurgence of sulfate-rich, carbonate-rich, 

and locally acidic fluids in the northern area of the diatreme. 

Also seen in the district are late-stage veins of dickite and highly crystalline kaolinite. 

These veins are especially prominent in the Precambrian rocks south of Ironclad Hill (as 

seen in drill hole UGC-97-5), and around the Cresson Pipe (fig. 4.29) where they cut 

telluride-bearing quartz-carbonate veins. The presence of dickite suggests strongly acidic 
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chemistries. Wall rocks adjacent to these veins, however, commonly contain carbonates 

and feldspars within centimeters of the vein margins. This suggests that the acidic fluids 

responsible for generating the dickite-rich styles of alteration were effectively buffered 

by reaction with feldspar and carbonate minerals in wall rocks. 

Collectively, none of the younger events appear to have introduced significant gold, 

and their role in redistributing the previously deposited gold mineralization is not clear. 

In some cases (e.g. the Ironclad and Globe Hill breccia pipes) mechanical redistribution 

and disruption of gold-bearing veins is clearly seen (see also Seibel, 1991), but 

convincing evidence for chemical redistribution or addition is not yet clear. Further 

descriptions of zones of clay-rich alteration are given below: 

Zones of intense clay alteration 

Clay alteration becomes particularly intense in a few localized area within the Cripple 

Creek district. These areas are shown in figure 4.26, and in Plates 1 and 3; 

1) the region in and around the satellite body of volcanic breccia in Grassy Valley 

2) in and around the hydrothermal breccias at Globe Hill and Ironclad Hill (now 

backfilled open pit mines) 

3) along the northeastern margins of the Cresson Pipe (see fig. H.2 a,b) 

Grassy Valley 

A low-grade, near surface gold resource is located in Grassy Valley, and is 

principally hosted by a wedge of metasomatized Precambrian gneiss and schist lying 

between the main diatreme complex, and a satellite body of volcanic breccia (Plate 1). 

While gold mineralization clearly cuts multiple stages of Tertiary intrusions in the area, 

the highest gold grades are developed in Precambrian host rocks (especially in mafic 
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segregations). Unlike most other places in the district, the Grassy Valley mineralization 

is spatially associated with large volumes of intense clay-rich alteration. Specific details 

of the geology, and isotopic and fluid inclusion data from alteration assemblages are 

given by Rosdeutscher (1999). Examples of styles of alteration and mineralization from 

Grassy Valley are shown in figure P.l. 

In the Grassy Valley area, zones of mineralization are characterized by large volumes 

of chalky white clays, often times intergrown with coarse, cubic grains of pyrite and 

irregular veinlets of quartz (± amorphous silica). Gold is chiefly present as 

microcrystalline native gold, partially or completely encapsulated within pyrite or 

leucoxene (Rosdeutscher, 1999). However, geochemical analyses reveal a striking 

correlation between tellurium and gold (fig. P.2), suggesting that tellurides are also 

present, and are possibly the dominant hosts of gold (except where oxidized). Gold 

mineralization is principally associated with quartz-adularia-pyrite veins (Rosdeutscher, 

1999). 

As seen elsewhere in the district, clay alteration is dominated by halloysite clays in 

the near surface environment, along with mixed layer illite-smectite clays. The clay 

alteration overprints earlier K-metasomatism, and kaolinite deposition clearly post-dates 

adularia in veins (Rosdeutscher, 1999). As in other parts of the district, the halloysite is 

localized along fractures, whereas illite-smectite clays tends to be dominant in the 

adjacent wall rocks (fig. 4.27). Original igneous mineral assemblages are altered as 

follows: 

plagioclase ->illite-smectite clays 
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K, Na microcline/orthoclase -> illite + K-feldspar 

magnetite pyrite 

biotite ->pyrite + smectite + leucoxene 

traces: apatite, barite, celestite, gypsum(?) 

At deeper levels, fracture-controlled halloysite clays appear to grade into illite-

smectite assemblages (best demonstrated in PIMA data from deep drill hole GVC-92-4). 

Dickite and other high-temperature hypogene phyllosilicates, such as highly ordered 

sericite, were not identified by PIMA analyses, although Rosdeutscher (1999) reports the 

presence of dickite in two samples. 

Geochemically, Grassy Valley mineralization appears similar to other styles of 

mineralization seen in the district. In the geochemical analyses performed by 

Rosdeutscher (1999), most metasomatized rocks in the Grassy Valley area have elevated 

potassium concentrations and systematic depletions in sodium. In many cases, potassium 

to sodium ratios in metasomatized rocks resemble those from zones of strong K 

metasomatism elsewhere in the district. Exceptions are noted, however, including sample 

GVC-92-4-660 which shows evidence for strong sodic alteration (9.22 wt % Na20 vs 

1.05 wt % K2O; Rosdeutscher, 1998). 

The abundance of K and to a lesser degree Na and Ca in geochemical analyses is 

consistent with the observations of alteration mineral assemblages. The abundance of 

mixed layer illite-smectite clays suggests that cations such as K, Na and Ca, have not 

been leached from the system, and have instead been sequestered in hydrothermal clay 

minerals and feldspar. 
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The distribution of alteration minerals in current day geothermal systems provides 

insight as to how the Grassy Valley clay minerals were developed. In COa-rich 

geothermal systems it is very common to encounter steam-heated waters rich in CO2 

(dissociated H2CO3 acids) at high levels and along the periphery of geothermal fields 

(e.g. Henley and Hedenquist, 1986). As deeper hydrothermal fluids effervesce and 

release CO2, these gases migrate to the upper levels and peripheries of the systems. The 

condensation of CO2 into groundwaters produces weak bicarbonate acid complexes and 

leads to the development of "intermediate argillic" mineral assemblages (Henley and 

Hedenquist, 1986). These areas are characterized by the presence of mixed layer clays, 

which are products of reactions between wall rock feldspars and acidic, steam heated 

groundwaters. 

Alternatively, oxidation of aqueous sulfur species in the near surface environment can 

lead to the development of clay alteration. Below the zone of oxidation, H2S carried by 

hydrothermal fluids will trigger pyrite formation by reactions such as: H2S + Fe-mineral 

pyrite. Near surface oxidation of H2S in ascending fluids or vapors can produce acid-

sulfate waters capable of generating "advance argillic" lithocaps (Henley and Hedenquist, 

1986). These assemblages are characterized by kaolinite group minerals, and where 

strongly developed, alunite, sulfides and native sulfur. Some aspects of the Grassy 

Valley mineralization (i.e. abundance of kaolinite-group clays) shares similarities with 

these assemblages, although the alkaline wall rocks may have buffered the acid solutions 

enough to inhibit the development of alunite, an indicator of highly acid conditions. 



678 

In addition to processes related to vapor condensation and the circulation of acidic 

hydrothermal solutions, to some degree the development of clay rich mineral 

assemblages in Grassy Valley may be related to supergene processes. The characteristics 

and distribution of the illite-smectite clays and the fi-acture controlled halloysite in Grassy 

Valley are typical of patters of mineral distribution in supergene environments. The 

abundance of coarse grained pyrite in the Grassy Valley area would have provided ample 

acid during weathering, erosion, and oxidation of the upper levels of the system to 

promote development of clays in the near surface environment. Likewise, the small 

amount of alunite found in the Grassy Valley deposit is likely to be a product of 

supergene processes, as hypogene alunite would not have been stabilized in an 

environment with an abundance of feldspar in the wall rocks (e.g. Einuadi, 1997). Stable 

isotope data from Rosdeutscher (1999) for a variety of assemblages do not 

unambiguously distinguish between a hypogene and supergene origin for the clay-rich 

assemblages. 

As evidence can be found that is consistent with a variety of processes, it is most 

likely that some combination of the processes described above was responsible for the 

generation of the clay-rich alteration in Grassy Valley. 

Ironclad/Globe Hill and Dante collapse breccias 

Similar zones of high-level clay alteration are found in the vicinity of the Ironclad and 

Globe Hill hydrothermal breccia pipes, and along the periphery of the Cresson 

lamprophyre breccia pipe above the "Dante collapse breccia" (see fig. H.2a,b). These 

zones of clay alteration are similar to those observed in Grassy Valley, with the exception 
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that greater proportions of smectite clays are observed, and halloysite is less abundant. 

Hydrothermal features and clay alteration in the Dante collapse breccia are discussed 

here, and the geology of Ironclad/Globe Hill is discussed in Chapter 5. 

Dante collapse breccia and associated metasomatic features 

A clast supported breccia with open spaces between clasts and little or no matrix is 

located along the northeast flank of the Cresson Pipe. The clasts are chiefly composed of 

angular blocks of phonolite and lamprophyre. The breccia forms an elliptical, pipe-

shaped feature, and was encountered between the 1000' and 1800' levels of the Cresson 

Mine. The pipe has been interpreted to be a "collapse breccia" that may have formed 

during emplacement of the Cresson Pipe, where material caved downward during or after 

an explosive volcanic eruption (Loughlin, 1927, fig. 3; Loughlin and Koschmann, 1935, 

p. 299-301). Alternatively, the collapse breccia may be a product of dissolution of a 

soluble mineral such as anhydrite or carbonate. Similar collapse features as a result of 

dissolution are present elsewhere in the district; e.g. dissolution of anhydrite-rich zones of 

mineralization in the Ironclad-Globe Hill area, and in the Unity Breccia pipe. 

In samples collected from exposures in the Cresson Mine and from drill core, the 

Dante breccia is composed of strongly K-metasomatized clasts of wall rock forming a 

rubble-like mass with open spaced between clasts, and many surfaces coated by euhedral 

or drusy hydrothermal minerals such as quartz, fluorite, pyrite and chalcedony. Sphalerite 

is abundant and intergrown with quartz, and younger cinnabar forms a drusy coating on 

bases of earlier deposited hydrothermal minerals. In a sample described by Lindgren 

(1925), the cinnabar is intergrown with celestite and dolomite, and is found coating 
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quartz-sphalerite-pyrite veins. Lindgren (1925) also reports that the quartz beneath the 

cinnabar appears to have been corroded and etched prior to deposition of the cinnabar. 

Samples of the Dante collapse breccia from the Koschmann mineral collection show 

similar features. 

Above the Dante breccia, rocks have been strongly altered to clay (see fig. H.2, P.3). 

A distinctive zone of bleaching is seen along the northeast margin of the Cresson Pipe, 

where large volumes of rock have been altered to Ca-smectite clays and phengitic illite. 

Much of these rocks have been converted to punky, light colored masses of clay and 

pyrite (now oxidized in near surface exposures). The zone of intense clay alteration is 

positioned directly above the Dante breccia. Drill holes which penetrated the upper levels 

of the Dante breccia also exhibit intense clay alteration, as well as well-crystallized 

dickite. Dickite veins are seen cutting quartz-carbonate-telluride veins in the area (drill 

hole CR-1628), and suggest that highly acid fluids were active in the area after the 

development of gold mineralization. 

As was suggested by Loughlin and Koschmann (1935), the open space Dante breccia 

may have served to focus vapors in the waning stages of hydrothermal activity, focusing 

acid alteration in upper levels of the pipe and in the overlying rock. Condensation and 

oxidation of H2S in the upper levels of the pipe and in the near surface environment 

above the pipe would have led to the generation of H2SO4 acids and the development of 

clay alteration. Vapor phase transport of mercury is also widely reported (Barnes, 1979), 

and cinnabar has been deposited along the walls of fumaroles by rising vapors 

(Lawrence, 1971). 
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Figure P.l: SEM images of alteration and mineralization from Grassy Valley A-B) igneous quartz in 
Precambrian granite being replaced by hydrcthemial K-feldspar. Early K-feldspar + pyrite being 
overprinted by younger sericite-kaolinite alteration. C) Veins of K-feldspar + pyrite + barite cutting 
igneous quartz in Precambrian granite. Inclusions of galena and other base metals are present in the 
pyrite grains. D) Alteration of mafic mineral sites in Precambrian granite; intergrown phengitic illite, 
K-feldspar, fluorite, albite, carbonate and pyrite 
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Figure P.2: Au vs. Te for variably mineralized samples throughout the district, and for 
sample subsets from Grassy Valley and Ironclad. Although unusual styles of mineralization 
and alteration are present in these areas, their Au vs. Te patterns resemble those from 
elsewhere in the district. 



Figure P.3: Zone of pervasive argillic (phengitic illite + (Ca,Fe,Mg) smectite) clays above "Dante Collapse 
Breccia", northeast flank of Cresson Pipe. It is suggested that ascending acidic vapors produced strong argillic 
alteration above the collapse breccia in this area. 
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APPENDIX Q: ALTERATION AND MINERALIZATION IN 
PRECAMBRIAN ROCKS IN THE AJAX MINE 

The Ajax mine was opened in 1895, with relatively continuous production through 

1961 (except for closure by mandate during World War II). The mine was developed to 

the 3100' (1000 m) level, making it and the nearby Portland II shaft the deepest mines in 

the district. The Ajax Mine produced over 700,000 ounces of gold. Including production 

from the adjoining Granite, Strong, Monument and Carbonate Queen mines, production 

exceeded 2 million ounces, with an additional -2.8 million ounces produced from the 

nearby Portland and Independence mines. 

The Ajax mine was reopened by Golden Cycle in 1972 following the removal of price 

restrictions on gold. A joint venture was formed between Golden Cycle and Texasgulf in 

1975, and limited production from the Ajax mine took place until 1983, at which time 

Hecla Mining Co., purchased the Texasgulf interest in the Ajax Mine (Dwelley, 1984). 

Exploration drilling from 1977-1981 (Plate 5), provided critical exposures and samples 

for this and other studies. 

The workings and veins of the Ajax Mine were principally located within 

Precambrian rock, which offers a contrast to the styles of mineralization and alteration 

developed in Tertiary rocks within the diatreme. This appendix describes and shows 

examples of mineralization in the Ajax Mine. 

General characteristics of veins: 

Veins in the deep levels of the Ajax and Portland mines are characterized by narrow 

seams of quartz (typically <3 cm) that occupy parallel sets of fractures along structural 
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zones. Names given to veins (Bobtail, Newmarket, X-lO-U-8, etc.) are applied to these 

structural zones, recognizing that each zone may contain from one to ten individual veins 

and veinlets. Like the veins within Tertiary volcanic rocks, veins in the Ajax Mine are 

chiefly composed of quartz with accessory fluorite, ankeritic carbonate, barite, celestite, 

pyrite, and minor base metal phases and tellurides. Veins are enveloped by K-

metasomatic halos (Chapter 4,5), which tend to be narrower than those developed in 

Tertiary volcanic rocks. 

In several cases, veins are developed along the margins of Tertiary phonolite and 

lamprophyre dikes cutting the Precambrian rocks. These exposures offer direct 

comparisons of styles of alteration in Tertiary and Precambrian rocks, which lie on 

opposite sides of some veins. 

Examples 

Plates 2C, 2E and 2F, and figures 6.5 and 6.11 show map patterns of veins in the Ajax 

Mine area, and figures 5.2, 5.4, and 5.19 through 5.23 show examples of individual veins 

and their alteration halos. Figures Q.1-Q.3 show stope maps along longitudinal sections 

of selected veins. Veins and vein systems generally show an upward flaring morphology, 

with most development at higher elevations. Exceptions are seen, however, especially 

where intersections of structural systems at deep levels served to focus large ore bodies 

(fig. Q.2) 

Alteration in Precambrian rocks adjacent to veins 

In many veins in the Ajax mine, metasomatism follows zones where quartz has been 

leached out of rocks, providing permeable pathways for the migration of fluids. These 
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areas of high permeability were referred to as "bug hole granite" by miners working in 

the district, and are best developed along principle structural trends and lithologic 

contacts, particularly the outer contact between the diatremal breccias and the 

surrounding Precambrian rocks. As described earlier, these areas of quartz removal 

appear to reflect an early event, possibly related to the emplacement of undersaturated 

alkaline magmas into quartz-rich granitoids. In contrast, ore-stage fluids were clearly 

saturated with respect to quartz, first precipitating crystalline quartz in open spaces, 

followed by the precipitation of chalcedonic silica in the later stages of mineralization. 

The ore-stage fluids appear to have utilized the permeable zones as conduits, often filling 

in the open spaces with quartz, and replacing feldspars with hydrothermal K-feldspar, 

some of which is seen as adularia rhombs growing into open space. Pyrite, leucoxene, 

clays and carbonate have replaced mafic minerals in these zones, giving the rock a 

bleached appearance. 

Alteration in micaceous Precambrian rocks (muscovite-sillimanite schists and biotite 

gneisses of the Xbgn unit) is characterized by replacement of biotite-muscovite 

assemblages by phengitic illite, pyrite, carbonate, and alkali feldspar (fig. Q.4). These 

rocks are commonly bleached around veins and in areas of fluid flow. Where veins cut 

quartz and feldspar-rich segregations in Precambrian rocks, K-feldspar is seen replacing 

Na-feldspar and quartz, phengitic illite + K-feldspar replaces plagioclase, and mafics are 

replaced by a combination of pyrite, carbonate, leucoxene, and illite clays. The sizes of 

alteration halos show considerable variation, but generally range from 10-100 times the 

vein widths (fig. 5.19-5.23), and are especially prominent where veins cut micaceous 
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Precambrian rock, and tend to be more restricted (5-10 x vein widths) in quartz-feldspar 

segregations. 

Dramatic contrasts in alteration mineralogy are seen where veins have crossed from 

Precambrian rocks into phonolitic dikes. Fig. Q.4 a-i show the changes in alteration 

mineral assemblages where veins have crossed a contact between a phonolite dike, and 

the surrounding biotite schist. In phonolite dikes, veins of quartz and K-feldspar are seen, 

surrounded by broadly developed halos of intense K-feldspar + pyrite alteration. Where 

these veins cut across adjacent micaceous Precambrian rocks, they typically have more 

restricted halos of phengitic illite + pyrite ± K-feldspar. This change in the mineralogy is 

typically abrupt. Phonolite dikes in the vicinity of zones of mineralization are typically 

strongly altered, and like the "bug-hole granites", appear to have acted as conduits for 

fluid flow during the process of mineralization. 

Discussion of fluid inclusions in veins from the Ajax Mine are given in Chapter 8, 

and in Dwelley (1984). 
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Figure Q.l: N-S profile through the Strong Vein showing stoped areas and underground 
workings. 
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Figure Q.2: N55 W profile of stopes along the Bobtail vein system, Ajax mine. The Bobtail vein represents an example of a vein that 
saw signillcant development at deeper levels. While saw their productivity diminish at deeper levels, structural intersections between 
the Bobtail structure and cross structures in the area served to focus rich ore bodies at deep levels. 
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Figure Q.3: E-W profle through principle vein systems in Portland-Independence mines (after Loughlin, 1927) from surface to 
3000 level. Shaded outlines are generalized representations of stoped areas. 
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Figure Q.4: A: distal alteration in biotite schist adjacent to 2»ne of mineralization developed along the margin 
of a phonolite dike; weak pyrite + sericite alteration cutting quartz-biotite (phlogopitic) schist, 2.5 m from 
zone of mineralization. Note presence of large books of biotite B: alteration in biotite schist adjacent to altered 
and mineralized phonolite dike. Note that the large books of biotite originally present in the biotite schist have 
been replaced by sericite (phengitic illite), in many cases preserving the original texture of the mica grains. 
C: K-feldspar + pyrite veinlets cutting sericitized biotite schist adjacent to zone of mineralization. D: Pyrite 
grains with inclusions of galena in altered biotite schist adjacent to zone of mineralization developed along 
the margin of a phonolite dike. Note pervasive replacement of original biotite schist. E, F: Intense K-silicate 
+ pyrite alteration in biotite schist adjacent to zone of mineralization; K-feldspar appears as irregular masses 
and veinlets cutting across sericitized biotite schist (biotite crystals replaced by phengitic illite). G: quartz 
pyrite vein cutting margin of phonolite dike in zone of intense K-feldspar + pyrite alteration and mineralization. 
H: Magnified view of pyrite crystal in zone of intense K-feldspar alteration and quartz veinlets along margin 
of altered and mineralized phonolite dike; shown is a small inclusion of Pb-telluride. Inclusions of base metal 
sulfides and tellurides are common in sulfide grains in zones of mineralization. I, J: K-feldspar replacing 
quartz crystals in altered Precambrian quartz-biotite schist along margin of altered and mineralized phonolite 
dike. In these examples, remnants of the original quartz crystals are seen as irregular masses in the interiors 
of metasomatic K-feldspar grains. 
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APPENDIX R: VERTICAL ZONATIONS IN ALTERATION AND 
MINERALIZATION 

In the late 1970's and early 1980's, Texasgulf Minerals drilled a series of holes from 

the Carlton Tunnel elevation directly beneath the Vindicator vein system and the Captain 

stopes (Plate 2), both of which have produced over 1 million ounces of gold. The drill 

holes were arranged in fan-shaped patterns, and covered much of the areas beneath the 

downward projections of both vein systems (Plate 2). While little gold mineralization 

was encountered during the drilling program, these holes provide a look at the 

"undersides" of highly productive vein systems. 

These holes were re-logged during this project, in order to produce maps of alteration 

and mineral distribution in these areas (Plate 5). 

~1000 m level of the Vindicator Mine 

Like the vein systems in the Ajax and Portland Mines, over 2 million ounces of gold 

have been produced from veins in the Vindicator area. The Vindicator mine workings and 

a lateral driven from the Carlton Tunnel (1000 m level; -7000' elevation) to the 

downward projection of the Vindicator shaft provide the deepest exposures in the eastern 

half of the Cripple Creek district. Although strong gold mineralization was present 

throughout the upper levels of the mine, only weak gold mineralization was present at the 

1000 m level. 

Styles of alteration 

Plate 5 shows the distribution of rocks types, alteration, and styles of mineralization 

at the 1000 m level (7000' elevation) in the Vindicator mine. Compared to the swarms of 
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high grade veins developed in the upper 500m of the Vindicator Mine, only a few narrow 

intercepts (<2m) of 1-10 ppm Au were intercepted by drilling at the 1000 m level. Where 

gold mineralization is present it is restricted to zones of sulfidation and moderate to weak 

K-feldspar + carbonate ± sericite alteration. As seen at higher levels, rocks are bleached 

in zones of mineralization (fig. 4.1b and 4.1d). In comparison with veins at higher levels, 

gold-bearing veins at the 1000 m level contain much more carbonate and less quartz, an 

apparent signature of mineralization at deeper levels in the district. As seen in plate 5, 

zones of mineralization show structural control and are often confined to lithologic 

contacts. 

Gold mineralization in the deep levels of the Vindicator Mine and its associated styles 

of alteration are focused between a zone of older specular-hematite stable alteration to the 

east, and zones of biotite-orthoclase-magnetite ± pyrite alteration to the west. In zones of 

mineralization and K-metasomatism, specularite and biotite-rich styles of alteration have 

been bleached; pyrite, Fe>Mg, Ca, Mn carbonates, leucoxene and illite have replaced 

mafic minerals, and feldspars have been variably shifted towards K-rich compositions or 

partially replaced by sericite. Although K-metasomatism and pyrite-rich styles of 

alteration are broadly developed, metasomatism tends to be weak. The broad zones of 

intense K-metasomatism seen at higher levels are generally not present at the 1000m 

level. Where intense K-metasomatism (rocks with >10 wt% K2O) is present, it is usually 

restricted to narrow intervals and is associated with the highest grades of gold 

mineralization. 
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The specular hematite alteration in the deep levels of the Vindicator mine is similar to 

that seen in the near surface environment, where specular hematite, carbonate, illite and 

leucoxene have replaced mafic minerals, and feldspar compositions have been shifted (as 

discussed in Chapter 4; see also fig 4.14). The biotite-rich styles of alteration are 

intimately associated with a series of nepheline monzosyenite intrusions, a similar mode 

of occurrence seen throughout the district (Chapter 4). Both the hematite and biotite 

styles of alteration are apparently barren of gold mineralization. 

K-silicate + base metal assemblages 

In addition to diminished gold mineralization, noticeable increases in base metals, 

carbonate minerals, and sericite (highly ordered sericite is seen in many places as 

opposed to the disordered phengitic illite compositions seen at higher levels) are 

markedly more abundant at deeper levels. Whereas, base metals tend to be restricted to 

veins or wall rocks immediately adjacent to veins in the near surface environment, in the 

deep levels of the Vindicator mine, disseminated galena and sphalerite are broadly 

developed throughout areas of K-silicate + pyrite alteration. Occasional grains and 

stockwork veins of molybdenite are also seen. Comparatively, chalcopyrite is rare. 

In addition to disseminated base metals, veins of pyrite, carbonate, K-feldspar and 

sericite are seen which contain varying amounts of galena and sphalerite. The sericite 

veins are less common than the base-metal bearing K-feldspar and carbonate veins, and 

are characterized by a greenish color, reflecting relatively high Fe concentrations in the 

micas. Some base metal veins contain phlogopitic micas, or have phlogopite developed 

in the adjacent wall rocks. This phlogopite is commonly sericitized, suggesting that it 
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formed early and was subsequently altered to sericite. These features appear to reflect a 

transition to a base metal-rich environment at depth, dominated at the Carlton tunnel level 

by galena and sphalerite. As seen in other deposits, the Pb and Zn-rich styles of 

mineralization may be distal to a Cu or Mo-rich core of "porphyry"-style magmatic-

hydrothermal alteration, and the occasional presence of M0S2 as disseminations and 

stockwork veins is suggestive of the latter. Base-metal rich zones commonly show gold 

concentrations in the lOOppb to 1 ppm range, but rarely contain high grade (>1 ppm) 

mineralization. 

~1000 m level of the Portland Mine; Captain Stopes area 

Styles of alteration and mineralization 

As seen in the deep levels of the Vindicator Mine, gold mineralization in the deep 

levels of Portland Mine is contained within zones of sulfidation (bleached rock) and weak 

K-feldspar alteration (see plates 5 and fig. 4.Id). At this level, gold grades have 

diminished, with only narrow intercepts of 1-10 ppm Au mineralization being present. 

Vein assemblages are quite similar to those seen in high-grade zones, except they contain 

less quartz and greater abundances of carbonate, anhydrite and base metal sulfides. 

Galena and sphalerite are also conspicuous as disseminated grains in the bleached 

alteration halos surrounding the veins. Fluorinated phlogopite is occasionally present in 

veins (fig. 5.17), indicating a higher temperature environment (>300°) compared to the 

epithermal veins at higher levels. Sulfur isotope thermometry from base metal and 

sulfate assemblages suggest temperatures from ~300-400°C (Chapter 8). 
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A striking feature of the deep levels of the Portland mine is an abundance of biotite 

alteration. In both the deep levels of the Vindicator and Portland mine, broad areas of 

biotite-bearing alteration are seen, although their modes of occurrence differ 

significantly. In the Portland mines, broad areas of biotite alteration are developed in 

volcanic breccias, but unlike the biotite-rich styles of alteration seen in the Vindicator 

mine, they show no relationship with a specific intrusion. The pervasive biotite alteration 

in the Portland mine also appears to cuts lamprophyres (fig Y.9). While the biotite 

alteration in the deep Vindicator Mine appears to be related to intrusive events that pre

date the emplacement of lamprophyres, the zones of biotite alteration in the Portland 

mine are distinctive in that they appear to cut lamprophyres. 

The timing of biotite alteration in the deep Ajax mine suggests that it may be related 

to the hydrothermal event which produced the gold mineralization. Another 

distinguishing characteristic of this alteration is the presence of auriferous pyrite (Table 

Z.3) and weak disseminations of galena and sphalerite. Although cut by younger, 

structurally controlled gold mineralization and its associated K-feldspar + pyrite 

alteration, it is possible that this style of alteration represents an early phase of high-

temperature metasomatism that preceded development of epithermal mineralization. 

Alteration and mineralization seen at higher levels 

As seen in surface exposures and near-surface drilling, the upper portions of the 

Vindicator and Captain Stopes vein systems are marked by broad zones of intense K-

feldspar + pyrite alteration accompanied by silicification (Plate lb). The Portland Pit 

exposes a broad halo of intense steel gray/blue alteration around the Captain Veins, with 
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structurally focused zones of "glassy" K-feldspar + pyrite alteration trending NIOW-

N30W. Similar styles of alteration are seen in the Vindicator valley, above the 

Vindicator vein system (poor exposure in this area has prevented detailed mapping, 

however). A similar distribution of intense alteration can also be seen along the trend of 

the Pharmacist vein in the East Cresson pit, as well as throughout the Cresson deposit, 

particularly along western margin of the Bluebird dike (see Plates 1 and 3). 
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APPENDIX S: LAMPROPHYRIC MATERIALS IN MINE DUMP 
NEAR GOLD KING MINE 

A large mass of lamprophyric material was used to construct an abutment for a 

railroad bridge in Poverty Gulch, just south of the Gold King Mine (fig. S.l). This bridge 

abutment contains an unusually large volume of lamprophyric material; the largest dump 

composed almost exclusively of lamprophyre rocks in the district (the mine dumps of the 

Cresson Mine contained a larger mass of lamprophyre before they were removed). 

Several characteristics of this material make it particularly interesting: 

- the lamprophyre has an ultramafic chemistry (< 35wt% Si02), that bears close 

similarity with the Cresson Pipe. 

- the lamprophyre contains an abundance of fragments and xenoliths of 

Precambrian Cripple Creek granite (CCg). Cripple Creek granite forms the 

country rock in the area, but is generally not seen as xenoliths in the Cresson 

Pipe. This suggests that the lamprophyre had intruded Cripple Creek granite 

along the western margin of the diatreme. 

- the material lacks the fissility and trachytic fabrics that are characteristic of 

lamprophyre dikes in the district. Some cobbles of lamprophyre are up to one 

meter across, and have a massive appearance that is not typical of dikes. 

- the Railroau Breccia lamprophyre is the largest known mass of lamprophyre 

that has intruded Cripple Creek granite, but has a much different chemistry; 

the materials in the bridge abutment appear to be from a different source. 
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Collectively, these observations suggest that a large mass of lamprophyre has 

intruded the Cripple Creek granite along the western margin of the diatreme. The source 

of this material is unknown, but the workings from which these materials were probably 

located close to the railroad grade, and may be near to current location of the material. 
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Figure S.l: location of railroad bridge abutment made up of clasts of lamprophyre. 
This lamprophyre bears striking chemical similarity to the Cresson Pipe, but contains 
an abundance of clasts of Precambrian Cripple Creek granite (CCg), similar to the 
country rock in the area. 
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APPENDIX T: ADDITIONAL DESCRIPTIONS OF 
HYDROTHERMAL BRECCIAS 

Several types of hydrothermal breccias are seen in the Cripple Creek district. These 

were briefly summarized in Chapter 5, but are described in greater detail here: 

1) Carbonate-analcime breccias associated with lamprophyres 

These breccias are characterized by a leucocratic matrix of carbonate, analcime, and 

feldspars, and occasionally quartz. Pyrite and, less commonly, fluorite occur as accessory 

minerals (fig. 5.24 and 5.25). When quartz is present, it is commonly smoky, and appears 

paragenetically younger than analcime, often filling vugs and centerlines of veins. The 

leucocratic matrix supports rounded "blebs" or subangular fragments of lamprophyric 

material (fig. 5.24a), and occasionally, heterolithic rock fragments of non-lamprophyric 

rocks. Examples are seen in the Trail and Cresson lamprophyre breccias in the Cresson 

Pit. 

The minerals in the leucocratic matrixes of these breccias are similar to those seen 

filling ocelli in lamprophyres. These similarities suggest that ocelli and hydrothermal 

brecciation may be related to similar processes. Ocelli are widely interpreted to represent 

exsolution of a low-density phase during crystallization of lamprophyric melts (Rock, 

1987), and the leucocratic matrices seen in many lamprophyre breccias likely reflect 

similar processes. Further discussion is given in Chapter 2, where lamprophyre breccias 

are described. 

These breccias are typically devoid of gold mineralization. 
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2) Quartz - fluorite - pyrite hydrothermal breccias 

These breccias are characterized by matrixes of quartz + fluorite + pyrite (± celestite-

barite) supporting clasts of altered wall rock (fig. 5.24, 5.25). In most cases, breccias 

show only one or two stages of mineral deposition, often dominated by a single stage of 

mineral growth. Where open space is present, younger minerals such as chalcedonic 

silica and calcite may fill cavities, but these are not universally developed. Accessory 

minerals include base metals and REE phases. These breccias are often mineralized, with 

grades as high as 30 ppm Au, although grades are most commonly in the range of 1-3 

ppm Au. Like the styles of mineralization seen in veins, gold is chiefly present in 

telluride minerals. Clasts vary from monolithic to heterolithic, but are often the same 

lithology as the adjacent wall rock. Some clasts exhibit rounded edges, but most are 

angular. These observations suggest limited transport of materials during the process of 

brecciation. Intense K-feldspar + pyrite alteration is typically developed in clasts and in 

surrounding wall rocks. 

Examples of quartz-fiuorite-pyrite breccias include the "Big Banta Blowout", the 

"Nugget Breccia" and quartz matrix breccias in the Forest Queen mine. In several places, 

breccias of this class are present as an early stage of brecciation within other types of 

hydrothermal breccia. This is seen in the Unity, Ironclad and Globe Hill breccia pipes 

(see fig. 5.25b). 

Variations of this style of breccia include quartz-pyrite and pyrite rich breccias. In 

cases where brecciation is developed at fine scales, they are referred to as 

"microbreccias". Mineralized veins can grade into hydrothermal breccias of this type. 
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especially at intersections of major structures, or along dilational zones. In several cases 

where veins flare upwards in the near surface environment, they transition into breccias 

of this type. Pyrite-rich varieties tend to only weakly mineralized (typically <lppm Au). 

3) Manganiferous hydrothermal breccias 

Manganiferous hydrothermal breccias are characterized by a pink matrix of 

rhodochrosite, fluorite and celestite with accessory pyrite and galena (fig. 5.25a, T.l a-c). 

Bastnaesite, thorite, sphalerite and LREE-enriched monazites are also common accessory 

phases. Tellurides are also commonly present, but tend to be widely distributed in the 

rhodochrosite-rich matrix. Altaite was the most common telluride encountered in this 

study, but Au and Ag-rich telluride species were also observed. Like other hydrothermal 

breccias, these contain monolithic to heterolithic clasts of wall rock supported by a matrix 

of hydrothermal minerals. The manganiferous breccias are distinguished from other 

hydrothermal breccias by their abundance of Mn-rich carbonate and celestite, which form 

the majority of the hydrothermal minerals in the matrix. 

The pink-matrix breccias are only seen in deep drill core and in deep exposures. In 

the near surface environment (within the zone of oxidation and weathering), the 

rhodochrosite + celestite + fluorite matrix is commonly replaced by a dark, porous mass 

of black Mn oxides (fig. 5.25d). In zones of oxidation, sulfides are replaced by limoriite, 

and feldspathic wall rocks and clasts are variably altered to assemblages of 

montmorillonite + illite + kaolinite + Fe-oxides. These breccias are easily recognized in 

the field by their abundance of black, sooty manganese oxides. Exposures of oxidized 

manganiferous breccias are often variegated black, orange and red colors. 
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The manganiferous breccias are commonly mineralized. They are typically 

mineralized, but erratically so; gold contents ranging from lOO's of ppb to > 50 ppm. 

Average grades of ~ 1.5 ppm Au were mined from the Ironclad and Globe hill deposits 

(surface operations), with grades of > 45 ppm Au reported from underground workings. 

Samples analyzed in this study typically contain lOO's of ppb Au. 

Examples of manganiferous breccias include the Ironclad, Globe Hill, Unity, Anna 

Lee, and Conundrum breccia pipes. Comparisons with other types of breccias are made in 

Table T.l 

4) Anhydrite-rich breccias 

Anhydrite-rich breccias occur as masses of brecciated wall rock with a matrix of Ca-

sulfate (anhydrite or gypsum) with Ca-rich carbonate, pyrite, galena, sphalerite and 

molybdenite (figure 4.25). Fluorite and celestite-barite are also often present. Breccias of 

this type are most abundant in the area of Ironclad and Globe Hill, but are also seen in the 

deepest levels of the Portland-Ajax mines. Where present, the individual bodies of 

breccia may be quite large. In the Deerhom Mine (Ironclad Hill), anhydrite with 

accessory fluorite, celestite, galena, and pyrite form lenticular bodies up to 110 m in 

diameter (Argall, 1905). At least one of these bodies outcrops at the surface, and was 

exposed in the Globe Hill open pit mine. While traces of gold have been reported in the 

anhydrite bodies in the Ironclad and Globe Hill areas (Argall, 1905), these breccias 

appear to be largely unmineralized. 

Drilling since 1997 has revealed similar anhydrite-rich veins and breccias at depth 

throughout the area of Ironclad and Globe Hill. Some are rich in pyrite and galena, while 
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others contain an abundance of molybdenite. These breccias appear to be intimately 

associated with other types of hydrothermal breccias rich in calcite, pyrite and fluorite. 

Large volumes of biotitized monzosyenite (as clasts and as coherent intrusive bodies) 

were also encountered in deep drilling in the area. 

Timing relationships 

Throughout the district, several consistent timing relationships have been observed. 

Hydrothermal breccias post-date all intrusions exposed in the near surface environment. 

In exposures where lamprophyres and hydrothermal breccias are juxtaposed, the 

hydrothermal breccias appear to be younger. An exception to this is seen in the Cresson 

Pipe, where carbonate-analcime breccias are cut off by the younger lamprophyre dikes. 

Carbonate-analcime breccias appear to be associated with the emplacement of 

lamprophyres, and those within the Cresson pipe were probably related to the 

emplacement of the pipe itself Younger lamprophyre dikes that cut across the Cresson 

pipe also cut its associated analcime-carbonate breccias. Like the gold vines, the other 

types of hydrothermal breccias described above (quartz-fluorite-pyrite, manganiferous, 

and anhydrite-rich breccias) appear to be younger than all lamprophyres. 

Quartz-fluorite-pyrite breccias are cut by manganiferous breccias at Ironclad-Globe 

Hill and in the Unity Breccia Pipe. In turn, manganiferous breccias are cut by anhydrite-

carbonate breccias. 

Structural controls on breccia pipes 

As discussed in Chapter 6, hydrothermal breccias appear to have been focused at the 

intersections of major structural features, as proposed by Trippel (1985) and Seibel 
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(1991) for the hydrothermal breccias at Ironclad and Globe Hill. Likewise, the 

intersection between the diatreme contact, a steep walled phonolitic intrusive mass, and a 

major NE-SW trending structural system appears to have focused the emplacement of the 

Unity hydrothermal breccia on Guyot Hill. A similar setting can be inferred for the 

Conundrum breccia, which is also situated along the diatreme contact in an area of 

multiple intrusions, including lamprophyres. On Battle Mountain, the Anna Lee pipe was 

emplaced along the margin of a lamprophyre dike, snaking upward along its contact. 

Inside of bodies of hydrothermal breccias, fractures and veins are often irregular or 

disrupted, owing to the discordant nature of the breccias and the fact that early stages of 

mineralization are commonly brecciated by later events. Zones of alteration and 

mineralization may extend along structural trends in the form of tabular-shaped lenses 

(see fig. 27,28 in Seibel, 1991), or be distributed in concentric-shaped pattems 

reminiscent of ring fractures, as shown by Plate 2 in Trippel (1985). 

Unfortunately, little structural information is available from deep levels in any 

examples, but from drilling and mine level maps, it appears that mineralization and 

brecciation taper downwards, with veins and zones of mineralization likely to show 

greater conformity to structural trends at depth. 

Hydrothermal breccias of Ironclad and Globe Hills 

Trippel (1985) and Seibel (1991) have documented several stages of brecciation in 

the Ironclad and Globe Hill mines (fig. 15 of Trippel, 1985; fig. 12 of Seibel, 1991). 

These include both hydrothermal breccias and tectonic breccias. According to Texasgulf 

reports, an estimated 300,000 ounces of gold were produced from the underground 
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operations at Ironclad and Globe Hill, with an additional 187,000 ounces produced from 

NERCO surface operations in the late 1980's and early 1990's. 

Hydrothermal features at Ironclad and Globe Hill 

Whereas Trippel (1985) and Seibel (1991) described alteration and mineralization 

within the zone of oxidation, this study focused on description of geologic features below 

the zone of oxidation and weathering. Key exposures are offered by deep drill holes in 

the area. Several distinct episodes of metasomatism and brecciation have been 

recognized. These events appear to be the unoxidized and unweathered equivalents of 

events recognized by Trippel (1985) and Seibel (1991). 

Early quartz veining, K-feldspar + pyrite alteration, and quartz - fluorite 
hydrothermal breccias 

(Stage I of Trippel, 1985; event 1 of Seibel, 1991) Intense K-feldspar + pyrite 

alteration is widespread in the area of Ironclad and Globe hills. Phonolite wall rocks have 

been pervasively altered, with pyrite and carbonate replacing mafic minerals, and 

feldspars shifted to K-rich compositions. The alteration is associated with veins and 

hydrothermal breccias of quartz and fluorite. These veins and breccias contain an 

abundance of pyrite and celestite-barite with accessory base metal sulfides and occasional 

telluride minerals. Quartz + fluorite hydrothermal breccias represent the earliest stage of 

hydrothermal brecciation in the area, and have been incorporated as clasts in younger 

breccias. In these clasts, quartz + fluorite veins and zones of brecciation are tnmcated at 

the margins of the clasts (fig. 5.25 b,c, and T1 a-c). 
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In the zone of weathering and oxidation, these rocks are typically bleached to white 

or tan. Pyrite and carbonate have been replaced by limonite, and feldspars have been 

variably replaced by illite-smectite, and kaolinite group clays. Fe and Mn oxide stains 

coat most fractures. 

Manganiferous hydrothermal breccias 

(Stage II of Trippel, 1985 (?); event 2 of Seibel, 1991) Manganiferous breccias are 

widely developed throughout the area, and appear to be the most voluminous type of 

hydrothermal breccia. Surface exposures exhibit large volumes of manganiferous wad, 

often forming the matrix between clasts of brecciated wall rock. Pyrolusite and 

stilpnomelane are much more abundant in this area than elsewhere in the district. These 

zones of Mn-oxides appear to be the oxidized equivalents of rhodochrosite + fluorite + 

celestite matrix breccias, which are widespread below the zone of oxidation (see bottom 

of drill hole 90DDH8). In deep exposures, these breccias are seen as a pink matrix 

supporting heterolithic rocks fragments (fig. 5.25). Clasts vary from rounded to angular, 

and include varieties of phonolites, tephriphonolites, and late stage aphanitic phonolites. 

Pyrite and galena are common in these breccias, and accessory minerals include small 

grains of sphalerite, bastnaesite, thorite and monazite. Base metals are often present as 

inclusions within pyrite grains. Base metal minerals are dominated by galena and 

sphalerite, but traces of chalcopyrite are also seen. Altaite (PbTe2) is the most common 

telluride in the breccia matrix, but small crystals of calaverite and sylvanite have also 

been observed. Most tellurides are 5-20 micron grains, and in some cases are present as 

micron-scale inclusions within pyrite. 
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Manganiferous breccias tend to be lower grade than the quartz-fluorite 

mineralization. Grades are highest where clasts of quartz and fluorite have been 

incorporated within the manganiferous breccias. 

Anhydrite-rich breccias 

(stage IV ofTrippel, 1985) Large bodies of anhydrite and anhydrite-matrix breccias 

are seen in the vicinity of the Deerhom shaft (see Plate. 2 ofTrippel, 1985), and in 

drilling several hundred meters to the northwest. Three distinct masses of anhydrite are 

described by Argall (1905); the largest of which was on the order of 50m across. The 

anhydrite occurs in large, sugary masses with a purple hue (fig. T.2). Intergrown with 

anhydrite are euhedral crystals of pyrite and galena. Fluorite and celestite-barite are also 

sparingly present. 

While the majority of these masses are barren of gold mineralization, Argall (1905) 

describes finding traces of gold and low grade mineralization along their margins. It is 

not clear if this gold was remobilized from previous episodes of mineralization, or if it 

represents gold that was introduced with the anhydrite. Similar veins and breccias of 

anhydrite + pyrite are seen in the "island" of Precambrian rocks which lies directly to the 

south of the Deerhom shaft. 

Clasts of quartz-fluorite breccias and manganiferous breccia are found within the 

anhydrite breccias, evidence that the anhydrite is younger. 
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Milled breccias 

(Stage III of Trippel, 1985; event 3 of Seibel, 1991) In addition to the various types 

of hydrothermal breccia seen in and around Ironclad-Globe Hill, milled breccias are also 

present in the upper levels of the breccia pipes. These differ from the hydrothermal 

breccias in that their matrixes consist of pulverized fragments of both igneous rocks and 

hydrothermal minerals. Rock fragments are as large as 10cm, but most are less than a 

centimeter in diameter. Fragments and clasts are usually rounded, and fluidized textures 

are often seen in the matrices of these breccias. The zones of fluidization often resemble 

sedimentary structures, except that they are discordant and anastomosing. Many are 

vertically or subvertically oriented, and according to Seibel (1991, p.99), the milled 

breccias shov^ a strong structural control, being focused principally along steeply dipping 

N20-30W and ~N45E structures. Sulfides are abundant in the matrix of these breccias, 

including large grains of cubic pyrite (up to 1cm in diameter). As was noted by Seibel 

(1991, p.68), these pyrite cubes show little evidence of abrasion, suggesting they were 

not transported great distances, and may have been generated in place during this episode 

of brecciation. 

Milled breccias are associated with broad zones of intense clay alteration, where light 

colored illite-smectite clays predominate, but halloysite is also common. Timing 

relationships amongst the clay minerals are often unclear, but as a general rule, halloysite 

appears youngest. Halloysite is especially well developed along fractures, while illite-

smectite tends to be located in wall rock adjacent to firactures, and replacing clasts and 

matrix minerals in the breccias. Limonite is abundant, but much of the limonite appears 
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to have formed as an oxidation product of pyrite. In a few cases, limonite forms the 

dominant material in the matrix of milled breccias, suggesting they were sulfide-rich 

before oxidation. The pervasive nature of oxidation in these breccias makes assessment 

of their original character and mineralogy difficult. 

Comminuted fragments of hydrothermal quartz, fluorite and sulfide are abundant in 

these breccias, along with fragments of wall rock with intense K-feldspar + pyrite 

alteration. This suggests that the breccias were developed fairly late, after the major 

episode of quartz veining and gold mineralization. Timing relationships with the 

anhydrite breccias are unclear, but Trippel describes the milled breccias as being older. 

The broadly developed zones of structurally focused illite-smectite clay alteration and 

presence of abundant sulfides (including large grains of cubic pyrite), closely resembles 

the styles of late-stage phyllosilicate alteration seen in the Grassy Valley area (discussed 

in Appendix P; see also Rosdeutscher, 1999). It is notable that Trippel (1985) describes 

the milled breccias as "intrusive breccias", based upon its tabular shape ("probably dike-

or column-like in form" [sic], p. 22). An association with a particular intrusion or phase 

of igneous activity has not been documented. 

Other examples of manganiferous breccias 

Unity Breccia 

The Unity breccia is manifested as an elliptical-shaped exposure of brecciated 

phonolite fragments cemented by psilomelane and pyrolusite on the western flank of 

Guyot Hill. The area is shrouded in a dark veil of variegated oxide minerals. South-

trending drifts on the Chicken Hawk 6"^, 7"^ and 12"^ passed along the western margin of 
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the Unity breccia's downward projection. A.H. Koschmann described zones of 

hydrothermal breccias in this area on the Chicken Hawk 6"^: "Farthest southeast workings 

are in a rubble-like mass with boulders up to 2 V^ ft. in diameter. Boulders coated with 

clay. Many are leached to a sinter-like mass, shown by [sample] 37-K-141.. .and some 

fluorite fragments [are] also present. The mass is much pyritized. Values in spots, 30 

tons shipped 1 '/z ounces, but bulk is less than 0.1 ounces" (Notebook 2875, p. 55). 

Koschmann also mapped a series of elliptical shaped zones of "rubble-like masses", 

"rubble with some phonolite fragments", and "blowout cemented by fluorite", all roughly 

overlapping. 

iVi 
Along the expression of the #3 vein on the Chicken Hawk 6 , Koschmann describes 

another mass of hydrothermal breccia: "[Sample] 37-K-140 represents the breccia from 

blowout cemented by fluorite.. .The most common fragments are granite and latite(?) 

showing blowout to be more than collapse breccia. Besides the dark purple fluorite, there 

is pale yellowish fluorite which looks like quartzite, shown by [sample] 37-K-140c. This 

also forms numerous veins in granite to south" (Notebook 2875, p.54). Throughout the 

southeastern extents of the Chicken Hawk workings, Koschmann describes various 

exposures of "silicified breccia", "solid quartzilic fluorite", and "poorly cemented mass 

of blocks cemented and veined by massive, hard fluorite". 

While not apparent at the surface, the zones of fluorite-cemented breccias and 

silicification (in addition to the abundant manganese oxides) suggest similarities with the 

Ironclad and Globe Hill pipes. In 1995, two shallow holes were drilled across the Unity 

pipe from the surface (GYR-1 & 2). Broad zones of 0.5 - Ippm Au mineralization were 
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intercepted in both holes, although some of the granular, oxidized breccia matrix may not 

have been properly sampled during drilling^'. Hole GYR-2 intercepted galena, 

molybdenite, and possibly malachite mineralization at the bottom of the hole (see notes 

on log for GYR-2). While gold appears to be only modestly enriched in current near 

surface exposures, the higher grades reported by Koschmann on the Chicken Hawk 6"̂  

level demonstrate that higher gold grades are present in the area, and possibly indicate an 

enrichment of gold at deeper levels. 

The ubiquitous presence of silica and fluorite at deeper levels, in addition to the 

abundant manganiferous gangue suggest that the style of mineralization at Guyot Hill is 

very similar to the styles of alteration and mineralization observed at Ironclad and Globe 

Hill. The "rubble-like masses" and "collapse breccias" described by Koschmann may be 

products of anhydrite dissolution in the weathering environment, like the similar collapse 

features and rubble seen at Ironclad and Globe Hill and in the vicinity of the Dante 

collapse breccia. 

Anna Lee pipe 

Little is known about the Anna Lee pipe. A few brief accounts are available in 

Stevens (1896), Lindgren and Ransome (1906), and Penrose (1895). Penrose (1895) 

describes the Anna Lee pipe as a "chimney-shaped body of ore of a general cylindrical 

form, from 12-15 feet or more in diameter, dipping steeply and often almost vertically. 

" Notes on the log for GYR-2 indicate a problem with sample material blowing by the inner tube due to 

high rotary torque. 
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and extending from the surface to the bottom of the mine" (p.205). The pipe was chiefly 

composed of kaolinized feldspathic rock fragments with quartz, iron oxides, pyrite, and 

manganese oxides. Although small, the ore body was obviously of high grade to warrant 

the seven levels of underground development. 

Currently, the pipe is buried beneath the abandoned leach pad on Battle Mountain. Its 

position along the northeast extension of the Portland-Ajax vein system. 

Conundrum Breccia 

Even less information is available for the Conundrum Breccia. The pipe appears as a 

broad zone of brecciated, partially kaolinized phonolite fragments, cemented by a matrix 

of Mn-oxides. The breccia is located along the margin of an intrusion of porphyritic 

phonolite, at the diatreme-Precambrian contact. Adjacent to the western margin of the 

pipe is the Conundrum lamprophyre, which served as the principle ore-control for the 

Conundrum lode. Multiple intrusive events, anomalous gold, and a complex 

hydrothermal history make this an attractive target for further exploration. 



Table T.1 : comparison between manganiferous hydrothennal breccias and other types of hydrothennal breccias 

Mn-rich hydrothermal breccias other hydrothermal breccias 
Matrix mineralogy 

fluorite, rhodocrosite, (Sr,Ba)S04 » quartz, (Ca, Fe, Mg)C03, 
pyrite 

± galena, REE phases 

Matrix mineralogy 

quartz, (Ca, Fe, Mg)C03» fluorite, (Sr,Ba)S04 pyrite » 
rhodocrosite 

Alteration in clasts 

moderate-strong K-feldspar + pyrite alteration 

Alteration in clasts 

weak-moderate K-feldspar + pyrite alteration 

Characteristic accessory minerals 

galena, rhodocrosite, celestite 

Characteristic accessory minerals 

cockscomb, euhedral quartz filling cavities in breccia matrix 

Characteristic geochemical signatures 

Sr, Ba > 5,000 ppm (as high as 100,000 ppm) 
F > 10,000 ppm, 

Pb > lOOppm 
high K^O/NaiO and Pb/Mo ratios 

extremely high LREE (La, Ce >500ppm) 
and extremely high La/Yb ratios 

Characteristic geochemical signatures 

Sr, Ba « 5,000 ppm 
F > 10,000 ppm 

moderate K20/Na20 ratios 
low Pb/Mo ratios 

LREE comparable to igneous rocks (La, Ce <200ppm) 
and moderate La/Yb ratios 

Examples 

Ironclad, Globe Hill, Unity breccia 
Conundrum breccia, Anna Lee pipe 

Examples 

Nugget breccia. Big Banta Blowout 
vicinity of Dante collapse. Forest Queen mine 
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Ironclad breccia / Phonolitic wall rock 

Figure T.la: 1500 micron view of contact between porphyritic phonolite 
and Ironclad hydrothermal breccia. Light gray matrix of hydrothermal 
breccia is composed of fluorite, rhodochrosite, celestite and REE phases 
(bright specks in matrix). Note that quartz vein (left of image) is truncated 
by the fluorite rhodochrosite celestite matrix. Phonolite has been altered 
to K-feldspar with subordinate pyrite, sericite, and Ti-oxides. Late, supergene 
kaolinite is seen filling voids along the breccia contact. Angular clasts 
within the breccia are fragments of phonolite replaced by K-feldspar and 
pyrite, many of which exhibit truncated quartz veins. 

Figure T.lb: 1500 micron view of Ironclad breccia illustrating the basic 
paragenetic relationships seen throughout the pipe. Shown is a clast of 
altered phonolite (dark) surrounded by a hydrothermal matrix (light gray). 
The clast of phonolite has been altered to K-feldspar + pyrite, with little 
or no sericite. This assemblage is cut by stockwork quartz veining 
(brecciation) with large crystals of celestite. Galena is present as inclusions 
within the celestite. The quartz-celestite veins are truncated by the 
fluorite-rhodochrosite-celestite matrix at the edge of the clast. Grains of 
pyrite, REE, galena, sphalerite and Pb-tellurides are variably abundant 
in the hydrothermal matrix. The dark band across the upper right portion 
of the clast is a fine intergrowth of quartz and kaolinite. Although difficult 
to see in this image, the quartz-kaolinite vein cuts through the matrix of 
the breccia as well, establishing its timing as post-hydrothermal breccia. 



718 

Figure T.lc: 1500 micron image that has been darkened to illustrate its texture. At the center of the image 
is a zoned sulfate crystal. The bright interior is BaSO^, grading outwards to darker SrS04, typical of hypogene 
sulfate minerals throughout the Ironclad breccia pipe. Seen toward the top of the image is a galena vein, cutting 
a phonolite clast with intense K-feldspar alteration (not visible due to the darkness of the image). The galena 
vein is truncated at the boundary of the phonolite clast, and is clearly cut by the fluorite-rhodochrosite-celestite 
hydrothermal matrix. 



Figure T.2: Sample of anhydrite with pyrite and galena from surface exposures in the vicinity of 
the Ironclad Mine. Several large masses of anhydrite are seen in the area. 

-J 
VO 
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APPENDIX U: STATISTICAL ANALYSES 

In addition to direct comparison of geochemical compositions of mineralized and 

unmineralized samples, statistical approaches were used to identify geochemical pattems 

indicative of gold mineralization. Pearson correlation coefficients were calculated for the 

entire geochemical database, and various subsets. In all cases, As, Sb, Ag, and Te, and to 

a lesser degree, Tl, V, Mo, and W showed the strongest correlations with gold (see Table 

U.l). With the exception of Cs, no trace elements showed systematic negative 

correlations. These data are consistent with the trends observed in the enrichment and 

depletion pattems described above. 

The suite of elements characteristically associated with gold (As, Sb, Ag, Te and Tl) 

show a similar association in many epithermal gold deposits. Like gold, these enjoy 

significant transport as sulfide complexes (Spycher and Reed, 1989; Wood and Samson, 

1998), and are likely to be precipitated by similar mechanisms (desulfidation of the fluid, 

reaction with wall rocks, etc.). Likewise, V and W are also enriched in many classic 

epithermal deposits related to alkaline magmatism. As discussed earlier, the gold telluride 

districts of Boulder County, Colorado, and Lincoln County, New Mexico contain an 

abundance of tungsten minerals in zones of mineralization, and the V-rich mica roscoelite 

is found in many deposits, most notably at Porgera, Papua New Guinea, and at the 

Emperor Mine in Fiji. The systematic depletion of Cs seen in Cripple Creek's zones of 

mineralization reflects replacement of originally Cs-rich igneous feldspars with 

hydrothermal feldspars that are largely devoid of Cs. 
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Correlations with elevation 

The only significant correlations with elevation were Se, and to a lesser degree, 

Ag: Au. Although only a relatively small data set has been collected for Se, its strong 

correlation with elevation is intriguing. As Se and Te are expected to show similar 

geochemical behavior, the preferential concentration of Se at higher levels may provide a 

pathfinder for telluride mineralization at depth. More data are needed to test the 

effectiveness of Se as a pathfinder element. 

Ag:Au also shows a weak correlation with elevation, but Ag:Au can be strongly 

influenced by supergene processes which serve to segregate gold and silver in the near 

surface environment. Where telluride minerals have weathered, gold is commonly fixed 

as "spongy" native gold at the site of the original telluride mineral, often pseudomorphing 

the shape of the crystal as a polycrystalline mass of minute gold grains with open space 

between the grains. Silver and tellurium are commonly leached from the site of the 

oxidized telluride mineral, and are re-precipitated elsewhere as argentiferous limonite and 

various tellurate and tellurite minerals. 

Weak zoning are also indicated by examination of various production records, with 

dore fi-om historic underground production indicating Au:Ag > 10, and dore from recent 

near surface production averaging Au: Ag ~ 4. Similar conclusions have been reached by 

other authors (e.g. Thompson, 1998). It should be noted, however, the many of the 

historic records are incomplete, and many analysis labs either under-reported or did not 

report silver contents. Raw production data, likewise, are unreliable due to the common 

failure to report accurate silver production. 
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Principle component analyses: 

Principle component analyses were also performed. Eigenvalues and eigenvectors 

were generated for correlations matrixes, and were used to define several groups of 

elements (principle factors) that show similar geochemical behavior (table U.2). These 

analyses helpful in that they identify elements likely to be associated with gold 

mineralization, and geochemical patterns that act independently of gold mineralization. 

Table U.2: Principle component factors for the geochemical database 

factor 1 factor 2 factor 3 factor 4 factor 5 

Ba Y Au Ni Sr 

Mo Hf Rb Sc Ta 

Sb Th Zr Co 

La 
Ce 

Nd 
Sm 

As 
U 

Cr 
Cs 

Eu Tb w V 

Cu Yb Te 

Pb Lu 

Zn 

Ag 

Cd 

Bi 

A.I 

Au shows its strongest association with Rb, Zr, As, U, W, and Te. While the 

association with As, W, Te, and to some extent U, has been indicted by other methods, 

the association with Rb and Zr had not been previously recognized. Throughout the 
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district, Rb and Zr are most strongly enriched in late stage phonolites. As late stage 

phonolite dikes (along with lamprophyres) are a key host for gold mineralization, the 

statistical association between Au, Zr and Rb may reflect utilization of these intrusions as 

conduits for mineralizing fluids. No evidence is seen for metasomatic enrichment of Zr 

and Rb in zones of mineralization. 

Eigenvalues, eigenfactors, and a scree plot a given in Table U.S. 



Table U.1: Pearson correlation data for mineralized and unmineralized samples. Cripple Creek district (n = 323) 

_____ln_Aii__jnBa__ln_Ni__JnSc_JnJRb_ltiS^_lnJ^__ln^b__ln_Z^_ln_As__ln_Co_Jn_C^_ln_Cs__jnJHf_Jn^^ 

InAu 1.000 
InBa 0.179 1.000 
InNi 0.123 0.300 1.000 
InSc 0.101 0.226 0.503 1.000 
InRb 0.002 -0.126 -0.182 0.156 1.000 
InSr -0.050 0.543 0.366 0.191 -0.291 1.000 
InY 0.083 0.367 0.120 0.266 0.023 0.123 1.000 
InNb -0.119 -0.120 -0.203 -0.039 0.621 0.007 -0.131 1.000 
InZr -0.156 -0.273 -0.240 0.028 0.758 -0.284 0.003 0.758 1.000 
InAs 0.768 0.058 0.033 -0.012 0.110 -0.175 0.012 -0.105 -0.062 1.000 
In Co 0.087 0.320 0.618 0.529 -0.075 0.348 0.144 -0.083 -0.140 0.063 1.000 
In Or -0.196 0.106 0.573 0.285 -0.094 0.261 0.064 -0.109 -0.122 -0.126 0.414 1.000 

InCs -0.330 -0.122 0.106 0.293 0.358 -0.028 -0.029 0.252 0.267 -0.295 0.195 0.360 1.000 
In HI -0.188 -0.269 -0.285 -0.073 0.630 -0.308 0.104 0.672 0.890 -0.127 -0.215 -0.087 0.231 1.000 
InHg 0.028 0.059 0.022 0.051 -0.136 0.041 0.003 -0.065 -0.127 -0.002 0.086 -0.031 -0.143 -0.080 1.000 
InMo 0.400 0.294 0.092 -O.Oga -0.140 0.244 0.245 -0.073 -0.192 0.343 0.059 -0.083 -0.343 -0.231 0.095 1.000 
InSb 0.568 0.153 0.012 -0.034 -0.216 0.027 -0.008 -0.319 -0.420 0.561 0.044 -0.214 -0.370 -0.477 0.186 0.493 1.000 
InTa -0.121 0.010 -0.187 -0.153 0.376 0.076 -0.072 0.731 0.432 -0.123 -0.122 -0.146 0.138 0.426 -0.056 -0.017 -0.205 1.000 
InTh -0.080 -0.287 -0.378 •0.279 0.527 •0.160 •0.182 0.714 0.549 0.018 -0.373 -0.337 •0.026 0.522 0.036 0.083 0.043 0.479 1.000 
InU 0.194 -0.025 •0.139 -0-213 0.213 -0.030 0.120 0.250 0.165 0.297 -0.122 -0.230 •0.236 0.131 0.124 0.404 0.338 0.134 0.531 1.000 
In W 0.330 0.113 0.084 0.079 0.276 -0.028 0.095 0.217 0.139 0.436 0.124 0.114 •0.127 0.074 0.110 0.230 0.274 0.104 0.139 0.307 1.000 
fn La 0.058 0.378 -0.093 •0.144 -0.034 0.396 0.475 0.133 -0.081 -0.008 -0.091 -0.068 -0.184 0.001 0.056 0.505 0.198 0.197 0.354 0.392 0.148 1.000 
In Ce 0.071 0.425 -0.011 -0.035 •0.049 0.428 0.565 0.103 -0.060 •0.031 0.011 -0.003 •0.130 0.010 0.064 0.480 0.155 0.169 0.270 0.321 0.115 0.973 1.000 
In Nd 0.038 0.510 0.148 0.171 -0.072 0.480 0.683 0.023 -0.103 -0.076 0.232 o.ie'? 0.004 -0.013 0.082 0.371 0.056 0.114 0.014 0.128 0.088 0.812 0.907 
In Sm 0.064 0.537 0.260 0.311 -0.111 0.439 0.768 •0.111 -0.156 •0.049 0.361 0.242 0.041 -0.064 0.094 0.310 0.037 -0.003 -0.170 0.014 0.080 0.638 0.763 
In Eu 0.048 0.614 0.233 0.260 -0.169 0.549 0.631 -0.095 •0.225 -0.085 0.371 0.209 •0.008 -0.175 0.062 0.309 0.091 0.029 -0.189 0.008 0.028 0.575 0.666 
In Tb 0.090 0.417 0.233 0.345 •0.078 0.265 0.863 •0.177 -0.126 -0.022 0.311 0.160 0.028 -0.030 0.100 0.284 0.046 •0.096 -0.237 0.070 0.067 0.501 0.623 
InYb •0.030 0.110 -0.108 0.189 0.270 •0.120 0.867 0.081 0.335 -0.039 -0.075 -0.052 0.051 0.409 •0.054 0.102 -0.18T 0.050 0.005 0.152 0.091 0.351 0.414 
In Lu •0.084 0.073 •0.162 0.175 0.321 -0.138 0.789 0.157 0.399 -0.080 -0.108 -0.098 0.077 0.477 -0.032 0.038 •0.222 0.108 0.063 0.142 0.076 0.325 0.376 
In Be -0.095 -0.001 0.013 0.103 0.183 0.103 0.144 0.335 0.179 •0.092 0.108 0.111 0.281 0.192 •0.136 •0.047 -0.146 0.170 0.218 0.148 0.074 0.188 0.208 
InV 0.420 0.330 0.373 0.410 0.196 0.307 0.154 0.229 0.088 0.290 0.414 0.261 0.167 -0.006 -0.120 0.223 0.076 0.107 -0.106 0.051 0.270 0.103 0.168 
In Cu 0.260 0.226 0.219 0.196 -0.319 0.249 -0.087 -0.259 -0.388 0.292 0.328 0.082 •0.098 -0.448 0.208 0.166 0.464 -0.182 -0.250 0.045 0.243 0.012 -0.003 
In Pb 0.265 0.134 0.014 0.011 -0.236 0.142 0.086 -0.265 -0.370 0.329 -0.008 •0.239 -0.375 •0.417 0.207 0.482 0.657 •0.185 0.169 0.388 0.190 0.349 0.281 
In Zn 0.094 0.109 0.143 0.148 •0.149 0.162 •0.036 -0.166 -0.261 0.120 0.282 •0.175 •0.141 •0.368 0.183 0.273 0.491 -0.134 0.035 0.226 0.047 0.156 0.119 

InAg 0.707 0.075 0.022 0.088 -0.054 -0.016 -0.016 -0.095 -0.225 0.612 0.100 -0.214 -0.204 -0.280 0.179 0.402 0.665 -0.134 0.057 0.289 0.305 0.148 0.121 
InCd 0.105 0.054 0.039 0.080 -0.097 0.069 0.003 -0.197 -0.312 0.215 0.158 -0.137 -0.178 -0.377 0.118 0.313 0.561 -0.126 0.167 0.280 0.163 0.221 0.159 
InBi 0.141 0.086 -0.122 -0.227 -0.179 0.001 -0.012 -0.201 -0.215 0.219 -0.084 -0.056 -0.232 -0.236 0.165 0.295 0.455 -0.197 0.078 0.312 0.326 0.318 0.242 

In F 0.135 0.252 0.078 -0.004 0.011 0.222 0.319 -0.020 -0.130 0.058 0.084 0.072 -0.005 -0.121 -0.181 0.230 0.181 0.057 -0.061 0.146 0.140 0.332 0.340 
In Ga -0.003 -0.297 -0.191 0.096 0.531 -0.204 -0.100 0.424 0.385 -0.044 -0.131 -0.175 0.242 0.329 -0.085 -0.062 -0.091 0.305 0.502 0.103 -0.024 0.103 0.109 
InSn -0.033 -0.051 -0.173 -0.037 0.017 -0.111 0.147 -0.093 -0.004 0.011 -0.127 -0.02B 0.042 0.107 0.179 -0.024 0.033 -0.021 -0.006 0.044 0.022 0.028 0.023 
In Ge 0.337 0.047 0.114 0.127 -0.169 •0.082 0.040 -0.343 -0.250 0.177 0.073 -0.073 -0.089 -0.264 0.408 0.230 0.331 -0.321 -0.044 0.129 0.057 0.050 0.121 
In Se 0.274 0.412 •0.057 0.257 •0.117 0.000 0.362 -0.286 -0.270 0.219 -0.003 -0.014 -0.137 -0.240 0.476 0.228 0.317 -0.120 -0.227 0.138 0.321 0.218 0.239 
in Te 0.927 0.1 n 0.011 •0.083 0.148 -0.157 0.058 -0.093 -0.076 0.797 0.012 -0.145 •0.286 •0.132 -0.093 0.428 0.656 -0.148 0.009 0.257 0.515 0.086 0.063 
In Li 0.126 0.077 0.329 0.174 -0.011 0.236 0.057 0.030 -0.059 -0.024 0.181 0.329 0.286 •0.019 •0.069 0.010 0.096 0.004 -0.001 -0.069 0.129 0.213 0.226 
fnTJ 0.491 0.012 •0.017 0.161 0.636 -0.126 0.213 0.259 0.179 0.575 0.069 -0.186 -0.023 0.089 0.039 0.421 0.554 0.153 0.345 0.510 0.419 0.241 0.217 



Table U.I cont'd: Pearson correlation data for mineralized and unmineralized samples, Cripple Creek district (n = 323) 

In Nd In Sm In Eu In Tb In Yb In Lu In Be In V tn Cu in Pb In Zn In Ag In Cd In Bi tn F !n Ga In Sn In Ge In Se In Te tn Li In Tl 

InNd 1.000 

fnSm 0.947 1.000 
InEu 0.820 0.851 1.000 
In 7b 0.773 0.640 0.722 1.000 
In Yb 0.483 0.534 0.371 0.667 1.000 
InLu 0.430 0.468 0.318 0.579 0.960 1.000 
In Be 0.199 0.149 0.103 0.t65 0.141 0.136 1.000 
InV 0.276 0.315 0.324 0.239 0.019 -0.021 0.184 1.000 
InCu 0.033 0.093 0.128 0.034 -0.280 -0.283 -0.133 0.176 1.000 
InPb 0.142 0.091 0.081 0.107 -0.050 -0.076 -0.093 -0.049 0.497 1.000 
InZn 0.046 0.020 0.087 0.073 -0.194 -0.182 0.013 -0.020 0.524 0.732 1.000 
J/7AO 0.019 0.004 -0.015 0.038 -0.140 -0.163 -0.051 0.225 0.516 0.568 0.407 1.000 
InCd 0.068 0.047 0.073 0.047 -0.129 -0.109 -0.064 -0.076 0.524 0.771 0.830 0.481 1.000 
InBi 0.079 0.012 0.024 0.001 -0.076 -0.070 -0.140 -0.119 0.393 0.553 0.383 0.403 0.465 1.000 
InF 0.326 0.300 0.307 0.324 0.192 0.168 0.275 0.281 0.009 0.141 0.126 0.089 0.108 0.084 1.000 
InGa 0.043 -0.073 -0.075 -0.085 0.068 0.122 0.279 0.162 -0.234 -0.014 0.049 0.055 0.061 -0.233 0.056 1.000 
tnSn 0.055 0.074 0.059 0.113 0.207 0.230 -0.003 -0.031 0.031 0.007 -0.056 0.052 0.055 0.144 -0.082 0.006 1.000 
InGe 0.056 0.029 -0.002 0.229 -0.091 -0.152 0.012 0.073 0.051 0.190 0.194 0.359 -0.055 0.283 0.028 -0.115 -0.064 1.000 
InSe 0.478 0.537 0.472 0.201 0.200 0.200 -0.287 0.219 0.400 0.385 -0.016 0.109 0.203 0.572 0.428 -0.372 -0.031 0.424 1.000 
/nTe -0.004 0.023 -0.023 -0.019 -0.004 -0.056 -0.081 0.441 0.294 0.327 0.033 0.730 0.246 0.289 0.185 -0.020 -0.028 0.158 0.318 1.000 
In LI 0.239 0.207 0.200 0.157 -0.003 -0.029 0.471 0.310 0.092 0.002 -0.003 0.121 -0.057 0.134 0.344 0.150 0.016 0.315 0.001 0.066 1.000 
tn Tl 0.159 0.156 0.128 0.180 0.175 0.174 0.214 0.340 0.017 0.286 0.295 0.493 0.442 0.019 0.140 0.411 0.135 0.089 -0.165 0.473 0.039 1.000 



Table U.3; eigenvalues, eigenfactors and scree plot used for principal component analyses 

Factor # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Eigenvalue: 7.5989 6.7807 4.2069 3.4019 2.2856 2.1135 1.4330 1.1584 0.9112 0.8074 0.7359 0.6753 0.5981 0.5508 

Vectors: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

InAu 0.1540 -0.1169 0.2859 0.1711 -0.1344 -0.2075 0.0393 -0.1224 0.1129 -0.0386 -0.0931 -0.0799 -0.0232 -0.0058 

InBa 0.1758 0.0933 -0.1088 0.0352 0.0902 -0.1599 -0.1018 -0.3945 -0.3005 0.1091 0.2182 0.1558 0.0820 0.4991 

InNI 0.0434 0.0074 -0.2119 0.3988 0.0076 -0.0082 •0.0010 0.3346 -0.0097 -0.1845 -0.0560 0.0036 -0.0007 0.0104 

InSc 0.0420 0.0474 -0.0373 0.2699 -0.2242 0.3141 0.0828 -0.1523 -0.1274 0.3501 0.1028 0.1796 -0.0100 -0.4674 

InRb -0.0950 0.1233 0.2940 0.1754 0.0861 0.2003 -0.1232 -0.1127 -0.0500 0.1190 •0.0802 0.2710 0.2042 0.0502 

InSr 0.1268 0.0812 -0.2260 0.0475 0.3397 -0.1105 -0.0787 -0.0731 -0.1005 0.0880 0.0859 0.0624 -0.2811 -0.0137 

InY 0.1745 0.2668 0.0337 -0.0497 -0.2752 0.0601 0.0021 0.0432 0.0548 -0.0924 0.0826 -0.0406 -0.0219 0.0930 

InNb -0.0199 0.0360 0.1259 0.1640 0.2771 0.1399 0.4673 -0.0658 -0.1979 -0.3108 -0.0351 -0.2437 -0.0763 0.0859 

InZr -0.1610 0.1693 0.2712 0.1088 0.0875 0.1868 -0.0857 0.0366 -0.1976 -0.0176 -0.0420 0.0239 -0.1173 0.1369 

InAs 0.1438 -0.1394 0.2609 0.1786 -0.1362 -0.1624 -0.0771 -0.0307 0.1067 -0.1323 -0.0021 -0.0153 0.0125 0.0327 

inCo 0.0819 0.0168 -0.1876 0.3647 •0.0158 0.1459 -0.0354 0.0218 -0.0727 -0.3320 0.0444 0.0860 -0.1777 0.0844 

InCr -0.0100 0.0665 -0.2296 0.2799 0.0239 -0.1364 -0.1052 0.4663 0.0195 0.0064 -0.0963 -0.0613 0.2166 0.0374 

InCs -0.1119 0.1239 -0.0914 0.2376 0.0674 0.1925 0.0110 -0.0877 0.2257 0.2622 -0.3778 -0.0183 0.4471 0.2929 

InHf -0.1628 0.2063 0.2494 0.0385 0.0377 0.1205 -0.0691 0.0782 -0.1307 -0.0645 -0.0711 -0.1346 -0.1588 0.1074 

InMo 0.2411 -0.0074 0.1214 -0.0493 0.1226 -0.1256 0.0558 0.1299. -0.0499 -0.2402 -0.1027 0.3745 0.1184 0.0540 

InSb 0.2428 -0.2015 0.0811 -0.0129 -0.0263 0.0179 0.0276 -0.0818 0.0603 -0.1318 0.0868 0.0197 0.3835 -0.0106 

inTa •0.0631 0.1327 0.1365 -0.0042 0.3763 0.0485 -0.1719 -0.2142 -0.1024 -0.2150 0.0428 -0.2981 0.2946 -0.2979 

InTh -0.1375 0.1812 0.1980 0.0097 0.1963 -0.1405 0.0347 0.2056 0.0362 0.2431 -0.2049 0.0849 -0.2986 -0.0828 

inU 0.1391 -0.0122 0.2413 -0.0540 0.1997 O.OBSe 0.0549 0.2773 0.0576 -0.1243 0.2736 0.3809 0.0829 -0.0546 

InW 0.1241 .̂0365 0.2054 0.1970 0.0366 -0.0439 -0.1993 0.2467 -0.2398 0.2179 0.4290 -0.2229 0.1898 -0.1542 

InLa 0.2456 0.1737 0.0394 -0.1769 0.2241 -0.0736 0.0260 0.0679 0.0549 0.1071 -0.1308 -0.0399 0.0299 -0.0915 

InCe 0.2478 0.2108 0.0150 -0.1336 0.1786 -0.0694 0.0838 0.0463 0.0444 0.0833 -0.1390 -0.0695 0.0194 -0.0952 

InNd 0.2350 0.2620 -0.0716 -0.0342 0.0652 -0.0556 0.0191 -0.0085 0.0351 0.0473 -0.1228 -0.0792 0.0297 -0.1220 

InSm 0.2273 0.2621 •0.1036 0.0214 -0.0750 -0.0425 •0.0378 •0.0184 0.0451 0.0105 •0.0994 -0.0673 0.0131 -0.1020 

InEu 0.2184 0.2150 -0.1597 0.0129 0.0137 -0.0676 -0.0570 -0.1553 -0.0768 -0.0595 0.0056 0.0703 -0.0020 -0.0577 

InTb 0.2115 0.2466 -0.0678 0.0314 -0.1945 0.0706 0.1424 0.0079 -0.0036 -0.0929 0.0013 -0.0843 0.0312 -0.0249 
InYb 0.0776 0.2870 0.1380 -0.0807 -0.2836 0.1326 -0.0412 0.0732 0.0053 -0.0755 0.0700 -0.0291 -0.0214 0.1043 
InLu 0.0520 0.2815 0.1500 -0.0979 -0.2497 0.1776 -0.0792 0.0439 -0.0201 -0.0538 0.0587 -0.0636 -0.0575 0.1185 

In Be 0.0019 0.1225 0.0095 0.1359 0.2180 0.0815 0.1856 -0.0152 0.6372 0.1580 0.5042 -0.1609 -0.0877 0.2073 

InV 0.0908 0.0763 0.0750 0.3689 0.0923 -0.1359 -0.0538 -0.1926 0.0460 0.0920 -0.0411 0.2248 -0.1372 -0.0986 

InCu 0.1839 45.1771 -0.1033 0.1277 0.0145 0.1208 -0.2390 -0.0713 -0.1021 0.0695 0.0027 -0.3218 -0.2065 -0.0006 
InPb 0.2489 -0.1592 0.0492 -0.1321 0.0615 0.2268 -0.0751 0.0725 0.0725 0.1329 •0.0407 0.0409 -0.0821 -0.0255 

InZn 0.1790 -0.1617 •0.0551 -0.0215 0.1255 0.4215 -0.0363 -0.0199 0.0603 -0.0396 -0.0902 0.0929 -0.1837 0.1021 

InAg 0.2069 -0.1807 0.1851 0.1075 -0.0122 0.0334 0.0819 -0.1226 0.0824 -0.0241 -0.2229 -0.2811 -0.0110 -0.0220 

InCd 0.2028 •0.1606 -0.0031 -0.0568 0.0923 0.3491 -0.1992 0.0407 0.1457 -0.0462 -0.1498 0.0661 -0.0638 -0.0261 
tnBi 0.2018 -0.1462 0.0497 -0.1035 0.0470 0.0469 -0.0203 0.2833 •0.2948 0.3184 -0.0415 •0.1665 0.0307 0.3424 

InGe 0.1152 •0.0884 0.0190 0.0701 •0.0782 0.0180 0.6587 0.0312 -0.2256 0.2180 -0.0006 0.0355 0.0283 -0.0079 

InTe 0.1221 •0.0762 0.2788 0.1748 -0.1118 -0.2971 -0.1025 -0.0425 0.1230 0.0897 -0.1311 -0.0027 -0.2133 0.0929 

Highlighted in gray are the eigenfactors that are considered significant (see scree test) 



Table U.3, continued 

Scree plot for eigenvalues and eigenfactors used in principal components 
analyses 

15 20 25 

Eigenvector (factor #) 

30 35 40 
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APPENDIX V; MASS BALANCE CONSTRAINTS 

The size of the magmatic system that provided the gold for the Cripple Creek deposit 

can be estimated through mass balance calculations. By knowing the amount of material 

added during metasomatism, and the concentration of that material in the causative 

magmatic system, the minimum size of that magmatic system can be calculated. These 

calculations are based on the assumption that that the material added during 

metasomatism was derived from the magmatic system (and not derived from external 

materials). 

Gold 

Typical gold concentrations for alkaline igneous rocks are on the order of 1-20 ppb. 

Using these values, the size of the magmatic system which produced the Cripple Creek 

deposit can be estimated, assuming that hydrothermal gold was derived from the 

magmatic system. 

Estimates of metasomatic gold in the Cripple Creek district: 

9001 Au from production + existing reserves and resources 

an additional 6001 Au present in subeconomic concentrations (5-lOOppb level), 

undiscovered resources, and known zones of high grade mineralization either too small or 

too deep to be mined economically. 

For the mass balance calculations, an estimate of 15001 metasomatic gold was used. 

Assuming that the concentration of gold in the causative magmatic system to be 1 -20 

ppb, a cubic magma chamber with sides 3-8 kilometers in length (25-525 km^) would be 

required to provide the gold for the Cripple Creek gold deposit. This model assumes 
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perfect efficiency in transferring the gold from the magma chamber to the point of 

deposition. Using an efficiency of 20% (meaning that 20% of the magmatic gold was 

transferred to the gold deposit), the required magma chamber would be on the order of 5-

14 kilometers on a side (130-2500 km^). 

If gold was leached from wall rocks along fluid flow paths, a much smaller volume of 

magma would be needed to produce the amount of fluid capable of redistributing the 

gold. Using solubilities of 100-1000 ppb Au in solution, a magma chamber with a volume 

of 5-50 km^ would be required. 

Potassium 

Mass balance calculations based upon potassium require more assumptions. It is 

assumed that the potassium metasomatism at Cripple Creek was produced largely 

through the actions of magmatic fluids, according to oxygen isotope data and other lines 

of evidence; Chapter 8). Salinities measured in ore-stage fluid inclusions do not exceed 5 

wt%, and if K is assumed to be transported by chloride complexes, [K"^] in solution 

would be 0.1 to 1 wt%, assuming Na:K of 5-20. Other assumptions: 

Volume of altered rock; 1 Okm^ 

% of potassium added to altered rocks: 3 wt% 

Solubility of K in solution: 0.1 - lwt% 

% of H2O in magma: 5-15% 

Using these figures, a cubic magma chamber with sides 6-17km in length (170 - 4500 

km^) would produce the necessary magmatic fluid to drive the potassium metasomatism, 

assuming 100% efficiency. The size of the magmatic system needed to mass balance 
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potassium is much larger than that needed to mass balance gold mineralization. Possible 

implications: 

gold mineralization took place as a rather inefficient consequence of the circulation of 

large volumes of alkaline hydrothermal fluids 

the solubility of K in the system has been grossly underestimated; alkali-carbonate 

complexing may have significantly boosted the solubility of K in the hydrothermal fluids, 

allowing for more efficient transport of K than is currently appreciated. 
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APPENDIX W: MAGNETIC SUSCEPTIBILITY READINGS FOR 
UNALTERED ROCKS 

Magnetic susceptibility survey of rock types in the Cripple Creek district: (SI units) 

Unaltered rocks: 

Late stage, peralkaline phonolite 600-700 
Porphyritic phonolite (early series) 600-700 
Phonolite/tephriphonolite with mafic phenocrysts (early series) 2000-4500 
Phonohte/tephriphonolite, eastern sub-basin 4500 

"N2" hornblende phonotephrite dike, Altman 4300-4500 
Nepheline monzosyenite 2800-4500 
Biotite phonotephrite mafic dikes (UGC-96-2) 4000 

Phonotephrite, Bull Cliffs 4000-5000 
Isabella dike, Altman 4500 

Cresson Pipe lamprophyre breccia 1800-3800'-
Railroad Breccia lamprophyre 1700-2900 
Lamprophyre dikes 1000-5000 
Xgd alkali feldspar granite/augen gneiss 2000-3000 
Ycc leucocratic granite 0-50 
Xbgn biotite gneiss/schist up to 4500 

Altered rocks: 

K-feldspar + specularite (Kf/sp) alteration 0 where pervasive 
K-feldspar + pyrite (Kf/py) alteration 0 where pervasive 
Biotite-stable alteration in nepheline monzosyenite 1800-4500 

Examples of magnetic susceptibility profiles outward from high 
grade veins (SI units) 

High grade intercept in Drill Hole AN8; mineralization and alteration in Precambrian granitoid 
magnetic suscep.: 201 179 210 31 0 0 0 0 0 0 
footage in AN8: 719.5 719.1 718.7 718.3 717.9 717.5 717.1 716.9 716.3 715.9 

Variable clast: matrix ratios and variable carbonate contents 
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Alteration: unaltered rock -> Kf/py Kf/py Kf/py Kf/py Kf/py vein 

High grade intercept in drill hole HOC92-1; mineralization and alteration hosted by volcanic breccia 
m a g n e t i c  s u s c e p . :  0 0 0 0 0 0 0 0 0 0  
footage in HOC92-1: 492 493 494 495 497 499 502 504 506 508 
Alteration vein Kf/py Kf/py Kf/py Kf/sp Kf/sp Kf/sp Kf/py Kf/py Kf/py 

Gold mineralization in drill hole AN-8 cuts unaltered Precambrian rock. Within the 

alteration halo, magnetite has been replaced by pyrite, which has reduced the rock's 

magnetic susceptibility to zero. 

The vein and alteration halo in drill hole HOC92-1 cuts, volcanic breccias with K-

feldspar + specular hematite alteration. Both the K-feldspar + pyrite alteration associated 

with gold mineralization, and the older K-feldspar + specularite alteration have magnetite 

susceptibilities of zero, so no change was seen across the vein profile. 

These examples illustrate the limitations of using a susceptibility meter to identify 

areas of mineralization. Where veins and related alteration fronts cut rocks with 

magnetic signatures, a distinctive magnetic low is seen around zones of mineralization. 

Where mineralization cuts previously altered rocks, changes in magnetic susceptibility 

may not be apparent. 
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APPENDIX X: INFLUENCES OF ALTERATION AND 
MINERALIZATION ON GEOPHYSICAL SIGNATURES 

Zones of mineralization and alteration are marked by pervasive sulfidation and 

carbonation of mafic mineral phases and magnetite. These effects serve to reduce or 

eliminate the magnetic susceptibility of host rocks. Typical magnetic susceptibilities for 

unaltered rocks are given in Appendix W, and vary between 800 and 3500 (10"^ SI units), 

but in zones of K-feldspar + specular hematite and K-feldspar + pyrite alteration, 

magnetic susceptibilities are commonly reduced to ~0 (10"^ SI units). These areas of low 

magnetic susceptibilities surround veins and zones of mineralization, as shown by fig. 

X . l .  

In addition to being magnetic lows, broad areas of K-metasomatism and 

mineralization appear as highs on gamma ray surveys. Vein systems, such as the 

Vindicator trend, are distinguished by diffuse, linear zones of elevated K-counts, while 

broad zones of K-enrichment mark the area of the Cresson deposit, the East Cresson 

deposit, and the leach pad. 

In addition to mapping zones of alteration and mineralization, geophysical surveys 

have useful applications in mapping igneous rocks in the Cripple Creek district. Hand

held gamma ray spectrometers can be used to identify late stage phonolites in areas of 

cover, using the K and total counts channels. Dikes as thin as Im have been detected in 

traverses across ground surfaces, and can these dikes can be tracked effectively for long 

distances. In areas of reconnaissance, simply leaning out of the window of a moving 

vehicle while holding a portable spectrometer proved to be an effective way to identify 
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and track previously unknown bodies of phonolite in the Precambrian rock surrounding 

the diatreme. 

Magnetic surveys also provide an effective means of mapping intrusions and 

structural zones. Magnetic linears clearly show attitudes of foliations and major structural 

zones in Precambrian rocks adjacent to the diatreme on magnetic surveys. The structural 

zones are typically marked by magnetic lows, where magnetite and mafic minerals have 

been altered. The contacts between rocks of differing magnetic susceptibilities are often 

profound on magnetic surveys, especially in the case of mafic rocks such as 

lamprophyres and phonotephrites. For example, the "Isabella" phonotephrite dike can be 

tracked for considerable distances in aerial magnetic surveys. These contact effects are 

obscured by metasomatism, which acts to dampen or smooth otherwise steep magnetic 

gradients between rock types. 
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magnetic susceptibility 
/ of wall rock 

719.5 718.5 717.5 716.5 715.5 

footage in drill hole AN-8 

Figure X.l: Profile of magnetic susceptibility across high grade vein intercept in 
drill hole AN-8, 3100 level of Ajax Mine. 
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APPENDIX Y: APPENDIX OF ADDITIONAL SEM PHOTOS 

Included in this appendix are a series of electron backscatter (SEM/BSE) images 

showing different styles of alteration and key timing relationships. These figures are 

intended to serve as a supplement to the various SEM/backscatter images appearing 

elsewhere in the thesis. 

Images in this appendix include: 

• examples of alteration in high grade zones of mineralization (Y.l - Y.5) 

• examples of biotite-rich styles of mineralization (Y.6 and Y7) 

• examples of alteration and mineralization from the Moffat Tunnel (Y.8), the deep 

levels of the Portland-Ajax Mine (Y.9), and several miscellaneous locations (Y.IO 

- Y.ll). 

Abbreviations used in appendix figures 

ab albite cpy chalcopyrite kaol kaolinitc 

ana analcime dik dickite Kf K-feldspar 

ap apatite fl fluorite leu leucoxene 

bar barite gn galena mt magnetite 

bio biotite ha haloysite mo molybdenite 

eel eelestitc hm hematite Na-amph blue, sodic amphibole 

co3 carbonate il phengitie illite Na-fs sodic ferrosalitic pyroxene 

nos nosean si sphalerite 

or orthoclase so4 anhydrite/gypsum 

phi phlogopite sp specularite 

py pyrite tcl telluridcs 

qz quartz tet tetrahedrite 

REE rare earth element minerals ti titanite (sphene) 

ros roscoelite 



Figure 2 

py 
galena 

L . sylvanite 
> A 

galena 

py 

py 

Figure Y,I: Styles of alteration developed along the margins of the "Isabella" phonotephrite dike (see Plate 3 and fig. 2.7) in samples 
from drill hole AC 710. This drill hole intercepted tlie Isabella dike where it cuts through Precambrian rocks, beneath the shallow-
dipping contact with diatremal rocks. These electron backscatter images show intense K-silicate + pyrite alteration, with inclusions 
of galena and precious metal tellurides in pyrite grains. These relationships demonstrate that K-silicate alteration and telluride-rich ^ 
styles of mineralization are developed along the margins of dikes where they cut through Precambrian rocks beneath the diatreme ^ 
contact in the eastern sub-basin. This suggests that fluids sources were also located outside of the main diatreme complex. 
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Figure Y.2a: UGC-97-4-1778. 
Leucoxene + pyrite + celestite vein 
cutting K-feldspar altered megacrystic 
phonolite from area of high-grade 
mineralization. Disseminated grains of 
pyrite are present in the adjacent wall 
rock, along with minor amounts of 
phengitic illite. 

Figure Y.2b: UGC-97-4-1778. Typical 
wall rock alteration developed in zones 
of high grade mineralization 
(megacrystic phonolite poiphyiy). Note 
that the groundmass of rock has been 
entirely replaced by K-feldspar, with 
accessory pyrite, apatite and phengitic 
illite. 
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Figure Y.3a: UGC-97-4-1769. 
Alteration in megacrystic porphyritic 
phonolite 1.3 m from zone of high grade 
mineralization, Cresson Mine. This 
sample is beginning to show signs of 
K-feldspar flooding in the groundmass. 
Phenocrysts of albite show K-feldspar 
rims and microveinlets. The two circles 
show albite grains with prominent K-
feldspar halos. The dark material at the 
top of the image is albite, and is being 
replaced by K-feldspar (light). 
Disseminated grains of pyrite seen 
throughout. 

Figure Y.3b: UGC-97-4-1772. 
Megacrystic porphyritic phonolite 
immediately adjacent to zone of high-
grade gold mineralization, Cresson 
Mine. Virtually all of the rock has been 
altered to K-feldspar, with accessory 
pyrite and Ti-oxides. Note the almost 
total absence of Na-plagioclase (compare 
with figure Y.3a). 
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Figure Y.4a; Alteration ot a matic mineral site in a nepheline monzo^enite intrusion adjacent to a lamprophjre 
dike in drill hole UGC-96-2 (1997'). Note that pyrite and FeC03 have r^laced and pseudomorphed earlier 
hydrothermal ("shreddy") biotite. The surrounding rock has been pervasively altered to K-feldspar. Veins 
of Fe-carbonate cut across all other minerals in this sample. 

Kf Kf 

1-^ 'As. "A M 

'>-1- V • 

Figure Y.4b: Intense alteration in a nepheline monzosyenite adjacent to a lamprophyre dike in drill hole 
UGC-96-2 (1997'). Shown in the image center is a mafic mineral site replaced by pyrite (brightest spots), 
Mg-carbonate (dark), and Fe carbonate (light). The surrounding gray mass is hydrothermal K-ftldspar, which 
has replaced the original igneous feldspars and feldspathoids. 
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Figure Y.5: Contact betweennepheline monzosyenite (mz)and lamprophyre dike (lamp)in drill hole UGC-96-2 
(1997'). Note the abrupt change in mineralogy of alteration at contact. Alteration in the nepheline monzosyenite is 
marked by pervasive K-feldspar alteration in feld^ar/feldspathoid sites, andcarbonate + pyrite in former mafic mineral 
sites. Alteration in the lamprophyre is characterized by a fine-grained intergrowth of K-feldspar + carbonate ± iliite'smectite 
flooding the groundmass of the lamprophyre. Carbonate ± pyrite, and earlier fonned serpentine is seen occupying the 
former mafic phenocrysts sites within the lamprophyre. 
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Figure Y.6a: biotite-K-feldspar alteration in drill hole CR-1854 cutting volcanic breccia 
in vicinity of Squaw Gulch. The light material flooding the matrix of the breccia is K-
feldspar, and is replacing albite (dark patches). 

Figure Y.6b: Biotite alteration flooding the groundmass of a volcanic breccia from drill 
hole CR1873 (Squaw Gulch). Note the "ratty" appearance of the biotite. 
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Figure Y.7a: Incipient stages of alteration in lamprophyre from drill hole CR1385. This backscatter image 
shows blocks of analcime (dark gray) supported by a fine grained groundmass which has been largely replaced 
by hydrothermal K-feldspar (light gray) and pyrite (brightest areas). As shown in the inset image, the analcime 
blocks commonly exhibit albite rims, which appear to represent an intermediate reaction products; 
analcime albite ->K-feldspar. 

Figure Y.7b: Secondary, hydrothermal biotite alteration in a lamprophyre breccia sample from drill hole 
SGR-101, north edge of "Granite Island". The image on the left is a high-contrast magnified view of the 
groundmass. Small microphenocrysts of magmatic biotite (light-color) with rims of hydrothermal biotite are 
seen. The magmatic biotite is lighter in color in the backscatter image due to its markedly higher Fe:Mg and 
Ba concentrations. The dark grey of the groundmass is chiefly composed of K-feldspar, with darkest areas 
being combinations of albite and analcime. The image on the right shows an ocellular structure filled by K-
feldspar and albite with a center of fluorite. The surrounding fine-grained groundmass is chiefly composed 
of K-feldspar and secondary biotite. 
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Figure Y.8: A: ISOOum image of altered granite from margin of Railroad Breccia pipe. K-feldspar is seen 
replacing albite. B: 1500 um image of base metal-rich hydrothermal breccia at margin of Railroad Breccia. 
The breccia is characterized by a carbonate matrix (locally Mn rich), with abundant Zn and Pb mineralization. 
The wall rocks adjacent to the breccias have been bleached, with variable amounts of potassium added. C: 
150 um view of margin of carbonate-rich hydrothermal breccia showing the development of sericite-carbonate 
assemblages with albite and K-feldspar in wall rock adjacent to the breccia. D: 1500 um image of hydrothermal 
biotite flooding the groundmass of the Railroad Breccia lamprophyre. E: 150um image of the Railroad breccia 
groundmass. Characteristic of the lamprophyre are clinopyroxene (cpx), Ti-rich biotite (bio) and titanomagnetite 
(tmt) phenocrysts engulfed by an analcime-rich matrix (dark material). F: 150 um image of altered Railroad 
Breccia at margin of hydrothermal breccia. Where altered, the lamprophyre groundmass (formerly analcime-
rich) has been altered to K-feldspar, sericite, carbonate and pyrite. G: 1500 um image of altered granite from 
the contact with the Railroad Breccia. Almost all of the rock has been replaced by K-feldspar, and the prominent 
quartz crystal in the lower left of the image shows a reaction rim of K-feldspar. H: 750 um image of breccia 
from 2000' from portal in Moffat Tunnel. The matrix of the breccia has been flooded by K-feldspar + biotite 
+ apatite with pyrite and barite. This is typical of large volumes of breccia in the area. I: 1500 um image 
of alteration in volcanic breccia adjacent to Railroad Breccia, 1750' from portal in Moffat Tunnel. The breccia 
has been flooded with K-feldspar with subordinate quartz and pyrite in this sample. 
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Images from the 3100 (1000 m) level of the Portland-Ajax Mine 

Figure Y.9: 

A: 1500 um image of a former mafc mineral site inphonolite from drill hole A31-28 (209'). The mineral 
site is occupied by hydrofliermal biotite, remnant serpentine, along with minor albite, apatite and pyrite. 
Secondaiy hydrothermal biotite is distributed throughout the sample. 

B: 400um image of the groundmass of a lamprophyre from drill hole A31-28 (209'). Fme grained, leafy 
masses of hydrothermal biotite are seen throughout, intergrown with K-feldspar and albite, along with minor 
Fe-oxide (hematite after magnetite). That this alteration is seen in late-stage mafic dikes constrains the timing 
of some (if not aU) of this alteration type to postdate lamprophyre dike emplacement 

C: 1500 um image of albite-chlorite alteration in drill hole A31-28. This alteration is localized around a 
brecciated tephriphonolite/phonotephrite intrusion. This alteration type is maikedly sodic in terms of its 
chemistry, and is cut by younger K-feldspar + pyrite alteration. Its timing relationship with respect to the 
widespread biotite-stable alteration in nearby drill holes remains unclear. 

D: 700 um image of albite-chlorite alteration cutting phonotephrite dike in drill hole A31-28 (205'). The 
mafic phenocryst has been replaced by chlorite, while the groundmass has been altered to albite (dark), and 
chlorite-carbonate (light areas). Bright spots are pyrite an^or Fe-oxide. This sample shows the chlorite 
alteration to (at least in part) postdate the emplacement of late-stage phonotephrite dikes in the area. 

E: 1500 um image of a late-stage K-feldspar vein with centeriine Mg, Ca carbonate cut by younger Ca 
carbonate cutting a lamprophyre in drill hole A-31-27 (629'). The surrounding rock has been altered to K-
feldspar + pyrite + partially sericitized biotite and carbonate. 

F: Contact between lamprqjhyre and surrounding volcanic breccia. Weak K-feldspar + pyrite alteration in 
seen in the breccia (note the prominent K-feldspar vein), with K-feldspar + sericite + carbonate + pyrite 
alteration in the lamprophyre. Remnant albite is present in both rocks as well. 

G: 400 um image ofphlogopitic alteration halo surrounding late-stage, polymetallic, quartz, fluorite, carbonate, 
K-feldspar, sulfate vein in drill hole A31-23 (115.5'). The phlogopite halo is characterized by fine grained, 
ratty flakes of fluorinated phlogopite. Within the vein and alteration halo, bright spots are celestite and pyrite. 
Carbonate minerals are zoned outward from Mg-rich compositions to Ca-rich compositions. Late CaCOj 
veinlets cut all minerals. 
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Figure Y.IO: Selected images from 7000' elevation (1000 m level) of Vindicator mine; samples taken from 
drilling off Carlton Tunnel level (V-series drill holes). 

A: V-17-532; ISOOum image of purple, specularite stable alteration in breccia from drill hole V-17. Note 
that the rock is chiefly composed of alkali feldspar, with albite>K-felspar. Carbonate is disseminated throughout 
the rock. 
B: V-12-296; 1500 um image of Caibonate +illite + pyrite vein cutting volcanic breccia in drill hole V-12. 
This vein type is common in the deep levels of the system, and is frequently accompanied by galena and 
sphalerite. The veins are marked by a light green color. Analyses of carbonates from the vein show 
Fe>Mg»Ca»>Mn chemistries. The illite is phengitic and fluorinated. Average phengitic illite composition 
from vein (in wt %): Fe 2.6, K 8; Si 24.4; A1 14.3; Ti 0.46; Mg 2.3; F 3.2; Zn 0.02; V 0.08. 80% 
of the vein is composed of pyrite and carbonate, and is surrounded by an abite>K-feldspar alteration halo. 

C and D: V-17-848; two ISOOum images from drill hole V-17. showing a carbonate vein cutting altered 
volcanic breccia. The carbonate vein is surrounded by a hato of K-feldspar and pyrite (C), which grades 
outward to albite-rich wall rock (D). Note the contrast in K-feldspar abundance between C and D. 

E: V-8-37; 750 um image of the carbonate vein from C, where late apatite-REE vein cuts the calcium carbonate 
and is enveloped within a halo of quartz. 

F: V-8-37; 750 um image of sericite alteration in volcanic breccia from dill hole V-8. The sericite is coarse 
grained and is has a higher degree of crystallinity and lower Fe, Mg than micas in the near surface environment. 
The sericite is mantled by carbonate (light), and is associated with disseminated base metals (Zn, Pb) in the 

area. G; 150um image of late galena partially replacing pyrite from sample V-8-37. Both are surrounded by 
K-feldspar. 

H: V-12-403; 750 um image of a complex vein of pyrite, fenoan carbonate, annite, magnetite, chalcopyrite, 
apatite and K-feldspar from drill hole V-12. This image shows a replacement texture where Fe-carbonate has 
replaced annite along cleavage planes. Ferric smectite clays are also seen replacing annite. This vein 
assemblage is characteristic of early biotite-magnetite-orthoclase ± pyrite, chalcopyrite veins which have been 
overprinted by carbonation and further sulfidation (Fe-silicates to carbonate, magnetite to pyrite). In this case, 
the early biotite-magnetite-orthoclase assemblage is related to the emplacement of a nearby nepheline 
monzosyenite stock (plate xx), and the later carbonation and sulfidation appears to be related to ore stage 
mineralization/alteration. Fluophlogopitic hydrothermal biotite is seen disseminated in the volcanic breccia 
surrounding the vein, and is distinctly richer in Mg than the vein biotite (see analyses in table xx and figure 
xx). The vein is surrounded by a halo of albite>K-feldspar + pyrite, carbonate with minor fluophlogopitic 
biotite. 
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Figure Y.ll: A, B & C: 1500 and 200 um images of adularia adjacent to a high grade quartz telluride vein. 
Note the well developed adularia crystals growing into open space in cavities. In the cavities, the adularia 
is intergrown with pyrite (in pyritohedrons). D: 1500 um image of a carbonate vein with albite halo cuttuig 
a lamprophyre in drill hole CC-92-46. The surrounding lamprophyre is composed of Fe-Mg clays (light), and 
albite (dark), with accessory pyrite and celestite (brightest areas). Intergrown with the carbonate minerals 
are celestite grains (bright). E: Alteration halo surrounding quartz-telluride vein (bottom) unusually rich in 
sericite (sample 4057 from Carlton collection). Note the pervasive replacement of wall rock by K-feldspar. 
F: 250 um image of carbonate with sphalerite intergrown with coarse grained sericite in a 2one of K-feldspar 
alteration in volcanic breccia. Sample from 7000'elevation in Vindicator mine, drill hole V-11. G: 200 um 
image of sericite intergrown with K-feldspar, carbonate, and pyrite in volcanic breccia, from 7000' elevation 
in Vindicator mine, drill hole V-10. H; Pyrite with abundant phlogopite inclusions from carbonate vein cutting 
Precambrian granite in drill hole UGC-97-5 (1817'). The pyrite also shows inclusions of galena, as does the 
surrounding carbonate in the vein. I & J: Two 1500 um images of altered lamprophyre a^acent to silver-
rich, high grade mineralization in drill hole A31-30A (76'). Image I is from the margin of the lamprophyre, 
where mineralization and alteration are strongest. Note the abundance of K-feldspar and quartz, in addition 
to pyrite, and apatite (some bright spots are also monazite grains). Image J was taken several inches away 
from the contact, and shows a much greater abundance of albite (and analcime) suggesting weaker K-
metasomatism. Pyrite and apatite are still present and fairly abundant in image J. 
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APPENDIX Z: ANALYTICAL METHODS AND DATA 

Whole rock geochemical analyses: methods 

Table Z.l provides a summary of the methods and detection limits used for whole 

rock geochemical analyses. Geochemical analyses of representative samples from each 

major rock, alteration and mineralization types are presented in Appendix AA, and 

represent a subset of over 500 samples analyzed during this study. These samples were 

collected and analyzed during field seasons from May 1996 through August, 2000. 

Samples were submitted to two laboratories for analyses: Actlabs in Ancaster, Ontario, 

Canada, and Chemex in Reno, Nevada. Additional geochemical data are available from 

the author upon request. 

Samples analyzed ranged from 1-5 kg. Samples were crushed and pulverized using 

mild steel so as to minimize contamination. The following descriptions of methods have 

been excerpted fi-om information provided by Actlabs, Inc., and Chemex, Inc.: 

Fusion ICP/ICPMS methods (ficp, fiepms) 

A 0.2 g sample is mixed with a mixture of lithium metaborate/lithium tetraborate and 

fused in a graphite crucible. The molten mixture is poured into a 5% nitric acid solution 

and shaken until dissolved (~ 30 minutes). The samples are analyzed by using various 

combinations of ICP (inductively coupled plasma), ICPMS (inductively coupled plasma 

+ mass spectrometry), and ICP-AES (inductively coupled plasma + atomic emission 

spectroscopy). 

INAA methods 

Samples analyzed using methods of Hoffman, E.L., 1992. 
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Total acid ICP methods (icpt) 

A 0.25 g sample is digested with four acids beginning with hydrofluoric, followed by 

a mixture of nitric and perchloric acids, heated using precise programmer controlled 

heating in several ramping and holding cycles which takes the samples to dryness. After 

dryness is attained, samples are brought back into solution using hydrochloric 

acid. Samples are analyzed using combinations of ICP and ICPMS. 

ISE methods 

0.5 g samples are fused with sodium hydroxide in an oven at 580°C for 1 hour to 

release the fluoride ions from the sample matrix. The fuseate is dissolved in sulphuric 

acid with ammonium citrate buffer. The fluoride-ion electrode is immersed in this 

solution to measure the fluoride-ion activity directly. 

XRF pressed pellet 

The trace elements analyses utilize pressed powder pellets made from 6 g of sample. 

Spectral interferences are corrected from pre-calculated interfering factors. Because of 

the trace level (< 1000 ppm) of the analytes, only the mass absorptions are corrected for 

matrix effects. The mass absorption coefficients are derived from measuring the 

Compton scatter of the Rh-tube (e.g., Nisbet et al., 1979. Fortschr. Miner., volume 57, pp. 

264-279). The background and mass absorption corrected intensities are then calculated 

against the calibrations constructed from 24 international geological reference materials. 

In general, the limits of detection are between 1 to 5 ppm. 

Bi, Se, Te and Ge 
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A 0.5 g sample is digested with 1.5 ml concentrated HCl, 0.5 ml HNO3 and 1 ml H2O 

at 95°C for 2 hours and is diluted to 10 ml with water. The analysis is performed on a 

Perkin Elmer Sciex ELAN 6000 or 6100 ICP-MS. 

FeO titration 

FeO is determined through titration, using a cold acid digestion of ammonium 

metavanadate, sulphuric acid and hydrofluoric acid in a open system. Ferrous 

ammonium sulphate is added after digestion and potassium dichromate is the titrating 

agent. 

Fire Assay 

A 30 g sample is mixed with flux (borax, soda ash, silica) and litharge (PbO) with Ag 

added as a collector. The sample with the flux is then added to a crucible, placed in a 

1050°C assay furnace and left for a predetermined time, to melt or "fuse" the contents of 

the crucible. The crucibles are then removed from the assay furnace and the molten slag 

(lighter material) is carefully poured from the crucible into a mould, leaving a lead button 

at the base of the mould. The lead button is then placed in a preheated cupel which 

absorbs the lead when cupelled at 820-880°C leaving only a tiny metal bead of Ag (dore 

bead) which contains Au. 

The entire Ag dore bead is dissolved in acid and the gold content is determined by 

AA (Atomic Absorption). AA is an instrumental method of determining element 

concentration by introducing an element in its atomic form, to a light beam of appropriate 

wavelength causing the atom to absorb light - atomic absorption. The reduction in the 
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intensity of the Ught beam directly correlates with the concentration of the elemental 

atomic species. 

Electron probe micro analyses: methods 

Electron probe micro-analyses (EPMA) of various silicate and sulfide minerals were 

performed at the Lunar and Planetary Laboratory (LPL) at the University of Arizona, 

using a Cameca SX50 instrument configured with four WDS spectrometers. Analyzed 

mineral samples were chosen from each major type of igneous rock, alteration type, and 

style of mineralization, and representative subsets of -10,000 individual analyses are 

presented in Appendix AB. Additional data are available upon request to the author. 

These analyses were undertaken between September 1996, and May of 2001. 

A 15 kV accelerating potential was used to perform the analyses. Major elements 

were analyzed for 10 to 30 seconds using a 20-30 nA beam, and minor elements were 

analyzed for 10 to 60 seconds using a 20-300 nA beam. The representative analytical data 

presented in this thesis were all produced utilizing the 300 nA beam for trace elements, in 

order to provide lower detection limits (Table Z2). 

Na was analyzed first during the analyses, in order to minimize the effects of alkali 

mobility and loss, with a de-focused beam rastered over the analysis area during 

measurement. K was typically analyzed immediately after Na, followed successively by 

elements of increasing atomic weight. Depending on the machine's spectrometer 

configuration, up to four elements were analyzed simuhaneously, typically utilizing a 

setup with two TAP crystals, and one PET and LIF crystal. This configuration varied 

according the particular analysis package being utilized (two PET crystals were used 
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when a particularly high number of trace elements were being analyzed). CI and F were 

analyzed first after the switch to 300 nA for trace element analyses, followed by elements 

in general order of increasing atomic weight. 

Sulfide grains were analyzed using a beam intensity that varied from 20 to 300 nA, 

with an accelerating potential of 15 to 20 kV, and individual elements were measured for 

10 seconds to two minutes, depending upon the nature of the sample, and the elements 

being analyzed. General run conditions are given in Table Z2. 

Peak and background positions for various elements were determined by Mazdab 

(2001). These were employed to minimize interference from nearby lines, and to 

substantially lower detection limits for many elements. Detection limits were further 

enhanced by operating in differential mode (energy filtering). Detection limits for major 

elements ranged from lOO's to 1000 ppm, while 3a detection limits of generally <300 

ppm were realized for most trace elements (Table Z2). Detection limits were calculated 

by Cameca's internal software, and Cameca's PAP routine was used to process the raw 

data. 

SIMS analyses of gold in sulfides 

Methods 

Secondary ion mass spectrometry (SIMS) analyses of sulfide minerals for Au were 

performed by Frank Mazdab, in collaboration with Richard Hervig at Arizona State 

University (ASU), using ASU's Cameca IMS-3F ion microprobe. Samples were analyzed 

using two techniques; early analyses were performed with a Cs"^ primary beam, while a 

second generation of analyses utilized a K"^ primary beam. This change in the type of 
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primary beam was prompted by a desire to avoid the Cs + S2 mass interference 

('^^Cs+'^S2 = atomic mass 197) with gold ('^^Au). This change significantly lowered the 

detection limit for gold fi-om -500 ppbw using the Cs"^ beam, to ~5 ppbw using the K"^ 

beam. Results of these analyses are given in Table Z.3. 

The following summary of analytical methods has been excerpted fi:om Mazdab 

(2001): Using a primary beam of Cs"^ or K"^ (7 nA current), a secondary beam of 

sputtered Au was accelerated across a 4500 V potential. Utilizing energy filtering, a 50 

V offset was applied to the secondary beam to minimize lower energy molecular ion 

interferences. Raw '^^Au counts were measured for 300s and normalized relative to ^''pe 

(average counts for 10s at the beginning and end of the analytical routine to take into 

account minor drift), and were calibrated against those from Au-implanted pyrite, 

pyrrhotite, and chalcopyrite standards. See Mazdab (2001) for additional details, and 

description of standards. 

Sulfur Isotope data 

Sulfur isotopes were analyzed in the Laboratory for Isotope Geochemistry in the 

Department of Geosciences at the University of Arizona. Submitted mineral separates 

were analyzed by combustion and continuous flow isotope ratio mass spectrometry using 

a Thermo Finnigan Delta Plus + Costech Element Analyzer. Analyses employed 

principles outlined by Coleman and Moore (1978). 

Analytical precision for sulfur isotope analyses is estimated at 0.13%o, using 

standards OGS 1, NBS 127. Results of the analyses are given in Tables 8.1 and Z4. 
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Oxygen isotope analyses 

Mineral separates were analyzed in the Department of Geosciences at the University 

of Arizona. Oxygen isotope measurements were done by a combination of conventional 

and laser fluorination techniques both using bromine pentafluoride (BrFs) as the 

fluorinating agent. The laser techniques follow the approach of Sharp (1990) wherein 1-3 

mg of silt-sized mineral separate was loaded into a nickel plug and heated with a 1.5 

micron wavelength CO2 laser in the presence of excess BrFs to produce O2. In the 

conventional technique 3-6 mg of mineral separate was heated to 650°C in sealed nickel 

vessels for 6-10 hours also in the presence of excess BrFs to generate O2 (Clayton and 

Mayeda, 1963). For both methods the extracted O2 was then reacted with hot platinized 

graphite to produce CO2. Calculated yields for the conventional analyses were typically 

between 95 and 100% of the expected values, whereas yields were considerably more 

variable (80-105%) for the laser fluorination extractions. The isotopic composition of the 

CO2 was then measured on a Finnegan Mat Delta S mass spectrometer. For both types of 

analyses a variety of in-house and public standards were routinely run, all were cross-

calibrated with NBS-28 (5 '^OSMOW = 9.6%o). Conventional analyses are reproducible to 

better than ±0.2%o (la), whereas the laser analyses have poorer precisions (±0.3%o for 

feldspar, ±0.5%o for quartz). Results agree within precision when determined by both 

techniques, however we use the conventional analyses where available. 

Results of oxygen isotope data are given in Table 8.1: 



Radiogenic Isotope analyses 

Samples of unaltered igneous rocks were submitted to the Laboratory of Isotope 

Geochemistry at the Department of Geosciences at University of Arizona. Samples 

analyzed for and ^^'^^Sr include; 

• Porphyritic phonolite of the early phonolite series (ALT-GT-97-3-36) 

• Biotite trachyandesite (PHBF) 

• Nepheline monzosyenite (UGC-96-2-I 974-1976) 

• Late stage aphanitic phonolite (APHI) 

• Lamprophyre breccia (Cresson Pipe; GT-96-I-II7) 

Results and data from these analyses are given in Table Z.5 
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Table Z1: Analytical methods for whole rock chemical analyses 

All data In ppm unless othen/vlse noted 

Element Method Actlabs 1 Actlabs 2 Method Chemex 3 
Ag icpt 0.5 0.5 ficpms 1 

AI203 ficp 0.01% 0.01% ficp 0.01% 

As inaa 2 1 aa 0.2 

Au inaa 5 ppb 1 ppb fa 1 ppb 

Ba ficp 3 1 ficp 0.5 
Be ficpms 1 1 ficpms 0.05 

Bi ficpms 10 0.1 ficpms 0.01 

Br inaa 1 0.5 
CaO ficpms 0.01% 0.01% ficp 0.01% 

Cd icpt 0.5 0.5 ficpms 0.02 
Ce inaa 0.5 0.1 ficpms 0.5 

Co inaa 1 0.1 ficpms 0.5 

Cr inaa 1 0.5 ficp 10 

Cs inaa 5 0.1 ficpms 0.1 

Cu icpt 1 1 ficpms 5 
Dy ficpms 0.02 ficpms 0.1 

Er ficpms 0.01 ficpms 0.1 
Eu inaa 0.005 ficpms 0.1 

F ise 0.01 ise 0.01 

Fe inaa 0.01% ficp 0.01% 

Fe203 ficp 0.01% 0.01% 
FeO ficp 0.01% 0.01% 
Ga xrf 5 5 ficpms 1 
Gd ficpms 2 ficpms 0.1 
Ge ficpms 0.5 ficpms 0.05 
Hf inaa 0.5 0.2 ficpms 1 
Hg cvfims 1 aa 1 
Ho ficpms 0.01 ficpms 0.1 
In ficpms 0.1 
Ir inaa 5 ppb 1 ppb 

K20 ficp 0.01% 0.01% ficp 0.01% 

La inaa 0.5 0.05 ficpms 0.5 
Li ficpms 0.2 
Lu inaa 0.05 0.01 ficpms 0.1 

MgO ficp 0.01% 0.01% ficp 0.01% 
MnO ficp 0.01% 0.01% ficp 0.01% 
Mo inaa 5 2 ficp 2 

Na20 ficp 0.01% 0.01% ficp 0.01% 
Nb xrf 2 0.5 ficp 0.1 
Nd inaa 5 0.05 ficpms 50.00% 
Ni icpt 1 1 ficp 1 

P205 ficp 0.01 % i 0.01% ficp 0.01% 
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Table Z.1 (con't) 

All data In ppm unless othenAflse noted 

Element Method Actlabs 1 Actlabs 2 Method Chemex 3 
Pb xrf 5 5 ficpms 0.5 

Pr ficpnns 0.02 ficpms 10.00% 

Rb xrf 2 2 ficpms 0.2 

S xrf 50 50 

Sb inaa 0.2 0.1 ficpms 0.05 

Sc flop 0.1 0.01 ficp 0.1 

Se inaa 3 0.5 

Si02 ficp 0.01% 0.01% ficp 0.01% 

Sm inaa 0.1 0.01 ficpms 0.1 
Sn xrf 5 1 ficpms 1 

Sr ficp 2 2 ficp 0.1 

Ta inaa 1 0.1 ficpms 0.5 

Tb ficpms 0.5 0.01 ficpms 0.1 

Te ficpnns 0.1 ficpms 0.05 
Th inaa 0.5 0.05 ficpms 0.2 

Ti02 ficp 0.01% 0.01% ficp 0.01% 

Tl ficpms 0.05 ficpms 0.02 

Tm ficpms 0.05 ficpms 0.1 
U inaa 0.5 0.05 ficpms 0.5 
V ficp 5 5 ficp 1 

W inaa 3 1 ficpms 1 
Y ficp 1 1 ficp 0.5 

Yb inaa 0.1 0.05 ficpms 0.1 

Zn icpt 1 1 ficp 2 
Zr ficp 4 1 ficp 0.5 

code method preparation 
fa fire assay 
icpt Inductively coupled plasma total digestion 
ficp inductively coupled plasma lithium metaborate/tetraborate fusion 
xrf x-ray fluorescence pressed pellet 
+ms mass spectrometry 
aa atomic adsoption 
ise Ion specific electrode 
Inaa instrumental neutron activation 
cvflms cold vapour fims 

Actlabs Chemex laboratories 
1336 Sandhill Dr. 994 Glendale Ave 
Ancaster, Ontario Sparks, Nevada, 89431-5730 
L9G 4V5 
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Table 2.2. Electron microprobe analytical routines for various elements (15 kV 
accelerating voltage): 

Element Line Crystal Standard Background Current 
(nA) 

Count 
time (s) 

Approximate 
detection limit 

Na Ka tap sodalite 600 600 30 10 600 

Fe Ka lit fayalite 850 380 30 10 1550 

Ca Ka pet diopside 575 800 30 10 300 

K Ka pet orthoclase 750 500 30 10 250 

Si Ka tap diopside 635 670 30 10 250 

Mn Ka lif franklinite 500 900 30 35 550 

Ba La pet barite 400 -900 30 35 600 

Ti Ka lif rutiie 950 -500 30 35 200 

A1 Ka tap orthoclase 550 550 30 10 400 

Mg Ka tap forsterlte 525 -525 30 10 500 

F Ka tap fluorite 1200 1200 30 10 1150 

Ni Ka lif Nl-dlopslde 700 -500 299 30 250 

CI Ka pet sodalite 700 425 299 25 120 

Cr Ka pet chromite-s 600 -800 299 35 105 

Zn La tap franklinite 1100 -3200 299 30 220 

Co Ka lif Co-diopside 500 -400 299 40 180 

Sr La pet strontianite 1075 -2100 299 40 170 

V Ka pet metal 1230 -2550 299 60 80 

Ge La tap metal 700 -650 299 45 260 

Cu Ka lif cuprite 500 -700 299 40 480 

So Ka pet Sc-diopside 1730 550 299 60 30 

S Ka pet barite 1550 1900 299 30 80 

Ga La tap GaAs 770 -770 299 45 280 

Ce Lp lif CeP04 490 375 299 10 4350 

Nb La pet metal 500 840 299 25 460 

P Ka pet apatite-s 930 900 299 30 100 

Zr La tap zircon-s 750 -550 299 20 200 

La La lif LaP04 600 855 299 10 1120 

Pb Ma pet galena 1550 -930 299 25 540 

Sn La pet Sn metal 500 600 299 25 280 

Y La tap YAG 500 500 299 20 260 

Nd LP lif NdP04 420 -600 299 10 1910 

Pr LP lif PrP04 240 700 299 10 1380 

Sm LP lif SmP04 345 -300 299 10 1560 
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Table Z3: SIMS analyses of sulfide grains 

Sam^e Location Description Analysis site As/Fe54 

90DDH8-1050 : Ironclad-
QlobeHill 

pyrite from manganiferous hydrotherrral 
breccia, Ironclad deposit; drill hole 90DDH8- ; 
1050' 

center 1.09 Cs 

CC-92-61 Cresson 
deposit 

line grained pyrite from zone of intense K-
feidspar + pyrite alteration, nnargin of 
aphanitic phonolite dike, Cresson deposit 

center 78.16 Cs 

A31-23-115 3100 level, 
/\jax Mine : 

pyrile from fluorite-quartz-carbonate-galena ; 
vein with phlogopitic alteration halo, 3100 
level of /\jax Mine: drill hole A31-23-115' 

center 1.24 : Cs : 

GVE Grassy 
Valley 

Coarse grained pyrite from Grassy Valley 
deposit: sample subnnitted by Julie 
Rosdeuscher 

center 0.88 Cs : 

UGC-96-2-
2017.5B 

Cresson 
deposit 

pyrite from quartz-liuoiite hydrothennal 
breccia, Cresson deposit: drill hole UGC-96- : 
2-2017.5' 

center 3.48 Cs 

A31-27-1111 3100 level, 
/Vjax Mine 

pyrite from aniydrite-fluorite-pyrite-galena-
sphalerite vein with halo of phiogpits-K-
feldspar-pyrite in 3100 level, Ajax Mine; drill 
hole A31-27-1 111' 

center 1.19 Cs : 

BioVn 
3100 level. 
Vindicator 

Mine 

pyrile from blotite-magnetite-orthociase vein 
from 3100 level of Vindcator Mine: pyrile 
appears to be paragenticaliy late 

center 1.66 Cs : 

A32-27-141 3100 level, 
Ajax Mine 

pyrite from anhydrlte-pyrlte vein, 3100 level 
of Ajax Mine: drill hole A31 -27-141' center 2.57 Cs 

A31-25-331.5 3100 level, 
Ajax Mine 

pyrile from anhydrite-pyrite vein, 3100 level 
of Ajax Mine: drill hole S31 -25-331.5" center 1.13 Cs 

UGC-96-2-
1131 

Cresson 
deposit 

pyrite from zone ol Intense K-feidspar + 
pyrite alteration center 1.72 Cs ; 

A31-30A-74 3100 level, 
Ajax Mine 

pyrite from zone ol base metal-rich 
mineralization adjacent to lamprophyre dike 
cutting Precambrlan rock, 3100 level ol Ajax 
Mine: drill hole A31-30A-74' 

center 2.7 Cs 

Carbonate vein eastern 
sub-basin 

pyrite from ankerilic carbonate + pyrite vein, 
eatem sub-basin: drill hole DDHS-8-533' center 2.84 Cs 

ViND MT/Di 
surface 

exposures. 
Vindicator 

Mine 

pyrite from coarse grained magnetite-
clinopyroxene-biotite-pyrite vein sannpled at 
the surface near tlie Vindicator Mine shaft 

center 3.57 Cs 

10,100 

5/19/98 A Qz 
bench, 
north 

Cresson 
Pit 

Pyrite from quartz/teliuride vein, north pit 
10100 level center 0.172 8.114E-04 K 

10,100 

yi9/g8AQz 
bench, 
north 

Cresson 
Pit 

Pyrite from quartz/teliuride vein, north pit 
10100 level rinn 0.110 4.418E-03 K 

A31-2310.5 3100 level, 
1 Ajax Mine 

Pyrite from polymetallic, pyrite, galena, K-
feldspar, carbonate, sulfate, fiuorite. biotite 
vein cutting bleached, suifidized breccia, 
Ajax 3100 level. 

center 0.013 1.328E-03 K 

A31-23 522 3100 level, 
Ajax Mine 

Pyrite vein cutting biotite alteration in 
breccia; no halo seen around vein rim 0.050 3.768E-03 K 

A31-25-184.5 3100 level, 
Ajax Mine 

Coarse pyrite from sulfate/pyrite cutting 
bleached, suifidized breccia, Ajax 3100' 
level 

center 0.022 9.483E-04 K 

A31-27-861.5 3100 level, 
Ajax Mine 

Pyrite from intense Kf/py alteration adajcent 
to contact between breccia and aphanitic 
phonolite dike, Ajax 3100'level 

center 0.012 1.009E-03 K 

• A31-28197 3100 level, 
Ajax Mine 

Pyrite from suifidized chlorite/phlogopite 
(green breccia), Ajax 3100' level rim 0.017 1.142E-02 K 

BXPHO 
10,050 
bench, 

Cresson 
Pit 

Pyrite from suifidized breccia 3m from high-
grade quartzAellurdie vein, 10050 level, 
south pit, Cresson Mine 

rim 0.121 1.769E-01 K 

BXPHO 
10,050 
bench, 

Cresson 
Pit 

Pyrite from suifidized breccia 3m from high-
grade quartzAellurdie vein, 10050 level, 
south pit, Cresson Mine 

rim 1.014 5.539E-02 K 
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Table Z.3 (con't): 

Sample 
number Location Description Analysis site Au 

ppm As/Fe54 Beam 
type 

BXPHO 
10,050 
bench, 

Cresson 
Pit 

Pyrite from sulfidized breccia 3m from high-
grade quartzAeiiurdie vein, 10050 level, 
south pit, Cresson Mine 

rinn 0.058 7.017E-03 K ; 

BXPHO 
10,050 
bench, 

Cresson 
Pit 

Pyrite from sulfidized breccia 3m from high-
grade quartz/teliurdie vein, 10050 level, 
south pit, Cresson Mine 

rim 0.750 1.382E-01 K 

CC92171475 
South 

Cresson 
deposit 

Coarse pyrite from Kf/py halo in breccia, 
south Cresson (typical of broad 
metasomatism in south Cresson region) 

center 0.200 ; 7.379E-04 K i 

0092 17 1475 
South 

Cresson 
deposit 

Coarse pyrite from Kl/py halo in breccia, 
south Cresson (typical of broad 
metasomatism in south Cresson region) 

center 0.104 1.906E-02 K i 

Volcanic 
breccia2 

10,050 
bench, 

Cresson 
Pit 

Pyrite from pervasive Kl/py halo in breccia, 
central South Pit, 10050 level, Cresson 
mine 

center 0.010 1.885E-03 K ; 

Goodwill Adit 
Goodwiil 
Adit, near 
Crippie 
Creeif 

Pyrite from 'distal' polymetallic, 
argentiferous quartz vein in Goodwill Adit rim 0.040 5.802E-04 K 

Goodwill Adit 
Goodwill 
Adit, near 
Cripple 
Creei< 

Pyrite from 'distal' polymetallic, 
argentiferous quartz vein In Goodwill Adit center 10.044 4.156E-01 K : 

Goodwill Adit 
Goodwiil 
Adit, near 
Cripple 
Creelt 

Pyrite from 'distal' poiymetailic, 
argentiferous quartz vein in Goodwill Adit center 76.183 3.871 E+00 K 

Goodwill Adit 
Goodwiil 
Adit, near 
Cripple 
Creek 

Pyrite from 'distal' poiymetailic, 
argentiferous quartz vein in Goodwill Adit 

core to rim 
traverse (step 100 

urn) 
37.210 4.009E-f00 K : 

Goodwill Adit 
Goodwill 
Adit, near 
Crippie 
Creek 

Pyrite from 'distal' poiymetailic, 
argentiferous quartz vein in Goodwill Adit 

core to rim 
traverse (step 100 

um) 
14.871 2.655E-fOO K 

Goodwill Adit 
Goodwill 
Adit, near 
Crippie 
Creek 

Pyrite from 'distal' polymetallic, 
argentiferous quartz vein in Goodwill Adit 

core to rim 
: traverse (step 100 

um) 
19.093 3.246E+00 K 

Goodwill Adit 
Goodwill 
Adit, near 
Cripple 
Creek 

Pyrite from 'distal' polymetallic, 
argentiferous quartz vein in Goodwill Adit 

core to rim 
traverse (step 100 

um) 
18.472 3.342E+00 K 

Goodwill Adit 
Goodwiil 
Adit, near 
Crippie 
Creek 

Pyrite from 'distal' poiymetailic, 
argentiferous quartz vein in Goodwill Adit 

core to rim 
traverse (step 100 

um) 
18.926 3.386E+00 K 

Goodwill Adit 
Goodwill 
Adit, near 
Cripple 
Creek 

Pyrite from 'distal' polymetallic, 
argentiferous quartz vein in Goodwiil Adit 

core to rim 
traverse (step 100 

um) 
19.755 3.480E+00 K 

Goodwill Adit 
Goodwill 
Adit, near 
Cripple 
Creek 

Pyrite from 'distal' polymetallic, 
argentiferous quartz vein in Goodwill Adit rim 0.021 1.712E-03 K 

Goodwill Adit 
Goodwill 

; Adh, near 
Crippie 
Creek 

Pyrite from 'distal' poiymetailic, 
argentiferous quartz vein in Goodwill Adit center 41.885 3.087E+00 K 

GVC-4-92.4 Grassy 
Valley 

Ccarse pyrite from kaoiinite/pyrite vein, 
Grassy Valley rim 0,022 1.281E-03 K i 
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Table Z.3 (con't): 

Sample 
number 

Location Description Analysis site 
Au 

ppm 
As/Fe54 Beam 

type 

A31-23 827 3100 level, : 
Ajax Mine 

Coarse pyrite fronn zone of intense Kl/py 
alteration in breccia adjacent to 
lluorite/sullate vein, Ajax 3100' level 

traverse (step 100 
urn) 

36.411 1.520E-03 K 1 

A31-23 827 3100 level, 
; Ajax Mine 

Coarse pyrite from zone of intense Kl/py 
alteration in breccia adjacent to 
tluorite/sulfata vein, Ajax 3100' level 

traverse (step 100 
urn) 0.024 5.141E-04 K ; 

A31-23 827 ; 3100 level, 
] ^ax Mine 

Coarse pyrite from zone of Intense Kf/py 
alteration in breccia adjacent to 
(luorile/sullate vein, Ajax 3100' level 

traverse (step 100 
urn) 0.165 3.600E-03 K ; 

A31-23 827 : 3100 level, 
Ajax Mine 

Coarse pyrite from zone of intense Kl/py 
alteration in breccia adjacent to 
fluorite/suifate vein, Ajax 3100' level 

traverse (step 100 
UID) 0.071 3.656E-04 K 

A31-23 827 ; 3100 level, 
Ajax Mine 

Coarse pyrite from zone of intense Kl/py 
alteration In breccia adjacent to 
lluorite/sullate vein, Ajax 3100' level 

traverse (step 100 
urn) 0.993 4.950E-04 K ^ 

A31-23 827 3100 level, 
Ajax Mine 

Coarse pyrite from zone of intense Kl/py 
alteration In breccia adjacent to 
fluorile/sulfate vein, Ajax 3100' level 

traverse (step 100 
urn) 

0.020 2.197E-04 K 

A31-23 827 3100 level, 
Ajax Mine 

Coarse pyrite from zone of Intense Kl/py 
alteration in breccia adjacent to 
lluorile/sulfate vein. Ajax 3100' level 

traverse (step 100 
urn) 

0.021 2.776E-04 K ; 

A31-23 827 3100lavel, 
Ajax Mine 

Coarse pyrite from zone ol intense Kl/py 
alteration In breccia adjacent to 
lluorite/sullate vein. Ajax 3100' level 

traverse (step 100 
urn) 

0.067 3.799E-04 K : 

A31-23 827 3100 level. 
: Ajax Mine 

Coarse pyrite Irom zone ol intense Kl/py 
alteration in breccia adjacent to 
lluorite/sullate vein. Ajax 3100' level 

traverse (step 100 
uni) 

0.019 2.800E-04 K ; 

A31-23 827 3100 level. 
' Ajax Mine 

Coarse pyrite Irom zone ol intense Kl/py 
alteration in breccia adjacent to 
lluorite/sullate vein. Ajax 3100' level 

center 0.013 : 1.006E-03 K ^ 

10.100 

NPVNC 
bench, 
north 

Cresson 
Pit 

Pyrite from Kl/py altered breccia. 3m from 
quartz/telluride vein, north pit 10100 level center 0.272 2.420E-04 K 

10,100 

NPVNC 
bench, 
north 

Cresson 
Pit 

Pyrite from Kf/py altered breccia. 3m Irom 
quartz/telluride vein, north pit 10100 level center 0.099 1.408E-02 K 

10,100 

NPVNC 
bench, 
north 

Cresson 
Pit 

Pyrite Irom Kl/py altered breccia, 3m Irom 
quartz/telluride vein, north pit 10100 level rim 0.032 7.504E-03 K 

10,100 

NPVNC 
bench, 
north 

Cresson 
Pit 

Pyrite from Kf/py altered breccia, 3m Irom 
quartz/telluride vein, north pit 10100 level center 0.013 7.023E-03 K ^ 

UGC-97-5 Granite 
island 

; Coarse pyrite from sulfate/pyrite vein in 
sullidized pC granite: taken Irom "granite 
island* drill hole 

center 0.181 4.720E-04 K 

UGC-97-5 Granite 
island 

Coarse pyrite from sullate/pyrite vein in 
sullidized pC granite: tal<en Irom 'granite 
island* drill hole 

center 0.017 1.555E-03 K 

VIND MT/DI 
surface 

exposure. 
Vindicator 

Valley 

Pyrite stringers cutting 
magnetite/diopside/biotite vein. Vindicator 
Valley 

center 0.048 2.080E-02 K 

XENO 1 
surface 

' exposure. 
Vindicator 

Valley 

: Sullide Irom breccia xenolith encapsulated 
within unaltered hombelnde phonolite. 
Vindicator Valley 

traverse (step 100 
urn) 

0.651 1.016E-02 K 
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Table Z.3 (con't): 

Sample 
number 

Location Description Analysis site Asrt:e54 
ppm type 

XEN01 
surlace 

' exposure, 
Vindicator 

Valley 

Sulfide from breccia xenolith encapsulated 
within unaltered hombelnde phondite, 
Vindicator Valley 

traverse (step 100 
um) 1.157 3.377E-02 K 

XEN01 
surface 

: exposure, 
; Vindicator 

Valley 

Sulfide from breccia xenolith encapsulated 
within unaltered hombelnde phonolite. 
Vindicator Valley 

traverse (step 100 
um) 0.736 6.412E-03 K 

XEN01 

surface 
: exposure. 

Vindicator 
Valley 

Sulllde Irom breccia xenolith encapsulated 
wilhin unaltered hombelnde phondite. 
Vindicator Valley 

traverse (step 100 
um) 1,085 1.676E-02 K 

XEN01 
surface 

exposure. 
Vindicator 

Valley 

Sulfide from breccia xenolith encapsulated 
within unaltered hombelnde phonolite. 
Vindicator Valley 

traverse (step 100 
um) 0.265 1.658E-02 K 

XEN01 
surface 

exposure. 
Vindicator 

Valley 

Sulfide from breccia xenolith encapsulated 
within unaltered hombelnde phonolile, 
Vindicator Valley 

rim 9.836 3.836E+00 K 

XEN01 
surface 

: exposure, 
' Vindicator 

Valley 

Sulfide from breccia xenolith encapsulated 
wilhin unaltered hombelnde phonolite. 
Vindicator Valley 

rim 3.987 3.442E+00 K 

XEN01 
surface 

exposure. 
Vindicator 

Valley 

Sulfide Irom breccia xenolith encapsulated 
within unaltered hombelnde phonolite. 
Vindicator Valley 

rim 2.380 2.679E+00 K 

Beam type Detection Limit 
Cs+ 0.5 ppm 
K+ 0.005 ppm 
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Table Z4: sulfur isotope analyses 

Sulfide minerals 

Sample Mineral S'^S CDT Description Mineral 
pairs 

STIBFL stibnite -18.6 stibnite-fluorlte vein from 10025 bench, Cresson Pit 

37-K-144SB stibnite -16.12 Stibnite from margin of Unity Breccia pipe 

37-K-69 CN cinnabar -13.82 Oxidized quartz-fluorite viens coated with cinnabar in 
Ada Belle mine 

GOODWILL 
ADIT galena -13.2 Galena from polymetallic vein, Goodwill Adit (marked 

as 'Galena Vein' on maps) 

41-K-115BGN ; galena -13.08 Massive Pb-Zn vein from Index Mine, level 9 1 
41-K-115BSL ; sphalerite -11.73 Massive Pb-Zn vein from Index Mine, level 9 1 
41-K-115BSL sphalerite -11.41 Massive Pb-Zn vein from Index Mine, level 9 1 

PIT GN galena -8.98 Pyrlte-galena vein sampled in Cresson Pit by Marc 
Melker, November, 2001 2 

PIT GN galena -8.21 Pyrite-galena vein sampled In Cresson Pit by Marc 
Melker, November, 2001 2 

A31-30A-74GN galena -8.0 
Deep, polymetallic mineralization in zone of gold 
mineralization at margin of lamprophyre dike In 
Precambrian. HighAg:Au 

A31-25-785 SL -7.81 Deep sulfate-base metal vein, Ajax-Portland mine 3 
A31-23-115GN > galena -6.9 Deep sulfate-base metal vein, Ajax-Portland mine 4 
A31-27-1111 GN galena -6.6 Deep sulfate-base metal vein, Ajax-Portland mine 5 

DRAB A PY pyrite •6.1 disseminated pyrite In Cripple Creek breccia In zone of 
strong metasomatism, central Cresson Pit 

ICPY pyrite -4.91 Pyrlte from massive plug of gypsum/anhydrite ± fluorite, ; 
galena. Ironclad Hill (exposed In Deerhorn workings) 6 

PIT PY pyrite -4.84 Pyrite-galena vein sampled in Cresson Pit by Marc 
Melker, November, 2001 2 

V-7-432 SL sphalerite -4.7 Base metals in deep Vindicator veins 

GVC-92-79 PY pyrite -4.7 Coarse pyrlte cube from kaollnlte-rlch alteration In 
Grassy Valley 

GVC-92-1-591 pyrite -4.2 Coarse grained pyrlte from lllite/kaollnite vein from deep 
drilling In Grassy Valley area 

HITZ-VN PY pyrite -4.19 
Massive pyrite in vein cutting K-feldspar -i- specularlte 
alteration in porphyrltic phonollte at surface near Joe 
Dandy mine; collected by Murry Hitzman 

A31-23-115b PY pyrite -4.1 Deep sulfate-base metal vein, Ajax-Portland mine 4 

39-K-180PY pyrite -3.75 Selective replacement of bedding by sulfides in 
siltstones, from 4th level of School Section Mine 

A31-27-1111 PY pyrite -3.5 Deep sulfate-base metal vein, Ajax-Portland mine 5 

39-K-180PY pyrite -3.5 Selective replacement of bedding by sulfides In 
siltstones, from 4th level of School Section Mine 

A31-23-10 PY pyrite -3.1 Deep sulfate-base metal vein, Ajax-Portland mine 7 

90DDH8-1050 : pyrite -2.9 Pyrite from mineralized celestlte-rhodocrosite 
hydrolhermal breccia; Deep drill hole In Ironclad area 8 

UGC-97-5-2358 pyrite -2.7 Pyrite from massive gypsunn/anhydrite veins, deep 
Granite Island, near Ironclad Hill 9 

UGC-97-5-2777 pyrite -2.6 Pyrlte from massive carbonate + sulfide vein, deep 
Granite Island, near Ironclad Hill 

WEST VEIN PY : pyrite -2.4 Pyrite from West Vein, Black Diamond Mine, accessed 
from 10th level of Molly Kathleen 

V-7-431.5MO I molybdenite -2.4 Stockwork molybdenite veins from 1000m level. 
Vindicator mine 

A31-29-137SL ; sphalerite -2.17 Deep sulfate-base metal vein, Ajax-Portland mine 

DDHS-8-1050 pyrite -2.17 
Pyrlte from unoxidized portion of Mn-
carbonate/celestite/fluorite matrix hydrothermal breccia. 
Ironclad Mine, drill hole 90-DDH8 
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Table Z.4 (con't): 
Sample Mineral 6^3 CDT Description Mineral 

pairs 

A-29-137.5 SL sphalerite -2.1 Fracture controlled base nnetals In deep Ajax veins 

FXU-19 pyrite -1.4 
fine pyrite from intense K-feldspar + pyrite alteration 
surrounding quartz tellurlde veins in East Cresson 
deoosit 

V-4-1007.5 MO molybdenite -1.2 Stockwork molybdenite veins from 1000m level, 
Vindicator mine 

A31-25-164.5 
PY pyrite -1.1 Deep sulfate-base metal vein, Ajax-Portland mine 10 

UGC-2-2017 PY pyrite -0.7 
Massive pyrite veins cutting nephellne monzosyenlte, 
near Rose Nictiol 

A31-23-115PY pyrite -0.6 Deep sulfate-base metal vein, Ajax-Portland mine 

DDH58-5952 galena -0.42 
Base Metals from eastern sub-basin; base metal-
carbonate veins with albitic alteration halos cutting 
Dtionotephrite Intrusion 

A31-27-141 PY pyrite -0.3 Pyrite in sulfate vein 11 

RRBX SL sphalerite 0.05 
Stockwork of sphalerite-carbonate veins with minor 
pyrite from margin of Railroad Breccia lamprophyre, 
sampled from north-trending adit, Moffat Tunnel 

UGC-2-1902.5 pyrite 0.4 Base metal-rich mineralization cutting nepheline 
monzosyenlte near Rose Nichol hydrothermal breccia 

MOFFAT 700 
PY pyrite 1.63 

Pyrite from prominent illite-pyrite vein cutting Moffat 
Tunnel 700' from portal 

Keystone pyrite 1.70 
thin, monomlneralic pyrite veins in broad zone of 
chlorite -f albite + hematite alteration; Keystone Mine 

BEACON SL sphalerite 1.97 Base-metal veins exposed at surface on Beacon Hill; 
collected by Marc Melker and George Papic 

154 PY pyrite 2.12 

Bleached phonolite with specularite, pyrite and 
carbonate filling mafic mineral sites; vugs are filled by 
bladed specular hematite, pyrite and carbonate with 
one specularite crystal showing a thin band of what 
appears to be native gold. 

EP9B SL sphalerite 2.32 Pyrite-base metal vein from 9th level. El Paso Mine 12 
EP9B PY pyrite 2.91 Pyrite-base metal vein from 9th level, El Paso Mine 12 

Analytical precision: 0.13%o 

25-L-24 gypsum 

Sulfate minerals 
-5 449 sulfate coating vug filling vein minerals, Cresson 

Mine 

CR-2 creedite -5.60 late-stage creedite-pyrite mineralization in vicinity of 
Dante Collapse breccia 

CR-1 creedite -0.10 late-stage creedite-pyrite mineralization in vicinity of 
Dante Collapse breccia 

36-K-331B celestite 6.5526 celestite crystals in veins cutting phonolite, Logan Mine, 
level 5 

i 90DDH8-1050 celestlte 6.8576 
Celestite from unoxidized portion of Mn-
carbonate/celestite/fluorite matrix hydrothermal breccia. 
Ironclad Mine, drill hole 90-DDH8 

: 90DDH8-1050 celestite 7.8 
Celestite from unoxidized portion of Mn-
carbonate/celestite/fluorite matrix hydrothermal breccia, 
Ironclad Mine, drill hole 90-DDH8 8 

^ 90DDH8-1050 celestite 8.0733 
Celestite from unoxidized portion of Mn-
carbonate/celestite/fluorite matrix hydrothermal breccia, 
Ironclad Mine, drill hole 90-DDH8 

136 anhydrite 8.9776 Massive gypsum/anhydrite plugin Ironclad Hill, from drill 
hole 500SE, Victor Mine 

UGC-97-5-
2358 anhydrite 10.1754 Sulfate from massive gypsum/anhydrite veins, deep 

Granite Island, near Ironclad Hill 9 

IC S04 anhydrite 10.5153 
Sulfate from massive plug of gypsum/anhydrite ± 
fluorite, galena, Ironclad Hill (exposed in Deerhorn 
workings) 6 

A31-23-115 anhydrite 10.8483 Deep sulfate-base metal vein, Ajax-Portland mine 4 
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Table Z.4 (con't): 
Sample Mineral S^S CDT Description Mineral 

pairs 

A31-23-41 anhydrite 11.4144 Deep sulfate-base metal vein, Ajax-Portland mine 

A31-27-1111 anhydrite 11.5322 Deep sulfate-base metal vein, Ajax-Portland mine 5 
A31-23-827 anhydrite 11.5958 Deep sulfate-base metal vein, Ajax-Portland mine 

V-7-327 anhydrite 12.4245 sulfate vein, 1000m level. Vindicator Mine 

A31-25-641 anhydrite ; 13.0239 Deep sulfate-base metal vein, Ajax-Portland mine 

A31-27-500 anhydrite 13.048 Deep sulfate-base metal vein, Ajax-Portland mine 

A31-25-785 anhydrite 13.0904 Deep sulfate-base metal vein, Ajax-Portland mine 3 
A31-25-164.5 anhydrite 13.3342 Deep sulfate-base metal vein, Ajax-Portland mine 10 
A31-27-141 anhydrite 14.52795 Deep sulfate-base metal vein, Ajax-Portland mine 11 
A31-23-10 anhydrite 14.8332 Deep sulfate-base metal vein, Ajax-Portland mine 7 

Analytical precision: 0.13%o 



Table Z.5: results of radiogenic isotope analyses 

Age 87Sr 87Sr 87Sr 87Sr UTM location (NAD27 datum) 

Sample (Ma) 86Sr 86SfO 86SrUr 86SrUrO eSri £S,p easting northing elevation 

GT-96-1-117 jiamprophyre breccia 30 0.70430 0.70426 0.70450 i 0.70447 1 -2.87234 1 -2.77930 489365 4285693 2892 
SPAPH1 ; late stage phonolite 30 0.71248 0.70591 0.704S0 i 0.70447 ; 20.55080 ) 113.24620^ 487834 4286293 3071 
TTD* Iphonotephrite 30 0.70461 0.70453 0.70450 ] 0.70447 ! 0.89131 1 1.56663 488579 4287362 3223 
UGC-96-2-1974-1976 nepheline moruosyenite 30 0.70517 0.70502 0.70450 i 0.70447 i 7.85938 : 9.52983 487815 4285873 2663 
PHBF ibiotite trachyandesite 31 0.70528 0.70514 0.70450 1 0.70446 1 9.60256 i 11.00194 485383 4287254 2986 
ALT<!T-97-3-36 Iporphyritic phonolite 31 0.70656^^ 0.70436 0.70450 j 0.70446 I -1.52100 i 29.19398 488526 4287211 3222 

Age Sample Tracer Sm Nd 147Sm 142Nd 143Nd 145Nd 146Nd 

Sample (Ma) Weight Weight (ppm) (ppm) 144Nd 144Nd 144Nd 144Nd 144Nd £Nd(o, ENd(„ 
GT-96-1-117 ^lampropliyre breccia 30 1 0.30469 0.15748 10.74802 i 69.66375 1 0.09328 i 1.14233 i 0.51264 0.34842 ! 0.72190 0.00165 0.39755 528.46 
SPAPH1 ilate stage phonolite ' 30 i 0.30076 0.17054 1.32471 [ 11.36873 ! 0.07045 1.14212 1 0.51266 0.34843 ; 0.72190 0.45303 0.93636 422.99 

TTD* iphonotephrite 30 1 0.30141 ^ 0.15749 6.62270 1 40.87331 i 0.09796 i  1.14209 ! 0.51264 0.34842 ! 0.72190 0.11990 0.49788 541.36 
UGC-96-2-1974-1976 nepheline monzosyenife 30 i 0.29946 • 0.1588 9.58909 i 60.75927 r 0.09541 ' 1.14233 0.51257 0.34841 • 0.72190 -1.32463 -0.93700 622.41 
PHBF Ibiotite trachyandesite 

1 
31 • 0.30003 0.15514 9.85230 1 66.62767 ; 0.08940 1.14219 ^ 0.51252 0.34842 ; 0.72190 1 -2.27361 -1.86303 651.12 

ALT-GT-97-3-36 porphyritic phonolite 31 i 0.30016 : 0.15659 5.61464 : 50.05926 1 0.06781 1.14216 ; 0.51259 0.34842 ! 0.72190 -0.96295 -0.46963 489.17 

see table AA.1 for whole rock chemical compositions 
*equivalent to sample AC*96-24-l 13 

T(DM): model age of mantle source region 

based upon depleted mantle model 
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APPENDIX AA: Representative chemical analyses of rock samples 

This appendix provides representative whole rock chemical analyses for various rock 

types and styles of alteration and mineralization in the Cripple Creek district. These data 

form a subset of a larger database of >500 chemical analyses. Additional data are 

available from the author upon request. 



Appendix AA: representative geochemical analyses for various rock types and styles of alteration and nnineralizat 
analyticat methods described in Appendix Z. Table Z.1; coordinates are given in mine coordinate system 

representative samples of unaltered rock highlighted in boid itatics 
"<" denotes below detection limit 

Si02 AI203 Fe203 FeO MgO CaO Na20 Sample Name Anaiysis X«coord Y-coord 2-<oord Rock type 

Examples of mineralization and alteration in various types of Tertiary alkaline rocks 

mineralization and alteration in rocks of the earty phonolite series 

ALT-GT'ST'S-Se 
ALT-GT-97-3-542 

AC-97-46-119 

^'AC^97^45^2~' " 
ALT-GT-97-2-229 

ALT-GT-97-3-63 

43930 57295 10592 

43594 57173 10234 

43285 56898 10493 

43251 56900 10526 

43802 57249 10455 

43912 57289 10572 

unaRered porpnyntic. eatiy sbg« ptwnoMe 

porphyrttic. earty stage phoooMs from Attman with weak K-fektopar/pyrite 
aiiefation 
Intense K-Wdtpar/pynte alteration adjacent to qzAeUuhde vein in porphynlic 

strong K*foldsper all adfMent to qz/teNurida vein in earty stage porptiyriUc ptv 

bleactted. oxidized porphyritic earty stage pttonoIHe witti strortg K-leldspar 

K-feidspar/specularite alteration in porptiyritic earty stage ptranotite 

61.13 

62.57 

61.96 

"6a35 
53.65 

63.04 

19.36 

19.22 

18.29 

"17.9 

20.37 

19.98 

2.84 

0.47 

2.12 

"4732"" 

6.59 

<0.01 

<0.1 

2.15 

0.38 

0.2 

2.27 

0.27 

0.22 

0.21 

*d.i8" 

0.68 

0.21 

1.26 

0.18 

0.1 

"ade 
0.58 

0.2 

8.4 

4.96 

0.38 

~027' 
1.36 

5.67 

BCTTDCNT 

BCTTDALT 

TTDPHKKSP 

strong K-teklspar * pynte atteration and tnineralization developed alor)g 
margin of earty stage porptiyritic phonoMe in East Cresson prt (befow contact 
Witt) overtying ptionotephrite on BuH Cliffs 
strong K-leldspar * pyrile atteration and mineralization developed ator)g 
niargin of earty stage porptiyritic phonoUte in East Cresson pit (twlow contact 
Witt) overlying pt>ono(ephrile on ̂  Cliffs 
K-fWdspar* 8pecularhefnatiteafter8tionineartystsgeporptTyritiept>onot(te 
in East Cresson pit (t>elow contact vntt) overlying pt)onoiephrite on Bull Cliffs 

61.66 

60.48 

59.32 

15.40 

17.64 

19.8t 

6.57 

3.99 

3.47 

0.43 

0.16 

0.40 

0.45 

0.31 

0.33 

0.23 

0.32 

2.52 

VN4 

VN4-1 

VN4-2 

VN4.3 

36146 

36147 

36148 

36149 

54506 

54506 

54506 

54506 

9744 

9744 

9744 

9744 

alteration in porptiyntic ptior)olite adjacent to tMgrv-grade quartz-tellunde vein > 03.25 
in it)e vicinity of tl)e Doctor and Jackpot mines 
t m from sample VN4 

2m from sample VN4 

3m from sample VN4 

62.25 

58.11 

58.98 20.11 

16.91 

18.89 

19.68 

3.68 

2.35 

4.65 

5.06 

0.17 

0.23 

0.3 

0.34 

0.08 

0.06 

0.15 

0.28 

0.77 

0.99 

2.64 

4.03 

mineralization and alteration in monzosyenites 

UGC-BS-Z 1652 
UGC-96.2 1974-1976 

41602 

41483 

52882 

52825 

8738 

8441 

lelativety unaNered r)epl)el!r)e moruosyenite 

stn>r>g mineraliralion in t>lead>ed, sultidized nept)eline monzosyenite 

53.36 ! 17.04 ! 

42.77 1 13.41 

3.38 

2.15 

3 1 

4.02 

2.32 

3.64 

5.55 

10.25 

4.19 

2.05 

mineralization and atteration in phonotephrites 

AC-9S'24'113 
"AC-9^"365^^a" 
~ ACr^"^ 385^8"" 

43786 

43760" 

43774 

57598 

'57590' 
57590" 

10560 

10368' 

~i63M" 

IsatMtla phonotept)nte dike 

Intense K-teidspar/pyrite aRera '̂̂  margin of Isabella phonoiiBphhie dike 

Intense K-feldî >ar/p^e alteration ak>  ̂margin of N'2 mafic dike in zorte of 
t)iflh grade mineralization 

48.01 

T2"59" 
'50755 

15.88 

~i5.83' 

'15T9I 

4.51 

~4*.68 

6.3" 

4.56 

l92 

'3.33 

4.56 

0.55^ 
0.8^ 

7.65 

"^1.68" 
2.6T 

4.31 

0.59 

"orgT 

mineralization and alteration in late stage phonolites 

SPAPH 1 1 41538 54122 9925 unaltered late stage pt)ot)oiiie. center of Cresson Pil 62.7 1 18.73 1.57 0.92 { 0.16 0.74 7.99 

SPAPH 2 1 41542 54110 9925 late stage pt)onolite from cer)ter of Cresson Pit wilt) K-teklspar * speculante 
aReratkwT 

"64.05 I 19.36 0.87 0.66 1 0.13 0.12 3.81 

SPAPH 3 1 41550 54103 9925 mineralized late stage pl>onotite from center of Cresson Pil witt) intense K> 
fekfspar« pyrite alteration 

63.47 1 18.32 0.27 1.52 [ 6.08 <0.01 0.3 

PH2 1 42234 53319 9800 unaltered sample of tale stage pnonolita dike from Cresson Mirw 1 61.65 1 19.78 3.36 t 0.25 0.66 6,33 

PHI 1 42230 53304 9800 sample from margin of late stage ptionolite dike from Cresson Mirte witt> Inter "58.46 j 17.53 5.66 1 0.19 0.55 1.59 

BBF retatively unaltered lata stage ptionokte dike CBkwtmT dike). Cresson Mine 62.13 1 19.29 2.40 1 0.15 0.79 8.35 

BBRED 1 " late stage phonolite dike with pervasive K-(eklspar * speadarite alteration 
fBluebird* dike). Cresson Mine 

62.18 ; 19.27 2.00 r  0.08 0.24 • 0.82 

BBKPYSI 1 - margin of lata stage phonokte dAe rBluebinr dtke) intef)se X-fetdspar * 
pynte alteration 

62.40 r 18.38 2.21 j  0.19 0.11 0.52 

DWOIKE 1 39130 70909 typical chemistiy of altered, distal late stage pt)onoiite dike 63.07 18.64 1.35 0.2 0.02 0.44 

jmineraiization and atteration in famprophyres 

GT'96-1-117.S 2 40615 54414 9937 unaltered 'uresson' tamproptiyra breccia 34.06 10.14 3.73 3.76 10.24 10 2.23 

LBXMIN 2 40615 54217 8S00 eqiiivaiml to GT-  ̂t<117.5 with quartz•teliwide veins and intense k- | 
feldspar * pyrite alteration 

54.28 13.48 0.06 3.57 2.38 4.95 0.83 

an 4 824.5-825 3 Carlton 
Tunnel 

mirwralized (ampropfiyre (Kecda along Newmarket vetn sysiem, tSOm below 
Cartton Tunnel level 1 

36.09 9.06 8.73 6.4 14.27 0.31 

an 4 827-828 3 Cariton 
Tunnel 

mit>erali2ed lamprophyre breccia atong Newmarket vein sysiem. tSOm below| 
Cartton Tunnel level 1 

45.14 10.91 8.2 4.19 10.24 0.37 

an 4 826-827 3 

... 

Cartton 
Tunnel 

relatively unaltered lamprophyre 32.53 9.05 10 42 12.18 15.5 

... -

0.76 

Analyses of manganifrous hydrothermal breccias 

DDHS8 1060 

UNITYV 
" UNITY2" 

CONUNDRUM 

38996 60035 i 9217 ; Unoxidized sampte ol mat>ganiferous t)ydioiliermal breccia from irorKiad 1 30.06 10.81 2.38  ̂
1 'mirw _ ' • 
j  I  Oxidized sample olmanganiferoust)̂ rottter̂ bracba from Unity Pipe | 44.09 13.71 6.30 i  
< ! (collected at surface) _  ̂ | 
t  lOxidued sam^e of manganiferous tî rothermal breccia î om Unî  ̂ pe ' 52.81 16.00 8-79 

!(coUected ai surface) 
[ lOwSized sample of manganiferous t)ydroiherrndl breccia fram Conur)drum 39.92 14 78 16.36 
I ' Pipe (collected ai surface) 

0.78 i 13 95 

0.24 i 2.93 1 0.4": 
I. 

0.19 j 1.40~ [ 0.5: 

1.83 I 0.25 • 2.2( 





js for various rock types and styles of alteration and mineralization 
rdinate system 

denotes below detection limit 
» Si02 AI203 Fe203 FeO MgO CaO Na20 K20 Ti02 P205 MnO Cr203 LOI Total %C %s Ag As Au ppm 

I 
1 1 1 1 1 1 1 i 1 1 1 1 

r 1 7 r 
/piryntic. earty sî  phonoMa 61.13 19.36 2.84 <0.1 0.27 1.26 8.4 5.68 0.345 0.08 0,25 1.12 100.73 5.2 2 0.005 

larly stage phonoMe from Altman with weak K-Mdspar/pynte 62.57 19.22 0.47 2.15 0.22 0.18 4.96 7.28 0.345 0.09 0.01 2.58 100.08 1.3 10 0.223 

dtpar/pyrtte aWeratton adjacent to qzAeluhda vein in porphyritie 61.98 18.29 2.12 0.38 0.21 0.1 0.38 13.95 0.342 0.08 0.02 1.58 99.43 4.8 39 28.500 
lipar ait adiacent lo qzAeVurlde vein in early stage pofphyritic pt> 60.35 17.9 4.32 0.18 0.06 0.27 13.99 0.505 0.13 0.53 1.72 99.96 0 7.7 56 214.000 
iklized porphyrttic eariy stage phonoMe with strong K>le(dspar 53.65 20.37 6.59 0.2 0.68 0.58 1.36 9.6 0.862 0.31 0.02 4.34 98.55 1.6 21 0.040 

pecularite aKeration in porphyntic eariy stage phonobte 63.04 19.98 <0.01 2.27 0.21 0.2 5.67 6.57 0.35 0.07 0.02 1.61 99.6 1.6 2 0.010 
ispar * pynte atleration and minerahzalion developed along 
fty stage porphyiitlc phonokte in East Cresson pit (below contact 
g phonotephrlte on Bun Ctfb 
tspar * pyfite alleration and minecaUzation developed along 
irty stage porphyritie phonoHte in East Cresson pit (below contact 
ig phonotepttfite on Bull Cliffs 

specular hematite aKention in earfy stage porphyrttic plwnoiite 
iSon pit (be<ow contact with overtyng phonoiephnie on Butt Clint 

61.66 

60.48 

59.32 

15.40 

17.64 

19.81 

6.57 

3.99 

3.47 

0.43 

0.16 

0.40 

0.45 

0.31 

0.33 

0.23 

0.32 

2.52 

10.94 

13.89 

10.56 

0.950 

0.632 

0.669 

0.31 

0.19 

0.14 

0.319 

0.222 

0.080 

2.88 

1.64 

2.30 

100.14 

99.47 

99.59 

335 

145 

230 

19.2 

15,5 

0.6 

199 

108 

5 

7.750 

7.390 

0.029 

porphyntic phonolite adjacenl to high-grade quartz-teUuride vein 
y of the Doctor and Jackpot mines 
mple VN4 

63.25 

62.25 

16.91 

18.89 

3.68 

2.35 

0.17 

0.23 

0.08 

0.06 

0.77 

0.99 

11.58 

11.15 

0.735 

0.796 

0.34 

0.28 

0.005 

0.004 

2.73 

2.93 

100.24 

99.93 

45.7 

11.2 

326 

760 

7.410 

31.000 
npleVN4 58.11 19.68 4.65 0.3 0.15 2.64 10.13 0.848 0.33 0.005 3.51 100.35 1.4 184 1.870 
TipleVN4 58.98 20.11 5.06 0.34 0.28 4.03 6.17 0.845 0.25 0.012 3.9 99.98 <0.4 6 0.101 

taitered nephelme moruosyenrte 53.36 17.04 3.38 3.1 2.32 5.55 4.19 5.27 1.217 0.59 0.17 2.08 98.27 1,8 5 0.023 

iraliation in bleadted, sulfidized nepheline monzosyenite 42.77 13.41 2.15 4.02 3.64 10.25 2.05 7.22 1.125 0.64 0.35 10.51 98.14 5.7 962 23.000 

1 1 
ortoteptmte dike 48.01 15.88 4.51 4.56 4.56 7.65 4.31 3.23 1.436 0.79 0.63 3.11 98.66 1.1 2 0.003 

aWspar/pyrite alterabon at margin of Isabella phonotephnte dike 52.59 15.83 4.68 3.92 0.55 1.68 0.59 11.06 1.495 ~"0.7A~ 0.03 5.36 98.52 7 634 1.970 

Didspar/pynte atleration {ilor>g margin of N-2 mafic dike in zone of 
minerattzation 

50.55 15.91 6.3 3.33 0.8^ 2.66 0.91 10.22 1.498 0.78 0.57 5.83 99.41 4.6 464 4.720 I 

1 
ate stage phonokte. center oi cresson Kit 62.7 18.73 1 1.57 0.92 0.16 0.74 7.99 5.9 0.304 L ° 0.151 1.05 100.25 <0.4 48 0.014 

phonolite from center of Cresson Pit with K>fektspar • speculariie 64.05 19.36 0.87 0.66 0.13 0.12 3.81 9.88 0316 0.02 0.02 0.97 100.21 <0.4 23 0.003 

i late stage phonolite from center of Cresson Pit intense K-
pyrite alteration 

63.47 18.32 0.27 1.52 0.08 <0.01 0.3 14.36 0.304 0.03 0.004 1.23 99.88 0.5 217 3.170 

(ample of late stage phonolite dike from Cresson Mme 1 61.65 I 19.78 1 3.36 0.25 I 0.68 6.33 1 5.21 0.988 0.45 0.005 1 1.21 99.89 1 <0.4 5 0.014 
m margin of late stage phorwiite dike from Cnnson Mine with intei f 58".^" 1 17.53 1 5.66 0.19 0.55 1.59 11.44 0.875 0.39 0.064 3.05 99.82 1S.7 733 3.310 
nattered late stage phonolite dike fSkielwd'dike). Cresson Mme 1 62.13 1 19.29 2.40 0.15 0.79 8.35 5.65 1 0.265 0.03 0.145 0.93 100.12 380 2.0 6 0.011 

phortokte dike «Mth pervasive k*feldspar • speculante alteration j 62.18 
' dike). Cresson Mine i 
late sta  ̂phonollle dike ("BhiMrcr ̂ e) intense k>feltepar >1 62.40 

"19.27 

T ia38 

[*2.06' 

i ~2!2T' 

"o.da" 

oW 

~a24 " 

"o.i'T" 

"0.82" 

"6.52^ 

T4T47" 

"14734^ 

1 OT265~ 

^0.269 

"aoi 

abs 

0.021 

'O.OM 

'{.05 

1.84 

'lob.^i 

100.35 

' 1020 

^5285 

' CO 

24 ' 

' 198 

'a822 

8.270 " 

Knistry of altered, distal late stage phonolite dike 63.07 

i 
f " " ' " "  

18.64 1.35 

1 
i 

0.2 

I . . . . - ,  
1 

0.02 0.44 

1 
i 

14.02 0.375 

1 

0.03 

1 - -

0.002 

L .. 1 
• 

1.73 99.86 

! j 

i r' • 

I 

} 

0.8 11 

1 
I 

0.113 

1 

r 

'uresson' Jampropnyre brecoa i 34.06 1 10.14 i 3.73 3.76 

3.57 

1 10.24 Id 2.23 2.28 1.345 1 0.89 0.15 1 18.85 i 97.66 ] i 1 0.9 4 0.049 

t to GT-g&i>117.S with quartz-tetluride veins and intense K-
• pyrite alteration 

I '54'28 i 13.48 j 0.06 

3.76 

3.57 , 2.38 4.95 0.83 9.99 0.692 j" 0.3' 0.22 8.38 1 99.14 1 • 1 1.88 1 22.4 
f 

234 148.000 

Nl lamprophyre breccia along Newmarket vem system. ISOm bekn 
unneftovef 

38.09 
1 

, 9.06 i 8.73 
i 

1 6.4 
1 

14.27 0.31 j 6.62 j 1.03 0.52 0.26 0.03 ( 14.73 j 98.05 j I 43.6 2570 183.875 

Bd lamprophyre breccia alor>g f̂ ewmarkM vem system. ISOm bekwj 45,14 
unnel level i 

: 10.91 • '8.2"" 
i j 4.i9' 

1 

10^24 0^37 ^ 8.5 1 O.W 
1 
1 

0.4 " 0.27 0.01 9.37 
1 1 
! 98.44 

1 

['"31.7' 

i 

TI50 150.031 

I I ! ! I I > i 
unaltered lampfophyre 32.53 9 05 10.42 12.18 15.5 0.76 3.44 1.92 1.1 0.19 0.07 13,7 100.85 1.25 52 0.260 

»d sample of mangamlerous hydrothermal t>recoa from itonciad 38.06 10.81 2.38 5.01 0.78 13.95 1 0.4 
1 

1 7.51 0.423 0.15 
1 

3.07 8.25 90,79 ' 1 <0.4 12 0.110 

sample ̂  manganiferous h^Jrotherrnal breccia from 44.09 13 71 6.30 1 6.24' 293 [" 0.43 r 10.69 0.672 f 0.76 2.250" 5.05 87 11 ' ' 2.648' | '66 0'.346"" 
i at surface) i . .1 . . 1 1 
sam  ̂of manganiferous ttydrothermal breo  ̂from Unity ̂ pe ' 52.81 16.00 8,79 ' 0.19 140 1 0.53 ; 12.09 0.737 i 0 34 ^ 1.883! 3.91 98.67 ' ' 0.0975 i <0.3 41 0.456 
(latsurtece) i 1 1 
1 sample of manganifwous iiydro^ermai bre  ̂from Conundmm • 39,92 14,78 16,36 1.83 " 0.25 ; 2.20 : 6.17 0,955 1 O.M 0.261 8.55 92.23 1.05251 <0.3 82 0.306 
lected at surface) 

.::: i. . 
. . . 



i  

1 



• 

111 

ion 

1 K20 TI02 P205 MnO Cr203 LOI Tout %C %S Ag As Au ppm Ba Be Bi Br Cd Co Cr Cs Cu 

1 1 1 1 1 1 1 ! 1 1 1 1 ' ! 1 1 1 1  

r 1 r 1 1  "" r ' 
5.68 

7.28 

0.345 

0.345 

0.08 

0.09 

0.25 

0.01 

1.12 

2.58 

100.73 

100.08 

5.2 

1.3 

2 

10 

0.005 

0.223 

395 

336 

6 

4 

0.2 

<0.06 

4.8 

<0.5 

<0.5 

<0.5 

1.7 

1.4 

1.9 

1.6 

4 

1 

2 

2 

13.95 0.342 0.08 0.02 1.58 99.43 4.8 39 28.500 436 3 0.229 <0.5 <0.5 1 2.6 1.4 5 

13.99 

9.6 

0.505 

0.862 

0.13 

0.31 

0.53 

0.02 

1.72 

4.34 

99.96 

98.55 

0 7.7 

1.6 

56 

21 

214.000 

0.040 

1739 

1826 

2 

6 

<0.1 

0.122 

<1 

<0.5 

<0.5 

<0.5 
5 

3.6 

< 2 

1.2 

<0.5 

7.2 

10 

7 

6.57 0.35 0.07 0.02 1 1.61 99.6 1.6 2 0.010 390 6 <0.06 <0.5 <0.5 0.8 2.4 5.8 2 I 
10.94 0.950 0.31 0.319 2.88 100.14 335 19.2 199 7.750 997 5 <2 <1 <0.3 16 <2 4.2 14 1 

13.89 0.632 0.19 0.222 1.64 99.47 145 15.5 108 7.390 902 3 <2 <1 <0.3 6 4 1.8 18 1 
1 

10.56 0.669 0.14 0.080 2.30 99.59 230 0.6 5 0.029 1303 4 <2 <1 <0.3 3 <2 1.9 5 

11.58 0.735 0.34 0.005 2.73 100.24 45.7 326 7.410 3274 2 2.7 <1 <0.5 3 11 1.6 106 1 

11.15 

10.13 

6.17 

0.796 

0.848 

0.845 

0.28 

0.33 

0.25 

0.004 

0.005 

0.012 

2.93 

3.51 

3.9 

99.93 

100.35 

99.98 

11.2 

1.4 
<0.4 

760 

184 

6 

31.000 

1.870 

0.101 

2132 

1741 

1638 

2 

3 

3 

0.4 

0.1 
<0.1 

<1 

<1 

<1 

<0.5 

<0.5 

<0.5 
2 

4 

8 

15 

12 

3 

42 

4.2 

• 

205 1 
22 j 

16 
i 

! 
5.27 

7.22 

1.217 

1.125 

0.59 

0.64 

0.17 

0.35 

2.08 

10.51 

98.27 

98.14 

1.8 

5.7 

5 

962 

0.023 

23.000 

1507 

1503 

3 

4 

0.104 

<0.06 

1.3 

<0.5 

<0.5 

<0.5 

15.7 

19.7 

6.8 

17.7 

18.7 

1.9 

42 

80 

r 
1 i  ! i  !  

1 3.23 1.436 0.79 0.63 3.11 98.66 1.1 1 ^ 0.003 1438 3 <0.06 <0.5 < 0.5 27.8 55.2 1 12.7 57 

11.06 1.495 0.74 0.03 5.36 98.52 7 634 1.970 1278 3 <0.06 <0.5 <0.5 31.7 56.8 1 2.4 62 

10.22 1.498 0.78 0.57 5.83 99.41 4.6 464 4.720 1371 4 <0.06 <0.5 <0.5 31.1 56.8 ! 3.7 63 

1 1 1 i ! ! 

1 t j ! t ! 
5.9 0.304 0.03 0.151 1.05 100.25 <0.4 48 0.014 117 3 1 <5 4.4 <0.5 1.7 

i 
; 9.3 12 1 

9.88 0.316 0.02 0.02 0.97 100.21 <0.4 23 0.003 132 5 
i 

<0.5 <0.5 1 
i 

i 1-9 6 

* "l4.36 "0.364" 0.664" 'lis * '"99788^ "'6.5 217 • i.iid ^ 207 ~~4' T <5 
1 

<0.5 < b^s I!4 12.1 
1 j"l.9 69 

1 5.21 0.988 

*^75~ 

0.45 

"0.39" 

0.005 

0.064' 

1.21 

' i.65 
99.89 

99.82 

<0.4 

"1677" 

5 

733 " 

I 0.014 

[ " "sTsio" 

1989 

" '1789 

3 

'2 
i 0.1 
1 0.3 

<1 

' "<i 

<0.5 

1.3' 
L-.1. 
i 12 

1 <2 

i 4 

1 4 

i" If 

1 27 . 

1 92' 1 
5.65 0.265 0.03 0.145 0.93 100.12 380 2.0 6 0.011 12 1 7 I <2 

1 
7 <0.3 i i 3 i 9.2 i i  

^"1474^ "5726^ "oby "6021 '106!^ "" 1020' "278" 24 "~ "a822 32 ' <2 <1 <o;3 1 
i 

r "s" 
1 : 26 i 

14.34 0.269 0.05 0.036 1.84 100.35 1 5285 145 198 8.270 1332 1 " <2 <1 <0.3 ! 1 <2 i 3.9 ; 8^ j 

14.02 0.375 

i 

0.03 0.002 

I "-

1.73 99.86 

i 
1 

0.8 

h-

11 0.113 

i  

120 

1 .  .  . .  
j 

< 1 
1 

i 

1.1 

! 
r 

<1 <0.5 

1 
1- • 

1 

1 
1 " " " '  

<2 2 3 

2.28 1.345 

0.69f 

0.89 

673 

0.15 1 

"0.22" 1 
18.85 

8.38 

97.66 j 
" 99.14 j • • 

I  
, 1.88 

1 0.9 

1' 
4 

* 234 " 

0.049 

' 148.666" 

1270 

"T44'6 

1 2 i. .. 
i ^ 

1 < 0.061 < 0.5 1 < 0.5 1 35.8 

j 1.1 r<o.5 r 6.5" 112.6 

1 383 

1 56.4 

15.4 

: <0^2 

1 48 ; 

^ 37 • 

6.62 1.03 0.52 0.26 0.03 1 14.73 98.05 1 i 43.6 
1 

2570 1 183.875 1 798 
1 

; 13.25) 2.27 
1 i 

1 0.58 1 33.2 ' 186 ; 2.7 ; 43 ; 

8.5 0.84 0.4 0.27 0.01 9.37 1 98.44 • 31.7 1150 j 156.631 i 764 1 715 I 1 0.64 ; 27.4 79 
( 

2.3 45 ! 

3.44 
i 

1.92 

i .1 .  
1  

1.1 

( - •  

0.19 0.07 

1 I ... 

13.7 

h 

1 
100.85 

; 

1.25 

1 -

52 

I-

1 
0.260 

i 
i 

1380 4.45 0.12 

1 •j 

) 

0.1 

1 

50.5 

! 

434 32.6 60 

7.51 1 0.423 0.15 3.07 8.25 , 9079 1 <0.4 
I 

0.110 j 11313 5 ; 0.0821 <0.5 
1 

: 24.6 : 11.5 0.7 45 

io.eg 1 0.672 0.76 "1250 5.05 [87,11 ' ' 2.648 <"6.3 66 0.346 ' 73762 13 ' 23.79' ii " 0.8 : 33 ' 22 ' <05 15 : 

12.09 ; 0.737 " 0 34 1.883 3.91 ; 98.67 • ' 0.0975 <6.3" 41 ^ 0.456 7409 10 : 3.409 j <i 0.9 ! 17 : '•2 ' <0.5 19 • 

J 6.17 ! 0.955 0.94 
1 . -  . . .  

0.261 8.55 
I 

• 92.23 1.0525 r  < 6 "3 82 
• j  

0.306 35307 10 .8.624, <1 
• f  

1.5 ; 20 11 6.9 155 ' 





Appendix AA (con't): 

Sample Name Hf Hg Ga Ge Mo Nb Nl Pb Rb Sc Se Sr Sb Se Sn Ta Te Th T1 

I I I I I I I I i I 
Examples of mineralization and alteration in various types of Tertiary alkaline rocks 

mineraiization and alteration in ro^ of the early phonolite series 

244.1 

ALT-GT-97.3-542 

A'C-974«-ri9 
245.5 

165.5 366.8 
309 AC-97-46-72 

ALF-GT~97-2-229 

ALf-Gt^^63 
315.3 

274.9 

BCTTDCNT 

BCTTOALT 21.49 

TTDPHKKSP 

VN4-1 

VN4-3 

I <0.1 

0.2 1021 

I 
mineralizatton and alteration in monzosyenites { 

6 88.27 5 
130 69725 22 

UGC'9S'21652 
UGC.9^2197^976 

<0.1 1882 

i.r "822 
1.689 

mineralization and alteration in phonotephntes 

<0.5 I 1.689 74.97] 18 

116 
116.21 15.6 
4I3.7TT0.3 
mfPuTi 

104.9 

mineralization and alteration in late stage phonolites 

SPAPH 1 
SPAPTr2 
SPAPH3 

14.6 I < 1 
.1 

14.2 ^ < 1 

142 I <1 

i^T < 1 

43.011 323 

40.^51 452 

37.68 | 663 
64 760 

1 1 <3 
.L 

5 I <3 : <5 
L 

68 I <3 I 29 BBKPYSI 

DWOIKE 

I mineralization and alteration in lamprophyres 

GT'96-1'117,5 1360 4.7 < 1 

LBXMtN 1200 7.2 <1 

an 4 824.5-825 1950 4 0.5 

an 4 827-828 '1200 5 0.5 

an 4 826-827 1000 5 70 
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Analyses of manganifrous hydrothermal breccias 
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r U Mo Nb Ni Pb Rb Sc Se Sr Sb Se Sn Ta Te Th Tl u V W Y Zn Zr U Ce Pr Nd Sm Eu Gd 

1 1 1 
katine rocks 

1 1 1 ' 1 i 1 1 i 1 1 1 1 1 1 1 1 1 i ! 1 1 

r f i 1 [ [ 1 i 1 1 1 1 

2 9 184.21 2 46 244.1 1 <0.1 288 0.3 <0.5 1.992 5.4 0.2 84 0.97 14.6 25 2 30 148 924 215 262 19.7 40 5.35 1.05 4.24 

2 9 177.1 4 35 24S.5 1 <0.1 165 1.2 <0.5 < 1 5.7 1.3 82.5 1.51 7.8 25 3 30 165 810 209 260 19.1 38 5.27 1.09 4.24 

2 50 165.5 2 16 366.8 2.6 <0.1 123 9.7 0.6 1.765 5.8 30.7 74.8 5.03 11.9 225 6 25 32 796 206 1 246 18.2 40 4.96 1.1 3.51 

5 <5 126 2 44 309 2.1 <0.1 208 19.2 <3 <5 7 189 40.8 11 161 <3 24 70 403 146 180 49 7.4 2.4 

2 11 143.5 2 31 315.3 2 <0.1 239 2.4 <0.5 1.422 8.2 0.1 37 4.54 9.6 86 4 21 132 314 140 161 20.2 55 8.83 2.35 6.65 

:2 <2 176.5 2 26 274.9 1 <0.1 230 0.6 <0.5 1.633 6 <0.1 73.5 1.18 12 26 4 29 87 859 219 255 19.5 39 5.27 1.02 4.08 

:5 13 67 <1 32.55 356 3.1 157 8 <3 6 4 19 6.6 126 18 28 102 291 102 194 76 13 3.7 

c5 <5 107 <1 21.49 397 3.9 101 6 <3 <5 5 42 10.3 136 14 29 48 466 136 227 59 9 2.4 

=5 <5 136 < 1 15.8 390 1.3 106 1 <3 <5 7 49 6.6 53 13 29 89 446 156 254 58 9 2.4 

«5 235 3 164 330 3.2 2.2 609 220 <3 4 59.1 35 14.9 157 19 29 12 365 290 300 77 15.3 3.2 
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«5 

<5 
27 

8 

3 

6 

33 

20 

300 

246 

4.5 

4.3 

0.6 

0.2 

794 

1021 

14.1 

1.2 

<3 

<3 
5 

5 

7.2 

0.4 

50.3 

46.6 

16 

9.7 

148 

102 

17 
<3 

21 

15 

45 

54 

464 

410 

144 

130 

203 

185 

64 

42 

9.9 

6.8 

2.2 

1.5 

-

':2 1 ^ 88.27 29 157.3 7.2 <0.1 1882 0.7 <0.5 1.6891 4.6 1 0.8 26.7 1.78 5.5 134 J 2 1 26 94 327 108 179 18.5 58 9.5 2.49 17.25 

<2 1 130 69.25 r 22 1 119 159.5 8.4 1.1 822 36.7 < 1 3.2 74.2 19.2 3.60 25 462^ 59 35 94 239 119 163 17.1 50 7.98 2.36 7.03 

1 1 
1 T i 
ic2 5 74.97 18 18 116.2 15.6 <0.1 1617 0.4 <0.5 1 1.689 3.9 <0.1 23.3 0.48 5.7 203 < 1 25 149 245 100 172 19.1 55 10.2 2.62 8.10 

<2 7 104.9 16 25 413.7 10.3 0.6 562 24.2 <0.5 4.1 15.4 26.5 2.47 11.4 169 22 29 84 261 106 178 19.1 63 10.5 2.79 7.98 

<2 16 102.6 22 26 348.2 14.1 0.2 727 11.6 <0.5 4.5 9.8 26.7 2.79 8.5 228 24 28 ^ 113 262 100 170 18.6 62 10.5 2.82 7.93 

i 

t t 
<2 L <2 2 41 281 0.4 41 1.6 2.1 1 5.1 107 29.3 22 4 15 110 788 141 171 30 3.69 0.61 

<2 <2 2 47 451 0.4 48 1.3 0.8 1 5.4 108 23.4 28 18 17 62 814 153 180 31 3.73 0.65 

<2 <2 2 39 595 1.2 30 5.2 1.5 
! 

103 34.3 58 13 17 23 784 138 151 28 3.77 0.84 

<5 
L L ^ 

16 I 198 4.5 1.2 532 1 
L 1 

! 5 1 0.9 30 
1 

1 119 <3 20 29 299 113 157 
1 

8.6 2.2 
<5 31 r 7 45 389 4.4 1.3 260 19.5 <3 

!  1 4 ^ 20.6 27 15.4 97 8 21 46 268 105 133 f 46 8.6 1.9 

<5 <5 142 < 1 43.01 323 0.5 6 1 <3 i <5 i 4 103 24.4 19 <3 18 97 i 805 125 165 28 3 0.7 

<5 <5 136 < 1 40.85 452 0.7 43 5 <3 1 <5 j 4 104 35.7 25 8 19 73 1 818 138 155 34 0.9 

<5 <5 113 < 1 37.68 663 1.7 112 68 <3 : 29 1 3 95 i 34.7 50 7 21 t 56 1 751 i 139 156 35 
i ^ 

I 0.9 

<5 26 

1 
1 
I 

2 

i 

64 760 
1 
1 

6.4 

1 

1.1 

1 

46 

i 

2.6 <3 

I 

7 0.5 

i 

17.3 

1 

25.2 29 12 

1 

24 
1 

30 
1 

976 
1  1 

34.5 

1 

43 

i 

11 

i 

22 

1 

0.5 
1 1 

1 i i 1 1 1 t 1 f" 1  t 1 ! • ' 1 1 1 1 i 1  i 
<2 5 56 1 176 ( 13 1 72.45 17.2 0.7 2012 1 j <0.5 i <1 

[ " < {  
) 

< 31 1  0.4 22.8 0.35 4.4 193 6 
1 

; 69 1 215 ; 1 105 ISO 19.0 I 60 ' 10.6 1 2.62 1 7.52 
<5 28 73.95 1 44 [ 36 

1 
I 246.7 
1 

6.78 1 2835 15.6 1 <0.5 

i <1 
[ " < {  
) 

: 4.6 f 690 
1 

35 1.874 36.4 676 46 
1 

1 160 j 311 j 1 110 
1 

165 16.47 [ 50 i 
i 2.36 6.64£ 

86 142 1 36 j 139,5 1 314 I 196.5 1 18.2 1 2240 142.51 ; 7 2 1 94.2 20.2 1 13.8 47 472 50 1 52.5 
1 i ^ , 185 ! 

1 : 
1 80.5 
I 

153.5 17.4 i 58.5 
1 

11.7 i 2 . 6  j 10.5 

• '69.6 157 3'l [ 8l'.6 ^ 229 
1  

1 247 t'16.9" r 826" 
i 

199.5 j ; 8 1 • 69.4" "i'9.i2' 17725 59.5 396 35 1 72.5 
1 

i 104 
1 

' 242 j 
1 
1 89.5 170.5 19.1 1 65.5 1 13.2 1 29 1 12 

1 

175 

1  

T "  

5 

1 -

61 

I  -  -

I 
240 

i 

7.5 195 
1  

30.3 

i ' "  

1 
1  

] . . . .  

1785 

1 -

14.6 

( 

r- [ 
2 4.5 0.2 

! 

25.4 

1 
r 

2.46 

1  

! " "  

4 

i 
r - "  

258 

1 
i 

6 

j 

i 

19 

i 

80 203 

1 

' 83.5 

i 
j . . .  .  

181 

i— 
1 

22.5 

. . 

1 

87.5 

I 

i  

14.2 3.5 10.7 

<2 51 67.561 11 707 1 169.91 5.3 1 1.5 10076 3.1 ; <0.5 , < 1 2.4 ' 2.7 31.1 0.54 14.8 87 [ ; 62 1 886 290 ; 756 { 839 t 61.6 . 120 1  1 3 2  1 3.59 ; li e 

""<5 ' 87 : 1 4 7 4 *  1 8 8  ^ ^9 ! 7;3 1^0 " "4.3 i  <5 <1 37:4 "369 103 1 53 I 131 • 370 ' 303 i  3700 2160 1  338 : 47.5 • 121 
.. 

<5 500 78 120.12 144 426 ! 7.4 619 2.4 i <3 <5 4 1  22.2 25.7 76 [ 48 • 46 501 348 , 659 487 ' 85 11.6 2.7 ! 

90 '12.76 71 ' 299 i 18.8 1838 l5 ' "^3 <5 5 [ 39.6 23.1 118 1  73 • 92 359 279 • j 1060 "776 

h  - -

!  

] 123 ' 21.3 4.9 

: - . .. . . .. j  1 .1 . 1 ; L. 

"776 

h  - -

!  1  





773 

u V W Y Zn Zr U Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 j 

1 1 1 1 1 
14.6 25 2 30 148 924 215 262 19.7 40 5.35 1.05 4.24 0.6 4.10 0.94 3.18 0.592 1 4.33 

'd.M7| 4.I¥ 
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15.4 225 19 18 28 386 148 186 56 9.8 2.2 <0.5 2.3 0.35 
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Appendix AA (con't): 
Sample Name Analysis X'-coord Y-coord Z^coord Rock type SI02 AI203 Fe203 FeO MgO CaO Na20 

Miscellaneous styles of mineralization i ! 1 1 

UPPER SQUAW 1 34270 55380 9472 distal, mineralized quartZ'S^Mde vem 92.26 1.72 2.87 0.03 0.1 0.04 

LOWER SQUAW 1 34255 54818 9329 distal, mineralized quartz>sutfide vein 46.69 7.9 673 0.43 24.13 0.45 

GOODWILL 1 33128 58058 9624 distal quartz>sulflde vein with base-metal sulfides 83.86 3.52 4.53 0.17 0.21 0.08 

hoc 92-1-498 3 zone of alteraiton surrounding quartz>lefturide veinlets cutting votcanic 61.45 15.38 4.85 0.38 1.07 0.51 
breccias in the vicinity of the Howard Mine 

anna 1 3 Glassy K-py alterabon in tephriphonohte intrusion exposed along hwry 67 55.53 14.6 13.41 0.22 0.04 0.38 
near Cripple Crsek 

II I I 1 
Examples of mineralization and veins developed In Precambrian rocks | 

I I 

1 1 1 1 
SIC-g3-2 335-340 1 36366 60097 9851 strong mmeralization in quanzo-feldspnttMC segregation in Schist Island 54.63 20.64 9.15 0.61 0.03 0.35 

WHC-19 315-320 1 41381 59300 10211 SIrortgly altered, mineralized bioMe schist from WMhorse deposit. Rock is 62.36 18.05 6.51 0.55 0.05 0.27 
badly oxidized, seridtized. Occasional quartz veins are seen. 

an 3 680 3 6800 Newmarket vein system. "100 m tMkw level of Cartton Tunnel 65.45 13.6 5.37 0.85 1.25 2.82 

ddu 2 241.8-243 3 7100 Nevwnarket vein system; Cartton Tunnel level 45.48 11.27 8.88 4.9 7.48 0.4 

ddu 2 280.281 3 7100 Newmarket vein system; Cartton Tunnel level 63.25 15.31 4.13 0.54 1.24 2.57 

ddu 2 281-283 3 7100 Newmarket vein system; Cartton Tunnel level 62.76 14 4.8 0.73 1.16 1.38 

ddu 2 304-305.5 3 7100 Newmarket vein system; Cartton Tunnel level 60.78 18.67 2.99 0.38 0.53 0.55 

ddu 2 311.5-313. 3 7100 Newmarket vein system; Carflon Turvtel levef 62.79 14.08 3.04 1.27 1.98 0.9 

AI-7 748.2 1 41367 50345 7000 Vein sample: geochemical profile extending from quartzAeHunde vein; v^ite. 57.02 19.24 5.89 0.4 0.24 0.31 
sulMized aphanitic phonoMe dike cut by qz telluride vein 

AM10-7197-721 1 41917 50041 6975 Monument - Dillon vein system 55.18 17.22 6.72 0.85 0.73 o.gg 
AM10-721.722 41918 50042 6975 Monument - Dillon vein system 54.18 17.44 5.01 0.76 2.86 0.48 

AM10-726.727 41922 50045 6975 Monurrtenl - Oiflon veifl system 59.03 17.52 5.68 0.87 0.8 4.67 

AM10-722-723 41919 50042 6975 Monument • Dillon vein system 54.02 17.48 7.39 0.73 0.78 0.76 

AM10.723-724 41920 50043 6975 Monument • DiMon vein system 55.34 17.29 6.63 0.74 1.64 1.51 

xgd2 3 Sample of unaltered 1.6 Ga alkali fekispar granite from roadcut in Victor 66.25 14.29 6.14 1.33 3.28 2.58 

Styles of alteration not ot>viously related to gold mineralization 

Sodic and sodic-catcic styles of alteration | J r " "T  1 I f 

DDH 8 533 

' v-7 32^329 " 

46709 52493 

Biotite-rich styles of alteration in the near surface environment 

9660 albite * pynte alteration developed in wall rocks adpcent to cart)onate veins 
in eastern su^basin 

47.53 15.42 5.88 

Cartton Sodic fent>salitic pyroxet>e alteration in volcanic breccia. 56.81 18.28 3.49 
Tunnel 

9798 pervasive tMobte alteration in volcaruc brecoas m irw vionily of me Keyslorte 
Mine 

60.99 16.4 6.54 

10267 unaltered biotite trachyandesite intrusion in South Cresson 58.44 18.32 5.49 

10158 pervasive biotrte-magnetiie-pyrite attention in volcanic breccias in Black 
Diamor>d mine 

53.41 17.33 7.68 

3.23 7.62 6.43 

0.56 4.37 9.82 

KEYST0NE4 

PHBF 

T4~ 

33593 

"4M59~ 

37887" 

57375 

^^425" 

'64845 * 

.1... 

1.34 

"l.28  ̂

2.32' 

Biotite and chorite-rich styles of alteration developed on the 3100' (lOOOm) level of the Ajax. Portland, and Vindicator Mines; samples from drill coring at the Cartton Tunnel level 

3.1 

0.71 

4.59 

^35 

V9 341.9 

V9352 

~ ' MT-2a48V 

' ~A31-27 614 

'A31-27 626.5 ' 

'A31-25 39^397 

A31-282" 

A31-28T55^156" 

ki\-2B205 ~ 
A31-28 17^177 

4UG1882 ' 

TRA " 
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' 4Mf4 

~427SQ' 
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41906 

"42666 
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42^8 

40808 

51196 

52960 

"52962 

51922" 

51488 ' 

51487 

5MM" 

51541" 

51548" 

51549~ 

51W9 

53534 

67498' 

I Miscellaneous samples of alkaline rock types 

7002 

"7002^ 

6985" 

6985 

" 69M " 

6985' 

"6988" 

" 6989 ' 

8345 

'99 "̂ 

intense b•oMeHIrtfK)Cl8se•magrwtlle*^pyntealterabonaio^g margin of 
monzosyenite intrusion 

r^li^ unaReted sample of nepMine monzosyeriite 

sttong bioMe * magnetite alieratim in votcanic bre^, 3t00 tevti of 
Portlandn^_ 
biotrte^fich atteration in helerolitM breccia. 3100 level of PortiaiHl mine 

lamprophyre^e 

bioMft^ich altmbon in heleroiiihic brecra. 3100 lev^ Portl^ mme 

leucooaUc, hetw^thic breccia «i^ disseminaled pyrite 

sm)t>g chlorite * albite alteration developed in phorwtef̂ ntlc breccia. 3100 
le^ of Portland mira _ 
strong diloriie * a^te aiteraticin developed in phonotepiviM breo^. 3100 
level of Portt^ mine _ 
bieacfted. suNUi^ fine grained ptenokle dAe cutting h9t»vkOi>c brsc^ 
vntb t)iotite alteration; 3100 level of PocHarxi mine 
di^e*^ alteration cutting porphyritic phonolne in viontty of Oante coHapse 
brecda 
sample from zone of attmiiM at tiase of Trachyta l^ntain' 

53.05 

MTsb 

^53.1 " 

32.42 

'50.5 

5M3 

~53.a 
47.41 

59.12 
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65.7 

19.37 
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1775 

13.89 

79.12 

'1176 

16.25 

4.38 

"ai4 

2.79" 

6.05 

llTlS" 

; 6.93~ 

I '641  ̂

t 6.27 

1 10.19 

i" ' 2.69 

j 2.45 

r3 .4  

U-  . .  
I 

0.88 

' l.iW 

' feV 

163 

i ll97 

f 2.41 

i 6.49 

j 2.63 
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i 0.05 

' 0.03 
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'l5;i4 

5.77 

1,05 

3.42" 
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0.11 
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~5.4i 

6724 
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6.2E 

'4.9S 
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6.̂  

5 l̂i£ 

3.e-
o.i; 

2.3-

pinto 

rbrx rt drift 

BCTTD 
dv 

GKLAMP1 
GKLAMP2 

Sample of 'Pmto' dike. Altman 10200 level 

unaite^ sample of Railnjad ̂ eeoa frorn interior of dnftworh off MoTbt 
Tunnel _ _ _ 
sample of unaltered pdionotepfwite from *OuB Chffs* 

S^pie of tftiafine bai^ near Doily Varden 

[samplM of iampropiiyre from large dump near Gold King mirw (see 
jdescriplion in Appendix S) 
samples of tamprophyre fii>m large dump near Gold King mine (see 
description in App^ix S) 

44.92 

44.55 

si.ir 

p50.54 

1 34.24' 

13.75 

12.12 

9.09 

9.67 

I 18.12 

T 16.M 

T 9.84 

6.92 

i 9.92 

r i i . ds  

34.89 9.84 10.78 

5.33 9.73 3.9 

8.85 12.1 3 

2.46 6^29 " 5 . 3  

4.36 9.47 3.; 

9.20 14.38 2.1 

9.02 14.49 23 
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ktype Si02 AI203 Fe203 FoO MgO CaO Na20 K20 Ti02 P20S MnO Cr203 LOI Total %c %S Ag As Au ppI 

i 1 1 1 1 1 ( 1 1 1 1 
, mineralized quartz-sulfide vein 92.26 1.72 2.87 0.03 0.1 0.04 0.59 0.048 0.41 0.013 1,71 99.78 5.5 137 1.49(H 

, mineralized quarts-suffkle vein 46.69 7.9 6.73 0.43 24.13 0.45 3.66 0.417 0,52 0.742 5,66 97.33 8.3 162 0.82a 
qu^'SuHlde vein with base>metal sulfides 83.86 3.52 4.53 0.17 0.21 0.08 1 0.281 0.33 0.018 4.18 98.17 188.5 922 2.76al 
of sttefBiton surrpundino quaftZ'teauride veimels cutting vokanic 
tea in the vicinity of the Howard Mine 
ly K>py aWeration in tephriphonolite intmsion exposed along hwy 67 
Crip^ Creek 

61,45 

55.53 

15.38 

14.6 

4.85 

13.41 

0.38 

0.22 

1.07 

0.04 

0.51 

0.38 

11.44 

10.28 

0.76 

0.2 

0.26 

0.17 

0.03 

0.05 

<0,01 

<0.01 

3.34 

4.74 

99.47 

99.62 

24.4 

7.45 

447 

142 

228.5:» 

1.15o| 

ig mmvaUzaoen in quartzo-Mdspaihtc segregation in Schist Island 54.63 20.64 9.15 0.61 0.03 0.35 10.35 0.712 0.1 0.01 4.29 100.88 0 19.8 27 4.55o| 

tgly altered, minefallzedbiolite schist from Wldhotse deposit Itockis 
^ oxidizer, seridttzed. Occasional quartz veins are seen. 
marlcet vein system. *100 m below level of Cartton Tunrtel 

62.36 

65.45 

18.05 

13.5 

6.51 

5.37 

0.55 

0.85 

0.05 

1.25 

0.27 

2.82 

7.77 

6.97 

0586 

0.58 

0.14 

0.2 

0.01 

0.07 <0.01 

4.54 

2.14 

100.83 

99.3 

0 1.9 

3.35 

130 

337 

0.947 

21.00C 
m^et vein system: Carttoo Tunr)el level 45.48 11.27 8.88 4.9 7.48 0.4 4.45 2.04 1.26 0.54 0.06 13.37 100.15 2.6 263 2.594 

market vein system: Cartton Tunnel leii«l 63.25 15.31 4.13 0.54 1.24 2.57 9.16 0.96 0.36 0.06 <0.01 2.96 100.55 15.95 994 62,156 

market vein system; Carlton Tuimel level 62.76 14 4.8 0.73 1.16 1.38 9.2 0.7 0.24 0.04 <0.01 3.73 98.74 12.75 954 61.25C 

market vein system: Carlton Tunnel level 60.78 18.67 2.99 0.38 0.53 0.55 13.89 0.3 0.03 0.1 <0.01 2.2 100.4 4.6 170 10.906 

market vein system; Carlton Tunrtel level 62.79 14.08 3.04 1.27 1.98 0.9 10.42 0.31 0.08 0.13 <0.01 4.13 99.13 3.3 626 12.813 

1 sample: geochemical profile extending (iom quartz/teiunde vein; white, 
dized aphanitic phonoWe dike cut by qz teOufkie vein 
iument • Oilon vein system 

57.02 

55.18 

19.24 

17.22 

5.89 

6.72 

0.4 

0.85 

0.24 

0.73 

0.31 

0.99 

13.49 

11.69 

0.411 

0.631 

0.07 

0.1 

0.05 

0.826 

3.47 

4.75 

100.59 

99.68 

0 4.8 

0.9 

488 

509 

32.40G 

2.240 
mment • OHon vein system 54.18 17.44 5.01 0.76 2.86 0.48 11.27 0.659 0.1 0.579 5.3 98.65 1.1 751 12.30C 

lurrtenl • Mon vein system 59.03 17.52 5.68 0.87 0.8 4.67 6.61 0.666 0.11 0.504 4.22 100.67 0.7 366 1360 
iument • Dilon vein system 54.02 17.48 7.39 0.73 0.78 0.76 11.88 0.667 0.11 0.255 4.85 98.9 1.1 1000 6.920 

Niment • CMIon vain system 55.34 17.29 6.63 0.74 1.64 1.51 10.39 0.676 0.11 0.45 4.82 99.58 0.8 634 8.310 

npte of uraltered 1.6 Ga alkali feldspar granite from roadcut in Victor 66.25 14.29 6.14 1.33 3.28 2.58 3.88 0.98 0.43 0.1 <0.01 0.98 100.25 0.4 <1 0.000 

T"""T 
lie • pynte aweration developed in waa rockt adiacent to cartxxme vein* 
tatam mb-basin 
dto fefTDsalilic pyroxene anersbon in MMcsnic brecda. 

47.53 15.42 

~ia28 

5.88 

3.49 

3.23 

"o.^" 

7.62 

A.W 
6.43 

9.8^ 

1.81 

'3"i9' 

1.003 

0.57' 

0.5 

oJ 
0.191 

0.4 <0.01 

10.84 

TaT" 

100.47 

H9.4"' 

0.8865 <0.4 

2.35 

51 0.003 

*"6;020 

rvBSive btotite anerabon in voicsnc biecoae n me vioniiy oi (he Keystone 60.99 

Bitared biobte trachysrKletite intmsion in South Crei^ 

ivastvei biotil»^nagnetrte>pynte alteration in volcanic breccias in Black 

58.44 

"53741" 

16.4 

102 

17.33 

6.54 

T49" 

iM' 

1.34 1.81 

1.28 

2li2 
3.1 

0.71* 

if the Ajax. Portiand. and NAindicator Mines; samples from drill coring at the Cartton Tunnel level 

4.59 

5.8 

5^35" 

4.93 

'5.76' 

1.041 

6T  ̂

a955 

0.54 

0^7 

0.43' 

0.142 

0.327 

3.892 

1.9 100.28 

' 1.1~ looTi 

2.24 100.06 

0.6195 

"o:b9~ 

6.2W5 

0.6 

i.'9 

0.020 

0.008 

0.612 

anse bioUteKXtnoctase-magnetrte *i- pynie alteration along margin oP 
onzosyenite Intrusion 
latively urultered sample ol nepheline monzosyertiie 

rong biotite * maginetite atteration in volcanic breccia. 3100 level of 
wtlandmine _ _ _ _ _ 
otHe-rtch aWeratioo in ttei^ioiic tweccia. 3tOO le^ of Poland mine 

mprophyredike 

otite^rich attera^ in heteroiithic txeccia. 3100 la^ ̂  PoiUand mine 

iucooMicilieterolithic bre^ wfith disseminated p^e 

irong cNo^ * alMe alteration developed in phonotephritic breccia. 3100 
ivet of Portend wirw _ _ _ _ 
Irong cMorite •* albite alt«ration developed in phonotephrite breccia. 3100 
wel of PorttarKl m^lr>e _ 
leached, lulfMzad fine grained phonohie dike cutting heteroMhic brecM 
lith bioWe alteration: 3100 levelof Portland mine 
IcUte-rich tferatiM cuttli^ porphyritic phondite in vibruty of Oante c^pse 
irecda _ _ 
ample ftsm 2one~of alleration at tiase of Tra^j^a Mountain' 

53.05 

51.83" 

M786 

"sii" 

"3I42 

50.5 

'5843" 

'53.8 
47.41 

'59.12 

'78.37 

"65.7" 

19.37 

18.4 

15.72 

" i6!2 

9.68" 

i5;2ir 

17.55 

"17;75 

Ti89 

19.12 

1176 

16.25 

4.38 

6.14 

l79" 

6.05" 

ills" 
6.93" 

6.41 j 

"6~27 'I 

Vol9" j" 

"2.69 \ 
I 

'I45 1 

• 3.4 7 

0.88 

TeT 

T6"I' 

~1.63 

~<i.9T 
2.41 

0.49 

'2763' 

4.68 

6.43 

6.05' 

0.03 

2.23 

"5728" 

X63^ 

lU8' 

"I5;i4 

5.77 

1.05 

3.A2 
"4.9 

6.77 

6.1Y 

6.18 

aInpî rp?rIt?d5e î5T3In02  ̂

0.46 

'5.4f 

"6T24' 

"5.85' 

0.28 

4.95' 

5.92' 

"6.M 

5.19 

3.81 

6.12 

'2.34 

12.62 

~S.6G 
'ZJ3~ 
"4.21" 

i.97 
"4.^ 

5.i8" 

3.i6~ 
3.22 

8.89 

i.26 

10.55 

0.631 

1.133  ̂

0.973 

'l!92^5 

1.162 

0.777 

Y,165 

1.098 

0.237 

0^353 

0.267 

0.09 ' 1.238 

0.45 

*O753 

0.28 

'1.39 

6.45 

0.26 

6.6 

6.4 

007 

0.2 

0.04 

0.214 

0.22 

0.07 

0.2 

0.5 ! 

0.11 

0.38 

0.5 

0.34 

0.004 

0.316 

5.39 100.33 

4.55 " IO67I'3 
7.54 99 

7.94"' 9978" 

11.97 "160.08 

6.87 99.36 

4.75 '̂ 100.93 

4.24 99.78 

7.29 98.75 

3.63 98.51 

5.26 99.94 

1,03" 1601 

0.979 <0.4 16 0.019 

6.1375 " <0.4  ̂~ 2 ~ "a664 
0 <0.4 4 0.02c 

' 0  "0.5 'O'OIE 

0  1.1 '5 0.07  ̂

0  <0.4 5 0.08( 

0  1 14 4 " o.b  ̂

0  < 0.4 7 0.001 

0 <0.4 22 0.02( 

0 47 46 67O9: 

2 30 0.251 

0.8 • 42 ' o.obi 

t - - J 

nattered sample of Railroad Brecoa from interior of dnftMork off Moffat 
urwel _ 
ample of unalte^ phoMephrite from *Bull Ciilfs* 

imi^ of tfkaNne bas^ near boiiy Varden 

am pies of lamprophyre from lar^ dump near Gold King mine (see 
ascripiion in Appertdix S) 
amples of lamprophyre from large dump near Gold King mine (see 
esortption In Appendix S) 

44.92 13.75 9.09 1 

44.55 12.12 ̂  9.67 1 L 
51.11 18.12 6.92 1 

50.54 16.54 9.92 1 

34.24 9.84 11.05 

34.89 9.84 10.78 

5.33 973 3.92 3.12 1.96 1.05 0.15 

8.85 12.1 3 1.87 1.94 0.84 0,19 

2.46 6.29 5.39 1 3.99 1.193 • 0,59 0 187 

4.36 9.47 3.7 2.48 1.62 082 .0.16 

9.20 14.38 2.12 3.13 2.028 1.94 0 185 

9.02 14.49 234 2.93 1.990 1.80 0 195 

0.01 

0.06 

7.02 

5.4 

j 100.05 I 

1 ~100'6 

i 2.65 i 98.92 

<0,01 1 0 68 r 166.3 

11.09 

9.88 

99.20 

98.15 

480 

0.171 

0.174 

1.6 <1 0.00 

105 ; <1 0.00 

<0.3 " <2 o.od 

0.95 <1 O.OG 

<0,3 12 0.01 

<0,3 3 O.OC 
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774 

20 Ti02 P205 MnO Cr203 LOI ToUl %C %S Ag As Au ppm Ba Be 81 Br Cd Co Cr Cs Cu 

1 1 1 1 1 1 1 1 1 
1.59 0.048 0.41 0.013 1.71 99.78 5.5 137 1.490 3171 1 6.3 <1 <0.5 <1 4 <0.5 30 

;.66 0.417 0.52 0.742 5.66 97.33 8.3 162 0.822 9617 4 7.3 <1 1.9 21 3 3.1 20 

1 0.281 0.33 0.018 4.18 98.17 188.5 922 2.760 835 2 75.9 <2 46.1 6 24 3.7 2790 

1.44 0.76 0.26 0.03 <0.01 3.34 99.47 24.4 447 228.531 1670 3.15 0.12 0.2 9.2 <1 1.7 19 

128 0.2 0.17 0.05 <0.01 4.74 99.62 7.45 142 1.150 99.5 4.15 0.46 2.84 4.8 <1 3.1 40 

0.35 0.712 0.1 0.01 4.29 100.88 0 19.8 27 4.550 2755 4 0.3 <1 <0.5 5 113 4 19 

'.77 0.586 0.14 0.01 4.54 100.83 0 1.9 130 0.947 1631 3 0.1 < 1 <0.5 2 89 3.3 35 

J.97 0.58 0.2 0.07 <0.01 2.14 99.3 3.35 337 21.000 1400 2.S5 0.45 0.08 17.6 3 1.9 5 

145 2.04 1.26 0.54 0.06 13.37 100.15 2.6 263 2.594 1290 17.85 0.21 0.4 36.2 404 3.9 85 

116 0.96 0.36 0.06 <0.01 2.96 100.55 15.95 994 62.156 1605 2.2 0.58 0.38 8.6 <1 1.4 12 

9.2 0.7 0.24 0.04 <0.01 3.73 98.74 12.75 954 61.250 1080 2.55 1.1 0.62 15.8 <1 1.7 13 

3.89 0.3 0.03 0.1 <0.01 2.2 100.4 4.6 170 10.906 162.5 5.4 0.79 1.36 2.2 <1 1.4 4 

0.42 0.31 0.08 0.13 <0.01 4.13 99.13 3.3 626 12.813 1315 1.75 0.09 0.2 3.2 3 1.5 10 

i49 0.411 0.07 0.05 3.47 100.59 0 4.8 488 32.400 2038 2 0.7 <1 <0.5 9 5 2.5 15 

1.69 0.631 0.1 0.826 4.75 99.68 0.9 509 2.240 2863 3 1.3 <1 <0.5 4 <2 2.2 47 

1.27 0.659 0.1 0.579 5.3 98.65 1.1 751 12.300 1791 3 0.8 <1 2 3 <2 1.8 26 

3.61 0.666 0.11 0.504 4.22 100.67 0.7 366 1.360 260 3 0.7 <0.5 4 <2 <0.5 11 

1.88 0.667 0.11 0.255 4.85 98.9 1.1 1000 6.920 1825 3 0.6 <1 <0.5 5 <2 <0.5 16 

0.39 0.676 0.11 0.45 4.62 99.58 0.8 634 8.310 1671 3 0.6 <1 <0.5 4 <2 <0.5 14 

3.88 0.98 0.43 0.1 <0.01 0.98 100.25 0.4 <1 0.000 1075 2.75 0.24 0.08 10.6 17 6.5 15 

'I [' T r F" "I 

1.81 1.003 0.5 0.191 10.84 100.47 0.8865 <0.4 51 0.003 1014 3 1 <0.1 
1 

<0.5 1 14.8 3.7 2.3 44 

3.19 0.57 0.1 0.4 <0.01 1.81 99.4 2.35 9 0.020 1005 7.3 1.77 0.38 3 <1 4.1 1 

5 1.041 0.54 0.142 1.9 100.28 0.6195 0.6 3 0.020 1587 3 <0.1 <0.5 1.5 16.8 32.4 2 17 

4.93 0.944 0.37 0.327 1.1 100.1 0.09 <0.4  ̂ 2 0.008 1453 4 <0.1 <0.5 
... ... 

3.2 19 3.8 2.4 22 

5.76 0.955 0.43 3.892 2.24 100.06 0.2945 1.9 2 0.012 1619 3 3.1 <0.5 2.3 19.9 9.5 15.2 64 

12.62 0.631 0.09 1.238 5.39 100.33 0.979 <0.4 16 0.019 2648 6 0.3 
. . . .  .  

<0.5 <0.5 3.6 <0.5 2.4 8 

5.06 1.177 0.45 0.214 4.55 MOO. 13 0.1375 <0.4"̂  2 0.004 2386 3 0.1 <0.5 <0.5 11 4.4 52 11 

3.73 1.133 0.53 0.22 7.54 99 0 < 0.4 4 0.020 1433 3 <0.1 <1 <0.5 8 12 1.9 23 

4.21 0.973 0.28 0.07 7.94 99.78 0 0.5 <2 6.015  ̂ 1455 3 0.3 <1 <0.5 8 20 1.9 13 

T97~ 

4.66 

1.925 

'I7IO2 

~i.39 

"a45 

0.2 

0.5 " 

~ri.97 

"6^87 * 

"lobroB 

"9936"" 

~ Q" " "5 

~ 5" 

" 0.074  ̂

"̂ aoso 

' 1493 " 

'2177 

3' 

• "3"" 

"<"0.1 

0.2 

' <1 

< 1 

< 0.5 

' 0.7 
50 ' ~459" 95 

~ *6 " 

66" 

""18" 

5.18 0.777 0.26 1 0.11 4.75 100.93 0 1.4 4 0.027 1419 1 2 0.6 <0.5 r 10 7 1.2 6 

3.16 1.165 0.6 0.38 4.24 99.78 0 <0.4 7 0.008 2046 4 0.2 <1  ̂ < 6.5 14 <2 2.3 37 

3.2Y* "logs' •  Q4- 0.5 -~f2Q" ~9875~ Q - <0.4" 22 ad26 ' " 819 " "<o.i 
L. - _ 

< 1 • <0.5 "23'' 151' "5.3"' 46 

8.89 0.237 0.07 I 0.34 3.03 98.51 0 4.7 46 0.092 96 3 0.2 < 1 2.9 2 <2 1.8 7 

126" '0I353' 0.2 j 0.004 " 5126* 2 j 30 "*6.2  ̂  ̂ {08 " j 0.5 <1 ' <0.5 5' 
.. 

678 

10.55 0.267 I 0.04 ! 0.316 ; 1.03 100.1 0.8 ! 42 0.006 145 1 4 f 1.6 <1 1 0.5 1 r 3 3.1 14 

1 " 1 r 
1 

1 

i I 1 I 
t " "  " "  

• 

3.12 
L 1 1.05 ' 0.15 . 0.01 . 7.02 100.05 

i 
1 <1 0.000 1825 ] 2.35 ; 0.18 , 0.12 28.4 105 55 66 

1.87 1.94 0.84 1 0.19 1 0.06 5.4 100.6 1.05 : <1 0.005 1175 j 3.15 ; 0.07 0.2 44.8 , 388 36.1 58 

3.99 1.193 0.59 0.187 1 2.65 98.92 480 I <0.3 <2 0.008 1841 ! 2 <2 <1 <0.3 16 1 4 34 ^ 34 
2.48 

3.iy" 

1.62 

~2.b2"8 

0.82 

1.M 

0.16 

: 0.185 

' <0.01 1 0.68 

M1I09" 

100.3 

"99.20 0.171 

! 0.95 

: < 0.3 
: 
' 12 

0.000 

o.'oVo 

1250 

^223" 
L 
i 3 

i 0.08 

 ̂ <2 <1 

01 

'  <6 .3  

29 

• 42 

15 

"294 

5.7 

~70.1 

56 

• 8O" 

2.93 1.990 1.80 0 195 9.88 98.15 0.174 <0.3 3 0.008 1272 3 <2 <1 0.6 41 276 65 82 





Appendix AA (con't): 
Sample Name F Hf Hg Ga Ge In tr U Mo Nb Ni Pb Rb So Se Sr Sb Se Sn Ta Te Th Tl 

Miscellaneous styles of mineralization 1 1 1 I ! 1 1 1 
UPPER SQUAW 0.6 0.4 <5 190 4 1419 <20 3.7 5.6 585 814 <3 <1 13.9 57 

LOWER SQUAW 7,9 0.8 <5 1190 6 895 191 6.9 2.1 1118 273 <3 2 9.6 25.4 

GOODWILL 1.3 <0.1 <5 36 10 8419 39 5 5.7 1599 1910 5 <1 31 4.6 

hoc 92-1-498 4000 5 8 29.1 1.4 24 24.2 86 16 43 302 10.6 251 13.4 <1 4 329 41.2 3.54 

anna 1 1050 13 1130 30.5 1.5 51 2.2 98 3.4 2730 573 12.8 795 35.6 3 1.5 117 11.35 

J _ J L._ 1 1 
Examples of mineralization and veins developed in Precambrian rocks | 1 

SI093-2 33&.340 2380 3.7 35 <0.1 <5 23 21 13 275 339 20.4 0.5 753 3.8 <3 <5 2 8.1 21.5 

WHC-19 315-320 2180 4.8 30 <0.1 <5 18 20 14 93 343 17.6 0.3 501 8.6 <3 7 1 2.7 24.4 

an 3 660 1 1050 6 0.5 20.1 1.6 19.2 11 21 J 52 26 234 15.3 149.5 4.1 4 0.5 32.2 14.8 2.54 i 

ddu 2 241.8-243 2950 5 2 22.7 2.1 143 24.2 98 134.5 34 153.5 31.7 676 22.9 <1 4 4.4 38.2 2.76 

ddu 2 280.281 1100 10 <0.50 24.7 0.7 13.8 21.2 29 5 50.5 273 14.5 121.5 ®'?J 5 1.5 116.5 21 ^68 J 

ddu 2 281-283 1300 7 <0.5'cil 27'.4 1.4 20 67.̂  23 5.4 tT0"2.5 301 16.2 89.8 21.2 4 0.5 97.7 25.2 5.18 ; 

ddu 2 304-305.5 1050 14 <0.50 42.7 1.3 57.8 26.2 140 2 97.5 509 8.5 50.7 8.6 <1 3 17.3 125 10.9 ! 

ddu 2 311.5-313. 400 4 <0.50 27  ̂ 1.5 11.6 73.1 19 3.6 53 284 12.5 137 11.3 3 2.5 irs 12.4 4.44 : 

AI-7 748.2 1380 6 31 <0.1 <5 104 112 5 60 445 1.7 0.7 172 20.1 <3 <5 6 102 4i.1 

AM10-719.7-721 8.1 <0.1 <5 <5 2 100 431 3.1 0.9 263 12.7 <3 7 9.1 41.9 

AM10-721-722 7.7 <0.1 <5 28 3 489 385 3.3 1.4 179 25.4 <3 8 66.7 42.4 

AMI 0-726-727 8.2 0.1 <5 7 5 115 196 1.9 1 165 5.6 <3 6 7.9 42.5 

AMI 0-722-723 8.9 <0.1 <5 <5 3 190 392 2.2 1.8 173 19.8 <3 7 35.3 42.6 

AMI 0-723-724 7.7 <0.1 <5 25 3 325 344 2.1 1.4 202 14.6 <3 6 40.6 40.5 

xgd2 1070 11 <10 21.8 2.4 58.2 1.2 26 9.8 30.5 199 24.4 231 0.1 3 2 0.05 20.4 0.9 

Styles of alteration not obviously related to gold mineralization 

Sodic and sodic-calcic styl of alteration r 
... ^ ^ 

I 1 1 
OOH S 533 6.2 <1 18 <0.1 <2 96 83 5 127 58 5.4 0.7 756 0.7 <0.5 <5 4.3 0.1 26.6 

v-7 326-329 280 9 100 25.7 2 8 26.4 110 2.2 378 110 6 651 0.4 1 5.5 0.2 60.8 0.64 

Blotite-rich styles of altera ion in the near surface environment 1 
KEYST0NE4 7.9 <1 27 0.1 <2 10 32 17 63 190 16.3 1.6 603 0.4 1.7 <5 1.5 0.2 16.2 

PHBF 9.4 <1 25 <0.1 <2 21 101 7 15 157 5.1 0.6 1328 0.4 <0.5 <5 4.8 0.2 40.5 1  
T4 7.2 <1 23 0.2 <2 16 73 7 312 i 452 8.3 1.1 671 1.1 <0.5 <5 3.7 0.5 36.3 

Biotrte and chorHe-rich styles of alteration developed on the 3100* (1000m) level of the A)ax. Portland, and Nfindlcator Mines; samples from drill coring at the Cartton Tunnel level 
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APPENDIX AB: REPRESENTATIVE CHEMICAL ANALYSES OF 
MINERALS 

This appendix contains eleven tables, which provide representative analyses of 

minerals from various rock types and styles of alteration and mineralization. These data 

form a subset from a database of over 10,000 electron microprobe analyses. Additional 

data are available from the author upon request. 



Table AB.1: representative analyses of igneous feldspar compositions from various rock types (raw microprobe data) 

all data in wt. % 

type sample Na K Fe Si Al C« Mn Mg Ti S F CI Sr Ba La Ce O total 

1 PhK 0.656 12.54 0.207 30.996 9.964 0 0.016 0.005 0.008 0.043 0.032 0.098 0 0 0.011 47.064 101.666 

1 PhK 3.847 7.108 0.227 31.705 10.401 0.029 0.075 0.012 0.009 0.017 0 0.011 0 0.025 0.021 48.301 101.788 

1 PhK 1.075 10.695 0.032 31.015 10.038 0.019 0 0.011 0 0.01 0 0.012 0 0.076 0.009 47.153 100.96 

1 PhK 1.107 1^033 0.077 30.343 9.876 0.004 0.01 0 0 0.007 0.004 0.012 0 0.095 0.01 46.275 99.953 

1 PhK 3.848 7.914 0.081 31.225 10.114 0.01 0 0 0.014 0.014 0.019 0 0 0.051 0.042 47.606 100.999 

1 PhK 7.633 0.415 0.197 32.708 11.362 0.056 0.014 0.009 0.02 0.009 0.041 0.045 0 0.032 0.018 50.211 102.801 

1 PhK 0.449 13.09 0.047 30.133 10.023 0 0.01 0.008 0.013 0.005 0.02 0.017 0 0.191 0.038 46.142 100.209 

1 PhK 1.524 10.449 0.285 30.151 10.805 0.01 0 0.013 0.041 0.001 0.044 0.007 0 0.064 0.048 46.751 100.195 

1 PhK 0.205 13.435 0.022 30.442 9.827 0.005 0.011 0.002 0.003 0.012 0 0.006 0 0.032 0.001 46.287 100.331 

1 PhK 7.796 0.109 0.035 33.447 11.026 0.052 0 0 0 0.006 0 0.029 0 0.069 0.004 50.695 103.277 

1 PhK 0.656 12.54 0207 30.996 9.964 0 0.016 0.005 0.008 0.043 0.032 0.098 0 0 0.011 47.064 101.666 

1 PhK 3.847 7.108 0.227 31.705 10.401 0.029 0.075 0012 0.009 0.017 0 0.011 0 0.025 0.021 48.301 101.788 

1 PhK 1.875 10.695 0.032 31.015 10.038 0.019 0 0.011 0 0.01 0 0.012 0 0.076 0.009 47.153 100.96 

1 PhK 2.148 9.618 1.02 30.7 9.926 0.022 0 0.003 0.037 0.015 0.117 0.03 0 0.051 0.063 46.831 100.597 

1 PhK 1.107 12.033 0.077 30.343 9.876 0.004 0.01 0 0 0.007 0.004 0.012 0 0.095 0.01 46.275 99.953 

1 PhK 7.174 0.228 0.509 33.933 10.953 0.002 0 0.007 0.012 0 0.023 0 0 0 0 51.108 103.986 

1 PhK 3.848 7.914 0.081 31.225 10.114 0.01 0 0 0.014 0.014 0.019 0 0 0.051 0.042 47.606 100.999 

1 PhK 7.133 0.633 0.428 33.402 10764 0.017 0.025 0.009 0.03 0.003 0.015 0.018 0 0.063 0.012 50.423 103.022 

1 PhK 7.633 0.415 0.197 32.708 11.362 0.058 0.014 0.009 0.02 0.009 0.041 0.045 0 0.032 0.018 50.211 102.801 

1 PhK 0.449 13.09 0.047 30.133 10.023 0 0.01 0.008 0.013 0.005 0.02 0.017 0 0.191 0.038 46.142 100.209 

1 PhK 1.524 10.449 0.285 30.151 10.805 0.01 0 0.013 0.041 0.001 0.044 0.007 0 0.064 0.048 46.751 100.195 

1 PhK 0.205 13.435 0.022 30.442 9.827 0.005 0.011 0.002 0.003 0.012 0 0.006 0 0.032 0.001 46.287 100.331 

2 V-7-244 feldspar 7.3015 1.3465 0.1355 30.3007 11.2536 0.8087 0 0.0476 0 0 0 0.0063 0.5433 0.241 0.0707 47.8858 99.9545 

2 V-7-244fektepar 8.2824 0.0652 0.0817 28.9098 9.7057 0.1274 0.0067 0.0089 0.02 1.0295 0.0118 0.0011 2.2612 1.7381 0.3788 46.7821 99.4176 

2 V-7-244 feldspar 7.6302 0.8068 0.2993 30.0849 11.2597 0.521 0.0329 0.0363 0.013 0 0 0.0033 0.3258 0.0847 0.0331 47.5311 98.6835 

2 V-7-244 feldspar 6.0616 0.1668 0.1915 28.0997 12.7285 3.6224 0.0086 0.0153 0.048 0.0025 0.0431 0.011 0.7252 0.2823 0.0908 47.2015 99.3325 

2 V-7-244 feldspar ri 8.4619 0.1422 0.0744 31.468 10.8954 0.4313 0.0352 0.0058 0 0.0169 0.0461 0 0.2622 0.0433 0.0096 48.7917 100.689 

2 V-7-244 feldspar 6.8546 0.1726 0.3698 27.8274 13.0539 2.9728 0 0.0012 0.0235 0.0081 0.037 0.0042 0.6287 0.1384 0.1012 47.1937 99.3983 

2 V-7-244 feldspar 6.0327 0.4699 0.3208 28.0606 12.9496 3.6749 0.0066 0.0066 0.0614 0.0028 0.0238 0.0003 0.7532 0.486 0.2141 47.5221 100.602 

2 V-7-244 feldspar 5.6567 0.7837 0.3826 27.1543 12.9824 3.9255 0.0023 0.0581 0.0547 0.0016 0.0086 0.0037 0.7792 0.4646 0.1785 46.599 99.0648 

2 V-7-244 amdms 3.638 8.2757 0.0215 30.121 9.9815 0.0429 0 0 0.01 0.0075 0 0.0066 0.1937 0.2989 0.1558 46.2965 99.0555 

2 V-7-244 omdms 5.8212 0.5712 0.1862 27.5178 13.1347 3.2301 0.0028 0.0669 0.0339 0.0041 0.0201 0.0058 0.6675 0.2136 0.0758 46.754 98.33 

2 V-7-244 gmdms 4.2557 6.9754 0.2555 30.2359 10.1543 0.1273 0 0.0177 0.0073 0.0366 0.0446 0.008 0.2987 0.441 0.1518 46.8181 99.935 

2 V-7-244 gmdms 2.0472 f0.50f 0.1366 29.4732 9.8712 0.0454 0.0004 0.0006 0 0.05 0.0336 0.0475 0.2708 ro.572 0.1894 45.4847 98.7418 

2 V-7-244 gmdms 4.2364 7.3488 0.0467 29.9674 99274 0.0391 0.0104 0 0.0042 0.0142 0.0088 0.0466 0.1033 0.3887 0.2109 46.0988 98.4637 

2 V-7-244 gmdms 1.7997 10.8759 0.2072 29 5277 9.6584 0.0597 0.0041 0 0.0024 0.3413 0.01 0.0081 0.8827 0.128 0.0858 45.8704 99.4721 

2 V-7-244 gmdms 8.2366 0.2032 0.0832 304728 11.1343 08149 0.0294 0.0018 0.0148 0 0.0009 0.014 0.4638 0.1235 0.0664 48.0105 99.68 

2 v-7.340 3.855 7.278 0.143 29.867 10 591 0.453 0 0 0 0.239 0.304 46.583 99.317 

2 v.7-340 7.956 0.377 0.075 30.848 10.762 0.519 0 0.026 0 0 0 47.808 98.371 

2 v-7-340 6.391 0.089 0.083 30.532 11.11 0.387 0.003 0.011 0 0.061 0.02 47.805 98.492 

2 V-7-340 8.635 0.099 0.07 31.889 10.761 0.056 0 0 0 0 0 48.97 100.48 

2 v-7-340 0.371 13.636 0.027 29339 9.968 0 0 0.045 0.011 0 0.468 45.325 99.216 

2 V-7-340 0.376 13.585 0.004 29.715 10.005 0 0 0 0 0 0.278 45.719 99.7 

2 v-7-340 8.53 0.125 0.064 31.4 10.729 0.234 0 0.034 0.001 0.003 0.074 48.454 99.648 



Table AB.1 (con't): 
all data in wt. % 

type 

2 v-7-340 0.642 11.741 0.037 2676 10.662 0.022 0.007 0 0.01 0.778 2.615 45.354 100.628 

2 v-7-340 0.406 13.619 0.013 29.213 9.935 0 0 0 0 0 0.21 45.089 98.499 

2 v-7-340 8.406 0.235 0.057 31.407 10.631 0.199 0 0 0.005 0 0.088 48.33 99.365 

2 v-7-340 0.346 13.443 0.042 29.451 10.001 0 0.001 0 0.015 0.192 0.366 45.424 99.283 

2 v-7-340 8.359 0.239 0.039 31.092 10.882 0.418 0 0 0.01 0.141 0.067 48.281 99.528 

2 v-7-340 0-387 13.343 0.001 29.132 9.862 0 0.008 0 0.003 0 0.535 44.895 98.166 

2 v-7-340 8.646 0.081 0.003 31.977 10.653 0.121 0 0 0 0 0 48.984 1M.47 

2 v-7-340 0.388 13.392 0.017 29.49 9.912 0 0.001 0 0.03 0 0.352 45.383 98.979 

2 v-7-340 nK>9 0.161 0.018 31.523 10.65 0.166 0 0 0 0 0.067 48.499 99.706 

2 v-7-340 0.392 13.311 0.1 29.083 9.893 0.011 0 0.041 0.007 0 0.325 44.906 98.074 

v-7-340 0.363 13.373 0.013 29.346 9.925 0.003 0 0 0.005 0 0.582 45.202 98.612 

2 V-7-340 8.59 0.153 0.088 31.44 10.835 0.331 0 0.019 0.005 0.049 0.088 48.68 100.286 

8.319 0.85 0.092 31.682 10.598 0.059 0.001 0 0 0 0.04 48.645 100.286 

2 v-7-340 8.696 0.107 0.029 31.855 10.59 0.008 0 0 0.005 0 0 48.78 100.073 

v-7-340 0.96 1^596 0 30.144 10.061 0.081 0 0.034 0 0 0.136 46.272 100284 

2 V-7-340 7.584 1.831 0 31.356 10.616 0.135 0.004 0.007 0.001 0 0.115 48.255 99.904 

2 v-7-340 8.274 0.273 0.018 31.318 10.742 0.337 0.007 0 0 0.051 0.02 48.326 99.367 

2 v-7-340 0.368 13.529 0.009 29.66 9.89 0 0 0.007 0 0 0.447 45.551 99.467 

v-7-340 6.589 0.08 0.035 31.535 10.783 0.13 0 0.041 0 0 0.108 48.625 99.926 

2 v-7-340 6.803 0.091 0.389 31.842 10.527 0.033 0.008 0 0.09 0 0 48.942 100.725 

2 V-7-340 0.254 12.648 0.21 27.942 11.039 0 0.009 0 0 0.278 1.549 44.631 98.564 

2 v-7-340 5.752 0.478 0.229 27.508 13.155 3.75 0 0 0 1.012 0.74 46.98 99.609 

2 V-7-340 2.593 10.01 0.064 29.841 10.307 0.165 0 0 0 0.075 0.223 46.238 99.516 

v-7-340 8.53 0.154 0.031 30.753 11.162 0.279 0 0 0.019 0.103 0.02 48.147 99.216 

2 v-7-340 7.076 1.611 0.089 29.149 11.958 1.649 0 0.019 0.009 0.158 0.155 47.389 99.262 

2 v-7-340 6.167 0.632 0 31 ??? 10.786 0.261 0 0 0.044 0.105 0 48.307 99.527 

2 v-7-340 0.382 13.629 0.018 29.676 10.016 0 0 0 0 0 0.271 45.676 99.668 

2 v-7-340 6.543 0.217 0.022 31.658 10.666 0.141 0 0.022 0.004 0 0 48.656 99.932 

2 v-7-340 0.371 13.645 0.049 29.535 10.025 0.012 0 0.037 0 0.052 0.176 45.561 99.463 

2 v-7-340 0.546 13.259 0.042 29.295 10.099 0.01 0 0 0.013 0 0.535 45.352 99.151 

2 v-7-340 8.671 0.195 0.001 31.551 10.708 0.137 0 0 0 0 0 48.583 99.846 

2 v-7-340 0.517 13.414 0 29.602 10.026 0 0 0.034 0 0.107 0.413 45.657 99.77 

2 v-7-340 6.01 0.491 02 28.31 12.987 3.318 0 0.015 0.002 0.834 0.68 47.62 100.467 

v-7-340 5662 4.598 0.389 30.455 10276 0.102 0 0 0 0 0.229 46.926 98.637 

2 v-7-340 0.462 13.384 0 29.466 10.067 0 0 0 0 0 0.657 45.509 99.553 

8.574 0.147 0.004 31.537 10.699 0.246 0 0.004 0.001 0 0.034 48.59 99.855 

2 V-7-340 0.399 13.632 0.024 29.767 9.948 0 0 0 0.003 0.056 0.156 45.728 99.713 

2 v-7-340 8.482 0.117 0.283 31.162 10.827 0.279 0.002 0 0.002 0 0.034 48.308 99.496 

v-7-340 4.789 6.414 0.018 30832 10.401 0.131 0 0 0.009 0 0.439 47.474 100.507 

2 v-7-340 8.249 0.334 0.008 31.357 10.886 0.321 0.003 0 0 0.286 0 48.53 99.974 

2 v-7-340 0.397 13331 0.03 29.621 9.971 0 0.008 0 0.004 0.041 0.521 45.57 99.497 

8.738 0.137 0.03 31.935 10.682 0.143 0 0.007 0.009 0 0.115 49.045 100.841 

2 v-7-340 8.692 0.048 0.014 31.662 10.617 0.122 0 0 0 0 0.034 48.622 99.823 

2 v-7-340 6.651 3.947 0.04 30.65 10.523 0.131 0 0.007 0.004 0 0074 47.496 99.534 



Table AB.1(con't): 
all data in wt. % 

lyiie 

2 v-7-340 0.51 13.079 0.22 29.329 10.097 0 0035 0 0.004 0 1.027 45.464 99.77 

2 v-7-340 0.33 13.553 0.027 29.307 9.948 0 0 0045 0.009 0 0.4 45.218 98.837 

2 v-7-340 0.406 13.322 0.013 29.534 10 0 0 0004 0 0 065 45.504 99.443 

2 v-7-340 8.703 0.058 0.01 31.598 10.712 0086 0 0 0012 0 0 48.615 99.794 

2 v-7-340 6.667 0.076 0.047 31.361 10.803 0.238 0005 0 0 0.033 0 48.487 99.717 

2 v-7-340 3.407 9.08 0.009 30.016 10133 0.027 0 0 0 0 0379 46.31 99.361 

2 v-7-340 0.388 13.584 0.042 29.522 10056 0 0.004 0.019 0004 0 0521 45.579 99.699 

3 5.427 1.627 0.229 28.328 12.371 3.416 0003 0.002 082 0431 0.016 47.137 99.822 

3 0.595 12.864 0.07 30.91 9.913 0 0003 005 0069 0.292 0059 46.944 101.769 

3 0.485 12.383 0.049 31.304 10.03 0 0 0.063 0.204 0337 0039 47.39 102.371 

3 0.422 12.207 0 29.277 9.993 0 0005 0.011 0055 2.69 0124 45.238 100.022 

3 3.016 7.388 0.027 31.162 10287 0.099 0 0.043 0.115 0321 0.064 47.355 99.939 

3 0.571 12.553 0037 30.301 9.691 0 0.002 0082 0 0291 0 45.94 99.481 

3 0.45 12.784 0058 30.379 9.838 0 0 0129 0.222 1.052 0.081 46.311 101.352 

3 Vin syn 0.866 11.313 0.028 29.966 9.94 0.023 0.002 0.111 0.202 1.233 0049 45.784 99.517 

3 1.165 11.722 0.126 31.047 10157 0017 0 0047 0157 0961 0048 47.394 102.842 

3 Vin syn 0.434 12.721 0.047 30.17 9.956 0 0009 0026 0.224 1.11 0.037 46.179 100.934 

3 0.472 13.13 0.063 30.872 9.628 0 0 0 0.064 0354 0 46.839 101.622 

3 Vin syn 0.595 12.358 0.065 29.514 9.659 0081 0 0.436 0.103 037 0.042 44.978 98.209 

3 0.762 iai 0.015 29.903 9.926 0 0003 0 0121 1.614 0123 45.879 100.446 

3 syn feld 3.544 7.87 0.157 30.591 10487 0.445 0 0.055 0 0 0 0229 0208 47.351 100.937 

3 2.018 9.264 0.113 30.746 10.399 0.334 0.001 0.021 0002 0 0.179 022 0.231 47.088 100.616 

3 1.806 10.191 0.096 29.436 12.003 0268 0.001 0.047 0.005 0.016 0025 0.246 0.473 47.187 101.8 

3 3.46 7.997 0.09 30.636 10.521 0.418 0 0052 0 0.054 0 0272 0334 47.405 101.259 

3 3.83 7.082 0.094 30.57 10.683 0639 0 0.038 0.003 0.053 0009 0.321 0.361 47.5 101.183 

3 5.452 0.383 0.234 27.448 13.613 4.985 0.004 0029 0002 0 0 059 0.481 47.603 100.824 

3 syn feld 4.291 6.407 0.16 30.322 10866 0933 0 0063 0.008 0 0 0334 0.295 47.58 101.259 

3 syn feld 5.844 0.362 0.187 27.463 13.22 4.417 0.002 0027 0.007 0063 0.007 0.33 0442 47.085 99.456 

3 365 7.507 0.133 30.341 10.519 0.611 0 0036 0.007 0 0009 0.241 0.309 47.123 100.486 

3 3.54 7.893 0.14 30.65 10.398 0.444 0 0.015 0 0.059 0.007 0284 0.216 47.296 100.944 

3 3.413 8.335 0.131 30.469 10.408 0.374 0.005 0058 0.009 0 0 0.278 0185 47.176 100.841 

3 2.153 8.54 0.027 31.626 10.707 0341 0 0.014 0 0 0101 0308 0318 48.278 102.413 

3 5238 0.264 0.176 27.412 13.169 4.434 001 0051 0002 0026 r O025 0795 0.429 46.864 98.895 

3 3.289 8.092 0.078 30.9 10618 0394 0.006 0026 0004 0 0065 0242 0471 47.74 101.925 

3 3464 8.14 0.124 31.023 10.457 0374 0 0037 0 0.081 0 0.202 0301 47.767 101.97 

3 3.413 8.087 0.112 30.568 10542 0489 0 0.056 0 0 0005 0174 0201 47.367 101.014 

3 3-705 7.369 0.157 30.632 10.644 0.616 0 0026 0003 0 0 0.218 0305 47.553 101.23 

3 3609 7.641 0.17 X.612 10556 0509 0006 0.096 0 0 001 0.356 0234 47.726 101.725 

3 3.434 8.19 0.135 29.929 9.765 0241 0006 0071 0.033 0.081 004 0135 0.236 45.885 98.181 

3 3.806 7.616 0116 30.968 10.469 0.415 0 0054 0 0 0004 03 0191 47.791 101.73 

3 syn feld 3.322 8249 0126 30.646 10.456 0319 0 0051 0 0 0003 0256 0258 47.335 101.021 

3 3.509 7.981 0.122 30.295 10462 0.415 0006 002 0 0 0 025 0456 46.994 100.51 

3 3.167 8.286 0.079 31.163 10522 0.313 0001 0014 0 0 0 0289 0.216 47.898 101.95 

3 syn (eld 3.436 8.146 0.114 30743 10.375 0397 0.002 0.026 0 0 0006 0205 0.237 47.392 101.079 

-J 

VO 



Table AB.1 (con't): 
all data in wt. % 

3 synfeld 3.936 6.806 0.163 31.233 10.856 0.712 0 0.034 0 0.016 0 0.282 0.197 48.426 102.661 

3 syn feld 3.511 8.012 0.089 30.826 10.436 0.36 0 0.03 0 0 0 0.24 0.149 47.516 101.169 

3 syn feld 3.67 7.668 0.131 31.083 10.578 0.544 0 0.047 0 0.011 0.009 0.295 0.185 48.025 102.246 

3 syn feld 3235 8.581 0.197 30.651 10.358 0.312 0 0 0.004 0.016 0.003 0.208 0 47.233 100.798 

3 syn feld 5.71 0.367 0.269 27.666 13.411 4.62 0 0.074 0.005 0 0 0.662 0.564 47.675 101.023 

3 synfeld 3.309 6.168 0.113 30.703 10.497 0.408 0.001 0.04 0.003 0 0.004 0.291 a59 47.488 101.615 

3 syn feld 3.823 7.567 0.18 30.953 10.579 0.419 0.004 0.073 0.003 0.059 0 0.259 0.224 47.877 102.02 

3 syn feld 3.546 7.968 0.185 30.564 10.532 0.378 0.002 0.038 0 0.059 0 0.28 0.503 47.372 101.427 

3 syn feld 3.855 7.436 0.156 31.083 10.602 0.533 0 0.05 0.001 0 0 0.206 0.188 48.059 10^169 

3 syn feld 3.152 8.584 0.099 31.356 10.429 0.281 0 0.045 0 0 0 0.334 0.242 48.116 102.638 

3b syn ocelli 7.66 0.063 0.027 30.096 12.413 0.183 0 0.02 0 0.026 0.032 0.22 0 48.131 96.891 

3b syn ocefli 6.692 1.092 0.169 30.058 12.232 2.758 0 0 0.005 0.011 0 0.122 0 48.851 101.99 

3b syn ocelli 3.532 8.166 0.122 30.841 10.525 0.431 0.002 0.035 0 0 0.006 0.085 0.023 47.649 101.417 

3b syn ocelli 5.49 0.267 0.264 27.265 13.591 4.867 0.004 0.046 0.004 0.011 0.005 0.488 0.503 47.317 100.122 

3b syn ocelli 3.402 8.226 0.116 30.669 10.484 0.37 0.001 0.054 0 0 0 0.17 0.4 47.431 101.323 

3b syn ocelli 5.307 0.286 0.185 27.214 13.874 5.253 0.005 0.059 0.001 0 0 0.431 0.368 47.568 100.551 

3b syn ocelli 3.438 8.293 0.078 30.791 10.41 0.343 0 0.072 0 0.059 0.018 0.187 0.252 47.477 101.418 

3b synoceW 3.567 7.915 0.13 30.753 10-5 0.43 0.003 0.075 0 0.086 0 0.17 0.178 47.517 101.324 

3b syn ocelli 3.55 7.968 0.138 30.771 10.431 0.432 0 0.023 0.005 0 0.004 0.309 0.172 47.51 101.313 

3b syn ocelli 3.414 8.145 0.105 31.229 10.407 0.348 0 0.073 0.003 0.022 0.003 0.246 0.186 47.97 102.151 

3b syn ocelli 3.568 7.919 0.131 31.27 10.642 0.418 0.005 0.066 0.01 0.064 0.008 0.24 0.236 48.26 102.837 

3b syn ocelli 5.465 0.321 0.17 27.333 13.733 4.97 0.006 0.033 0 0 0 0.458 0.348 47.508 100.345 

4 Isabella 3.611 8.022 0.162 30.966 10.386 0.41 0 0.019 0 0.027 0 47.628 101.241 

4 Isabella 2.647 7.736 0.898 29.329 10.372 0.445 0 0.024 0.284 2.538 0.082 45.941 100.32 

4 Isabella 2.846 3.299 1.16 28.334 13.093 1.635 0 0.011 0.297 1.225 0.023 46.782 98.722 

4 Isabella 3.287 8.538 0.343 30.38 10.183 0.236 0.007 0 0 0.08 0 46.781 99.878 

4 Isabella 2.012 8.264 0.135 29.531 11.362 0.216 0 0.012 0.209 0.557 0.04 46.377 98.715 

4 ls [̂>  ̂ 0.521 12.747 0.123 31.133 9.812 0.111 0.014 0.031 0.259 0.154 0.111 47.169 102.216 

4 Isabella 1.889 9.883 0.064 30.677 10.115 0.213 0 0.092 0.062 0.083 0.007 46.737 99.838 

4 Isabella 3.183 8.937 0.272 30.435 9.861 0.357 0 0 0.014 0.047 0.005 46.618 99.757 

4 Isabella 2.282 8.901 038  30.421 10.736 0.573 0.007 0.052 0.395 1.349 0 47.396 102.529 

4 Isabella 2.882 8.796 0.199 31.311 10.113 0.177 0 0.07 0.176 0.187 0.009 47.641 101.561 

4 Isabella 3.116 8.969 0.192 31.082 10.154 0.218 0 0 0.098 0.116 0.05 47.548 101.572 

4 Isabella 6.631 1.78 21 30.65 11.66 0.799 0.009 0.039 0.022 0 0.015 48.892 102.597 

4 Isabella 4.19 1.62 0.546 27.102 14.418 4.783 0 0.011 0.64 0.172 0.066 47.715 101.299 

4 Isabella 3.237 8.795 0.146 31.035 10.145 0.256 0.006 0.011 0.17 0.1 0.035 47.515 101.498 

4 Isabella 3.511 7.974 0.171 30.57 10.446 0.631 0 0.012 0.136 0.026 0.053 47.311 100.846 

4 Isabella 3.61 7.153 0.249 29.92 10.615 0.769 0.013 0.103 0.299 0.913 0.07 46.793 100.507 

4 Isabella 1.906 10.436 0.175 31.688 10.051 0.073 0.014 0.051 0.081 0.176 0.058 47.973 102.707 

4 Isabella 0.475 11.433 0.551 28.64 1003 0.09 0 0.028 0.609 2.875 0.16 44.719 99.61 

4 Isabella 3.479 8.435 0.227 30.889 10.23 0.306 0.001 0.001 0.009 0.006 0 47.421 101.004 

4 Isabella 5.011 3.924 0.525 29.047 14.164 0.205 0 0.015 0.139 0057 0 48.513 101.653 

4 Isabella 2.941 8 384 0.185 30.487 10.128 0.759 0.013 0 0.151 0.548 46.935 100.531 

4 Isabella 1.921 10.721 0.179 31.452 10.172 0.168 0.025 0.008 0.161 0.139 47.915 102.861 



Table AB.1 (con't): 
all data in wt. % 

4 Isabella 3.716 4.341 0.729 28.541 14.981 1.033 0.115 0.007 0.309 0.02 48.737 102.529 

4 Isabella 3.639 7.963 0.228 30.979 10.326 0.411 0.019 0.003 0.09 0.056 47.634 101.348 

4 Isabella 3.19 4.286 0.735 27.876 15.096 2.109 0.019 0.01 0.371 0.135 48.315 102.142 

4 Isabella 7.733 0.179 0.162 32.873 10.807 0.558 0 0.05 0.105 0.115 50.085 102.667 

4 Isabella 3.396 8.201 0.256 30.292 10.024 0.299 0.041 0.004 0.155 0.096 46.534 99.298 

4 Isabella 3.448 8.288 0.232 30.601 9.978 0.307 0 0 0.046 0.076 46.843 99.819 

4 Isabella 0.37 11.68 0.725 29.006 11.016 0.075 0.012 0.087 0.036 0.711 45.677 99.395 

4 Isabella 4.167 6.668 0.209 30.728 10.398 0.699 0.031 0.011 0.109 0.035 47.443 100.498 

4 Isabella 2.656 9.129 0.302 30.954 10.16 0.215 0.077 0.029 0.282 0.004 47.338 101.146 

4 Isabella 3.575 7.104 0.132 29.506 10.288 0.562 0.021 0 0.21 1.281 45.922 98.601 

4 Isabella 3.156 8.624 0.194 30.331 9.889 0.228 0.017 0 0.123 0.138 46.408 99.108 

4 Isabella 6.047 3.197 0.505 32.012 10.395 0.563 0.208 0.038 0.11 0.049 48.925 102.049 

4 Isabella 7.06 0.269 0.151 32.309 11.256 1.119 0.021 0.06 0.261 0 49.87 102.396 

4 Isabella 4.108 6.729 0.259 30.258 10.366 0.725 0 0.009 0.132 0.048 46.893 99.527 

4 Isabella 2.454 9.013 0.207 31.13 10.346 0.379 0 0.079 0.247 0.231 47.634 101.72 

4 Isabella 3.526 8.132 0.145 31.063 10.221 0.333 0.03 0.017 0.036 0.041 47.566 101.11 

4 Isabella 1.934 10.343 0.357 29.719 10.723 0.078 0.018 0.012 0.177 0.313 46.394 100.068 

4 Isabella 3.234 7.035 0.255 30.513 10.742 0.551 0.003 0.015 0.171 2.019 47.442 101.98 

4 Isabella 3.563 8.192 0.278 30.862 10.202 0.394 0.002 0 0.026 0.024 47.3  ̂100.942 

5 dvbasalt pheno gn 6.945 0.471 0.081 30.58 12.531 2.377 0.03 0.04 0 0 0 0.081 0.132 0.048 0 0.023 49.543 102.954 

5 dvbasalt pheno ̂  5.525 0.441 0.332 28.056 13.577 4.575 0.001 0 0.068 0 0 0 0.351 0.526 0.069 0.106 48.188 101.845 

5 dvbasalt pheno gn 7.363 0.32 0.19 29.694 12.812 0.147 0 0 0.018 0.001 0.156 0.001 0.139 0.026 0.008 0.08 47.977 98.988 

5 dvbasalt pheno gn 6.481 0.363 0.165 29.77 12.142 2.273 0 0.157 0.019 0.005 0.011 0.005 0.313 0.047 0 0.087 48.215 100.113 

5 dv basalt feld gmd 8.05 0.894 0.151 29.831 12.279 1.65 0 0.016 0.085 0.03 48.612 101.598 

5 dv basalt fekt gmd 0.702 12.686 0.238 30.539 9.773 0.045 0 0 0.121 0.083 46.447 100.634 

5 dv basalt fekl gmd 4.441 3.09 0.109 27.962 13.232 3.071 0 0.007 0.145 0.079 47.097 99.233 

5 dv basalt feld gmd 6.463 1.534 0.307 30.3 11.833 2.365 0 0 0.131 0.36 48.709 102.002 

5 dv basalt feld gmd 1.007 12.18 0.047 30.844 9.973 0.122 0.002 0.002 0.207 0.234 46.985 101.603 

5 dv basalt fekl gmd 6.86 1.524 0.15 30.57 11.413 1.516 0.024 0.02 0.289 0.121 48.417 100.904 

5 dv basalt fekl gmd 4.559 4.844 0.334 30.015 11.075 1.972 0 0 0.383 0.764 47.669 101.615 

5 dvbas 6.254 1.37 0.294 29.772 12.118 2.605 0.036 0.009 0.292 0.485 48.399 101.634 

5 dvbas 2.955 8.001 0.232 30.447 10.803 0.862 0 0 0.274 1.047 47.547 102.168 

5 dvbas 6.336 1.36 0.615 30.329 11.416 1.974 0.173 0 0.222 0.121 48.321 101.067 

5 dvbas 6.603 1.171 0.247 30.452 11.773 2.357 0 0 0.206 0.095 48.766 101.67 

5 dvbas 4.806 0.268 0.247 27.028 14.203 6.589 0.019 0 0.164 0.061 47.9 101.285 

5 dvbas 6.733 0.201 0.262 29.487 11.659 2.79 0.028 0.015 0.346 0.228 47.64 99.409 

5 dvbas 6.71 0.255 1.801 30.139 11.125 2.253 0.003 0.024 0.257 0.034 48.084 100.685 

5 dvbas 6.879 0.72 0.182 29.96 12.097 2.915 0 0.011 0.066 0.078 48.671 101.579 

5 dvtjas 5.264 0.351 0.456 27.167 13.799 5.628 0 0.005 0.487 0.278 47.629 101.064 

5 dvbas 5.408 0.412 0.44 27.511 13.384 5.142 0.023 0 0.315 0.346 47.5 100.481 

5 dvbas 5.55 0.322 0.911 27.822 13.143 4.677 0.001 0.006 0285 0.274 47.599 100.59 

5 dvbas 5.807 3.389 0.154 31.486 11.125 1.286 0.006 0 055 0.149 0.189 49.081 102.727 

5 dvbas 6.548 1.144 0.219 31.092 11.681 2.004 0 0.015 0.32 0.183 49.268 102.474 

6 TS-15 6.734 2.491 0266 3t .439 10903 0.285 0.012 0 0.056 0.056 0.005 0.083 48.594 100.944 



Table AB.1 (con't): 
all data in Wt. % 

6 TS-15 3.918 7.896 0.443 30.419 9.834 0.026 0.001 0.005 0.034 0 0.011 0 46.545 99.132 

6 TS-15 6.597 2.812 0.204 30.543 10.534 0.24 0.005 0 0.016 0 0.001 0.038 47.211 98.201 

6 TS-15 5.732 4.673 0.167 30.153 10.325 0.332 0 0 0.002 0 0.004 0.013 46.673 98.074 

6 TS-15 5.378 5.333 0.245 31.119 10.469 0.126 0.012 0.005 0.014 0 0 0.06 47.875 100.636 

6 TS-15 4.555 6.637 0.442 30.81 9.858 0.011 0.004 0.003 0.027 0 0.006 0.008 46.968 99.329 

6 TS-15 4.391 6.949 0.476 30.346 9.698 0.022 0.025 0 0.045 0.085 0.013 0.032 46.298 98.38 

6 TS-15 4.432 6.914 0.524 30.353 10.03 0.028 0.005 0 0.052 0 0 0 46.66 98.998 

6 TS-15 6.23 3.749 0.219 30.742 10.59 0.213 0 0 0.002 0 0.008 0.082 47.538 99.373 

6 TS-15 8.489 0.229 0.558 32.53 10.509 0 0 0 0.004 0 0 0 49.575 101.894 

6 TS-15 5.861 4.46 0.206 30.733 10.389 0.197 0.034 0 0.002 0.141 0 0.054 47.306 99.383 

6 TS-15 4.245 6.84 0.613 30.29 9.755 0.02 0.015 0 0.027 0 0.004 0.004 46.271 98.084 

6 TS-15 8.029 0.574 0.22 32.077 10.741 0.076 0.004 0.001 0.009 0.083 0.059 0.063 49.074 101.01 

6 TS-15 6.989 2.244 0.232 31.218 10 527 0.216 0 0 0.056 0.139 0.026 0.049 47.955 99.651 

6 TS-15 4.273 7.268 0.579 30.37 9.672 0.026 0 0.003 0.027 0.057 0.009 0.007 46.351 98.642 

6 TS-15 6.234 3.522 0.207 30.656 10.578 0.282 0 0 0 0 0.002 0.059 47.406 98.946 

6 TS-15 4.329 6.97 0.475 30.463 9.726 0.017 0.033 0 0.023 0.014 0 0.034 46.458 98.542 

6 TS-15 5.975 4.1 0.206 30.335 10.374 0.39 0.016 0 0 0 0 0.092 46.939 98.427 

6 TS-15 2.322 10.731 0.013 29.812 10.095 0.06 0.045 0 0.029 0.044 0 0.095 46.003 99.249 

6 TS-15 5.961 4.166 0.3 31.041 10.727 0.376 0 0 0.029 0 0.007 0.014 48.092 100.713 

6 TS-15 6.019 3.906 0.211 30.363 10.451 0.269 0 0.001 0.034 0.112 0 0.05 46.934 98.35 

6 TS-15 5.834 4.539 0.203 30.669 10.532 0.192 0 0 0.025 0.014 0.007 0.088 47.425 99.528 

6 TS-15 4.258 6.99 0.506 30.302 9.777 0.022 0.018 0 0.032 0 0 0 46.314 98.219 

6 TS-15 4.778 6.458 0.565 30.405 9.8 0 0.014 0.003 0.009 0.071 0.018 0.011 46.486 98.618 

6 3.8712 7.4508 0.2633 31.0532 10.5418 0.2525 0 0 0.004 0 0.0849 0.0066 0 0.0787 47.7864 101.408 

6 4.3207 6.9416 0.2583 31.1823 10.3296 0.2155 0 0.0029 0.0091 0.0074 0 0.0106 0.0424 0.0551 47.845 101.29 

6 4.2349 7.092 0.2187 31.4483 10.5664 0.2857 0 0 0.0461 0.0031 0.0396 0.0098 0.011 0 48.3773 102.384 

6 4.6199 6.3482 0.1728 31.4245 10.5264 0.2369 0 0.002 0.0224 0.0002 0.0169 0 0.0241 0.0866 48.2867 101.884 

6 4.0283 6.0452 0.2375 31.433 10.8939 0.1763 0.0112 0.0032 0.0243 0.0043 0 0.0034 0.0748 0 48.341 101.324 

6 5.1607 0.2824 0.2898 31.1796 10.3881 0.3469 0.0101 0.0065 0.0314 0.0047 0.2343 0.0071 0.1055 0 0 47.8198 100.884 

6 5.4246 4.7886 0.2881 31.3792 10.3673 0.2893 0.0619 00004 0.0299 0.0013 0 0 0.0222 0 0.0347 48.095 100.803 

6 5.1607 5.2824 0.2898 31.1796 10.3881 .̂3469 0.0101 0.0065 0.0314 0.0047 0.2343 0.0071 0.1055 0 0 47.8198 100.884 

6 3.8712 7.4508 0.2633 31.0532 10.5418 0.2525 0 0 0.004 0 0.0849 0.0066 0 0.0787 47.7864 101.408 

6 4.3207 6.9416 0.2583 31.1823 103296 0.2155 0 0.0029 0.0091 0.0074 0 0.0106 0.0424 0.0551 47.845 101.29 

6 4.2349 7.092 0.2187 31.4483 10.5664 0.2857 0 0 0.0461 0.0031 0.0396 0.0098 0.011 0 48.3773 102.384 

6 4.6199 6.3482 0.1728 31.4245 10.5264 0.2369 0 0.002 0.0224 0.0002 0.0169 0 0.0241 0.0866 48.2867 101.884 

6 4.0283 60452 02375 31.433 10.8939 0.1763 0.0112 0.0032 0.0243 0.0043 0 0.0034 0.0748 0 48.341 101.324 

7 7.758 0.093 0.074 29.964 13.872 0.001 0 0.006 0 0 0 0.01 0.009 0 49.222 101.009 

7 2.698 9.785 0.482 31.027 10.015 0.042 0.007 0 0.05 0.004 0.051 0.003 0.036 0.046 47.389 101.646 

7 1.202 10.616 0.779 31.244 9.77 0.121 0 0.887 0.039 0 0 0 0.059 0 47.776 102.51 

7 7.132 0.059 0.043 31.455 13.604 0.008 0.003 0 0 0 0 0.003 0 0.009 50.455 102.785 

7 3.178 9.143 0.468 31.185 10.116 0.221 0 0 0.139 0 0 0.007 0.049 0.006 47.844 102.385 

7 7.412 0.07 0.009 29.78 13.482 0.011 0 0.001 0 0.008 0.034 0 0.032 0.02 48.526 99.385 

7 5.291 0.109 0.295 29.515 14.452 0.114 0 0.003 0.062 0.011 0.097 0.046 0.012 0 48.482 98.491 

7 rrbxgrdms 7.758 0.093 0.074 29.964 13.872 0.001 0 0.006 0 0 0 0.01 0.009 0 49.222 101.009 



Table AB.1 (con't): 
all data in wt. % 

type Mmple N« K Fe SI Al C» Mn Ma Tl S F CI Sf B« U Ce 0 total 
7 nbx pheno rim 2.698 9.785 0.482 31.027 10.015 0.042 0.007 0 0.05 0.004 0.051 0.003 0.038 0.046 47.389 101.646 

7 rrbxgmndms 1.202 10.616 0.779 31.244 9.77 0.121 0 0.887 0.039 0 0 0 0.059 0 47.776 102.51 

7 rrtxgmdms 7.132 0.059 0.043 31.455 13.604 0.008 0.003 0 0 0 0 0.003 0 0.009 50.455 10^785 

7 ritxgmdms 3.178 9.143 0.468 31.185 10.116 0.221 0 0 0.139 0 0 0.007 0.049 0.006 47.844 102.385 

7 rrbxgmdms 4.434 0.898 0.322 27.494 13.13 4.784 0 0.014 0.02 0.011 0 0.069 0.634 0.598 46.949 99.383 

7 rrbxpheno 7.412 0.07 0.009 29.78 13.482 0.011 0 0.001 0 0.008 0.034 0 0.032 0.02 48.526 99.385 
7 rrbx grdms 5.291 0.109 0.295 29.515 14.452 0.114 0 0.003 0.062 0.011 0.097 0.046 0.012 0 48.482 98.491 
7 rrbx grdms 3.845 1.311 0.333 27.01 14.41 4.242 0 0.009 0.06 0 0 0.014 1.524 0.661 47.395 100.839 
7 rrbx grdms 5.417 0.913 0.356 28.173 13.55 4.479 0.004 0.003 0.053 0 0 0 0.789 0.427 48.351 102.525 
7 rrtM grdms 4.696 1.49 0 27.76 13.373 4.025 0 0.012 0.099 0 0 0.009 1.379 1.195 47.616 101.89 
7 pinto pheno 2.745 9.316 0.557 30.351 10.059 0.155 0 0.008 0.036 0.01 0 0 0.149 0 0 0.013 46.694 100.143 
7 pinto pheno core 2.242 9.908 0.306 29.901 10.294 0.198 0.008 0.017 0.021 0.005 0.035 0 0.327 0.045 0.034 0.019 46.315 99.772 

7 pinto gmdmass 4.574 3.106 0.362 27.412 12.236 1.9P5 0 0.172 0.052 0.001 0.079 0.019 2.172 0.387 0.045 0 45.805 98.418 
7 pinto goKftnass 3.786 5.517 0.678 29.157 11.455 0.932 0.028 0.114 0.075 0 0 0.004 0.889 0.148 0 0.044 46.759 99.68 
7 pinto gmdmass 2.048 5.467 0.645 29.768 12.327 0.507 0 0.154 0.039 0.009 0 0.009 0.044 0.044 0 0 47.259 98.382 
7 pinto gmdn^s 5.049 3.453 0.354 30.332 12.113 1.584 0 0.041 0.135 0.004 0 0 0.757 0.151 0 0.044 48.819 10a855 

7 pinto grdndms 5.636 1.619 0.412 28.53 12.118 3.319 0 0.008 1.31 0.324 47.296 100.572 
7 pinto grdndms 1.925 10.407 0.626 30.48 9.63 0.166 0.005 0 0 0 46.343 99.582 
7 pinto grdndms 2.077 10.679 0.41 31.026 9.78 0.153 0 0.011 0.009 0.024 47.137 101.306 

7 pinto grdndms 2.286 10.189 0.546 30.352 9.837 0.536 0 0.016 0.1 0.005 46.597 100.464 

7 pinto grdndms 5.2 3.929 0.391 30.355 11.081 1.635 0.003 0.008 0.816 0.111 47.983 101.512 
7 pinto grdndms 2.877 7.436 0.508 29.453 11.153 0.733 0.02 0.003 0.127 0.064 46.488 98.862 

7 pinto grdrKJms 5.641 1.266 0.343 28.767 12.734 3.028 0.011 0 1.631 0.234 47.969 101.624 
7 pinto grdndms 1.034 12.391 0.296 30.531 9.744 0.062 0 0.012 0 0.014 46.457 100.541 
7 pinto gnlndms 4.27 4296 0.261 28.85 11.762 1.533 0 0.006 2.51 0.635 46.916 101.039 

7 pinto grdndms 5.181 2.19 0.454 28.755 12.288 2.266 0 0 1.799 0.59 47.375 100.898 
7 pinto grdndms 5.132 1.655 0.368 28.135 12.668 2.887 0 0 2.585 0.46 47.238 101.148 

anaiyses of Os analyzed, but below detection Smit 

1 early stage porphyritic phondite 

2 tephriphonolite 

3 neph îne monzosyenite 

3b leucocratic ocelli within nepheline monzosyenite 

4 phonotephrite 

5 alkaline basalt 

6 late stage phondite 

7 lamprophyres (rrbx = railroad breccia, pinto = pinto dike, Altn  ̂area) 



Table AB.2: representative analyses of alkali feldspar from zones of alteration in the Cripple Creek district 

raw data from electron microprobe; all data in wt. % 

K-feldspar (adularia) from margin of quartz-telluride vein and adjacent alteration halo 
Mmple Na K ft SI Aj Ca Mn Mg Tt S O Sr Ba U O Tolal 

Cfvug audularia 022 13.64 0.054 30.239 9.8 0.013 0.006 0.002 0 0.006 0 0 0 0 46.07 100.17 

civug auduOria 0.342 13.606 0.075 30.425 9.894 0.011 0 0.002 0 0.002 0 0 0 0 46.39 100.81 

civug audularia 0.407 13.266 0.122 30.447 10.147 0.075 0.018 0.002 0.014 0 0 0 0.074 0.074 46.68 101  ̂
cmig audularia 0.233 13.321 0.044 30.63 9.973 0.01 0.026 0.004 0 0 0.006 0 0.031 0.031 46.62 100.95 
crvug audularia 0.487 13.367 0.062 30.601 9.946 0 0 0 0.004 0.011 0.002 0 0 0 46.66 101^0 

weak K-feldspar + pyrite alteration in volcanic breccia, 10100 level, Cresson Mine 
•Moiplt N» K ft SI Aj C« Mn Mg TT S O Sr Ba U O Total 

S.pR Ubx 2.028 11.374 0.067 30.625 9.819 0 0.001 0 0.012 46.69 1W.62 
s.pK bibx 0.624 13.195 0.034 29.932 9.356 0.088 0.002 0 0.005 45.47 98.77 
s.pit bIbx 8.536 0.268 0.036 31.794 10.437 0.013 0.003 0 0.018 48.57 99.67 
S-pn Ubx 0.905 13.047 0.063 30.389 9.55 0 0 0.039 0 46.14 100.14 
s.pit Ubx 6.254 0.334 0.139 31.616 10.724 0.042 0.015 0.023 0.009 48.59 99.75 
s.pit Ubx 7.556 2.079 0.043 31.083 10.005 0.024 0.003 0.002 0.006 47.40 98.20 
s.pit Ubx 8.419 0.119 0.034 31.229 10.078 0.013 0.023 0.005 0.005 47.54 97.47 
s.pit Ubx 0.477 13.435 0.039 29.925 9.507 0 0.005 0 0.001 45.48 98.87 
s.pit Ubx 0.453 13.488 0.054 29.882 9.496 0 0.006 0.005 0 45.43 98.81 
s.pit Ubx 8.251 0.459 0.468 31.21 10.62 0.019 0.031 0.219 0.028 48.30 99.61 
s.pit Ubx 8.32 0.282 0.057 32.017 10.659 0.025 0.012 0 0.002 48.95 100.32 
s.pit Ubx 0.38 13571 0.071 29.729 9.509 0 0 0 0.006 45.28 98.56 
s.pit Ubx 1.095 t2.468 0.07 29.813 9.572 0 0.002 0.032 0 45.46 98.51 
S.pit Ubx 8.565 0.175 0.021 31.496 10.334 0.034 0.015 0 0.006 48.14 98.79 
s.pit Ubx 8.719 0.092 0.044 31.647 10.385 0.021 0 0 0.006 48.37 99.29 

s.pit Ubx 9.003 0.211 0.03 32.034 10.308 0.027 0.007 0.002 0 48.87 100.49 

s.pit Ubx 0.117 14.113 0.034 29.756 9.484 0 0 0.012 0.002 45.28 98.60 

s.pjtUbx 0.242 13.626 0.106 29.798 9.372 0 0 0.03 0.008 45.22 98.41 
s.pit Ubx 0.245 13.855 0.016 29.735 9.412 0 0 0 0 45.20 98.48 
s.pit Ubx 1.804 11.299 0.006 29.836 9.445 0 0.002 0.037 0.002 45.36 97.79 
s.pit Ubx 0.694 13.151 0.048 29.425 9.308 0 0.005 0 0.005 44.76 97.39 

alkali feldspars from zone of alkali feldspar -i- specular hematite alteration in porphyritic phonolite overprinted by incipient K-feldspar + pyrite alt (10050 level, Cresson Pit). 
tampte Na K ft SI Aj Ca Mn Mg Tj S a Sr Ba La O Total 

SpU5 0.146 13.961 0.081 30.157 9.716 0 0.01 0 0.046 0.078 0.078 45.94 100.22 

SpUS 7.891 0.885 0.216 32.127 11.057 0.177 0.004 0.051 0.034 0.009 0.009 49.50 102.08 
spUS 8.537 0.123 0 32.187 10.713 0.182 0 0.005 0 0.005 0.005 49.27 101.02 

SpbiS 8.599 0.29 0.227 33.089 10.896 0074 0 0.016 0.034 0.032 0.032 50.52 103.90 
spUS 8.324 0.362 0.08 32.386 10.818 0.124 0.007 0 0.009 0.02 0.02 49.57 101.70 
SpU5 6.757 2603 0.144 32.367 10.229 0.109 0 0.001 0.066 0.096 0.096 49.00 101J7 

spbl5 6.45 1.401 0.223 31.133 11.475 0.07 0 0.053 0.025 0.036 0.036 48.35 99.22 

spbl5 0.244 13.814 0.046 29.77 9.763 0 0.021 0.007 0.02 0.035 0.035 45.55 99.27 

spUS 6.567 0.91 0.471 30.396 13961 0.135 0.044 0.108 0 0.078 0.078 49.78 102.50 
SpUS 0.794 12.452 0.124 30.072 10.378 0.014 0.011 0.021 0 0.083 0.083 46.38 100.33 

spU5 5493 3.51 0385 29.75 13.249 0.142 0 0.017 0.115 0.08 0.08 48.54 101.36 



Table AB.2 (coni): 
raw data from electron microprolDe; all data in wt. % 

incipient stages of K-feldspar + pyrite alteration in volcanic breccia, 3100 level. Vindicator mine; rock is bleached, mafics altered to pyrite, but feldspar contain both K and Na 
umplt Na K F; SI Al C5 Mn Mg Tl S O Sr B; U O Total 
toplnvl1-502 4.472 5.148 0.083 31.523 10.696 0.005 0 0.009 0.012 48.08 100.03 

toplnvl1-502 0266 13.464 0.08 30.481 10.192 0 0.001 0 0.002 46.68 101.18 

top In V11-S02 1.918 11.06 0 30.624 10.277 0 0.006 0.023 0 46.98 100.89 

top In V11-502 0.196 13.573 0.022 30.511 10.019 0 0.003 0 0 46.53 100.S5 

top In V11-502 7.985 0.088 0.037 32.7 11.18 0.014 0 0 0 50.03 102.06 

toplnv11-S02 6.818 0.073 1.107 31.275 10.522 0.165 0.039 0.009 0.004 47.80 97.81 

top In V11-502 3.371 8.112 0.043 30.903 10.246 0 0.004 0.009 0.005 47.18 99.87 

top In vll-502 0.181 13.663 0.064 30.692 10.207 0 0.002 0 0 46.92 101.73 

top In V11-502 7.332 0.551 0.055 31.877 10.975 0.023 0.009 0 0.014 48.81 99.66 

top In vll-502 6.781 0.296 0.276 32.321 11.123 0.006 0.008 0 0.01 49.24 100.07 

top In vll-502 7.533 0.113 0.173 32.322 11.211 0.039 0 0 0 49.51 100.90 

top In vll-502 0.195 13.355 0.005 30.365 10.149 0 0 0 0.011 46.45 100.54 

lDplnvlf-502 3.452 8.138 0.07 31.9 ia726 0.042 0.002 0 0 48.79 103.13 

top In V11-502 0.212 13.534 0.032 30.414 10.171 0 0.014 0.009 0.019 46.58 100.99 

top In vll-502 0275 13.531 0.17 30.254 10.119 0.017 0.006 0.005 0 46.40 100.78 

top In Vll-502 1.562 11.346 0.092 31.039 10.24 0 0.014 0.009 0 47.38 101.69 

topin V11-S02 6.21 0.264 0.167 31.613 10.909 0.026 0.037 0 0 48.94 100.37 

top In V11-502 0.314 1321 0.079 30.344 10.081 0 0 0 0.005 46.38 100.41 

too tn Vll-502 0.579 13.171 0 30.432 10.192 0.002 0.001 0 0.011 46.72 101.17 

topin vtl-502 6.452 2.654 0.115 32.208 10.901 0.01 0 0 0.007 49.23 101.58 

top In Vll-502 6.977 0.936 0.057 31.463 10.603 0.024 0.01 0.009 0 47.93 98.01 

topin vll-502 7.231 0.221 0.038 32.586 11282 0.026 0 0 0.013 49.75 101.15 
topin vll-502 7 0.14 1.426 31.422 10.634 0.029 0.022 0.02s 0.014 48.21 98.94 

tt)pln vll-502 0.205 13.S22 0.013 30.259 10.185 0 0 0 0 46.39 100.58 

topin vll-502 0.822 12.406 ^ 0.016 30.333 10.159 0 0 0 0 46.42 100.16 

alkali feldspar from zone of pervasive alkali feldspar + specular hematite alteration in late stage phonolite 
•ampfe Na K Fe SI Al Ca Mn Mg n s a Sr Bm U 0 Total 

aph2 0.716 11.609 0.56 29.714 10.035 0.021 0 0 0.032 0.008 0 0.106 0 0.106 45.59 98.51 

aph2 0.267 13256 0 29.946 9.793 0 0 001 0 0.013 0.003 0.111 0.096 0207 45.65 99.26 

aph2 8.477 0.219 0.126 32.97 11.122 0.039 0 0 0.012 0 0 0.06 0.048 0.108 50.55 103.71 

aph2 6.665 0.201 0.055 32-72 11.132 0.01 0.02 0 0 0.003 0.001 0.078 0.024 0.102 50.28 103.20 

aph2 0.567 12.105 0.157 30.215 10.251 0.034 0.032 0 0.023 0.016 0.022 0 0.024 0.024 46.36 100.01 

aph2 0.699 12.322 0.666 29.55 10.308 0.009 0 0.001 0.054 0.001 0 0.066 0.048 0.134 45.85 99.75 

aph2 0.273 13.231 0.058 30.057 9.84 0 0.013 0 0 0.005 0.002 0.058 0.012 0.07 45.86 99.52 

aph2 8.447 0.157 0061 32.998 11.272 0.066 0.088 0.007 0.01 0 0.008 0.015 0 0.015 50.69 103.94 
aph2 8.503 0.13 0.195 32.769 11.116 0.037 0.025 0.001 0.014 0.001 0.005 0.084 0.06 0.144 50.33 103.30 

aph2 8.344 0.188 0.01 32.718 11.108 0.057 0.01 0.005 0 0.007 0 0.041 0 0.041 50.09 102.71 

aph2 7.019 2283 0.039 31.784 10.329 0 0.01 0 0 0.004 0 0.037 0 0.037 48.36 99.91 

aph2 8.635 0.084 0.201 32.086 10.718 0.009 0.015 0005 0.037 0 0.003 0.038 0.048 0.086 49.24 101.19 

aph2 0.25 13.169 0 011 30.203 9.884 0 0.006 0 0.006 0.016 0.009 0.133 0.096 0.229 46.02 99.95 

aph2 4.575 6.243 0.115 32.149 10.737 0.036 003 0 0.01 0 0 0.023 0 0.023 49.11 103.16 



Table AB.2(cont): 
raw data from electron m/croprobe; all data in wl. % 

alkali feldspars from zone of blotite-rich alteration on the 3100 level of the Portland Mine 
sample Na K Fe Si Al Ca Mn Mg Ti S d Sr Ba U 0 Total 

A31-23-125 0.643 13.178 0 29.533 9.536 0 0.029 0 0.039 0.267 45.113 98.338 

A31-23-125 8.146 0.759 0.029 32.841 10.383 0.169 0 0.024 0 0.036 49.736 102.123 

A31-23-12S 0.463 13.308 0 29.516 9.52 0.01 0 0.004 0 0.225 45.01 98.056 

A31-23-125 0.454 13.366 0.045 29.65 9.551 0 0 0.14 0.014 0.023 45.283 98.526 

A31-23-125 0.861 12.751 0.016 29.341 9.392 0 0 0 0 0.206 44.718 97.285 

A31-23-125 3.734 7.634 0.13 29.874 9.69 0^08 0 0.01 0.016 0.3 45.688 97.284 

A31-23-12S 7583 1.487 0.026 31.46 10.16 0.23 0.017 0.002 0.014 0.027 47.835 98.541 

A31-23-125 1.99 10.758 0.011 30.425 9.757 0.069 0 0.005 0.027 0.257 46.316 99.615 

A3t-23-12S 0.475 11.637 0.591 27.508 11.783 0.03 0.031 0.785 0.066 1.1 45.244 99.25 

A31-23-125 7.731 0.795 0.086 31.034 10.447 0.118 0 0.293 0 0.01 47.767 98.281 

K-(eldspar (orthocfase) from zone of intense biotite-orthoclase magnetite alteration adjacent to a monzosyenite intrusion. 3100 level, Vindicator mine 
•ampl* Na K Fe SI Ai Ca Mn Mg Tl S Ct Sr Ba u 0 Total 

v-19*733 biobte 0.2017 13.4026 0.0471 30.459 10.0039 0.002 0 0 0 0 0.0021 0.0005 0.055 0.0555 46.46 100.70 

^•19*733bH^ 0.1399 12.5796 0.9434 28.7247 9.6345 0.0047 0.0088 1.8203 0.0561 0.0073 0 0.0728 0 0.0728 45.16 99.98 



Table AB,3: representative analyses of igneous biotite minerals from various rock types 

raw data from electron microprotje; all data In wt. % 

K 

7.646 7429 

Al 

6377 

Syn. S- Creaaon 

Syn. S. Crwaon 

PhB. S. Cfesson 

PhB, S. Cfesson 
Ph6. S. Cfesson 

PhB, 8. Cresson 
PtiB, S. CroBioon 

PhB. S- Cfeaaon 

PhB. S. Cfesson 

Syn, S Cfesson 

Syn, S. Cfesson 

Syn. S- Cfesson 

Syn. S Cresson 

SygS. Cresson 

SyryS. Cresson 

SyryS. Cresson 

SygS. Cresson 

Syn, S. CroQaon 

SyryS. Cfesson 

Syn,S. Cresson 

,Syry S. Cresson 

SygS. Cresson 

SygS. Cfesson 

SygS Cfesson 

SygS. Cresson 

SygS. Cresson 

SygS. Cresson 

SygS. Cfesson 

SygS. Cresson 

SygS- Cresson 

SygS-Cfesson 

SygS Cfssson 

prtopheno 

p'riobk) 

prtobio 

pirtobio 

pirtobk) 
pirtobk) 
prtobio 

prtobio 

Hm 
0314 

0375 

0712 

0467 

0.439 

0438 

0191 

0224 

0.1636 

0184 

01536 

0087 

0087 

0066 

ooae 

0116 

0118 

003 

0 524 

0 566 

S662 

628  

11347 

11 747 

12.163 

16.064 

17.236 

16504 

16216 

16.6327 
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Table AB.3 (con't): 
raw data from electron mhroprobe; all data in wt. % 

lYP« Mmpl« N « K F « S I « I C « M n l l U T l  s  F  C I S r B « L « e « V  N l C r C u f t l P b O  T o U l  

5 ftbxbio 0.556 6242 6569 15964 6367 0052 0166 9129 3893 0 096 0019 0094 3645 0246 0 0 0 36393 96317 

5  ̂rrbxbio 0595 6669 a709 16657 6.554 0032 0.136 9525 3409 0 097 0016 0.019 2.563 0225 0002 0 0 39254 97.355 

5 nbitbio 0642 6103 8S03 16007 6536 0.12 012 6385 3952 0 0761 0014 0066 3205 0.294 0 0 0.051 38.187 94.968 

5 nbxbio 0672 6311 6626 16572 6904 0079 0171 957 3353 0 1.153 0027 0106 3471 024 0 0 003 39.473 saTSa 
5 nbxiM) 0517 6993 t0304 169 6513 0033 017 8836 3.S92 0 0653 0024 0016 1.352 0205 0006 0 0.035 39.64 96081 

5 nbxbio 0677 6^ 9195 16545 645 0076 0.171 9115 3764 0 0.762 0024 0037 2 809 0.252 0 0 0002 39299 97.727 

5 nrbxbio 0463 7.13 10641 17499 826 0.072 0221 8322 3261 0 0992 0023 0074 1.534 0201 0.017 0 0 39634 98544 

5 rrbxiw 063 5796 9363 15645 6596 006 0.132 6656 4355 0 0722 0011 0125 4471 0304 0009 0 0.005 3&643 97.923 

5 trbx bio grdms 0033 6516 565 21.426 12.024 1.273 0014 0 0051 36.603 85654 

5 rrtncbio cdms 0.175 6333 4 525 2046 20.131 1.204 0003 0.169 0.139 44.424 97.603 

5 rrbxtMogrdms 1.528 7.112 6797 2464 10301 1.113 0.171 0357 0517 42.241 96777 

5 nt»biogRlnis 1 269 5.754 2505 21 385 19.6 0664 0123 0.131 0308 44.49 96.429 

5 rrbxbiognJms 0.111 6769 1.745 22.624 20 S3 0364 0061 0.015 0255 46676 101.79 

5 rrbxbiogrdms 0763 5777 3274 21.942 17.046 1.666 0.096 0.005 0036 43272 94.119 

5 rrbxbiognjms 1.101 6323 3312 24 305 10766 4 341 0463 0098 0.074 41.459 92.242 

5 Cressonpipe 226 5664 1.596 23 B8 16599 0 771 0016 0929 0076 0 0005 0.111 0021 0009 0 0 45.422 97.581 

analyse <^0MMnalyted.t»utbelowdet9CtK3n Vint 

1 6io(il«4>earing tephriphonoile Irom vidrity of RMtenhouM ihatt 

2 Biolle tradiyandesile Hruaion. aouth Creaeon; samples oolected near Ocean Wave mine 
3 rwphoinemonzoayenileirlriflioasoiAhCresaoa from vnrAyof Rosa ̂ rlchDl mine, minerab analyzed range from igneous mineral grains to replacernert products of primary igneous phases 
4 alcaSnebassR from vicNty of DolyVarden mine 
5 tampfophyres (nt« = raitoad brecda, pinto « pinto <flte. AUrnan area) 



Table AB.4: representative analyses of hydrothermal biotite from zones of alteration in the Cripple Creek district 
mw data from electron mhroprobe; all data in wt. % 

Biotite-rich alteration developed in breccias on ttie 3100* (lOOOm) level of the Portland Mine 
Smpto P N<KF«SIAIC«l>lnMg-n S  F  a S f B a U C a V  N l C r C u Z n P b V  O total 

a3t-2Me3 biota* 0055 7 276 8172 19929 6084 0.143 0564 11.909 0951 0 2.566 0.07 0 0 0027 0 0006 0019 0.t18 39.615 97.524 

a31-23-ae3biaMs oose 7.171 7965 1937 5743 0235 0561 11 317 1.15 0028 2076 0046 008 0 0052 0057 0006 003 0082 39665 94.746 

•31-23-363 biotito 0049 7472 8801 193SS 5599 0053 0.73 10 945 1.6S 002 1.699 0071 0.024 0 0119 0014 0 0 0.077 38979 95 657 

aS1-23^bi(n« 0057 7 835 8818 18.652 6142 0063 0518 10781 1.984 ooie 1 435 0048 006 0 0138 0046 0 0 0095 38946 95.636 

•3t<23<3e3biaau 0055 7184 7.922 20 031 6019 015 0464 12.122 0842 0012 1.963 0086 0035 0 0016 0034 0002 0.04 0064 39896 96.957 

«31-2M83l)iette 00B3 7.386 8248 18699 5528 0153 0545 10.97 1 43 0011 1.601 0037 0077 0 0016 0.033 0 0 0.09 37.904 92.811 

•31-2»^bicMe 0074 7,521 6.745 19499 5803 0066 0.526 11.664 1347 0.02 1 85 0034 0 0 004 005 0 0 0058 39485 96784 

•31-23-303 biotta 007 7389 7.643 18971 5576 0.235 0572 11.688 061 0.001 1 811 0.047 0 0 001 0031 0019 0 0057 37.987 9^917 

a31.230e3biaM« 0336 7255 &716 18104 &066 0059 0175 11.755 1.777 0031 1.344 0108 0063 0(^ 0.017 0.01 0 0003 0026 39.796 95.664 

•31-2M83laaiM 0065 7785 7.309 19145 57 0073 032 12.14 1.719 0 1.771 0049 0149 007 0062 0 0 0 O109 39.179 05.665 

•3l.23083tiiaMe 0105 7433 6374 19.552 5.713 0063 0.281 12.731 1.914 0 1.851 0056 0.157 0 0088 004 001 0005 0038 39.783 96206 

•31*23^4 bbvian 00232 7.73 78317 ia7423 6164 00176 09634 110194 27766 00055 134 00573 00131 0 0.1884 0014 0 00496 0 00032 395541 962986 

•31-23-574 Uo«iM 03957 7.4825 45988 ia7066 83115 00042 00658 ia0459 1.7068 00361 1.4699 0.1315 00767 0.0308 00157 00134 0.0163 0.0386 00271 0 40.8821 97.0362 

•31-23^4 bbvian 0.066S 7.7327 75614 1&7222 &0446 01028 08869 109019 28378 00116 1.5412 00515 0 0 01709 00395 0 00773 00291 0 39.3316 96.1096 

B3f-2»«74tio«m O0461 7.935 57198 19.2979 6282 00109 0.2474 126435 2.9243 0 1.8911 00389 0 00306 01725 00201 00081 00531 00343 0 40.5271 97.8827 

a31-23-574biovW 00488 7.8598 94799 182786 62629 00494 0 6496 99203 Z222a 00129 1.6854 00728 00407 0 01006 00326 0 00764 0.0029 0.0001 3a3393 95.1378 

a3V27-209 0.0745 77502 1V0859 183773 72895 00746 0365 9.941 03213 0.7562 007S4 388215 94.9324 

aai-27-209 0.1041 78115 11.1512 182697 72664 00302 04047 989 05009 06716 00678 38 6501 950382 

a31.27.209 01263 7 6522 108953 160491 7 3462 0.0476 03679 9.8294 0.4482 04774 00386 38.5437 93 8231 

a3l-27-209 01504 6566S 10722 ia4976 7.5478 03516 04618 92569 03067 0 06834 0.0321 38.5617 931564 

•31-27.208 01948 7.6363 11.6839 1&2152 76558 00268 03596 91334 07415 0 0.4335 0 38922 950028 

Phlogopite-rich alteration halos surrounding (ate-stage quartz*fluorite f̂bonate>sulfate veins with accessory base metal sulfides and tellurides. 3100' level of Portland mine 
Swnpte P N« K SI Al C« Mn Mg T1 S F C I S r B « L « C « V W C f C u Z n P b y O  Mat 

•31>23-11Svnhalo 0115 8237 4293 19266 9497 0 0191 11.541 0467 0001 0 41.313 94.921 

•31-23-115 «n halo 0122 8275 3562 20492 6543 0 0.16 14.597 0.613 0031 0 4^11 96705 

•31-23-115 vnltiio 0134 8552 a986 19747 6634 003 0184 14.674 0602 002 0 41.456 96019 

•31-23-115 vnhrio 0104 8602 3204 20223 7 341 0.193 14 823 02S3 2.411 0011 41.244 96409 

a31.23-115«nhito 0.127 &396 3676 20092 7.002 0.162 1474 0.473 2.615 0 046 40.885 96.214 

•31.2»-115vnh^ 0123 8248 2.563 20499 6817 0126 14 896 0688 2 389 0.025 41.17 97.544 

•31-23-115 Ml halo 0082 7.585 2517 21.42 13.739 0.066 6745 0332 1.025 0015 43176 96722 

•31-23-10 vnhato 0142 6365 5.192 20.167 5 547 0 014 0127 13942 0.615 0014 0 40.787 94 932 

•31-23-IOvnh^ 0.159 8314 6079 19934 5 574 0013 0.235 lasos 0809 002 0 40663 9S305 

•31-23-10«nhrio 0167 a344 5336 20285 5702 0007 0127 14253 0.666 0019 0 41.335 96241 

•31-23-10 tnhris 0219 6338 6552 19.416 5755 0 017 13172 0992 001 0 40.276 949 

•31-23-10 vnhato 0247 8428 6281 1968 5.642 0006 015 13531 089 0 0 40.772 95827 

Biotite-magnetite r̂thodase alteration associated with momosyenite intrusions on the 3100' level of the Vindicator mine 
Stnpto P N« K SI Al €• Mn Mg Tl S F C I S r B « l j C » V  N I C f C u Z n P b Y  O  t o t a l  

v-17-649 03831 7 7444 70992 186991 62663 0 0639 12.1306 1.3805 00177 4 4641 00269 0.0034 0 00131 0.0027 0 101 0 1543 0027 0 37.9119 97.0663 

v-17-649 0 2328 78379 63702 190456 61757 0 015 0 5489 123651 1 2181 00052 58069 00372 00QS9 0 00458 00136 0 00902 0015 0 374538 97.3831 

v-17-649 03901 77373 72251 187435 63612 0 0 7001 11.6931 1.491 00096 4 9581 00367 0074 0 0 00025 0 01064 0 00048 37.81 97.5435 

v-19-733 02643 82114 64927 193213 61006 0 07166 12712 1.0967 0.0028 56334 00156 0 00305 0 0453 0 0 01344 0 00225 380715 98.9316 

V-19-733 0.3276 79484 74616 19081 61946 0005 0 7362 12.6096 09539 00153 5 674 00171 0 0 0076 00126 0002 0 013S 0 0.0144 379643 991603 

v-19-733 03 79602 6596 192904 60003 0 0 6271 12 7502 08524 00017 56475 00288 00015 0 00593 0 0 0.1041 0 00033 37 6952 98.138 

bb^alVind 0261 8296 S101 19864 5966 0 1 071 13394 0 452 0 5.51 0 0 0 0 0117 38356 98406 

bkVrrl aR Vind 0376 6145 4 301 20.719 5523 0 0892 ia775 0 456 0 6353 0 0 0 0 0119 38 546 99207 

bo/ml an Vind 0425 8099 S432 19 76 5 974 0 1.009 13 142 0 884 0 5539 0033 0103 0 0 0.092 38.431 98.923 

bkVml al Vind 0314 8267 5 307 19622 5944 0 1433 13319 0599 0 5715 0 0 0 0 0111 3816 96.611 

biofnt aR Vnd 0333 6382 4 967 19S39 SS69 0 1 065 13 315 0411 0 65SS 0 0 0 0 0106 37.452 98034 



Table AB.4 (con't): 
raw data from electron microprobe; all data in wt. % 

Biotite-ridi alteration cutting lamprophyre dike in the B(acK Diamond mine (accessed from the 10th level of the Molty Kathleen mine) 

S a m p t o D  N a K P « S I A I C t M n M g T I S  F C I S r B a  L a  C a  V  N l  C r  C u  Z n  P b  Y  O toUl 

h «(10 6804 10666 04276 26665 205641 

MklO 6.6062 104869 03662 1.9222 19.3855 
lykio 64002 87304 03116 26332 180754 
MK10 igneous bio &9276 90308 26975 02468 20.9049 

Biotite alteration developed in breccias in the Moffat Tunnel 
SamptoD N« K F* SI Al Ca M n  M g  T l  S  F  01 S r  B a  U  C a  V  N l  C r  C u  Z n  P b  Y  O  total 

Mri950 02113 7.7t2 65579 166217 86204 00028 02917 91285 31842 0 1.0098 01494 0 0.2272 02026 0253 00106 00111 0006 0 0.0204 38 8966 95.3192 

mm 950 0.306 77061 8012 169445 67154 00247 02534 93549 29629 00064 1 1207 0.1492 0 02279 0.1646 02068 00187 0 00451 0 0.0392 3a9422 95 2027 
MT1950 01601 7.66 89065 16.564 85649 0.0253 028 91005 3.0652 0.00S3 1 1578 0 04054 01862 02567 0 0 00289 0 0002 365742 95207 
MT19S0 0239 7B361 100623 164236 6 911 00113 03204 65335 28693 0.0166 0.9024 0 0.1639 01779 02482 00212 00107 00321 0.0017 0.0305 386352 954689 

rrt189Sbx 0182 7.829 9911 17.961 6648 0 0 331 9953 2143 0 1.705 0076 0011 0298 38264 95312 
mtlBgSbx 0121 7 559 7.325 20242 5.537 001 0 292 11.89 1847 0004 3291 008 0.037 006 39.44 97.735 

mtiagsbx 0t6S 7.646 6668 ta.6  ̂ 6407 0016 0d04 10606 2276 0 2.219 0126 009 0029 39.131 96955 
rr<1895bx 0249 7751 9151 18333 6882 0006 0327 10381 2611 0 2.004 010S 0061 0214 39.148 97.223 

Biotite veins cutting biotite^rich tephrfphonolite in the vicinity of the Rhittenhouse shaft 

SMnptolO Na K Fa Si A1 Ca Mn Mg H 8  F  Ct 8 r  B a  L a  C a  V  N i  C r  C u  Z n  P b  Y  O  total 

rhnvn 0504 7.69 6336 ia637 6031 0 0564 12995 1238 0 454 0 0 0 0 0 39.241 99.176 

rtiinvn 049 7.793 6046 19.786 5841 0 0557 12996 1.146 0 51 0029 0 0 0 0094 38601 98.481 

rtMvn 0.462 7.771 6346 19482 5 966 0 0.544 12826 1228 0 4566 0 0 0 0 0 3862 97.671 

rMfvn 0512 7.675 633 19576 5941 0 0517 1Z839 t23S 0 4 564 0 0 0042 0 0077 387 96005 

rtiinvn 040S 7.776 6343 19491 616 0 0611 12.862 1.271 0 4407 0 0 0 ^ 0 0115 38918 96.359 

rttfvn 0401 78G2 6111 19464 592 0 0.579 12713 1.185 0 4 267 0 0 0046 0 0086 38542 97.196 

rtAtvn 0 393 7695 6047 19.69 6.032 0 0525 12644 V212 0 3936 0 0099 0041 0 0091 38972 97.579 

Zones of pyroxene-pyrite-biotHe-magnetite alteration developed near the Vindicator shaft 
S a m p t o D  N a K F a S i A J C a M n M g T T  s F  C I  S r  B a  L a  C a  V  N l  C r  C u  Z n  P b  Y  O total 

px-tpy-tMo^fnl 0 411 8246 4151 20.634 5661 0 0966 14021 0325 0 6539 0039 0 0 0 0 38 613 100.046 

px^py^bkmnl 0309 8443 4582 20.136 S726 0 0941 13644 0404 0 6066 0031 0 0 0 0095 36.186 96585 
px-tpytMwnl 0256 8 349 5027 19792 5983 0 1.375 13208 0845 0 513 0 0 0036 0 0089 38.655 98749 

Biotite alteration developed in volcanic breccias in Squaw Gulch 

Sampla D Na K Fa SI M Ca M n  M g  T l  S  F  a  8 r  B a  U  C a  V  Nl C r  C u  Z n  P b  Y  0  total 

CR'1873-ia50 11.9955 6393 15 1 9182 23 8067 
CR-1673.13S0 13117 7.53S6 1 5028 1 2438 23 3992 

Earfy biotite alteration in breccia xenoliths transported by phonotitic intrusions. Altman area 

Sampla ID Na K Fa SI Al Ca Mn Mg Tl 8 F CI Sr Ba La Ca V Nl Cr Cu Zn Pb Y 0 total 

xeno 1 0 6172 77135 1 5307 162212 86127 01417 0 6144 154172 00545 0 62414 0 0 6421 0 385806 965872 

xano 1 05982 77942 1 6234 1fr2025 86667 0 05543 152122 00874 0 61329 0 0.6775 38 3461 98.1154 

Phlogopite-rich alteration sur̂ nding quartz-moiybdenite veins, Cresson Mine 
Sampla D NaKFaSIAICaMnMg Tl 8 F CI 8r Ba U Ca V Nl Cr Cu Zn Pb Y O total 

d676mica 014 8357 6034 18 947 6886 0 0696 11.817 081 0 7064 0017 0 0093 0071 0039 0035 0.15 0009 0042 0 3687 96097 

ci678mica 0092 653 4 308 20134 6 564 0 0651 12108 0539 0015 7713 0013 0 0 0021 0028 0029 0102 0039 OKS 0 37.164 9a075 

cl676 mica 0134 6431 5247 19504 6747 0005 0691 12.064 06 0 7 647 0015 0 0 0001 0033 0017 0158 0023 0072 0 36854 98443 

ci676iTNca 0103 6466 4 767 19974 6151 0 0676 12 635 0648 0 &276 001 0 0012 0048 0046 0038 0143 0 003 0 36.945 96.99 

ci676 mica 0107 6374 5 941 19207 664 0001 0761 11986 07 0002 7.779 0017 0 0 0072 0 046 0068 0112 0013 0036 0 36.839 96901 

d67emica 0132 a328 5793 19261 6 949 0.007 0676 11552 0695 0007 7 509 0014 0 0037 0079 0048 0067 0167 0 0054 0 36.796 96171 



Table AB.4 (coni): 
raw data from electron microprobe; all data in mt. % 

Broadly developed zones of biotite-rich alteration developed in volcanic breccias In the vicinity of the Black Diamond nn'ne 
SmptoP N a K F ^ S I A I C a M n M g T l  S  F  C 1 8 r B « U C « V  N I C r C i i Z n P b Y O  t o t e *  

T4 0026 7.636 10.713 17.668 7008 0023 3951 6631 0572 0 0017 0 37.264 91.909 

T4 0034 7.686 6423 22403 1131 0028 1.305 3268 0565 0 0001 0 41.926 94 949 

T4 0054 8167 11028 19301 7.175 0028 1.434 7.89 0654 0 0024 0 39.272 95.027 

T4 0054 7 679 9648 19907 7 628 0063 1 559 7.147 041 0 0031 0 39543 94 269 

T4 0.048 6437 11.017 18349 89S9 003 0832 8661 0.754 0 0017 0 38909 94013 

T4 0.569 7.415 7137 18609 8836 0.033 0263 11236 3993 0 0 0 41.191 97.282 

T4 0062 6 073 13122 17.266 8 391 0.059 1.587 605d 0 747 0 0 0 38137 94.423 

T4 0.118 865 10238 19464 9.775 0.064 0451 5.554 0645 0 0013 0035 39 657 94.864 

T4 0.156 7.754 13706 16519 8539 0.11 1.464 6743 0837 0 0 0 37.45 93282 

T4 0.043 6397 11.433 18022 89S4 0032 0.702 6333 0.703 0 0013 0 38751 93963 

TSSbio 0064 7764 12629 17.433 7265 0013 4 624 6713 0425 0019 0787 0028 0034 0 37.296 95.104 

TSSbio 0032 7.873 12319 17.081 7 933 002 3584 6337 0901 0 0487 0048 0 0 37.291 93.916 

TSSbe 0.222 7687 11.267 18164 7507 0066 4027 705 053 0006 0963 009 0 0063 38029 95831 

TSSbio 0029 7.651 915 19766 6333 0021 3038 7 392 0493 0 1436 0083 0.095 0003 37.634 93.324 

TSSbio 0.1 7.67 10 665 18328 6959 0029 4038 6951 0495 0007 1.127 0096 0075 0043 37.402 94207 

rS8bo 0047 762f 12232 17.54 8664 0024 2412 6356 0907 0 0 847 0.041 0 0034 38.149 95296 

TSSt)to 0032 7.456 10644 18426 6579 0023 4041 7.273 0516 0001 1.199 0.066 0 0 37.234 83492 

TSflbk) 0.015 7777 12579 17.749 7.882 0.013 295 6.611 0681 0 0819 0.042 0 0 37.751 94 669 

TS8t>io 0,11 7665 12945 1666 8773 0046 361 608t 0544 0001 0358 0022 0.052 0009 37.721 95.197 

TSSbto 0044 7697 12512 167S9 653 0009 5568 5 867 0166 0005 029 0.029 0026 0 37.403 94 995 

TSSbio 0051 7.579 11265 17315 7.266 0066 5418 6 651 0 655 0002 0572 0008 0044 0 37.182 94.096 

TSSWo ooos 7.558 10.456 19341 6213 0 4019 7.743 0486 0 1316 0113 0 0016 38.123 95.392 

TSSbio 0054 1 7918 12642 166S7 864 0025 3 694 6215 0414 0016 0554 0.024 0006 0.035 37.161 84.055 

analyses of 0 it anatyxed, but behwtle^ctionMt 



Table AB.5: representative analyses of igneous pyroxene convositions from various rock types (raw microprobe data) 
all data in wt. % 

1 VlSdiSlI 1.492 0.05 8225 23887 0883 14.752 1252 6315 0322 0007 0086 0 0 0085 0.044 0.045 0031 0001 008 0049 41.571 99.177 

1 ilSernba 1804 0018 9413 23313 1.124 14 387 1.441 5 524 0352 0.001 0 208 0 0 0 0032 0033 0009 0009 0049 0.013 40 881 98611 

1 •5 marc 1796 0 11316 23148 0713 14.019 1737 4 923 0238 0 0.021 0005 0 0 0.018 0 0 0 40.375 96309 

1 tSmarc 1972 0 11.421 22356 1.71 13681 1.431 4 893 0.542 0 0007 0 0 0.018 0048 0 0 0033 40.444 98556 

1 fSmaflc 0617 0.012 3277 23 651 1.115 17042 006 9522 0 349 0 0075 0017 0 0 0007 031 0 0 42.533 98607 

1 1.611 0011 96 23666 1 08 14419 1.393 5776 0 318 0.006 0 0 0 0001 0044 0003 0 0.047 41.456 99.431 

1 •5 mafcv 1 195 0005 9058 23624 0 642 15225 1.503 6186 027 0 0 0 0025 0 0028 0007 0 006 41.483 99511 

2 phM 0 613 0001 737 23 912 1.374 1S496 0.496 7033 0409 0006 0 0 0 0008 0045 0 0 0043 42.135 99.141 

2 rM 0738 0009 6653 23665 1534 15465 042 7396 0 548 0 008 0 0 0006 0033 0 0 0 42005 98552 

2 ptttphen 0848 0002 7.433 23.231 1.531 1557 0749 7021 0.535 0 0007 0001 0 0 0041 0019 0 0074 41.714 98.776 

2 0B32 0003 718 23.519 1385 15.721 0642 7262 05 0 0 0011 0 0 0026 0.007 0 0 41.967 99055 

2 0.867 0033 7357 23263 1.677 15572 0634 7.102 0526 0 0014 0 0 0032 0033 0005 0 0 41.863 98998 

2 phhphenc 0.762 0001 6959 23784 1.343 15917 0677 7.486 0501 0 0007 0005 0045 0007 0047 0.002 0 0.04 42405 99.988 

2 phhphenc 0.947 0.03 6752 23 52 1 318 1527 078 7.493 0919 0 0.08 0005 0 0 0.055 0001 0 0 42102 99.272 

3 Spider bio 0595 0005 6.364 24066 1 448 16 342 0 357 634 0733 0 01 0.176 0004 43 384 101 858 

3 Spider bio 0 531 0003 69 24787 0.771 16226 0369 6483 0217 0005 0 0018 43.41 101.742 

3 0539 0011 6487 24 686 0965 16205 0342 8539 0473 0 0 0 43556 101.826 

3 ^Mderma 0.587 0001 593 244 1.303 1&238 0.266 8454 0696 0001 0 0 0022 0003 43458 101.359 

3 flpiderma 0585 0006 634 24 475 1.024 16087 0277 6338 0623 0 0035 0022 0004 0.019 43 209 101.044 

3 0641 0005 6369 24 538 1058 1&092 0326 8228 0 495 0 0 0032 0 0 43.207 100 991 

3 spider ma 0567 0003 5808 24.737 0.962 16012 0 355 6542 0478 0 0 0026 0077 0.047 43354 100.968 

3 0692 0007 6305 21.789 3.26 1593 7.418 0.97 0 0092 0001 0049 0009 41.636 96158 

3 0765 0 7592 22682 2 365 16005 0383 6707 0885 0 0 0002 0031 0.002 0053 0 0 0019 41.931 99.422 

3 vindsynp 0949 0002 8115 22523 ^148 15.711 0509 6531 0 747 0 0 0 0 0029 0065 0 0 0 41.481 9881 

3 vindsynp 125 0003 9229 22236 2664 15157 0518 5829 0 848 0 0.071 0 0 0 0.077 0003 0 0026 41422 99.353 

3 vindsynp 1.028 0011 863 22636 2288 15479 0516 6201 0596 0 0 0018 0 0.003 0062 0 0 0 41.496 98966 

3 vindsynp 0.767 0002 6151 22037 3042 15819 0377 6.306 0923 0 0 0003 0022 0025 0078 0 0 0 41.659 99.231 

3 vindsynp 0706 0 7439 23051 1.805 16.022 0467 7.049 0619 0 0 0 0 0 0038 001 0 0 41.854 9906 

4 1.014 0002 858 2363 1.845 15633 0765 6947 0541 005 0 004 42781 101.833 

4 ddl»6-4< 0514 0003 6727 23 939 1 646 16406 035 8265 0518 0.055 0 0.007 43 29 101728 

4 ddhs^ 0707 0.009 &905 23826 1.834 16339 0358 7.929 0654 0078 0 0012 43265 101.S36 

4 ddhs^ 0.706 0005 7.749 23.106 2445 16.085 0.392 737 0799 0079 0302 0 42.688 101929 

4 ddhs4-4 0984 0.004 ai98 23756 1 537 15929 0644 7.058 041 0047 0075 0.021 42591 101.254 

4 ddhs-8 0614 0 7.19 23576 1 652 15667 0.484 7.456 0.522 0 0.014 0005 0 0 0.054 0 011 0 0 42.35 99.795 

4 ddr»8 0795 0008 7344 23 657 1464 15.743 0.597 7 359 0428 0 0036 0 0017 0 005 0011 0 0 42245 99754 

4 ddhs-8 0.692 0 6803 22 934 2256 15741 03 7.518 0806 0 0065 0009 0019 0 0064 0031 0 0011 42.217 99486 

4 ddM 0 577 0 6464 23121 1948 15 837 0344 774 0683 0 0 0003 0017 0036 0.067 0 0 0 42141 98 978 

4 ddM 0912 0 8505 22.452 2668 15 245 0565 6363 0783 0 0 0 0.019 0 0054 0012 0 0 41.706 99264 

4 ddhs4 0^ 0 6695 22 966 2183 15609 0335 772 0 671 0 0022 0 0016 0016 0045 0 0 0 42238 99477 

4 ddt»8 0745 001 7 251 22.396 2.956 15592 0342 7.141 095 0 0.014 0 0.013 0 0079 0011 0 0009 42166 99695 

4 ddhs-6 0.786 0007 7.475 23784 1.391 1551 0496 7 596 0438 0 0014 0 0 0.004 0039 0007 0 0006 42402 99959 

4 ddhs-8 0 656 0006 7091 23757 126 15863 0 579 7.472 0401 0002 0 0 0 0.015 0036 0 0 0017 42164 99319 

4 ddhs-8 0932 0007 7647 23335 1.63 15 391 0478 7.163 0571 0 0065 0 0 0 0057 0007 0 0.01 42116 99611 

4 0649 0001 6785 23172 2072 15 672 0352 7753 0618 0 0065 0 0053 0009 0.058 0006 0 0035 42313 99613 

4 ddh»« 0862 0 7431 23016 1 919 15511 0515 7.196 0.641 0 0036 0 0037 0.023 0046 0 011 0 0.026 41.697 99171 

s d^salp 0246 0 5 537 22 089 3189 16 545 0 045 8.168 0 841 0 0.107 0 0008 006 0024 0 0.066 003 0011 0 0 0018 0.007 42257 99248 

5 dwbasalp 055 0002 6564 22 938 2.035 15269 0305 6558 0 763 0 0129 0017 0002 002 0 0.007 0052 0001 0054 0 0025 0 0 42333 99641 

S 0992 0104 5 906 23819 3462 13 549 0217 6 871 0514 0004 0105 0002 0 0018 0055 0052 0.052 0 0 0 0006 0.028 0012 42.634 98406 

5 (MMSSR f 04 0006 6245 22 394 2788 1592 0 175 8206 1 078 0 0.106 0 0 0037 0 0 0 073 0 002S 0 028 0 0.006 0.015 42471 99.975 

S dvbasalp 0383 0009 5 701 23351 1 832 15 99 0174 8734 0691 0 0 0014 0038 0 0 0 0058 0016 0 0 0 001 0007 42695 99705 

5 dvbasaRp 0353 0 5 869 2363 1.754 15 789 013 6865 0657 0 0.152 0 0.039 0 0226 0087 0096 0 0004 0025 0 0067 0014 42965 100.766 

5 d^salF 0322 0006 6057 23195 1.832 15717 0.194 8903 0643 0 0 0015 0 0021 0051 0003 0071 0 003 0 0 0 0 4271 99976 

5 d^asRp 0314 0 6311 21 843 3 496 16138 0112 7 866 1 094 0 0 0003 0 0033 0 079 0037 0093 0057 0011 0043 0037 0 0005 42411 99967 

5 dvbasaRF 03 0007 5 924 22039 3??? 16076 Oil 8064 0961 0 0 0006 0 0 0035 0002 0071 0003 0.005 0 0039 0021 0 42243 99146 

6 Aphi ma 5760 0156 16558 24 141 0 628 7840 2555 0697 0001 40252 98 768 
6 Aph 1 ma 8209 0355 18870 24 924 0814 2695 0 879 1 485 0004 40104 98 339 

6 •15 miner 8171 0034 18132 23952 0426 2924 1 236 0834 1.437 0 005 0 0008 0047 0066 0 0011 0035 0 36 878 96317 

6 •15 miner 8165 0035 16098 24 474 0354 2 775 2694 0687 1 758 0009 0010 0002 0035 0094 0027 0058 0 0009 39 264 96.546 

6 opfnegf 7581 1420 16941 25 791 2633 3367 0920 0691 0021 41 944 101.313 

VO 

to 



Table AB.5 (coni): 
all data in wl. % 

6 7.881 0 680 13917 24 544 4 968 2673 0787 0406 0222 97.424 

6 topinegc S845 0023 17 111 24.185 0460 7285 2270 0.534 0 39663 97.375 

6 4 668 0 14 975 24187 0.429 9.808 3470 0.472 0002 40381 9&401 

6 bottom in 6594 0501 14613 23622 2984 5484 1 875 0.709 0001 40.047 96429 

6 bonomki 5610 0.056 15.647 23199 0.713 9544 2170 0610 0013 39200 96.764 

7 creaaonp 0 271 0008 5.35 21.424 3642 ia947 0.104 7.722 1.55 0 0009 0.02 0094 0.006 0009 0.004 42243 99.403 

7 ereaoonp 021 0 5 682 20 451 4 476 17.163 0024 7416 1.775 0.129 0001 0102 0.104 0021 002 0 41.93 99504 

7 creaaonp 0.21S 001 4 924 22002 3273 17.444 0066 8196 1311 0 0019 0056 0072 0.002 0 0 42761 100.357 

7 creasonpj 0205 0.006 4 986 21.603 3421 17.328 0066 7.923 1367 0 0 0047 0064 00)2 0001 0002 42271 99.322 

7 croaaon pi 0.186 0 5026 21 599 3588 17345 0064 7.869 1 414 0 0 0092 0.081 0015 0003 0.004 42431 99.717 

7 crassonpi 0.19 0011 5 384 21.541 3498 17.158 0091 7.765 1.445 0 0 0.032 0086 0 0.01 0023 42272 99506 

7 creaeonpj 0 0007 4.666 22.15 324 17493 0.088 827 1.245 013 0 0074 0071 0024 0.016 0.005 42746 100.225 

7 tarrprigo 0883 0 7.45 24193 0286 15293 0.697 7.819 0088 0 0 0 0031 0 0008 0 0 0.065 41.802 98615 

7 tarrpr 190 0.378 0 5681 19.725 5144 16.655 008 6 911 2177 0 0 0 0002 0043 0.138 0 033 0 0.016 41.576 96559 

7 iamprlSO 0268 0 3974 22.521 2556 16911 0055 8 906 0878 0 0 0 0 0012 0038 0241 0 0 42511 96869 

7 lampr 190 0.541 0 4 183 23248 3291 15 15 0087 9.071 0513 0 0 0 0048 0016 0043 0.105 0 0019 43.274 99589 

7 0478 0 3.786 23259 2.694 15,257 0096 9556 0485 0008 0 0 0 0 0 0259 0 0 4a008 96886 

7 lamprlSO 0322 0003 3467 22.779 Z728 1&657 0072 9204 0692 0 0 0001 0.11 0069 0 0482 0 0.013 42932 99531 

7 laiTipr190 0489 0 3989 23.356 2 556 1501 006 9614 0469 0 0 0001 0.042 0005 0.026 0306 0 0 43013 98 938 

7 lamprlSO 0603 0 4075 21 685 4506 15405 012 8338 0908 0 0015 0002 0 0 0 042 0.451 0 0 42.595 96745 

7 larrprlSO 0.228 0 381 22.752 2 305 17 052 0.076 9096 0744 0 0 0 0054 0013 0012 0236 0 0009 42586 98973 

7 lamprlSO 0385 0 4 858 21.573 3819 16322 007 7691 1.438 0 0.067 0.007 0 001 0056 0.12 0 0.067 42.258 9a921 

7 lampr 190 0.304 0007 4215 22042 265 16749 0029 871 1 0 0082 0 0021 0 005 0217 0 0 41.975 98051 

7 0363 0 4.681 21.129 4142 16 782 0049 782 1481 0 0 0.001 0 0024 0099 0209 0 0034 42232 99046 

7 ma 0.332 0004 4 879 21591 4094 16741 0028 7.805 1 365 0 0011 0016 0035 003 0054 0246 0015 0 42655 99.921 

7 bxS 0274 0013 4208 22816 2.355 16495 0.056 668 0.783 0 0 0.03 0009 0.007 0047 0108 0 0 42306 9&19S 

7 bxS 0.332 0004 4 879 21.591 4094 16741 0028 7.805 1365 0 0011 0016 0035 0.03 0054 0246 0015 0 42.655 99921 

7 bx3 0274 0013 4 206 22.818 2355 16495 0056 868 0.793 0 0 003 0003 0007 0047 0.108 0 0 42.306 96.195 

8 pirtogmd 0406 0028 6281 20.757 3 822 16231 0135 7416 1.936 0 0 0001 0.049 0034 0 0 0125 0021 0003 0 0 0.022 0016 41.787 9908 

B pirto mail 0527 0002 &021 22.405 315 16436 0108 7 556 1.573 0 0088 0.018 0.196 0044 42656 100.98 

8 pHomaf 0395 0.023 5 868 21.885 3047 16839 0166 7784 1 377 0 0035 002 0 0.027 42267 99.733 

8 pirtomafi 0.413 0016 5 569 21.726 3255 16243 0165 7553 1668 0 0.124 0026 0.174 0102 41.998 99.032 

8 FMrtoman 0425 0005 5.608 22.896 2596 16 663 0087 82 1.069 0015 0 0.017 0 0 4296 100.561 

8 0325 0 4.712 23 381 2075 16.552 0117 8883 0762 0 0.053 0001 0.023 0 42928 99812 

8 pirtomafi 0515 0002 8145 21.535 3428 16.351 0134 7.511 1754 0 0035 0002 0 0 42.193 99.605 

8 0.329 0 4453 22.124 2906 16792 0051 849 0 862 0 006 0008 0 0 0019 0.041 0043 0037 008 0 0 0.012 0008 42115 98.438 

B pirtophet 0659 0 5 342 2355 1.769 15 977 0127 8.441 0614 0006 0.036 0.005 0013 0003 0 0 0045 0.085 0.058 0006 0007 0026 0.008 42646 99.446 

8 0347 0 4.11 23463 2082 16794 0041 9.016 0689 0 0 0 0 0014 0.116 0 0.023 023 0 0 0 0 0.008 43138 100.071 

8 pHopher 0459 0.012 5474 22165 2852 16549 0 077 8072 1.016 0 0.19 0015 0 0 0018 0048 0074 0033 0 0 0 0 0013 42129 99.198 

8 rrbpheno 0358 0 48 21 847 4124 16684 0046 7.951 1213 0 0 0 0 0015 0075 0242 0 003 42935 100 32 

8 nbphano 0.354 0002 4.982 21 035 4 824 16553 0048 7419 1 824 0 0 0004 0041 003 0.061 0334 0 0 42726 100237 

8 nbxphene 0298 0019 573 2223? 2919 16503 0113 7 849 1004 0 0 0014 0052 0024 0.041 0002 0 0 42164 98 964 

8 nbxphen 0.358 0013 5435 20558 4372 16561 0079 7264 1846 0 0059 0001 0015 0.026 0.107 0074 0 0018 41.729 96535 

8 nbxphere 0348 0007 5072 20 454 494 1&61 0078 7275 1 693 0 0067 0 002 0039 0068 0326 0 0005 42014 99.018 

8 nbipherv 0279 0 3 965 23266 2461 16856 006 9063 0796 0 006 0004 0 0 002 0.302 0 0044 4331 100486 

8 rrbxphent 0315 0 4 428 23392 2357 16737 0095 9102 0823 0 0 0.01 0 0006 0.049 0082 0 0034 43448 100.676 

8 0326 0 4 776 21.357 4 352 16749 0089 7.736 1 531 0 0 0001 0 002 0.055 0306 0 0 42682 9998 

8 0.301 0 4 744 2341 2.437 16.446 0033 89 0 641 0 0 0.001 0 0012 0049 0069 0 0 43.374 100.677 

8 0328 0007 4777 21 526 4251 16 978 0068 7 72 1.42 0 0052 0 0004 0005 005 031 0 0 42 766 100.262 

8 nbxphen 0324 0003 47 21 448 432 16759 0052 7 764 1 482 0 0022 0005 0 0022 0066 0267 0 0039 42703 99 976 

analyses otO»analyz»d, but behwd^aetion limit 

1 early stage pofphyrilc phonofHe 
2 tephnphonoire 
3 nephefine monzoayerile 
4 phonotephrite 
5 ataine basal 
6 late Stage phonoMe 

7 oSvine-pyToxene lamprophyre 
e bio(ile-rich lamprephyre (nbx = tairoad breccia, pirto = pirto dike. ARman area) 



Table AB.6: representative analyses of hydrothermal pyroxene minerals from veins and alteration zones (raw microprobe data) 

all data in wt. % 

Ca Mn Mo g 

001B 

Sr Ba Ce V 
0063 

Cr Cu Zn 
006 

Nt 
0.013 

gfoundma 

Qfoundma 
2219 
2219 

0.134 
0023 

0022 
0047 

0009 
0004 

0005 
0 005 

8091 
6091 

24 849 0 321 
24849 0321 

0531 
0538 
0538 

0515 
0544 

13614 

1 656 
1 661 
1 897 

1625 
1809 

1 993 
1.976 

0407 
0453 

1.703 
1 636 
1.769 
1778 
1611 

1.871 

1.425 
1391 

13614 1.464 
1.464 

6465 
6465 

0163 
0163 

0028 
0014 

0114 
0042 

4276 
0103 

0006 
0.002 

0 
0012 

0032 
0003 

anafyses of 0^analyiod,bul bahwdetocbon limit 

1 pynwens from aBefation developed in volcaricbfecdas in vkanity of Vntotor mine 

2 pyrexene from veins in phonoflie irlruGion (early stage pho(v>ites) 
3 pyroxene-fich aytesdaleralion in xenoilhs of wolcaric breccia encapaiatedwilhinunaliefedphondiiiciftrusiofia 

0097 
0055 

0003 
0.003 

40.154 
40296 

36659 
40.038 

40.916 
40094 

40.603 
39884 
41.817 
41.515 



Table AB.7: representative analyses of feldspathoid minerals from various rock types 
all data in wt. % 

Nepheline 
type sample Na K ft Si M Ca Mg Tj S F O Sr Ba Ce Cu Zn Cs O total 

1 ged8 11.561 2.675 1.379 21.645 16.53 0.158 0.044 0 0.028 44.446 96.466 
1 oed 8 10.08 3.559 1.587 22.564 16.456 0.007 0.035 0.009 0.008 45.073 99.378 
1 ged8 12.283 3.919 1.642 21.608 15.318 0.018 0.022 0.018 0.009 43.85 98.701 
1 gedS 11.834 4.021 1.56 21.705 15.865 0.002 0.025 0.018 0.011 44.276 99.324 
1 ged? 11.012 2.937 1.38 21.435 17.801 0.005 0.02 0 0.19 45.286 100.066 
1 ged7 6.114 6.638 1.935 24.628 14.42 0.14 0.048 0.194 0.015 45.21 99.384 
1 0ed7 9.952 3.344 1.425 22.596 17.088 0 0.014 0.002 0 45.508 99.929 
1 oed7 10.7 3.903 1.615 21.855 17.415 0.019 0.027 0.002 0.002 45.402 100.94 
1 oed 7 9.521 3.991 1.919 22.337 17.328 0 0.017 0 0.002 45.553 100.668 
3 vind syn 11.258 3.443 0.342 21.696 17.946 0.942 0 0.029 0.003 0.02 0.005 0 0.004 45.793 101.481 
3 vind syn 11.319 3.437 0.407 22.139 17.216 0.832 0.009 0.032 0.005 0 0.004 0 0 45.66 101.06 
3 vind syn 10.321 3.087 0.343 22.217 17.3 0.757 0.006 0 0.007 0.105 0.002 0 0.007 45.293 99.445 
3 vind syn tl.894 3.804 0.373 21.28 17.426 1.083 0 0.013 0.005 0 0.009 0.025 0 45.218 101.13 
3 vind syn 11.918 3.191 0.315 21.494 16.988 1.215 0 0.03 0.004 0.069 0.008 0.027 0.01 44.974 100.243 
3b vind ocelli 11.549 3.346 0.348 21.13 16.848 0.834 0 0.019 0 0 0 0 0.024 44.212 98.31 

Sodalite 
type sample NaKFeStAlCaMgHS FaSrBaCeCuZnCsO total 

1 ged8 14.429 0.494 0.762 19.82 18.123 0.009 0.011 0.018 0.1 6.033 0.003 42.667 102.48 
2 phh 17.795 0.053 o.ot 17.359 16.552 0.003 0.005 0.009 0 7.457 0.014 39.038 98.295 
2 phh 11.958 0.08 0.491 21.488 17.106 0.571 1.499 4.379 0.011 0 0.025 0.034 0.016 44.769 102.427 
2 phh 13.402 0.372 0.818 21.54 16.332 0.226 5.25 0.123 0.02 42.978 101.072 
2 phh 11.958 0.08 0.491 21.488 17.106 0.571 1.499 4.379 0.011 0 0.025 0.034 0.016 44.769 10a427 
2 v-7-323 10.972 0.346 0.159 21.105 18.04 0.934 0.003 0.006 0.898 6.115 0.041 42.649 101.268 
2 v-7-323 10.348 0.179 0.054 21.858 19.119 0.86 0 0 0.885 3.415 0.061 44.776 101.586 

2 v-7-323 8.044 0.032 0.09 21.664 19.394 0.915 0.005 0.012 0.314 4.903 0 43.908 99.306 
3 vind syn 6.101 0.072 0.118 21.521 18.157 1.871 0 0.016 2.847 0 4.359 0.059 0 45.468 100.589 
3 vind syn 10.289 0.349 0.074 20.418 17.353 3.393 0.004 0.009 0.029 0.208 4.524 0 0.009 42.657 99.316 
3 vind syn 15.03 0.033 0.021 19.211 18.28 0.656 0.001 0 0.008 0 6.843 0.017 0 42.12 102.22 
3 vind syn 12.952 0.033 0.054 20.787 18.179 0.082 0.004 0 0.06 0.085 7.299 0 0.034 42.8 102.369 
3 vind syn 12-333 0.038 0.013 20.761 16.059 1.279 0.003 0.005 2.007 0.063 4.365 0.023 0.031 43.757 100.737 
3 vind syn 10.18 0.042 0.122 21.051 19.255 0.312 0.001 0.009 0.21 0.024 6.761 0.058 0.03 43.518 101.573 
3 vind syn 13.25 0.017 0.012 20.397 17.87 0.037 0 0 0.004 0.085 7.331 0.073 0.037 42.099 101.212 
3 vind syn 6.101 0.072 0.118 21.521 18.157 1.871 0 0.016 2.847 0 4.359 0.059 0 45.468 100.589 
3 vind syn 10.615 0.047 0.098 19.635 16.054 1.809 0 0.028 2.581 0.059 3.757 0.037 0 42.833 97.553 
3 vind syn 12.333 0.038 0.013 20.761 16059 1.279 0.003 0.005 2.007 0.063 4.365 0.023 0.031 43.757 100.737 
3b vind ocelli 11.836 0.012 0.01 19.912 18.755 0.092 0.002 0 0.032 0 7.458 0 0.01 41.881 100 
5 xeno6 18.17 0.024 1.053 17.867 15.788 0 0.011 0.017 0.255 0.13 6.671 0 0 39.753 99.773 
5 xeno6 18206 0.011 0.94 17.978 15.554 002 0.013 0.042 0.439 0 6.543 0.113 0 39.963 99.86 



Table AB.7 (con't): representative analyses of feldspathoid minerals from various rock types 
all data in wt. % 

Hauyne 
type sample Na K Fe Si Al Ca Mg T1 S F CI Sr Ba Ce Cu Zn CS 0 total 

2 phh 6.95 0.075 0.218 16.782 15.393 4.889 4.718 0.298 0.086 0 0.05 0.007 0 42.625 94.091 
2 phh 6.362 0.065 0.165 18.832 16.103 4.855 5.787 0.387 0.043 0.033 0.033 0.01 0 45.702 98.377 
2 phh 5.664 0.062 0.162 19.381 16.691 4.613 6.134 0.324 0.003 0.036 0.018 0 0 46.663 99.971 
2 phh 6.139 0.083 0.145 18.702 16.64 3.785 5.198 0.981 0.019 0 0.013 0.038 0.007 44.798 96.548 

Nosean 
type sample Na K Fe Si Al Ca Ma Ti S F CI Sr 8a Ce Cu Zn Cs O tot̂  

1 gedS 9.289 4.522 0.126 17.913 17.836 0.028 0.005 0 2.121 4^621 94.48 

1 ged8 4.S95 5.875 0.312 27.249 12.082 0M4 0 0.009 1.139 45.98 97.66 
1 gede 11.4 3.333 2.729 20.567 13.504 0.167 0.043 0.075 1.018 4^055 94.908 
1 TS-15 7.543 0.644 0.386 21.873 18.454 0.152 0.018 0.002 2.453 0 1.259 0 0.031 0.007 0.008 0.027 46.483 99.422 
1 TS-15 7.014 0.235 0.059 20.864 19.14 0.111 0 0 2.969 0 0.117 0 0 0 0.047 0 46.311 96.904 
1 TS-IS 6.954 0.244 0.076 22.914 18.131 0.1 0 0.019 2.539 0 0.134 0 0 0.035 0.022 0.044 47.315 96.554 
1 TS-15 6.573 0.262 0.046 21.119 19.357 0.083 0.002 0 3.222 0 0.028 0 0 0 0 0.026 46.886 97.608 
2 phh 6.292 0.078 0.752 20.897 18.871 0.66 4.102 0.689 0.036 0 0 0.008 0 47.226 99.611 

2 phh 8.07 0.06 0.003 20.683 16.094 ^0.617 3.376 0.046 0 0 0 0.012 0.005 46.091 97.057 
2 phh 6.233 0.083 0 20.794 18.455 0.487 3.27 0.088 0.109 0.001 0 0 0.012 46.448 97.98 
2 phh 6.58 0.115 0.155 21.27 18.711 0.486 3.81 0.607 0.017 0.059 0.032 0.042 0.003 47.122 99.009 
4 APH 5.93 2.653 1.205 24.101 15.397 0.05 0.02 0.007 1.704 45.905 97.022 

analyses of Os analyzed, but tjetow detection Snvt 

1 early stage porphyriticphonolite 
2 tephriphonolite 

3 nephefine monzosyenite 

3b teucocratic ocelli within nepheiine monzosyenite 

4 (ate stage phonolite 

5 xenoiiths of phaneritic syenite transported within phonolitic intrusions 



Table AB.8: representative chlorite analyses from various locations (raw microprobe data) 

all data in wt. % 

type 
1 

sample 
fwcll 

SI Al Ca Mn Mg Tl CI Sr 
0.049 

Ba Cr Cu Zn Pb Nl total 

mhc-87-1 bx 

flkb 

flkb 
tfcb 

mhc-87-1 bx 

mt1895bx 

mt1895bx 

mtte95bx 
chtin A31-28 

A31-28-205 

0.185 
0.043 

0.163 
0.053 

0.02 

0.003 
0.103 

0.052 

0.034 

0 
0.083 

0.111 

0.2206 

0.144 

0.249 

0.688 

0.027 
0032 

20.26 

18.9314 

12.307 

13.415 

13.481 

12.18 

12.82 

12.756 

13.887 

12.082 

7.92 

8.395 

8.395 

7.667 
7.493 

10.313 

10.953 

11.637 

8.4681 

0.143 

0.036 

0.068 

0.08a 

0.123 
0.091 

0.403 

0.333 

0385 

0.267 

0.4943 

7.047 

7.221 

11.121 

7.075 

8.748 

8.344 

6.45 

8.0663 
10.2753 

9.4982 

0.079 
0.71 

0023 
0.05 

0.022 

0.005 

0.021 
0.079 
0.052 

0.005 
0.037 

0.021 

0.053 

0.2671 

0.036 

0.015 

0.018 

0.357 

0.244 

0.331 

0 
0.035 

0.121 

0.072 

0.018 

0.001 

0.016 

0.019 

0.028 

0.019 
0.046 
0.006 

0.009 

0.016 

0.016 
0 

0.102 

0.099 

0.032 

0 

0051 

0.069 

0.027 

0.016 

0.027 
0.016 

0.004 

0.001 

0.072 

0.088 

0.258 0.028 

36.077 

33.932 
33.932 

36.122 

34.843 

34.843 
35.473 

87.545 

87.005 
87.005 

87.237 
87.601 

87.823 

86.723 

66.993 

85.725 
87.041 

87.278 
85.725 

analyses oto * ana/yzetf. txjt behw detection Smit 

1 alL in bio. Phonotephrite 

2 Mineral Hill area ""-J 
3 breccia from Moffat Tunrtel area 

4 chlorite from deep Portland 



Table AB.9: representative analyses of illite, sericite, and roscoelite from zones of alteration and mineralization 

raw data from electron microprobe; all data in wt. % 

Sericite from altered lamprophyre ac^acent to quartz-telluride vein 
Sample N« K Fe SI Al C« Mn Mg Ti S F aSfBaUCeV NICrCuPbO Total 

cr vug outer hato 0.185 6.694 0.71 20235 19.83 0.593 0.014 0.747 0.031 0 0235 0 0 0.055 0 0.026 0.035 0.018 0 0.023 43.03 92.461 
a vug outer halo 0.237 8.009 0.947 20.676 19.7 0.225 0 0.991 0.04 0.006 0.346 0.009 0 0.104 0.015 0.069 0.029 0.002 0.032 0.014 43.774 9522S 

Typical compositions of illite from zones of alteration in the r tear surface envirormtent 
Sample Na K Fe Si Al Ce Mn Mg Tl s F a Sr Ba U Ce V Ni Or Cu Pb O Total 
$pbl5 0.058 7.159 3.069 24.301 15.266 0207 0.045 1.123 0.085 0.195 0.092 44.448 96.046 
spbiS 0.05 5.725 3.3 24.457 14.873 0.361 0 1.121 0.07 0.523 0.108 43.946 94.534 
spUS 0.063 7.478 3.095 24.348 15223 0.187 0 1223 0.09 0.526 0.063 44.45 96.766 
spbiS 0.069 7.597 3.093 23.991 15215 0.178 0 1.319 0.079 0.512 0.073 44.114 9624 
spUS 0.081 7.258 3.00S 23.541 15.442 0.157 0.022 1265 0.065 0.498 0.074 43.673 95.081 
spbiS 0.075 7^85 2.977 24.026 15.178 0211 0 1251 0.063 0.499 0.098 43.992 95.655 
ddhs^773 0.029 7.96 3.273 24.609 14.593 0.109 0.015 1.308 0.085 0 1.108 0.005 0.05 0.04 0.013 0.001 0.08 0.003 44.144 97.425 
ddhS-S-TTS 0.036 7.881 3.589 24.484 14.395 0.114 0 1.406 0.097 0.013 1.308 0.009 0.011 0.044 0.009 0.014 0.067 0.017 43.9 97.394 
ddhs-8-773 0.053 6.803 3.609 24.757 13.42 0.307 0 1.46 0.039 0.008 1.196 0.008 0.04 0.018 0.005 0 0.041 0.021 43233 95.018 
ddhs^773 0.032 7.966 3.151 24.722 14.429 0.123 0.041 1.402 0.165 0 1239 0.005 0.036 0.059 0.005 0 0.028 0 44.159 97.562 
ddhS-S-773 0.058 7.517 2.802 23.268 13.958 0.142 0 1219 3.106 0 1.171 0.007 0.006 0.059 0.006 0 0.021 0.012 43.766 97.118 

Compositions of illite from zones of alkali feldpsar -f specular hematite alteration in volcanic breo îas 
Sample Na K Fe Si Al Ca Mn Mg Tl S F CI Sr Ba u Ce V Nl Cr Cu Pb O Total 
purple bxtgrdms 0.059 7.887 3.083 23.179 15.34 0.309 0 1.134 0.057 0.054 1.408 0.008 0.155 0 0.072 0.012 0.036 0.014 43.02 95.827 
purple bxt gnjms 0.06 8.021 3.699 22.685 14.32 0.122 0.022 1.424 0.127 0.019 1.028 0.026 0.251 0.048 0.084 0.012 0.011 0.035 42.072 94.066 

Sericite from 1000 m level of Vindicator mine from zones of base metal mineralization and veins 
Sample Na K Fe SI Al Ca Mn Mg Tl S F CI Sr Ba u Ce V Ni Cr Cu Pb O Total 
v-17-905vn 0.099 8.907 1.59 21.163 19.741 0.019 0.091 0.042 0 0.W1 0.031 0.005 0 0.05 0.006 0.009 0.023 0.001 0.003 0.032 44.068 95.891 
v-17-905vn 0.086 8.717 0.417 21.179 20.679 0.051 0.055 0.043 0 0.002 0.054 0 0 0.108 0.077 0 0.011 0 0.002 0.011 44.535 96.027 
v-17-905vn 0.086 8.577 0.164 21.942 20.939 0.024 0.063 0.085 0 0 0.027 0 0 0 0.008 0 0.007 0 0.012 0 45.543 97.497 
V-7*340 sericite 0.336 8.215 0.686 21.535 20.239 0.038 0.024 0 0.009 0 0.014 0 44.555 95.653 
V-7-340 sericite 0.338 8.215 0.686 21.535 20239 0.038 0.024 0 0.009 0 0.014 0 44.555 95.653 
v-7-340 0.279 8.988 0.071 19.617 21.465 0.062 0.001 0.033 0.014 0 0.646 0.511 43.677 95.568 
illite vn V-12-296 0.0926 9.0271 4.7195 21.586 15.7142 0 0.0357 1.1886 0.0624 0.0015 0.7562 0.0062 0.0294 0.0357 0 0 0 0.009 0.0173 0 42.3503 95.6623 
illite vnV-12-296 0.0341 8.4564 4.0283 22.2732 14.9715 0.0115 0.0373 1.4792 0.1345 0.4037 1.5732 0.0033 0.0191 0 0.0075 0.009 0.0492 0 0.0162 0.004 42.4483 95.9598 

Sericite replacirtg muscovite in Precambrian schist In high grade zone of mineralization 
Sample Na K Fe SI Al Ca Mn Mg Tl S F CI Sr Ba U Ce V Ni Cr Cu Pb 0 Total 
pq4'373a»ybgn 0.435 9204 2.648 20.995 17.924 0 0.016 a516 0.257 0 0208 0.004 0.023 0.279 0.034 0.005 0 0.004 0.005 43.157 95.714 
p(i4-373 alt xban 0.509 9.132 2.995 20.902 17.619 0.009 0.017 0.544 0.282 0 0.206 0.002 0.03 0246 0.037 0.016 0.001 0 0 42.932 95.479 
PQ4-373altxbgn 0.517 9.115 3.117 20.686 17.621 0.004 0.022 0.573 0.268 0.X1 0.178 0.001 0.036 0.156 0.033 0.025 0 0 0 42.734 95.087 
PQ4-373 alt xbgn 0.473 8.944 2.604 21.773 17.183 0 0.029 0.499 0255 0 02 0.002 0.029 0.225 0.034 0.015 0 0 0.002 43.317 95.584 
pQ4-d73attxbgn 0.479 9.171 2.973 20.897 17.619 0 a033 0.619 0274 0 0234 0 0.022 0292 0.037 0.021 0.002 0.004 0.004 42.952 95.633 
PQ4-373 alt )(t)gn 0.493 9.23 3.317 20.943 17.625 0.01 0.015 0.615 0279 0.002 0.192 0.003 0.043 0.135 0.038 0.017 0 0.003 0.002 43.134 96.096 

Compositions of illite from zones of chlorite/biottte alteration in vicinity of Moffat Tunnel 
Sample Na K Fe SI Al Ca Mn MB Tl S F CI Sr Ba u Ce V Ni Cr Cu Pb O Total 
mt1695bx 0.148 8.316 6.218 21.222 16.371 0.057 0.05 0.999 0.005 0.003 0.163 0.076 0.064 0.198 42.927 96.817 
mt1695bx 0.526 7.743 2.885 23.8 17.158 0.041 0.094 0.774 0.033 0.012 0.429 0.017 0 0201 45.4 99.113 
mt1695bx 0.108 8.336 5.613 21.056 16.519 0.026 0.051 1.117 0.031 0.009 4.58 0.053 0 0.178 40.905 98.582 
mt189Sbx 0.104 6.655 6.934 20.488 16.837 O.Of 0.035 0883 0.005 0 0.353 0.083 0.008 0.17 42.57 97.141 



Table AB.9 (cont): 
raw data from electron microprotx; all data in wt. % 

Compositions of iUita from zones of ctitofite-rich alteration on Mineral Hill 
Sample Ne K Fe SI Al C« Mn Mg Tl S F CI Sr Ba U Ce V Ni Cr CU Pb o Total 
greefl mhc breccia 0.034 5.533 2.333 23.74 16.89 0.058 0.09 0.831 0.038 0.045 0.638 0.017 0 0.03 0.019 44.292 94.588 
green mhc breccia 0.042 5.797 2.465 24.376 16.245 0.091 0.12 1.041 0.071 0.026 0.85 0.006 0 0.014J 0.011 44.606 95.761 
mhc-S?-! bx 0.041 6.131 2.857 24.132 16.108 0.133 0.045 0.776 0.143 0.042 0.702 0.006 0.079 0.173 0.021 0.021 0.067 0 44.451 95.928 

Analyses of roscoelite from quaitz-tetluride-foscoeiite vein cutting lamprophyre brc 
Sample Na K Fe Si Al Ca 

)ccia (see frg. 5.3} 
Mn Mg Ti S F CI Sr Ba U Ce V Nl Or Cu Pb 0 

crvug 0.036 7.552 0.017 20.519 3.828 0 0 1.073 0.045 0 0.484 0 0 0.068 0.041 23.891 0.519 0.03 0 0 40.397 98.5 
crvug 0.031 7.449 0 21.601 2.773 0 0.036 1.201 0.213 0 0.575 0.003 0 0 0.039 23.258 0.529 0 0 0 40.522 98.229 
crvuo 0.042 7.584 0.038 20.506 3.624 0 0 1.114 0.013 0.002 0.57 0.009 0 0.022 0.008 23.572 0.494 0 0 0 40.003 97.599 
crvug 0.123 7.451 0.057 20.68 3.253 0.076 0.05 1.152 0.146 0.015 0.389 0.002 0 0.051 0 23.428 0.523 0 0 0 40.076 97.472 

anaiysas of Os analyzed. M below detection limit 



Table AB.10; representative analyses of amphibole minerals from various rock types 

all data in wt. % 

1 PW< 1.70S 1 539 10.139 1608 7.429 8 319 728 2529 0 0076 0 40677 8601 

1 PhK 1746 1509 11679 17.855 7001 6047 6 3469 0 0.117 0033 0004 40 456 96016 

1 PH< 1.724 1 499 11 459 17.927 6862 6126 5913 3609 0 0.126 0006 0009 40396 97.778 

1 1.766 1.57 13663 16176 6509 6.054 5571 2 511 0 0 0003 0005 39.913 97.741 

1 PH< 1.606 1562 13502 16163 6618 6227 5 603 2517 0 0049 0 0.001 40082 9817 

1 PH< 1623 136 6656 16266 7.153 6512 6197 2363 0 0 0012 0022 40966 97.392 

1 PH< 1.773 1616 13417 16233 6666 6.131 562 2.471 0 0022 0013 0006 40.124 86.116 

1 PhK 1 646 1.566 12535 16414 6514 6161 5 904 2665 0 0032 0 0 40278 97.977 

1 PM 1.633 1654 13394 16143 6746 7 856 5561 2 61 0 0036 0017 0018 40096 96066 

f PhK t.785 1.4S3 12606 18 583 6515 0 13 5676 2496 0 0033 0 0006 40.366 96.113 

1 PhK 1.637 1 431 11.134 17 66 7.219 8275 6.235 3167 0 0107 0 002 40.416 97.541 

1 PN< 1.673 1.354 664 18522 7.254 649 814 2409 0 009 0012 0.014 41.276 97.674 

2 fts3S1 1.795 1 471 11 251 18254 6 911 8183 6407 3713 0014 0 0 0.013 41.065 89097 

2 HsSSI 1 649 1.473 11 776 16004 666 6093 612 3 692 002 0 0 001 40.51 98207 

2 tt8 351 1.675 1.437 12106 16263 6563 6212 5.945 3639 0022 0 0 0 40.724 86.606 

2 fts3S1 1 812 1 484 11 935 18507 6426 8222 6.194 3618 0028 0 0 0 40854 88176 

2 tU351 1.826 1 504 12235 16194 6664 8163 6015 3502 0034 0 0 0011 40716 86664 

2 fts3S1 1.746 1.509 11679 17 855 7001 8047 6 3469 0 0117 0033 0004 40 456 9aoi8 

2 fts351 1.933 1.471 12284 1616 6611 8196 6122 3423 0033 0 0 0 40661 99296 

2 V-7-321 b 1 957 1515 11 267 16621 5 997 6075 0266 6 536 3134 0 0.013 0 4069 96275 

2 V-7-321 b 1.952 14 1051 16995 6044 6179 0327 6629 2944 0 0013 0 4061 96003 

2 V.7-321 ? 1829 1.479 12013 1637 634 6316 0326 6.191 2833 0 0018 0 40.327 96046 

2 v4-544ph 1 517 1.43 13099 16977 7.755 617 0295 4 931 1 961 0037 0105 0033 0 0036 0135 012S 0004 0 0.041 0 3a615 85466 

2 V4-544 ph 1 767 1233 12776 17016 7746 6251 0263 5266 1 99 005 0061 0025 0 0127 0131 0126 0025 0 0.007 0 39096 95.98 

2 v4-544|:^ 1 636 1076 7.625 17 679 7.407 878 0117 8019 2658 0.024 0427 0006 0 0 0.191 0141 0 0 0.003 0.035 40309 96337 

2 v4-&44rra 1521 127 6466 16564 7066 8636 0056 &996 2.141 0019 0265 0 0 0 0055 0.118 0167 0 0003 0007 40872 96366 

2 ¥4*544 mi 1.543 1.179 7 676 17.625 7.532 6906 0066 7961 2628 0016 0356 0011 0 0 0085 0159 0007 0006 0 0.005 40439 96.436 

2 v4-544fTii 1 625 126 6 879 16 667 6669 &911 0066 6 946 2 252 0005 0275 0016 0 O031 0017 0135 0016 001 0 0037 41.146 97.209 

2 v4>S44ph 1 716 1.304 9731 17.715 7.446 649 0107 6992 2382 0023 0166 0017 0 0177 0.106 0137 0 0006 0037 0015 40.144 96.715 

2 v4-544pr 1.579 1314 6777 16376 7.117 663 0052 6761 2223 0009 0305 0.001 0 0 0.113 0142 0082 0 0009 0015 40.644 96571 

2 1 706 1272 10.396 17477 7.496 6501 0.213 6505 2466 0016 0.141 0009 0 0024 0.057 0135 0005 0014 0 0012 39 841 96292 

2 v4-544ph 1.496 1.243 7253 17.665 7518 8733 0.094 8284 2604 0 036 0 0 0006 0066 0136 0 0009 0 0 40301 85.77 

2 1.607 1.149 7.664 17.72 7.414 8713 0075 7.943 2593 0.008 027 0006 0 0074 0063 0173 0 0.01 0 0 40232 85.714 

2 V4-54400 0565 0 9979 18759 4.615 1606 026 4 646 1 279 0 0 0 0 0 0046 0093 0.016 0.009 0007 0 40.268 97.803 

2 v4*544m 1.572 1 104 6601 16402 7 694 1023 0149 6576 2367 003 0 509 0027 0 0055 0.169 0.136 0017 0 0021 0 36731 94.382 

2 1.664 1.192 7.045 16206 7.046 6625 0064 6799 2304 0016 0 319 0005 0 0 0.034 0127 0036 0 0 0005 40 686 86.405 

2 v4.544in 1.607 1 264 6686 16.691 6978 8772 0 07 9002 2068 0.018 0.29 0.011 0 0074 0036 0124 0059 0.02 0.006 ooie 41 072 96.667 

2 v4-544gr 1.626 1 244 8959 17.463 7979 6605 0136 7201 2433 0013 0303 0.016 0 0037 0.143 013 0021 0039 0.02 0 40217 96565 

2 v4-644gn 1574 1.196 6497 17 913 7 521 6605 0101 7612 2221 0044 0386 0014 0 0061 0069 0.126 0.019 oon 0.008 0.004 40.339 96545 

2 v4-544gn 1556 1203 6656 17.094 7946 6669 009 7.17 244 0023 0285 0009 0 0.141 0.156 0.144 002 0 0025 0 39.666 85337 

2 V-7-321 b 1.749 1 473 12211 16224 6063 6299 0.421 6233 2 744 0 002 0 38.846 97.403 

2 V-7-321 b 1.952 1.4 1051 16 995 6044 6179 0 327 6629 2944 0 0.013 0 40.81 96 003 

2 V-7-32t b 1.957 1 515 11267 16 621 5 997 8075 0266 6 538 3134 0 0013 0 40.69 96275 

2 V-7-321 ? 1.629 1479 12013 1637 634 8318 0326 6191 2633 0 0016 0 40327 96 046 

2 hs351 tof 1.921 1 407 10285 1821 6616 8233 669 3544 0035 0 0 0 40.602 97.943 

2 ftsasitof 0 052 1476 2424 15169 2174 14 597 3312 16903 0016 0 0 0 007 40 688 99.016 

2 ttsasi bo 1.79S 1 471 11.251 18254 6.811 8183 6 407 3713 0014 0 0 0.013 41.085 99097 

2 fts351to 1612 1464 11.835 18507 6426 6222 6194 3616 0026 0 0 0 40 954 99.178 

2 ft8 351 bo 1 626 1 504 12235 18.194 6664 8183 6015 3502 0034 0 0 0011 40716 98 864 

2 ftsSSIbo 1 675 1 437 12106 16263 6563 6212 5945 3639 0022 0 0 0 40724 96 606 

2 tts35i bo 1 933 1.471 12284 1816 6 811 8198 6122 3 423 0033 0 0 0 40 661 99.296 

2 fts351bo 1.649 1473 11.776 16004 666 6083 612 3692 002 0 0 0 01 4051 96.207 

2 v-7-340 1 672 1.524 11.679 17.644 6642 643 6112 263 0026 0 0 0025 38751 96.537 

2 V-7040 1 674 1503 11324 17 856 6 91 8395 6316 2635 0036 0 0 0005 40251 97.407 

2 v-7.340 1 69 1476 12745 17702 6 581 6243 5662 2 376 0019 0 0 0 005 39271 85982 

2 v-7-340 19 1 436 11 676 17 685 6 626 8293 6056 2596 0 041 0 0 0 39.623 96538 

2 v-7-340 1 865 1.544 12012 17 954 6664 6235 6026 2 633 0026 0 0 0006 39992 97.197 

2 y-7-340 2012 1 493 12649 1623 6283 6286 606 2237 002 0 0 0 39606 97.066 

2 v-7-340 1 656 1.519 12066 17 629 6555 8336 6155 2854 0 024 0 0 0006 39 673 97.073 

oo 
O 

O 



Table AB.10 (con't): 
all data in wt. % 

lypj wmpto N« K F» SI Al C« Mn Mg Tl S F a S f B « L « C « V C r C u 2 n P b H I  P  O  t o U l  

2 v-7-340 1 B76 1.496 12299 18047 6589 83 6207 2695 003 0 0 0.025 40.164 97.73 
2 pNi phenc 1.693 1.406 11 536 17.688 669 8111 0307 6.236 2.415 0 041 0.038 0.133 0.163 0.143 0006 0 0.002 39741 97.32 
3 vind^np 1.939 1.455 11957 17.868 6974 8165 039 6046 2544 0 0456 0.016 013 0159 0163 0 0 0 39938 96.204 
3 vindsynpi 1658 1.613 12373 18265 6.363 6056 0528 5 899 2446 0 0278 003 0.066 0075 0144 0.009 0 0.034 39676 97.935 
4 maifesini 1709 1.406 10183 17.546 8257 843 0.187 6691 2662 0323 0225 0164 0.006 0026 002 40.664 96.919 
4 maicsinii 1 605 1.461 10438 17.723 8198 8276 0.167 6534 2791 0.151 029 0.17 0 0 0.01 40.975 98969 
4 rrtaiesin 1.672 1S57 8755 18337 7.556 6503 0137 7.72B 2672 0349 0.169 0.161 0014 0.009 0.011 41.29 9692 
4 maifcsin 1694 1516 9068 1827 6289 6492 0.069 7.559 2.356 0.368 0.157 0163 0013 0.025 0005 41.606 9967 
4 maVcsini 1.604 1.576 7639 18135 6055 8539 0075 84 2288 0393 0.1 0157 0024 0007 0.033 41.366 96.613 
4 maifcsini 1.656 1.407 10656 17 505 7.961 6221 0167 6175 2972 0.162 0296 0193 0009 0 0 40.367 97.769 
4 mg20mai 1.564 1 42 7.456 17.966 7 392 6551 0053 8303 2375 0021 0247 0016 0 0 0071 0167 0 0.006 0 0057 40.518 96163 
4 M(0)ernl 1.617 1 505 12176 16044 64 6258 0.439 5.576 2.629 0 024 0.359 0022 0 0 005 0 158 0 0 0008 0014 39.466 96.967 
4 mgzophe 1646 1.465 911 17799 7.112 8437 0.156 7012 2739 0022 0432 0009 0 003 007 0,178 0008 004 0001 0 39.904 96.193 
5 pMopher 1.952 1.142 9079 186 6 681 637 0.122 61 2035 0 0185 0015 0149 0.143 0036 0 015 0 0009 0008 0121 002 40.777 97.694 
5 pHopher 1.862 1 202 8438 16358 6633 8 526 0064 6357 2.003 0 0306 0 0189 0.142 0 004 0169 0 0 0.001 0022 0 4042 96.766 

fyzBd.bulbalow detection HmM 

1 porphyrit'c, early stage phonoile 
2 tephriphonole 
3 nepheine monzosyenite 

4 phonotephrile 

5 lanprophyres (rrbxsrairoad breccia, pirtospinlO(0(e.Alman area) 

Table AB.11: representative analyses of olivine minerals from lamprophyric rocks 
all data In wt. % 

lyix F N« Ma <1 SI P S O KC«TlMnF«B«0 Totol 

1 1900L 0 0005 28 662 0026 185 0 0 0003 0008 0.137 0 0.121 9.636 001 42902 10001 
1 1900L 0 0 2678 0011 18761 0 0002 0 0 0.139 0006 0123 9232 0014 43.175 100243 

1 19001 0 0003 28677 0019 18553 0 0 0 0003 014 0 0138 9 694 0 43043 10047 

1 lamprophyras 

00 
o 
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