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ABSTRACT 

 

The Cripple Creek alkaline-magmatic Au-Te deposit, located in southern Colorado, USA, 

represents a world-class gold deposit. The deposit formed within an alkaline volcanic complex 

dominated by a central diatreme that records a complex history of brecciation, alteration and 

mineralizing events. The origin of gold and tellurium in the diatreme remains enigmatic. 

Questions also remain about why near-mine satellite intrusions of similar magmatic affinities and 

inferred age are weakly mineralized or barren. 

The broad aim of this study was to investigate controls on mineralization by 

characterizing the type, intensity and timing of alteration events in the satellite intrusions and 

comparing the results to alteration within gold-bearing mineralized samples from within the 

Cripple Creek diatreme. 

 A complex history of overprinting mineral growth and alteration could be deciphered that 

is interpreted to have formed as a result of an evolution of fluid composition and temperature 

during at least two separate fluid influx events. Alteration of trachyte in the district is described 

in terms of intensity of potassic alteration that controls the preservation of pre-potassic alteration 

events and is texturally destructive when developed intensely. Partial replacement of igneous 

sanidine by albite and growth of secondary amphibole is preserved in weakly altered trachyte 

and is part of an early sodic alteration event. With increasing intensity of potassic alteration 

primary igneous textures and albite are completely erased due to replacement by potassium 

feldspar. Potassium feldspar is overprinted by sericite, which occurs pervasively in the 

groundmass and is concentrated around vugs formed in intensely altered trachyte. Kaolinite 

partially replaces both sericite and potassium feldspar and is also most commonly formed around 

vugs and along fractures. This progression in alteration mineralogy from a potassium feldspar-

dominated groundmass, to abundant formation of kaolinite after sericite, is interpreted to reflect 

the cooling path of a single hydrothermal fluid that was most likely of magmatic origin. It is 

possible that this fluid evolved from the same fluid that caused early sodic alteration. 

In intensely potassium-altered zones adjacent to breccia, potassium feldspar, sericite, and 

kaolinite are overprinted by biotite and Fe-hydroxide minerals that typically form along fractures 

in trachyte. Biotite and associated, most likely supergene, Fe-hydroxide minerals are interpreted 
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to have formed from a hot, Fe-rich hydrothermal fluid, likely sourced from a different magmatic 

fluid than that responsible for the sodic-potassic alteration in these rocks. 

Weakly altered intrusive rocks, which formed the breccia of the satellite bodies, are 

preserved in the center of the breccia complexes. They are silica-poor, and relatively high in Fe 

compared with trachyte. These silica-poor rocks may have affinities similar to lamprophyre 

rocks that intrude the main diatreme. Textural relationships of clasts and matrix suggest the 

breccia formed after the potassic alteration event, but before both trachyte and silica-poor 

intrusive rocks were altered by a high-T, Fe-bearing hydrothermal fluid. It is possible this was 

related to a deeper, basic magmatic body. 

Au-telluride minerals were observed in biotite-Fe-hydroxide altered fractures, indicating 

a possible correlation to fluids formed in association with basic magmatic activity. Furthermore, 

based on comparisons between rocks of the satellite intrusive and the diatreme, gold 

mineralization was probably primarily controlled by the exposure to fluids, which was limited in 

the satellite bodies by poor availability of major fluid pathways. 
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CHAPTER 1 

INTRODUCTION 

 

Alkaline volcanism and associated intrusive activity occurred throughout geological time 

with major alkaline provinces being distributed globally. However, despite their widespread 

occurrence only a small number of alkaline magmatic provinces host epithermal-style Au-Te 

deposits and the reasons for this distribution are poorly understood. For example, western North 

America experienced a major alkaline magmatic event lasting from the late Cretaceous through 

Tertiary time. Although epithermal Au-Te deposits are associated with this voluminous 

magmatic activity (e.g., the La Plata district, Rosita district, and Boulder County), the number of 

significant deposits formed, such as the Cripple Creek and Victor deposit, is few. Moreover, in 

single locations such as Cripple Creek some intrusive centers may be mineralized, whereas 

others may not. This thesis aims to place further constraints on the drivers behind epithermal 

Au(±Te) mineralization associated with alkaline igneous activity by directly comparing 

alteration within the Cripple Creek diatreme with other satellite alkaline intrusive bodies and 

breccias in the Cripple Creek district that are poorly mineralized or barren. 

 

1.1  Project Background 

Alkaline epithermal deposits are characterized as those formed by mineralizing 

hydrothermal fluids and metals that are derived from an alkaline magmatic source (Ahmad et al., 

1987; Kelley, 1996; Müller et al., 2003). The mechanisms inferred for metal enrichment and 

deposition in these deposits are poorly understood and may depend on multiple processes. For 

example, boiling, fluid mixing, and cooling (Thompson et al., 1985, Ronacher et al., 2004) have 

been proposed as possible mechanisms for metal enrichment and deposition, but none of these 

have yet to be proven to be crucial, and several mechanisms likely occur together. Except where 

deposits have obvious possible gold sources (e.g., alkaline intrusions into greenstone belts that 

have previous gold endowment; Hausel, 1995), the poor understanding of large-scale controls on 

deposit formation in alkaline magmatic systems limits exploration for these deposits.  

The Cripple Creek and Victor deposit represents an example of the problem encountered 

worldwide. The ore zones are apparently restricted to a central volcanic complex; satellite 

intrusive bodies or volcanic vents in the district are either barren or sub-economic. Although the 
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satellite intrusions are inferred to be approximately the same age as trachyte that intrudes the 

central volcanic complex, no explanation has been forthcoming to explain the lack of economic 

amounts of Au or Te outside this dominant center of volcanic activity.  

 

1.2 Alkaline Gold-Telluride Deposits 

Alkaline Au-Te deposits share a close spatial and temporal association with alkaline 

igneous rocks. These gold deposits include primarily epithermal-style deposits, and less 

commonly, porphyry-style deposits. They are found worldwide, but are most common in western 

North America and the southwestern Pacific (Jensen and Barton, 2000). Alkaline-related gold 

deposits vary in size and grade, but a disproportionally large fraction of the world’s giant gold 

deposits are related to alkaline magmatism, especially considering the relatively small volume of 

alkaline rocks compared to other felsic and mafic igneous rocks (Sillitoe, 2002). The most 

renowned epithermal alkaline deposits include Cripple Creek (USA), Ladolam on Lihir Island 

(Papua New Guinea), Emperor (Fiji), and Porgera-Mt. Kare (Papua New Guinea).  

The term alkaline deposit refers to the general chemical nature of the igneous rocks 

hosting or linked to the mineralization. Alkaline igneous rocks are defined as those that contain 

total alkali oxide contents (Na2O+K2O) that exceed the amount of total CaO, and are silica-

undersaturated. This group includes a broad spectrum of igneous rocks ranging from ultramafic 

lamprophyres to highly potassic rhyolites (Le Bas et al., 1986; Jensen and Barton, 2000). Rock 

suites with higher silica contents are classified as subalkaline. In some deposits (e.g., Emperor, 

Fiji; Black Hills, Golden Sunlight, Montana), alkaline rock compositions transition to 

subalkaline, and the effects of alkali alteration of the igneous rocks can mask their original 

composition.  

It is important to emphasize the difference between alkaline and calc-alkaline igneous 

rocks. Calc-alkaline rock suites are described as containing CaO equal to, or greater than total 

Na2O+K2O, and are silica-saturated. Rocks of calc-alkaline series are more common and do not 

commonly host epithermal Au-Te deposits, although they may be associated with other types of 

epithermal precious metal deposits (Sillitoe and Hedenquist, 2003). 

Centers of alkaline igneous activity are usually found in post-subduction environments or 

back-arc settings (Richards, 1995; Sillitoe and Hedenquist, 2003). In general, they seem to be 

common in extensional settings, even though their overall tectonic environment can be very 
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diverse (Jensen and Barton, 2000). The diverse array of convergent-margin extensional settings 

(Sillitoe and Hedenquist, 2003) includes: back arc extension and rift initiation following a slab 

rollback (e.g., Cripple Creek: Chapin, 2012); extension prior to the opening of a back-arc basin 

that occurs after a collision of the arc with an oceanic plateau that halted subduction (e.g., 

Emperor: Eaton and Setterfield, 1993); and back-arc extensional faulting linked to an opening 

back-arc basin during incipient rifting following cessation of subduction (e.g., Ladolam: Müller 

et al., 2001, 2003; Carman, 2003).  

The formation of small volumes of alkaline magma in these regions is not fully 

understood, but the consistent link to earlier subduction followed by extension, as described 

above, indicates a similar magma generation process. Alkaline rocks are typically hydrous, 

oxidized and volatile-rich (Richards, 1992; Jensen and Barton, 2000). The rocks generally have 

low initial 87Sr/86Sr, La/Nb, and Zr/Nb ratios, which suggests a primitive magma source (Kelley 

et al., 1998). It is generally assumed that the lithosphere above the subduction zone is more 

oxidized than other mantle regimes due to infiltration of slab-derived fluids generated from 

dehydration and decarbonation reactions (Arculus, 1985; Haggerty, 1990; Mysen and Wheeler, 

2000). The combination of isotopic and geochemical mantle signatures and subduction-derived 

characteristics might reflect a subduction-modified upper mantle magma source (Müller et al., 

2001; Duke, 2009). It is also suggested that an extensional setting may cause a regional 

upwelling of asthenosphere and initiate small degrees of melting that produce low volumes of 

melts with high volatile contents (Richards, 1992, 1995; Müller et al., 2001; Kelley and 

Ludington, 2002; Duke, 2009). 

Epithermal Au-Te deposits associated with alkaline rocks are typically associated with 

intense hydrothermal alteration. High-sulfidation alteration and mineralization are rare in 

alkaline volcanic centers. Effects of acidic fluids were found at the Emperor deposit in the form 

of alunite-rich and advanced argillic-altered rocks that were underlain by low-grade porphyry 

Cu-Au deposits (Eaton and Setterfield, 1993). Some alkaline deposits develop an early porphyry 

Au system that transitions upwards into epithermal-style ores. This is observed at the Ladolam 

and Porgera deposits (Richards, 1995; Jensen and Barton, 2000; Müller et al., 2002; Sillitoe, 

2002). A similar spatial relationship exists among low-grade porphyry Mo and epithermal Au-Te 

minerals at Golden Sunlight, Montana, and Central City, Colorado (Jensen and Barton, 2000). In 

contrast to epithermal deposits in calc-alkaline rocks, alkaline epithermal deposits are most 
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commonly accompanied by low-sulfidation alteration (Jensen and Barton, 2000; Sillitoe 2002; 

Sillitoe and Hedenquist, 2003). 

The low-sulfidation environment is characterized by alteration mineral associations of 

illite, smectite and adularia formed by reducing and near neutral fluids (White and Hedenquist, 

1990; Sillitoe and Hedenquist, 2003). However, alkaline low-sulfidation deposits differ from 

classic low-sulfidation epithermal deposits. Apart from the typical formation of gold-bearing 

quartz veins, roscoelite and telluride minerals, in particular gold-telluride minerals, are unusually 

abundant (Ahmad et al., 1987; Müller et al., 2001; Sillitoe, 2002, Sillitoe and Hedenquist, 2003). 

The precipitation of gold, telluride and sulfide minerals is assumed to result largely from boiling 

and cooling along the boiling point depth curve between 250-160°C (Thompson et al., 1985; 

Ahmad et al., 1987; Heinrich et al., 2004), but the primary process of metal enrichment and 

transport in these systems is poorly understood. For example, Au-telluride behavior is purely 

based on theoretical geochemical models (Zhang and Spry, 1994).  

Despite the occurrence of mineralized alkaline magmatic centers, some of which are 

highly endowed in Au, most alkaline centers are barren. Examples include the Balcones volcanic 

province (Texas), the southern Absoraka range (Wyoming), and the minettes of the Colorado 

plateau.  

In summary, economic Au-Te deposits are hosted by alkaline igneous centers that are 

characterized by multiphase alkaline igneous activity, followed by the development of a 

hydrothermal system late in the evolution of the alkaline center. It is interpreted that meteoric 

waters interacting with magmatic fluids create a low-sulfidation environment with structurally 

controlled mineralization forming along major faults (Ahmad et al., 1987; Anderson and Eaton, 

1990; White and Hedenquist, 1990; Richards, 1992; Ronacher et al., 2004). 

 

1.3 Project Objectives 

Although studies on alkaline Au-Te deposits in the last three decades have shed much 

light on common features among deposits and added to the understanding of the ore-forming 

systems, multiple questions remain unsolved. For example, the precise controls on alkaline 

magma formation, the controls on the formation of Au-Te deposits, and the effect of different 

alkaline host rock compositions (from felsic to mafic) on mineralizing events, are still poorly 

understood. Of particular interest to this study are the magmatic controls on mineralization, 
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stemming from the observation that some intrusions or volcanic complexes in almost all major 

districts worldwide are barren while adjacent intrusions or volcanic complexes may be well 

endowed. Important examples are the Cresson, Vindicator, and Portland mines that form the 

Cripple Creek Au-Te deposit in Colorado, which are surrounded by alkaline volcanic stocks that 

appear to be barren or contain subeconomic Au concentrations.  

This study addresses this issue by comparing two key parameters between mineralized 

and unmineralized magmatic bodies: the distribution and intensity of hydrothermal alteration 

associated with Au-Te mineralization, and the effects of different fluid-wall rock interactions on 

the alteration. The question addressed is: Is there a specific geochemical and/or mineralogical 

alteration fingerprint associated with the gold mineralizing event(s)?  

 

1.4 Research Approach and Methodology 

The aims of this research were achieved through a multi-faceted study where field 

observations of geologic relationships were used as a basis for detailed laboratory work. Building 

on previous studies (e.g., Thompson et al, 1985; Kelley, 1996; Jensen, 2003), detailed laboratory 

work focused on a direct comparison of the geochemical and mineralogical fingerprints in 

altered and unaltered rocks associated with the diatreme and those within external satellite 

alkaline intrusions. 

Sampling was conducted at five principal locations: three satellite intrusions (details in 

Chapter 4) and within the deposit itself. Sampling in the main Cripple Creek diatreme aimed to 

provide a direct comparison between mineralized and non-mineralized intrusion and breccia 

systems. Samples were taken along traverses that displayed different lithologies and differing 

degrees of apparent alteration. 

To better understand and define the alteration within the satellite bodies and its 

relationship to mineralization, a number of analytical techniques and procedures were used. 

Results of optical light microscopy, scanning electron microscopy (SEM) and 

cathodoluminescence (CL) imaging provide the basic mineral and textural characterization of 

rock samples that allows an interpretation of relationships between alteration minerals, ore 

minerals and their host rocks on the microscopic scale. Cathodoluminescence imaging was 

especially useful, because it allows determination of past fluid events within altered rocks and of 

cryptic alteration in non-mineralized rocks. The luminescence character of minerals is highly 
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sensitive to the conditions of growth (Gӧtze et al., 2001; Lee et. al, 2007), and can be altered 

post-growth in response to fluid-mineral interaction (Kempe et al., 2012). Different trace element 

abundances, substitutions, and structural variations can cause changes in emitted wavelength and 

therefore color (Lee et. al, 2007). CL has been highly successful at deciphering complex fluid 

and veining histories in porphyry Cu-Au deposits (Rusk et al., 2008; Pudack et al., 2009; Bennett 

et al., 2011) and is crucial in this study for tracing subtle alteration effects not easily seen by 

other techniques.  

Quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN) and 

electron microprobe (EMP) analysis were essential to determine progressive chemical changes in 

minerals affected by alteration as well as compositional varieties of different feldspar generations 

associated with alteration events (for details see Appendix A). The minerals and spots that were 

investigated were selected based on the petrographic and CL observations. 

To complement direct mineral investigation, the study used major and trace element 

whole-rock geochemistry to look for geochemical fingerprints associated with alteration and 

mineralization, and to identify potential pathfinder elements to be used to detect low-degrees of 

alteration in apparently barren rocks. A combination of inductively coupled plasma-mass 

spectrometry (ICP-MS, following total fusion of the samples), and instrumental neutron 

activation analysis (INAA) was used and allowed a measurement of the total element 

concentrations.  
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CHAPTER 2 

REGIONAL GEOLOGY 

 

The Cripple Creek Volcanic Complex lies ~30 km west of Colorado Springs in the Rocky 

Mountain Front Range in Central Colorado. The Oligocene volcanic complex is hosted at the 

junction of four basement units of Precambrian age. The description below focuses on the two 

periods of Rocky Mountain geologic evolution (the Precambrian and Laramide to post-Laramide 

periods) that are reflected in the rock units hosting the deposit. 

 

2.1 Precambrian Evolution 

Precambrian basement rocks of the Colorado and New Mexico Rocky Mountains 

represent a series of island arc and back-arc terranes that accreted to Laurentia during the Paleo- 

to Mesoproterozoic (Hoffman, 1988; Whitmeyer and Karlstrom, 2007). The oldest and most 

northern domain, the Yavapai Province, is composed predominantly of juvenile arc terranes with 

Nd model ages between ~2.0 and 1.8 Ga (Bennett and DePaolo, 1987). Yavapai rocks accreted to 

Archean crust of the Laurentian margin between ~1.78 and 1.68 Ga, forming a crustal domain 

stretching from southern Wyoming (the Cheyenne Belt) to New Mexico and Arizona (Fig. 2.1; 

Jones et al., 2009). Accretion reached its climax with the Yavapai orogeny that lasted from ~1.71 

to 1.68 Ga (Karlstrom and Bowring, 1988; Whitmeyer and Karlstrom, 2007), and was followed 

by a ~40 Myr long episode of late- to post-orogenic magmatism (Anderson and Cullers, 1999). 

The long-lived convergence led to further welding of juvenile crust against a southward 

growing Laurentian plate margin, creating the Mazatzal province (Karlstrom et al., 1999; 

Whitmeyer and Karlstrom, 2007). The Mazatzal province consists of volcanic arc rocks with Nd 

model ages of ~1.8 to 1.7 Ga, and supracrustal successions formed at the continental margin 

(Bennett and DePaolo, 1987; Whitmeyer and Karlstrom, 2007). The Mazatzal orogeny, which 

encompasses all deformation between ~1.65 and 1.60 Ga (Karlstrom and Bowring; 1988; Luther, 

2006; Amato et al., 2008), was also associated with voluminous intrusions of syntectonic, 

predominately calc-alkaline plutons (~1.66-1.65 Ga; Anderson and Cullers, 1999; Whitmeyer 

and Karlstrom, 2007).   

A third period of tectonism at ~1.45-1.4 Ga involved regional high-temperature, low-

pressure metamorphism, near synchronous with widespread granitic magmatism south of the  
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Figure 2.1: Precambrian basement terranes in the western U.S. (light grey: Precambrian 
exposures, dark grey: 1.1 Ga rocks, black: 1.4 Ga rocks, red star: location of Cripple Creek 
deposit; modified from Jones et al., 2010a). 
 

Archean Wyoming province between ~1.45- 1.36 Ga (Reed et al., 1993; Williams et al., 1999).  

This event is interpreted to be recorded in rocks in-board of a continental margin, with 

some (e.g., Jones et al., 2010b) suggesting that it might have been a response to renewed crustal 

accretion at the southern margin of Laurentia during the Mesoproterozoic. A crustal province 
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stretching from northern Mexico to Newfoundland with Nd model ages of between ~1.5 and 1.3 

Ga has been identified in recent years and is the basis for this theory (Bennett and DePaolo, 

1987; Patchett and Ruiz, 1989; Karlstrom et al., 2001).  

Accretion of terranes resumed in the Neoproterozoic at the southeastern margin of 

Laurentia and formed the Grenville province during an orogenic event lasting from ~1.2 to 1.1 

Ga (Fig. 2.1; Walker, 1992; Whitmeyer and Karlstrom, 2007). This process completed the ~800 

Myrs long episode of crustal growth along the southern Laurentia margin that reached its peak 

with the formation of Rodinia (Dalziel, 1991; Moores, 1991; Karlstrom et al., 2001). 

Occurrences of late Grenville granitoids were found as far west as Colorado (e.g., Pikes Peak 

granite; Hedge et al., 1967; Whitmeyer and Karlstrom, 2007).  

 

2.2 Laramide to Post-Laramide Evolution 

A period of contraction and mountain building during the Late Cretaceous in the western 

United States is known as Laramide orogeny and interpreted to have been initiated by shallow 

angle subduction of the Farallon plate under the North American plate at ~80 Ma (Livaccri and 

Perry, 1993; Maxson and Basil, 1996). The resulting northeast-directed compressional tectonic 

regime led to regional uplift, folding, and faulting (Coney, 1976; Sales, 1986). From the Late 

Cretaceous to the Miocene, there was a change from a compressional to extensional tectonic 

regime that was accompanied by major alkaline magmatism following northeast-trending 

Proterozoic structures (Lipman et al., 1972; Karlstrom and Humphrey, 1998; Chapin, 2012). This 

shift in tectonic regime can be subdivided into three stages.  

The first phase in the tectonic progression was associated with compression during the 

late stages of the Laramide orogeny, where subduction-related magmatism produced calc-

alkaline to alkaline intrusive centers (Christiansen et al., 1992; Kelley and Ludington, 2002). The 

alkaline related Au- , Te- , Ag- , and Mo-bearing deposits of Central City, Boulder County and 

the Colorado Mineral Belt (CMB, Fig. 2.2) are interpreted to have formed during this stage 

(Kelley, 1996).  

The second phase of alkaline magmatism accompanied a period of comparative tectonic 

quiescence where waning stages of Laramide compression (~43-37 Ma) eventually transitioned 

to an extensional environment (~35-27 Ma; Kelley and Ludington, 2002). This transition is 

interpreted to be related to late Eocene-Oligocene rollback of the Farallon slab  (Humphrey,  
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Figure 2.2: Alkaline intrusions and related ore deposits in Colorado (BC: Boulder County, LP: 
La Plata, CL: Climax, HD: Henderson, ME: Mount Emmons, SC: Silver Creek; modified from 
Kelley, 1996). Outlined in heavy dashed lines are the Colorado Mineral Belt (CMB) and the Rio 
Grande Rift. 
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1995; Chapin, 2012). Central Colorado experienced the first pulse of major volcanic activity, 

known as the “ignimbrite flare-up”, in the Thirtynine Mile Field (Fig. 2.2) from ~36.9- 31.3 Ma, 

which was followed by later pulses in the San Juan (Fig. 2.2), Boot Heel, and Mogollon-Datil 

volcanic fields until ~23 Ma (Chapin, 2012). Cripple Creek and deposits associated with the 

Rosita volcanic field (Fig. 2.2), located about 100 km south of the Cripple Creek complex, are 

interpreted to be related to magmatism during this period. Other world-class deposits, such as the 

Bingham porphyry Cu-Au-Mo deposit in Utah, were also formed during this time in different 

parts of the Cordillera (Christiansen et al., 1992; Hutchinson and Albers, 1992; Jensen, 2003).  

The third stage was characterized by an extensional tectonic regime that was induced by 

the Farallon slab rollback, leading to the initiation of the Rio Grande Rift and another influx of 

alkaline magmatism during the Oligocene (Kelley and Ludington, 2002; Chapin, 2012). The rift 

development led to large scale uplift, reactivation of faults and shear zones, and generation of 

new faults. The renewed magmatism varied from alkaline granites to basalt flows within the pre-

existing Colorado Mineral Belt along primarily Precambrian faults (Kelley and Ludington, 2002; 

Chapin, 2012). The CMB mostly characterizes an especially fertile area and an accumulation of 

deposits, but is not part of a continuous magmatic or mineral belt. In addition, multiple Mo-(Au) 

deposits were generated at this time (Kelley and Ludington, 2002).  

The Laramide and post-Laramide tectonic events may have played an essential role in 

producing favorable crustal conditions for generating alkaline magmas. Kelley and Ludington 

(2002) suggested that post-subduction melting of metasomatized mantle generated favorable 

conditions for the formation of alkali- and volatile-rich oxidized magmas and gold-rich 

magmatic-hydrothermal fluids. Deep regional structures of a predominant Proterozoic age are 

interpreted by these authors to have served as conduits for the magmas rising to the surface.  
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CHAPTER 3 

DISTRICT AND DEPOSIT GEOLOGY 

 

The Precambrian and Laramide to post-Laramide evolution of the Rocky Mountains led 

to the formation of the Cripple Creek Volcanic Complex, which is described in detail in this 

chapter. The chapter describes the various rock types, alteration styles, and ore types within the 

Cripple Creek deposit. 

 

3.1  District Geology – Country Rocks 

The Cripple Creek and Victor Au-Te deposit occurs within a diatreme of Oligocene 

alkaline volcanic rocks that formed at the junction between Proterozoic metamorphic and 

intrusive rocks of variable age.  

The oldest host rock to the diatreme is the Biotite Gneiss, a collective term used to 

describe an assemblage of metavolcanic and metasedimentary rocks that occur west of the 

Cripple Creek mine (Fig. 3.1; Wobus et al., 1976). Rocks in this unit formed prior to, or during 

the accretion of the Yavapai province (at ~1.78 to 1.68 Ga as described in the previous chapter) 

and although not dated directly, are assumed to have been metamorphosed at ~1.7 Ga (Wobus et 

al., 1976). The rocks in the Cripple Creek area are mostly biotite-plagioclase gneisses with local 

schistose or migmatitic compositions (Wobus et al., 1976). The Biotite Gneiss was intruded by 

the Ajax Granite (also known as the Granodiorite), a pinkish, medium to coarse-grained granite 

composed predominantly of alkali feldspar with lesser amounts of plagioclase. The granite 

crosscuts the Biotite Gneiss and preserves a pervasive foliation. Some authors (e.g., Wobus et al., 

1976) suggested that the Ajax granite is coeval with ~1.6 to 1.7 Ga granites and granodiorites 

(including the Boulder Creek suite) that were generated syn-tectonically during the Yavapai 

orogeny. The unit marks the eastern and southern boundary of the diatreme (Fig. 3.1).  

 The Cripple Creek Monzonite is an equigranular leucogranite characterized by an 

abundance of orthoclase and quartz with subordinate microcline, plagioclase, and mafic minerals 

(Jensen, 2003). The Cripple Creek Monzonite was emplaced ~1.43 Ga (based on Rb/Sr ages; 

Hutchinson and Hedge, 1968) along the contact between the Biotite Gneiss and Ajax granite. 

The rocks north of the mine (Fig. 3.1) form part of the Pikes Peak batholith, an intrusion dated at 

~1.08 Ga (Beane et al., 1999; Smith et al., 1999). The batholith formed during a widespread  
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Figure: 3.1: Geological map of the Cripple Creek diatreme and Precambrian host rocks (based on 
Jensen, 2003; coordinate system NAD27). 
 

regional bimodal magmatic event related to incipient mid-continental rifting at ~1.1 Ga at the 

end of the accretion of the Grenville terrane (Walker, 1992; Karlstrom and Humphrey, 1998). 

The Pikes Peak granite is red, equigranular, unfoliated, and is composed predominantly of alkali 

feldspar with lesser amounts of quartz, plagioclase, biotite, and magnetite, with accessory apatite 

and zircon (Jensen, 2003).  

Oligocene rocks in the district are predominantly composed of a variety of alkaline 

magmatic compositions. They have been given various names depending on their petrographic 
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descriptions or whole-rock geochemical compositions. This study uses the TAS classification 

and nomenclature of La Bas (1986).  

Other than occurrences of trachyandesites and phonotephrites, the most abundant igneous 

alkaline rocks are felsic phonolites (Kelley, 1996; Jensen, 2003). They are characterized by low 

concentrations of silica (~60 wt% SiO2) and high alkali contents (>12 wt% Na2O+K2O; Jensen, 

2003). They show changes in texture from predominantly aphanitic to porphyritic, as well as in 

mineralogy from biotite- to pyroxene-dominated. Two distinctive generations have been referred 

to as the early and late-stage phonolites. 

The early phonolite series intruded at 32.5 ± 0.1 and 31.4 ± 0.1 Ma (sanidine Ar-Ar ages: 

Kelley, 1996). Late-stage phonolites are mostly aphanitic and can be further distinguished from 

the early phonolites based on their higher Rb/Sr ratio as well as higher radioactivity (Jensen, 

2003). 

The majority of the Cripple Creek Volcanic Complex is composed of breccia. Various 

terms are used to describe the diverse breccia that formed though eruptive volcanism and 

intrusive events. Cripple Creek Breccia serves as a collective term for most breccia found in the 

district. It is described as a poorly sorted aggregation of heterolithic rock fragments in a matrix 

of fine-grained rock fragments (Thompson et al., 1985; Jensen, 2003). The Cripple Creek breccia 

are typically strongly altered and pyritized. Most clasts are angular to subangular (Thompson et 

al., 1985). Essential for the classification is the presence of sub-volcanic alkaline igneous clasts.  

 

3.2  District Geology – Cripple Creek Diatreme 

The Cripple Creek volcanic complex formed during Tertiary igneous activity during a 

transitional phase from late Laramide compression to a tectonic setting dominated by extension 

(Kelley and Ludington, 2002). The district is strongly influenced by major northeast-trending 

Precambrian structural fabrics and northwest-trending Laramide faults and shear-zones. 

Intersections of these major regional structures are suspected to have served as pathways for 

rising magmas resulting in the focused and prolonged magmatic activity in the district. 

The diatreme at the center of the volcanic complex was developed during initial, possible 

phreatomagmatic, eruptive volcanism (Koschmann and Loughlin, 1949). Bedded volcanic 

breccia and local fluvial and lacustrine sedimentary rocks that are preserved in the eastern sub-

basin are considered evidence for a prolonged period of subsidence and sedimentation that  
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occurred while the volcanic system was dormant (Koschmann and Loughlin, 1949; Thompson et 

al., 1985; Kelley, 1996). This period of quiescence was interrupted by the emplacement of large 

volumes of alkaline magmas as dikes, stocks, and lava flows that were focused inside the 

diatreme, but also locally occurred in surrounding country rocks (Kelley et al., 1998; Jensen, 

2003). Magmas that encountered external water produced phreatic explosions, adding to the 

formation of the diatreme and its large volumes of volcanic breccia (Kelley, 1996; Jensen, 2003). 

Sedimentation within the volcanic complex continued but was interrupted by multiple 

subsequent eruptions (Jensen, 2003).  

Multiple generations of phonolite and more intermediate alkaline rocks are present within 

the central diatreme of the volcanic complex and the surrounding country rocks. Jensen (2003) 

distinguished several generations of alkaline rocks based on cross cutting relationships. The 

oldest generation consists of the ‘early phonolites’ that were followed by smaller quantities of 

more mafic alkaline rocks, classified as phonotephrites, tephriphonolites, and trachyandesites 

(Jensen, 2003). These were followed by a younger episode of ‘late phonolites’.  

The youngest alkaline igneous rocks in the district are lamprophyres (Kelley, 1996; 

Jensen, 2003). They intruded as dike swarms and formed the Cresson pipe, an unusual pipe-

shaped breccia in the south-central part of the complex. The alkaline-magmatic stage was 

accompanied by hydrothermal fluids that strongly altered the rocks within the diatreme and later 

introduced gold (Kelley, 1996). Hydrothermal breccias formed after magma emplacement as 

hydrothermal alteration intensified (Jensen, 2003). Based on field relationships and Ar/Ar ages, 

it is evident that the main gold mineralizing event in the volcanic complex post-dated 

emplacement of most lamprophyre intrusive and extrusive rocks. 

 

3.3 Alteration within the Cripple Creek Deposit 

The magmatic stage transitioned into a hydrothermal stage that caused mineralization and 

associated hydrothermal alteration. The history of alteration at Cripple Creek is complex and 

involves multiple overprinting episodes that both pre-date and post-date the main mineralization 

event. Table 3.1 gives an overview of the main alteration styles observed within the Cripple 

Creek deposit and the temporal relationships among them. The outline provided here uses the 

framework presented by Jensen (2003), and incorporates data from Kelley (1996). This 

framework provides a means by which new data generated during this study can be compared.   



 

16 
 

Table 3.1: Overview of major alteration styles observed within the Cripple Creek volcanic  
complex in order of occurrence. 

Alteration Style Mineralogical Characteristics 

Intrusion-related alteration Growth of clinopyroxene, biotite, and potassium 

feldspar along intrusive contacts 

Early alkali (-potassium)-feldspar-

specularite alteration 

Potassium feldspar, minor albite, and specular 

hematite deposited in volcanic breccias and intrusive 

rocks 

Albite(-chlorite) alteration Albite locally associated with specularite and /or 

chlorite 

Late potassium feldspar-pyrite 

alteration 

Potassium feldspar, minor albite, pyrite, and 

occasional carbonate minerals forming an alteration 

association 

Biotitealteration Secondary biotite flooding matrix of breccia and 

replacing mafic minerals within clasts 

Phyllic/argillic alteration Formation of sericite, illite, and kaolinite-group 

minerals 

 

Early alteration in the Cripple Creek deposit is represented by intrusion-related alteration, 

resulting in the formation of pyroxene and biotite and broad zones of alkali feldspar-hematite 

(Jensen, 2003). Differences in alteration styles are mostly the result of variations in the host rock 

composition. The most abundant alteration style is dominated by potassium silicate minerals and 

includes pervasive alkali feldspar-specularite alteration, which was not associated with gold 

mineralization (Jensen, 2003). It is interpreted to have developed during multiple alteration 

events as the magmatic-hydrothermal system evolved, and is characterized by the replacement of 

mafic minerals and igneous feldspars by secondary potassium feldspar, occasional albite, and 

specular hematite, causing the rocks to take on a reddish color (Jensen, 2003).  

Within and outside the diatreme, other types of alteration formed between and after the 

early alkali feldspar-hematite and the potassium feldspar-pyrite alteration. Small volumes of 

albite-chlorite alteration have been documented at Mineral Hill, a satellite intrusive south of 

Copper Mountain, and in drill core from the Ajax mine (Jensen, 2003). Biotite alteration of 
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volcanic breccia has been observed to a depth of 1000 m along the southern margin of the 

diatreme and close to the surface in the northwestern pit of Globe Hill (Jensen, 2003). The biotite 

alteration crosscuts lamprophyre dikes, but pre-dates the Au-Te veins. It is typified by biotite 

replacement of the matrix and mafic minerals within breccia clasts and occurs with potassium 

feldspar and albite. The timing relationship of biotite alteration to potassium feldspar and albite 

contained in the breccia has not been described in detail.  

Biotite alteration overprinted a broadly developed potassium feldspar-pyrite alteration 

that permeated most of the central diatreme and was especially concentrated in fault zones, 

brecciated rocks, and around mineralized veins (Kelley, 1996; Jensen, 2003). It is characterized 

by the formation of secondary potassium feldspar, pyrite, and carbonate minerals that followed 

in most cases the emplacement of lamprophyre (Kelley, 1996; Jensen, 2003). During the 

development of this alteration style, potassium feldspar grew at the expense of sodic and calcic 

feldspars, and mafic minerals were replaced by pyrite, illite, and leucoxene (Jensen, 2003). 

Intensely altered rocks can consist nearly completely of potassium feldspar and pyrite. Variation 

in the wall (granite to breccia) and host rocks (felsic to mafic alkaline intrusive and breccias) can 

cause differences in the alteration mineral associations and degree of alteration. Alteration in 

mafic rocks tends to be more restricted and contains higher amounts of illite and carbonate 

minerals. The timing of the potassium feldspar-pyrite alteration has been inferred on the basis of 

Ar-Ar ages from potassium feldspar to have occurred between 28.8 ± 0.1 and 28.2 ± 0.1 Ma 

(Kelley, 1996), and interpreted to coincide with the gold deposition. 

During the waning stages of the magmatic-hydrothermal system, widespread 

phyllic/argillic alteration developed, mostly as broad zones of illite and kaolinite that formed at 

lower temperatures (Jensen, 2003). 

 
3.4 Ore Zones of the Cripple Creek Deposit 

Historic underground and surface operations at Cripple Creek are estimated to have 

produced around 750 metric tons (t) of Au (24M oz).  The current reserves as of 2011 (CC&V) 

are 200 t Au (6.3M oz), with additional 230 t (7.4M oz) of exclusive resource (T. Brown, 2012, 

pers. comm.). The total endowment of the district, at the present stage of exploration, 

encompasses an estimated amount of nearly 1200 t of gold. 

The ore at Cripple Creek is predominantly composed of calaverite (AuTe2), sylvanite  
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((AuAg)2Te4), auriferous pyrite as well as native gold. Two different ore types have been 

recognized. Historically, the district has been mined for high-grade Au-Te veins that crosscut 

Tertiary and Precambrian rocks. They are primarily controlled by major northwest-trending 

faults interpreted to be of Laramide age. The gold grade in veins commonly increases when they 

intersect these young, northwest-trending faults and northeast-trending faults that are inferred to 

be Precambrian in age (Kelley et al., 1998). The second ore type occurs as low-grade 

disseminated native gold or Au-bearing pyrite. The deposition of disseminated gold and pyrite at 

shallow levels probably coincided with the deposition of gangue minerals during the earliest 

stage of vein formation (Kelley et al., 1996). 

The mineral assemblages in mineralized veins are interpreted to have formed during three 

to five stages based on descriptions by diverse authors that coincide in three major stages 

(Loughlin and Koschmann, 1935; Dwelley, 1984; Thompson et al., 1985; Jensen, 2003). An 

early quartz-biotite-potassium feldspar-fluorite-dolomite-adularia-pyrite stage formed in 

epithermal veins and veinlets with low Au content. Dating of adularia in these zones yielded 

multiple ages: adularia in potassically altered rocks with disseminated gold of the central 

Cresson open pit mine gave an age of 29.8 ± 0.1 Ma, whereas adularia in veins from South 

Cresson and Altman gave ages of 31.3 ± 0.1and 29.6 ± 0.1 Ma (Kelley et al., 1998). These ages 

suggest that the volcanic complex was affected by multiple phases of hydrothermal activity or 

that it was hydrothermally active over an extended period of time.  

Milky to smoky quartz, fluorite, fine-grained pyrite, dolomite, ankerite, celestine, 

sphalerite, galena, tetrahedrite, roscoelite, gold and telluride minerals form the second stage. 

Base-metal sulfide minerals like sphalerite, galena, and tetrahedrite are commonly found in 

association with telluride-bearing veins (Loughlin and Koschmann, 1935). The Au-bearing 

telluride minerals were deposited after the base metals (Dwelley, 1984, Jensen, 2003). At the 

district scale, a general zoning of base metals can be recognized. Zn and Pb are abundant at the 

district margins, while Cu is more common in the northern parts of the district; the 

concentrations of all base metals increase with depth (Jensen, 2003). 

Late stages of vein formation included deposition of native gold, quartz, fluorite, 

chalcedony, fine-grained pyrite and calcite (Thompson, 1985; Jensen, 2003).  

The homogenization temperatures, salinity, redox states and CO2 contents of fluid 

inclusions associated with these events were studied by Dwelley (1984), Thompson et al. (1985), 
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and Saunders (1986). Fluid inclusion data suggest a decrease in salinity and homogenization 

temperatures of fluids from the early stage (33- 40 wt% NaCl eq., 250-350°C: Thompson et al., 

1985) compared to the second stage telluride-bearing fluids (< 8.3 wt% NaCl eq., < 150°C: 

Dwelley, 1984). The low salinity of late stage fluids is characteristic of alkaline low-sulfidation 

deposits (Ahmad et al., 1987; Anderson and Eaton, 1990; White and Hedenquist, 1990; Richards, 

1992, Ronacher et al., 2004).  

Jensen (2003) identified a few elements that correlate directly with Au grade. Mineralized 

areas with more than 1 ppm Au are typically enriched in As, Te, Sb, K, Tl and W and are 

depleted in Ca and Na.  
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CHAPTER 4 

TARGET SITES 

 

This study aims to compare and contrast mineralized versus non-mineralized satellite 

trachyte intrusions and breccia with intrusions and breccia in the Cripple Creek diatreme to 

establish potential differences, or similarities, in alteration styles that may have resulted from 

differences in fluid compositions and/or host rock interactions. Three target sites were chosen 

and sampled (Copper Mountain, Little Pisgah Peak, and Trachyte Knob) from the satellite 

trachyte intrusive bodies surrounding the central diatreme, and two sites from within the Cripple 

Creek diatreme (CC90-20 and CCV11-2). Sampling was followed by detailed petrographic and 

analytical studies to identify geochemical and mineralogical fingerprints in altered and unaltered 

rocks associated with the diatreme and within external satellite alkaline intrusions. 

 

4.1 Overview 

Twenty three satellite bodies within a radius of about 10 km surround the main diatreme 

at Cripple Creek. Of these, three satellite targets were selected: Copper Mountain, Little Pisgah 

Peak, and Trachyte Knob, located northwest, south and northeast of the diatreme, respectively 

(Fig. 4.1). Within each satellite body, the least and most altered trachyte (and associated breccia) 

was targeted, enabling characterization of the full spectrum of alteration styles within bodies at 

different distances from the mine. In addition, the study’s objective was to investigate the 

alteration affects, if any, on allegedly unaltered rocks in the vicinity of the diatreme and satellite 

bodies. Possible mineralized zones in the satellite bodies were also an important target for 

sampling. This allowed a comparison to be made between barren and altered rock units with 

mineralized counterparts.  

In the Cripple Creek district, outcrops are relatively rare, with vegetation and deep soil 

creating a cover. In addition, surface and mineral owners commonly deny entry permission, 

further limiting accessibility. Initial mapping of potential target sites was aided by preexisting 

maps provided by the CC&V Gold Mining Company for the areas of the satellite bodies. The 

majority of lithological boundaries indicated on existing maps are based on compositional 

changes in the soil that are correlated with changes in the bedrock, or were deduced from 

interpolation between few outcrops. 
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Figure 4.1: Satellite bodies surrounding the Cripple Creek diatreme with target sites. Dotted lines 
around satellite bodies indicate that they are considered to be part of the central diatreme. 

 

Evidence of past exploration activity can be found in nearly all satellite bodies. Most 

obvious are prospecting pits, commonly found at contacts between rock types. These pits 

commonly offer the only rock exposure and therefore served as sampling points. A few 

mineralized areas have been documented and turned into small-scale mining operations. The 

number of small gold mines strongly decreases with distance from the main mine (Lindgren and 

Ransome, 1906). Although the satellite bodies are not completely barren, the degree of 

mineralization, in terms of grade and extent, encountered close to the surface is minor compared   

�
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to the strong mineralization in the main diatreme.  

 Representative samples of variable altered rocks within the diatreme were taken from 

drill core. Five samples were chosen from a drill hole within the west Cresson Pit (CC92-20) at 

the intersection of mineralized breccia and trachyte. Another five samples were taken from the 

core of Granite Island (CCV11-2), a block of Ajax granite in the center of the diatreme that is 

crosscut by trachyte dikes with locally higher Au grades. Of special interest were areas with 

grades above 2 g/t Au and contact zones of trachyte-granite and trachyte-breccia. The goal was 

to target the same boundary zones observed in the satellite intrusions, therefore enabling a direct 

comparison. Including the 35 samples taken from the satellites, a total of 50 samples were 

collected.  

 

4.2 Copper Mountain 

Copper Mountain is located 1 km north of Mineral Hill and west of Rhyolite Mountain, 

north of the main diatreme. Trachyte at Copper Mountain intruded Pikes Peak granite, forming 

the top of the mountain. At Copper Mountain and other satellite bodies, the peak of the mountain 

is typically composed of trachyte as this rock is most resistive to weathering.  

A magma, probably tephrite in composition, intruded along the boundary of the trachyte 

and granite, leading to the formation of a large intrusive breccia complex that is partly exposed 

along the southern flank of Copper Mountain (Fig. 4.2, 4.3). The breccia contains clasts of 

trachyte, tephrite, and granite at the margin of the complex. Its polymict composition becomes 

monomict towards the center of the intrusion with an increasing clast to matrix ratio (Fig. 4.2). 

Coherent tephrite is exposed in the center of the breccia complex (Fig. 4.2). The monolithic 

breccia that occurs in proximity the coherent magmatic rock is characterized by a mosaic texture 

of the clasts.  

 
Figure 4.2: A schematic illustration of the geologic relationships between trachyte, tephrite, and 
granite to breccia along Traverse 1 at Copper Mountain. 
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Figure 4.3: Geological map of Copper Mountain with sampling locations. 

 

The matrix to the breccia is of a different composition than clasts, interpreted to suggest 

that matrix minerals were deposited from hydrothermal fluids that caused the brecciation. It is 

possible that hydrothermal breccia evolved from an intrusion breccia, where brecciation caused 

by the intrusive event was enhanced and overprinted by hydrothermal alteration. Evidence of 

hydrothermal brecciation is shown in the form of reaction rims around the clasts, decreasing 

angularity of the clasts, and inclusion of hydrothermal minerals such as rhodochrosite in the 

matrix (Fig. 4.4c, d).  

The trachyte and granite within ~10 m of the contact zone with breccia are strongly 

bleached. The breccia itself has a characteristic purple to reddish color, primarily due to the 

presence of Fe-oxides and is only bleached at centimeter-scales along fractures. 

The eastern breccia complex at Copper Mountain has historically been mined along the 

trachyte-breccia contact, where gold was found in pockets within the breccia, and was known as 

the ‘Fluorine mine’ (Lindgren and Ransome, 1906). Continued mining efforts about a decade 

ago left a stripped surface, creating exceptional rock exposure unlike any other location (Fig.  
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Figure 4.4: Photographs providing an overview of Copper Mountain: (a) The eastern breccia 
complex exposed on the side of Copper Mountain; (b) an abandoned mine shaft at the northern 
flank at Copper Mt; (c) contact between coherent magmatic rock (bottom) transitioning to 
breccia upwards; (d) sub-angular clast with reaction rim. 

 

4.4a). For this reason, sampling was conducted in more detail at this locality compared to the 

other target sites.  

Thirteen samples were collected along Traverse 1, with a sample spacing of about one to 

ten meters. Ten samples were taken from Traverse 2, which extended from the south side of 

Copper Mountain over the top to the northern flank (Fig. 4.3). Sample spacing was wider than 

that along Traverse 1. The trachyte samples from Traverse 2 are pristine and lack obvious 

alteration. The granite along the northern flank shows a great variety in grain size, has been 

crosscut by quartz veins, and is slightly bleached to an orange-greenish color, differing from the 

originally red color. Old remnants of mining activity can be found within the granite in the form 

of prospect pits and abandoned mine shafts (Fig. 4.4b). 

Both traverses cross all three lithological units at Copper Mountain and enable a  
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comparison of the styles of alteration developed along the granite-breccia, granite-trachyte, and  

trachyte-breccia contacts. This variety of rock types, exceptional exposure, localized occurrence 

of elevated gold grades and obvious visible changes in alteration style, make Copper Mountain 

an ideal research target. In addition, the intrusion is proximal to Rhyolite Mountain, where a 

large trachyte intrusion is in contact with a large breccia body to the north that was probably 

permeable, allowing focused fluid flow. This area was not studied due to access issues. However, 

the breccia that is visible in publically accessible areas has the same purple color as breccia at 

Copper Mountain, suggesting a probable relationship between them. 

 

4.3 Little Pisgah Peak 

Little Pisgah Peak is the only satellite target in this study that is hosted in Ajax granite. It 

is located 6 km southwest of the Cripple Creek diatreme. The trachyte is surrounded by 

conglomerate containing trachyte fragments. The conglomerate probably overlies the trachyte, 

but contacts are not exposed. The conglomerate exposures in the valley between Little Pisgah 

Peak and Grouse Mountain to the north are overlain by Wall-Mountain tuff that was formed 

during the Thirtyninemile volcanic event (Fig. 4.5). 

 
Figure 4.5: Geological map of Little Pisgah Peak with sampling locations. 
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Although the trachyte at the neighboring Grouse Mountain is strongly altered and 

probably mineralized in some places, the trachyte at Little Pisgah Peak has a consistently 

greenish color and appears to be least-altered. Breccia that is exposed  ~100 m west of the main 

trachyte outcrop has a dark grey color, contains large (~ 2 mm) pyroxene phenocrysts, and is cut 

by carbonate veins that brecciate the rock (Fig. 4.6b).  

The lack of historic mine workings within either the trachyte or breccia body at this 

locality suggests that this intrusive body may be barren. Therefore the Little Pisgah Peak site 

offers a non-mineralized location with minimal alteration, which occurs adjacent to the highly 

altered satellite body of Grouse Mountain. 

Seven samples were taken from Little Pisgah Peak along a traverse that runs through 

different parts of the trachyte intrusion and across the contact with the breccia. The breccia is a 

magmatic intrusive with fractures filled with carbonates and albite that were interpreted to be 

part of a hydrothermal vein-network formed in the process of hydrothermal brecciation. Spacing 

of sampling locations along the traverse is fairly wide (50-250m), a direct result of the limited 

rock exposure. 

 
Figure 4.6: Photographs of Little Pisgah Peak: (a) View of Little Pisgah Peak looking south; and 
(b) a prospect pit within breccia at Little Pisgah Peak.  
 

4.4 Trachyte Knob 

Trachyte Knob is located northeast of the Cripple Creek diatreme between Buckhanan, 

Bison and Cow Mountains. Similar to Copper Mountain, trachyte intruded Pikes Peak granite 

and  is exposed on top of the hill (Fig. 4.7a). Breccias have not been identified in this region 

during previous mapping or in this study. Historically, some small-scale mining occurred at 

Trachyte Knob, predominantly at the southern and eastern flank of the hill and also at Cow 

a b
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Mountain (Lindgren and Ransome, 1906). Cow Mountain could not be accessed but the study of 

the adjacent Trachyte Knob allows a characterization of alteration intensity in this area. 

On the western side of the hill is a trench or pit that may represent an old mine (Fig. 

4.7b). In this area, a trachyte dike cuts granite. The trachyte in contact with the granite is strongly 

altered and displays color changes from red to white with increasing proximity to the granite. It 

is likely that gold was mined from this pit. This strongly altered outcrop area of trachyte 

contradicts the widely held assumption that the area around Trachyte Knob and Cow Mountain is 

one of the least-altered satellite bodies in the district.  

The access to Trachyte Knob was limited to the western flank and access was not granted 

at Cow Mountain. An additional hindrance to the sampling in this region was the thick forest and 

deep soil that covers the entire mountain. The sampling traverse therefore could only target the 

exposed rocks. Six samples were collected to investigate changes within granite in a potentially 

locally mineralized, based on the signs of past mining operations, but otherwise barren locality, 

and investigate potential alteration of the central trachyte body. 

 
Figure 4.7: Overview of Trachyte Knob: (a) Geological map of Trachyte Knob; (b) mining pit 
dug at the contact between trachyte and granite. 
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4.5 Cripple Creek Diatreme - Granite Island 

Five samples were collected from drill core from hole CCV11-2, which intersected a 

trachyte dike within the Ajax granite at Granite Island within the Cripple Creek mine (Fig. 4.8, 

4.9). Heavily altered intrusive and extrusive alkaline rocks and breccia surround Granite Island. 

The drill core includes a representative mineralized trachyte-granite contact that provides 

comparison to the non-mineralized or slightly mineralized contact zones at Trachyte Knob and 

Copper Mountain. In order to characterize intensity and style of alteration, the samples were 

collected at intervals of 1 to 20 meters and include a range of gold grades (Table 4.1). 

  
Figure 4.8: Aerial photograph with drill hole locations of CCV11-2 and CC92-20 with a 
schematic overview of present and past pit locations. 
 

4.6 Cripple Creek Diatreme - Cresson Pit (Main Cresson) 

Drill hole CC92-20 was selected for sampling because it intersected a mineralized 

trachyte dike within Cripple Creek breccia (Fig. 4.9, Table 4.2). A total of five samples with 

variable gold grades were collected at irregular intervals over a total vertical distance of ~275 m. 

A breccia sample with 5 g/t gold was collected about 200 m below the trachyte-breccia contact 

zone in order to compare it to the breccias with lower grades above the trachyte-breccia contact. 
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Two samples of trachyte with high grades (3-23 g/t Au) were also collected to determine changes 

in alteration style and intensity.  

 
Figure 4.9: Schematic illustration of drill core CC92-20 and CCV11-2 with depth in feet. 

 

Table 4.1: Sample list from drill hole CCV11-2. 

Sample ID Depth in ft (m) Grade in g/t Rock type 

CCV11-2-976 975-977.7 (297.1-298) 0.12 Trachyte 

CCV11-2-979 977.7-980 (298-298.7) 2.43 Ajax granite 

CCV11-2-1012 1010-1015 (307.8-309.4) 5.16 Ajax granite 

CCV11-2-1017 1015-1020 (309.4-310.9) 0.24 Ajax granite 

CCV11-2-1090 1085-1090 (330.7-332.2) 0.18 Ajax granite 

 

Table 4.2: Sample list from drill hole CC92-20. 

Sample ID Depth in ft (m) Grade in g/t Rock type 

CC92-143 140-145 (42.7-44.2) 0.54 Cripple Creek breccia 

CC92-159 155-160 (47.2-48.7) 0.09 Cripple Creek breccia 

CC92-227 225-230 (68.6-70.1) 3 Trachyte 

CC92-237 236-238 (71.9-72.5) 23 Trachyte 

CC92-1052 1050-1055 (320-321.6) 5 Cripple Creek breccia 
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4.7 Reference Samples 

Five samples of least-altered trachyte, Pikes Peak granite, Ajax granite, phonotephrite, 

and lamprophyre were taken for geochemical and petrographic reference. Their composition and 

petrography serves as a baseline against which the effects of alteration on the studied rocks can 

be assessed. The trachyte and Ajax granite reference samples were taken from the Nipple 

Mountain satellite body (Fig. 4.1), which is the greatest distance (about 10 km) from the mine 

site and therefore the least exposed to alteration. The phonotephrite was collected from Bull 

Cliff, a hill 1 km east of the Altman pit (Fig. 4.8), and the lamprophyre was taken from the 

Cresson pit. The primary purpose of these two reference samples is to help compare breccias of 

different composition and to find evidence of a possible mafic origin within them. The breccia 

bodies at Little Pisgah Peak and Copper Mountain have been suspected to be of a mafic origin 

primarily based on their dark color. The geochemical composition and comparison could give 

clarification. 
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CHAPTER 5 

HYDROTHERMAL ALTERATION OF THE SATELLITE BODIES 

 

The petrographic study of altered rocks from the satellite intrusive bodies, breccias and 

surrounding granites has been conducted through integrated use of the optical microscope, SEM, 

optical CL, and QEMSCAN (see Appendix A for details).  

In general, the destruction of igneous textures increases along all studied traverses 

towards outcrop areas of breccia. This is interpreted to be linked to an increase in alteration 

intensity, which relates to multiple stages of hydrothermal events (Table 5.1). The description of 

alteration intensity correlates directly to the progressive development of potassic alteration. Only 

minor degrees of replacement of igneous textures and earlier formed alteration styles by potassic 

minerals can be observed in the least-altered samples, whereas intensely altered trachyte samples 

are characterized by a groundmass dominated by potassium feldspar and minerals formed by 

later alteration styles. The intensity of alteration does not increase progressively along a traverse, 

but rather it can occur pervasively throughout the entire rock mass or be restricted to 

surroundings of veins or vugs. The results presented in this chapter include mineralogical, 

textural, and geochemical data that are used to compare patterns observed in weakly altered 

domains where igneous textures are variably preserved and intensely altered domains where all 

igneous textures have been destroyed. 

 

5.1  Trachyte – Chemistry and Mineralogy  

In order to understand the effects of alteration on rock mineralogy and compositions, 

unaltered samples were collected from three satellite locations. Although previously described as 

phonolite (Thompson, 1985; Kelley, 1996; Jensen, 2003), the compositions of alkaline rocks 

analyzed for this study typically plot on or below the phonolite-trachyte join on the TAS 

classification diagram of Le Bas (1986) (Fig. 5.1). Therefore, the rock samples and satellite 

bodies will be referred to here as trachyte. The ‘phonolite’ reference sample that was taken from 

Nipple Mountain also plots in the trachyte field and the phonotephrite composition of the 

igneous rock from Bull Cliff was confirmed. The TAS diagram is not directed towards the 

classification of ultramafic material, such as the lamprophyre reference sample that was collected 

from the center of the Cresson pit, and plots therefore in the foidite field. Data collected from the  
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Table 5.1: Overview of key alteration features observed in satellite trachyte intrusions, breccia, 
and host granites. 

 Alteration style Description Geochemical  

Trachyte 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
   

Albite alteration - Growth of albite along fluid 
pathways 

- Destruction of amphibole, 
pyroxene, and feldspathoid 
phenocrysts 

- New growth of sodic 
amphibole and feldspathoids 

Na enrichment  

Potassium feldspar alteration - Full destruction of amphibole, 
pyroxene, and feldspathoid 
phenocrysts 

- New growth of slightly 
potassic  amphibole 

- Pervasive growth of fine-
grained potassium feldspar 
throughout groundmass

K enrichment (Na 
depletion)  

Sericite alteration Sericitization of phenocrysts and 
groundmass, commonly around 
fractures or vugs  

K, Al enrichment  

Kaolinite alteration Kaolinite fromed along fractures 
and vugs 

Si, Al enrichment 

Biotite-Fe-hydroxide alteration Biotite halos along fractures 
filled with Fe-hydroxides 

Fe, K enrichment 

Breccia Biotite alteration Pervasive alteration of clasts Fe, K enrichment  

Albite alteration Albite dominated matrix Na enrichment  

Carbonate alteration Large feldspars fully replaced by 
carbonate minerals

CO2 enrichment 

Granite  Hydrothermally altered quartz  Short-lived turquoise 
luminescing quartz 

    - 

Albite alteration Albite rims forming replacement 
fronts replacing microcline 

Na enrichment 

Sericite alteration Sericitization of albite and 
microcline

K, Al, enrichment 

 
Cresson pipe lamprophyre by Jensen (2003) correlates with the composition of the lamprophyre 

reference sample. However, the geochemical compositions of dikes within the diatreme that are 

commonly described as lamprophyres show a compositional variety that includes tephrites and 

phonotephrites (Fig. 5.1). Therefore it should be taken into account that descriptions of 

lamprophyre dikes in the district include a spread of intermediate to ultramafic rocks. 
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Figure 5.1: Total-Alkali-Silica (TAS) diagram showing compositions of trachyte and breccia. 
Diagram from Le Bas et al. (1986) (The colored areas indicate the compositional range of 
phonolites (purple), lamprophyre dikes (green), and lamprophyre from the Cresson pipe (bright 
green) (data compiled by Jensen 2003). 

 

Intrusive rocks from Copper Mountain plot predominantly within the trachyte field, with 

four samples lying just within the phonolite field. This variation is interpreted to be primary, as 

the distribution of the samples in the TAS diagram doesn’t directly correlate with alteration 

intensity. Rocks collected from Trachyte Knob show the largest spread. The slightly altered 

sample from the central intrusion plot at the phonolite-trachyte boundary, the suspected medium 

altered dike plots in the tephriphonolite field, while the intensely altered part of the dike plots as 

a trachyte. The shift from tephriphonolite to trachyte, representing a shift from slight to intense 

alteration, implies that alteration affects on rock composition influence rock classification using 

the TAS diagram through changes to relative abundance of silica and total alkalis. The trachyte 

dike crosscutting granite at Granite Island plots as a trachyandesite, whereas the dike samples 

from Cresson are classified as trachyte. 

The least-altered rocks contain on average 8.1 wt% Na2O, 5.7 wt% K2O, and less than 1 

wt% CaO, adding to the classification as alkaline rocks, and are silica-undersaturated, with SiO2 

contents ranging from 58 to 63 wt%. Geochemical changes induced by alteration will be  
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discussed further in section 5.7.  

The chondrite normalized REE patterns of the samples collected from Copper Mountain, 

Trachyte Knob, Little Pisgah Peak and within the diatreme show two distinct trends (Fig. 5.2). 

All samples are LREE-enriched relative to MREE and HREE. Trachyte samples from Copper 

Mountain (11 samples) and Little Pisgah (4 samples) are strongly MREE-depleted and have 

minor negative Eu anomalies. Samples from the Cresson pit (2 samples) and Granite Island (1 

sample) are MREE-enriched compared to the Copper Mountain and Little Pisgah samples, 

although they have identical normalized La and Lu concentrations. The REE pattern of the 

reference sample from Nipple Mountain shows similarities to the ones of Copper Mountain and 

Little Pisgah Peak, but with increased LREE and HREE contents. Samples from Trachyte Knob 

show two different trends. One sample (sample ‘Tra_02’) from the central intrusive body 

displays a trend similar to those from other satellite bodies. However, samples ‘Tra_05’ and 

‘Tra_07’ from the presumed dike have compositions that overlap with those from intensely 

altered trachyte from within the diatreme in contrast to the MREE depleted samples from the 

satellite bodies. 

This pattern in sample ‘Tra_07’ could be due to the intense alteration that was observed 

in samples from the diatreme. The sample ‘Tra_05’ has been altered as well, but not to the same 

 

Figure 5.2: Rare earth element compositions (normalized to the chondrite data of Anders and 
Grevesse, 1989) for all trachyte rock samples from the satellite intrusions and within the 
diatreme. 
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degree. It is not known whether a potential different trace element composition of the dike is the 

reason for the enrichment in MREE, in contrast to a change caused by alteration. 

Most trachyte samples from the satellite intrusions have elevated Rb/Sr ratios, consistent 

with compositions of the ‘late-stage phonolite’ intrusions defined by Jensen (2003) (Fig. 5.3).  It 

has been considered that the Rb/Sr ratio correlates with alteration intensity, based on the fact that 

the Sr content in some intensely altered samples is increased. A difference in the ratios between 

the trachyte samples from the diatreme and satellites would therefore be the result of degree of 

alteration and not different magmatic events. However, a decrease in the Rb/Sr ratio does not 

correlate with an increase in alteration intensity, although in some cases the effect cannot be 

completely discounted. 

Two samples of the suspected dike at Trachyte Knob plot below the ‘late stage’ field of 

Jensen (2003). This may indicate that they are part of the ‘early-stage’ of trachyte/phonolite 

intrusion, and so formed prior to the trachyte that forms the large intrusion body at Trachyte 

Knob. A single sample from the large intrusive body at Copper Mountain has a lower Rb/Sr ratio 

than the other analyzed samples. This is caused by relatively higher Sr concentrations in this 

sample, the cause of which is unknown. 

 
Figure 5.3: Rb/Sr compositions of trachyte intrusions within the central diatreme compared to 
satellite trachyte bodies (grey fields indicate early and late-stage fields based on the data 
compiled by Jensen 2003). 
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The trachyte dike from Granite Island has a low Rb/Sr ratio and is therefore part of the 

‘early-stage’ intrusive group. Trachyte dike samples from the Cresson pit plot within and just 

below the field of the ‘late stage’ samples, indicating that they are possibly part of a later suite of 

intrusions. Alteration does have a slight effect on the Sr content in the rock samples, causing an 

increase in Sr content in some of the intensely altered trachyte, but alteration intensity does not 

systemically correlate with Rb/Sr trends. 

The differentiation between early- and late-stage intrusions is further supported by the 

ratio of Zr to Nb in the trachyte intrusions (Fig. 5.4). Samples of the target locations plot in 

clusters independent of alteration intensity. All samples from Copper Mountain and the sample 

from the intrusive body at Trachyte Knob plot within a field that was defined by Jensen (2003) to 

be characteristic for late-stage intrusions. Samples from the tephriphonolite dike at Trachyte 

Knob and trachyte dikes within the central diatreme plot in the early-stage field.  The samples of 

Little Pisgah Peak form a separate cluster, indicating a compositional difference to both early- 

and late-stage intrusions. 

For most trace elements, there is little difference between the ‘early-‘ and ‘late-stage 

phonolites’, including Th and U that were described by Jensen (2003) to be enriched in ‘late-

stage’ intrusions (Fig. 5.5). The main differences, as can be seen in the plot, are significant lower 

 
Figure 5.4: Diagram of the Zr and Nb concentrations in all analyzed trachyte samples. Grey 
fields represent the compositions of ‘early-stage’ and ‘late-stage’ intrusions from the diatreme 
(after Jensen, 2003). 
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Ba, Sr, and P concentrations in the ‘late-stage phonolites’. The satellite trachyte samples do not 

adhere to one or another, instead a transition towards Ba, Sr, and P-enrichment can be recognized 

in samples with increased alteration intensity. This change in trace element distribution can also 

be recognized in the intensely-altered trachyte sample from the Cresson pit, marked in red, with 

high concentrations of Ba, Sr, and P, similar to ‘early-stage phonolites’ (Fig. 5.5).  

Unaltered hand specimens of trachyte typically have a grey-green color caused by 

abundant aegirine-augite in the groundmass. With progressive degrees of alteration, the rocks 

commonly change color to shades of grey, white, light green or light red.  

Mineralogically, the least-altered trachyte samples from the three satellite locations 

contain up to 10% feldspathoid minerals, primarily sodalite and minor nosean. Minor modal 

percentages of pyroxene (augite, aegirine, and diopside) and amphibole phenocrysts 

(eckermannite), titanite, and small amounts of fluorite occur within the groundmass (Fig. 5.6c, 

d). The compositions of pyroxene and amphibole are based on electron microprobe data, in case 

of amphibole. The composition of diopside varies between and within the satellite intrusive, 

ranging from diopside that was identified in a sample of Copper Mountain and Trachyte Knob, to 

a variety of augite at Copper Mountain and Little Pisgah Peak (Fig. 5.7). 

 
Figure 5.5: Trace and rare earth element chemistry of alkaline rocks from the Cripple Creek 
district. (Data normalized to chondritic meteorite values from Thompson (1982). 
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Figure 5.6: Photomicrographs of representative trachyte samples from Copper Mountain 
(CuR_20): (a) photomicrograph of sanidine-dominated groundmass (XPL); (b) higher  
magnification image of small sanidine needles in the groundmass of trachyte (XPL); (c) 
photomicrograph of pyroxene (Px), titanite (Ti), and magnetite (Mgt) phenocrysts (PPL); (d)  
photomicrograph of fluorite (irregularly-shaped purple grains) within groundmass of feldspar 
and amphibole (PPL).  
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Figure 5.7: Pyroxene compositions of phenocrysts in satellite trachyte intrusions. The grey 
shaded area represents the compositional range of pyroxene from diatreme-hosted trachyte 
(compilation from Jensen, 2003). 

 

The most abundant mineral in the trachytes is sanidine (~70-80%), which occurs as 

phenocrysts (2-5 %), but also forms the majority of microlites within the groundmass (Fig. 5.6a, 

b). Figure 5.8 summarizes the major element chemistry of all feldspar grains in trachyte samples 

analyzed for this study. Unaltered cores of sanidine phenocrysts from all satellite intrusions, 

        
Figure 5.8: Ternary diagrams of all analyzed feldspar grains (‘Microlite’: small feldspars 
contained within the groundmass, ‘Altered sanidine’: altered rims and zones in sanidine 
phenocrysts, ‘Sanidine core’: measurements taken from the core, assumed to be the least altered, 
‘Alkali-feldspar’: alkali feldspar that formed in association with sericite and kaolinite alteration, 
‘Adularia’: analyzed grains with the characteristic crystal habit). 
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marked in red, clearly plot in a very narrow field. They are highly sodic, with compositions 

ranging between XAb = 0.52 and 0.56 (Fig. 5.8, Table 5.2a). The rims of sanidine phenocrysts 

may be enriched in Na or K depending on exposure to alteration. The effects of diverse types of 

alteration on the feldspar compositions will be described in detail in the following sections. 

 
5.1.1  Albite Alteration 

Within weakly potassic-altered domains in trachyte samples, the texturally earliest stage 

of alteration is characterized by the appearance of albite at the expense of sanidine phenocrysts 

and sanidine microlites. This style of alteration commonly affects 5 to 10% of the rock volume 

and is usually visible in hand specimen in the form of small white veinlets that follow the 

igneous fabric (Fig. 5.9). In thin section, the areas affected by albitic alteration appear as planar 

domains of brown, diffuse rock (Fig. 5.10a), and affect large sanidine phenocrysts and 

groundmass minerals. The alteration of sanidine initially occurs along cleavage planes and 

fractures within the crystal, and can be identified in plane polarized light as brown areas that in 

crossed polarized light have lost the interference colors still visible in adjacent unaltered sanidine 

(Fig. 5.10b). The intensity of alteration appears to be consistent throughout all domains that are 

not pervasively potassic-altered. 

Individual albite grains are very fine-grained (<15 μm). In SEM (BSE) images, albite 

occurs as dark grey areas in the center of alteration domains, with more diffuse patches 

developed in the adjacent groundmass areas (Fig. 5.11a). Under the CL microscope, albite-

altered areas give a cloudy bright to dark red luminescence (Fig. 5.10c, 5.11). Euhedral sanidine 

crystals, which have a blue luminescence are cut by dark red zones representing the albitic 

alteration. The boundary between these two is commonly diffuse indicating a progressive 

replacement of sanidine by albite. Albite compositions usually range around XAb= 0.99 (Table 

5.2b). Transitional compositions with lower albite proportions are usually the result of potassic 

alteration (Fig. 5.8). 

Cathodoluminescence imaging also revealed the common presence of a dark blue 

luminescent phase disseminated along the centers of albite-rich veins (Figure 5.11c). This phase 

is identifiable in SEM images (Fig. 5.11a) and analyses by EMP (Table 5.2c) indicate this is an 

alkali feldspar with an XAb content of 0.75 to 0.82. This suggests that feldspar with a slightly 

more potassic composition than albite grew in the center of the alteration zone. This could be 

interpreted as a transition to potassic alteration. 
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Table 5.2: Representative EMP data of sanidine, albite, and alkali feldspar: (a) primary sanidine (based on 6 measurements); (b) 
secondary albite compositions (16 measurements); (c) compositions of alkali feldspars exhibiting a blue cathodoluminescence 
signature associated with early albite alteration (4 measurements). 

  (a) Sanidine:   (b) Albite:  (c) Alkali Feldspar (K < Na): 
    Copper Mt.   Pisgah P. Trachyte K.    Copper Mt.  Pisgah P.    Copper Mt.  Pisgah P. 
 CuR_05 LPP_16 Tra_02 CuR_05 LPP_16 CuR_05 LPP_16 
 
SiO2 67.69 67.67 67.01 67.94 55.61 69.04 66.92 
TiO2 0.00 0.00 0.05 0.00 0.00 0.01 0.01 
Al2O3 18.75 19.65 19.34 21.45 25.07 19.51 21.67 
Cr2O3 0 0 0.01 0.00 0.04 0 0 
FeO 0.46 0.22 0.21 0.29 0.88 0.14 0.20 
MnO 0.01 0.01 0 0 0.02 0.01 0 
MgO 0 0 0 0 0.01 0 0 
CaO 0.05 0.46 0.76 0.12 0.02 0.03 1.92 
Na2O 6.39 6.11 6.78 11.80 10.23 9.88 9.16 
K2O 8.04 8.18 7.35 0.13 0.18 3.24 3.15 
                    
Total 101.37 102.26 101.43   101.69 92.06   101.84 102.99 
                    
num ox 8 8 8   8 8   8 8 
 
Si 3.00 2.98 2.97 2.93 2.67 3.00 2.89 
Al 0.98 1.02 1.01 1.09 1.42 1.00 1.10 
Fe 0.02 0.01 0.01 0.01 0.04 0.01 0.01 
Ca 0.00 0.02 0.04 0.01 0.00 0.00 0.09 
Na 0.55 0.52 0.58 0.99 0.95 0.83 0.77 
K 0.46 0.46 0.42 0.01 0.01 0.18 0.17 
                    
Total 5.01 5.00 5.02   5.02 5.10   5.01 5.03 
                    
XK-fsp 0.45 0.46 0.40 0.01 0.01 0.18 0.17 
XAb 0.55 0.52 0.56 0.99 0.99 0.82 0.75 
XAn 0.00 0.02 0.04   0.01 0.00   0.00 0.09 
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Figure 5.9: Albite alteration in trachyte from Copper Mountain (CuR_20): (a) QEMSCAN image 
of trachyte that has been affected by albite alteration along discrete veinlets and in isolated 
patches within a sanidine-dominated groundmass. Modal abundance data are given in the key; 
(b) photograph of the hand sample used for QEMSCAN analysis. 
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Figure 5.10: Microscopic images of albitic alteration (CuR_05): (a) Photomicrograph of albite 
alteration. Note the progressive destruction of phenocrysts that are clearly preserved in the 
periphery of the veins (PPL); (b) partial replacement of a sanidine phenocryst by diffuse brown, 
fine-grained albite (XPL photomicrograph, Ab: albite, Sa: sanidine); (c) CL image of albite (dark 
red luminescence) replacing sanidine (blue luminescence); (d) photomicrograph of the domain 
presented in CL image (c) (XPL). 
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Figure 5.11: Detailed images of albite alteration developed along discrete veinlets: (a) SEM-BSE 
image showing albite forming linear bands within the trachyte matrix (LPP_16); (b) 
photomicrograph showing albite-rich vein domains (diffuse brown color) similar to that imaged 
by SEM (PPL, LPP_16); (e) CL image of an albite-rich vein in altered trachyte from Copper 
Mountain (Sa: sanidine, Ab: albite, Alkali-fsp: alkali feldspar with Na>K, Amp: amphibole, K-
fsp: potassium feldspar, Fl: fluorite, Foid: feldspathoids, sample CuR_05). 
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5.1.2  Potassium Feldspar Alteration 

Potassium feldspar alteration was the main event related to pervasive destruction of 

primary igneous textures. In hand specimens of trachyte only weakly affected by potassic-

alteration, evidence of potassium feldspar growth is not noticeable. However, subtle and minor 

changes can be recognized under the optical microscope and in SEM images. In addition, the 

intensity of potassic alteration is indicated by whole rock chemical data and a progressive 

increase in the modal abundance of potassium feldspar from weakly to intensely altered rocks, 

from about 8 to over 60% (QEMSCAN data: Table 5.3). In weakly to moderately altered rocks, 

the potassic alteration results in the formation of a wide range in feldspar compositions, from 

sodic to strongly potassic ones, the latter of which is especially common at Copper Mountain 

(Figure 5.8). Based on QEMSCAN data (Table 5.3), these minerals are considered to be 

intermediate composition alkali feldspars. 

The first indication of potassium feldspar formation in weakly altered rocks is the 

occurrence of previously euhedral sanidine phenocrysts that have lost their crystal shape. 

Sanidine replacement is initially most pronounced with small crystals in the groundmass that 

become subhedral. The crystal terminations of larger phenocrysts also exhibit significant 

replacement by potassium feldspar (Fig. 5.12a, b). In CL images, zones affected by potassic 

alteration take on a subtle purple luminescent color, with small dark pink/red luminescing 

potassium feldspar occurring in the interstices of the groundmass (identified using SEM and 

EMP: Table 5.4a). In weakly altered rocks, it is common to find both potassium feldspar and 

albite replacing the phenocrysts (Fig. 5.13c). Albite is most likely a remnant of earlier albite 

alteration.  Sanidine appears to be more susceptible to potassic alteration than the albite that is 

most likely a remnant of earlier albite alteration. The albite is only present in the immediate 

contact zone or rims of phenocrysts and potassic alteration front and is absent in the groundmass 

surrounding it (Fig. 5.8). It is interpreted as a replacement of albite with or shortly after sanidine 

(Fig. 5.13d).  

Progressive replacement of sanidine phenocrysts is also recorded by 

cathodoluminescence properties. Bright blue luminescing cores of sanidine crystals (largely 

unreplaced) change to a purple luminescence along the edges of the sanidine rims and along 

fractures within cores and ending with areas of dark pink/red luminescence caused by pervasive 

replacement by fine-grained potassium feldspar (Fig. 5.13a, b).  
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Along boundaries between dark purple luminescing alteration fronts and the transitional 

area towards the core of the sanidine, bright orange luminescing inclusions and minerals without 

luminescence occur. These have been identified (optical microscope) and confirmed (EMP data) 

as sodalite and amphibole, respectively. These inclusions are described in more detail below. 

Alteration progresses along inclusion-rich or fractured zones and favors contacts between 

intergrown sanidine crystals (Fig. 5.13a). With increasing alteration intensity, smaller sanidine 

crystals in the groundmass and larger phenocrysts are progressively replaced by potassium 

feldspar (Fig. 5.12a, 5.13a), commonly preserving only small sanidine relics.  

With increasing intensity of potassic alteration, sanidine phenocrysts are progressively 

destroyed through replacement by potassium feldspar, with the groundmass and replaced 

sanidine phenocrysts developing the same texture (Fig. 5.12b). This process is associated with a 

change in color of the trachyte from pale red to completely white. In such highly altered samples, 

intense potassic alteration is completely texturally destructive. Locally the groundmass texture 

has changed from fine-grained interlocking microlites to irregular-shaped ‘bubbly’ mineral 

aggregates consisting of potassium feldspar (Fig. 5.12d). Vugs commonly occur at the center of 

domains recording the most intense alteration (Fig. 5.12c, 5.14), which may suggest that they 

acted as fluid pathways.  

 

Table 5.3: Modal mineral abundance of the main minerals in weak and intensely altered trachyte 
(in weight percent) based on QEMSCAN results. The group of alkali feldspars consists of 
feldspars that did not fall within the compositional parameters that define potassium feldspar, 
sanidine or albite. Sanidine was identified using a synthetic spectrum that has been calculated 
based on a theoretical composition. 

Target Site Copper Mountain  Little Pisgah P. Trachyte Knob 

Alteration Weak Medium Intense Weak  Medium Intense 

K-feldspar 9.63 35.82 30.48 10.69  34.44 60.87 

Sanidine 28.96 23.08 25.73 27.28  34.25 6.84 

Albite 9.39 8.78 1.37 14.17  5.18 - 

Alkali-feldspar 24.99 - 21.19 29.03  - 11.61 

Amphibole 1.20 2.36 - 1.33  1.73 - 

Pyroxene 0.22 0.04 - -  0.04 - 

Feldspathoids 11.92 10.54 - 6.73  8.24 - 
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Table 5.4: Representative EMP data of potassium and alkali feldspar: (a) hydrothermal 
potassium feldspar of samples taken from Copper Mountain, Trachyte Knob, and Little Pisgah 
Peak (based on 24 measurements); and (b) alkali feldspars that formed after kaolinite Trachyte 
Knob (2 measurements).  
   (a) Potassium Feldspar:  (b) Alkali Feldspar (K > Na): 
  Copper Mt. Trachyte K. Pisgah P.   1) 2) 
 CuR_05 Tra_07 LPP_16 CuR_05 CuR_05 
 
SiO2 65.62 64.83 65.99 67.08 65.58 
TiO2 0 0.27 0.04 0.11 0.16 
Al2O3 18.21 18.01 19.34 19.08 19.24 
Cr2O3 0.01 0 0.00 0 0 
FeO 0.18 0.47 0.49 0.25 0.24 
MnO 0.02 0 0.04 0.00 0.00 
MgO 0 0.10 0 0 0 
CaO 0.09 0.12 0.17 0.36 0.43 
Na2O 0.70 1.27 0.84 4.98 4.90 
K2O 15.45 14.23 15.58 9.88 9.38 
              
Total 100.22 99.28 102.45   101.70 99.91 
              
num ox 8 8 8   8 8 
 
Si 3.01 3.00 2.97 2.99 2.97 
Ti 0.00 0.01 0.00 0.00 0.01 
Al 0.99 0.98 1.03 1.00 1.03 
Cr 0.00 0.00 0.00 0.00 0.00 
Fe 0.01 0.02 0.02 0.01 0.01 
Mn 0.00 0.00 0.00 0.00 0.00 
Mg 0.00 0.01 0.00 0.00 0.00 
Ca 0.00 0.01 0.01 0.02 0.02 
Na 0.06 0.11 0.07 0.43 0.43 
K 0.91 0.84 0.90 0.56 0.54 
              
Total 4.98 4.98 5.00   5.01 5.00 
              
XK-fsp 0.93 0.87 0.92 0.56 0.55 
XAb 0.06 0.12 0.07 0.43 0.43 
XAn 0.00 0.01 0.01   0.02 0.02 
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Figure 5.12: Photomicrographs of trachyte illustrating the stages of potassic alteration: (a) Low 
intensity, where albite is partially replacing the crystal terminations of sanidine phenocrysts and 
patchy replacement in core areas (XPL, CuR_02); (b) high intensity, where large areas of the 
sanidine crystals are replaced (XPL, CuR_32); (c) high intensity, with subhedral sanidine 
phenocryst within a vugy groundmass of potassium feldspar and fine-grained white mica (PPL, 
CuR_04_2); (d) photomicrograph of potassically-altered ‘bubbly’ groundmass 
(XPL,CuR_07_2). 
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Figure 5.13: Potassic alteration of sanidine phenocrysts at Trachyte Knob (Tra_02): (a) CL 
image illustrating patchy potassic alteration: pervasive alteration of the groundmass and the 
growth-contacts of the sanidine crystals (b) CL image illustrating potassium feldspar rims that 
embay sanidine phenocryst; (c) SEM-BSE image of a part of a sanidine phenocryst partially 
altered to potassium feldspar with albite present; (d) lower magnification SEM-BSE image of the 
entire feldspar showing the albite distribution within the rim of the crystal (Ab: albite, Amp: 
amphibole, K-fsp: potassium feldspar, Sa: sanidine).  
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Figure 5.14: QEMSCAN image of intense potassic alteration illustrating the pervasive 
development of potassium feldspar around vugs in the trachyte (CuR_04_2).  
 

5.1.3  Alteration of Amphibole and Pyroxene 

In weakly potassic-altered zones where the effects of albite alteration are still apparent, 

amphibole and clinopyroxene phenocrysts are still preserved (Fig. 5.15a). However, with 

increasing intensity of potassic alteration and development of pervasive potassium feldspar, these 

phenocrysts are either absent, or they display progressive replacement by secondary “shreddy” 

amphibole (Fig. 5.15b-d). The QEMSCAN data (Table 5.3) for strongly altered trachyte samples 

indicate a complete absence of both amphibole and pyroxene. 

In the early stages of primary amphibole destruction, the secondary shreddy amphibole 

forms rims that partially embay primary amphibole phenocryst margins and also occurs as grains 

in the groundmass around the phenocrysts (Fig. 5.15b, d). The secondary shreddy amphibole is 

locally overprinted by rims of more euhedral amphibole that has a brighter BSE intensity (Fig. 

5.15d). With increasing potassic alteration, amphibole phenocrysts are progressively replaced, 

until they are pseudomorphed by the fine-grained secondary amphibole (Fig. 5.16). Pyroxene 

1 mm 
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phenocrysts undergo a similar textural replacement by the secondary amphibole, with the degree 

of replacement correlating with that observed for primary amphibole.  

In domains of intense potassic alteration, there is complete destruction of pyroxene and 

amphibole phenocrysts. In addition, small (0.05-0.1 mm) needles of sub- to euhedral amphibole 

are observed in (Fig. 5.16). This generation of amphibole is chemically enriched in Al2O3, MgO, 

CaO and slightly in K2O, whereas the TiO2, FeO, and Na2O contents are decreased (based on 

three EMP measurements: Table 5.5) compared to primary magmatic amphibole, which has been 

identified as eckermannite (based on five EMP measurements; classification after Leake et al., 

1997). 

The primary magmatic and secondary shredded amphibole, which formed during albitic 

alteration of trachyte, appears to be replaced by alkali feldspars (Table 5.5). In weakly altered 

rocks, albite usually encloses the amphiboles, and small crystals of albite and potassium feldspar 

form within the rims of the amphiboles and amphibole-altered pyroxene. The measurements in 

Table 5.5 were taken of feldspars that appeared to replace amphibole. The presence of potassium 

feldspar becomes predominant in comparison to albitic feldspars in more intensely potassic-

altered rocks. 

 

5.1.4 Alteration of Feldspathoids 

Feldspathoids, predominantly sodalite, are very common in all trachyte samples. 

Feldspathoids are largely preserved in weakly, mostly albitic-altered trachyte samples.  They are 

characterized by their hexagonal shape, and have rims rich in opaque minerals (Fig. 5.17a). This 

feature may be the result of magmatic resorption and concentration of titanite and magnetite and 

other Fe-rich minerals. In addition, feldspathoids commonly contain fluorite inclusions (Fig. 

5.17a), or thin, discontinuous rims of fluorite (Fig. 5.17b, c). These characteristics illustrate that 

the feldspathoids retain their primary magmatic appearance and are well preserved in weakly 

altered rocks. 

The feldspathoids are usually slightly albitized, with the alteration first affecting the 

center of the crystal. During progressive potassic alteration, the characteristic blue luminescence 

of unaltered feldspathoids is replaced by a more purple color that is characteristic of albitic 

feldspar. The replacement of feldspathoids by albite was confirmed by electron microprobe 

analyses (Fig. 5.14c). Albitic feldspars formed at the expense of feldspathoids become less  
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Figure 5.15: Alteration of amphibole minerals: (a) Photomicrograph of a typical primary 
phenocryst assemblage of augite and sodalite in a weakly altered trachyte (PPL, CuR_20); (b) 
shredded amphibole with a magmatic core in a weakly potassically altered rock (PPL, CuR_29); 
(c) photomicrograph of shredded amphibole (PPL, CuR_02); (d) SEM-BSE image of shredded 
amphibole with a primary magmatic core (Tra_02). 
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Table 5.5: Representative EMP data of secondary euhedral amphibole (based on 5 
measurements), cores of shredded amphibole phenocrysts (6 measurements), amphibole replaced 
by albite (7 measurements), and amphibole replaced by potassium feldspar (9 measurements). 

Amphibole alteration: 
 Secondary 

Amphibole 
Core 

Amphibole Albite Potassium feldspar 
 CuR_05 LPP_16 LPP_16 LPP_16 

SiO2 52.46 52.16 58.74 65.99 
TiO2 1.00 3.91 0 0.04 
Al2O3 2.11 1.07 25.84 19.34 
Cr2O3 0.01 0.01 0 0.00 
FeO 20.94 23.97 0.47 0.49 
MnO 1.51 1.58 0.04 0.04 
MgO 3.49 0.45 0.00 0 
CaO 8.48 2.46 0.01 0.17 
Na2O 8.97 12.09 12.19 0.84 
K2O 0.26 0.05 0.15 15.58 
Cl 0.00 0.01 
F 0.14 0.00 
          
Sub-Total 99.26 97.75     
          
-O equiv. 
Cl 0.00 0.00 
-O equiv. F 0.06 0.00     
          
Total 99.31 97.75 97.41 102.45 
          
num ox 23 23 8 8 
     
Si 7.93 8.08 2.68 2.97 
Ti 0.11 0.46 0.00 0.00 
Al 0.38 0.20 1.39 1.03 
Cr 0.00 0.00 0.00 0.00 
Fe 2.65 3.10 0.02 0.02 
Mn 0.19 0.21 0.00 0.00 
Mg 0.79 0.10 0.00 0.00 
Ca 1.37 0.41 0.00 0.01 
Na 2.63 3.63 1.08 0.07 
K 0.05 0.01 0.01 0.90 
Cl 0.00 0.00 
F 0.03 0.00 
          
Total 16.13 16.19 5.17 5.00 

XK-fsp 0.01 0.92 
Xab 0.99 0.07 
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Figure 5.16: Secondary euhedral amphibole (sample CuR_05): (a) PPL and (b) XPL 
photomicrographs of alteration of sanidine in a potassium feldspar dominated groundmass with 
growth of amphibole needles within the potassic-altered rim of sanidine. 
 

abundant with increasing alteration intensity. Instead an increase in the formation of potassium  

feldspar in the center of the feldspathoids could be noticed, interpreted to be the result of albite 

replacement by potassium feldspar (Table 5.6). Generally, the amount of aluminum and sodium 

decreases while the silica and potassium contents increase with increasing alteration intensity.  

Rocks affected by moderate to strong potassic alteration contain a secondary, chemically 

identical sodalite with a bright orange luminescence that is in stark contrast to the characteristic 

bright blue CL signature of magmatic sodalite (Fig. 5.11c, 5.17d, Table 5.6). The secondary 

sodalite forms a halo around the original feldspathoids, and depending on the size of the 

pseudomorphed crystal and intensity of alteration, may completely replace it.  

Feldspathoids are absent in the most intensely potassic-altered rocks, and in rocks 

exposed to later alteration events (e.g., white mica, kaolinite, and biotite-Fe-hydroxide 

alteration). The only residues of feldspathoids in strongly altered rocks are hexagonal remnants 

that have been pseudomorphed, most commonly by sericite (Fig. 5.18d) 
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Table 5.6: Representative EMP data of magmatic sodalite (based on 12 measurements), altered 
sodalite (10 measurements), and albite (9 measurements) and potassium feldspar (7 
measurements) occuring in the center of the sodalite crystals. 

Sodalite alteration: 
  Magmatic sodalite Altered sodalite Albite Potassium feldspar 
 LPP_16 CuR_05 Tra_07 Tra_07 
SiO2 38.44 57.74 66.77 51.48 
TiO2 0.05 0.05 0.05 0.12 
Al2O3 34.55 25.35 19.11 26.04 
Cr2O3 0.02 0 0.00 0.04 
FeO 0.25 0.47 0.83 3.53 
MnO 0.03 0.04 0.02 0.00 
MgO 0 0.00 0 1.82 
CaO 0.01 0.10 0.39 1.26 
Na2O 25.94 12.38 4.92 0.15 
K2O 0.04 3.90 9.73 5.30 
Cl 6.67 2.55 0.00 0.10 
F 0 0.00 0.00 0.97 
          
Sub-Total 99.31 100.01 101.80 89.75 
          
-O equiv. Cl 1.51 0.57 0.00 0.02 
-O equiv. F 0 0.00 0.00 0.41 
          
Total 100.79 100.58 101.80 90.18 
          
num ox 24 24 8 8 
  
Si 5.64 7.90 2.98 2.58 
Ti 0.00 0.01 0.00 0.00 
Al 5.98 4.09 1.00 1.54 
Cr 0.00 0.00 0.00 0.00 
Fe 0.03 0.05 0.03 0.15 
Mn 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.14 
Ca 0.00 0.01 0.02 0.07 
Na 7.38 3.29 0.43 0.01 
K 0.01 0.68 0.55 0.34 
Cl 0.37 0.13 0.00 0.00 
F 0.00 0.00 0.00 0.06 
   
Total 19.42 16.17 5.01 4.89 
          
XK-fsp 0.55 0.80 
Xab     0.43 0.03 
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Figure 5.17: Alteration of feldpathoids: (a) photomicrograph of a sodalite phenocryst in trachyte 
with a clear core and an opaque mineral-rich rim. Note the presence of an irregular fluorite 
inclusion (PPL, LPP_16); (b) photomicrograph of the edge of a sodalite grain in altered trachyte. 
The margin of the grain contains a discontinuous fluorite rim (PPL, CuR_05); (c) CL image of 
partially altered sodalite with a discontinuous rim of fluorite. The blue domains within the 
dominantly dark grain are relics of unaltered sodalite, the purple domains represent feldspar 
alteration (LPP_16); (d) CL image of altered sodalite surrounded by a rim defined by orange 
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luminescence (Ab: albite, Fl: fluorite, Fsp: feldspar alteration, Foid: feldspathoid, 2nd Foid: 
secondary feldspathoid, Tra_02). 
 

5.1.5 Sericite and Kaolinite Alteration 

Sericite and kaolinite occurs in intense potassic-altered trachyte samples in which no 

igneous textures are preserved. Locally, sericite (fine-grained white mica), is intergrown with the 

potassium feldspar-altered groundmass, and may completely pseudomorph minerals (e.g., 

feldspathoid: Fig. 5.18d). The potassically altered groundmass typically contains pervasive 

sericite that becomes more intense around vugs filled with kaolinite or within vugs (Fig: 5.18c, 

5.19). Kaolinite is characterized by a short-lived blue luminescence and is developed along small 

fractures and vugs (Fig. 5.18a, c, 5.19). The groundmass surrounding the kaolinite is usually 

strongly sericitized (Fig: 5.19c). In all analyzed trachyte samples of the satellite intrusions, 

kaolinite always occurs with sericite, although kaolinite formed after sericite. 

An additional later phase with a bright blue luminescence grew in the center of the 

kaolinite in a single sample and has been identified as an alkali feldspar with XAb= 0.43 (Fig. 5.8, 

Table 5.4b).  

 

5.1.6 Biotite-Fe-hydroxide Alteration  

Biotite and Fe-hydroxide minerals form along and within fractures and replace potassium 

feldspar, sericite, and kaolinite. This alteration is therefore part of the latest stages of alteration 

and is always present in intensely altered trachyte that preserved no igneous textures. The degree 

of alteration at Copper Mountain (Fig. 5.20) is relatively minor, and only slightly more distinct at 

Trachyte Knob (Fig. 5.19a), compared to fracture-controlled biotite that occurs within the 

diatreme (Fig. 6.2a). In all sample locations other than Granite Island, very fine-grained 

intergrowths of biotite and Fe-hydroxide minerals replace the predominantly potassic feldspars 

in the groundmass. The Fe-hydroxides are a product of weathering and most likely represent Fe-

oxide or -sulfide minerals that formed with the biotite. 

This alteration type is characterized in hand specimen by prominent brown staining along 

fractures and in vugs (Fig. 5.19b). When viewed by optical microscope the alteration appears as 

a wide cloudy brown area that surrounds the vugs and fractures. The cloudy appearance is 

interpreted to result from the grain size and high abundance of Fe-hydroxide minerals (Fig. 

5.21a, b). The small grain sizes present a challenge for determining precise compositions by   
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Figure 5.18: Sericite and kaolinite alteration of trachyte: (a) and (b): CL images of vugs within 
trachyte filled with kaolinite, with a phase of bright-blue luminescing feldspar growing in the 
center (Alkali-fsp: alkali feldspar; Table 5.4, Tra_02); (c) XPL photomicrograph illustrating 
sericite alteration within the groundmass surrounding a kaolinite-filled vug (CuR_04_2); (d) 
XPL photomicrograph showing a feldspathoid phenocryst that is pseudomorphed by sericite. 
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Figure 5.19: Overview of intensely altered trachyte (Trachyte Knob, Tra_07): (a) QEMSCAN 
image of sericite- and kaolinite-altered trachyte, where kaolinite (red) and sericite (orange) are 
predominantly developed within vugs; and (b) a photograph of the hand specimen analyzed in 
(a). 
 

EMP measurements (Table 5.7). However, biotite-Fe hydroxide distribution can be mapped by 

QEMSCAN (Fig. 5.19a, 5.20). EMP measurements proved the presence of biotite  

at Trachyte Knob and the Cresson pit, but are based on a small and less-representative data set 

than desired, with two reliable measurements at Trachyte Knob and one at the Cresson pit (Table 

5.7). None of the measurements at Copper Mountain were successful in analyzing solely biotite. 

Slight deviations of the biotite compositions identified at Trachyte Knob and Cresson pit cannot 

be robustly linked to alteration processes and are likely to be caused by difficulties associated 

with analyzing such fine-grained minerals. 

The biotite-Fe-hydroxide alteration is always coupled with the earlier sericite and 

kaolinite alteration, but they are spatially distinct. The biotite-Fe-hydroxide alteration is always 

contained within fractures or fractured zones, whereas the most intense sericite and kaolinite 

alteration is more pervasive and focused around the numerous vugs. 
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Figure 5.20: QEMSCAN image of a biotite and Fe-hydroxide-altered trachyte from Copper 
Mountain (CuR_07_1).  

 
Figure 5.21: Photomicrographs of biotite and Fe-hydroxide minerals in trachyte (Tra_07): (a) 
XPL photomicrograph of characteristic biotite-Fe-hydroxide-altered fracture in a sericitized 
groundmass in trachyte from Trachyte Knob; (b) higher magnification image of a biotite halo 
surrounding a fracture (PPL photomicrograph). 
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Table 5.7: Representative EMP data of biotite from Trachyte Knob (2 measurements) and the 
Cresson pit (1 measurement).  

Biotite:     
  Trachyte K. Cresson   Trachyte K. Cresson
 Tra_07 CC92-20-237  num ox 11 11 
SiO2 32.97 38.91  Si 3.19 3.13 
TiO2 0.03 0.15  Ti 0.00 0.01 
Al2O3 6.28 19.26  Al 0.72 1.83 
Cr2O3 0.01 0.00  Cr 0.00 0.00 
FeO 37.81 20.95  Fe 3.06 1.41 
MnO 0.08 0  Mn 0.01 0.00 
MgO 0.44 0.99  Mg 0.06 0.12 
CaO 0.63 0.11  Ca 0.07 0.01 
Na2O 0.30 0.25  Na 0.06 0.04 
K2O 4.88 8.25  K 0.60 0.85 
Cl 0.02 0.01  Cl 0.00 0.00 
F 0.02 0.37  F 0.00 0.04 
             
Sub-Total 83.44 88.84  Total 7.78 7.43 
     
-O equiv. Cl 0.01 0.00  
-O equiv. F 0.01 0.15  
     
Total 83.45 89.00  
     
 

5.1.7 Spatial Variations in Alteration Style 

The trachyte of Copper Mountain exhibits all degrees and types of alteration observed 

outside the diatreme. Albite alteration is most prominent in the center of the trachyte body and its 

northern and southern edges. Late growth of small amounts of sodium-rich alkali feldspar (XAb= 

0.82) follows the formation of albite (XAb= 0.99). Potassic alteration is usually weakly developed 

and increases with intensity with proximity to the breccia at the center of the southern flank of 

the mountain. The potassium feldspar content in these rocks increases from 9 to 35% (Fig. 5.9a, 

5.14, 5.19a, Table 5.3). Amphibole, pyroxene, and feldspathoids in the rock unit become 

progressively more altered and are lacking in intensely potassic-altered rocks. Trachyte within 5 

to 10 m of the breccia complex is bleached and shows sericite and kaolinite alteration with minor 

biotite-Fe-hydroxide alteration closer to the breccia.  

The samples from Little Pisgah Peak are among the weakest altered and primary igneous 

textures are preserved. They have been albitized and contain ~ 14% albite. The albite alteration 
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precedes the growth of sodic alkali feldspars (XAb=0.78). The potassic alteration is only weakly 

developed. No other alteration styles have been recorded for the trachyte at Little Pisgah Peak. 

 All described types of alteration are present at Trachyte Knob, although potassic 

alteration is dominant. The least-altered trachyte, based on macroscopic and microscopic 

appearance, contains 34% potassium feldspar. Remnants of albitization (ca. 5% albite) are 

present.  However, to the north, within a tephriphonolite dike that contains Ca-rich plagioclase, 

amphibole, and trachyte xenoliths, the alteration intensifies. Trachyte in contact with granite has 

been strongly altered to potassium feldspar (containing over 60% potassium feldspar; Fig. 5.19), 

which was overprinted by an intense sericite and later kaolinite. A new generation of alkali 

feldspar was found growing on kaolinite, indicating a later formation. Biotite-Fe-hydroxide 

alteration is present along a fractured zone (Fig. 5.19) within the tephriphonolite dike. Overall, 

the intensity of alteration observed at Trachyte Knob is the strongest of any other studied target 

site outside the central diatreme. 

 

5.1.8 Geochemical Fingerprints of Alteration 

Geochemical data was collected to understand the chemical effects of alteration on 

trachyte and determine potential pathfinder elements that could be used to identify different 

alteration styles.  

Early albitic alteration of trachyte is associated with an increase in Na. It is followed by a 

growth of potassium feldspar at the expense of sodic feldspar and therefore masking the Na 

enrichment of the earlier alteration in trachyte and increasing the K content. The formation of 

sericite and kaolinite should theoretically cause a decrease in the concentration of K, as these 

alteration styles replace potassium feldspar with minerals that have lower or no K contents. 

However, such a change cannot be recognized in the geochemical data (Fig. 5.22).  

The samples have been grouped based on apparent alteration intensity that is reflected in 

microscopic textures. Weak alteration in trachyte refers to samples with locally well-developed 

albite at the expense of igneous textures, the partial preservation of phenocrysts, and a minor 

replacement of sanidine by potassium feldspar in the groundmass. Shredded amphibole, 

remnants of igneous amphibole and pyroxene phenocrysts, and an increase in potassium feldspar 

in the groundmass characterizes rocks of weak to medium alteration intensities. Medium to 

intense alteration is characterized by all igneous phenocrysts and sanidine microlites in the 
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groundmass having been replaced by potassium feldspar with new growth of euhedral 

amphibole. All amphibole crystals are gone from intensely altered samples. The groundmass is 

dominated by potassium feldspar, but sericite and kaolinite replace it. In three of these samples, 

biotite-Fe-hydroxide alteration can be observed along fractures. 

 
Figure 5.22: Diagram Na versus K (in wt%) of potassic-altered trachyte. Alteration intensities of 
the samples are based on microscopic observations (e.g.,amount and shape of phenocrysts, 
changes in the groundmass).  

 

All samples show evidence for overlapping of multiple alteration styles; therefore it is not 

always possible to recognize specific geochemical characteristics associated with a specific 

alteration style. Only three significant geochemical trends could be recognized in the 

geochemical data. The first one has been described above and is characterized by an increase of 

K with increasing alteration intensity and growth of potassium feldspar. The growth of potassium 

feldspar is directly correlated to an increase in Rb concentrations (Fig. 5.23). However, the 

influence of alteration intensity on the Rb/Sr ratio, that is used to identify an early and late-stage 

intrusion of the trachyte bodies, is not significant, except for samples from Copper Mountain 

which show a progressive increase in Rb/Sr ratio with increasing intensity of alteration (Fig. 

5.24).  

The third geochemical trend is a decrease in Ca with increasing alteration intensity, 

interpreted to result from the replacement of pyroxene crystals in the transition from albite to 

potassium feldspar alteration style. No other significant geochemical changes could be 
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recognized; even biotite-Fe-hydroxide-altered trachyte contains consistent Fe contents and lack 

observable patterns. 

 
Figure 5.23: Diagram of Rb concentrations in relation to alteration intensity (K/Na). Alteration 
intensities of the samples are based on microscopic observations (amount and shape of 
phenocrysts, changes in the groundmass). 

 
Figure 5.24: Diagram of Rb/Sr ratios in relation to alteration intensity (K/Na). Alteration 
intensities of the samples are based on microscopic observations (amount and shape of 
phenocrysts, changes in the groundmass). 
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5.2 Breccia – Chemistry and Mineralogy 

 Breccia in the satellite bodies formed within the trachyte units and at the contact of 

trachyte to granites. At Copper Mountain a zoning within the breccia complex could be 

observed, extending from the center to the margin that is either in contact with trachyte or 

breccia (Fig. 4.2). The zones are characterized by a progression from coherent magmatic rock, 

that could be identified as tephrite, within in the core of the intrusive complex, through a 

monomict breccia (Fig. 4.4c), and to a polymict breccia at the edges of the complex, closer to the 

contacts with trachyte and granite (Fig. 4.2). Clasts of trachyte and granite comprise the polymict 

breccia close to these contacts. The clasts become more rounded with distance from the coherent 

magmatic rock towards the edges of the complex, but remain sub-angular. The coherent 

magmatic rock at the center of the breccia complex is interpreted to be a late magma that 

intruded along the trachyte-granite contact, which has been brecciated at a later stage. The matrix 

is composed of carbonate minerals, formed by hydrothermal fluids that caused intense 

brecciation. It is possible that initial brecciation was caused by the intrusion process itself; 

however, hydrothermal alteration has removed any evidence. 

In contrast, the breccia at Little Pisgah Peak is monomict and composed primarily of the 

original magmatic rock (trachyandesite; Fig. 5.1). Angular shaped clasts are separated by 

carbonate that forms a vein-array throughout the rock. The breccia lacks a fine-grained matrix 

(e.g., rock and mineral fragments, rock flour). Pisgah Peak breccia is interpreted to be a weakly 

developed hydrothermal breccia. A similar breccia style is found at Rhyolite Mountain (east of 

Copper Mountain; Fig. 5.25b).  

  In outcrop, the effects of alteration are most noticeable in a change of the color of the 

breccia. Weakly altered breccia at Copper Mountain (mostly preserved in the small breccia 

intrusion to the east of the major complex) and Little Pisgah Peak is dark gray in color (Fig. 

5.26a, b).  The more intensely altered breccia, at the center of the major breccia complex at 

Copper Mountain, has a purple color that becomes more reddish closer to the edges of the 

complex (Fig. 5.26c, d). Locally, alteration intensity can increase along fractures and completely 

bleach the breccia (Fig. 5.25a). 

Alteration also causes a change in the whole-rock geochemistry of the breccia. The 

composition of least-altered breccia from Little Pisgah Peak and Copper Mountain are more 

basic (silica-depleted) compared with more intensely altered samples that show a trend towards  
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Figure 5.25: Photographs of fractured breccia: (a) Bleached zones around fractures within 
breccia complex of Copper Mountain; and (b) a sample from Rhyolite Mountain displaying 
inferred hydrothermal brecciation and fracture infill by calcite. 

 

more silica- and alkali-rich compositions (Fig. 5.1). This is most pronounced in the samples from 

Copper Mountain, where alteration is most intense and where least-altered samples plot in the 

tephrite/trachybasalt fields on the TAS diagram. More intensely altered rocks plot in the 

tephriphonolite/trachyandesite fields. The least-altered breccia from Little Pisgah Peak plots as 

tephrite whereas the slightly more but weakly altered sample plots as basaltic trachyandesite. 

These trends suggest that the magmatic rocks forming the majority of breccia clasts at Copper 

Mountain and Little Pisgah Peak were of an intermediate to basic composition.  

At Copper Mountain, the trend of increasing SiO2 and K2O with increasing intensity is 

accompanied by an increase in Fe2O3 and Al2O3 contents at a relatively constant Na2O content. 

The measured abundance of CaO is erratic and does not correlate to degrees of alteration, an 

effect most likely caused by the uneven distribution of the carbonate alteration, with carbonate 

minerals being concentrated in fractures.  

An exception to the trends observed for most breccia samples is one intensely altered 

sample from Copper Mountain that the majority of the presented mineralogical textures at  
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Figure 5.26: Photographs of hand specimens of breccia: (a) Little Pisgah Peak, showing a weakly 
altered breccia with clinopyroxene phenocrysts (green crystals) and disseminated carbonates 
(orange spots, LPP_15); (b) least-altered breccia from Copper Mountain, showing interstices 
filled with carbonate minerals and unidentified phyllosilicates (CuR_14_3); (c) sample from the 
center of the large breccia complex at the southern flank at Copper Mountain, showing a weakly 
altered breccia with angular grey clasts of the magmatic intrusive within a purple matrix and 
pervasive carbonates (orange spots, CuR_30); and (d) intensely altered breccia with abundant 
Fe-oxide and hydroxide minerals causing the red/orange color with orange spots of carbonate 
minerals (southern flank of Copper Mountain, CuR_07_2). 
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Copper Mountain are based on. Its composition is similar to the weakly altered breccia from 

Copper Mountain and exhibits a trend of SiO2, K2O, and Al2O3 depletion and Na2O enrichment 

compared to other intensely altered samples. The cause of this effect is unknown. 

The weakly altered breccia from Little Pisgah Peak is geochemically similar to the least-

altered breccia from Copper Mountain, indicating that they possibly formed from the same 

magma. The primary differences are higherFe2O3 and MgO contents and abundances of 

clinopyroxene phenocrysts in the Little Pisgah Peak breccia. One of the samples at Little Pisgah 

Peak has been slightly more altered, as visible in abundance and size of hydrothermally formed 

fractures. The increased alteration intensity led to an increase of SiO2, K2O, Na2O, and Al2O3, 

most of which could be observed at Copper Mountain as well. 

All breccias from the satellite intrusions contain high concentrations of barium (up to 

~2000 ppm with an average of 1300 ppm), as well as cerium (~60 ppm), lanthanum (110 ppm), 

and vanadium (200 ppm) compared to trachyte of the satellite intrusions, including weak and 

intensely altered rocks (Fig 5.5, 5.27). In the breccia it could be observed that the concentrations 

of Ba, Ce, and La are independent of the alteration intensity.  

The distribution of trace and rare earth elements in the basic intrusive shows some 

correlation to lamprophyre dikes that were studied by Jensen (2003). The pattern is characterized 

by elevated Rb , Th, La, and Tb values (Fig. 5.27). Noticeable are the similar LREE trends of the 

breccia from Copper Mountain, Little Pisgah Peak and lamprophyres. The main variations are 

caused by an increase of Sr and Bacontents in the more intensely altered rocks, indicating that 

the lamprophyre from the main diatreme that was collected for the Jensen (2003) study might 

also have been intensely altered. The variations in Rb, Th, and K concentration of the breccia 

samples cannot be fully explained by alteration, although a decrease of Rb with increasing 

alteration intensity could be recognized. 

All breccia studied, namely those from Copper Mountain, Little Pisgah Peak, and the main 

diatreme, lie along similar trends from basic and weakly alkaline compositions to more silica- 

and alkali- enriched with increased alteration intensity (Fig. 5.1). The strongly basic composition 

of weakly altered breccia samples prove that the magma from which the breccias were derived of 

was not of the same composition as the trachyte at the same location. 
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Figure 5.27: Trace and rare earth element chemistry of basic and mafic intrusive rocks from the 
Cripple Creek district. (Data normalized to chondritic meteorite values from Thompson, 1982). 
 

5.2.1 Copper Mountain Breccia 

 The monomict breccia at the center of the complex at Copper Mountain has angular to 

subangular clasts, possibly composed of slightly altered tephrite or tephribasalt, that range in size 

from 30 cm to ~ 1 mm. The clast/matrix ratio increases with distance to the intrusive core of the 

complex. Light-purple to greyish clasts are contained in a purple groundmass. The clasts contain 

lath-shaped phenocrysts that are interpreted to be pseudomorphs of plagioclase, now composed 

of calcite or sericite (Fig. 5.29a). The groundmass within clasts has a texture similar to the matrix 

between clasts, occasionally composed of needle-like crystals that have been sericitized. 

Although a thorough understanding of the matrix composition is lacking, SEM analysis detected 

abundant fine-grained (<15 µm) calcite, which is pervasive throughout the rock, along with 

sporadic crystals of rhodochrosite. Opaque materials are abundant and are typically 

titanomagnetite.  

At the edge of the breccia complex at Copper Mountain, the breccia is commonly 

polymict and contains subangular clasts of trachyte and granite. Clast sizes range from ~1 cm to 

~2.5 m. These clasts show signs of weak alteration only (see below). Primary igneous textures of 

granite and trachyte, such as quartz and feldspar grains and phenocrysts, are visible, although 
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they show signs of ductile deformation. Due to time constraints, no samples have been analyzed 

from this part of the breccia. 

 Instead, sampling focused on the polymict breccia in the area between the monomict 

center and the polymict outer rim, where the clasts have been intensely altered and original 

igneous textures are destroyed. The original composition of the clasts could therefore not be 

determined. The clasts are typically subangular and are contained in a matrix with reddish color 

(Fig. 5.26d). The clast size varies from 5 cm to <1 mm and the clast to matrix ratio is about 4:3. 

Macroscopically, one can distinguish between grey-purple clasts (similar in appearance to the 

clasts contained in the weakly altered monomict breccia), deep red, brown/orange, and mostly 

white clasts. 

 The identification of the mineralogical composition of these clasts is difficult, due their 

fine-grained texture (typically <10 µm) and the high abundance of opaque materials (a diverse 

array of Fe-oxides and hydroxides; Fig 5.29b). Therefore, most of the mineralogical information 

is based on QEMSCAN image analysis.  

Two types of clasts can be differentiated in QEMSCAN images (e.g., Fig. 5.28). The first 

type is dominated by fine-grained disseminated biotite and alkali feldspar of an intermediate to 

sodic composition, with lesser abundances of distributed sericite, albite, quartz and carbonate 

minerals. Biotite is primarily located in the fine-grained groundmass of the clasts. Albite within 

the biotite-rich clasts is distributed heterogeneously. The clasts contain an albite-rich margin, but 

the increase of albite from the rim to the core is not progressive (Fig. 5.28). Carbonate minerals 

commonly occur at higher abundance around the margins of clasts as well. Some grains (up to 

0.7 mm in size) within clasts, which have shapes that are reminiscent of feldspar phenocrysts, are 

composed of albite a nd calcite and are interpreted to be pseudomorphs after plagioclase (Fig 

5.29c, d). The high abundance of feldspar phenocrysts in the clasts could not be observed in any 

trachyte with sanidine phenocrysts, therefore these feldspars might be part of the basic brecciated 

intrusive rock. 

Replacement by carbonate minerals does not affect all minerals equally: small microlites 

of feldspar are typically only partially altered, while other larger feldspars may be completely 

replaced (Fig. 5.30a-c). This may relate to different feldspar compositions: microlites are albitic. 

An originally Ca-rich feldspar composition may explain the strong carbonate alteration in others. 

The second type of clast is sericite-rich, and is typically biotite-poor. Larger grains within  
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Figure 5.28: False-color QEMSCAN mineral map of a breccia sample from the Copper 
Mountain breccia (CuR_07_2). Note the albite-rich rim in the biotite-rich clast and the pervasive 
nature of carbonate mineral distribution throughout the sample.  
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Figure 5.29: Photomicrographs of Copper Mountain breccia samples: (a) XPL image of a weakly 
altered clast in a monomict breccia containing remnants of magmatic feldspars in a groundmass 
of lath-shaped crystals that are texturally similar to the groundmass observed in trachyte 
(CuR_30); (b) biotite-rich clasts showing replacement of feldspar phenocrysts by carbonate 
minerals and albite (XPL, CuR_07_2); (c) and (d) pseudomorphs of albite after feldspar 
phenocrysts under PPL (c) and XPL (d). 
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the clasts are typically more dominated by carbonate minerals, which are pervasively developed 

in comparison with biotite-rich clasts (Fig. 5.28). Some clasts contain schlieren of sericite within 

biotite, which indicates that a transition between sericite and biotite alteration might have been 

possible.  

The matrix in the intensely altered breccia of Copper Mountain consists of intergrown 

fine-grained albite, quartz, carbonate, and minor fragments of sericite and biotite that are 

potentially part of small clasts. Albite and quartz are the dominant minerals (Fig.5.28). Quartz is 

very fine-grained (< 10 µm) and not visible under an optical microscope. Carbonate minerals 

have been observed replacing small feldspar fragments in the matrix. 

 

5.2.2 Little Pisgah Peak Breccia 

Breccias at Little Pisgah Peak are interpreted to have formed primarily through 

hydrofracturing and subsequent deposition of carbonate minerals and albite between the rock 

fragments, forming cement (Fig. 5.31). Therefore, it is difficult to differentiate between clasts 

and matrix. Alteration of clasts is weak in comparison to that observed in Copper Mountain 

breccias, with mineral replacement confined to fracture zones and the adjacent clasts. In hand 

specimen, alteration is visible as a darker-red halo within the dark-grey colored clasts (Fig. 

5.31a). The change in color is most likely caused by the presence of disseminated Fe-oxides. 

Under the optical microscope this zone can be recognized by the change of brown groundmass to 

a more grey color and abundant carbonates that appear yellowish under plane polarized light 

(Fig. 5.32b). Pyroxene phenocrysts are commonly partially replaced by carbonate minerals, and 

biotite occurs pervasively within the groundmass of the clasts, but is not as strongly developed as 

it is in the more intensely altered rocks of Copper Mountain. In contrast to Copper Mountain, 

there is no pervasive presence of sericite. 

 

5.2.3 Summary of Mineral Replacement and Alteration Stages 

The breccias at Little Pisgah Peak and Copper Mountain are examples of weak and intense 

alteration, respectively, and allow a direct comparison of the associated mineralogical textures. 

Intensely altered breccia at Copper Mountain contains clasts composed largely of disseminated 

fine-grained biotite or sericite. Their rims and the surrounding matrix are enriched in albite and 

carbonates with only traces of sericite and biotite remaining. This suggests that hydrothermal 
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Figure 5.30: Carbonate-altered breccia samples from Copper Mountain: (a) Partial replacement 
of an albitic microlite by carbonate (XPL photomicrograph, LPP_15); (b) CL image of inferred 
carbonate replacement of feldspar in breccia with unaffected albite microlites (CuR_07_2); (c) 
PPL photomicrograph of the area imaged in (b).  
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Figure 5.31: QEMSCAN image of altered breccia from Little Pisgah Peak, showing the 
pervasive development of albite and calcite, and lesser biotite (LPP_15).  
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Figure 5.32: Alteration of breccia from Little Pisgah Peak (LPP_15): (a) Photograph of a hand 
sample of breccia from Little Pisgah Peak with alteration progressing from the fracture into the 
rock (white lines indicating extend of alteration); (b) photomicrograph of a similar area with 
brownish cloudy alteration (associated with albite) and yellowish zones (representing carbonate) 
replacing the groundmass and carbonatizing the pyroxene phenocrysts. 
 

fluids led to the replacement of earlier formed sericite and biotite alteration by albite, quartz, and 

carbonate minerals. 

Carbonate minerals commonly form pseudomorphs of feldspar phenocrysts but albitic 

microlites remain mostly unaffected by carbonate alteration. However, locally, parts of the 

albitic microlites have been replaced by carbonate. This could indicate that the carbonate 

alteration post-dated the earlier albitic event. No textural information is available on the timing 

of quartz growth within the groundmass. It post-dates the sericite and biotite alteration but 

further specification is not possible.  

Fine-grained biotite occurs pervasively within the groundmass of the weakly altered 

breccia at Little Pisgah Peak but it is much less distinct than the biotite alteration observed at 

Copper Mountain. Carbonate minerals replace pyroxene phenocrysts, and both carbonate 

minerals and albite are more concentrated within fracture zones. The fracture zones served as a  

conduit for hydrothermal fluids and are typically surrounded by alteration halos. 
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The presence of albite, carbonate, and biotite alteration in both breccia locations indicates 

a common hydrothermal fluid evolution. Both satellite locations are 10 km apart, but the 

hydrothermal history in both locations suggests a strong correlation.  

 

5.3 Granite – Chemistry and Mineralogy 

Pikes Peak granite forms the country rock to the satellite trachyte and breccia bodies at 

Copper Mountain and Trachyte Knob. At Copper Mountain, the granite contains about 25-35 % 

quartz, 50% microcline, 10-15 % plagioclase, 2-8% biotite, and less than 1% magnetite. 

Intensely altered granite samples are recognizable based on color and microscopic features 

described in the following sections. The grain size of the feldspars in granite at these locations 

can vary from ~0.5mm to 2-5 mm. Color variations are common as well, with most common 

deep-red colored feldspars and relatively rare rocks that have more of a rosy-pink color. 

Intensely altered granites take on a pale orange color. The Pikes Peak granite at Trachyte Knob 

has a dark red color, and is composed of ~35% quartz, 55% microcline, ~5-12% plagioclase and 

1-7% biotite. The grain sizes of quartz and feldspar crystals are relatively consistent and range 

between 1 - 4 mm.  

The Pikes Peak granite is peraluminous and the geochemical compositions of 

unaltered/weakly-altered granites at Copper Mountain and Trachyte Knob are similar (~77% 

SiO2, 12.5 wt% Al2O3, 1.7 wt% Fe2O3). The granite at Copper Mountain contains 2.8 wt% Na2O 

and 5.4 wt% K2O and chemical differences are not discernible between variably altered granites. 

Granite samples taken in proximity to intense potassic alteration of trachyte at Trachyte Knob 

show a decrease in Na2O from 4.8 wt% to 2.5 wt% and an increase in K2O from 2.4 wt% to 6.2 

wt%. The granites at Copper Mountain have been altered more pervasively, with the possibility 

that no samples reflect the original magma composition. 

The Little Pisgah Peak trachyte and breccias are hosted in Ajax granite. Only one sample 

of Ajax granite was taken at Little Pisgah Peak, so results from that sample are compared with an 

Ajax reference sample (presented in section 4.7). The granite is composed of 25-30% quartz, 45-

50% microcline, 10-15 % plagioclase, 10% biotite, and 3% opaque phases (magnetite and other 

Fe-oxides). The granite is peraluminous and compositionally similar to the reference Ajax 

sample, with ~70 wt% SiO2, ~14 wt% Al2O3, 2.7 wt% Na2O, and 5.6 wt% K2O. The sample 

taken at Little Pisgah has a slightly higher Fe2O3 content (3.3 wt%) compared to the reference 
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sample (2.5 wt%). Overall, no major effects of alteration were evident in the petrology and 

geochemical composition of the granite. 

The REE composition of unaltered or weakly altered samples of Pikes Peak granite from 

Copper Mountain and Trachyte Knob overlap with compositions expected for Pikes Peak granite 

(see reference sample: ‘Pikes Peak Ref.’, Fig. 5.33), with LREE-enriched, MREE and HREE 

depleted compositions typical of granites. Compositions from Trachyte Knob have less 

pronounced negative Eu-anomalies (in chondrite-normalized plots) compared with the reference 

Pikes Peak and Copper Mountain compositions. With increasing degree of alteration, the REE 

compositions become more LREE-enriched, slightly HREE depleted, and Eu anomalies become 

less negative. The sample taken from the Ajax granite at Little Pisgah shows a similar REE 

trend, but the negative europium anomaly is much less distinct. 

 
Figure 5.33: Rare earth element compositions (normalized to chondrite data of Anders and 
Grevesse, 1989) for all granite country rock samples from the satellite intrusions and within the 
central diatreme. 
 

5.3.1 Albite Alteration  

The most common and pronounced alteration feature in granite country rocks associated 

with intrusion of satellite trachyte and development of breccia zones is albite progressively 

replacing microcline. Alteration is typically not pervasive, and most commonly occurs as rims of 
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albite that embay microcline. Albite may occur as continuous rims on microcline (Fig. 5.34a) or 

as discontinuous rims and single grains (Fig 5.35a, b). In CL images, albite has bright pink 

luminescnce, allowing clear definition of the alteration front embaying blue-luminescing 

microcline (Fig. 5.34 b, 35a). The luminescent color of albite formed during alteration of granite 

is in contrast to the red luminescence observed for albite formed during alteration of trachyte 

(e.g., Fig. 5.10c). 

 
Figure 5.34: CL image of albite replacing microcline: (a) CL image of pink luminescing albite 
alteration fronts embaying blue-luminescing microcline feldspar  and dark blue luminescing 
quartz at Copper Mountain (CuR_16_1); (b) CL image of albite alteration (pink-red 
luminescence, Ab) of microcline (blue luminescence, Mc) at Trachyte Knob (Tra_06). 
 

5.3.2 Sericite Alteration  

Pervasive replacement of microcline and plagioclase by sericite can be observed in all 

parts of the district, independent of the degree of alteration. In what are interpreted to be weakly 

altered domains, sericite occurs along small fractures and inclusion-rich parts of feldspar grains 

(Fig. 5.36a). Sericite abundance becomes more pronounced in proximity to breccia-trachyte 

contact where the granite is interpreted to have been affected by more intense alteration. Cores 

and entire domains of the feldspars are replaced by sericite, forming up to 50% of the original 

feldspar crystal (Fig. 36b). Sericite replacement is particular pronounced in secondary albite 
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Figure 5.35: CL image of albite- and sericite-altered granite (CuR_25): (a) CL image and (b) 
XPL photomicrograph of albite (Ab) and sericite (Se) alteration of microcline (Mc) at Copper 
Mountain. 

     
Figure 5.36: Photomicrographs of sericite-altered granite: (a) XPL photomicrograph of albite and  
sericite alteration of microcline (LPP_18); (b) XPL photomicrograph of albite and sericite 
alteration in plagioclase at Copper Mountain (CuR_25). 
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crystals, the cores of which may be completely sericitized (Fig. 5.36a). This indicates that the 

strong pervasive development of sericite occurs after the formation of secondary albite. 

 

5.3.3 Hydrothermal Alteration of Quartz 

Magmatic quartz is a dark blue to black luminescing phase under the CL microscope, 

depending on the exposure time (Fig. 5.37c, d). CL imaging revealed that quartz may have short-

lived turquoise colored luminescence at grain boundaries, or following some inclusion trails (Fig. 

5.37a - c). This is interpreted to be an effect caused by hydrothermal alteration of the quartz or a 

thermal overprint.  

Granite at Copper Mountain that is adjacent to intensely altered domains have quartz 

grains that lack the more patchy turquoise luminescence, but instead, entire grains are altered and 

show a homogeneous, short-lived turquoise CL signature. The altered grains locally contain 

radiation-induced halos, interpreted to have been formed through radioactive decay of U and Th 

in zircon inclusions in the quartz, indicating a magmatic origin for the quartz grains. This 

suggests that stronger and more pervasive hydrothermal fluid has altered the granites. 

Quartz veins locally crosscut granites at Copper Mountain. The quartz within these veins 

exhibits turquoise short-lived luminescence and is free of radiation-induced damage halos. It is 

interpreted that the quartz veins formed from a hydrothermal fluid. The temporal relationship to 

the albite and sericite alteration is not known. 

 

5.3.4 Spatial Variations in Alteration Styles 

Albite and sericite alteration of granite is most intensely developed at Copper Mountain. In 

contrast with alteration of trachyte, no potassic alteration has been detected. All granite samples 

at Copper Mountain show some degree of hydrothermal alteration. For example, even unaltered 

samples (based on hand specimen and optical microscope observations) record hydrothermal 

alteration of magmatic quartz as demonstrated by short-lived luminescence along grain 

boundaries and fractures. Rare, small veins of hydrothermal quartz were recorded. This quartz 

generation also has a short-lived turquoise CL color, and is likely related to the process that 

caused the hydrothermal alteration in the magmatic quartz.  

The granite at Trachyte Knob has been slightly sericitized and also affected by albite 

alteration. However, the overall alteration intensity is weakly developed. Locally, quartz grains  
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Figure 5.37: CL images of hydrothermally altered quartz: (a) and (b) CL images of 
hydrothermally altered quartz in granite from Copper Mountain (CuR_25). The altered quartz 
has short-lived turquoise luminescence, which decays within ~4 seconds under electron 
bombardment. Image in (a) was taken at 6 seconds, and in (b) after an additional 6 seconds; (c) 
hydrothermally altered quartz with discontinuous turquoise luminescence indicated with an 
arrow that appears dark blue due to long exposure time (CuR_25); (d) magmatic quartz with 
radiation induced damage halos (CuR_16_1). 
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exhibit spots of hydrothermal alteration as evidenced by short-lived turquoise luminescence. 

The Ajax granite from Little Pisgah Peak is one of the least-altered granite samples with 

only weakly sericitized feldspars. Unique to the granite is the presence of a green luminescing 

primary (igneous) plagioclase, not observed in Pikes Peak granite samples (Fig. 5.38).  

 
Figure 5.38: CL images of plagioclase crystals at Little Pisgah Peak (LPP_18): (a) CL image of 
microcline (blue luminescence, Mc) being replaced by plagioclase (green luminescence, Ab) and 
apatite (yellow luminescence) at Little Pisgah Peak; and (b) same image in cross-polarized light. 
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CHAPTER 6 

HYDROTHERMAL ALTERATION IN THE DIATREME 

 

This chapter describes the effects of hydrothermal alteration on trachyte, breccia, and 

granite samples from the main Cripple Creek diatreme. These rocks were studied to provide a 

direct comparison to the data collected from satellite intrusions at Copper Mountain, Trachyte 

Knob, and Little Pisgah Peak. The samples are from a different geologic environment, compared 

to those from the satellite bodies, which is defined by a long history of explosive volcanism 

forming breccia complexes that were intruded by trachytes. In contrast, satellite trachyte bodies 

are hosted in granites that were both cut by the intrusive breccia. 

Alteration within the diatreme is typically more intense compared to alteration observed 

in the satellite targets. All lithological units have a bleached appearance. They are generally 

enriched in LREE, which is interpreted to reflect the presence of monazite within veins and 

possibly the addition of potassium feldspars during alteration. Geochemical trends are interpreted 

to be influenced by the dominant alteration style, and they differ between localities and rock 

types. Table 6.1 gives an overview of the interpreted alteration types within each of the studied 

rock units. 

 

6.1 Trachyte 

Trachyte intrusions within the diatreme have been intensely altered. The rocks are usually 

bleached and devoid of primary igneous textures and mineralogy (sanidine, amphibole, 

pyroxene, feldspathoids) that are common in alkaline magmatic rocks outside of the diatreme 

complex. They are primarily composed of a potassium feldspar- and sericite-rich groundmass 

(Fig. 5.8). 

Two intensely altered trachyte samples from Granite Island and the Cresson pit were 

studied in detail and the majority of the presented data is based on these samples. The two 

samples are characteristic for the suite of rocks found in these locations. 

The strongly-altered and slightly mineralized trachyte samples are characterized by 

significant decreases in Na and increases in MREE, K, and Ba (~1800 ppm) concentrations 

relative to unaltered trachyte in the satellite intrusions (Fig. 5.1). The REE trend observed in 

trachyte at Granite Island is slightly elevated in comparison to the REE signature of trachyte  
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Table 6.1: Overview of key alteration features observed within the diatreme. 

 Alteration style Description Geochemical  

Trachyte  Potassium feldspar alteration Pervasive growth of fine-grained 
potassium feldspar throughout 
groundmass; around veins with 
margins of adularia 

K enrichment (Na 
depletion)  

Sericite and kaolinite alteration Sericitization of groundmass, and 
commonly around fractures or vugs 
filled with kaolinite

K, Al, Ba 
enrichment 

Kaolinite-quartz veins Veins filled with kaolinite, yellow 
luminescing hydrothermal quartz 
and Fe-hydroxides 

K, Al, Fe, Si, Ce, La
enrichment 

Biotite-Fe-hydroxide alteration Biotite halos along fractures filled 
with Fe-hydroxides 

K, Al, Fe 
enrichment 

Breccia Albite alteration Albite dominated matrix Na enrichment 

Sericite and kaolinite alteration Sericite and kaolinite replacing 
potassic and sodic feldspars 

K, Al enrichment 

Granite  Hydrothermally altered quartz Short-lived turquoise luminescing 
quartz 

    - 

Albite alteration Albite replacing microcline Na enrichment 

Potassium feldspar alteration Fine-grained potassium feldspar 
along vein boundaries

K enrichment (Na 
depletion) 

Sericite alteration Sericite replacement of  feldspars K, Al, OH influx 

Pyrite Pyrite within veins and fractures Fe, S influx 

Kaolinite alteration Veins filled with kaolinite, quartz, 
monazite, and barite

Ce, La, Ba, 
enrichment 

 

from the Cresson pit, with elevated LREE and MREE values. In the most intensely altered 

sample, nearly all of the Na2O has been removed and K2O was added (up to 12.7 wt%), 

reflecting the strong influence of potassic alteration on the geochemistry. 

 

6.1.1 Potassium Feldspar Alteration 

Potassic alteration in trachyte is characterized by pervasive replacement of what is 

interpreted to have originally been a sanidine-dominated groundmass, by fine-grained potassium 

feldspar (Fig. 5.8). Potassic alteration of trachyte within the diatreme is so pervasively 

destructive (Fig. 6.1) that the different stages of formation recorded in trachyte from the satellite 
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intrusions are absent. The modal abundance of potassium feldspar in the analyzed trachyte 

samples is between 40 and 60% (Fig. 6.2, 6.4a). The potassium feldspar-dominated groundmass 

has a subtle brown to slightly pink luminescence (Fig. 6.1a). At Granite Island, the potassic 

alteration leads to the growth of pink-luminescent adularia (identified based on the crystals habit) 

along fractures where, after the potassic alteration stage, veins of kaolinite were formed (Fig. 

6.1b).  

     
Figure 6.1: CL images of  potassium feldspars and kaolinite: (a) Potassium feldspar-rich 
groundmass in altered trachyte from Cresson (CC92-20-237); (b) adularia along vein margin in 
trachyte from Granite Island (Ad: adularia, K-fsp: potassium feldspar, Kln: kaolinite, CCV11-2-
976).  
 

6.1.2 Sericite and Kaolinite Alteration 

Sericite is pervasive throughout the groundmass of the trachyte and accompanies intense 

and texturally destructive alteration (Fig. 6.3a). Sericite is more concentrated around vugs and 

replaces feldspathoids. Very commonly, cavities are located in the center of sericite-altered 

feldspathoids. With increasing intensity between moderate and strongly altered rock, the cavities 

become larger and are lined with kaolinite (Fig. 6.2, 6.3b). The kaolinite partially replaced 

sericite. Additionally, barite was found within one of these cavities (Fig. 6.2). Sericite is  
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Figure 6.2: QEMSCAN image of a trachyte from the Cresson pit (CC92-20-237): showing 
abundance of pervasive potassium feldspar, sericite, kaolinite and biotite-Fe- hydroxide 
alteration. Note that the color of potassium feldspar has been changed from a purple to a teal 
color to make the kaolinite and barite more visible.  
 

commonly associated with kaolinite, but the amount of kaolinite varies. The sericite and 

kaolinite association is similar to that in the intensely altered trachyte at Trachyte Knob (Fig. 

5.19a). Trachyte from Granite Island contains kaolinite that is not only developed along and 

within vugs, but also occurs in the form of veins (described in section 6.1.3).  

 

6.1.3 Kaolinite-Quartz-Fe-hydroxide Veins  

Veins are prevalent at Granite Island, in trachyte as well as granite. In hand specimen, the 

veins are white or slightly greenish in color and they formed along ragged fractures. These veins 

are surrounded by a halo of potassium feldspar (Fig. 6.4a, b) that was recognized as adularia 

based on its distinctive prismatic crystal habit. The potassium feldspar is formed by an earlier 

1 mm
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Figure 6.3: XPL photomicrographs of sericite-altered trachyte (CC92-20-237): (a) Sericitized 
groundmass of a trachyte with a texture similar to the original sanidine-dominated one of less 
altered trachyte; (b) sericite pseudomorph of feldspathoids with vugs forming in the center that 
are lined by kaolinite (appears grey in the picture). 
 

event and the kaolinite has a texturally destructive affect on the potassic feldspars. Adularia in 

contact with kaolinite loses its bright luminescence color, resulting in a less intense dark-pink CL  

color (Fig. 6.4c). Additionally, kaolinite fills what were likely adularia crystals surrounded by 

quartz (Fig. 6.4c).   

The quartz within the vein has a unique yellow luminescence that has not been observed 

in any other sample, either within or outside the diatreme (Fig. 6.4c). The yellow CL signature 

and the growth of the quartz in the center of the veins, characterized it as hydrothermal quartz. 

The quartz forms a layer within the kaolinite filled vein (Fig. 6.4a) and is intergrown with 

adularia, forming small, elongated crystals in the interstices of adularia. It appears that the 

kaolinite formed after the hydrothermal quartz and erased this original contact, leaving behind a 

framework of quartz in the shape of adularia crystals (Fig. 6.4c).  
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Figure 6.4: Alteration of a trachyte from Granite Island (CCV11-2-976): (a) QEMSCAN image 
of a sample from a trachyte dike (adularia is shown as part of the potassium feldspar). Note that 
the color of quartz has been changed from the normally used light pink to blue; (b) XPL 
photomicrograph of adularia along vein margins; (c) CL image of a vein filled with pink-
luminescing adularia, yellow-luminescent quartz, and blue-luminescent kaolinite. 
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6.1.4 Biotite-Fe-hydroxide Alteration 

The biotite-Fe-hydroxide mineral association was observed in one strongly altered sample 

within the diatreme. The sample from the Cresson pit is crosscut by a distinctive oxidized 

fracture (Fig. 6.5b). Under the optical microscope, this zone has a dark brown to slightly orange 

color, caused by abundant Fe-hydroxides, primarily limonite (Fig. 6.5a). The biotite is fine-

grained (<5 microns) and could not be recognized macroscopically, and was difficult to identify 

with SEM-EDX techniques. Its presence was identified with the help of QEMSCAN and 

confirmed with EMP measurements (Table 5.7). The biotite forms a halo around the fracture and 

is always associated with Fe-hydroxides that fill the fracture (Fig. 6.2). The formation of the 

biotite halo around the oxidized fracture is interpreted to be one of the last alteration events to 

affect the trachyte. It overprints potassium feldspar, sericite, and kaolinite alteration and is not 

crosscut by any other alteration style. From a petrographic and mineralogical perspective, this 

style of alteration appears to be identical to that observed in trachyte from the satellite bodies.  

The Fe-hydroxide minerals that are associated with the biotite alteration most likely 

represent weathered Fe-oxide or -sulfide minerals that formed in association with the biotite. 

 
Figure 6.5: Biotite-Fe-hydroxide-altered trachyte (CC92-20-237): (a) Biotite-Fe-hydroxide 
altered fracture (PPL photomicrograph); (b) Biotite-, sericite-, and kaolinite-altered trachyte from 
the Cresson pit, showing staining from Fe-hydroxides. 
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Gold occurs in the biotite-Fe-hydroxide-altered fracture where it displays a spongy 

texture typical for Au-telluride minerals that have been oxidized (Fig. 6.6). Drill core from other 

parts of the district encountered fractures with similar oxidized appearances and abundant 

limonite. In some of the fractures, visible gold occurs on top of the limonite covered fracture, 

suggesting that it formed after the biotite alteration event. 

 
Figure 6.6: Occurrence of gold within the biotite-Fe-hydroxide- altered fracture (CC92-20-237): 
(a) Reflected light photomicrograph of the gold; (b) SEM-BSE image of spongy gold. 
 

6.1.5 Spatial Variety of Alteration Styles 

The trachyte of Granite Island forms a dike that cuts granite (Fig. 4.9). The trachyte itself 

is low grade (0.8 g/t Au), however, the surrounding granite is mineralized. The alteration within 

the trachyte is characterized by abundant potassium feldspar that is associated with kaolinite-

bearing veins. The groundmass has been sericite- and kaolinite-altered, but the formation of 

kaolinite veins might not be part of the same alteration event, because it is not associated directly 

with sericite. Potassium feldspar formed a halo around the vein and alteration is strongest closest 

to it. Yellow luminescing quartz and limonite were found within the veins, but no sulfides were 

associated with it.  
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The alteration in the Cresson pit is dominated by the pervasive occurrence of potassium 

feldspar throughout the groundmass. It was followed by sericite and minor kaolinite alteration 

primarily within and along vugs. Barite crystallized within a vug, probably after the sericite and 

kaolinite alteration of the trachyte. Overall, the formation of kaolinite is much more weakly 

developed in the Cresson pit than at Granite Island. 

At Granite Mountain, spongy gold within a strongly biotite-Fe-hydroxide-altered fracture 

formed after sericite and kaolinite, indicating that mineralization post-dates the described 

alteration events. 

 

6.2  Breccia 

Breccia within the diatreme has generally been intensely altered, which is visible in its 

bleached appearance. It served as a fluid conduit for multiple fluids causing alteration (Jensen, 

2003). 

Although this study primarily focused on alteration events outside the diatreme, two 

breccia samples from one locality, the Cresson pit, were collected for comparison. One sample 

was studied in great detail, using CL microscopy, SEM, and QEMSCAN methods. In contrast to 

the typical pervasive potassic alteration, the breccia was primarily affected by albitic alteration 

that is described in detail in the following section. The breccia contains equal concentrations of 

Na2O and K2O. Breccia from the deeper parts of the sampled drill hole contains higher K2O 

values and slightly lower Na2O contents. This is typical for progressive degrees of alteration and 

similar to the geochemical signature of intense alteration detected in the satellite breccias. 

 The geochemical composition of the breccia from the Cresson pit differs slightly from the 

ones in the satellites. The SiO2 (58 wt%) and Al2O3 (17.6 wt%) contents are slightly higher, 

whereas the Fe2O3 content is lower compared to the satellite breccia. The TiO2 and P2O5 contents 

are in both, breccia from the diatreme and the satellite bodies, equally high with 1.2 and 0.8 wt%. 

Similar to the satellite breccia, the diatreme breccia contains high Ba concentrations of about 

1300 ppm. Characteristic for the breccia from within the central diatreme is also the abundance 

of Precambrian granite clasts, titanium dioxide minerals (rutile and or anatase), pyrite, and 

apatite. The common occurrence of titanium dioxide minerals and apatite are likely to be the 

cause of the high TiO2 and P2O5 contents that can be observed in all breccias of the diatreme.  

The studied breccia is composed of a mix of granite and trachyte clasts. The granite clasts  
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can be recognized by the abundance of microcline, and felsic alkaline clasts display a trachyte-

like texture with what appear to be sanidine phenocryst remnants that have been replaced by 

sericite. The clasts are rounded and the clast to matrix ratio is about 3:2. The clasts commonly 

contain fine grained pyrite (<10 µm); titanomagnetite and magnetite occur in the clasts and 

matrix. The matrix is composed of smaller fragments of igneous minerals that were derived from 

granite or trachyte. 

 

6.2.1 Albite Alteration 

Although the breccia has been intensely altered, the affects of bleaching and replacement 

of grains are not caused by potassic alteration. Under the CL microscope originally blue 

luminescent microcline is overprinted by a purple to bright red colored luminescent phase that 

has been identified with SEM and QEMSCAN as albite (Fig. 6.7a, c). QEMSCAN analysis 

shows that albite is primarily in the matrix (Fig. 6.8). The clasts composed of potassium feldspar 

and the potassium feldspar within the matrix can be indentified under an optical microscope as 

igneous microcline and fragments of the same. 

Minor degrees of potassium feldspar replacing albite could be recognized with CL, in the 

form of brown-luminescing zones between bright red albite altered clasts and fragments (Fig. 

6.7c). 

 

6.2.2 Sericite and Kaolinite Alteration  

The texturally destructive alteration observed in the breccias is dominated by sericite and 

kaolinite alteration styles. The sericite alteration is strong enough to make it difficult to 

recognize grain or clast-matrix boundaries. Sericite can replace entire feldspars. The process is 

visible in areas where remnants of the original igneous mineral are preserved (Fig. 6.9a). Some 

sericite crystals are large enough to resemble muscovite, but sericite remains predominant. 

Muscovite is formed commonly in proximity to vugs that are have been filled with kaolinite and 

is surrounded by smaller sericite grains in the surrounding matrix (Fig. 6.9b).  

The sericite and kaolinite alteration post-dated albite alteration. Sericite and kaolinite 

replace sodic and potassic feldspars (Fig. 6.7b, c, Fig. 6.8). Rutile or anatase is commonly found 

in sericite- and kaolinite-altered zones and this is reflected by high TiO2 contents that are 

characteristic of most breccias (Fig. 6.8). 
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Figure 6.7: CL images of albite-altered clasts (CC92-20-149): (a), (b) with a dark red to purple 
CL signature (Ab: albite, Mc: microcline, K-fsp: potassium feldspar, Se: sericite); and XPL 
photomicrograph of the same images (b, d).  
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Figure 6.8: QEMSCAN image of an albite-, sericite-, and kaolinite-altered breccia from the 
Cresson pit (CC92-20-149). 

 
Figure 6.9: XPL photomicrographs of sericite alteration in breccia: (a) sericite alteration of a 
plagioclase grain (CC92-20-143); (b) a vug lined with kaolinite and muscovite (CC92-20-159). 
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6.2.3 Summary of Breccia Alteration 

In contrast to the expected strong potassic alteration that has been assumed to be 

characteristic for most rocks within the central diatreme, the observed alteration consists of an 

early albite alteration, followed by strong sericite and kaolinite alteration associated with rutile/ 

anatase. Minor potassic alteration is present, and geochemical data indicates that it becomes 

more pronounced with depth. 

 

6.3  Granite 

The granites have been exposed to intense alteration and formation of abundant clays that 

resulted in their bleached white, slightly greenish appearance. All granites from drill core are 

crosscut by numerous small white veins (1-5 mm in diameter) of kaolinite, some of which are 

rimmed with pyrite. All analyzed granites were collected at Granite Island in the center of the 

diatreme. They are interpreted to be part of the Ajax granite. 

The granite is made of ~20% quartz (0.5-2 mm) that is rich in fluid inclusions, 50 to 80% 

microcline (5-20 mm), 3-10% biotite (0.5-1 mm), 2-3% magnetite and about 4% pyrite. No 

igneous plagioclase could be identified under the optical microscope. However, a less altered 

reference sample indicates that the granite contained higher amounts of albite prior to alteration. 

The abundance of biotite decreases in proximity to the trachyte dike and the biotite grains 

become smaller (<5 mm). The silicate minerals have all been slightly sericitized, but not 

completely replaced as in other zones of the district. 

In comparison to the granites from the satellite intrusions, the peraluminous granites at 

Granite Island are slightly depleted in SiO2 (65 wt%) and enriched in Al2O3 (~15 wt%), K2O, 

and Fe2O3 (4.2%). Geochemically most noticeable is the pronounced depletion of Na2O (< 1 

wt%) that is consistent with the lack of observed plagioclase crystals. 

The granite samples are Au-bearing (up to 1900 ppm) and have slightly elevated As 

concentrations of about 17 ppm. They have the highest LREE and MREE concentrations of any 

measured granite in this study (Fig. 5.33). They contain 430 ppm La, compared to ~80 ppm 

characteristic for granites from the satellite locations. The negative Eu anomaly encountered in 

the other granites is present as well, but less distinctive, caused by an increase in Eu with more 

intense alteration (possibly associated with hydrothermal feldspar). 
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6.3.1  Hydrothermal Quartz Alteration 

The fluid inclusion-rich quartz grains within the granites possess a short-lived turquoise 

homogeneous luminescence, identical to the one observed at Copper Mountain (Fig. 6.10). This 

luminescence is a feature that cannot be observed in unaltered magmatic quartz grains and is 

instead a direct indicator for hydrothermal alteration.  

 

6.3.2 Albite Alteration 

Albite has been recognized as a red luminescent phase that occurs at the edges of 

microcline grains and adjacent to veins and fractures (Fig. 6.10, 6.11a). It was also identified by 

SEM and QEMSCAN. The albite is too fine-grained (< 5 µm) to be recognized under an optical 

microscope. This type of albite was recognized in all studied samples, but is weakly developed. 

Albite alteration does not have a major influence on the macro- and microscopic appearance of 

any of the samples. 

    
Figure 6.10: CL images of short-lived turquoise luminescent quartz adjacent to microcline with 
minor albite alteration (CCV11-2-1017): Image in (a) was taken at 6 seconds, and in (b) after an 
additional 6 seconds of exposure to the electron beam (Mc: microcline, Ab: albite). The quartz 
does not appear turquoise on the images because the luminescence fades after approximately 4 
seconds. 
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6.3.3 Potassium Feldspar Alteration associated with Veins 

The intense alteration of the granites is displayed in the abundance of pervasive 

potassium feldspar and kaolinite. Feldspar of albitic composition has a bright red luminescence 

under CL and is surrounded by a phase with brown luminescence that has been identified as 

potassium feldspar (Fig. 6.11). The potassium feldspar has replaced the albite. The brown 

luminescing potassium feldspar has bright red luminescent albite preserved in the cores (Fig. 

6.11a). The size of the albitic cores is smallest close to intense potassic alteration near veins. 

This indicates that albite is replaced by potassium feldspar and that the potassic alteration post-

dates the albitic event. The potassic alteration in the form of potassium feldspar growth is most 

prominent around veins and fractures (Fig. 6.10a). The veins are filled with kaolinite.  

EDX spot analysis from the center of potassium feldspars to the rim close to the veins 

showed a progressive decrease in cations (K and Na in case of albite remnants) and an increase 

of aluminum, thereby indicating the alteration of potassium feldspar to kaolinite by the 

hydrothermal fluids. This indicates that the potassic alteration of the areas surrounding the veins 

occurred before the formation of kaolinite. The igneous biotite grains were destroyed by the 

same process of kaolinitization. The abundance of primary biotite declines with increased 

proximity to the trachyte dike contact, indicating that alteration is strongest at the contact zone. 

     
Figure 6.11: Alteration along veins of Granite Island (CCV11-1017): (a) CL image of potassium 
feldspar alteration overprinted by kaolinite at Granite island (Ab: albite, K-fsp: potassium 
feldspar, Kln: kaolinite, Py: pyrite); (b) SEM-BSE image of the upper area covered by CL. 
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Monazite and barite form small elongated crystals at the contact between kaolinite and 

altered feldspars, growing into the center of the vein. Pyrite can be found along the selvages of 

all larger (~0.5 mm) veins (Fig. 6.11b, 6.12b). Pyrite grains at opposing sides of the veins appear 

occasionally to be continuous suggesting single larger grains that were subsequently crosscut by 

kaolinite, implying that pyrite predated kaolinite. Potassium feldspar occurs at the contact 

between pyrite and ‘host rock’. This could have only been possible if the potassic alteration took 

place before the pyrite formed.                 

 
Figure 6.12: QEMSCAN images of potassic and sodic feldspar alteration along a vein within 
granite at Granite Island (CCV11-2-1017): (a) showing concentration of sodic and potassic 
alteration in correlation to the vein; (b) occurrence of pyrite along kaolinite vein. 
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6.3.4 Summary of Alteration Styles  

Albite alteration is present in all granites from Granite Island, but it is not as intense as 

recorded in granite from Copper Mountain. It is overprinted by potassic alteration that led to the 

formation of potassium feldspar at vein-rock intersections (Fig. 6.11a, 6.12a). Most feldspars 

have been slightly sericitized. The kaolinite alteration had the most intense effect on the granite 

and led to wide-spread kaolinitization of feldspar and biotite. The granites from within the 

diatreme are the only ones that are crosscut by veins and contain pyrite that formed after the 

potassic alteration, but before the kaolinite alteration. The quartz has been hydrothermally altered 

and shows the same short-lived turquoise CL signature as some of the quartz grains at Copper 

Mountain. 

Generally, the alteration of the granite samples was much more intense compared to 

alteration in the granite samples from the satellite locations, where neither potassic alteration nor 

kaolinitization was observed. 
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CHAPTER 7 

SYNTHESIS 

 

The results presented in the previous chapters provide a detailed image of the extent and 

diversity of alteration in the Cripple Creek district. Although all of the satellite target sites show 

alteration to some degree, the preservation of the spectrum of alteration intensities, from weak to 

intense, varies. Critically, the preservation of pre-potassic alteration events, which is pervasive 

and intense within the Cripple Creek diatreme, offers valuable links to the history of alteration 

recorded by rocks that host the Cripple Creek deposit. This chapter will compare and contrast 

timing and distribution of alteration of the rock types in the studied areas, infer likely fluid 

compositions that were associated with alteration, and discuss possible controls on 

mineralization in the Cripple Creek district. 

 

7.1  Sequence of Alteration in Satellite Targets 

At all three of the studied satellite locations, trachyte locally preserves the majority of its 

primary igneous features. Increasing degrees of apparent alteration of rocks (change in rock 

color, destruction of phenocryst grain margins), initially occurs macroscopically as white veins 

that appear to follow igneous fabrics (Fig. 5.9b). The “bleaching” of the rocks within and 

adjacent to these veins correlates with increased abundance of albite (Fig. 5.9a), which has 

partially to completely replaced sanidine crystals within the groundmass and sanidine 

phenocrysts.  

In trachyte where secondary albite is developed, the margins of igneous amphibole 

(eckermannite in composition) and calcic clinopyroxene are partially replaced by a secondary 

amphibole. The growth of a new sodic amphibole indicates local removal of Ca and addition of 

Na, K, and Al. Amphibole phenocrysts are also rimmed by the secondary amphibole (Fig. 

5.15d), and in some cases more fully replaced (Fig. 5.15c). Replacement of amphibole may, or 

may not, also involve secondary albite. 

In addition, igneous feldspathoids, primarily sodalite, have been progressively replaced 

by albite, in some cases replacement starting in grain centers. In weakly potassic-altered trachyte, 

secondary sodalite forms rims on primary sodalite that has been partially replaced by albite. In 

CL images this is well illustrated, by a change of CL signature from bright blue (primary  
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sodalite) to orange (Fig. 5.11c, 5.17d). Although there are no differences in major element 

compositions between these two generations of sodalite, the CL response indicates some change 

in crystal structure (e.g., increase or decrease in defect density). The direct cause of change in 

luminescence color in sodalite is unknown. 

The replacement of primary igneous feldspar and sodalite by albite, as well as pyroxene 

and amphibole phenocrysts by a secondary sodic amphibole and albite, is interpreted to reflect an 

early stage of sodic (albitic) alteration. This stage and type of alteration has not been previously 

reported for the satellite trachyte bodies, and is rarely reported for the main diatreme. 

Two possible sources of sodic fluid, common in volcanic centers, may have driven 

alteration: one magmatic and the other non-magmatic. Some studies that have focused on IOCG 

deposits support the formation of a magmatic hypersaline fluid due to unmixing of vapor and 

liquid phases as a potential source (Pollard, 2001), while others support a meteoric fluid source 

(Dilles and Einandi, 1992, Barton and Johnson, 1996). Both potential fluid sources will be 

further discussed in section 7.2.  

Increasing apparent alteration of trachyte is recorded through the progressive destruction 

of igneous features such as phenocrysts and lath-dominated groundmass. This increasing textural 

destruction correlates with a simultaneous rise in the amount of potassium feldspar and decrease 

in albite. Evidence for high degrees of potassic alteration are bleached, vuggy textures where the 

groundmass is primarily composed of potassium feldspar, and only minor remnants of igneous 

textures (amphibole and pyroxene phenocrysts) or albite formed during the first alteration event, 

are preserved (Fig. 5.14). The development of euhedral, needle-like grains of amphibole (Fig. 

5.16a, b), and euhedral rims on shreddy secondary amphibole (Fig. 5.15d) also accompany the 

initial increase in potassic alteration intensity. This euhedral generation of amphibole is slightly 

more potassic than the original secondary amphibole (Table 5.5) formed during sodic alteration. 

The most intense alteration has typically resulted in complete destruction of amphibole and 

clinopyroxene phenocrysts, the euhedral secondary amphibole may be entirely replaced by fine-

grained potassium feldspar, and sodalite completely altered to potassium feldspar. 

The source of the fluids is interpreted to originate from the separation of a hypersaline 

liquid from a fluid formed during passive degassing of a magma and subsequent unmixing of a 

vapor and liquid phase (Hedenquist, 1995; Redmond et al., 2004).  
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In trachyte where apparent alteration intensity is highest (only at Copper Mountain and 

Trachyte Knob localities), which correlates with intense potassic alteration, sericite becomes 

increasingly more abundant within the groundmass. Pseudomorphs of sericite after feldspathoid 

are also present, representing the only relic igneous texture preserved (Fig. 5.18d). Where 

sericite is most intensely developed, vugs and more rare fractures are partially to completely 

filled with kaolinite (Fig. 5.18a, 19a). Commonly, the matrix around kaolinite-filled vugs grades 

from sericite-rich to a potassium feldspar-dominated groundmass (Fig. 5.18c). The textural 

relationships indicate kaolinite formed after sericite, possibly correlating to rapid cooling of a 

hydrothermal fluid of magmatic source. A detailed description follows in section 7.3. 

In trachyte at Copper Mountain and Trachyte Knob, fractures or fracture zones that 

crosscut the sericite and kaolinite-bearing zones are bounded by halos that have high 

concentrations of fine-grained biotite and Fe-hydroxide minerals (Fig. 5.19a, 5.20, 5.21). This 

biotite alteration is interpreted to post-date the intense potassium feldspar, sericite, and kaolinite-

forming alteration events in trachyte.  

The abundance of biotite and Fe-hydroxide minerals in trachyte at Copper Mountain 

increases with proximity to the large breccia complex and is most prominent in the contact zone 

(Fig. 7.1). The breccia itself contains high abundances of biotite and Fe-hydroxide minerals 

compared to adjacent trachyte, indicating that the biotite-Fe-hydroxide alteration was developed 

more strongly in the brecciated intrusive. Despite some similarities, alteration mineralogy and 

relationships within breccia samples contrast with that observed in altered trachyte. 

 
Figure 7.1: Schematic illustration of alteration style and increasing intensity at the trachyte-
breccia boundary at Copper Mountain. 
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The breccia displays albite and biotite alteration but lacks well-developed potassic 

alteration effects. Unlike the Cripple Creek breccia within the diatreme, breccias in satellite 

locations lack clasts of Precambrian wall rocks. Instead, the breccia is predominantly composed 

of clasts with two mineral assemblages: 1) dominated by fine-grained biotite, 2) dominated by 

sericite (Fig. 5.28). Both clast types commonly contain variable abundances of albite and 

carbonate minerals that appear to pseudomorph lath-shaped phenocrysts. The biotite-rich clasts 

developed a 1 mm wide margin that contains a high amount of albite compared to the rest of the 

clast. Carbonate minerals in the matrix are concentrated at the margins of biotite-altered clasts 

and form a sharp boundary (Fig. 5.28). In contrast to the clasts, matrix areas are composed of 

abundant quartz, albite, and carbonate minerals. Biotite and sericite only occur within small clast 

fragments and do not form part of the matrix to the breccia. The presence of biotite- and sericite- 

rich clasts in a matrix devoid of biotite and sericite is interpreted to represent brecciation of a 

sericite- and biotite-altered intrusive rock. This is further supported by the presence of coherent 

magmatic rock in the center of the breccia complex. The brecciation of the rock is interpreted to 

be the result of intruding hydrothermal fluids from deeper within the complex, which led to the 

formation of albite, quartz, and carbonate within some clasts and in the breccia matrix. 

Similar patterns could be recognized in rocks from the weakly altered breccia at Little 

Pisgah Peak. The groundmass of the clasts has been slightly altered to biotite, with increased 

abundance of albite and carbonate in the fractures cutting the clasts.  

The geologic relationship of the breccia to the trachyte (e.g., trachyte clasts in the 

breccia) and the lack of evidence for potassic-alteration in the breccia are interpreted to reflect a 

late emplacement of the magma after potassic-alteration. A late stage of mafic, silica-poor 

magmatic activity has been documented in the Cripple Creek main diatreme (Lindgren and 

Ransome, 1906, Jensen, 2003), primarily associated with the intrusion of lamprophyres, and 

might be part of renewed but more basic magmatic activity. The fluids that induced alteration in 

the breccia may have originated from this late magmatic event in the district.  

The formation of pervasive biotite alteration would require an influx of hot, Fe-rich 

hydrothermal fluids (biotite is suggested to form in geothermal environments at temperatures 

above 270°C: Reyes, 1990). The documented albite alteration in breccia is most likely formed by 

a fluid of a similar origin as the early albite alteration in trachyte but it does not appear to have a 

wide extent.  
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The close spatial association of albite alteration with the intrusive breccia supports a 

magmatic high-temperature fluid source, similar to the one discussed as part of the early albite 

alteration. Evidence of carbonate alteration affecting previously albitized phenocrysts indicates 

that carbonate alteration occurred after the albitic alteration event. Carbonate alteration within 

the breccia was most likely caused by rising CO2-rich fluids that reacted with Ca-rich feldspars 

contained in the intermediate to basic brecciated intrusive (Spera and Bergmann, 1980). This 

interpretation is further supported by the lack of carbonate alteration in adjacent Ca-poor trachyte 

or granite. 

The effect alteration has on the granites in the vicinity of satellite intrusions contrasts 

with that recorded for trachyte and breccia. Primary (igneous) microcline within granite is 

commonly embayed by albite (Fig. 5.35). It should be considered that the albite overgrowth of 

microcline could be caused by recrystallization with no relationship to the alteration events that 

were caused by alkaline volcanic activity. This interpretation would indicate that the compact 

granite impeded fluid flow necessary for alteration and explain the absence of most other 

alteration styles (potassium feldspar, kaolinite, biotite-Fe-hydroxide) recognized in trachyte and 

breccia. However, in granites of Copper Mountain, an increase in albite abundance and 

occurrence of larger grains with proximity to the intensely altered breccia has been interpreted to 

result from sodic alteration, probably associated with that documented in the Copper Mountain 

trachyte. In addition, both microcline and secondary albite are commonly replaced by sericite, 

which increases in abundance to the point it may replace entire feldspars in proximity to 

intensely altered breccia or trachyte. This suggests that sericite alteration followed albite 

alteration.  

A more cryptic alteration of granite is observed in cathodoluminescence images of quartz. 

In granite from all satellite sites, quartz shows a change in luminescence from blue (primary 

igneous quartz) to a short-lived turquoise colored luminescence that decays to very weak 

luminescence (Fig. 5.37a, b). The destruction of the brighter blue luminescence and appearance 

of the short-lived turquoise colored luminescence is common along grain boundaries or inclusion 

trails, and gives the quartz a patchy and discontinuous appearance (Fig. 5.37c). This is assumed 

to be the result of hydrothermal fluids either causing a change in the real structure of the quartz 

of the thermal overprint of the quartz (Götze et al., 2001). Some granite samples contain quartz 

grains entirely composed of the turquoise CL signature, which is interpreted to indicate stronger 
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degrees of hydrothermal alteration. Granites containing such quartz were only found in 

proximity to the Copper Mountain breccia and intensely altered trachyte. 

In contrast to Copper Mountain, evidence of hydrothermal alteration (short-lived 

turquoise luminescence in quartz, albite alteration, and sericite alteration), is more weakly 

developed in granite at Trachyte Knob and Little Pisgah Peak. This is in stark contrast to the 

intense alteration observed in trachyte at Trachyte Knob, and may be explained by a significantly 

lower permeability in the granite host rocks. 

The Ajax granite at Little Pisgah contains microcline with the characteristic bright blue 

luminescence and albite with a green CL signature not found in any other studied granite (Fig. 

5.38). The green luminescence of albite is unusual, because the granite from Granite Island is 

interpreted to be part of the Ajax granite (Wobus and Scott, 1976) but does not contain green 

luminescing feldspar. Whole-rock REE patterns for these rocks are inconclusive and are 

dissimilar to both Ajax and Pikes Peak granites (Fig. 5.33). Although, granites from Granite 

Island have a less well pronounced negative Eu anomaly compared with those of Pikes Peak, 

their true origin remains unclear.  

 

7.2 Comparison of Alteration – Satellite Bodies and the Cripple Creek Diatreme 

The Cripple Creek diatreme was formed through the emplacement of large volumes of 

alkaline magmas as sills, dikes, and stocks. Phreatic eruptive volcanic events resulted in the 

formation of major parts of the Cripple Creek breccia. The continued process of intrusion, 

eruption, and brecciation created multiple generations of alkaline rocks and breccias that are 

difficult to distinguish from one another, in part because they have been altered to varying 

degrees. This complexity is most prominent in the breccia within the Cresson mine, which can be 

composed of different alkaline rocks, fragments of previously existing breccia components, and 

to a large assortment and abundance of fragments of the Precambrian wall rock. 

In this study, samples were collected from the breccia in the Cresson pit and a trachyte 

dike that crosscuts it. The relationship of trachyte to breccia in the Cresson mine pit cannot be 

directly compared to that observed in the satellites - where the effects of alteration of trachyte 

typically intensify in proximity to breccia - due to the different intrusive relationships and 

compositions. It is also important to note that alteration described from the small sample set 

studied may not reflect a representative spectrum of the alteration within the diatreme. 
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The breccia from the Cresson pit is predominantly composed of Precambrian granite 

clasts, identified based on the presence of microcline grains. The microcline in the clasts is 

partially replaced by albite (Fig. 6.7a, 6.8), a texture that was best recognized based on the 

progressive change from blue to purple/red CL signature (Fig. 6.7a). The clasts are set in a 

matrix composed of fine-grained albite, and small albite-rich rock fragments. This alteration has 

been interpreted to be part of the early sodic alteration event that was documented in the satellite 

intrusive. The early origin of sodic alteration is consistent with the fact that it has been 

overprinted by later potassium feldspar, sericite, and kaolinite alteration. In some albite-altered 

clasts, potassium feldspar locally replaces the albite, which might be part of the early stages of 

potassic alteration (Fig. 6.7c). 

Potassic alteration has a strong influence on the geochemical composition of trachyte 

intrusions and breccia in the diatreme, which are commonly enriched in K2O and SiO2 (Jensen, 

2003), but only minor amounts of hydrothermal potassium feldspar were recognized in the 

breccia sample from the Cresson pit. However, geochemical data show high K2O and low Na2O 

values in breccia samples from deeper parts of the drill hole CC92-20, and indicate an increase in 

potassic alteration in this part of the Cresson breccia. Abundant sericite and kaolinite were found 

in the breccia commonly replace parts of the albite-altered clasts and are associated with titanium 

dioxide minerals (Fig. 6.8). Disseminated biotite in the matrix of the breccia was identified with 

QEMSCAN (Fig. 6.8). The low abundance and size of the biotite made it impossible to find 

mineral textures that could provide evidence for the temporal relationship of this biotite 

alteration to the other documented alteration styles. However, if it is assumed that the consistent 

sequence of alteration (albite, potassium feldspar, sericite, kaolinite, and bioite) in the Copper 

Mountain and Trachyte Knob satellite bodies is prevalent within the diatreme, then it could be 

concluded that the biotite alteration post-dates sericite and kaolinite alteration (Fig. 7.2).  

The trachyte that crosscuts the breccia is characterized by an absence of primary igneous 

features and is dominated by a vuggy groundmass abundant in potassium feldspar (Fig. 6.2). The 

vugs are filled primarily by sericite, which forms pseudomorphs of feldspathoids in the 

groundmass. The vugs are partially in-filled by kaolinite, but in minor abundances compared to 

the abundance of kaolinite in the breccia of the Cresson pit and the Trachyte Knob locality, and 

rarely may contain barite. Both, sericite and kaolinite alteration is overprinted by fine-grained 

biotite and Fe-hydroxide minerals that formed along a fracture. Gold, which occurs as spongy 
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grains, was locally found in the center of biotite-Fe-hydroxide-altered fractures, over a layer of 

limonite, and is interpreted to have either formed during or after the biotite-Fe-hydroxide 

alteration event (Fig. 6.6). The spongy texture of the gold is interpreted to reflect formation 

through oxidation of an Au-telluride mineral, most likely calaverite (Zhao et al., 2009).  

Trachyte from the Cresson pit has a strong textural and mineralogical resemblance to 

intensely altered trachyte from Trachyte Knob and Copper Mountain, and is composed of a 

vuggy texture defined by a groundmass of potassium feldspar, sericite, kaolinite, biotite, and Fe-

hydoxide minerals. Overprinting relationships of these phases are the same as that seen in altered 

satellite trachyte. Biotite alteration of the trachyte is interpreted to have occurred during a late 

magmatic stage and possibly in association with late magmatic activity documented by the 

formation of intrusive breccia in the satellite bodies. Therefore, it is possible that the biotite-Fe-

hydroxide alteration is a district wide phenomenon. It is not in all locations associated with 

breccia (e.g., Trachyte Knob).  However, it always overprints potassium feldspar, sericite, and 

kaolinite-alteration. 

 
Figure 7.2: Temporal relationship of alteration styles recognized in trachyte (T), breccia (B), and 
granites (G) in order of early (albite) to late (carbonate).   
 

Northeast of the Cresson pit at Granite Island, the granites are bleached and nearly white, 

in contrast to granite samples from the satellite locations that have a red to slightly pale and 
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orange color. Quartz grains in granite of Granite Island exhibit a homogeneous short-lived 

turquoise luminescence that was also identified in a few intensely altered granites at Copper 

Mountain (Fig. 6.10). The complete destruction of the brighter blue luminescence and presence 

of this short-lived turquoise luminescence, compared with more patchy development of this type 

of luminescence in the less altered granites of Copper Mountain, is interpreted to indicate strong 

hydrothermal fluid flow through Granite Island granite that is enhanced by crosscutting trachyte 

dikes.  

Alteration of granites from the satellite sites is characterized by high abundances of 

albite. In granite from Granite Island, fine-grained albite occurs along fractures, in contrast to 

more coarse-grained secondary albite grains that replace microcline in granite from Copper 

Mountain.  

The granite is crosscut by numerous small fractures that are filled with kaolinite and rimmed 

with pyrite (Fig. 6.12a). The presence of pyrite is characteristic for rocks within the diatreme, a 

feature not recorded in granite adjacent to satellite intrusions. The margins of the veins are rich 

in potassium feldspars, which replace fine-grained albite. Pyrite within the vein is separated from 

the granite by this potassium feldspar-rich layer, indicating that potassic alteration along 

fractures developed before the precipitation of pyrite. The kaolinite in the veins is interpreted to 

have formed after pyrite, due to the appearance of some pyrite grains at opposing sides of the 

vein that suggest individual grains were split. Kaolinite replaces potassium and sodic feldspars at 

the margins of the vein (Fig. 6.11a) as well as biotite within the granite. Sericite, mostly partially 

replacing microcline, is present, but it is not as strongly developed as it is in most satellite 

granites. Kaolinite alteration could only be recognized in granite of Granite Island and does not 

occur in any granite of a satellite site (Fig. 7.2). 

The trachyte that cuts the granite at Granite Island has a groundmass composed of 

potassium feldspar with minor amounts of sericite; albite is absent. The potassium feldspars are 

most concentrated in proximity to fractures and veins (Fig. 6.4a) and occurs as euhedral adularia 

grains at the margins quartz-kaolinite veins (Fig. 6.4b, c). Quartz within veins may be intergrown 

with adularia, forming elongated crystals in the interstices of adularia crystals. This quartz has a 

unique yellow luminescence under CL. This type of hydrothermal quartz was not identified in 

any other studied samples, and is interpreted to have formed after potassic alteration. Kaolinite 

formed after quartz and erased the adularia-quartz contact, leaving behind a framework of quartz 
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in the shape of adularia crystals filled with kaolinite (Fig. 6.4c). The veins are similar to the ones 

observed in the adjacent granites, which are surrounded by a potassic alteration halo and filled 

with kaolinite. However, no pyrite could be found in the veins within the trachyte. 

 

7.3 Fluid Evolution 

The fluid history of satellite trachyte intrusions and associated breccia complexes in the 

Cripple Creek district, as interpreted from alteration mineralogy, is characterized by three major 

compositional changes in the fluids: 

1) an early change from sodic to potassic fluids 

2) a transition to cooler fluids 

3) a dramatic shift back to hotter, K- and Fe-rich fluids 

It has been previously suggested that potassic fluids are likely to have a magmatic source and 

that it is possible for sodic fluids to form from the same magmatic fluid source (Pollard, 2001). 

This would imply that the change from sodic to potassic alteration was not necessarily driven by 

introduction of a different fluid, but instead by a change of fluid temperature. Early sodic 

alteration is analogous to some genetic models for IOCG deposits. In IOCG deposits (e.g., 

Kiruna district, Sweden), a district wide albite (sodic) alteration is interpreted to be driven by 

hot, hypersaline, magmatic fluids (Pollard, 2001). It has been proposed that a high-temperature 

magmatic fluid would lie in the albite stability field and produce sodic alteration. Experimental 

studies suggest that the Na/(Na+K) ratio in chloride-bearing fluids is related to temperature and 

decreases with decreasing temperature of the fluid (Orville, 1963, Fig. 7.3). However, the 

distribution of albite alteration at Cripple Creek is not confined to a high temperature core as 

might be expected and is observed in IOCG as well as porphyry deposits (Lang et al., 1995). In 

addition, sodic alteration in IOCG deposits is commonly associated with abundant carbonate 

rock and a more intense albite alteration than that observed in the satellite trachyte intrusions at 

Cripple Creek (Pollard, 2006; Groves, et al., 2010).  The lack of a calcic component could be 

traced back to the inherited lack of Ca in alkaline magmas, but there is no explanation for the 

distribution of albitized rocks that form a halo around intensely potassic-altered trachyte at 

Copper Mountain rather than a core of albite alteration.  

Alternatively, the sodic alteration could have been caused by a non-magmatic, meteoric 

fluid that was heated within a convection system associated with trachyte intrusion (Dilles and  
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Einaudi, 1992, Barton and Johnson, 1996, Fig. 7.3), although a source of Na in this context is not  

clear. Results from this study are inconclusive and neither a sole magmatic nor a sole meteoric 

origin can be fully supported.  

 Ore deposits formed in association with alkaline magmatic complexes are commonly 

characterized by the effects of pervasive potassic alteration. However, a source of potassic fluids 

in epithermal deposits has not been extensively studied. One suggestion (Richards, 1995; Jensen 

and Barton, 2000, Müller et al., 2002; Sillitoe, 2002) is that that porphyry deposits at depth form 

part of a continuum that transition into epithermal deposits nearer to the surface. Therefore, it is 

 

                     
Figure 7.3: Diagram illustrating paths of cooling of magmatic and cooling and heating of  
non-magmatic fluids. Dotted line: exchange reaction potassium feldspar + Na+ = albite + K+ 
(modified after Dilles and Einaudi, 1992). 

 

likely that they share a similar fluid source, and the evolution of this fluid is linked through space 

and time. The origin of fluids associated with potassic alteration is well described in porphyry 

deposits (Richards, 1995; Jensen and Barton, 2000, Müller et al., 2002; Sillitoe, 2002). Potassic 

fluids in porphyry deposits are sourced through the formation of hypersaline magmatic fluids due 

to the separation of the a single-phase fluid into a vapor phase with low salinity and a liquid 

phase with increased salinity, identical to the process discussed in the formation of sodic fluids 
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(Hedenquist, 1995; Redmond et al., 2004). Taking the temperature-dependant exchange model of 

Orville (1963) into account, the potassic fluid would be cooler compared to a possible sodic fluid 

of the same origin (Fig. 7.3). Thompson et al. (1985) concluded that the earliest phases of 

hydrothermal alteration in the main diatreme, associated with adularia, were highly saline 

containing 33 to 40 wt% NaCl equivalent with an average temperature of 250 to 350°C. This 

supports a possible interpretation that a magmatic saline fluid drove the extensive potassic 

alteration. 

Mineral associations formed as a result of potassic alteration are overprinted by sericite 

and kaolinite, suggesting a change, or evolution to, more acidic fluids with time. It is possible 

 that the evolution of a hypersaline liquid, associated with the potassic alteration, could be the 

source of sericite and kaolinite alteration. A rapidly cooling fluid would shift into the stability 

field of illite (Giggenbach, 1992, Fig. 7.4 Path 1). An interaction of this type of fluid with the 

host rocks would cause sericitization. A further decrease in temperature of the fluid to about 

120°C (Reyes, 1990) at constant or only slightly decreased acidity would enable the formation of 

kaolinite (Giggenbach, 1992, Fig. 7.4 Path 1). The source of the acidic fluid in the main diatreme 

was interpreted by Jensen (2003) to originate from supergene weathering of pyrite (interpretation 

after Hedenquist et al., 1998). However, coexisting pyrite within kaolinite filled veins at Granite 

Island, and the absence of pyrite in any satellite targets, suggests that this is very unlikely. An 

alternative fluid source is one generated by high-temperature magmatic vapor that was absorbed 

by groundwater circulating at shallow crustal levels (<1 km; Hedenquist et al., 1993; Arribas, 

1995, Fig. 7.4 Path 2). The acidity of the groundwater-absorbed vapor would be expected to 

increase with cooling of the liquid. In this interpretation, SO2 would be expected to 

disproportionate to H2S and then H2SO4 (Day and Allen, 1925; Sakai and Matsubaya, 1977). The 

acidity of the fluid would further increase by disassociation of HCl and H2SO4 with further 

cooling to lower temperatures (Arribas, 1995). This scenario is unlikely to have occurred at 

Cripple Creek, due to the lack of alunite and pyrophyllite associated with intense acidic fluids 

and associated with advanced argillic alteration in high-sulfidation deposits.  

The development of mineral associations at Cripple Creek that reflect an extensive 

alteration of trachytes and breccia by acidic fluids stand in stark contrast to the classic alteration 

associations observed in other alkaline-magmatic deposits. In these deposits, alteration 

associations commonly consist of illite, smectite and adularia, which are interpreted to have  
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formed by reduced and/or near-neutral pH fluids (White and Hedenquist, 1990; Sillitoe and  

Hedenquist, 2003). One exception, where minor acidic alteration was reported, is the Emperor 

deposit (Fiji) where advanced argillic alteration occurs above a low-grade porphyry environment 

(Eaton and Setterfield 1993). A reason for the lack of acidic alteration events in most alkaline 

Au-Te deposits, based on the interpretation that acidity resulted from a cooling hypersaline fluid, 

could be that magmatic fluids followed a more continuous cooling path through the stability 

fields of potassium feldspar and illite, bypassing kaolinite (Fig. 7.4 Path 3). Based on this 

interpretation, alteration styles associated with potassium feldspar, sericite and kaolinite would 

be the result of cooling of a single fluid.  

 

 
Figure 7.4: Stability of aluminum silicates as a function of temperature and LHK = log 
(mHCl/mKCl) (modified after Giggenbach, 1992). Path 1: partial neutralization and rapid 
cooling of a magmatic fluid; Path 2: absorption of magmatic vapor by groundwater; Path 3: slow 
cooling of a fluid in equilibrium with host rock. 

 

Mineral associations developed during the transition from hot sodic and potassic fluids to 

cooler acidic fluids are locally overprinted by fracture-controlled development of biotite and Fe-
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hydroxide minerals that reflect growth from a hot, more neutral, and K- and Fe-rich fluid (Reyes, 

1990). This change is proposed to result from the influx of new, hot magmatic fluids, perhaps 

related to a more basic/mafic magmatic fluid source, which could account for the increased Fe 

contents (discussed further in section 7.5).  

 

7.4 Extent of Alteration 

This study focused on three satellite intrusions that surround the central diatreme at 

Cripple Creek. Each site is up to 10 km apart. In all three locations, evidence for early albite, 

potassium feldspar, and biotite-Fe-hydroxide was found. In Copper Mountain and Trachyte 

Knob on the northern side of the central diatreme, late sericite and kaolinite was well developed, 

whereas late albite and carbonate alteration characterize the breccia of Copper Mountain and 

Little Pisgah to the northwest and southwest of the diatreme.  

The degree of alteration does not depend on the distance to the diatreme and no circular 

zoning patterns appear to have been developed in the district. Instead, intense alteration is 

focused on locations with permeable structures in the form of lithological contacts or brecciated 

intrusives, indicated by intense alteration developed in trachyte in contact with breccia at Copper 

Mountain. In contrast, the breccia at Little Pisgah Peak has not been fractured and brecciated as 

strongly as the breccia at Copper Mountain, limiting the permeability and resulting in the weak 

alteration observed in the breccias as well as adjacent trachyte. 

Alteration styles within the diatreme share strong similarities with the altered satellite 

sites in terms of shared alteration history but the degree of alteration within the diatreme is more 

intense. A maximum fluid flow could be ensured due to the large quantity of breccia in the 

central diatreme and host the trachyte dikes. The satellite intrusives were isolated by the granitic 

country rock, whose minimal alteration is an indication for its impermeability, and therefore 

dependent on structures channeling fluids.  

 

7.5 Relative Timing of Alteration Events and Controls of Mineralization 

A major objective of this study was to determine why the satellite trachyte bodiess are not 

strongly mineralized compared to those in the central diatreme. One consideration was the timing 

of satellite trachyte intrusion and development of breccias, relative to events occurring in the 

main diatreme. Based on Rb/Sr and crosscutting relationships, the satellite bodies were 
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interpreted to be late intrusive phases. Therefore, it is possible that the satellite trachyte bodies 

intruded late, in, or after the main mineralization event in the main diatreme, and thus were 

barely affected by mineralization. However, no detailed age information is available for this part 

of the district, and the reliability of the Rb/Sr classification of early and late stage intrusive is 

tenuous due to subsequent alteration of trachyte, especially those from the central diatreme, 

which led to  

an increased Sr content (although data presented in Jensen, 2003, for early stage trachyte is based 

on weakly altered examples), so this scenario cannot be conclusively evaluated based on this 

information alone. 

However, the results from this study, which have for the first time provided in detail the 

sequence of alteration, argue against the hypothesis that satellite trachytes intruded after the main 

mineralizing event. Early albitic alteration of the satellite trachytes was followed by an intense 

potassic alteration event that destroyed primary igneous features and formed large amounts of 

potassium feldspar within the groundmass. Formation of sericite, followed by kaolinite is evident 

in these potassic-altered rocks, which were then cut by a late stage of biotite alteration introduced 

by hot and Fe-rich fluids. 

In contrast to satellite trachyte intrusions that are hosted in granite, trachytes in Cresson 

are entirely hosted in breccia. However, the alteration styles at each location bear a strong 

resemblance. Although no traces of albite associated with an early alteration event were found in 

altered Cresson trachyte, the groundmass is composed of potassium feldspar and shows evidence 

for partial replacement by sericite and kaolinite growth caused by more acidic fluids. Fine-

grained biotite and Fe-hydroxide minerals replaced potassium feldspar, sericite, as well as 

kaolinite and formed a halo around a fracture that contained gold after telluride. Telluride 

mineralization is part of the early stages of gold mineralization described in Cripple Creek, but 

also in most other alkaline deposits (Ahmad, 1987; Pals and Spry, 2003; Ronacher et al., 2004). 

Therefore it can be assumed that biotite-Fe-hydroxide alteration and the precursors (albite, 

potassium feldspar, sericite, and kaolinite) are only present in rocks that were generated before 

the major gold mineralization event. Consequently, the timing of the emplacement of the satellite 

trachyte bodies relative to events within the main diatreme did not control mineralization. 

The common alteration histories between satellite and diatreme localities indicate a 

common fluid history and suggest that the fluids responsible for pre-mineralization alteration 
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were widespread, affecting satellite targets as far as 10 km away from the diatreme. This 

suggests that fluids responsible for gold and telluride mineral deposition may also have been 

capable of such long flow distances. Therefore, it is suggested that controls on the intensity of 

alteration may have been a factor in the extent and degree of mineralization as well. The most 

intense alteration as well as mineralization at Copper Mountain is found in proximity to and in 

contact with the brecciated basic intrusive. The breccia at Copper Mountain developed at the 

contact between granite and trachyte, undoubtedly an area of increased permeability that was 

further enhanced with the formation of the breccia.  

Furthermore, the most intensely altered trachyte of the satellites was sampled from a dike 

at Trachyte Knob in a suspected mineralized area (also based on historic mine workings). The 

dike-granite contact could have been permeable enough to enable increased fluid flow, but 

considering the extent of medium to strong potassic alteration at Trachyte Knob it might be 

reasonable to consider the presence of a larger structural feature controlling the fluid flow in the 

region.  

These facts indicate that mineralization, like alteration, is directly controlled by the 

presence, or lack of, permeability – within brecciated rocks or along structures – which served as 

fluid conduits. Mineralized domains, which are most extensive in the center of the main 

diatreme, may be the most productive because they coincide with major structural intersections. 

It is unlikely that large-scale mineralized zones are hidden at Copper Mountain or Trachyte 

Knob, but there could be high-grade veins within intensely altered breccia, or following dikes or 

faults. In contrast to Copper Mountain and Trachyte Knob, alteration of the rocks at Little Pisgah 

is only weakly developed. In addition, this satellite intrusion lacks a well-developed and large 

breccia complex, further obstructing the fluid flow. Based on available data, Little Pisgah Peak 

appears to be completely barren. 

It is known that the formation of gold and telluride minerals associated with alkaline 

igneous rocks is caused by neutral fluids with salinities averaging 5-10 wt% NaCl and isotopic 

signatures that suggest primarily magmatic sources with input from meteoric waters (Thompson 

et al., 1985, Saunders, 1986, Jensen and Barton, 2000). The mix of meteoric and magmatic fluid 

has been suggested by multiple authors to have caused precipitation and mineralization in the 

district due to the change in temperature and fluid composition (Thompson et al., 1985, 

Saunders, 1986). Assuming that both Au and Te are contained in the magmatic-hydrothermal 
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fluid, interaction of this fluid with meteoric waters may initiate precipitation (Saunders, 1986). 

Results from this study indicate that mineralization was associated with hot Fe-rich fluids that 

caused biotite alteration and formation of Fe-oxide or -sulfide minerals, indicated by the 

presence of Fe-hydroxide minerals, in trachytes and breccias throughout the district. In contrast, 

no evidence for mineralization related to the fluids that caused earlier potassic, sericite, and 

kaolinite alteration of trachyte, which probably originated from felsic alkaline magma, could be 

found in this study. This raises the question whether the later fluid was generated by a different 

magmatic event, with a different chemical composition and increased Au-Te content. 

As previously discussed, biotite-Fe-hydroxide alteration recorded in trachyte intrusions 

within and outside the diatreme was caused by a hot Fe-rich fluid that formed after the intrusion 

of the basic magmatic rocks that form the breccia complexes at Copper Mountain and Little 

Pisgah. The least altered breccias from the satellite sites plot on the TAS diagram (Fig. 5.1) as 

tephrite and trachybasalt. Their Fe2O3 (7-9 wt%) and MgO (3 wt%) contents are three- and 

fifteen-times higher than that observed in the trachyte (~2.5 wt% Fe2O3 , ~0.2 wt% MgO) and 

they are depleted in SiO2 (~46 wt%). After a period of felsic magmatism, the generation of a 

basic magma can only be explained by the influx of a new magma at depth. This late magmatic 

event might be associated with the late intrusion of numerous lamprophyre dikes in the central 

diatreme. A reference sample of lamprophyre from the diatreme contains similar amounts of 

Fe2O3 (~10 wt%), but much higher MgO (~12 wt%) and lower SiO2 (36 wt%) contents. 

Nonetheless, the high Fe and low Si contents in these rocks support the idea that they formed 

from a less felsic magma compared to the trachyte intrusions. This is of special interest, because 

high gold grades and abundant telluride minerals are often associated with the late-formed 

lamprophyres, with the best example being the Cresson pipe located in the center of the Cresson 

pit. It should be considered that the late magmatic event, its formation, and associated fluids 

might play a key role in understanding alkaline Au-Te deposits. 
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CHAPTER 8 

CONCLUSIONS 

 

The broad aim of this study was to determine possible controls on mineralization in the 

Cripple Creek district, and in particular to evaluate reasons for the lack of significant mineralized 

zones within the numerous satellite intrusions around the central Cripple Creek diatreme. The 

key questions posed were: 1) is hydrothermal alteration associated with mineralization in the 

central Cripple Creek diatreme absent from satellite intrusions, and therefore related only to 

specific volcanic events within the complex; and 2) are the satellite trachyte-breccia complexes 

unrelated in time to the main mineralizing events in the diatreme?   

In order to address these questions and achieve the overarching aim, the study focused on 

a detailed characterization of the mineralogical effects of alteration associated within the satellite 

trachyte-breccia complexes surrounding the Cripple Creek diatreme. The research targeted three 

satellite trachyte intrusions, Copper Mountain, Little Pisgah Peak and Trachyte Knob, which 

preserve varying degrees of breccia development and apparent intensity of alteration of trachyte, 

breccia and host granitic rocks. Results were compared against a sub-set of samples from the 

main Cripple Creek diatreme.  

Detailed petrography using optical, CL and scanning electron microscopy and 

QEMSCAN mineral scanning, integrated with whole-rock geochemical data deciphered a 

complex history of overprinting mineral growth that is interpreted to have formed as a result of 

an evolution of fluid composition and temperature during at least two separate fluid influx 

events. This data provides insight into the potential timing of mineralization in the Cripple Creek 

district and the lack of significant mineralized intercepts in areas outside the main diatreme. 

 

The key conclusions of this study are: 

• The dominant alteration event in the satellite trachyte bodies was potassic, and involved 

heterogeneous replacement of igneous textures (phenocrysts of sanidine, pyroxene and 

amphibole).  

• Weakly altered trachyte preserves partial to complete replacement of sanidine by albite, 

as well as pyroxene and amphibole phenocrysts by secondary amphibole, with or without 

albite. These textures suggest that an early, potentially high-temperature sodic alteration  
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event affected trachyte, an event previously not recorded in these rocks. 

• Increasing intensity of potassic alteration led to complete destruction of primary igneous 

textures, and pseudomorphs after these textures (secondary albite and amphibole), with 

replacement by potassium feldspar. 

• Potassium feldspar is overprinted by sericite, which pseudomorphs feldspathoids, occurs 

pervasively in the groundmass and is concentrated around vugs formed in intensely 

altered trachyte. Kaolinite, which partially replaces sericite and potassium feldspar, is 

most commonly located around vugs and along fractures. This textural progression is 

interpreted to reflect the cooling path of a single, hypersaline hydrothermal fluid that was 

most likely of magmatic origin. It is possible that this fluid evolved from the same fluid 

that caused early sodic alteration. 

• Intensely potassium-altered zones adjacent to breccia contain potassium feldspar, sericite, 

and kaolinite that are overprinted by biotite and Fe-hydroxide minerals that typically 

form along fractures in trachyte. The biotite-Fe-hydroxide mineral association is 

interpreted to have formed from a hot, Fe-rich hydrothermal fluid, likely sourced from a 

different magmatic fluid than that responsible for the sodic-potassic alteration in these 

rocks. 

• Weakly altered intrusive rocks that formed the intrusive breccia of the satellite bodies and 

are preserved in the center of the breccia complexes are silica-poor and relatively high in 

Fe compared with trachyte. These silica-poor rocks may have affinities similar to 

lamprophyre rocks that intrude the main diatreme. 

• Breccias, which commonly include trachyte clasts, are not potassically altered. Whereas 

biotite- and sericite-altered clasts are abundant in breccia, the groundmass is devoid of 

these phases and characterized by quatz, albite and carbonate minerals. These textural 

relationships suggest the breccia formed after the potassic alteration event, but before 

both trachyte and silica-poor intrusive rocks were altered by a high-T, Fe-bearing 

hydrothermal fluid. It is possible this was related to a deeper, basic magmatic body. 

• Au-telluride minerals were observed in biotite-Fe-hydroxide altered fractures within the 

central diatreme, indicating a possible correlation to fluids formed in association with 

basic magmatic activity. This is consistent with field relationships that suggest much of 

the gold formed after intrusion of basic and lamprophyre intrusive rocks. No direct 
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relationship between fluids causing potassic alteration, generated by felsic alkaline 

magma, and Au-Te mineralization could be recognized. 

• Gold is present in intensely altered rocks. Alteration intensity is strongest in proximity to 

lithological contacts or breccia that have an increased permeability and insure a high fluid 

flow. Therefore, potential for mineralization might correlate to the availability of strong 

fluid conduits.  

• Changes in mineralogy associated with different alteration styles are difficult to identify 

in hand specimen and under an optical microscope. This might be a reason why similar 

alteration styles have not been described in other alkaline Au-Te deposits, where 

descriptions of alteration are based primarily on vein mineralogy. 

 

In light of the results of the current study, a number of questions remain unanswered, 

research into which could positively impact our understanding of the Cripple Creek system and 

alkaline-magmatic Au-Te deposits elsewhere: 

• How does alteration recorded in the satellite intrusions relate to the full spectrum of 

alteration events recorded in the main diatreme? This current study only compared data 

from satellite intrusions to samples from two locations within the diatreme, which cannot 

be considered a comprehensive suite for comparison. Further study would determine how 

similar alteration effects in the satellite intrusions are to those within the diatreme. 

• What is the imprint of alteration in the lamprophyre dikes, and how does this relate to 

potential mineralizing events? This study suggested a relationship between basic (silica-

poor) magmas and syn- and/or post-mineralizing alteration in the satellite bodies. 

Moreover, observations from the main diatreme indicate areas of high-gold grades 

associated with or within lamprophyre dikes. To date no detailed study has targeted the 

alteration and mineralization history recorded by these intrusions. 

• What are the potential links between magma sources for the lamprophyre dikes and Au-

Te in the Cripple Creek system? The origin of mineralizing fluids in the Cripple Creek 

system is still an enigma. The presence of high-gold grades associated with lamprophyres 

suggests that the source of these magmas, and Au-bearing fluids, is a deep-seated basic 

intrusion. This has major implications for understanding the controls on the origin of 

large Au-Te mineralizing systems elsewhere. 
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APPENDIX A 

METHODOLOGY 

 

A brief summary of analytical methods employed in this study are presented in Chapter 

1. This appendix provides more detailed information regarding these methods and analytical 

conditions used. 

 

A.1 Cathodoluminescence 

Cathodoluminescence imaging was conducted at the Colorado School of Mines with a 

HC5-LM hot cathode cathodoluminescence microscope produced by Lumic Special Microscopes 

based on a modified Olympus BXFM-S optical microscope. The images collected and presented 

in this thesis were obtained at an accelerating voltage of 14kV and a current density of ~10 uA 

mm-². CL images were collected with a highly sensitive double-stage Peltier cooled Kappa 

DX40C CCD camera mounted on the microscope. The exposure time used during imaging 

ranged from 1.49 to 5.73 seconds. The luminescence wavelengths and intensities were not 

measured, since the CL imaging was used to localize changes in alteration types and intensities 

to focus further analysis by other techniques. 

CL imaging was conducted on polished thin sections, which were carbon coated in 

preparation of analysis.  A thick coat has proven to be more enduring and longer-lasting. 

 
A.2 SEM 

 Backscattered and secondary electron images of minerals and textures were collected 

using a JEOL 5800LV electron microscope at the Denver Microbeam Laboratory, USGS Denver 

Region Office. Additional, qualitative compositional information was collected using an energy 

dispersive x-ray system (EDS) by ThermoFisher equipped with a 10mm² silicon drift detector. 

The BSE images and EDS compositional data were acquired with an accelerating voltage of 15 

keV and a beam current of ~1.5 nA.  

 

A.3 QEMSCAN – Automated Mineralogical Analysis 

Automated mineralogical analyses were performed by QEMSCAN at the Colorado 

School of Mines. The QEMSCAN instrument is based on a Carl Zeiss EVO 50 scanning electron 

microscope (SEM) equipped with four Bruker X275HR silicon drift energy dispersive X-ray 
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detectors (EDS) and one four-quadrant semiconductor diode backscatter electron (BSE) detector 

.  

The carbon coated polished thin sections were analyzed using a pixel resolution of 15 

micrometers for trachyte and breccia samples, and 20 micrometers for granite samples. At each 

pixel, a BSE signal and an EDX spectrum is collected by the system. During analysis an 

approximate beam size of 1µm, an accelerating voltage of 25keV, and a beam /specimen current 

of 5 nA were used. An overall total of 3000 X-ray counts are collected at each pixel. Mineral 

identification by the system is achieved based on an integration of BSE and elemental intensities 

detected, which are referenced against a user-defined dataset of relative BSE intensities and X-

ray spectra. Acquired data are processed with the iDiscover software (version 4.1), to generate 

modal abundance percentages and produce false color mineral maps for the areas analyzed. The 

latter are used to highlight textural changes and specific alteration features. Table A-1 gives an 

overview of the level of confidence of the analyzed minerals.  

 

Table A-1: Degree of confidence (in percent) for mineral identification by QEMSCAN. 

Mineral Confidence in % Mineral Confidence in % 
Quartz 98 Pyroxene 93 
Orthoclase/ Microcline 93-95 Amphibole 90-91 
Sanidine 93-95 Kaolinite 95 
Albite 93-95 Muscovite 91-94 
Sodalite 88-93 Biotite 86-92 
Nepheline 88-93 Barite 83 

 
 

A.4. Electron Microprobe Analysis (EMPA) 

Quantitative mineral compositions were collected using the JEOL 8900 EMP instrument 

located in the Denver Microbeam Laboratory, USGS Denver Region Office. The EMP 

instrument is equipped with five wavelength dispersive X-ray (WDX) spectrometers. Spot 

analyses were conducted at an accelerating voltage of 15 kV, a beam current of ~20 nA and a 

spot size of 0 (approx. equal to below 2 micron), and in case of feldspathoids 5 µm. Individual 

X-ray lines were measured for between 10 and 30 seconds. The instrument was calibrated for 

beam sensitive materials, as the detection of sodium typically declines, and silica increases, over 

time.  
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The concentrations of 11 elements (Al, Ca, F, Fe, K, Mg, Mn, Na, Si, and Ti) were determined to 

assess the chemical composition of feldspar, feldspathoid, amphibole, pyroxene, and biotite. The 

standards used and detection limits are listed in Table A-2.  

 
Table A-2: Standards used for calibration and calculated detection limits for EMP spot analyses. 
 

Element Standard Detection limit (99% confidence) in ppm 
Al Miyake Anorthite 110 
Ca Miyake Anorthite 140 
Cl Sodalite 130 
Cr MgCrO4 (synthetic) 230 
F CaF2 1480 
Fe Fayalite (synthetic) 300 
K Or-1A Orthoclase 130 
Mg Spring Water Olivine 130 
Mn Spessartine 250 
Na Tiburon Albite 180 
Si Or-1A Orthoclase 170 
Ti TiO2 230 

 

A.5 ICP-MS 

The whole-rock geochemical analysis for major and trace elements were conducted by 

Fusion ICP-MS and fire assay-INAA. Fifty samples were submitted for geochemical analysis to 

Activation Laboratories in Ontario, Canada. The sample size ranged from 0.8 to 1.3 kg. A 250g 

representative fraction was split off the crushed rocks and pulverized until 95% of the material 

passed a 105µm sieve using mild steel to minimize contamination. Clean sand was used between 

each sample to minimize potential cross-contamination. 

One gram of each powdered sample was mixed with a flux of lithium metaborate and 

lithium tetraborate and fused in an induction furnace. The molten mixture was poured into a 5% 

nitric acid solution containing an internal standard, and shaken continuously until completely 

dissolved. The samples were analyzed simultaneously or sequentially by a Thermo Jarrell-Ash 

ENVIRO II ICP-MS or a Varian Vista 735 ICP-MS.  Calibration is performed using seven 

USGS and CANMET certified reference materials.  One of the seven standards is used during 

the analysis for every group of ten samples (Data are provided in Appendix B). Elements 

analyzed and their respective detection limits are provided in Table A-3. 
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Table A-3: An overview of the analyzed major and minor elements and their detection limits 
using Fusion ICP-MS. Data provided by ACTLABS. 
 

Element Detection limit 
in ppm 

Element Detection 
limit in ppm 

Element Detection limit 
in ppm 

SiO2 0.01 % Cu 10 Sb 0.5 
Al2O3 0.01 % Dy 0.1 Sc 1 
Fe2O3 0.01 % Er 0.1 Sm 0.1 
MgO 0.01 % Eu 0.05 Sn 1 
MnO 0.001 % Ga 1 Sr 2 
CaO 0.01 % Gd 0.1 Ta 0.1 
TiO2 0.001 % Ge 1 Tb 0.1 
Na2O 0.01 % Hf 0.2 Th 0.1 
K2O 0.01 % Ho 0.1 Tl 0.1 
P2O5 0.01 % In 0.2 Tm 0.05 
Ag 0.5 La 0.1 U 0.1 
As 5 Lu 0.04 V 5 
Ba 3 Mo 2 W 1 
Be 1 Nb 1 Y 2 
Bi 0.4 Nd 0.1 Yb 0.1 
Ce 0.1 Ni 20 Zn 30 
Co 1 Pb 5 Zr 4 
Cr 20 Pr 0.05   
Cs 0.5 Rb 2   

 
 

A.6 Instrumental Neutron Activation Analysis (INAA) 

This technique combines the use of a fire assay with INAA to determine the gold content 

to a detection limit of 1 ppb. A representative 50g fraction of pulverized sample material was 

split off each powdered sample and individually mixed with fire assay fluxes, and Ag to serve as 

a collector. The mixture was heated at 1050°C and the molten slag formed in this process 

removed. The gold content of the remaining bead was determined by INAA, which involved 

placing the bead into a polyethylene vial and irradiated at a thermal neutron flux of 7x 1012n cm-

²s-². The sample was measured the following day for the Au-198 photopeak at 411.8 keV. A 

minimum of two standards and one blank are analyzed with every sample run (Data provided in 

Appendix B). The detection limit ranges from 1 to 20000 ppb Au. 
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APPENDIX B 

SUPPLEMENTAL ELECTRONIC FILE 

 

The complete whole-rock geochemical and EMP data as well as the standards used are 

included in the supplemental electronic file. 

Data files Files containing geochemical measurements of 
whole-rock compositions and minerals. All 
files are in Microsoft Excel 2003 format. See 
Appendix D and E for details regarding 
sample locations and images. 

AppendixB1_ Geochemistry.xls The file contains a description of the color-
coded rock types in the first spreadsheet with 
the whole-rock geochemical data in the second 
spreadsheet. 

AppendixB2_Standards.xls Data of the used standards and duplicate 
measurements for ICP-MS and INAA analysis 
are contained in three separate spreadsheets. 

AppendixB3_EMPData.xls This file provides the EMP data with 
normalized cation values of feldspars, 
feldspathoids, amphiboles, pyroxenes, and 
biotite as well as the primary data in a separate 
spreadsheet. 
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APPENDIX C 

REE GEOCHEMISTRY 

C.1  REE Geochemistry of the Trachyte Sample 

 

Figure C-1: Rare earth element compositions (normalized to the chondrite data of Anders and 
Grevesse, 1989) for all trachyte samples from Copper Mountain. 
 

 

Figure C-2: Rare earth element compositions (normalized to the chondrite data of Anders and 
Grevesse, 1989) for all trachyte samples from Little Pisgah Peak. 
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Figure C-3: Rare earth element compositions (normalized to the chondrite data of Anders and 
Grevesse, 1989) for all trachyte samples from Trachyte Knob. 
 

 

Figure C-4: Rare earth element compositions (normalized to the chondrite data of Anders and 
Grevesse, 1989) for all trachyte samples from the Cripple Creek diatreme. 
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C.2 REE Geochemistry of Granite Samples 

 

Figure C-5: Rare earth element compositions (normalized to the chondrite data of Anders and 
Grevesse, 1989) for all garnite samples from Copper Mountain. 
 

 
Figure C-6: Rare earth element compositions (normalized to the chondrite data of Anders and 
Grevesse, 1989) for all trachyte rock samples from Trachyte Knob. 
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Figure C-7: Rare earth element compositions (normalized to the chondrite data of Anders and 
Grevesse, 1989) for all trachyte rock samples from Granite Island. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Sa
m
pl
e/
Ch

on
dr
ite

REE  Diagram ‐ Diatreme
Anders E. and Grevesse N. (1989) 

CCV11‐979

CCV11‐1012

CCV11‐1017

CCV11‐1090

Granite: 



 

138 
 

APPENDIX D 

SAMPLE LOCATION COORDINATES IN NAD27 

 

Table D-1: List of sample location coordinates in NAD27 and associated rock types. 
Sample ID Easting  Northing Rock type 

CuR_02 484477 4291477 Trachyte 

CuR_04_1 484153 4291808 Trachyte 

CuR_04_2 484153 4291808 Trachyte 

CuR_05 484142 4291812 Trachyte 

CuR_07_1 484095 4291863 Breccia 

CuR_07_2 484095 4291863 Trachyte 

CuR_13_1 484179 4292052 Trachyte 

CuR_14_2 484178 4292005 Trachyte 

CuR_14_3 484178 4292005 Breccia 

CuR_16_1 484254 4292174 Trachyte 

CuR_16_3 484254 4292174 Pikes Peak granite 

CuR_17 484194 4292171 Trachyte 

CuR_18 484170 4292174 Precambrian breccia 

CuR_20 484153 4292148 Trachyte 

CuR_21_2 484273 4292502 Pikes Peak granite 

CuR_21_3 484273 4292502 Pikes Peak granite 

CuR_23_1 484155 4292253 Pikes Peak granite 

CuR_25 484024 4291821 Pikes Peak granite 

CuR_27 484024 4291822 Pikes Peak granite 

CuR_28 483943 4291876 Pikes Peak granite 

CuR_30 484056 4291880 Breccia 

CuR_31 484089 4291873 Breccia 

CuR_32 484095 4291868 Trachyte 

LPP_11 483919 4280976 Trachyte 

LPP_12 483678 4280547 Trachyte 

LPP_13 483877 4280587 Breccia 

LPP_15 483923 4280607 Breccia 

LPP_16 483949 4280583 Trachyte 

LPP_17 483937 4281250 Trachyte 

 



 

139 
 

Table D-1: List of sample location coordinates in NAD27 and associated rock types - continued. 
Sample ID Easting Northing Rock type 

LPP_18 483411 4281370 Ajax granite 

Tra_02 490673 4291370 Trachyte 

Tra_03 490557 4291601 Pikes Peak granite 

Tra_04 490530 4291700 Pikes Peak granite 

Tra_05 490571 4291759 Trachyte 

Tra_06 490571 4291759 Pikes Peak granite 

Tra_07 490581 4291751 Trachyte 

CCV11-2-976 421145 5730771 Trachyte 

CCV11-2-979 421145 5730771 Ajax granite 

CCV11-2-1012 421145 5730771 Ajax granite 

CCV11-2-1017 421145 5730771 Ajax granite 

CCV11-2-1090 421145 5730771 Ajax granite 

CC92-143 402698 5411310 Cripple Creek breccia 

CC92-159 402803 5413310 Cripple Creek breccia 

CC92-227 403292 5411310 Trachyte 

CC92-237 403359 5411310 Trachyte 

CC92-1052 408869 5411310 Cripple Creek breccia 

Ref_Tph (Nipple Mt) 488890 4296945 Trachyte 

Ref_Tephri (Bull Cliff) 488970 4287112 Phonotephrite 

Ref_Lam (Cresson) 487432 4286248 Lamprophyre 

Ref_ Xgd  489534 4277205 Ajax granite 

Ref_Ypp  497156 4287194 Pikes Peak granite 
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APPENDIX E 

SAMPLE PHOTOGRAPHS 

 

CuR_02 (Trachyte) CuR_04_1 (Trachyte) 

  
CuR_04_2 (Trachyte) CuR_05 (Trachyte) 

 
 

CuR_07_1 (Breccia) CuR_07_2 (Trachyte) 

 

 
Figure E-1: Overview of sample photographs from CuR_02 to CuR_07_2. 
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CuR_13_1 (Trachyte) CuR_14_2 (Breccia) 

CuR_14_3 (Trachyte) CuR_16_1 (Pikes Peak granite) 

 
 

CuR_16_3 (Trachyte) CuR_17 (Trachyte) 

 

 
Figure E-2: Overview of sample photographs from CuR_13_1 to CuR_17. 
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CuR_18 (Breccia) CuR_20 (Trachyte) 

CuR_21_2 (Pikes Peak granite) CuR_21_3 (Pikes Peak granite) 

 
CuR_23_1 (Pikes Peak granite) CuR_25 (Pikes Peak granite) 

 

 
Figure E-3: Overview of sample photographs from CuR_18 to CuR_25. 
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CuR_27 (Pikes Peak granite) CuR_28 (Pikes Peak granite) 

 
CuR_30 (Breccia) CuR_31 (Breccia) 

 

CuR_32 (Trachyte) LPP_11 (Trachyte) 

 
 
Figure E-4: Overview of sample photographs from CuR_27 to CuR_32 and LPP_11.
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LPP_12 (Trachyte) LPP_13 (Breccia) 

 

LPP_15 (Breccia) LPP_16 (Trachyte) 

 

LPP_17 (Trachyte) LPP_18 (Ajax granite) 

 
Figure E-5: Overview of sample photographs from LPP_12 to LPP_18.
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Tra_02 (Trachyte) Tra_03 (Pikes Peak granite) 

 
Tra_04 (Pikes Peak granite) Tra_05 (Phonotephrite) 

 

 

Tra_06 (Pikes Peak granite) Tra_07 (Phonotephrite) 

 

 

 
Figure E-6: Overview of sample photographs from Tra_02 to Tra_07.
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CCV11-2-976 (Trachyte) CCV11-2-979 (Ajax granite) 

 

CCV11-2-1012 (Ajax granite) CCV11-2-1017 (Ajax granite) 

 

CCV11-2-1090 (Ajax granite) CC92-20-143 (Cripple Creek breccia) 

 

 
Figure E-7: Overview of sample photographs from CCV11-2-976 to 1090 and CC92-20-143.

2 cm 2 cm

1 cm 2 cm

2 cm 2 cm



 

147 
 

CC92-20-159 (Trachyte) CC92-20-227 (Trachyte) 

  
CC92-20-237 (Trachyte) CC92-20-1257 (Cripple Creek breccia) 

 

 
Figure E-8: Overview of sample photographs from CC92-20-159 to CC92-20-1257. 
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APPENDIX F 

QEMSCAN DATA 

 

CuR_04_2 (Trachyte) 

 

 

Figure F-1: QEMSCAN image of sample CuR_04_2. 
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CuR_05 (Trachyte) 

 

 

Figure F-2: QEMSCAN image of sample CuR_05. 
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CuR_07_1 (Breccia) 

 

 

Figure F-3: QEMSCAN image of sample CuR_07_1. 
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CuR_07_2 (Trachyte) 

 

 

Figure F-4: QEMSCAN image of sample CuR_07_2. 
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CuR_20 (Trachyte) 

 

 

Figure F-5: QEMSCAN image of sample CuR_20. 
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CuR_25 (Pikes Peak granite) 

 

 

Figure F-6: QEMSCAN image of sample CuR_25. 
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LPP_15 (Breccia) 

 

 

Figure F-7: QEMSCAN image of sample LPP_15. 
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LPP_16 (Trachyte) 

 

 

Figure F-8: QEMSCAN image of sample LPP_16. 
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Tra_02 (Trachyte) 

 

 

Figure F-9: QEMSCAN image of sample Tra_02. 
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Tra_07 (Trachyte) 

 

 

Figure F-10: QEMSCAN image of sample Tra_07. 
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CC92-20-143 (Cripple Creek breccia) 

 

 

Figure F-11: QEMSCAN image of sample CC92-20-143. 
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CC92-20-237 (Trachyte) 

 

 

Figure F-12: QEMSCAN image of sample CC92-20-237. 
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CCV11-2-976 (Trachyte) 

 

 

Figure F-13: QEMSCAN image of sample CCV11-2-976. 
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CCV11-2-1017 (Ajax granite) 

 

 

Figure F-14: QEMSCAN image of sample CC92-20-143. 


