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ABSTRACT 

 

Exploration for high-sulfidation epithermal deposits requires the development of 

protocols that allow distinction between mineralized and barren lithocaps. To better define the 

characteristics of barren lithocaps, Red Mountain, located at the western margin of the Lake City 

caldera in the San Juan Mountains of southwest Colorado, has been studied. This included 

logging of drill core, which allowed reconstruction of the distribution of lithological units and 

alteration styles in the subsurface. Core logging was supplemented by petrographic 

investigations, scanning electron microscopy, and geochemical analyses. Hyperspectral core 

scanning was conducted to constrain the alteration zoning within the Red Mountain lithocap. 

The research demonstrates that the Red Mountain lithocap exhibits mineralogical zoning. 

Alteration in the shallow subsurface is dominated by quartz-alunite which grades into kaolinite 

with depth. In the deep part of the lithocap, smectite-white mica alteration overprints secondary 

biotite Ñ K-feldspar alteration. The smectite-white mica alteration commonly shows patchy 

textures. In mineralized systems, patchy pyrophyllite is a texture observed at the transition from 

the epithermal to the porphyry environment. 

Vuggy quartz occurs as narrow ledges within the advanced argillic alteration halo. The 

vuggy quartz is interpreted to represent residual quartz formed through intense acid leaching of 

the volcanic rocks by volcanic vapors condensed into groundwater. The vugs contain small 

euhedral alunite crystals, but drusy quartz has not been observed at Red Mountain. The absence 

of widespread silicification sets the barren lithocap at Red Mountain apart from high-sulfidation 

epithermal deposits. In the case of these deposits, early acid-style alteration can be observed that 

is comparable to Red Mountain. However, the vapor-dominated magmatic-hydrothermal system 

changed to a liquid-dominated system prior to mineralization as the ore minerals formed from 

low-temperature aqueous liquids. The absence of drusy quartz may be a key indicator in 

exploration allowing distinction between barren and mineralized lithocaps. 

Rhenium-osmium geochronology performed on two molybdenite samples yielded ages of 

23.21 Ñ 0.14 Ma  and 23.11 Ñ 0.10 Ma. The obtained ages are within error of the volcanic rocks 

formed during collapse and resurgence of the Lake City caldera suggesting that magmatic-

hydrothermal activity followed immediately after the caldera volcanism.  
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CHAPTER 1 

INTRODUCTION 

 

Lithocaps are laterally and vertically extensive alteration domains of silicic, advanced 

argillic, and argillic-altered rocks formed in genetic association with porphyritic intrusions 

(Sillitoe, 1995, 1999; Hedenquist et al., 1998; Cooke et al., 2017). Lithocap alteration is caused 

by the condensation of high-temperature magmatic vapors into local groundwater producing acid 

sulfate-chloride waters having pH values of 1-1.5 (Stoffregen, 1987; Giggenbach et al., 1990; 

Rye et al., 1992; Hedenquist and Taran, 2013; Hedenquist and Arribas, 2022). Dissolution of the 

host rocks occurs as most chemical components are soluble in the highly acidic waters, except 

for silica which remains as a siliceous residue. This residual quartz commonly has a vuggy 

texture due to preferential alteration of phenocrysts in coherent volcanic rocks or glassy 

fragments in volcaniclastic deposits (Steven and Ratt®, 1960; Hedenquist and Taran, 2013). 

Lithocaps comprising zones of vuggy quartz are commonly barren because of the low metal 

content of magmatic vapors (Hedenquist and Arribas, 2022). However, subsequent infiltration of 

the highly altered rocks by mineralizing liquids can result in the development of high-sulfidation 

epithermal deposits (Stoffregen, 1987; Hedenquist et al., 1994; Holley et al., 2017; Hedenquist 

and Arribas, 2022). Being able to distinguish between barren and mineralized lithocaps, as well 

as defining the location of the upflow zone of the mineralizing magmatic-hydrothermal liquids 

within a lithocap are key to successful exploration for this deposit type. 

The late Eocene to Oligocene Southern Rocky Mountain volcanic field in southwest 

Colorado provides a natural laboratory to study the anatomy of lithocaps and to identify 

petrographic, mineralogical, and geochemical differences between barren and mineralized 

lithocaps. Summitville in the Platoro caldera is the most significant high-sulfidation epithermal 

deposit in the Southern Rocky Mountain volcanic field discovered so far. Although comparably 

small with an estimated pre-mine resource of 560,000 ounces Au, the deposit preserves the full 

vertical range from the near-surface epithermal mineralization to a mineralized porphyry at depth 

(Enders and Coolbaugh, 1987; Stoffregen 1987; Gray and Coolbaugh 1994; Bethke et al., 2005). 

Early studies on Summitville were key in defining high-sulfidation epithermal deposits as a 

deposit type (Patton, 1917; Steven and Ratt®, 1960; Perkins and Nieman, 1982; Stoffregen, 

1987). Several small pipe or chimney-shaped high-sulfidation epithermal deposits located at the 
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northwestern and southwestern margin of the Silverton caldera have been mined historically 

(Burbank and Luedke, 1969; Gonzales and Larson, 2017; Anderson et al., 2023). The apparently 

barren Red Mountain lithocap is located at the eastern margin of the Lake City caldera (Bove and 

Hon 1990, 1992; Bove et al., 1990). In 1987, the U.S. Geological Survey drilled four diamond 

drill holes to determine the extent of the alunite-rich alteration at Red Mountain and to test for 

the existence of a potential porphyry deposit below the zone of intense alteration (Bove and Hon 

1990, 1992; Bove et al., 1990). 

The present contribution summarizes new petrographic and mineralogical findings on the 

drill core from Red Mountain. Research on the historic core was conducted to better define the 

characteristics of this apparently barren lithocap. The study involved detailed core logging as 

well as hyperspectral core scanning to identify variations in alteration zoning. Petrographic 

investigations involving optical microscopy, scanning electron microscopy, and automated 

mineralogy were conducted to complement the hyperspectral survey and to define the textural 

characteristics of the intensely altered rocks within the lithocap and the underlying transition 

zone to the porphyry environment. The present study demonstrates that the Red Mountain 

lithocap is defined by several key characteristics that differ from those of lithocaps that host 

significant high-sulfidation epithermal deposits.
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CHAPTER 2 

GEOLOGIC SETTING 

 

This chapter describes the regional and district geology of the Red Mountain lithocap. In 

addition, background information on Red Mountain is given. The chapter also provides a brief 

overview of the different deposits occurring in vicinity of Red Mountain. 

 

2.1 Regional Geology 

The Red Mountain lithocap is located in the mid-Tertiary Southern Rocky Mountains 

volcanic field that comprises 25 to 30 large-volume ignimbrite sheets and associated calderas 

(Figure 2.1; Lipman and Bachmann, 2015). Volcanism in the Southern Rocky Mountains 

volcanic field occurred between 38 and 23 Ma, covering Precambrian basement and Laramide 

(75-60 Ma) igneous rocks (Lipman, 2007; Gonzales, 2015). The Southern Rocky Mountains 

volcanic field originally covered an area of approximately 100,000 km2 extending from southern 

Colorado to northern New Mexico (Figure 2.1; Lipman, 2007). 

Volcanism in the area is caused by ignimbrite flareup-style continental arc volcanism 

related to the roll-back of the subducting Farallon oceanic plate below the North American 

continent and associated readjustment from a flat to a steep angle subduction (Lipman, 2007; 

Best et al., 2016). 

Volcanism in the Southern Rocky Mountains volcanic field began at ~38 Ma. Early 

ignimbrites erupted 37ï33 Ma from calderas in the Sawatch Range (Lipman, 2007). The Wall 

Mountain Tuff was deposited at ~36.9 Ma from a now-eroded caldera above the Mount Princeton 

batholith and formed one of the first significant ignimbrite sheets in the area. As a result of 

volcanism migrating southward through the Sawatch Range starting at ~35 Ma, several calderas 

formed in the San Juan area (Figure 2.1). Large ignimbrite eruptions at the Platoro caldera 

complex in the southeast San Juan region developed at ~29 Ma, followed by a predominant 

intermediate-composition calc-alkaline ash-flow activity at 28.35 Ma and eruption of the San 

Juan and Uncompahgre calderas (Lipman et al., 1976). Explosive, caldera-forming volcanism 

depositing volumetric dacitic-rhyolitic ash flow sheets continued until the formation of the Lake 

City caldera in the western San Juan area at ~23.2 Ma (Pamuk­u et al., 2021). Volcanic activity 
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associated with the extension of the Rio Grande rift started by ~22 Ma (Figure 2.1; 

Lipman and Bachmann, 2015). Small scale silicic intrusions and effusive eruption of rhyolite 

flows occurred as late as 15 Ma (Gonzales, 2015). 

 

2.2 Lake City Caldera 

The Red Mountain lithocap is located at the eastern margin of the Lake City caldera in 

the western part of the Southern Rocky Mountains volcanic field. The formation of the Lake City 

caldera occurred at ~23.2 Ma (Pamuk­u et al., 2021). The Lake City caldera is hosted by the 

older 28.4 to 27.5 Ma Uncompahgre, San Juan, and Silverton calderas (Bove et al., 2001). 

Initial pyroclastic eruptions from the Lake City caldera were accompanied by a large-

scale caldera collapse (Bove et al., 2001). The ~23.2 Ma (Pamuk­u et al., 2021) Sunshine Peak 

Tuff, formed during the eruption of the Lake City caldera, is composed of three compositionally 

different ash-flow members that record eruption from a compositionally zoned magma chamber 

(Hon and Lipman, 1989). The lower member of the Sunshine Peak Tuff is a high-silica rhyolite 

(76 wt.% SiO2) marking initiation of the pyroclastic activity. It has a thickness of at least 900 

meters and accumulated within the concurrently subsiding caldera. Repetitive caldera collapse 

was caused by successive pyroclastic eruptions, depositing first the 300 m thick middle member 

of the Sunshine Peak Tuff. This member is divided into two distinct pumice types, namely a high 

silica rhyolite (76 wt.% SiO2) and a mafic trachyte (65 wt.% SiO2). The upper member of the 

Sunshine Peak Tuff marks the final eruption from the compositionally zoned magma chamber 

and is a quartz trachyte (67-69 wt.% SiO2).  

Resurgence of the Lake City caldera occurred due to the intrusion of a quartz syenite 

pluton into intra-caldera fill. Doming and uplift of more than 1 km occurred along the north-

central part of the ring fault (Bove et al., 2001). 

A thick succession of post-caldera-collapse lavas was deposited during continued 

volcanic activity. These are collectively referred to as the dacite of Grassy Mountain (63-66 

wt.% SiO2). The lavas and domes of the dacite of Grassy Mountain predate and postdate 

resurgence and accumulated primarily along the eastern margin of the caldera (Bove et al., 

2001). 
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Figure 2.1. Map showing preserved remnants of the composite Southern Rocky Mountain 

volcanic field, with location of the Red Mountain lithocap. The map also shows ignimbrite 

calderas and eruptions ages as well as the sedimentary infill of the Rio Grande rift and related rift 

basalts. Calderas and associated intrusions: BðBachelor; BzðBonanza; CðCreede; CPð

Cochetopa Park; GPðGrizzly Peak; LGNðLa Garita north; LGSðLa Garita south; Mð

Marshall; MPðMount PrincetonïAetna; NPðNorth Pass; PLðPlatoro; SMðSummitville; 

Silverton; LCðLake City; SJðSan Juan; UNðUncompahgre; SLðSan Luis; SRðSouth 

River. Map modified from Lipman and Bachmann (2015).
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Figure 2.2. Geology of the Lake City caldera and location of other mineralized areas. The doted square is the area of interest that 

includes the Red Mountain lithocap and the monzonite intrusion of Alpine Gulch. Map modified from Mehnert et al. (1979), Hon 

(1987b), and Bove et al. (2001). 
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The last igneous activity within the Lake City caldera was marked by the emplacement of 

the subvolcanic dacite of Red Mountain (63-66 wt.% SiO2) and the Alpine Gulch quartz 

monzonite (67-68 wt.% SiO2) along the northeastern and eastern portions of the ring fault (Bove 

and Hon, 1992). Both igneous rocks have nearly identical isotopic compositions, major-element 

chemistry, mineralogy, and phenocryst textures, suggesting derivation from a common magma 

source (Bove et al., 2001). 

Paleomagnetic studies suggest that the time span from eruption to resurgence of the Lake 

City caldera was probably on the order of 300,000 year (Reynolds et al., 1986). High-precision 

geochronology conducted by Pamuk­u et al. (2021) suggests that this time span could have been 

even shorter than 220,000 years. 

 

2.3 Regional Metallogeny 

Regionally, the Red Mountain lithocap forms part of Colorado Mineral Belt that is host to 

many mineral deposits, including porphyry Mo deposits, intermediate- and high-sulfidation 

epithermal deposits, alkaline epithermal deposits, and intrusion-related deposits (Wilson and 

Sims, 2003). 

The Red Mountain lithocap is located within a well-endowed portion of the Southern 

Rocky Mountains volcanic field. The Lake City caldera as well as the older Uncompahgre, San 

Juan, and Silverton calderas are host to many important ore deposits. Most notable is the 

Sunnyside intermediate-sulfidation deposit which is located to the southwest of Red Mountain 

within the Eureka graben (Casadevall and Ohmoto, 1977). The steeply dipping veins of the 

Sunnyside deposit extend vertically for ~ 600 m and can be traced laterally over a length of ~ 

2100 m (Casadevall and Ohmoto, 1977). Between 1902 and 1987, mining at Sunnyside produced 

over 6.2 million metric tons of ore for a total of 0.81 million ounces Au and 14.9 million ounces 

Ag. In addition, 252,000 metric tons of Zn, 180,000 metric tons of Pb, and 18,000 metric tons of 

Cu were produced (Bartos, 1993).  

High-sulfidation epithermal deposits having pipe- or chimney-like shapes occur at Red 

Mountain and the Ohio Peak-Anvil Mountain to the west of Red Mountain at the northwestern 

and southwestern margin of the Silverton caldera, respectively (Ransome, 1901; Burbank, 1941; 

Burbank and Luedke, 1969; Fisher and Leedy, 1973; Gonzales and Larson, 2017). These deposits 
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are spatially associated with large zones of advanced argillic alteration (Burbank and Luedke, 

1969; Bove et al., 2007). 

The Lake City district encompasses much of the eastern and northeastern rim of the Lake 

City caldera and the older Uncompahgre caldera (Slack, 1980). Several intermediate-sulfidation 

vein systems occur near Red Mountain. This includes the quartz-base metal silver sulfide veins 

at the Gladiator mine, the chalcedonic quartz Au-Ag-Ag telluride veins at the Golden Fleece 

mine, and the Black Crook mine, all of which are located to the east of Red Mountain close to 

the northern end of Lake San Cristobal. The Ute-Hidden Treasure vein was the most productive 

vein system in the Lake City district, located to the north of Red Mountain (Figure 2.2). In 

addition to the intermediate-sulfidation veins, one high-sulfidation epithermal deposit, referred to 

as the Golden Wonder mine, is located within the Lake City district. This deposit is located east 

of Round Mountain near the shore of Lake San Cristobal (Kalliokoski and Rehn, 1987).
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CHAPTER 3 

MATERIALS AND METHODS 

 

This study is based on the diamond drill core that the U.S. Geological Survey recovered 

at Red Mountain in 1987. The only complete core remaining is the ~850-m-long drill hole LC-4 

which is stored at the U.S. Geological Survey Core Research Center at the Denver Federal 

Center in Lakewood. In addition, a ~150-m-long section of drill core LC-1 is preserved, which is 

also stored at the Denver Federal Center. Limited core samples from the holes LC-2 and LC-3 

were available. Initially, the available core was logged in detail to record the distributions of 

lithologies and alteration styles as well as variations in alteration intensity. Samples collected are 

identified based on the drill hole number and the meterage the sample was collected down hole. 

In addition to drill core logging and sampling, field work was performed at Red Mountain to 

gain additional insights into the different rock types occurring and the distribution of alteration 

styles. This included a collection of representative samples (Table 3.1.). 

A total of 40 polished thick sections (60 ɛm thick) were prepared from representative 

samples to study textural relationships and to determine the mineralogy of the altered volcanic 

rocks. Petrographic investigations were conducted on a Nikon Eclipse LV100Pol optical 

microscope in transmitted and reflected light. Fine-grained textural relationships were studied 

using a TESCAN MIRA 3 LMH Schottky field emission scanning electron microscope at the 

Mineral and Materials Characterization Facility in the Department of Geology and Geological 

Engineering at the Colorado School of Mines. The instrument is equipped with a TESCAN 

motorized retractable annular, single-crystal YAG backscatter electron detector and a Bruker 

XFlash®6|30 silicon drift detector for energy dispersive X-ray spectrometry. Semiquantitative 

mineral analysis was performed at 20 keV, a working distance of 10 mm, and a bean intensity of 

11. 

Automated mineralogy analysis was conducted on selected samples. Samples were 

loaded into a Hitachi field-emission SEM SU5000 platform and analysis was initiated using the 

control program AMICS. An energy dispersive X-ray spectrometer from Bruker acquired spectra 

from each point with a user-defined resolution. The resolution was 20 mm at 100x magnification. 

An acceleration voltage of 20 keV and a specimen current of 65 nA were used during analysis. 

Interactions between the beam and the sample were modeled through Monte Carlo simulation. 
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The energy-dispersive X-ray spectra were compared with spectra held in a look-up table 

allowing a mineral or phase assignment to be made at each acquisition point. The assignment 

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

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

composition in the look-up table. This procedure allowed compositional maps to be generated. 

Composition assignments were grouped appropriately. 

To determine the distribution of alteration minerals in drill core, hyperspectral core 

scanning was conducted. A HySpex core scanning system equipped with a SWIR 384 camera 

was used to scan holes LC-1 and LC-4 at the Core Research Laboratory in the Department of 

Geology and Geological Engineering at the Colorado School of Mine. Hyperspectral imaging 

was performed over a spectral range of 930-2500 nm at a focal distance of 1 m (pixel size of 

770x770 mm). A calibrated SphereOptics 20% white reflectance target was scanned at the 

beginning of each section of core. In addition, high-resolution scanning was performed on 

individual samples at a focal distance of 30 cm (pixel size of 250x250 mm). The white 

reflectance target was scanned prior to each high-resolution scan. Following data acquisition, the 

hyperspectral data was processed using a custom workflow in Predikteraôs Breeze GEO software 

and classified with the USGS Material Identification and Characterization Algorithm (Kokaly, 

2011).  

Due to the similar hyperspectral responses, some minerals were grouped. Muscovite and 

illite have similar patterns and were, therefore, grouped as 'white mica' in this research. Because 

quartz is hyperspectrally inactive in the spectral range analyzed, pixels consisting of quartz only 

were treated as being unclassified. Furthermore, overexposed rocks were treated as unclassified. 

Six representative samples were collected from the drill holes and from surface outcrops. 

These samples were submitted to ALS in Reno. Preparation method PREP-31 was used, which 

involved  crushing of 70% of the material to less than 2 mm grain size, riffle splitting to obtain 

an aliquot of 250 g, and subsequent pulverization to 85% passing a 75 mm sieve. The obtained 

pulps were analyzed by fire assay (Au-AA23) and multielement analysis (method ME-MS61L) 

involving four-acid digestion and inductively coupled plasma-mass spectrometry. The detection 

limits of the Au and Ag determinations by fire assay were 0.005 and 0.002 g/t, respectively. 

To constrain the age of mineralization, two molybdenite-bearing samples (LC-4 at 244 m 

and LC-4 at 612 m) were submitted to AIRIE LLC in Fort Collins. Molybdenite grains were 
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initially separated from the samples using a small handheld diamond-tipped slow speed drill. A 

precisely weighed amount of molybdenite was then placed in a Carius tube together with inverse 

aqua regia and a known amount of mixed 185Re-188Os-190Os solution (Markey et al., 2003) as a 

spike to allow correction for common Os and Os isotope mass fractionation. Following sample 

dissolution and sample-spike equilibration for 12 h at 240ÜC in the Carius tube, the solution was 

cooled and Re and Os were chemically separated. Osmium was recovered by distilling directly 

from the solution in the Carius tube into HBr and subsequent purification by microdistillation. In 

contrast, Re was recovered from the inverse aqua regia solution by anion exchange 

chromatography. Once separated, Re and Os were loaded onto Pt filaments and their isotopic 

compositions were determined by negative thermal ionization mass spectrometry using a Thermo 

Fisher Scientific Triton. All Re-Os data was blank corrected, with blanks at the time of analysis 

of the two samples from Red Mountain being Re 1.919 Ñ 0.012 pg and Os = 0.032 Ñ 0.027 pg 

with a 187Os/188Os ratio of 0.45 Ñ 0.26. All data is reported at a 2-sigma level of uncertainty. The 

uncertainties reported for the Re-Os ages include the 187Re decay constant uncertainty. 
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Table 3.1. List of surface samples collected as part of this study. 

 Coordinates (WGS 84 13N)   

Sample Easting Northing Altitude (masl) Visual Description  Rock code 

HSLC-01 0296497   4210189  2776 Heterolithic dacitic volcaniclastic; matrix showing 

broken crystals and quartz crystals, hornblende, and 

biotite; almost least-altered; millimeter-sized quartz 

veins; stratified (308° azimuth;  ~18° dip) 

Tse 

HSLC-02 0299776  4206083  3002 Andesitic to dacitic crystal tuff with broken 

plagioclases crystals; partial eutaxitic texture; crystals 

are <0.5 cm in size; some quartz crystals; ash matrix; 

weak kaolinite alteration; stratification (295° azimuth, 

15° dip) 

Tcr 

HSLC-03 0294882   4204682  3486 Dacitic partial seriated texture with euhedral to 

subhedral and broken crystals of sanidine-plagioclase 

(<2 cm size crystals); hornblende > biotite; some 

quartz crystals; hornblende replaced by magnetite and 

hematite traces; matrix is aphanitic 

Tldg 

HSLC-04 0294772  4204854  3503 Similar to HCSL-03 Tldg 

HSLC-05 0294712  4204901  3507 Similar to HCSL-03 Tldg 

HSLC-06 0294671  4204843  3525 Similar to HCSL-03; moderate clay (kaolinite) 

alteration; strongly oxidized 

Tldg 

HSLC-07  0294655  4204814  3509 Similar to HCSL-06; weak quartz-clay (kaolinite) 

alteration; partially oxidized 

Tldg 

HSLC-09 0295069  4205403  3706 Polymictic breccia containing sub-angular to sub-

rounded fragments; some clasts show vuggy quartz 

alteration; quartz-alunite alteration of matrix; wispy 

juvenile fragments 

Phreatomagmatic 

breccia-2 

HSLC-10 0295040  4205443  3730 Crystal tuff cut by breccias; quartz-clay (±alunite) 

alteration 

Tsp / 

Phreatomagmatic 

breccia-3 

HSLC-11 0295092 4205645 3809 Dacite lava with flow foliation; alunite in matrix as 

quartz-clay-alunite and infilling fractures 

Tldg 
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Table 3.1. continued 

      

HSLC-12b 0295085 4205667 3811 Heterolithic breccia; goethite and hematite in matrix; 

crosscuts Tldg (HSLC-11); moderately magnetic 

Phreatic breccia 

HSLC-13 0294972 4205742 3803 Similar to HSLC-09 but lower proportion of clasts Phreatomagmatic 

breccia-2 

HSLC-14 0294936 4205697 3768 Breccia with minor heterolithic fragments; broken 

crystals, fine-grained matrix; matrix-supported; strong 

quartz-alunite±clay alteration 

Phreatomagmatic 

breccia-2 

HSLC-15 0295148 4205233 3579 Boulder containing up to 15% quartz phenocrysts; 

alunite replacing plagioclase; groundmass replaced by 

quartz-alunite 

Dacite intrusive 
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CHAPTER 4 

RESULTS 

 

This chapter summarizes all lithological descriptions of surface and core samples as well 

as the petrographic observations made by optical microscopy, scanning electron microscopy, and 

automated mineralogy. The findings are summarized as new cross-sections showing the 

distribution of rock types and alteration styles. In addition, the chapter summarizes the findings 

of hyperspectral core scanning, whole-rock geochemical analyses of selected samples, and Re-

Os geochronological work. 

 

4.1 Lithological Units 

Based on outcrop inspection and core logging, key lithological units were identified at 

Red Mountain. The different lithological units are shown in map view and cross-section in 

Figures 4.7 and 4.8, respectively. The following section describes these units in more detail. 

 

4.1.1 Heterolithic Tuff 

The heterolithic tuff contains juvenile fragments and is partly welded. A range of mafic 

fragments is present. The tuff varies from phaneritic to aphanitic within sandy, fractured crystals 

(primarily plagioclase and hornblende, with some biotite and quartz). This unit is soft clay 

altered (kaolinite) and is characterized by partially to fully oxidized mafic minerals (Figure 

4.1A). Least-altered rocks are still magnetic. The dacite tuff is moderately welded and 

stratification has an azimuth of 308Á and a shallow dip of 18-20Á. The unit could correspond to 

the upper Uncompahgre caldera sequences, referred to as Tse by Lipmann et al. (1976), which is 

estimated to be over 800 m thick. Millimeter-sized B' quartz veins with a central suture (Figure 

4.1B) were identified within this unit on the north side of Red Mountain. 

 

4.1.2 Dacitic Crystal Tuff 

The dacitic crystal tuff is a partially welded unit that shows a fiamme texture within a 

matrix of dacitic crystal tuff/ash tuff. It is characterized by a homogeneous texture with juvenile 

fragments and crystals that are up to 0.5 cm in size (primarily plagioclase and few quartz 

crystals) and set in a fine-grained ash matrix (Figure 4.1C, D). The unit shows weak kaolinite 
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alteration on the eastern side of San Cristobal Lake. At the outcrop scale, there is apparent 

stratification present with an azimuth of 295Á and a shallow dip of 15Á. The dacitic crystal tuff 

may be equivalent to the 27.5 Ma Carpenter Ridge Tuff (Tcr), which is 200 meters thick and is 

located above the Uncompahgre Caldera (Lipman, 1976). 

 

4.1.3 Ash-Flow Member of the Sunshine Peak Tuff 

The Ash-Flow Member of the Sunshine Peak Tuff (Tsp; Lipman, 1976) is recognized in 

some short intervals in drill hole LC-4 where it forms a sequence of interlayered dacitic tuff and 

fine-grained crystal tuff. Some of the best examples occur at depths of 237 and 301 m (Figure 

4.2A, B). The unit was originally described by Lipman (1976) and Bove and Hon (1992) south-

southwest of Red Mountain. In core, the pyroclastic rock is affected by quartz-kaolinite alteration 

with disseminated pyrite. Some intervals have been altered to vuggy quartz. 

 

4.1.4 Dacite Lava of Grassy Mountain 

This dacite lava (Tldg; Bove and Hon, 1992) extends south and east of Red Mountain. 

Flow banding is locally present (Figure 4.3A). The dacite shows a partial seriated texture with 

euhedral to subhedral plagioclase and sanidine crystals that can be broken. The phenocrysts 

range up to 2 cm in size. Hornblende phenocrysts are more abundant than biotite. Mafic minerals 

such as hornblende are replaced by magnetite and locally hematite. The groundmass is aphantic 

(Figure 4.3B). The dacite is mostly least-altered, however, can be argillized in contact with the 

subvolcanic dacite of Red Mountain. In the central part of Red Mountain, the dacite lava of 

Grassy Mountain is affected by strong quartz-alunite-clay alteration. 

 

4.1.5 Subvolcanic Dacite of Red Mountain 

This study could not verify the presence of five types of intrusions at Red Mountain as 

suggested by Bove and Hon (1992).  

During surface work, a dacitic intrusive float rock was identified at 0295148E and 

4205233N at an elevation of 3579 masl (sample HSLC-15). The dacite contained up to 15% 

euhedral quartz crystals with the plagioclase crystals being completely replaced by alunite. The 

matrix of the alunite was altered to quartz-alunite (Figure 4.3C).  
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Dacite dikes contain <40 % phenocrysts, including rounded 3 cm sanidine phenocrysts. 

The rounded nature of the phenocrysts is likely related to resorption during magma evolution. 

Plagioclase crystals range from millimeter to 1 cm in size. There are also hornblende crystals in 

the aphanitic matrix. Bove and Hon (1992) referred to the dacite dikes as Tdrd. Several short 

intervals of the dacite were observed in hole LC-4. The dacite is characterized by a distinct light 

purple color where least-altered (Figure 4.4A).  

The dacite porphyry containing >40 % phenocrysts, referred to as Tdrp by Bove and Hon 

(1992), is the predominant unit observed through hole LC-4. In fact, the hole was terminated in 

this unit. The unit shows different degrees of potassic alteration associated with gray, fine-

grained quartz masses (Figure 4.4B, C). Phenocrysts include <3 cm sized sub-rounded and 

broken sanidine and plagioclase crystals in an aphanitic matrix (Figure 4.4C). 

In addition, a sparsely phenocrystic dacite was identified on surface forming dikes and 

plug-like intrusion. The dacite having a comparably low crystal abundance was referred to as 

Tdrs by Bove and Hon (1992). The sparsely phenocrystic dacite crosscuts the subvolcanic dacite 

porphyry (Tdrp). On surface, the sparsely phenocrystic dacite is intensely alunite-altered (Bove 

and Hon, 1992). 

 

4.1.6 Breccias 

Based on surface work and drill core logging, several distinct breccia types were 

identified. This included the phreatomagmatic breccia-1, which is a coarse-grained clast-

supported breccia. This breccia type was observed in drill LC-4 and is the most dominant breccia 

unit. It is polymict in character and contains sub-angular fragments (>30-40 %) that have been 

previously altered, breccias fragments, juvenile fragments, and broken crystals. The matrix is 

overprinted by quartz-clay alteration. In drill hole LC-4 at 261 m, numerous gray silicified 

fragments with millimeter-sized pyrite veins are truncated by this breccia. The breccia also 

occurs as deep as 614-615 m (Figure 4.5B, 4.14A). Disseminated pyrite occurs in the matrix of 

the breccia or rims fragments totaling up to  >10%. Due to broken crystals and juvenile 

fragments with a wispy texture, the breccia is regarded to be phreatomagmatic in nature.  

The phreatomagmatic breccia-2 is a fine-grained matrix-supported breccia that contains a 

population of <30% heterolithic clasts. The breccia was observed in an outcrop (sample HSLC-

09). The clasts in the breccia are sub-angular to sub-rounded with the fragments being variably 
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affected by quartz-alunite or vuggy quartz alteration. Juvenile clasts are abundant and have a 

ówispyô texture (Figure 4.5C, D) set in a fine-grained matrix with broken quartz crystals. The 

breccia matrix has been overprinted by quartz-clay (kaolinite)Ñalunite alteration. The breccia 

may correlate with the fine-grained, matrix supported breccia mentioned by Bove and Hon 

(1992). However, the presence of a juvenile component suggests a phreatomagmatic origin. 

The dacitic phreatomagmatic breccia-3 is a very fine-grained, matrix-supported breccia 

forming distinct dikes. Small dikes (<10 cm wide) were observed on surface at 0295040E and 

4205443N at 3730 masl. The dikes have an azimuth of 315Á and a dip of 90Á. The fine-grained 

matrix-supported breccia has a sandy matrix but contains <2-3 mm sized juvenile fragments. 

Similar vertical breccias were observed in drill hole LC-4 at a depth of 643 m, crosscutting the 

dacitic porphyry Tdrp. The breccias truncate millimeter-wide quartz veinlets (Figure 4.5A). 

Disseminated pyrite forms up to 15% of the breccia. 

Phreatic breccias at Red Mountain form narrows (<10 cm) breccia bodies. At surface, 

hematiteÑgoethite matrix-supporting heterolithic breccia having subangular altered fragments 

occur (Figure 4.6A). On surface, this breccia was recorded at 0295085E and 4205667N at 3811 

masl (HSLC-12b) crosscutting quartz-clay-alunite altered crystal tuff. Similar narrow 

hydrothermal breccia was noted in drill hole LC-4 at 80 m depth, truncating a fine-grained 

phreatomagmatic breccia (Figure 4.6B). The hydrothermal breccias are still weakly magnetic due 

to the presence of magnetite. Voids in the breccias are filled by goethite and hematite.  
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Figure 4.1. Hand specimen images of the heterolithic tuff and the dacitic crystal tuff at Red 

Mountain. (A) Heterolithic tuff. Sample HSLC-01. (B) Heterolithic tuff in outcrop that is almost 

unaltered. The arrow highlights a millimeter-sized quartz vein. (C) Dacitic crystal tuff. Sample 

HSLC-02. (D) Closeup of the dacitic crystal tuff showing the partially eutaxitic texture. The tuff 

is affected by weak clay alteration.  
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Figure 4.2. Hand specimen images of the Ash-Flow Member of the Sunshine Peak Tuff at Red 

Mountain. (A) Interbedded crystal tuff sequences. The sample is affected by clay alteration and 

contains disseminated pyrite. Sample LC-4-301. (B) Low-angle contact between interbedded tuff 

units. Sample LC-4-237. 
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Figure 4.3. Photographs of the dacite lava of Grassy Mountain and the subvolcanic dacite of Red 

Mountain. (A) Flow banding in the dacite lava of Grassy Mountain. The outcrop is affected by 

strong quartz-alunite-kaolinite alteration and is oxidized. The outcrop is near sample location 

HSLC-11. (B) Dacite lava of Grassy Mountain showing partial seriated texture with <2 cm 

euhedral to subhedral crystals of sanidine and plagioclase. In addition, crystals of hornblende and 

biotite occur. Mafic phases such as hornblende are replaced by magnetite. (C) Boulder of dacitic 

intrusive rock (sample HSLC-15). This unit is distinct from the other subvolcanic dacite types 

described at Red Mountain. Its key characteristic is the presence of up to 15% quartz eyes. The 

dacite is pervasively alunite-altered. 
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Figure 4.4. Hand specimen images of subvolcanic dacite occurring at Red Mountain. (A) Dacite 

dike showing sanidine phenocrysts that are rounded due to magmatic resorption. In addition, 

small plagioclase crystals occur in the aphanitic groundmass. The unit is least-altered. Sample 

LC-4-191. (B) Dacite porphyry that has been affected by quartz-clay alteration. Small quartz 

veins occur (arrow). The dacite contains sanidine phenocrysts and minor plagioclase crystals in a 

phaneritic matrix. Sample LC-4-561. (C) Dacite porphyry with sub-rounded and broken sanidine 

phenocrystals and minor subhedral plagioclase crystals in a phaneritic matrix. Sample LC-4-835.   
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Figure 4.5. Hand specimen images of breccia at Red Mountain. (A) Very fine-grained matrix-

supported phreatomagmatic breccia-3. The breccia crosscuts an earlier  breccia facies and 

truncates a quartz vein. Sample LC-4-643. (B) Phreatomagmatic breccia-1. The breccia shows 

subangular polymictic fragments as well as crystal fragments in a juvenile matrix that is quartz-

clay altered. Sample LC-4-312. (C) Phreatomagmatic breccias-2. The breccia is polymict and 

contains sub-angular to sub-rounded clasts that are quartz-alunite altered. Some wispy, juvenile 

fragments are present that exhibit a vuggy texture. Sample HSLC-09. (D) Close-up of a juvenile 

clast.  
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Figure 4.6. Hand specimen images of breccia at Red Mountain. (A) Surface sample of a phreatic 

breccia showing a hematite-magnetite matrix. Sample HSLC-12b. (B) Phreatic breccia-3 with a 

magnetite-goethite matrix. Sample LC-4-80. 



24 

 
 

Figure 4.7. Geologic map of Red Mountain showing the altered area. Also shown is the location of the Alpine Gulch intrusion. 

Modified from Lipman (1976), Mehnert et al. (1979), as well as Bove and Hon (1992). 



 

25 

 
 

Figure 4.8. Cross-section showing the distribution of lithological units and alteration styles at 

Red Mountain. The cross-section incorporates the logging results of drill hole LC-4 as well as 

regional section map data from Lipman (1976) and local map from Bove and Hon (1992). 
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4.2 Alteration Styles 

Alteration is widespread at Red Mountain (Figure 4.7), which obviously was key in 

naming of the mountain. The red color is due to the presence of hematite, goethite, and jarosite 

filling fractures and/or staining due to sulfide oxidization. Different alteration styles are 

observed in the subsurface (Figure 4.8).  

 

4.2.1 Argillic Alteration 

This alteration style comprises an association of kaolinite-dickite with variable amounts 

of smectite. During the field work, it was documented that there was a strong argillic alteration 

along the contact between the dacite of Grassy Mountain and the subvolcanic dacite of Red 

Mountain. Along the contact, one soft clay-kaolinite altered and oxide-stained outcrop was 

observed. In the San Cristobal Lake valley, the upper part of the Uncompahgre unit is affected 

by weak to moderate argillic kaolinite alteration (Figure 4.1C) Another illustration of weak 

argillic alteration can be observed in sample HSLC-01 (Figure 4.1A) in which plagioclase 

crystals have been partially replaced by kaolinite. In drill core, there are intervals with strong 

argillic alteration, such as at 621-622 m in LC-4 and 72-80 m in LC-1 showing kaolinite-

dickite alteration. 

 

4.2.2 Quartz-Clay Alteration 

Quartz-clay is the most abundant and predominant alteration style present in drill hole 

LC-4, with quartz-kaolinite-pyrite being the principal alteration assemblage. Except for unit 

the dacite dikes Tdrd, which are almost unaltered, all other lithological units at Red Mountain 

show variable intense overprints by quartz-kaolinite-pyrite alteration. This is especially true for 

the various breccia types affected by pervasive quartz-clay alteration. Kaolinite is replacing 

feldspar crystals, the matrix, and breccias fragments . Gray quartz invades the matrix and 

replaces plagioclase crystals (Figures 4.2A, B; 4.4B, 4.5A, B). In these intervals, the 

abundance of fine-grained disseminated pyrite and pyrite veinlets increases. Due to abundant 

cover material and recessive weathering, quartz-clay alteration does not outcrop extensively at 

Red Mountain. However, based on the distribution of float, the quartz-clay alteration appears 

to envelop the more intense quartz-alunite alteration.  
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4.2.3 Quartz-Alunite Alteration 

Different intensities of quartz-aluniteÑclay altered areas were observed at surface at 

Red Mountain and in drill core. Alunite alteration and/or replacement of plagioclase and 

sanidine crystals within the volcanic rocks is accompanied by quartz replacement. This 

alteration style was observed in the volcanic host rocks and breccias. In both cases, the quartz-

alunite alteration resulted in the formation of disseminated fine-grained pyrite. AluniteÑclays 

infill fractures in the previously altered host rock, such as the those at the peak of Red 

Mountain (Figure 4.21). The clay associated with alunite is difficult to identify visually, but it 

is predominantly kaolinite according to the hyperspectral analyses. Hyperspectral analysis 

revealed that alunite comprises >30 % of the spectrally responsive phases (Figure 4.15).  

 

4.2.4 Patchy White Mica Alteration 

Patchy textures of white mica (illite-muscovite) replacing potassic alteration were 

documented in drill hole LC-4, occurring in at least four intervals. Various degrees of patchy 

textures can be found within the dacitic porphyry Tdrp, ranging from weak to intense. The 

patches are sometimes surrounded by pyrite. Discontinuous intervals with patchy texture were 

observed from 530-751 m. depth. However strong development of the patchy texture was 

found in the interval of 673-751 m. Detailed observations reveals that white mica-clay 

alteration appears developing in the gray quartz alteration, originating from microfractures, 

resulting in the patchy texture (Figure 4.9). Bove and Hon (1992) documented the texture as 

ómottledô.  

 

4.2.5 Vuggy Quartz Alteration 

During logging of LC-1 and LC-4, short sections of moderate to intense vuggy quartz 

alteration were observed in breccias and subvolcanic units (Figure 4.10A-C). At least seven 

ledges of vuggy quartz were identified in drill hole LC-4, which were up to a maximum of ~5 

m in thickness. The voids are commonly lined by alunite (Figures 4.11 and 4.12). The vuggy 

quartz is comprised of small (< 5 Õm) quartz crystals interpreted to have formed through 

recrystallization from a noncrystalline silica precursor (Figure 4.12A, B, D, F). In some cases, 

the vugs are partially filled with goethite or hematite. 
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The contacts between the vuggy quartz zones and the surrounding altered volcanic 

rocks are typically steep suggesting that the vuggy quartz occurs along distinct fault-controlled 

ledges. In LC-4 at a depth of 351 m, the contact angle is about 60Á with respect to the vertical 

hole. Vuggy-quartz was also registered in LC-1 at 51 m where the angle of the vuggy quartz to 

the enclosing altered rock is 75Á relative to the subvertical hole (Figure 4.10B). 

 

4.2.6 Potassic Alteration 

Potassic alteration defined by the presence of secondary biotite associated with variable 

amounts of magnetite and fine-grained quartz was recognized in drill core LC-4. Minor 

amounts of K-feldspar were detected. At the bottom of drill hole LC-4, the secondary biotite 

forms brown acicular patches. Secondary biotite infills microfractures in sanidine in LC-4 at 

677 and 760 m. At 760 m depth, biotite replaces hornblende (Figure 4.28B). The secondary 

biotite forms radial and acicular aggregates. The biotite is commonly overprinted by white 

mica. The replacement of the biotite appears to correspond to albite and quartz replacing 

sanidine and (Figure 4.18A, C, E). Hyperspectral core scanning confirmed the presence of 

biotite and muscovite in core LC-4 (Figure 4.23). 

Automated  mineralogy scans confirmed the presence of zones of K-feldspar alteration 

halos (Figure 4.13A, B). This demonstrates that secondary K-feldspar is present in addition to 

the magmatic sanidine. The automated mineralogy scans also identified phlogopite (Figure 

4.13B).  

 

4.2.7 Intermediate Argillic Alteration 

Although not easily identifiable visually, the lower part of hole LC-4 shows an 

association of illite-smectite (Figure 4.14). Smectite concentrations increase significantly at a 

depth of 600 m, while illite is pronounced near the end of the hole. Both smectite and illite 

overprint earlier formed secondary biotite and K-feldspar.  
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Figure 4.9. Patchy alteration in hand specimens from Red Mountain. (A) Intense kaolinite and 

kaolinite-white mica-quartz patchy texture. Sample LC-4-605. (B) High-magnification picture 

showing white mica replacement inside gray quartz. Arrows point to fine-grained pyrite. 

White-mica is replacing along fractures (red arrows). (C) Strong white mica-quartz patchy 

texture developed in fine-grained gray quartz. Sample LC-4-701. (D) Close up view showing 

how fine-grained pyrite is rimming white-mica (black arrow) and how white mica is developed 

along fractures (red arrows). 
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Figure 4.10. Vuggy quartz texture in hand specimens from Red Mountain. (A) Vuggy quartz 

texture developed in a breccia. The void spaces are host to millimeter-sized pyrite. Sample LC-

4-300. (B) Contact between intensely altered rock showing a well-developed vuggy texture and 

rock that shows a lower abundance of vugs. Sample LC-1-51. (C) Close-up of voids in sample 

LC-4-300.  
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Figure 4.11. Microphotographs showing vug spaces in vuggy quartz samples from Red 

Mountain. (A) Alunite crystals growing into the vug. The red mineral is hematite. Crossed-

polarized light. Sample LC-1-63. (B) Vuggy quartz with small alunite crystals lining the vug. 

Crossed-polarized light. Sample LC-1-67. (C) Vuggy quartz with small alunite crystals lining 

the voids. Transmitted light. Sample LC-1-44. (D) Corresponding crossed-polarized light 

image highlighting the small alunite crystals. (E) Alunite in a small vug that also contains 

hematite. Crossed-polarized light. Sample LC-1-48. (F) Corresponding plane polarized light 

image showing the alunite overgrowth within the vug. Abbreviations: Alu=alunite, 

Hem=hematite, and Qz=quartz.  
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Figure 4.12. Back-scattered electron images showing textural relationships in vuggy quartz 

samples from Red Mountain. (A) Small vug showing crystalline nature of the residual quartz 

and small crystals of alunite. Hematite cement occurs in the vug. Sample LC-1-44. (B) Small 

vug showing the crystalline nature of the residual quartz. Sample LC-1-67. (C) Void filled by 

alunite, and jarosite. Sample LC-1-67. (D) Small quartz crystals of residual quartz. Sample LC-

1-48. (E) Alunite and small quartz crystals in vuggy quartz. Sample LC-1-48. (F) Hematite 

cementing vuggy quartz. Sample LC-1-48. Abbreviations: Aln=alunite, Hem=hematite, 

Jrs=jarosite, Qz=quartz, and Rt=rutile.  
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Figure 4.13. Microscopic and automated mineralogy images showing evidence for early stage 

potassic alteration. (A) Transmitted light image showing a zone of K-feldspar alteration. (B) 

Automated mineralogy scan showing the presence of a zone of hydrothermal K-feldspar 

alteration. Also present is secondary phlogopite. Sample LC-4-725.  
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4.3 Hyperspectral Core Scanning 

Drill core LC-4 and the existing portions of drill core LC-1 were scanned 

hyperspectrally to identify mineralogical gradients (Figures 4.14 and 4.15).  

Kaolinite is most abundant at the top of hole LC-4 to a depth of 228 m, indicating the 

presence of advanced argillic alteration (Figure 4.14). Kaolinite and white mica occur to a 

depth between 228 and 594 m, which can be accounted for by an overlap of phyllic and 

advanced argillic alteration. There is a significant decrease in the presence of kaolinite at this 

depth with kaolinite being only present in traces towards the bottom of the hole. Even though 

muscovite is extensively present between 228 and 594 m, this mineral also occurs deeper in the 

hole. Sporadic high abundances of alunite are present to a depth of 594 m. Alunite has not been 

recognized deeper in the drill core. Pyrophyllite occurs in similarly low abundances. Zones of 

vuggy quartz are very narrow. Towards the bottom of the hole, biotite is recognized and the 

number of unclassified pixels increases, some of which may be accounted for by the presence 

of feldspar, suggesting the occurrence of potassic alteration. The potassic alteration appears to 

be overprinted by illite-smectite, forming part of an intermediate argillic alteration assemblage. 

In drill hole LC-1, alunite is the predominant spectrally active mineral in the available 

core interval between 30.48 and 66.75 m. Alunite sometimes reports >90 % of all pixels. The 

intervals of high alunite abundance are part of an advanced argillic alteration assemblage 

(Figure 4.15). 
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Figure 4.14. Hyperspectral scanning results for drill hole LC-4. The figure shows the logged distribution of lithological units, 

alteration styles, patchy texture, and mineral abundances (pixel %). Stratigraphically constrained cluster analysis defined major 

alteration clusters. Advanced argillic alteration was recognized at the top, with intermediate argillic alteration overprinting potassic 

alteration at the bottom of the hole. 
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Figure 4.15. Hyperspectral scanning results for drill hole LC-1. The figure shows the logged distribution of lithological units, 

alteration styles, patchy texture, and mineral abundances (pixel %). Stratigraphically constrained cluster analysis defined major 

alteration clusters. Advanced argillic alteration occurs at the top of the hole while argillic alteration prevails at the bottom. 
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4.4 Hyperspectral Analysis of Hand Samples 

A total of 22 hand specimens were scanned hyperspectrally. The results were compared 

with the drill hole data over the same interval. The main difference between the two scans being 

the higher resolution of the hand sample scans. Hand specimen scanning confirmed that quartz 

veins or zones of intense silicification show up as unclassified pixels (Figure 4.16). However, in 

many cases small-scale intergrowth between quartz and spectrally identifiable minerals causes 

pixels to be assigned to the less abundant mineral instead of becoming unclassified. Microscopic 

investigations confirmed that quartz is dominant but contains small amounts of alunite or 

kaolinite. Even though vuggy quartz is masked by the occurrence of these other phases, 

hyperspectral core scanning allowed identification of boundaries between different alteration 

domains (Figure 4.17). High-resolution hyperspectral scanning of core with patchy textures 

revealed the presence of different overprinting alteration styles (Figure 4.18). 

In samples showing vuggy quartz alteration, the quartz is partially concealed by 

spectrally active minerals. Excellent examples of vuggy quartz intervals where unclassified 

pixels reflecting quartz have been identified include LC-4-300 and LC-4-301. In the same 

intervals, the presence of pyrophyllite and pyrophyllite+white mica was recorded (Figure 4.20).  

The most notable difference between the core scanning and hand specimen is the 

apparent presence of pyrophyllite in the high-resolution scans. Pyrophyllite was recognized in 

core slabs LC-4-299 or LC-4-300 (Figure 4.20) and LC-4-159. Scanned samples from surface 

are reporting high alunite abundances, and alunite-kaolinite alteration in samples such as HSLC-

06, HSLC-09, HSLC-12, HSLC-13, HSLC-14, and HSLC-11. Detailed observations on sample 

HSLC-11 reveal the presence of two types of alunite, namely alunite in the matrix and alunite 

infilling fractures (Figure 4.21). In the case of HSLC-10b, alunite and pyrophyllite are the 

predominant spectrally active minerals. In the case of HSLC-07, kaolin-illite are the predominant 

active minerals with minor illite-muscovite. Alunite is predominant in samples such as LC-1-33 

(Figure 4.22) and LC-1-67, which also contain some pyrophyllite.  
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Figure 4.16. Hyperspectral scan of quartz vein. (A) False color RGB image. (B) Hyperspectral 

image showing that quartz remains unclassified (black pixels). The quartz vein is rimmed with 

kaolinite and white mica. (C) Crossed-polarized light image of thin section illustrating that the 

central part of the sample is dominated by quartz. Sample LC-4-359. Abbreviation: Qz=quartz.  
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Figure 4.17. Example of a hyperspectral scan of a core box. The scan shows the contrast between 

muscovite predominant alteration (orange) and quartz-kaolinite+white mica alteration. 

Unclassified pixels are primarily quartz (black pixels). Pyrophyllite occurs in lower abundances 

(purple pixels). Visually the interval between the two white lines was logged as vuggy quartz 

(each tray is ~60 cm in length). Drill hole LC-4, box 092, interval 298.7-301.8 m. 
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Figure 4.18. Hyperspectral scan of patchy texture. (A) Core image of patchy texture interval. (B) 

Hyperspectral images show sequence of alteration events. Early quartz-muscovite alteration is 

overprinted by smectite. The last event is the formation of kaolinite-white mica alteration. 

Sample LC-4-701.  
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Figure 4.19. Hyperspectral scan of patchy texture. (A) False color RGB image. (B) 

Hyperspectral image showing how gray quartz is masked by the spectrally active clays. Sample 

LC-4-605. 
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Figure 4.20. Hyperspectral scan of vuggy quartz alteration. (A) Hand specimen of vuggy quartz 

alteration developed in a breccia. (B) Hyperspectral images showing the breccia texture. Black 

pixels are unclassified, which is quartz. Minor pyrophyllite is present. Kaolinite and 

kaolinite+white mica in blue pixels. Sample LC-4-300. 
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Figure 4.21. Hyperspectral scan of quartz-alunite alteration. (A) Picture showing quartz-alunite 

alteration in hand specimen. Visual inspection shows gray quartz replacement of the matrix. (B) 

Hyperspectral image showing that alunite is predominant (>40% of pixels), with many of the 

remaining pixels being kaolinite or unclassified (quartz). Alunite infills fractures. Oversaturated 

areas are shown as black pixels. Sample HSLC11. Abbreviations: Alu=alunite and Qz=quartz.  
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Figure 4.22. Hyperspectral scan of dacite lava of Grassy Mountain. (A) False color RGB image. 

(B) Hyperspectral image showing that alunite dominates (94.1% of the pixels). There are small 

amounts of pyrophyllite replacing sanidine phenocrysts (lower right). Sample LC-1-33.  
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Figure 4.23. Hyperspectral scan of dacite porphyry. (A) False color RGB image. (B) 

Hyperspectral image showing 45% biotite as predominant alteration crosscut by quartz (black 

pixels) with smectite halos (light green). Sample LC-4-718.  
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Figure 4.24. Hyperspectral scan of phreatomagmatic breccia-1 containing different types of 

clasts. (A) Core image. (B) Hyperspectral image showing the abundant presence of kaolinite, 

kaolinite-white mica with the black pixels being quartz. (C) Closeup view of sub-rounded altered 

fragment affected by quartzÑsmectite-muscovite alteration. Sample LC-4-641.  
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4.5. Vein Types 

During core logging, various types of quartz and pyrite veins have been observed. On 

surface, millimeter-white gray quartz veins were recognized at the northern site of the road cut 

towards Red Mountain within the upper Uncompahgre volcanic units (Figure 4.1B). 

 

4.5.1 Pyrite Veins 

Pyrite veinlets appear to have been abundant at the top of drill hole LC-4 and on surface 

where they have been subject to supergene oxidation. Pristine pyrite veinlets ranging up to 2 mm 

in width were observed in LC-4 between 725 ft and the end of the hole. Pyrite veins appear to 

crosscut earlier quartz veins (Figure 4.27C, D). 

 

4.5.2 Quartz Veins 

Most quartz veins in drill hole LC-4 are planar and vitreous gray veins, which may 

contain a pyrite centerline. Quartz veins in LC-4 are located at depth exceeding 283 m. The 

abundance of veins ranges from 1 to 2%. However, there are short intervals with up to 5% veins 

at depth between 427 and 429 m. The veins are typically <1 cm thick and predominantly 

represent infills of hairline fractures (Figure 4.25A-D). Pyrite may occur along the centerline 

(Figure 4.26C, 4.27A, B). Macroscopically, many of the quartz veins may be B-type veins. 

Based on logging and thin section investigations, three types of B veins were 

distinguished. The first type consists of quartz with pyrite and molybdenite. The quartz is 

granular and gray. These veins occur first at a depth of 283 m. The veins may be hosted by 

massive rocks (Figure 4.26A) or breccias, which includes those at 384, 546-555, 643 (Figure 

4.25C, D), 676, 789, and 818 m. Some of the veins are irregular and sinuous. However, there are 

examples of almost planar veins with a central suture (Figure 4.26C). Pyrite infills open space or 

microfractures. Small amounts of molybdenite are present, an example includes a depth of 643 m 

(Figure 4.25C, D). These veins have different orientations relative to the core axis. The second 

type of veins comprises quartz veins that have a banded appearance and contain pyrite. Examples 

include those at 551 m (Figure 4.27E, F). The third type of veins comprises hairline fractures 

filled by quartz (Figure 4.25A, B; 4.26A, B). 
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Figure 4.25. Quartz veins in hand specimens from Red Mountain. (A) Heterolithic phreatic 

breccia-1 containing a fragment hosting abundant hairline quartz veins. Sample LC-4-312. (B) 

Close-up of the clast with quartz stockwork veins. (C) Quartz vein cutting a phreatic breccia. 

Sample LC-4-643. (D) Close-up showing the planar, gray quartz veins. Orange circles indicate 

the presence of molybdenite. 
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Figure 4.26. Quartz veins in hand specimens from Red Mountain. (A) Narrow B veins consisting 

of gray quartz (arrows) cutting earlier fine-grained gray quartz in silicified groundmass. Sample 

LC-4-701. (B) Gray quartz veins having variable orientations. Note the wavy nature of the vein 

on the right-hand side. Sample LC-4-637. (C) Quartz forming a B-vein with a pyrite centerline 

(arrow). Sample LC-4-384. 

  


