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ABSTRACT
The Cripple Creek alkaline igneous rock-related low-sulfidation epithermal gold telluride
deposit is hosted in a 10 km wide Oligocene alkaline volcanic diatreme in Proterozoic rocks.
Periods of phreatic eruptions and progressively more mafic alkaline magma emplacement
created the diatreme and breccias that host the gold ore, followed by breccia pipe creation, and
later by the emplacement of phonolite and later lamprophyre dikes throughout the diatreme.
Pervasive potassic alteration affected much of the diatreme, and is spatially related to the latestage veins containing native gold and precious metal tellurides.
Previous studies have focused on the high-grade gold veins primarily located toward the
center of the diatreme, investigating the paragenesis of minerals with relation to high- and lowgrade ore. However, little work has been done to establish elemental and mineralogical aids to
exploration for low-grade ore. The current study evaluates the mineralogy and paragenesis of
low-grade mineralization in the currently mined WHEX, Globe Hill, and Schist Island pits, and
the Galena Embayment along the margin of the diatreme next to the WHEX pit, as well as highgrade mineralization in the WHEX and Cresson pits, to establish a simplified three stage
paragenesis for low-grade ore in the Cripple Creek deposit, determine the elements and minerals
that vector to ore, and characterize the fluid history of the deposit.
Workers in the district have reported overlapping suites of minerals, including pyrite, in
association with high- and low-grade Au mineralization. Pyrite, which can record past fluid
conditions through crystal textures and trace element enrichments, is analyzed using scanning
electron microscopy, electron microprobe, and laser ablation-inductively coupled plasma-mass
spectrometry analyses to compare the trace element compositions of pyrite in low- and highgrade gold mineralization. These analyses reveal a complex trace element pattern with variability

ix
in Ag, As, Au, Co, Ni, Sb, and Te in the rims, cores, and zones (area between the core and the
rim) of stages 2 (Py2) and 3 pyrite (Py3) and between the studied pits currently being mined.
Trace element concentrations in stage 1 pyrite (Py1) are lower than those in Py2 and Py3, and the
patterns are uniform. Trace elements form in the structure of pyrite and as micro- and
nanoinclusions (e.g., up to 48,220 ppm As, 6,983 ppm Co, 12,250 ppm Ni, and 10,860 ppm Sb).
The concentrations of As, Au, and Cu reported here are in general agreement with previous
studies of pyrite in the deposit. The patterns of trace element enrichment suggest that the final
stage of pyrite growth in high-grade gold telluride veins was enriched in Ag, As, Au, Cu, Pb, Sb,
and Te.
The paragenesis and compositional zoning of pyrite associated with high-grade ore
contrast with those associated with pyrite from low-grade ore, which preceded the formation of
high-grade gold telluride veins. This suggests that metallic mineralization occurred in multiple
episodes and that low-grade ore did not form from the same hydrothermal fluids that precipitated
the high-grade ore. Early pyrite formed under gentle, non-boiling conditions, followed by a
transition to vigorous boiling in Py2 and Py3, ending with non-boiling conditions recorded in the
Au and As-rich rims of Py3. This enrichment of Au and As on the rims of pyrite is consistent
with other alkaline rock-related epithermal Au deposits, as are the concentrations of trace
elements throughout the pyrite grains. The presence of As, Ag, Au, Co, Cu, Mo, Ni, Sb, Te, and
Tl in pyrite are considered vectors to high-grade ore in the Cripple Creek deposit.
Mining of and exploration for low-grade ore is focused in the northern part of the
diatreme, where little work has been done to identify elements and minerals that have strong
relationships with Au mineralization. Correlation coefficients, principal component analysis,
hierarchical cluster analysis, and Random Forests were used to analyze major and trace elements
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compositions of 995 samples of rocks containing low- and high-grade mineralization from drill
core in three pits in the northern part of the Cripple Creek diatreme. These methods suggest that
Ag, As, Li, Sb, Te, W, and V are pathfinders to Au mineralization. These elements, in
conjunction with previous mineralogical studies, indicate that tellurides, fluorite, quartz,
carbonates, roscoelite, tetrahedrite, pyrite, sphalerite, muscovite, monazite, bastnäsite, and
hübnerite serve as exploration guides to ore. These elements and minerals are consistent with
pathfinders to ore identified in other alkaline rock-related epithermal Au deposits.
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CHAPTER 1.

GENERAL INTRODUCTION

The Cripple Creek alkaline igneous rock-related epithermal Au-Te deposit, Colorado was
discovered in 1891 and has produced over 26 Moz of Au, as of 2018 (Cross and Penrose, 1895;
Keith et al., 2020). It is hosted in an alkalic diatreme at the junction of three Proterozoic
intrusions, and the intersection of NW and NE trending faults (Jensen, 2003). The alkalic
volcanic rocks of the diatreme intruded the surrounding igneous and metamorphic country rocks
between 32 and 28 Ma, at the end of the Laramide orogeny and the beginning of regional
extension and bimodal volcanism related to the Rio Grande rift (Lipman et al., 1978; Lipman,
1981; Kelley and Ludington, 2002).
Gold occurs as native Au, Au tellurides, and in arsenian pyrite as nanoparticles or
structural incorporations (Lindgren and Ransome, 1906; Jensen 2003; Dye 2015; Keith et al.,
2020). Early miners (1890’s-1940’s) focused on high-grade veins containing native Au and Au
tellurides (Jensen, 2003). Low-grade, bulk tonnage, open pit mining began in the 1970’s and
continues through to the present day. Gold is commonly associated with tellurides, pyrite,
galena, sphalerite, tetrahedrite, stibnite, and molybdenite, with a gangue assemblage of quartz,
fluorite, dolomite, chalcedony, opal, roscoelite, rhodochrosite, celestite, calcite, and adularia
(Jensen, 2003). This thesis focuses on high- and low-grade gold mineralization in the Globe Hill,
Schist Island, and Wild Horse Extension (WHEX) pits in the northern part of the diatreme and
consists of two papers, which will be submitted to journals for publication. The study
investigates the trace element chemistry of pyrite and the bulk rock chemistry in the northern
part of the Cripple Creek diatreme.
The first paper investigates the trace element distribution in pyrite in relation to the
paragenesis of minerals in the deposit. Spatial trends of trace elements in pyrite among the three
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pits studied here, fluid conditions associated with mineral precipitation, and potential vectors to
gold ore have been evaluated. Jensen (2003) identified concentrations of Au, As, Cu, Sb, Te, and
Tl in pyrite near high-grade Au veins. Later, Dye (2015) quantified the trace element
enrichments in high-grade pyrite from samples taken from the Cresson pit. The data of Dye
(2015) was incorporated into a paper published by Keith et al. (2020), which investigated the
concentration of Te in pyrite from the northern, central and eastern parts of the deposit. The work
here focuses on the northern part of the district in locations that Keith et al. (2020) did not
sample.
The second paper analyzes bulk geochemical data using statistical methods to determine
the elements, and therefore minerals, that can be used to vector to gold mineralization in the
deposit. Previous studies at Cripple Creek that focused predominantly on the central, southern,
and eastern parts of the diatreme, identified Ag, As, Hg, K, Sb, S, Te, Tl, V, and W as pathfinder
elements to Au. Similarly, quartz, fluorite, carbonates, roscoelite, tetrahedrite, and potassium
alteration have been used to vector to high-grade gold veins. This study uses four statistical
methods to evaluate which elements have the strongest relationships to gold. Based on
mineralogical studies in the first paper, the trace element signature identified in the second paper
has been tied to minerals in which these trace elements most likely reside, to be used as potential
pathfinders to gold in the Cripple Creek district. Such information is also relevant to the search
for low-sulfidation gold-telluride systems in alkaline igneous rocks elsewhere in the world.
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Abstract
The Cripple Creek alkaline igneous rock-related low-sulfidation epithermal gold telluride
deposit is hosted in a 10 km wide Oligocene alkaline volcanic diatreme in Proterozoic rocks.
Periods of phreatic eruptions and progressively more mafic alkaline magma emplacement
created the diatreme and breccias that host the gold ore, followed by breccia pipe creation, and
later by the emplacement of phonolite and later lamprophyre dikes throughout the diatreme.
Pervasive potassic alteration affected much of the diatreme, and is spatially related to the latestage veins containing native gold and precious metal tellurides. Previous studies have focused
on the high-grade gold veins primarily located toward the center of the diatreme. The current
study evaluates the mineralogy and paragenesis of low-grade mineralization in the currently
mined WHEX, Globe Hill, and Schist Island pits, and the Galena Embayment along the margin
of the diatreme next to the WHEX pit, as well as high-grade mineralization in the WHEX and
Cresson pits. Given the variable paragenesis of mineralizing stages in different locations in the
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Cripple Creek deposit, a simplified three stage paragenesis (stages 1, 2, and 3) is recognized here
involving low- and high-grade gold mineralization. The stages of mineralization observed with
respect to tellurides and sulfides differ from more recent studies.
Scanning electron microscopy, electron microprobe, and laser ablation-inductively
coupled plasma-mass spectrometry analyses are used to compare the trace element compositions
of pyrite in low- and high-grade gold mineralization. These analyses reveal a complex trace
element pattern with variability in Ag, As, Au, Co, Ni, Sb, and Te in the rims, cores, and zones
(area between the core and the rim) of stages 2 (Py2) and 3 pyrite (Py3) and between the studied
pits currently being mined. Trace element concentrations in stage 1 pyrite (Py1) are lower than
those in Py2 and Py3 and the patterns are uniform. Trace elements form in the structure of pyrite
and as micro- and nanoinclusions (e.g., up to 48,220 ppm As, 6,983 ppm Co, 12,250 ppm Ni, and
10,860 ppm Sb). Some of the trace element patterns are similar to those observed previously in
pyrite in high-grade ore, whereas other trace elements patterns were not recognized before. The
concentrations of As, Au, and Cu reported here are in general agreement with previous studies of
pyrite in the deposit. The patterns of trace element enrichment suggest that the final stage of
pyrite growth in high-grade gold telluride veins was enriched in Ag, As, Au, Cu, Pb, Sb, and Te.
The paragenesis and compositional zoning of pyrite associated with high-grade ore
contrast with those associated with pyrite from low-grade ore, which preceded the formation of
high-grade gold telluride veins. This suggests that metallic mineralization occurred in multiple
episodes and that low-grade ore did not form from the same hydrothermal fluids that precipitated
the high-grade ore. Early pyrite formed under gentle, non-boiling conditions, followed by a
transition to vigorous boiling in Py2 and Py3, ending with non-boiling conditions recorded in the
Au and As-rich rims of Py3. This enrichment of Au and As on the rims of pyrite is consistent
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with other alkaline rock-related epithermal Au deposits, as are the concentrations of trace
elements throughout the pyrite grains. The presence of As, Ag, Au, Co, Cu, Mo, Ni, Sb, Te, and
Tl in pyrite are considered vectors to high-grade ore in the Cripple Creek deposit.

Introduction
Trace element studies of pyrite have been used to evaluate the role of metamorphism in
the remobilization of elements to form ore deposits, trace the evolution of hydrothermal fluids in
ore-forming systems with time, vector to hydrothermal ore deposits, study deep-time ocean
chemistry, and provide information regarding the source of metals in ore deposits (e.g., Huston et
al, 1995; Chouinard et al., 2005; Large et al., 2007, 2017; Steadman et al., 2015; Mukherjee and
Large, 2016; Dehnavi et al., 2018; Conn et al., 2019). Trace elements can be incorporated into
pyrite by isovalent substitution (As, Co, Ni, and Se), coupled heterovalent substitutions (As, Au,
Mo, Sb, and Tl), and as micro- and nanoinclusions within the crystal lattice (Ag, Au, Ba, Bi, Cu,
Pb, Sb, Te, and Zn) (Huston et al., 1995; Reich et al., 2005; Large et al., 2009; George et al.,
2018). Trace element studies of pyrite in alkalic-type intrusion-related gold deposits include
those on the Emperor, Fiji (Pals et al., 2003), Tuvatu, Fiji (Scherbarth and Spry, 2006), Golden
Sunlight, Montana (Spry and Thieben, 2000), Porgera, Papua New Guinea (Ryan, 2001;
Peterson and Mavrogenes, 2014), Ladolam, Papua New Guinea (Sykora et al., 2018), Rattle
Snake Hills, Wyoming (Ripple, 2012), and Cripple Creek deposits (Jensen, 2003).
The Cripple Creek alkaline rock-hosted epithermal Au-Te deposit is one of the largest
gold systems in the United States (>26 Moz) (Jensen, 2003; Dye, 2015). It is one of a group of
alkaline rock-related deposits in the North American Cordillera (Jensen and Barton, 2000; Kelley
and Spry, 2016), including Golden Sunlight, Montana (Spry et al., 1997), and smaller deposits in
New Mexico and Wyoming (Mutschler et al., 1985; Kelley and Ludington, 2002). Gold in the
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Cripple Creek deposit occurs as native gold and precious metal tellurides in high-grade sheeted
veinlet systems and individual veins, and as low-grade, bulk tonnage native gold commonly in
the structure of arsenian pyrite in the Cripple Creek diatreme and adjacent Proterozoic rocks
(Cross and Penrose, 1895; Thompson et al., 1985; Kelley et al., 1998; Rosdeutscher, 1999;
Jensen, 2003). The low-grade mineralization occurs in various rock types and alteration styles,
including hydrothermal breccias, phonolite, Proterozoic rocks adjacent to the diatreme, and in
alteration zones around high-grade veins.
Various authors have debated the mineral paragenesis of the deposit through examination
of high-grade veins in different areas within and adjacent to the diatreme. However, the
paragenesis of low-grade disseminated mineralization, which is the focus of current mining, has
received limited attention. Burnett (1995), Trippel (1985), and Seibel (1991) evaluated low-grade
disseminated gold mineralization in the Cresson pit, and the Globe Hill and Ironclad breccia
pipes, respectively, using petrographic, fluid inclusion, X-ray diffraction, and bulk geochemical
studies (Figs. 1 and 2). Later, Rosdeutscher (1999) focused on the stable isotope characteristics
of low-grade mineralization in Proterozoic rocks in the Grassy Valley deposit. These studies, as
well as that by Jensen (2003), suggested that the low-grade mineralization formed from the same
hydrothermal fluids that generated the high-grade veins.
In contrast to earlier paragenetic studies that were primarily based on petrographic
analyses, Jensen (2003) identified up to eight stages of mineralization and determined the As,
Au, Cu, Sb, and Tl concentrations and As:Fe ratios of pyrite from various locations in the
deposit. He interpreted the low-grade disseminated gold to be extensions of the high-grade veins.
On the other hand, Dye (2015) identified seven different stages of mineralization: 1) early pyrite
and base metal sulfide deposition with no gold, 2) gold-bearing As-rich pyrite deposition that
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shifted toward the deposition of hypogene native gold, 3) localized formation of hessite, altaite,
petzite, and galena, 4) the formation of tetrahedrite-bearing quartz veins, 5) a second stage of
gold-bearing As-rich pyrite growth, 6) large-scale gold telluride formation, and 7) molybdenum-,
copper-, and silver-rich base metal sulfide formation. He proposed six stages of pyrite growth in
high-grade ore and posited that the gold hosted within arsenic enriched zones in pyrite did not
precipitate synchronously with native gold or gold-bearing tellurides in the same veins. Dye
(2015) focused on the trace element composition of arsenian pyrite largely derived from highgrade gold veins in the Cresson pit.
Jensen (2003) evaluated the gold content of pyrite in the Cripple Creek deposit using a
secondary ion mass spectrometer, whereas Dye (2015) analyzed the trace element composition
of pyrite for a limited number of elements (Ag, As, Au, Cu, Sb, Te, and Tl) using an electron
microprobe to evaluate the paragenesis of various proposed hydrothermal stages in the deposit.
Recently, Keith et al. (2020) evaluated Au-Te forming processes in the deposit by conducting
bulk rock analysis on unlocated dump samples of high-grade and low-grade ore, and the analysis
of pyrite from the operating Wild Horse Extension (WHEX) pit, the Ruby stockpile from the
Cresson pit, and from Vindicator Valley using an electron microprobe (EMP) and a laser
ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS). Modifying previously
published paragenetic stages, including that of Dye (2015), Keith et al. (2020) identified five
pyrite stages in seven stages of mineralization.
The aim of the current study is to reevaluate the paragenetic relationship between highgrade vein-style gold mineralization and low-grade disseminated gold mineralization in the
Cripple Creek deposit by focusing on the north-western part of the Cripple Creek diatreme. Drill
core and located samples were taken from the currently operating WHEX, Globe Hill, and Schist
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Island pits, and the Galena Embayment, which is an extension off the WHEX pit. Petrographic
studies, geological relationships, and trace element compositions of pyrite, obtained using EMP
and LA-ICP-MS techniques, are used to determine whether low- and high-grade gold
mineralization formed synchronously from the same magmatic-hydrothermal fluids or whether
gold mineralization formed during multiple periods of hydrothermal activity. This work
complements the paragenetic studies of pyrite by Jensen (2003), Dye (2015), and Keith et al.
(2020), and has implications for the exploration, metallurgy, and recovery of gold in low-grade
mineralization in the Cripple Creek deposit, and for further exploration in the district and other
epithermal Au-Te systems.

Regional Geology
Due to compressional tectonics during the Proterozoic (1.8-1.65 Ga; Karlstrom and
Humphreys, 1998), the supracrustal rocks on unknown basement of the Mazatzal province were
deposited onto the edge of the Yavapai province, also termed the Colorado province, a juvenile
arc terrane. The Yavapai province was attached to Archean crust to the north (Karlstrom and
Humphreys, 1998). Granitoid plutons intruded these provinces at 1.7-1.65 Ga and the area
experienced regional amphibolite-facies metamorphism and tectonic activity (Kelley and
Ludington, 2002). This resulted in northeast-trending shear zones, along which many alkalinerelated gold deposits are located, including the Elizabethtown-Baldy, Old Placers, and New
Placers districts, New Mexico, and the Rosita and Cripple Creek districts, Colorado; the Cripple
Creek deposit is located on the projection of the Arkansas shear zone (Kelley and Ludington,
2002). In response to east-west extension, bimodal volcanism related to nascent rifting resulted
in the intrusion of the granitic Pikes Peak batholith at 1.1 Ga. These Proterozoic structures are
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thought to have influenced the location and composition of Tertiary alkaline magmas and related
magmatic-hydrothermal fluids (Kelley and Ludington, 2002).
During the late Mesozoic, the changing angle of the Farallon plate as it subducted
northeastward beneath North America resulted in the Laramide orogeny (~80 to 55 Ma; English
and Johnston, 2004). Deformation and uplift extended to the eastern edge of the modern Rocky
Mountains, creating northeast-trending structures throughout Colorado (Cunningham et al.,
1994). One result of the orogeny was the formation of the Colorado Mineral Belt (70-50 Ma),
with later activity extending from the early to middle Tertiary (40-35 Ma) (i.e., the San Juan and
Elk Mountain volcanic fields) (Tweto, 1968; Cunningham et al., 1994; Kelley and Ludington,
2002). Following the end of subduction of the Farallon plate, the western United States
experienced extension, resulting in the formation of the Basin and Range province and the Rio
Grande rift (Christiansen et al., 1992; Kelley and Ludington, 2002). The Rio Grande rift formed
in Colorado around 30-27 Ma (Lipman et al. 1978; Lipman, 1981), coincident with the intrusion
of alkaline magmatic rocks in Colorado (Kelley and Ludington, 2002).
The development of the Cripple Creek diatreme occurred during the end of Laramide
subduction and the formation of calc-alkaline magmas (70-40 Ma), and the initiation of the Rio
Grande rift and the resulting eruption of bimodal volcanism (30-27 Ma) (Lipman et al., 1978;
Lipman, 1981; Kelley et al., 1998), concurrent with other alkaline rocks in central and southern
Colorado. The geochemical and isotopic signatures at Cripple Creek are not consistent with
subduction, but the location and timing of the deposit near other calc-alkaline volcanic rocks
indicates a relationship between magmatism and late or post subduction activity (Kelley et al.,
1998; Kelley and Ludington, 2002).
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Geologic Setting of the Cripple Creek deposit
The Cripple Creek diatreme is located at the intersection of NE-trending Laramide
structures and NS- or NW-trending faults (Kelley et al., 1998) (Fig. 1), and at the intersection of
three Proterozoic intrusions: the Ajax granodiorite (~1.65 Ga; Wobus et al., 1976; Karlstrom and
Humphreys, 1998), the Cripple Creek monzonite (~1.43 Ga; Hutchinson and Hedge, 1968;
Wobus et al., 1976), and the Pikes Peak granite (1.1-1.08 Ga; Smith et al., 1999; Beane et al.,
1999). Alkalic magmas and hydrothermal fluids were emplaced from 34.0 to 27.9 Ma
(McDowell, 1966; Wobus et al., 1976; Kelley et al., 1998), creating a volcanic diatreme
approximately five km in diameter, composed of igneous rocks, breccias, and Proterozoic clasts,
as well as satellite intrusions, which were later mineralized.
The diatreme contains a complex history of igneous evolution, emplacement, and
crosscutting. Volcanic breccias and volcaniclastic rocks were crosscut by early phonolite
intrusions and flows within the diatreme at 31.8 Ma (Kelley et al., 1998). These rocks were
subsequently intruded by porphyritic tephriphonolites and trachyandesites, which were in turn
crosscut by stocks and dikes of phaneritic nepheline monzosyenite. These rocks were later
crosscut by more mafic dikes, consisting of phonotephrites and trachybasalts (Jensen, 2003). A
second generation of phonolites were subsequently emplaced as fine-grained stocks, dikes, and
flows within the diatreme and in the adjacent Proterozoic rocks. The Bluebird dike in the
Cresson pit is an example of an aphanitic phonolite from this generation. Finally, pulses of
lamprophyric magma intruded the diatreme and formed dikes crosscutting the previously
emplaced rocks and each other; the youngest dikes formed at 28.4 Ma (Rampe, 2002). The
Cripple Creek breccia, composed of clasts of igneous and sedimentary rocks from within the
diatreme and Proterozoic clasts from outside the diatreme, is the most abundant rock type in the
diatreme and is lithologically heterogeneous.
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Hydrothermal deposition of gold in the district and the surrounding Proterozoic rocks
began around 31-30 Ma and continued for at least 2 m.y. (Kelley et al., 1998). The hydrothermal
fluids are interpreted to be magmatic in origin, with a late meteoric fluid incursion, based on
stable and radiogenic isotopes, and fluid inclusion studies (e.g., Thompson et al., 1985;
Rosdeutscher, 1999; Kelley et al., 1998; Kelley and Ludington, 2002; Jensen, 2003; McIntosh,
2004). On the basis of crosscutting relationships, gold mineralization occurred during or after the
emplacement of the second generation of phonolites, and continued later during the intrusion of
lamprophyres (Kelley et al., 1998). Gold mineralization and attendant alteration are generally
structurally controlled. Additionally, gold mineralization is commonly hosted along contacts
between igneous rock types, particularly along the margins of lamprophyre dikes, and contacts
between igneous rocks and Proterozoic country rocks, which generally occur along late-stage
phonolite intrusions outside the diatreme (Jensen, 2003). Veins outside of the diatreme follow
the foliation direction in the Precambrian rocks, as do veins near the edge of the diatreme
(Jensen, 2003). Veins within the diatreme follow structures and intrusions whose prevailing
orientation is NNW-SSE (Jensen, 2003).
Gold was deposited as high-grade gold tellurides in veins, low-grade disseminated native
gold, hydrothermal breccia pipes, and in arsenian pyrite. Variably dipping veins and adjacent
dissolution cavities within the diatreme and along its margins contain high-grade gold,
predominantly as calaverite (AuTe2), along with native gold (Au), sylvanite ((Au,Ag)2Te4),
krennerite ((Au,Ag)Te2), nagyagite (Pb5Au(Sb,Bi)Te2S6), and petzite (Ag3AuTe2), accompanied
by gangue mostly consisting of quartz, fluorite, arsenian pyrite, dolomite, and celestite (Lindgren
and Ransome, 1906; Jensen, 2003; Carnein and Bartos, 2005; Dye, 2015). Other telluriumbearing minerals in the veins include native tellurium (Te), tellurite (TeO2), hessite (Ag2Te),
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coloradoite (HgTe), altaite (PbTe), melonite (NiTe2), sonoraite (FeTeO3(OH) •H2O), and
emmonsite (Fe2Te3O9•2H2O) (Carnein and Bartos, 2005). Native gold and precious metal
tellurides represent greater than 85% of historic gold production (Jensen, 2003).
Low-grade, disseminated microcrystalline native gold is found in areas of high vein
density and overlapping alteration halos, as well as in arsenian pyrite (Pontius, 1996; Jensen,
2003; Dye, 2015). Fluorite, quartz, barite, and dolomite are the most common gangue minerals
associated with low-grade disseminated microcrystalline native gold mineralization. It is
accompanied by potassic (K-feldspar) and phyllic alteration (quartz, sericite, pyrite) (Burnett,
1995; Pontius, 1996; Kelley et al., 1998). Some areas of disseminated low-grade gold
mineralization are spatially related to pervasive K-feldspar alteration (Pontius, 1996) that
crosscuts various rock types in the deposit, consistent with the idea that Au-Te veins and
disseminated gold formed late (Kelley et al., 1998). On the basis of Ar/Ar dating of K-feldspar
and biotite in veins and adularia associated with pyrite and gold in the Cresson pit, Kelley et al.
(1998) proposed that disseminated gold mineralization and early veins formed
contemporaneously, before Au-Te mineralization.
Breccia pipes, such as the Ironclad and Globe Hill pipes, were subject to multiple
episodes of brecciation and fluid flow (Figs. 1 and 2). Gold was deposited as native gold and
gold-silver-tellurides, in a matrix of hydrothermal gangue minerals, including quartz,
chalcedony, fluorite, pyrite, carbonates and/or sulfates (Seibel, 1991; Jensen, 2003). The Ironclad
and Globe Hill breccia pipes are notable for their high concentrations of barite, celestite, and
gypsum or anhydrite (Keener, 1962).
Additionally, gold occurs in the structure of pyrite, some of which is arsenian. Pontius
(1996) described gold on the margins of and intergrown with pyrite grains. Near mineralized
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veins, Jensen (2003) noted enrichments of up to 78 ppm Au, with most pyrite containing 1-10
ppm Au. He also noted the presence of elevated concentrations of As, Cu, Sb, Te, and Tl in
pyrite. Dye (2015) examined arsenian pyrite from high-grade veins and adjacent wallrock within
and near the Cresson pit. He reported Au concentrations of 151-1,389 ppm in pyrite, as well as
elevated amounts of As, Cu, and Sb.

General geologic setting of the Globe Hill, Schist Island, Cresson and WHEX pits, and
Galena Embayment
Globe Hill
Mining on Globe Hill started in 1891 and focused on high-grade veins and fault
structures of the Deerhorn, Summit, and Plymouth Rock 1 mines, and the Globe tunnel (Argall,
1905; Trippel, 1985) (Fig. 2). The Globe and Deerhorn open pit mines were established near the
crest of Globe Hill by 1905, and the Ironclad pit was situated to the southeast. Trippel (1985)
reported alkali trachyte porphyry, transitioning to granular alkali syenite at depth, and Cripple
Creek breccia as the major rock types at Globe Hill. The Globe Hill breccia pipe is composed of
fragments of wall rock (Trippel, 1985). Fractures and shear zones are steeply dipping to vertical
and have predominantly N-S, NNW-SSE, and NE-SW orientations (Trippel, 1985).
According to Trippel (1985) and Thompson et al. (1985), four stages of structural,
hydrothermal, and alteration events were identified in the former Globe Hill pit: I) hydrothermal
breccias were emplaced along existing structures, II) high-angle tectonic structures formed, III)
an “intrusive” breccia formed within a stage II N-S trending shear zone, and finally, IV) a large
(160 m diameter) intensely hydrothermally brecciated pipe formed, accompanied by several
small (typically <3 cm diameter) hydrothermal breccia pipes along stage II structures.
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Mineralization corresponds with three of the four stages; stage III is barren (Thompson et al.,
1985; Trippel, 1985).
Schist Island
Loughlin and Koschmann (1935) subdivided the Cripple Creek diatreme into three
subbasins separated by islands of Proterozoic rock. These islands consist of granodiorite and
schist; the Schist Island is located between Globe and Gold Hills (Fig. 2). However, the Schist
Island pit covers the summit and north and west sides of the top of Gold Hill and is composed of
phonolite breccia, gneiss and schist to the north and west, and by granodiorite in Granite Island
to the southwest (Cross and Penrose, 1895; Lindgren and Ransome, 1906; Wobus et al., 1976).
Other rocks in the Schist Island pit include Eocene-Oligocene Cripple Creek breccia, porphyritic,
aphanitic, and mafic phonolites, breccias, and phonolite dikes. Rare tuffs and ash flows are also
present, and lamprophyre dikes occur at depth. The rocks contain variable potassic, clay, and
sericite alteration (Jensen, 2003). Jensen (2003) reported that veins historically follow the N50N60E foliation in the Precambrian rocks outside of and within the diatreme.
Wild Horse Extension (WHEX) and Galena Embayment
The Wild Horse Extension, or WHEX, pit spans the contact between the diatreme and the
Proterozoic rocks to the northeast (Fig. 2). Little historic mining was done in this part of the
district. The WHEX pit hosts mineralization in high-grade gold-telluride veins (Dye, 2003), as
well as low-grade disseminated mineralization. The flat-lying Gold Bug ore body was located
about 200 m below surface in Cripple Creek breccia and monolithic phonolite breccia (Dye,
2003). On the northeast corner of the WHEX pit, an approximately 500 m diameter volcanic
outlier composed of Cripple Creek breccia, hydrothermal breccia, and aphanitic and porphyritic
phonolite sits outside the margin of the diatreme, and is referred to in the historic literature as
Galena Hill or Galena Embayment.
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Cresson
The Cresson pipe is a 100-150 m diameter matrix-hosted lamprophyre breccia located
within the current Cresson pit (Nelson, 1989; Jensen, 2003) (Fig. 2). It is primarily surrounded
by Cripple Creek breccia and dikes of porphyritic phonolite (Burnett, 1995; Jensen, 2003). The
Cresson pipe is part of a NW-SE trending series of lamprophyre dikes and breccia pipes, which
are interpreted to have formed from the same source (Jensen, 2003). The Cresson pipe crosscuts
two NNW-SSE lamprophyre dikes, whose margins host gold mineralization; the pipe also
crosscuts several phonolite dikes (Jensen, 2003). In turn, it is crosscut by other, smaller
lamprophyre dikes with similar chemistry (Jensen, 2003). Fractures and faults outside the pipe
follow NE-SW and NNW-SSE trends, and are steeply dipping, or follow a contact between the
phonolite and breccia and are flat lying (Pontius and Butts, 1991; Burnett, 1995).
The Cresson pipe hosts very high-grade ore, commonly in structural features, in the form
of gold-telluride mineralization. It likely formed as mafic volcanism waned in the diatreme from
low salinity fluids (3 wt. % equivalent NaCl) at around 140-170 ℃ (Nelson, 1989; Burnett,
1995; Jensen, 2003). Potassium metasomatism hosts disseminated gold mineralization (Jensen,
2003).
On the northeastern edge of the Cresson pipe, the Dante collapse breccia is a phonolite
and lamprophyre clast supported breccia with sparse matrix material (Jensen, 2003). The clasts
are covered with and cemented by quartz, fluorite, dolomite, and celestite; coarse pyrite,
chalcedony, sphalerite, and cinnabar were also found (Loughlin and Koschmann, 1935; Nelson,
1989). Gold occurred near the surface in high-grade veins as gold-tellurides (Lindgren and
Ransome, 1906). Nelson (1989) noted that no tellurides were visible in the deeper levels of the
pit, suggesting gold is hosted in another form.
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The Dante breccia is a collapse breccia related to the formation of the Cresson pipe or to
the dissolution of a sulfate or carbonate matrix (Loughlin and Koschmann, 1935; Jensen, 2003).
An area of strong clay alteration occurs directly above the breccia, which Jensen (2003)
interpreted to be the result of vapor condensation. Nelson (1989) proposed that the Cresson pipe
and the Dante breccia formed concurrently due to horizontal movement of hydrothermal fluids
from the Cresson to the Dante breccia pipe.

Paragenesis and mineralogy of the Globe Hill, Schist Island, WHEX, and Cresson pits
WHEX and Galena Embayment
Veins and wallrock from Galena Embayment (WEP-00001 drill core; n = 12) contain
pyrite as small (<0.15 mm) inclusion poor-rich subhedral grains, small to very large (0.25-9 mm)
isolated anhedral-subhedral grains, or as intergrown aggregates (Fig. 3A, B, C, D). The larger
grains of pyrite are either inclusion free or contain variable amounts of inclusions in the core and
inclusion free rims, with some dissolution texture on the outer edges. The inclusions consist of
rutile, pyrrhotite, chalcopyrite, galena, monazite, and rare sphalerite with chalcopyrite disease. In
places, rare marcasite occurs as overgrowths on pyrite.
Veins host abundant gypsum, with anhydrite occurring at greater depths (Fig. 4A). Veins
and wallrock contain disseminated carbonate, adularia, barite with mantling celestite, fluorite,
sphalerite, galena, and pyrite, along with trace to rare monazite, rutile, white mica, biotite,
ilmenite, and disseminated molybdenite (up to 0.08 mm in length).
Veins of fluorite, barite, and monazite crosscut the sulfates. Molybdenite commonly
occurs along the grain boundaries of fluorite, barite, sulfate, and pyrite (Fig. 4A). Adularia
occurs as inclusion-free rims on sericite-altered grains of feldspar, but it is unclear if it formed
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before or at an early stage of sulfate flooding. Monazite is found as inclusions in base metal
sulfides and pyrite, as well as within fluorite.
High-grade gold veins in the WHEX pit contain a more diverse suite of minerals than
low-grade disseminated ore (n=30). Early minerals in veins include adularia, muscovite, and
quartz with very small (≤0.03 mm), inclusion-free, euhedral pyrite along the vein edges. Later
minerals in veins include rutile, sphalerite, chalcopyrite, galena, tennantite-tetrahedrite, and
meneghinite (Fig. 4B), the last of which is ≤0.1 mm long and spatially associated with galena.
Where present, pyrite within veins (0.2-0.7 mm) is anhedral to euhedral in shape and varies from
inclusion-free to inclusion-rich. Coarse (1-1.5 mm) agglomerations of pyrite with inclusion-free
rims and overgrowths are separated by cracks and dissolution texture. Inclusions in pyrite in
veins include sphalerite, galena, chalcopyrite, rutile, and gypsum.
Veins also contain native gold as oxidized (“mustard”) gold or native gold, spatially
associated with tellurides (0.15-0.45 mm, rarely 1-1.5 mm) and tennantite-tetrahedrite, with
quartz and fluorite. Calaverite, coloradoite, petzite, and rare altaite are commonly intergrown
with each other and as overgrowths on small, inclusion-free grains of pyrite (Fig. 4C, D). Veins
also contain galena, carbonate, white mica, barite, shattered K-feldspar grains, and rare ilmenite.
Late vein minerals include barite, carbonate, monazite, and rare manganese oxides and
chalcedony, as well as unidentified supergene clays.
Globe Hill and Schist Island
Trippel (1985) proposed that the earliest structural event to have affected the Globe Hill
deposit, stage I, produced a hydrothermal breccia that was crosscut by stage II faults and shear
zones. He suggested that low-grade base metal (sphalerite, chalcopyrite, galena) and precious
metal mineralization (calaverite) was associated with stage I and II, and additional low-grade
base metal sulfides formed in stage III. Native gold only formed in a supergene stage,
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presumably as a breakdown of earlier formed calaverite. The first two stages were accompanied
by sericite alteration surrounded by chlorite alteration in the adjacent wallrocks, and stage II was
dominated by chlorite alteration.
The current study focused on the equivalent of Trippel’s stage I breccia. There are some
differences in the alteration observed by Trippel (1985) and that associated with the low-grade
gold mineralization in the Globe Hill (n = 52) and Schist Island (n = 20) pits. Hydrothermal
breccias from the two pits contain similar gangue and alteration minerals, which include varying
amounts of plagioclase and K-feldspar altered to sericite, muscovite, rare chlorite, and clays. As
noted by Jensen (2003) and confirmed here through feldspar staining, plagioclase was replaced
by K-feldspar during potassium flooding. The rocks contain inclusion-free or inclusion-poor,
anhedral-subhedral stage 1 pyrite (Py1), ≤0.05 mm in size, and sericite (Fig. 3A).
After rock brecciation, disseminated anhedral inclusion-rich grains of pyrite (0.2-1.0 mm)
and aggregated masses formed, with abundant inclusions of rutile (Fig. 3B, D, E). In places,
irregular grain boundaries of pyrite suggest that it underwent localized dissolution. Rare large
(2.0-2.4 mm) anhedral to subhedral, inclusion-rich pyrite also form aggregates. Additionally,
pyrite is present as disseminated subhedral to euhedral grains (up to 0.15 mm) of inclusion-free
or inclusion-poor pyrite, and as cleavage-controlled, anhedral, inclusion-poor grains (0.3-0.8
mm) in flakes of muscovite, and disseminated grains and aggregates. Rutile occurs with pyrite as
replacements of primary minerals, and as smaller, equant grains intergrown with pyrite and
disseminated throughout the rock (Fig. 3B). Rare chalcopyrite, carbonate, and hematite after
magnetite are also present.
Veins contain adularia, quartz, and muscovite. Early K-feldspar and muscovite
overgrowths on the edges of veins were followed by the formation of adularia, quartz, fluorite,
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muscovite, carbonate, sphalerite, tennantite-tetrahedrite, rutile, galena, covellite, and rare barite,
celestite, chalcopyrite, hematite, and ilmenite (Fig. 3F). Late radiating quartz occurs in open
spaces within veins. Trace amounts of monazite occur in veins, though the timing of their
formation is unknown.
Metallic mineralization can extend for up to several centimeters into the wallrock around
veins (Fig. 3E). Rare disseminated covellite in wallrocks is likely the alteration product of
tennantite-tetrahedrite. Carbonate, in feldspar grains or where it has replaced mafic minerals such
as amphibole and pyroxene, fluorite, and apatite are disseminated in the rock near veins and
fractures.
Veins, fractures, vugs, and adjacent wallrock host pyrite of variable size (0.01-2.5 mm)
with inclusion-free rims. Masses (0.7-2.5 mm) of pyrite are also present and show minor
dissolution features along edges (Fig. 3D, F). Inclusions of pyrrhotite, chalcopyrite, covellite,
bornite, sphalerite, galena, tennantite-tetrahedrite, rutile, quartz, white mica, and rare hematite,
magnetite, barite, and gypsum occur in pyrite (Fig. 3F). Large inclusion-free pyrite occurs in the
center of veins.
Cresson
Clasts in the Dante breccia are coated with and attached together by quartz, fluorite,
dolomite, and celestite; coarse pyrite, chalcedony, sphalerite, and cinnabar are also found
(Loughlin and Koschmann, 1935; Nelson, 1989). Samples obtained here from the Dante breccia
do not contain native gold or gold-tellurides. Instead, they contain rare white mica, clay,
carbonate, and disseminated subhedral to euhedral (<0.05 mm) pyrite and later anhedralsubhedral (up to 0.6 mm), inclusion-rich dissolution textured pyrite, commonly associated with
feldspar in the wallrock. Veins contain quartz, adularia, carbonate, rare barite, and anhedral to
euhedral (up to 0.25 mm) inclusion-free or inclusion-poor pyrite within fluorite.
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Summary of paragenetic stages
Three paragenetic stages of mineralization have been identified for the pits studied here,
for which pyrite stages are defined by size, morphology, inclusion types, and location (Figs. 3
and 5). Stage one represents an early alteration mineral assemblage, disseminated throughout
breccia. Grains of stage one pyrite (Py1) are commonly very small (<0.15 mm), subhedral to
euhedral, and disseminated (Fig. 3A). Pyrite1 formed during early alteration, accompanied by
potassic alteration (Jensen, 2003). Other stage one minerals include rutile, apatite, sericite,
chlorite, and fluorite.
Stage two comprises the main stage of pyrite and sulfide formation. Pyrite, accompanied
by pyrrhotite, sphalerite, galena, chalcopyrite, bornite, covellite, and tennantite-tetrahedrite,
precipitated in the wallrock and within and adjacent to small veins. Stage two pyrite (Py2) is
coarser (0.2-1 mm) than Py1 and forms isolated anhedral to subhedral grains and masses of
grains. It has also replaced other minerals, likely amphiboles and pyroxenes, forms within large
muscovite flakes, and is disseminated in breccia (Fig. 3B, C, D). Pyrite2 commonly contains
inclusions of and is intergrown with rutile (Fig. 4B), and also contains inclusions of other stage
two sulfides.
Stage three minerals precipitated within and directly adjacent to veins, commonly
containing high-grade tellurides. Stage three pyrite (Py3), which varies in size from early (≤ 0.25
mm) to late (0.1-1.75 mm) grains, are anhedral to euhedral, and not only occur within veins, but
also in fractures and vugs with quartz, fluorite, adularia, and tellurides (Fig. 3F), and as
disseminations in the adjacent rock (Fig. 3E, F). The cores of Py3 commonly contain inclusions
of sulfides, sulfates, oxides, quartz, sericite, and monazite.
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Methodology

Samples
Polished thin sections were made from high-grade hand samples from the WHEX pit at
the 2990 and 2954 m (9812 and 9690 ft) levels on the SW wall, and from high-grade ore
collected from the Dante breccia stockpile from the Cresson pit (Fig. 2). These will hereafter be
referred to as the “high-grade” pits. Polished thin sections were also made of samples from the
Schist Island (SEC) and Globe Hill (GEC) pits, as well as the Galena Embayment (WEP), where
mining operations are focused on low-grade Au mineralization. These three locations will be
subsequently referred to as “low-grade” pits. Polished thin sections were made from eight drill
cores (SEC-00004, SEC-00009, GEC-00007, GEC-00008, GEC-00012, GEC-00014, GEC00018, and WEP-00001). Polished thin sections were selected to include altered wall rock, gold
telluride veins, pyrite-rich veins, wall rock, and/or intervals with high Au assay values (even
though visible gold minerals may have been absent). One hundred sixteen polished thin sections
were examined using an Olympus BX60 dual reflected-transmitted light petrographic
microscope at Iowa State University. Fifty three billets were stained with cobaltinitride to
determine the presence of potassium feldspar. The composition of pyrite was evaluated using
scanning electron microscopy, EMP, and LA-ICP-MS techniques.
Scanning electron microscopy
Images and energy-dispersive X-ray spectroscopy (EDS) point analyses were obtained on
a JSM-IT100 InTouch scanning electron microscope (SEM) using the backscatter electron
composition (BED-C) mode at Iowa State University. The probe current ranged between 65 and
75 nA with a low vacuum pressure of approximately 100 Pa and an accelerating voltage of 10-20
kV.
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Electron microprobe
Major and trace element compositions were analyzed using a JEOL JXA-8530FPlus
Electron Probe Microanalyzer at the University of Minnesota. Quantitative analyses were
collected with an accelerating voltage of 20 kV, a beam current of 20 nA, and a beam diameter
of one micron. Elemental maps were collected with an acceleration voltage of 20 kV, a beam
current of 100 or 200 nA, and a focused beam. Dwell times ranged from 10-30 ms. The standards
used were native elements for Ag, Au, Co, Cu, Ni, Sb, and Te, indium arsenide for As, pyrite for
Fe and S, albite for Si, and galena for Pb.
Laser ablation-inductively coupled plasma-mass spectrometry
Twenty four polished thin sections were analyzed using the laser ablation-inductively
coupled plasma-mass spectrometer at the Facility for Isotope Research at Queen’s University,
Kingston, Ontario. Pyrite was analyzed using a ThermoScientific X Series 2® quadrupole ICPMS coupled to a NewWave/ESI 193-nm ArF Excimer laser system. The isotopes measured were
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Ag, 75As, 197Au, 137Ba, 209Bi, 140Ce, 111Cd, 59Co, 52Cr, 133Cs, 63Cu, 65Cu, 163Dy, 166Er, 153Eu,

Fe, 71Ga, 155Gd, 157Gd, 72Ge, 178Hf, 165Ho, 115In, 193Ir, 139La, 175Lu, 24Mg, 55Mn, 95Mo, 93Nb,
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Nd, 60Ni, 206Pb, 207Pb, 208Pb, 105Pd, 141Pr, 195Pt, 85Rb, 185Re, 103Rh, 121Sb, 45Sc, 77Se, 82Se,
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Sm, 118Sn, 88Sr, 34S, 181Ta, 159Tb, 125Te, 232Th, 47Ti, 205Tl, 169Tm, 235U, 238U, 51V, 182W, 89Y,
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Yb, 66Zn, 67Zn, and 90Zr. The standards used were GSC-1G, GSD-1G, GSE-1G, NIST612, and

NIST610, with lines ablated before and after each set of samples, and preferred values sourced
from GeoReM (Guillong et al., 2005; Jochum et al., 2005; Jochum et al., 2011).
This study used lines ablated across pyrite grains beginning and ending in silicate or other
sulfide phases outside the pyrite grains. Line analyses were used to determine if compositional
zoning was present. Before each analysis, 20 s of gas blank was measured to establish
background values. We used a beam diameter of 15 μm with a laser repetition rate of 10 Hz and
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a scan speed of fifteen or seven μm/s. When choosing sites to ablate, care was taken to avoid
visible silicate or sulfide inclusions in the pyrite grains.
Data were reduced using the Thermo Electron Corporation’s PlasmaLab software.
Sections of data were separated to isolate compositional zones and textural variations. Sections
containing sulfide inclusions were removed. The data sections were then integrated to give an
average value and error for each element analyzed, in parts per million (Fig. 6A-C).
Based on outliers in boxplots for each element of interest and maximum trace element
concentrations observed in pyrite from Deditius et al. (2008), very high concentrations of
elements were identified as micro- and nanoinclusions and removed. This includes values greater
than 1.32 wt. % Cu, 1.12 wt. % Zn, 5 wt. % As, 1 wt. % Mo, 1.25 wt. % Sb, 0.58 wt. % Te,
5,000 ppm Au, and 5,000 ppm Pb.

Zoning in pyrite and analytical methods
Several different patterns and growth stages occur in pyrite from Cripple Creek (e.g.,
Dye, 2015; Keith et al., 2020). Because of these complex patterns, we use the terms “cores”,
“zones”, “rims”, and “grains” here to evaluate the data. Cores are the interior parts of pyrite, and
are generally dark in electron microprobe back scattered electron (BSE) images, whereas zones
are characterized by BSE color variations, silicate or oxide inclusion patterns, and/or they
contain elevated concentrations of elements. Rims are the outermost part of the pyrite. Very
small, BSE dark Py1 that is overgrown by Py2 or Py3 are referred to as “grains” because no BSE
patterns distinguish one part of the pyrite from another. It should be emphasized that in contrast
to the studies of Jensen (2003), Dye (2015), and Keith et al. (2020), where compositions of pyrite
were obtained using point analyses, our data were obtained from line ablation compositions
across the cores, zones, and rims of pyrite.
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Statistical methods
In an effort to evaluate the similarities and differences between trace element
concentrations in high-grade and low-grade pyrite, linear regression models were used to
examine the differences in element concentration for pyrite in the various pits studied here along
with the different stages and parts of pyrite analyzed by EMP and LA-ICP-MS. The
concentrations of Py1 were excluded from the analyses because there were few samples, many
values were below the detection limits, and only grains are present in Py1, making them
unsuitable for comparison with the compositions of cores, zones, and rims in Py2 and Py3.
To reduce bias in the distribution parameters (i.e., mean and standard deviation), the
EMP and LA-ICP-MS data were pretreated to replace the 39% of values below the detection
limits with the value of the detection limits divided by the square root of two (Croghan and
Egeghy, 2003). Log-transformed element concentrations for Ag, As, Au, Co, Cu, Ni, Pb, Sb, and
Te yielded normally-distributed response data. As a result, we ran individual ordinary least
squares (OLS) linear models for each of these elements using the “lm” function in R (R Core
Team, 2019). Predictor variables in the model were pit, pyrite stage, pyrite part (i.e., core, zone,
rim), and the interaction between stage and pyrite part, while the response variable was the logtransformed element concentrations.
We compared the estimated marginal means of concentration data averaged over
different combinations of predictor variables using the emmeans package (Lenth, 2019) in R.
Specifically, we conducted statistical contrasts on pyrite part, stage, and pit, which explore the
differences in element concentrations among and within pits, stages, and parts of pyrite. All tests
of significance were made at the α = 0.05 confidence level (i.e., there is a ≤ 5% probability that
any difference observed is due to the effect of chance).
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To visually examine the geochemical relationships among elements in each pyrite stage,
we conducted a Principal Component Analysis (PCA) on the log-transformed concentrations,
which were transformed to ensure pairwise linearity, a requirement for PCA. Principal
Component Analysis is a statistical procedure that uses an orthogonal transformation to capture
the major sources of variation (i.e., principal components are the eigenvectors of the variancecovariance matrix) in a multivariate set of data. The PCA included the elements Ag, As, Au, Co,
Cu, Ni, Pb, Sb, and Te, and was calculated using the packages factoextra (Kassambara and
Mundt, 2019) and FactoMineR (Lê et al., 2008). All analyses were conducted in R version 3.6.1
(R Core Team, 2019).

Results
Several different growth patterns in pyrite can be seen in electron microprobe back
scattered electron (BSE) images of pyrite (Fig. 7). Back scattered electron images for
disseminated Py1 are homogenous, dark, and show no elevated concentrations of elements (Fig.
7D). Similarly, some grains of Py2 (Fig. 7B, D) and Py3 (Fig. 7A) may show inclusions of
silicates or oxides but show no elevated concentrations of metallic elements. However, Py2 and
Py3 also show dark and bright BSE areas for individual grains that grew adjacent to each other
or where Py3 overgrew Py2 (Fig. 7C, D). Pyrite2 and Py3 locally contain trace mineral
inclusions, which show crystallographically controlled orientations (Fig. 7E, Table 1). These
may have no particular pattern or they define a zone of trace element-rich pyrite (Fig. 7E, J).
These inclusions form in conjunction with a thin BSE bright zone near the edges of the grain;
element mapping suggests these inclusions contain elevated concentrations of Ag and Cu (Fig.
7E).
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Alternating fine BSE bright and dark layers on the rims of Py2 and Py3 from the Globe
Hill and WHEX pits are enriched in As, Cu, and Sb (Figs. 7, 8, 9, 10; Table 1). Conversely, Co
enrichment is found in zones in Py2 and Py3, and locally follows the outlines of silicate
inclusions within the grain (Figs. 10A, C). Cobalt ranges from 0 ppm in the As-rich overgrowth
rim to 11,238 ppm within the Co-rich zones (Fig. 10C; Table 1).
Electron microprobe spot analyses of the cores of Py2 and Py3 from the different
operating pits give overlapping concentrations for many elements, but As concentrations are
higher in Py3 than Py2 by an order of magnitude or more, particularly in pyrite from the WHEX
pit (Table 2; Fig. 11D). Such an enrichment is associated with the formation of tennantitetetrahedrite and the Pb-Sb sulfosalt meneghinite in stage three veins.
Unless otherwise stated, comparisons made for LA-ICP-MS and EMP analyses are
between median values for trace elements in pyrite from various pyrite parts, stages and
operating pits. Pyrite2 and Py3 analyzed by LA-ICP-MS line analyses show a heterogeneous
spatial distribution of trace elements. Both generations of pyrite contain variations in trace
element concentrations over several orders of magnitude for Co, Ni, Cu, As, and Sb in the cores,
zones, and rims (Figs. 8, 9, 10, 12; Table 2). There are differences in composition obtained by
EMP and LA-ICP-MS analyses for some elements, including Co, Cu, Ag, Sb, Te, Au, and Pb in
the cores and zones of some grains of pyrite. This is the result of the smaller beam diameter of 1
μm for EMP analyses and the 15 μm diameter of the LA-ICP-MS line analyses, and the possible
presence of micro- or nanoinclusions within the structure of pyrite, in addition to the variability
in composition within cores and zones.
Overall, the trace element concentrations in Py1 grains are generally lower than or
comparable to the cores of Py2 and Py3 (Fig. 11; Table 2). Pyrite2 cores are enriched in Ni, As,
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Ag, Te, and Pb, whereas Py2 zones are enriched in Ni, Zn, As, and Se. The rims of these grains
commonly contain elevated Co and Ni contents. A different suite of elements is elevated in the
cores of Py3 (Zn, Se, Mo, and Tl), whereas zones of Py3 are enriched in Cu, Mo, Au, and Tl. In
comparison to the rims of Py2, the rims of Py3 are generally enriched in Cu, Zn, Se, Mo, Ag, Sb,
Te, Au, Tl, and Pb. Arsenic concentrations are high for the rims of both Py2 (up to 43,835 ppm)
and Py3 (up to 48,220 ppm).
Pyrite from the Schist Island pit and WEP area generally contain higher concentrations of
Co (Fig. 11A) than pyrite from the Globe Hill, WHEX, and Cresson pits, although the cores of
Py3 from the WHEX pit and zones of Py3 from the Cresson pit contain up to 11,238 ppm and
507 ppm, respectively.
Like Co, the concentrations of Ni are highest in pyrite from the Schist Island pit (up to
4,799 ppm), and the WEP area (up to 1,011 ppm), with similar but lower concentrations recorded
in pyrite from the Globe Hill, WHEX, and Cresson pits (Fig. 11B). The median value of Ni in
rims of Py2 from the Globe Hill pit (56 ppm) is higher than the medians of other stages and parts
of pyrite from the Globe Hill, WHEX, and Cresson pits. There is evidence for a significant
difference in concentrations of Ni between Py2 and Py3 (p-value = 0.0017), when considering
the samples from all the operating pits studied here.
The median concentrations of Cu for pyrite from all stages in the various pits range from
2.5 ppm (zones of Py2 from the WHEX pit) to 442 ppm (rims of Py3 from the WHEX pit), with
the highest concentrations being from rims of Py3 from the Schist Island (up to 201,500 ppm)
and WHEX pits (66,330 ppm) (Fig. 11C). These high values are likely microinclusions (Fig.
11C). Increases in Cu concentration occur from the cores to the rims of Py3 in the Globe Hill and
WHEX pits. When comparing the concentration of Cu in all the operating pits studied here,
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there is a significant difference between Cu concentrations in the cores and zones of Py3 (pvalue = <0.0001), and in the zones and rims of Py3 (p-value = <0.0001), and when comparing all
parts of pyrite from all the pits, there is a significant difference between the Cu content of Py2
and Py3 (p-value = <0.0001).
The As content of pyrite varies markedly within grains, stages of growth, and between
pyrite in the various pits, with median concentrations ranging from 17 to 15,605 ppm (Fig. 11D).
Pyrite2 and Py3 from the Globe Hill pit and Py3 from the WHEX and Cresson pits have the
highest As values. The zones of Py3 from the Cresson pit have the highest median value (15,605
ppm), followed by the cores of Py3 from the WHEX pit (6,566 ppm), and the zones of Py2 from
the Globe Hill pit (3,092 ppm). In general, the rims of pyrite are more enriched than the cores
(e.g., Py2 and Py3 from the Globe Hill pit; Py3 from the Schist Island pit; Py2 from the WHEX
pit). For the WHEX pit, the cores of Py3 (18-31,062 ppm; median = 11,340 ppm) are much
higher than those of Py2 (16-278 ppm; 31 ppm), and the rims of Py3 (median = 356 ppm) have a
larger range of As concentrations than those of Py2 (median = 448 ppm). The As content of
various parts of Py3 from the WEP area are fairly uniform and consistent with the cores and
zones of Py2 from the WHEX pit. There is evidence for a significant difference between the As
concentration of the cores and rims of Py2 (p-value = 0.0219) and Py3 (p-value = 0.0358), the
cores and zones of Py2 (p-value = <0.0001) and Py3 (0.0128), and the zones and rims of Py3 (pvalue = <0.0001), for pyrite from all studied pits.
The median concentration of Ag in pyrite ranges from 0.74 to 169 ppm, regardless of
pyrite stage, location within the grain, and from which pit the sample was collected (Fig. 11E).
The concentration of Ag is quite variable between the cores and the rims. For example, Py2 from
the Globe Hill and Schist Island pits show higher concentrations of Ag in the core when

30
compared to the rim, whereas Py3 from the WHEX pit show the opposite trend. Considering all
the studied pits, there is a significant difference in Ag concentration between Py2 rims and Py3
cores (p-value = <0.0001), the cores and rims of Py2 (p-value = <0.0001) and Py3 (p-value =
0.0007), the cores and zones of Py2 (p-value = 0.0011), and the zones and rims of Py3 (p-value =
<0.0001). Furthermore, there is a significant difference in Ag concentration between Py2 and
Py3 (p-value = <0.0001), regardless of the pit or location within the grain.
In general, Sb is more enriched in the rims than the cores of Py2 and Py3, although there
are exceptions, including Py3 from the WEP area (Fig. 11F). It is highest in the rims of Py3 from
the WHEX pit (149-34,770 ppm; median = 2,278 ppm). When comparing among all studied pits,
there is evidence for a significant difference in Sb concentration between the rims of Py2 and the
cores of Py3 (p-value = <0.0001), the cores and rims of Py2 (p-value = 0.0002) and Py3 (p-value
= 0.0004), the zones and rims of Py2 (p-value = 0.0051) and Py3 (p-value = <0.0001), and the
cores and zones of Py3 (p-value = 0.0234), and when comparing among all studied pits and parts
of pyrite, there is evidence for a significant difference between Py2 and Py3 (p-value = 0.0011).
Overall, the concentration of Te in most pyrite, regardless of stage, ranges from ~10 to
100 ppm, with the exception of Py3 in the WHEX pit, where the rims of Py3 have a median
value of 154 ppm (Fig. 11G). This is consistent with the presence of tellurides in high-grade
veins sampled in the WHEX pit. There is a significant difference in concentrations of Te
between the cores and rims of Py2 (p-value = 0.0172) and the cores and zones of Py2 (p-value =
0.0025), when considering all of the pits studied here.
The median concentration of Au in pyrite ranges from 0.62 to 94 ppm, with the largest
range of concentrations in the rims of Py3 from the WHEX (0.85-38,980 ppm) and Cresson pits
(0.49-4,249 ppm) (Fig. 11H). The highest outliers are due to the presence of microinclusions of
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native gold or gold tellurides. There is a significant difference between the composition of the
rims of Py2 and the cores of Py3 (p-value = <0.0001), the cores and rims of Py2 (p-value =
<0.0001), the cores and zones of Py2 (p-value = <0.0001), the cores and rims of Py3 (<0.0001),
and the cores and zones of Py3 (p-value = <0.0001). Moreover, there is evidence for a significant
difference between Py2 and Py3 (p-value = 0.0045), for all the pits studied and all pyrite parts.
The highest median concentrations of Pb are found in the rims of Py3 from the WHEX
(6,934 ppm), Cresson (3,462 ppm), and Globe Hill pits (1,063 ppm) (Fig. 11I). The rims of Py2
(6.6-6,143 ppm) and Py3 (10-37,730 ppm) from the Schist Island pit and Py2 (10-54,450 ppm)
from the WHEX pit have similar ranges, whereas the rims of Py3 from WEP have a smaller
range of Pb content (10-1,580 ppm). There is a significant difference in Pb concentrations
between the rims of Py2 and the cores of Py3 (p-value = <0.0001), the cores and rims of Py2 (pvalue = <0.0001), the cores and zones of Py2 (<0.0001), the cores and rims of Py3 (<0.0001),
and the zones and rims of Py3 (p-value = <0.0001). In addition, comparing Pb concentrations in
Py2 and Py3 from all pits and parts of pyrite provides evidence for a significant difference (pvalue = 0.0034).
When evaluating paired element concentrations, several patterns emerge. Pyrite2 from
the Schist Island pit is slightly more enriched in Ni than Co (Figs. 12A and B). Pyrite3 from
WEP and Schist Island contain higher concentrations of Ni than the other pits. Slightly more As
than Sb is found in Py2 and Py3, with similar As concentrations found in Py2 and Py3 (Fig. 12C
and D).
Silver concentrations are commonly equal to or an order of magnitude higher than Au,
particularly in Py3, suggesting the presence of microinclusions of a Ag-rich Au-Ag alloy or a
Au-Ag telluride, such as petzite (Fig. 12E and F). The concentrations of Au and Ag are similar
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for Py2 from the Globe Hill and WHEX pits, whereas the Schist Island pit is enriched in Ag and
not Au. The rims of Py3 from the Cresson pit contain variable amounts of Au, but very little Ag.
Gold concentrations in pyrite from Cripple Creek are generally one to two orders of
magnitude less than As values (Fig. 12I and J). The highest concentrations of As locally occur
where the concentration of Au is low, as exemplified by some rims of Py3 from the WHEX and
Schist Island pits, and which likely occur as microinclusions of an unknown As-bearing mineral
in pyrite. The zones and rims of Py2 and Py3 from the Globe Hill and WHEX pits have the
highest concentrations of Au and As. With respect to the Au versus As solubility curve of Reich
et al. (2005), most Py2 values fall below the curve, where Au is incorporated into pyrite by
isovalent substitution. Conversely, Au is found in both nanoparticles and structurally bound ions
in Py3. More As is present in Py2 and Py3 than Te, with some exceptions found in the WHEX
pit (Fig. 12K and L).
Pyrite2 contains higher concentrations of Te than Au, as does Py3, with the exception of
some samples of Py3 from the Schist Island pit (Fig. 12G and H). The highest concentrations of
Te and Au are found in the rims and zones of Py3 from the WHEX and Globe Hill pits. This is
consistent with the presence of calaverite found in stage three veins in WHEX, but is not
consistent with their absence in the Globe Hill samples. Generally, all parts of Py3 have a
relationship of 1:10 Au:Te, with the exception of a wide range of Au concentrations from the
Cresson and Schist Island pits. With respect to the Te versus As solubility curve determined by
Keith et al. (2018), most Py2 and Py3 plot above the curve, where Te is found as nanoparticles in
pyrite.

Discussion
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Paragenetic relationships and mineralization
Paragenetic relationships in the Cripple Creek deposit have long been studied and vary in
detail from one location to the other depending on a variety of physico-chemical conditions, host
rock type, depth within the magmatic-hydrothermal system, and the minerals observed (e.g.,
Koschmann, 1965; Lane, 1976; Dwelley, 1985; Saunders, 1986; Nelson, 1989; Burnett, 1995;
Jensen, 2004; Dye, 2015). For example, Trippel (1985), in evaluating the geology, mineralogy,
and geochemistry of the Globe Hill deposit, reported four mineralizing stages largely based on
structural and brecciation events. Pyrrhotite, sphalerite, specular hematite, chalcopyrite,
calaverite, and rutile occur as inclusions within subhedral-euhedral pyrite in his stage I
mineralization. However, his assemblage is found in stages two and three mineralization in the
present study.
For his stage II mineralization, Trippel (1985) noted that pyrite and trace anatase,
sphalerite, chalcopyrite, pyrrhotite, specular hematite, and calaverite occurred in <3 m wide
halos surrounding unmineralized stage II structures. Although no tellurides were observed in our
samples from the Globe Hill pit, calaverite and other tellurides were found within or directly
adjacent to (<3 cm) mineralized stage three veins in the WHEX pit. Trippel (1985) noted the
abundance of anhydrite in his stage IV mineralization, as well as celestite, carbonate, fluorite,
anatase, galena, chalcopyrite, and <2 mm subhedral to euhedral pyrite grains and aggregates with
inclusions of chalcopyrite, specular hematite, and pyrrhotite. This assemblage, with the
exception of anatase, is the same as that found at depth in stage three veins in the Galena
Embayment.
Dye (2015) reported a general paragenetic sequence involving seven stages for the
Cripple Creek deposit, which was subsequently modified by Keith et al. (2020). However, given
that paragenetic sequences and the mineralogy of the different stages of metallic mineralization
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are not consistent among the various locations previously evaluated, we have simplified the
paragenesis to three stages, which correlate with the low-grade mineralization (stages 1 and 2)
and one stage of high-grade mineralization (stage 3). Dye (2015) described early stages of pyrite
in wallrock adjacent to veins and fractures, whereas later, trace element-rich stages of pyrite
were found in high-grade gold telluride veins spatially associated with quartz and fluorite. This is
consistent with the observations made here, although there are more minerals in the general
paragenesis described here than reported by Dye (2015) and Keith et al. (2020).
Stage one disseminated mineralization, which is characterized by sericite, Py1, and rutile,
corresponds to Dye’s (2015) first stage of mineralization (Fig. 5). Stage two mineralization of the
current study is characterized by Py2 with localized dissolution of As-rich rims, and base metal
sulfides, including tennantite-tetrahedrite, sphalerite, galena, chalcopyrite, and bornite, but with
no observed precious metal mineralization, which contrasts with Dye’s (2015) report of early
hypogene gold and Ag- and Pb-rich telluride minerals. Our stage 2 mineralization contains
inclusions of hematite in pyrite. It should be noted that, although Jensen (2003) described
widespread hematization and alkali feldspar alteration of breccias in the deposit and stressed that
gold mineralization was not associated with hematization, Dye (2015) speculated that the early
pyrite formed by sulfidation of hematite. However, petrographic evidence for this process is
unclear.
Keith et al. (2020) associated the formation of high-grade vein-type ore with their stages
5, 6, and 7. In their paragenetic sequence, calaverite formed in stages 5 and 6 after stage 5 pyrite
and before the formation of the tellurides coloradoite, petzite, and altaite, and native gold.
However, textural evidence here suggests that all four tellurides are intergrown, making their
order of formation questionable (Fig. 4). Moreover, calaverite forms as inclusions in pyrite (see
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Jensen 2004; Figs. 5.7b and c, p. 287), suggesting that calaverite was synchronous with pyrite
growth in the high-grade gold telluride stage. Based on textural and cathodoluminescence
studies, Dye (2015) stated that calaverite formed during his stage 6, along with krennerite and
coloradoite, as overgrowths on quartz and fluorite and not as inclusions in these minerals,
suggesting that the two gangue minerals preceded the formation of calaverite. This is at odds
with the paragenesis determined here and of Keith et al. (2020, Fig. 3), which demonstrated that
quartz and fluorite formed prior to, during, and after the formation of the tellurides.
Despite differences between the paragenetic sequences of Dye (2015) and Keith et al.
(2020), Dye (2015) suggested that the formation of hessite, petzite, and altaite was accompanied
by galena, in his stage three, followed by tetrahedrite-quartz veins in stage four; neither
assemblage was observed in our samples. Veins with our early Py3, quartz, fluorite, sericite, and
adularia, which were followed paragenetically by the precipitation of tellurides and native gold
(i.e., native gold, calaverite, altaite, petzite, coloradoite), and base metal sulfides (i.e., sphalerite,
galena, chalcopyrite, tennantite-tetrahedrite, meneghinite, molybdenite), are consistent with the
later stages of mineralization observed by Dye (2015).
Three paragenetic stages have been identified here (Fig. 3, 5). Stage one mineralization
represents an early disseminated alteration mineral assemblage that includes Py1. Stage two
mineralization comprises the main stage of sulfide deposition, including Py2. Stage three
minerals (Py3, fluorite, quartz, adularia, native gold, and telluride minerals) precipitated within
and directly adjacent to veins. With respect to trace element concentrations in pyrite, Py2 and
Py3 contain some of the simple and complex BSE patterns observed by Dye (2015) and Keith et
al. (2020). Pyrite1 contains elevated concentrations of As (up to 1445 ppm), Au (up to 203 ppm),
and Cu (up to 686 ppm), although Dye (2015) reported his earliest pyrite stage to be devoid of

36
trace elements. Pyrite2 and Py3 contain concentrations of As, Au, Cu, and Sb within or above the
ranges identified by Dye (2015) for his stages two, four, and five pyrite, respectively.
Using secondary ion mass spectrometry (SIMS) and EMP analyses, Jensen (2003)
observed As concentrations of over 1 wt. % and Au concentrations of >100 ppm in zones of Cu,
Sb, Te, and Tl enrichment in pyrite from areas of high-grade gold mineralization, which would
correspond to our Py3. Jensen (2003) reported Au values in the centers and rims of pyrite
ranging from 0.01 to 78 ppm from samples taken across the deposit, which is within the range of
every Py2 and Py3 part; unfortunately, with the exception of As/Fe values, he did not report any
other concentrations. Therefore, the results of his study cannot be directly compared to ours.
Principal component analyses of the logarithmic concentrations of trace elements for Py2
and Py3 were used to visualize the variability of the element concentrations within each pyrite
stage regardless of location (Fig. 13). For Py2, principal component 1 (PC1) accounts for 46.2%
of the total variance, while principal component 2 (PC2) accounts for 20.0% of the total
variance. Separately, for Py3, PC1 accounts for 58.3% of the total variance, while PC2 accounts
for 12.2% of the total variance. Cobalt and Ni cluster together for both stages of pyrite,
suggesting they are influenced by the same factors, whereas Ag, Pb, Au, Sb, Te, and Cu cluster
together along PC1 for Py2, and As has the highest variance and does not cluster with the
elements evaluated here. For Py3, As, Cu, Sb, Te, Pb, and Ag cluster together, while Au is
separate but does show a positive contribution to PC1. Although the PCA analyses shows broad
compositional differences between the overall composition of Py2 and Py3, it does not reflect the
compositional variations within them nor does it account for differences in trace element content
of pyrite for the same stage in different locations.
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In general, Py2 is enriched in Co and Ni compared to Py3. The cores of Py2 are more
enriched in Cu and Ag than the rims, while the reverse is true for Sb. Increasing concentrations
of Cu, As, Ag, and Sb occur from the core to rim of Py3, and Py3 is more enriched in Ag, As,
Au, Cu, Pb, Sb, and Te than Py2. In accordance with the solubility curves of Reich et al. (2005)
and Keith et al. (2018), Au and Te are present as both nanoparticles and in the structure of pyrite
in the rims of Py3 (Fig. 12I-L). Conversely, Dye (2015) and Keith et al. (2020) found that the
most of the Au in their high-grade samples was held in the structures of pyrite. It should be noted
here that, like the observations of Keith et al. (2020), who recognized elevated concentrations of
Au and As (i.e., usually at the rims), these elements show an antithetic relationship to elevated
concentration of Co and Ni in pyrite at Cripple Creek. We also recognize that elevated
concentrations of Ag and Sb are enriched in the rims.
Overall, the concentrations of trace elements in pyrite which we report here are in general
agreement with the values reported by Jensen (2003) and Dye (2015) for As, Au, and Cu. The
patterns of trace element enrichment observed in BSE images and LA-ICP-MS line traverses
suggest trace element concentrations varied over time as has been proposed previously, but
culminated in a final stage of pyrite precipitation containing high amounts of Ag, As, Au, Cu,
Pb, Sb, and Te.

Fluid evolution of the Cripple Creek deposit and textural relationships of pyrite to boiling
Pyrite has been used to record the physico-chemical conditions of ore-bearing fluids and
ore processes during the formation of ore deposits and active hydrothermal systems (e.g., Large
et al., 2009; Román et al., 2019). Previous authors have reported localized boiling within the
Cripple Creek deposit at various levels in the Globe Hill and Cresson pits (e.g., Thompson et al.,
1985; Trippel, 1985; Nelson, 1991; Seibel, 1991; Burnett, 1995). Specifically, Thompson et al.

38
(1985) proposed that evidence for boiling fluids in the Cripple Creek ore-forming system
included the development of hydrothermal breccias, explosion textures in vein quartz and
celestite, and the highly variable liquid to vapor ratios in fluid inclusions in gangue minerals that
accompanied mineralization. Further support for the presence of boiling processes was proposed
by Keith et al. (2020), who recognized that the marked differences in trace element content in
concentric growth zones were consistent with hydrothermal growth associated with boiling,
rather than growth related to a continuous process (i.e., conductive cooling), which would yield a
smoother zonation of trace elements.
Keith et al. (2003) also suggested that previous sulfur isotope geothermometry and fluid
inclusion studies showed that decreasing temperatures were associated with the transition from
low-grade disseminated mineralization to high-grade telluride ores. They opined that oreforming meteoric fluids accompanied their stages 1 to 3 low-grade mineralization, and
transitioned to magmatic fluids (stages 5 and 6) associated with the formation of high-grade gold
telluride veins. However, it should be noted that they, in part, relied on the high-temperature
fluid inclusion data of Dwelley (1984), who showed a range of homogenization temperatures of
205o to 510oC (with a salinity of 33-40 wt. % NaCl) and of Trippel (1985), who reported a range
of homogenization temperatures of 371o to 425oC, but from only five fluid inclusions in fluorite.
Regardless of these temperatures, the high salinity of the fluid inclusions is more typical
of magmatic fluids, rather than the early meteoric fluids proposed by Keith et al. (2020) that are
associated with low-grade mineralization. Further evidence in support of early magmatic fluids is
provided by the oxygen isotope studies of Kelley et al. (1998), Rosdeutscher (1999), and Jensen
(2003). Lower temperature (<200oC), magmatic hydrothermal processes accompanied the
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formation of the gold telluride veins as evidenced from the fluid inclusion studies of Thompson
et al. (1985), Saunders (1986), Burnett (1995), and Jensen (2003).
In the absence of fluid inclusion data, Román et al. (2019) utilized pyrite textures and
mineralogical associations in an active hydrothermal system to draw conclusions about physicochemical conditions during mineral precipitation. They proposed that porous, inclusion-rich
pyrite and adularia in the Cerro Pabellón geothermal system, Chile, were indicative of vigorous
boiling, whereas subhedral to euhedral, inclusion-poor, cubic and pyritohedron shaped pyrite of
homogenous size suggested slow, steady growth under gentle boiling or non-boiling conditions.
Using these textural guidelines for boiling phenomena in pyrite and applying them to the
Cripple Creek deposit, the disseminated nature, small size, subhedral to euhedral shape, and
inclusion-poor texture of Py1 suggest it precipitated from stage one fluids under steady physicochemical conditions and at a slow rate of growth, likely related to weak or non-boiling
conditions. Pyrite2 is anhedral to subhedral in shape and commonly contains inclusions of
silicates, rutile, and other sulfides, and can form masses of grains as well as replacements of
other minerals. This suggests a change in physico-chemical conditions from Py1 during the
precipitation of Py2. This may represent a transition from the steady, gentle or non-boiling
conditions of stage one to more vigorous boiling fluids associated with stage two. This process is
consistent with the presence of weakly boiling and effervescing stage II fluids reported by
Thompson et al. (1985) at Globe Hill.
This transition was followed by the precipitation of various minerals, including adularia,
quartz, Py3, and rare carbonate, within and directly adjacent to stage three veins. The cores of
Py3 contain inclusions of other minerals, but the rims and Py3 found in the center of veins are
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free of inclusions, suggesting a change from vigorous boiling when the cores were precipitated to
gentle or non-boiling conditions when the rims and late pyrite were precipitated.

Spatial and temporal variations in pyrite composition and ore fluid compositions
The variations in trace element concentration in the different stages of pyrite growth and
associated mineralization at Cripple Creek suggest changes from an early trace element-poor
fluid to one later enriched in Ag, As, Ag, Cu, Pb, Sb, and Te. The low concentration of trace
elements in Py1 suggests that early fluids in the deposit were not enriched in trace elements;
however, given the alteration suite and the presence of rutile associated with Py1, early fluids
were likely enriched in Ca, F, K, P, and Ti. Pyrite2 has higher concentrations of Co and Ni than
Py1 or Py3, and cores richer in Cu and Ag, suggesting a fluid initially enriched in Co, Ni, Cu,
and Ag that became depleted over time with respect to Cu and Ag, while becoming enriched in
Sb and As. Pyrite2 is accompanied by base metal sulfides and rutile in stage two mineralization.
This transition is followed by the precipitation of adularia, quartz, sericite, fluorite, sulfides,
sulfates, and Py3 within and directly adjacent to stage three veins. Pyrite3 is enriched in Cu, As,
Ag, Sb, Te, Au, and Pb compared to Py2, which is consistent with the presence of native Au and
Au-Ag telluride minerals, as well as galena and tennantite-tetrahedrite.
In addition to temporal changes in fluid composition, the variability of trace element
concentrations in pyrite suggests that the fluid composition differed spatially within the Cripple
Creek deposit. Pyrite2 and Py3 in the Schist Island pit and Galena Embayment (WEP) have high
Co and Ni concentrations, but have rims with lower median concentrations of As than other pits.
Additionally, Py2 cores are more enriched in Ag than Py2 rims, a trait shared with pyrite from
the Globe Hill pit. Unusually, Py2 zones from Schist Island have a high Au content, which is not
matched by a high concentration of As. Although both pits contain low-grade gold
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mineralization, their trace element differences for pyrite suggest differences in the composition
of the ore-forming fluids.
Pyrite from the Globe Hill pit generally exhibit low concentrations of Co and Ni, similar
to pyrite from the Cresson and WHEX pits. Like that in the WHEX pit, pyrite from the Globe
Hill pit shows an increase in the concentration of Cu from the core to the rim of Py3, As-rich
rims present on the margins of Py2 and Py3, and a higher content of Ag in the rims of Py3
compared to the cores. Tellurium concentrations are highest in the zones of Py3 from the WHEX
pit, whereas Ag, Sb, As, and Au are enriched in the rims of Py3 from the WHEX and Cresson
pits, suggesting telluride mineralization is not necessarily synchronous with the waning part of
pyrite growth in stage three. Moreover, pyrite is overgrown by tellurides in high-grade veins
(Fig. 7I), suggesting more than one pulse of Te-bearing fluid during stage 3.
Differences exist between the Galena Embayment and the spatially associated WHEX pit
with respect to trace element enrichment in pyrite. For example, Py3 from the Galena
Embayment contains As concentrations similar to Py3 values from the WHEX pit, but are lower
with regard to Sb content. Concentrations of Co and Ni are higher in pyrite from the Galena
Embayment, an association found in other low-grade pits (i.e., Schist Island). Regardless, the
overall concentrations of Cu, Te, Au, and Pb of pyrite from the WHEX pit are higher than those
in pyrite from the Galena Embayment.
It should be noted that the metallic and gangue mineralogy in the Galena Embayment is
different from that in the WHEX pit. Pyrite, sphalerite, and galena formed at the same time,
followed by carbonates and sulfates and late molybdenite. This mineralogical association is the
same as that reported by Robinson (2010) in her study of Mo in Globe Hill and the Cresson pipe
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and by others elsewhere in the Cripple Creek diatreme (i.e., Argall, 1905; Koschmann, 1965;
Trippel, 1985; Jensen, 2003; Dye, 2015).

Comparison of pyrite compositions to pyrite in alkaline igneous rock-related epithermal
gold deposits worldwide
The trace element compositions of pyrite in low- and high-sulfidation epithermal gold
deposits exhibit patterns that range from generally smooth to complex (Carrillo Rosúa et al.,
2003; King et al., 2014; Kouhestani et al., 2017; Morishita et al., 2018). Complex patterns are
ascribed to a variety of physico-chemical processes, including phase separation (boiling
effervescence), cyclic saturation of ore metals possibly from a liquid condensate exsolved from a
magmatic vapor (e.g., King et al., 2014), fluctuations in fluid chemistry during cooling (e.g.,
Kouhestani et al., 2017), and supersaturation of metals in fluids as a result of fluid mixing (e.g.,
Carrillo Rosúa et al., 2003).
Studies of the trace element compositions of pyrite in alkaline igneous rock-related
epithermal gold deposits are limited in number but include preliminary SIMS analyses of Au and
As by Spry and Thieben (2000) on the Golden Sunlight deposit, Montana, as well as SIMS
analyses of Au, As, and Te on the Emperor and Tuvatu deposits, Fiji (Pals et al., 2003;
Scherbarth and Spry, 2006). These studies showed a correlation between Au and As in pyrite in
the Golden Sunlight deposit, and correlations among Au, Te, and As in the Fijian deposits.
Dynamic Analysis of proton induced X-ray emission by Ryan (2001) showed a complex
zonation of As, Ag, Au, Cu, Fe, Mo, Pb, Te, and Zn in colloform pyrite from the Emperor
deposit. Although concentrations of these elements were not provided, Ryan showed that Au and
As were correlated in one zone in the pyrite but in another zone there was an antithetic
relationship between the two elements.
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Detailed multi-element analyses of trace metals using LA-ICP-MS have only been
obtained on pyrite from the alkaline igneous rock-related epithermal Ladolam (Sykora et al.,
2018), Porgera (Ryan, 2001; Peterson and Mavrogenes, 2014), and Cripple Creek gold deposits
(Dye, 2015; Keith et al., 2020; this study). For each of these deposits, the trace element zoning in
pyrite is complex, suggesting that pyrite underwent disequilibrium processes during rapid
deposition. This is in contrast to the smoother Au-As patterns observed by Ripple (2012) and
Gnanou (2018) in pyrite from the Rattle Snake Hills and Golden Sunlight deposits, respectively.
At Ladolam, there appears to be no single process (e.g., fluid mixing, oxidation, boiling,
acidification) that was identified by Sykora et al. (2018) to account for complex zoning.
However, Peterson and Mavrogenes (2014) proposed that the complex trace element zoning in
pyrite from Porgera was a result of marked pressure release related to fault failure during
earthquake aftershocks. A common aspect of pyrite from all the alkaline igneous rock-related
epithermal gold deposits, as well as many other epithermal gold deposits, is the presence of high
concentrations of As (up to 5 wt. %) and Au on the rims of pyrite.
Such is the situation for pyrite associated with high-grade gold tellurides at Cripple Creek
(Dye 2015, Keith et al., 2020; this study). At Cripple Creek there appears to be an antithetic
relationship between Au-As and Co-Ni, as pointed out by Keith et al. (2020) and confirmed in
this study. At Ladolam, trace element enriched epithermal pyrite overgrew trace element poor
pyrite that formed during an earlier porphyry stage. Pyrite in the porphyry stage is elevated in
concentrations of Co, Ni, and Se, which Sykora et al. (2018) proposed is consistent with it
having formed in higher temperature environments.
Whether the enrichment in Co and Ni in the cores of Py2 and Py3 at Cripple Creek is
related to elevated temperatures as the pyrite grew remains unclear. After excluding element
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concentrations that were likely related to micro- or nanoinclusions in pyrite from Cripple Creek
(Table 2), the concentrations of Ni, Cu, Zn, As, Se, Mo, Te, and Au are within the range of
concentrations found for low-sulfidation epithermal gold deposits reported by Keith et al. (2018).
Nickel, Zn, Se, and Au concentrations in pyrite are higher than the maximum values reported for
alkaline igneous rock-related epithermal gold deposits elsewhere (i.e., Porgera, Emperor, Tuvatu,
Cripple Creek), whereas Cu, As, and Te maximum contents are lower.
An important observation by several workers is the presence of nano- and/or
microinclusions of minerals in pyrite, some of which are gold-bearing (e.g., Ryan, 2001;
Deditius et al., 2011). Based on As concentration (Reich et al., 2011), the presence of Au, as both
Au0 nanoparticles and Au+1 in solid solution, in pyrite in high-grade gold telluride veins at
Cripple Creek is consistent with that observed in other alkaline igneous rock-related epithermal
gold deposits (e.g., Pals and Spry, 2003; Keith et al., 2018). However, it should be noted here
that there is a much higher proportion of Au (Fig. 13J) and Te (Fig. 13L) nano- and
microparticles in Py3 than reported by Keith et al. (2020). The proportion of nano- and
microparticles is also very high in Py2. This would suggest the presence of inclusions of other
tellurides (e.g., hessite, altaite, coloradoite, and melonite), which have been observed in the
deposit, though not explicitly identified previously in pyrite.

Pyrite as a vector to gold mineralization
The trace element content of pyrite has been used to distinguish among different ore
deposits (e.g., Large et al., 2009; Belousov et al., 2016; Gregory et al., 2019) and to serve as a
vector to various types of ore deposits including sedimentary exhalative (e.g., Mukherjee and
Large, 2016; Leighton et al., 2019) and epithermal gold deposits (Baker et al., 2006). In
analyzing pyrite from the Pajingo epithermal gold deposit, Baker et al. (2006) identified
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differences in the Pb/Mo and Pb/Ag ratios in alteration zones proximal and distal to the deposit,
which could be used to vector to gold mineralization.
In evaluating the bulk rock chemistry of rocks in the Cripple Creek district, Jensen (2003)
proposed that As, Mo, Sb, Te, Tl, and W were the best pathfinders to gold, with As, Sb, and Tl
being enriched in pyrite. Although Dye (2015) noted the spatial relationship of Au and As in
pyrite and found a strong correlation between As and Sb in samples from the historic Altman pit,
which is likely due to the presence of tennantite-tetrahedrite, he did not observe other strong
correlations among trace elements in pyrite. Keith et al. (2020) proposed that pyrite is the main
host for As, Au, Co, Ni, Ag, Mo, and Te. However, without mass balance calculations, it is
uncertain whether there is more gold in the form of native gold and gold tellurides or in pyrite.
Similarly, molybdenite is relatively common in the late paragenetic stage and may be the main
repository of Mo in the Cripple Creek diatreme.
The current study has noted the variable gold concentrations of Au along with As, Te,
Ag, Cu, and Sb between different stages, pits, and parts of pyrite. That this suite of elements is
not exactly the same as that reported by Keith et al. (2020) highlights the difficulties in using the
trace element composition of pyrite as a vector to ore. However, the variability in pyrite
composition is not surprising giving the metal zoning reported in the Cripple Creek diatreme by
Jensen (2003), and the differences in the mineralogy and paragenetic sequences within the
diatreme. Taking the trace element compositions of pyrite for the various studies at Cripple
Creek into account suggests that the following suite of elements would be the best vector to highgrade gold telluride ore: As, Ag, Au, Co, Cu, Ni, Mo, Sb, Te, and Tl.

46
Conclusions
Based on the trace element concentrations of pyrite and associated mineralization stages,
it seems likely that low- and high-grade gold mineralization did not form synchronously from the
same magmatic-hydrothermal fluids, but rather that gold mineralization formed during multiple
periods of hydrothermal activity.
1. We report three simplified stages of mineralization with respect to the formation of
tellurides and sulfides in the Cripple Creek deposit, which are fewer in number than previously
reported by Jensen (2003), Dye (2015), and Keith et al. (2020) although the concentrations of
trace elements in pyrite are generally similar to those reported in these studies. The simplified
paragenetic sequence described here takes into account the differences in mineralogy between
the various locations in the deposit that were described in earlier studies. In addition to
differences in the paragenetic sequence, early stage disseminated pyrite contain high
concentrations of Co (up to 6,983 ppm) and Ni (up to 12,250 ppm Ni), while late stage pyrite
found in gold-telluride veins are enriched in Ag (up to 5,440 ppm), As (48,220 ppm), Au (4,249
ppm), Pb (4511 ppm), Sb (10,860 ppm), and Te (5,393 ppm). Trace element concentrations vary
among parts of Py2 and Py3 and among the studied pits from which samples were taken. The
most notable Au enrichment occurs in the As-rich rims of Py3. Such an enrichment of Au in the
rims of arsenian pyrite as well as the overall concentrations of trace elements in pyrite is similar
to that observed in pyrite from other alkaline rock-related epithermal Au deposits.
2. Pyrite from Schist Island and the Galena Embayment show higher concentrations of
Co and Ni compared to those in Py2 and Py3, which indicates that spatially different fluids were
present. The samples taken from drilling at the Galena Embayment, adjacent to the WHEX pit,
suggest that deep mineralization there may be similar to that found in the exploration of the
Globe Hill pit.
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3. The paragenesis, textural relationships, and trace element concentrations and
distribution in pyrite, suggest that early minerals (Stage 1) formed under steady, non-boiling
conditions, followed by a transition to more vigorous boiling (Stage 2). Late- Stage 3 tellurides,
in veins and as microinclusions of Te-bearing minerals in pyrite, likely formed as part of a
transition back to gentle, non-boiling conditions, recorded as inclusion-free, trace element-rich
rims of pyrite within telluride veins.
4. Arsenic, Ag, Au, Co, Cu, Mo, Ni, Sb, Te, and Tl are the elements in pyrite at Cripple
Creek that are the best vectors to high-grade ore.
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Figure 1. Geologic map of the Cripple Creek area (modified after Wobus et al, 1976; Jensen, 2003; Dye, 2015). Dashed rectangle refers to inset in Figure 2.
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Figure 2. Geological inset map from Figure 1 of sample locations in the Globe Hill, Schist Island, WHEX, and
Cresson pits. Surface locations of hand samples and core samples are shown as filled black circles; diamond drill
hole traces are marked with black dashed lines.
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Figure 3. Plane polarized reflected light photomicrographs of different stages of pyrite. A. Py1 grains disseminated
in porphyritic phonolite with K-spar from Globe Hill (KH-31). B. Py2 with rutile (Rt) inclusions. Note that rutile is
also disseminated in the host rock, biotite schist from Schist Island (KH-56). C. Py2 grain showing growth zones
with inclusion zones in porphyritic phonolite from Globe Hill (KH-175). D. Aggregate of Py2 in phonolite from
Globe Hill (KH-149). E. Py1 in wallrock and larger Py3 in quartz vein in biotite schist from Schist Island (KH-56).
F. Py3 with inclusions of galena (Gn) intergrown with sphalerite (Sp) and galena in phonolite breccia from Globe
Hill (KH-213). Abbreviations after Whitney and Evans (2010).
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Figure 4. Back-scattered scanning electron microscope (SEM) images. A. Late molybdenite (Mol) intergrown with
gypsum (Gp), celestite (Clt), barite (Brt), and alkali feldspar (Afs) in sulfate vein within Cripple Creek breccia from
Galena Embayment (WEP) (KH-225). B. Sample of meneghinite (Men) with galena, Py3, and sphalerite in Cripple
Creek breccia from the WHEX pit (WHX-33). C. Electrum (Ele) intergrown with coloradoite (Col), calaverite (Clv),
and petzite (Pet) in stage three quartz-fluorite vein in Cripple Creek breccia from the WHEX pit (WHX-30). D.
Altaite (Alt) intergrown with coloradoite, calaverite, and petzite in stage three quartz-fluorite vein in Cripple Creek
breccia from the WHEX pit (WHX-1B).
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Figure 5. Generalized paragenetic sequence for the deposit. The relative abundance of each mineral is represented
with increasing line thickness, from rare (dashed), to common, to abundant.
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Figure 6. Laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS) traverses across pyrite
(counts per second versus time) (KH-46, KH-78, WHX-6). Cobalt and Ni commonly define the cores and zones of
grains, whereas Cu, As, Sb, and Pb are frequently enriched in the rims. Gold regularly shows spikes in the elemental
profiles, suggesting the presence of microinclusions.
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Figure 7. Back-scattered electron microprobe (EMP) images of patterns within Py2 and Py3. A. Euhedral Py3
showing no compositional zoning in Cripple Creek breccia from the Galena Embayment (WEP) (KH-227). B. Py2
with porous zones and very narrow, elevated trace element rims on the edges, surrounded by Cripple Creek breccia
from the Globe Hill pit (KH-182). C. Irregularly zoned Py3 grain in biotite muscovite schist from the Schist Island
pit (KH-57). D. Py1 grains overgrown by larger Py2 in porphyritic phonolite with K-spar from the Schist Island pit
(KH-79). E. Bright microinclusions of Cu and several Ag, As, and Sb enriched zones and rim in Py3 in Cripple
Creek breccia from the WHEX pit (WHX-7A). F. Py2 with compositionally homogenous interior and overgrowth
enriched in As, Co, and Sb, separated by a crack from the rest of the pyrite, in porphyritic phonolite from the Globe
Hill pit (KH-168). The inset (Figure 8) shows an enlargement of the rim.
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Fig. 7 cont’d. G. Py3 with compositionally homogenous interior, Co-Cu-Au-Pb-rich inclusions, and complex trace
element margins, in Cripple Creek breccia from the Globe Hill pit (KH-215). The inset (Figure 9) shows an
enlargement of the zones and rim. H. Brecciated and healed Py2 in Cripple Creek breccia from the WHEX pit
(WHX-25). I. Py2 within Py3 with elevated trace element rims, overgrown by calaverite in a quartz-fluorite vein in
Cripple Creek breccia from the WHEX pit (WHX-7A). J. Py3 with As-enriched sector growth zones in quartzfluorite vein with calaverite in Cripple Creek breccia from the WHEX pit (WHX-25).

62

Figure 8. Inset of Figure 7 showing trace element enriched areas of Py2 in porphyritic phonolite from the Globe Hill
pit (KH-168). A. Backscattered electron image with location of electron microprobe spot analyses. Electron
microprobe spot analyses are in Table 1. B. Elemental map of As content.
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Figure 9. A. Backscattered electron image of compositionally zoned margin of Py3 in Cripple Creek breccia from the Globe Hill pit (KH-215). Electron
microprobe spot analyses are in Table 1. B and C. Elemental maps of As and Cu content, respectively. Arsenic and Cu are not always synchronous in their
enrichments in the zones, and neither is enriched toward the center of the pyrite grain.
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Figure 10. Electron microprobe images. A. Backscattered electron image of compositionally zoned Py3 in Cripple
Creek breccia in the WHEX pit (WHEX-7A). Electron microprobe spot analyses are in Table 1. B, C, and D.
Elemental maps of Sb, Co, and As, respectively. Antimony and As are enriched in the outermost zones and rim of
the grain. Cobalt defines irregular shapes toward the center of the grain.
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Figure 11. Concentration boxplots of EMP and LA-ICP-MS data for selected trace elements by pit and stage. A. Co,
B. Ni, C. Cu, D. As, E. Ag, F. Sb. The number of observations in each group is noted in I; it is the same for all plots,
except B (Ni).
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Fig. 11 cont’d. Concentration boxplots of EMP and LA-ICP-MS data for selected trace elements by pit and stage. G.
Te, H. Au, I. Pb. The number of observations in each group is noted in I; it is the same for all plots, except for B
(Ni).
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Figure 12. Concentration scatterplots of EMP and LA-ICP-MS data for selected trace element pairs by stage (2 or
3). Pits are separated by color, and parts of pyrite are represented by symbols. A., B. Ni versus Co for Py2 and Py3,
C., D. Sb versus As for Py2 and Py3, E., F. Au versus Ag for Py2 and Py3.
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Fig. 12 cont’d. Concentration scatterplots of EMP and LA-ICP-MS data for selected trace element pairs by stage (2
or 3). Pits are separated by color, and parts of pyrite are represented by symbols. G., H. Au versus Te for Py2 and
Py3, I., J. Au versus As for Py2 and Py3, K., L. Te versus As for Py2 and Py3. The black dashed line marks the
solubility of Au in pyrite as a function of As concentration (Reich et al., 2005), and the solubility of Te in pyrite as a
function of As concentration (Keith et al., 2018).
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Figure 13. Principal component analysis of pyrite for nine trace elements. A. Loading plot for Py2 on the
logarithmic scale shows the vector representation between the elements and the components. B. Loading plot for
Py3 on the logarithmic scale. The length of an arrow is related to the size of the eigenvalue, which represents the
amount of variability of the data for that element. The percentage of variance explained by each component is
shown.
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Table 1. Electron microprobe spot analyses for Figures 8, 9, and 10.

Figure Point
8
8
8
8
8
8
8
8
9
9
9
9
10
10
10
10

1
2
3
4
5
6
7
8
1
2
3
4
1
2
3
4

Co
(ppm)
BDL
170
BDL
BDL
BDL
BDL
BDL
BDL
77
BDL
BDL
BDL
11238
84
6173
BDL

Cu
(ppm)
BDL
BDL
BDL
BDL
90
BDL
142
128
BDL
7202
13261
2402
1662
BDL
BDL
2564

As
(ppm)
BDL
BDL
29704
5519
29089
1930
43835
28066
BDL
30530
10153
5489
2218
BDL
BDL
42090

Ag
(ppm)
BDL
77
BDL
BDL
BDL
BDL
BDL
BDL
77
117
3721
101
BDL
97
BDL
98

Sb
(ppm)
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
2061
BDL
BDL
BDL
BDL
BDL

Te
(ppm)
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
503
1574
BDL
BDL
BDL
BDL
2773

Au
(ppm)
BDL
BDL
662
BDL
BDL
BDL
BDL
BDL
BDL
536
667
BDL
BDL
BDL
BDL
268

Pb
(ppm)
609
631
459
445
535
495
589
502
627
565
8372
428
529
427
541
638

Table 2. Summary table of EMP and LA-ICP-MS trace element data from Py1, Py2, and Py3. Based on boxplots of each element and maximum trace element
concentrations observed in pyrite from Deditius et al. (2008), very high concentrations of elements were identified as inclusions and removed. This includes
values greater than 1.32 wt. % for Cu, 1.12 wt. % Zn, 5 wt. % As, 1 wt. % for Mo, 1.25 wt. % Sb, 0.58 wt. % Te, 5000 ppm Au, and 5000 ppm Pb. Values not
analyzed for are denoted by “- -", while values for which there is no data are marked by “ND”.

Element
Co
Ni
Cu
Zn
As
Se
Mo
Ag
Sb
Te
Au
Tl
Pb

Min
31
40
37
‐‐
19
‐‐
‐‐
36
35
58
48
‐‐
380

Stage 1
Grain
EMPA (n = 13)
Max Mean SD
200 77
66
40
40
0
686 129 184
‐‐
‐‐
0
1445 138 394
‐‐
‐‐
0
‐‐
‐‐
0
96
41
17
36
35
0.22
633 108 158
203 69
50
‐‐
‐‐
0
646 528 80

Stage 2

Core
Min
30
40
37
‐‐
18
‐‐
‐‐
36
35
58
48
‐‐
428

EMPA (n = 42)
Max Mean SD
3153 425 823
133 44
19
4692 156 717
‐‐
‐‐
0
997 53
156
‐‐
‐‐
0
‐‐
‐‐
0
94
41
15
107 37
11
95
78
17
101 50
8.1
‐‐
‐‐
0
1902 607 223

Min
4.9
3.2
5.4
2.4
6.2
11
3.1
0.74
0.68
19
0.62
0.29
4

LA‐ICP‐MS (n = 9)
Max Mean SD
1305 178 424
12250 1528 4036
912
168 289
90
16
28
3917 1079 1502
256
80
75
29
8.9
8.9
400
55
131
199
41
68
744
106 239
17
4.1
5.5
6.2
1.7
2.1
2841 459 914

Min
30
40
37
‐‐
18
‐‐
‐‐
36
35
58
48
‐‐
377

Min
30
40
37
‐‐
18
‐‐
‐‐
36
35
58
48
‐‐
419

SD
0.2
0.09
351
0
11209
0
0
25
859
51
41
0
5.6

Min
8
3.2
2.5
1.6
3.6
11
3.1
0.74
0.57
3.7
0.37
0.29
3.8

LA‐ICP‐MS (n = 31)
Max Mean SD
6983 972 2056
5829 1079 1754
210
42
49
546
23
97
4488 288 818
9239 409 1647
58
9.1
13
52
7.2
9.5
101
6.8
21
531
61
123
27
2.8
5.8
7.8
1.5
1.7
894
117 219

Min
31
ND
38
‐‐
1930
‐‐
‐‐
36
35
58
49
‐‐
445

Zone
EMPA (n = 24)
LA‐ICP‐MS (n = 57)
Max Mean SD
Min Max Mean SD
2087 154 425
0.69 1897 349 470
40
40
0
2.4
2571 413 547
4087 387 947
6.2
2251 129 341
‐‐
‐‐
0
0.31 1315 40
187
43721 6050 13102 1.9
927 115 212
‐‐
‐‐
0
11
680 85
105
‐‐
‐‐
0
3.1
5044 147 700
382
68
72
0.74 74
9.2
12
1568 119 316
0.08 1731 63
272
2773 269 707
0.69 1220 60
174
731
93
144
0.05 2337 43
312
‐‐
‐‐
0
0.03 29
2.1
4.1
4475 890 867
1.9
4046 216 688

EMPA (n = 6)
Max Mean SD
31
31
0.15
ND
ND
ND
142 79
48
‐‐
‐‐
0
43835 23024 16071
‐‐
‐‐
0
‐‐
‐‐
0
37
36
0.22
36
36
0.13
59
59
0.48
662 152 250
‐‐
‐‐
0
589 504 52

Min
2.2
3.2
2
1.6
6.2
7
3.1
0.74
0.57
5.1
0.37
0.29
6.6

LA‐ICP‐MS (n = 34)
Max Mean SD
1704 376 498
1490 442 472
1013 109 207
849 110 202
6914 565 1242
378 100 107
3581 286 753
301 28
66
5578 211 970
182 33
37
35
5
7.2
199 16
41
1144 158 254

Rim
LA‐ICP‐MS (n = 140)
Min Max Mean SD
5.6
1537 146 250
2.6
2062 228 323
13
8174 488 1016
0.31 9889 506 1505
1.9
48220 2420 6775
8.3
6148 203 731
3.3
9889 1227 2033
0.74 5440 200 542
0.08 10860 1025 1906
0.69 5393 245 737
0.05 4249 120 498
0.03 3514 56
310
10
4511 905 1151
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Element
Co
Ni
Cu
Zn
As
Se
Mo
Ag
Sb
Te
Au
Tl
Pb

LA‐ICP‐MS (n = 10)
Min Max Mean SD
3.6
7863 1409 2478
3.2
2210 495 736
4.2
1170 245 410
0.31 3
2.3
0.87
3.5
1713 397 683
15
1779 248 542
3.3
140 18
43
0.74 110 23
34
0.08 13
3.1
4.2
0.69 39
16
16
0.37 454 47
143
0.03 21
3
6.3
5.5
950 232 370

EMPA (n = 3)
Max Mean
31
31
40
40
672 268
‐‐
‐‐
21742 9282
‐‐
‐‐
‐‐
‐‐
82
65
1523 531
181 122
120 73
‐‐
‐‐
595 591

Stage 3

Core
EMPA (n = 55)
Max Mean SD
11238 371 1708
40
40
0.09
1662 76
221
‐‐
‐‐
0
31062 5795 10781
‐‐
‐‐
0
‐‐
‐‐
0
130 40
17
423 104 124
307 66
34
50
49
0.39
‐‐
‐‐
0
867 532 90

Min
31
40
38
‐‐
19
‐‐
‐‐
36
35
92
49
‐‐
587

Stage 2
Rim

Zone
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Abstract
The Cripple Creek alkaline igneous rock-related low-sulfidation epithermal gold telluride
deposit, Colorado, is hosted in the 10 km wide Oligocene alkaline volcanic Cripple Creek
diatreme in Proterozoic rocks. Gold occurs as native Au, Au-tellurides, and in the structure of
arsenian pyrite, in potassically altered high-grade veins and as disseminations in the deposit.
Correlation coefficients, principal component analysis, hierarchical cluster analysis, and
Random Forests were used to analyze major and trace elements compositions of 995 samples of
rocks containing low- and high-grade mineralization from drill core in three currently operating
pits (Wild Horse Extension (WHEX), Globe Hill, and Schist Island) in the northern part of the
Cripple Creek diatreme. These methods suggest that Ag, As, Li, Sb, Te, W, and V are
pathfinders to Au mineralization. Although Mo correlates with gold in other studies and, in
places is spatially related to gold veins, molybdenite post-dated the formation of gold and is
likely related to a late-stage porphyry overprint. These elements, in conjunction with previous
mineralogical studies, indicate that tellurides, fluorite, quartz, carbonates, roscoelite, tetrahedrite,
pyrite, sphalerite, muscovite, monazite, bastnäsite, and hübnerite serve as exploration guides to
ore.
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Introduction
Several studies have used trace element data to vector to different types of ore deposits
(e.g., Nejadhadad et al. 2017; Genna and Gaboury 2019; Guffey et al. 2019; Schnitzler et al.
2019). These have included the use of trace element concentrations and elemental ratios in
minerals such as pyrite (e.g., Mukherjee and Large 2017), magnetite (e.g., Mavrogonatos et al.
2019), and gahnite (e.g., O’Brien et al. 2015) as pathfinders. Due to the irregular and narrow vein
or disseminated nature of epithermal Au deposits, trace element vectoring with proximity to the
ore is generally not possible, although there are exceptions. For example, Baker et al. (2006)
showed that there were variations in the Pb/Mo and Pb/Ag ratios of pyrite with proximity to gold
mineralization at the Pajingo deposit, Australia.
The identification of pathfinder elements intimately associated with precious metal
mineralization in altered rocks is a more common vector to epithermal Au deposits than the trace
elements of individual minerals. In a general overview of epithermal Au deposits, Simmons et al.
(2005) proposed a broad suite of trace elements (Ag, As, Bi, Cu, Hg, Mo, Pb, Sb, Se, Sn, Te, Tl,
W, Zn) that could be used to explore for this class of deposits. Such pathfinders vary for different
sub-classes (e.g., low-sulfidation, high-sulfidation, alkaline igneous rock-related) of epithermal
Au deposits. For example, Cocker (1993) regarded Ag, As, Cu, Hg, Mo, Pb, Te, Tl, V, and Zn as
the most direct indicators to gold mineralization in the alkaline igneous rock-related lowsulfidation epithermal Mayflower Au deposit, Montana, along with the presence of adularia and
roscoelite.
Early studies of the large alkaline igneous rock-related, low-sulfidation epithermal
Cripple Creek Au deposit, Colorado by Lindgren and Ransome (1906) and Koschmann (1965)
pointed out that high-grade gold veins were composed of precious metal tellurides (e.g.,
calaverite, sylvanite, petzite), native gold after tellurides, pyrite, galena, sphalerite, tetrahedrite,
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stibnite, and molybdenite, with a gangue assemblage of quartz, fluorite, dolomite, chalcedony,
opal, roscoelite, rhodochrosite, celestite, calcite, and adularia. Over 26 Moz of gold have been
mined since its discovery in 1891 (Keith et al. 2020). These studies not only suggested
mineralogical indicators to ore but, given the compositions of these minerals, it was likely that
certain trace elements are also likely to be pathfinders to gold mineralization.
Various geochemical studies were subsequently conducted on the Cripple Creek deposit
to identify such exploration indicators (Gott et al. 1968; Juhas 1977; Seibel 1991; Burnett 1995;
Rosdeutscher 1999; Doherty 2002; Jensen 2003; Robinson 2010; Skwarnecki 2014) (Table 1).
These studies mostly looked at the relationship between Au and individual elements or
combinations of the following elements: Ag, As, Hg, K, La, Mo, Pb, Sb, Te, Tl, V, and W. The
study by Jensen (2003) is the most thorough one done on the geochemistry of the Cripple Creek
diatreme. He collected more than 500 samples of high and low-grade mineralization and
associated altered rocks from surface exposures and underground workings that were accessible
at the time (Ajax, Portland, Vindicator mines), five pits, drill core, and over 150 samples from
the collection of Koschmann (Koschmann 1965). Other studies were less complete than Jensen’s
(2003) study but included geochemical surveys of the Gold Bug mineralization in the Wild
Horse Extension (WHEX ) pit and Blue Bird vein (Cresson pit) by Doherty (2002), along with
other studies of the Cresson pit (Gott et al. 1968; Burnett, 1995; Robinson, 2010).
While mining prior to the 1970’s focused on high-grade vein-style mineralization, since
then much of the gold has been derived from low-grade gold mineralization, primarily as
disseminations in various hydrothermal breccias and small veins and fractures (e.g., Thompson
et al. 1985; Jensen 2003). This mineralization is associated with K-rich silicates (i.e., adularia,
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replacement of plagioclase by alkali feldspar, sericite), pyrite, carbonate, and rutile, among other
gangue minerals (e.g., Jensen 2003).
The goal of the current study is to determine geochemical and mineral vectors to gold
mineralization by evaluating the bulk rock chemistry and resultant mineralogy of samples from
three currently mined low-grade bulk tonnage pits (i.e., Globe Hill, Schist Island, and WHEX) in
the northern part of the Cripple Creek diatreme. This study complements the earlier study of
Jensen (2003), who focused on high-grade mineralization and, to a lesser extent, low-grade ore,
from samples obtained primarily from the central and southern parts of the Cripple Creek
diatreme. Multivariate statistical methods, consisting of correlation coefficients, hierarchical
cluster analysis (HCA), principal component analysis (PCA), and Random Forests (RF), have
been used here to identify elemental associations, with the intention of identifying geochemical
vectors for use in exploration in the Cripple Creek deposit and for other alkaline igneous-related
epithermal gold deposits.

Regional and Local Geology
The intrusion of granitoid plutons in the Mazatzal and Yavapai provinces of central
Colorado at 1.7-1.65 Ga coincided with regional amphibolite-facies metamorphism that was
associated with the development of northeast-trending shear zones (Kelley and Ludington 2002).
Between ~80 and 55 Ma (English and Johnston 2004), the Laramide Orogeny formed the
Colorado Mineral Belt (70-50 Ma) and northeast-trending structures throughout Colorado
(Cunningham et al. 1994). Subsequent extension in the western United States initiated the
formation of the Basin and Range province and the Rio Grande rift (Christiansen et al. 1992;
Kelley and Ludington 2002). Concurrent with the formation of the rift (30-27 Ma) (Lipman et al.
1978; Lipman 1981), alkaline igneous rocks intruded central and southern Colorado (Kelley and
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Ludington 2002). The formation of such rocks in the Cripple Creek diatreme, which hosts the
Cripple Creek deposit, is bracketed by these intrusions at the end of the Laramide orogeny (7040 Ma) and bimodal magmatism related to the start of the Rio Grande rift (30-27 Ma) (Lipman et
al. 1978; Lipman 1981; Kelley et al. 1998).
The Cripple Creek diatreme formed at the junction of NE-trending structures of Laramide
origin and NS- or NW-trending faults (Kelley et al. 1998), as well as three Proterozoic intrusions
(Fig. 1). The Ajax granodiorite was emplaced at ~1.65 Ga (Wobus et al. 1976; Karlstrom and
Humphreys 1998), followed by the Cripple Creek monzonite at ~1.43 Ga (Hutchinson and
Hedge 1968; Wobus et al. 1976), and later by the Pikes Peak granite (1.1-1.08 Ga; Smith et al.
1999; Beane et al. 1999). From 34.0 to 27.9 Ma (McDowell 1966; Wobus et al. 1976; Kelley et
al. 1998), alkalic magmas, accompanied by hydrothermal fluids, intruded at depth and resulted in
the formation of the Cripple Creek diatreme that spans about 18 km2 at the surface (Kelley et al.
1998). Various satellite bodies were also emplaced near the diatreme and later mineralized
(Kelley et al. 1998).
Tertiary rocks in the Cripple Creek diatreme include phonolites, trachyandesites,
nepheline monzosyenites, phonotephrites, lamprophyres, and breccias (Jensen 2003). The
Cripple Creek breccia is the predominant rock type in the diatreme and is composed of clasts of
Proterozoic igneous and metamorphic rocks, and Tertiary igneous and sedimentary rocks, with a
matrix of quartz, microcline, and rock fragments (Thompson et al. 1985). Various generations of
aphanitic and porphyritic phonolites intruded and formed crosscutting bodies and dikes within
the diatreme, some of which extend into the surrounding Proterozoic rocks (Kelley et al. 1998;
Jensen 2003). The youngest rocks to have been emplaced in the diatreme were lamprophyre
dikes and pipes at 28.4 Ma (e.g., the Cresson pipe) (Rampe 2002; Jensen 2003).

77
While late-stage phonolites and lamprophyres intruded the diatreme (31-28 Ma; Kelley et
al. 1998), gold was deposited from magmatic-hydrothermal fluids. Evidence from stable and
radiogenic isotopes and fluid inclusion studies suggests that the fluids were magmatic with a
later meteoric water component (Thompson et al. 1985; Rosdeutscher 1999; Kelley et al. 1998;
Kelley and Ludington 2002; Jensen 2003; McIntosh 2004). Gold mineralization was
accompanied by potassic (K-feldspar) and phyllic alteration (quartz, sericite, pyrite) (Burnett
1995; Pontius 1996; Kelley et al. 1998) that generally followed NNW-SSE trending structural
features within the diatreme and foliations in the Proterozoic rocks outside the diatreme (Jensen
2003). Gold-bearing veins cross cut the diatreme and follow contacts between lamprophyre dikes
and other igneous rocks, and Tertiary igneous rocks and Proterozoic intrusions at the margins of
the diatreme (Jensen 2003).

Mineralogy of the Cripple Creek deposit
Gold in the Cripple Creek deposit occurs as native Au, Au-tellurides, and as nano- and
microinclusions in arsenian pyrite or structurally bound within pyrite (Pontius 1996; Jensen
2003; Dye 2015; Keith et al. 2020). Native Au occurs with Au-tellurides in veins, and as lowgrade microcrystalline Au disseminations in rocks and in hydrothermal breccia pipes. Gold is
commonly associated with fluorite, quartz, barite, and dolomite (Thompson et al. 1985; Pontius
1996; Jensen 2003; Dye 2015). Gold tellurides, including calaverite (AuTe2), sylvanite
((Au,Ag)2Te4), krennerite ((Au,Ag)Te2), nagyagite (Pb5Au(Sb,Bi)Te2S6), and petzite
(Ag3AuTe2), occur in veins, vugs, and hydrothermal breccia pipes. Gold tellurides are commonly
accompanied by other Te-bearing minerals, including hessite (Ag2Te), coloradoite (HgTe),
altaite (PbTe), melonite (NiTe2), sonoraite (FeTeO3(OH)•H2O), and emmonsite
(Fe2Te3O9•2H2O), and gangue of quartz, fluorite, arsenian pyrite, dolomite, barite, celestite, and
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gypsum or anhydrite (Lindgren and Ransome 1906; Seibel 1991; Jensen 2003; Carnein and
Bartos 2005).
Jensen (2003) reported pyrite containing commonly between 1-10 ppm Au in the deposit,
while Dye (2015) noted enrichments of up to 1389 ppm Au and Keith et al. (2020) up to 1694
ppm Au in the Cresson pit. Gold-rich pyrite is spatially associated with native Au and Autellurides in veins. Disseminated low-grade gold mineralization is interpreted to have formed
before Au-Te mineralization (Kelley et al. 1998; Dye 2015; Keith et al. 2020). Details of the
mineralogy of the Globe Hill, Schist Island, and WHEX pits are given in the previous chapter
and not repeated here.

Methods

Sample Selection
Samples were collected by Newmont geologists from reverse circulation drilling chips
near surface and halved PQ and HQ diameter core at greater depths. Rock samples were
generally collected over 6.1 m (20 ft) intervals, though samples less than 6.1 m in length were
also selected to better examine areas of interest based on rock texture or mineralogy. Gold was
sampled over 1.5 m (5 ft) intervals or at the same length as the areas of interest. The nine drill
cores selected for analysis in this study were taken from the Schist Island (SEC-00004, SEC00009), Globe Hill (GEC-00007, GEC-00008, GEC-00010, GEC-00012, GEC-00014, GEC00018), and WHEX pits (WEP-00001) (Fig. 2). The compositions of 995 rock samples were
evaluated.
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Analytical Methods
Forty nine elements (Ag, Al, As, Au, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Ge,
Hf, Hg, In, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Te, Th,
Ti, Tl, U, V, W, Y, Zn, and Zr) were analyzed by ALS Laboratories (ALS) using digestion by
perchloric, nitric, and hydrofluoric acids, followed by leaching with hydrochloric acid, and
finally by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) and inductively
coupled plasma-mass spectrometry (ICP-MS) (ALS 2006). Gold was analyzed by ALS using fire
assay, then atomic absorption spectrometry for Au concentrations less than 10 ppm and
gravimetric finish for Au concentrations greater than 10 ppm. Error on the measurements is 7%
for Au and 10% for all other elements (Table 2). Rare earth elements (REEs) were noted as
possibly not being completely soluble, so their values may be underreported in the data.

Statistical Methods
Data preparation
Data for Hg were not reported by ALS from drill hole SEC-00004, which accounted for
28% of the total Hg data, so values were imputed using the weighted average of non-missing
observations. Weights were determined by the proximity matrix of the Random Forest model,
using the rfImpute function from the randomForest package (Liaw and Wiener 2002; Carranza
and Laborte 2016; Schnitzler et al. 2019).
Data with values below detection limits (i.e., Au, Cd, Hg, Re, Sc, Se, and Te) comprised
0.9% of the total observations and were imputed using the detection limit divided by the square
root of two (Croghan and Egeghy 2003). Similarly, 0.3% of total observations were above
detection limits for Ag, Ba, Ce, S, Sr, and Zr. Rather than impute above-detection limit values,
we conducted a sensitivity analysis using the upper detection limit values with multipliers of 1,
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2, 5, and 10. Elements with concentrations above upper detection limit values set at 10 times the
detection limit were effectively identical to values set at the detection limit, therefore we
replaced above-detection limit values with the upper detection limit (Table 2).
The data appear to be closed because they are reported in parts per million, but the total
of each sample does not add to 100% or a constant sum, which would indicate closure. Due to
the analytical methods used by ALS, the concentrations of some elements, including C, Cl, F, O,
and Si, were not calculated. Carbon and Si volatize when exposed to hydrochloric and
hydrofluoric acids, respectively, so they cannot be reported by weight %. Chlorine, F, and O are
constituents of perchloric, hydrochloric, hydrofluoric, and nitric acids, and are not measured by
ALS. Because of the absence of these elements, we have determined that the data are not closed
and therefore do not need to be processed to remove the effects of closure. The data were logtransformed to remove bias toward higher elemental concentrations and to ensure linearity for
the PCA (Davis 2002).
Correlation Coefficients
Correlation coefficients describe the linear relationship between two variables.
Correlation coefficients between Au and the other elements were calculated using the “cor”
function in R (R Core Team 2019). All statistical analyses were conducted in R version 3.6.1 (R
Core Team 2019).
Hierarchical cluster analysis
Hierarchical cluster analysis is a statistical algorithm that groups observations based on
similarity. The results are clusters of data, visualized in a dendrogram, in which the observations
in each cluster are more similar to each other than to observations outside of the cluster. First, the
data were scaled and centered to reduce the disparity between elements at weight percent and
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parts per million (ppm) concentrations. Then HCA was performed using Ward’s (1963)
clustering criterion in the hclust function in R.
Principal Component Analysis
Principal component analysis is used to examine the variability of data and simplify
complex multivariate data to several principal components (PCs). Pairwise plots of logtransformed values suggested linear relationships between most element pairs, which is an
underlying assumption used when computing a PCA. Pairwise correlations between Au and all
other elements were computed using the Pearson correlation coefficient. We conducted a PCA
using the prcomp function (R Core Team 2019) on the centered and scaled data. The strength of
the relationship between Au and each principal component axis was determined by examining
the loadings for Au on each axis. Associations of elements with Au were assessed visually using
PCA biplots. Elements lying in the same direction as Au have similar (positive) associations with
the PC axis as Au, while elements lying 180 degrees from Au have opposite (negative)
associations with the PC axis as Au. Elements with longer arrows indicate stronger associations
with the PC axis.
Random Forests
Random Forests (RF) are a statistical machine learning technique developed by Breiman
(2001) that has been used to create mineral prospectivity maps with GIS datasets, and identify
and estimate elemental vectors for exploration of Broken Hill-type and volcanogenic massive
sulfide (VMS) deposits (Rodriguez-Galiano et al. 2014; Carranza and Laborte 2015; O’Brien et
al. 2015; McKay and Harris 2016; Schnitzler et al. 2019).
In a Random Forest model, predictors (elements) are used to explain variation in the
outcome (Au concentration). Predictors that are situated higher up in the tree (i.e., closer to the
base) are more influential than predictors situated lower in the tree (i.e., closer to the leaves)
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(Kuhn and Johnson 2013). The weaknesses of single regression trees - mispredicted outcomes,
the effects of small changes in data or missing data, and selection bias – are ameliorated through
an ensemble method (Kuhn and Johnson 2013).
A Random Forest regression model uses multiple regression trees, created using bagged
datasets from the original training data, to reduce the variation in the predictions of the final
model (Breiman 2001). At each node of a regression tree, a user-defined number of variables,
mtry, is randomly chosen and the model selects the variable that best splits the data with the
lowest sum of squares error (Kuhn and Johnson 2013). A regression tree is created with a user
defined minimum size of terminal nodes (i.e., leaf prediction variance). The predicted outcomes
of the n trees in the forest are averaged together, resulting in a predicted outcome (Au
concentration). Because of the complexity, size, and random nature of a Random Forest model,
they can be difficult to interpret (Kuhn and Johnson 2013). The most valuable result, apart from
the predicted values, is a ranked list of predictors, which are ranked based on the increase in the
mean square error of the prediction if the predictor were to be removed.
The Random Forest model was conducted in R version 3.6.1 (R Core Team 2019) using
the packages ranger (Wright and Ziegler 2017), randomForest (Liaw and Wiener 2002), and
sarima (Boshnakov and Halliday 2019). One sample was removed from the analysis because the
Au concentration was very high compared to the rest of the data (124 ppm) and it appeared to
have a large effect on the predictions of the RF model. The Random Forest used 9-fold cross
validation and 500 trees, the default for the model.

Results
Table 2 contains a summary of the bulk geochemical data. Gold concentrations average
1.1 ppm, with one outlier of 142 ppm. Silver and Te concentrations are similarly low, and most
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values for all three elements are less than 10 ppm. Potassium ranges from less than 1 wt. % to
greater than 7 wt. %, while Na also ranges from below 1 wt. % to almost 6 wt. % and is
generally inversely related to K. Additionally, the average Ca content is less than 1 wt. %,
though one sample contains over 15 wt. %. The average concentration of Al is 9 wt. %. Sulfur
ranges over three orders of magnitude, from the minimum detection limit of 100 ppm to over 10
wt. %, the maximum detection limit. The majority of the concentrations for Li, Mo, Ni, U, and
W are below 100 ppm, while most concentrations of As are less than 50 ppm. Bismuth, Be, Co,
Cs, and Sb are commonly less than 10 ppm, and Cd, Se, and Tl are generally below 5 ppm. For
95% of the Ce, Hg, and In analyses, their concentrations are less than 1 ppm.
Representative down hole stratigraphic columns, one from each pit, were created using
the rock type that consist of the majority of each sample interval to examine possible
relationships between rock type and Au concentration (Figs. 3-5). No specific rock type is
associated with high concentrations of Au. Based on the findings of previous researchers (Gott et
al. 1968; Doherty 2002; Jensen 2003), fourteen elements expected to correlate with Au were
plotted against Au concentration and downhole lithology. The highest concentrations of Au
correspond to spikes of Ag, As, Cu, Mo, Pb, Sb, Te, V, and Zn concentrations. Iron, S, K, and
Na do not have distinct responses to increases in Au concentrations. Silver and Te concentrations
vary similarly, while V contents are commonly higher than As. Quantitatively, the elements with
the highest positive correlation coefficients with Au are Te (0.59), W (0.55), As (0.45), Ag
(0.35), Li (0.30), Be (0.24), Sb (0.23), and S (0.21), while Ca (-0.15) and Na (-0.14) are
negatively correlated with Au (Fig. 6).
A dendrogram created by HCA for all of the drill holes suggests clustering of elements
largely controlled by mineralogy (Fig. 7). The major rock-forming elements are grouped
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together, along with Ba, Sr, P, Ti, and Mn. Gold is most closely related to the cluster composed
of Bi, Ag, Te, Sb, and Se. Arsenic is clustered with U and Y, and is more closely related to Cu,
W, Ga, and Th than to Au. Lithium and V are grouped together, adjacent to the group containing
Pb and Zn.
A PCA of all sampled elements was used to visualize the variability of the element
concentrations within the pits sampled here (Fig. 8A). Principal component 1 (PC1) accounts for
23.5% of the total variance, while principal component 2 (PC2) accounts for 13.2% of the total
variance (Fig. 8A, C). Gold is most closely related to W, K, Pb, U, As, Te, and Sr, but does not
make a large contribution to PC1 or PC2 (Fig. 8A). More Au variability is explained by PC9 and
PC13, the major contributors to which are, in order of size of their contribution, Tl, Au, As, Ga,
and Fe. On these axes, Au is positively correlated with Zn, Te, Be, Ge, and W, negatively
correlated with V, Ta, Mo, Nb, Rb, Ca, and Sb, and not correlated with Hg, Y, Ce, Al, and Pb
(Fig. 8B).
The elements whose removal most affects the predictions of Au concentration in the
Random Forest model are W, Te, and Li (Fig. 9). These elements increase the error of the model
prediction for Au concentration by 20% or more. Arsenic, Be, lithology (i.e., the rock type of the
sample), and Ce also strongly affect the predictions of the model. Yttrium, Re, Mn, Zn, Cd, and
Se have the smallest impact on Au concentration predictions (Fig. A1).

Discussion

Comparison of whole rock geochemical data
The bulk rock compositions reported here are similar to those reported previously from
the district, but there are some differences based on which rock types were sampled in this study

85
and their locations. Enrichments of up to 7 wt. % K (8.47 wt. % K2O) in this study fall within the
K2O ranges reported by Gott et al. (1968), Burnett (1995), and Jensen (2003) for bulk rock
samples throughout the district. Jensen (2003) reported over 14 wt. % K2O in areas of intense
potassic alteration, resulting from the replacement of calcic plagioclase and sodic feldspars by
alkali feldspar and illite. Similarly, Ca (up to 15.3 wt. %; 24.41 wt. % CaO) and Na values (up to
6 wt. %; 8.09 wt. % Na2O) reported here fall within or exceed the ranges reported by Gott et al.
(1968), Burnett (1995) and Jensen (2003). However, the concentrations of phosphorous are less
than 5000 ppm (1.15 wt. % P2O5), which is comparable to those reported by Burnett (1995) and
Jensen (2003).
The average Au concentration of 1.1 ppm obtained here is less than the average
concentration Gott et al. (1968) noted in the northwest trending Au-Ag-Te enrichment anomaly
between the Mollie Kathleen and Cresson mines (2.5 ppm Au), but is higher than the average Au
content Gott et al. (1968) reported throughout the district (0.6 ppm; n = 282). Similarly, the
concentrations reported here for Fe (up to 11.3 wt. %), V (up to 983 ppm), and Zr (>500 ppm)
are lower than those reported by Gott et al. (1968) (>20 wt. %, 5000 ppm, and >1000 ppm,
respectively), but La (up to 5980 ppm), Mo (up to 1615 ppm), and Mn (up to 25200 ppm) are
generally similar to or higher than the anomaly identified by Gott et al. (1968) (ranging up to
>1000 ppm, >2000 ppm, and >5000 ppm, respectively).
Trippel (1985), in his study of Globe Hill, analyzed 53 samples for 13 elements (Au, Ag,
As, Cd, Co, Cu, Mo, Ni, Pb, Sb, Te, V, and Zn) and stated that the majority of Au, Ag, Te, Sb,
Co, Cd, and Ni concentrations were below 10 ppm in breccias, veins, altered rocks, and
anhydrite-gypsum dump samples, fault gouge, float, channel samples, and manganese and iron
oxides. This range of concentrations is consistent with those for Au, Ag, Te, Sb, and Cd reported
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here. Arsenic (up to 294 ppm) and V concentrations (up to 983 ppm) are higher than those
reported by Trippel (1985) (up to 180 and 650 ppm, respectively), while most Cu, Pb, Zn, and
Mo contents are less than 1000 ppm.
Burnett (1995) obtained major and trace element compositions from 122 samples from
various locations in the Cripple Creek diatreme (Cresson, n = 101; Altman, n = 12; Globe Hill, n
= 5; Ironclad, n = 4) and reported concentrations of Au, Ag, Sb, Te, and Zn were less than or
equal to 10 ppm, whereas As exceeded 1000 ppm and Mo concentrations were less than 1000
ppm. He also reported up to 68 ppm W, which is lower than the concentration of W reported here
(up to 1930 ppm).
Jensen (2003) obtained higher concentrations than reported here for Au (up to 229 ppm),
As (up to 2570 ppm), Cs (up to 70 ppm), Cu (up to 2790 ppm), Hg (up to 1130 ppm), MgO (up
to 14 wt. %), Pb (up to 8419 ppm), Rb (up to 760 ppm), Sb (up to 1910 ppm), Te (up to 690
ppm), V (up to 1065 ppm), and Zn (up to 7682 ppm), which is largely due to his sampling of
mineralized veins or altered rocks adjacent to gold-bearing veins. Jensen (2003) also obtained
contents of Al2O3 (up to 21 wt. %), Be (up to 18 ppm), Bi (up to 76 ppm), total Fe (16 wt. %),
Ge (up to 2.4 ppm), Li (up to 175 ppm), MnO (3 wt. %), Mo (up to 1190 ppm), Se (up to 6 ppm),
TiO2 (up to 2 wt. %), Tl (up to 17 ppm), W (up to 73 ppm), and Y (up to 131 ppm), which are
less than or similar to those reported here (up to 22 wt. % Al2O3, 21 ppm Be, 106 ppm Bi, 16. wt.
% total Fe, Ge, 530 ppm Li, 3 wt. % MnO, 1615 ppm Mo, 6 ppm Se, 2 wt. % TiO2, 16 ppm Tl,
1930 ppm W, 221 ppm Y). He observed maximum concentrations of 189 ppm Ag, 73 762 ppm
Ba, and 10 076 ppm Sr, which cannot be directly compared to the maximum Ag (>100 ppm), Ba
(>10 000 ppm), or Sr values (>10 000 ppm) due to the detection limits here. However, Ag, Ba,
and Sr in both studies are commonly less than 5 ppm, 3000 ppm, and 2800 ppm, respectively.

87
Pathfinder elements and their relationship to mineralogy
The correlation coefficients suggest that Au is most positively correlated with Te, W, As,
Ag, Li, Be, Sb, and S, and negatively correlated with Ca and Na. From the dendrogram, Au
clusters with Bi, Ag, Te, Sb, and Se. Based on the PCA, Au is positively correlated with Zn, Te,
Be, Ge, and W, and negatively correlated with V, Ta, Mo, Nb, Rb, Ca, and Sb on PC9 and PC13.
The predictions of Au concentration by the Random Forest are strongly affected by the
concentrations of W, Te, Li, As, Be, sample lithology, and Ce. These elements can be grouped
into minerals based on the known mineralogy of the deposit: tellurides (Ag, Bi, Se, Sb, Te),
sulfides (Ag, As, Bi, Ge, Sb, Se, Ta, Te, Zn), sulfosalts (As, Sb, Zn), silicates (Be, Ca, Ce, Na,
Li, V), phosphates and carbonates (Ce), and oxides (W). More specifically, gold is positively
related to tellurides, pyrite, sphalerite, tetrahedrite-tennantite, muscovite, monazite, bastnäsite,
and hübnerite (Table 3).
The strong correlation between Au and Te is consistent with the presence of precious
metal tellurides (i.e., calaverite, petzite, krennerite). These minerals are commonly spatially
associated with native Au in narrow high-grade veins, particularly calaverite, the dominant
telluride in the Cripple Creek deposit. Selenium and Te have similar ionic sizes and charges, and
may substitute for one another. No specific selenides have been reported in the literature,
suggesting they may be present as micro- or nanoscale sized particles, possibly in tellurides,
galena, or pyrite (Huston et al. 1995; Keith et al. 2018). Keith et al. (2020) reported pyrite with
up to 89 ppm Se from the northern, eastern, and central parts of the district. Additionally, Jensen
(2003) found a strong correlation between Se and elevation, but did not identify Se in any
mineral through analytical methods.
Sulfides and sulfosalts, including pyrite, sphalerite, and tetrahedrite, has been observed in
close association with native Au and Au-tellurides (Jensen 2003) and can contain variable
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amounts of trace elements. Jensen (2003) proposed enrichments of As, Te, Au, Sb, Tl, and Cu in
pyrite near high-grade gold mineralization, although he only reported concentrations for Au (up
to 78 ppm). These trace element enrichments were further quantified by Dye (2015) and Keith et
al. (2020), with the latter study reporting pyrite in high and low-grade areas with up to 3130 and
3580 ppm Cu, 439 and 411 ppm Ag, 34 100 and 17 860 ppm As, 24 and 334 ppm Bi, <0.05 and
0.4 ppm Cd, 5550 and 16 300 ppm Pb, 1006 and 149 ppm Sb, 34 and 89 ppm Se, 493 and 1110
ppm Te, 23 and 28 ppm Tl, respectively. Like pyrite, sphalerite can contain significant amounts
of Ag, As, Bi, Ge, Sb, Se, and Tl (Huston et al. 1995; Cook et al. 2009; Sahlström et al. 2017).
The bulk rock geochemical data investigated here and by Jensen (2003) contain less than 3 ppm
Ge (Table 2), which is within the range of concentrations of Ge that sphalerite can incorporate
(Sahlström et al. 2017).
Tetrahedrite-tennantite can contain several percent of Ag and Bi (e.g., up to 13.4 wt. %
Ag, 22.2 wt. % Bi; Staude et al. 2010), and up to 2300 ppm Se, 700 ppm Te, and generally lower
(<10 ppm) concentrations of Au, Tl, and W (George et al. 2017). High Ag varieties of
tetrahedrite-like minerals include freibergite and argentotetrahedrite, but they have not been
reported at Cripple Creek. Jensen (2003) noted that pyrite, sphalerite, and tennantite-tetrahedrite
can contain inclusions of tellurides and that tetrahedrite is commonly Ag and As-rich. He also
noted that Cu is enriched in the northwestern part of the district near Mineral Hill (northwest of
the current study area), which might represent an area with more chalcopyrite or tetrahedritetennantite. Pyrite, fluorite, sphalerite, galena, and low-grade Au mineralization (1-10 ppm) were
reported in gypsum and anhydrite bodies at Ironclad and Globe Hill (Argall 1905; Trippel 1985;
Jensen 2003). Jensen (2003) noted an association between Au and sphalerite, galena, and
tetrahedrite as accessory minerals in telluride veins and in wall rocks near Au mineralization in
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the Cripple Creek deposit, as well as a positive association between base metal sulfides and
depth.
Silicates are most likely to incorporate Be, Ca, Ce, Li, Na, and V in minerals like
plagioclase feldspar and muscovite. Jensen (2003) reported Be concentrations in representative
rock samples of the district of up to 18 ppm, which is consistent with a maximum value of 21
ppm Be reported here. The highest values Jensen (2003) reported were from the high-grade
Newmarket vein system, in the Ajax mine in the southeastern part of the diatreme. However, no
specific Be-bearing minerals were identified.
Calcium and Na have a negative correlation with Au. Trippel (1985), Burnett (1995), and
Jensen (2003) noted the spatial relationship between carbonates, particularly calcite and
dolomite, and Au mineralization. However, the large volume of rocks altered to alkali feldspar
from Ca and Na-rich feldspars likely explains the negative correlation between Ca, Na, and Au
(Jensen 2003). Burnett (1995) noted depletions of Ca in his whole rock analyses of samples from
the Cresson, Altman, Globe Hill, and Ironclad pits, and phonolite flows from outside the
diatreme, which he attributed to early potassic alteration of plagioclase and later sericite
formation. He interpreted late Ca enrichment as the result of calcite precipitation (Burnett 1995).
Potassium flooding along structures in the district was also responsible for sericite and kaolinite
alteration of the rocks (Jensen 2003).
Lithium is identified by the Random Forest as an important predictor of Au
concentration. Although the compositions of muscovite were not reported by Jensen (2003),
whole rock compositions show concentrations of Li commonly less than 200 ppm in this study,
and it is likely hosted in muscovite.
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Silicates, phosphates, and carbonates are the most likely hosts for Ce. Based on
microprobe analyses, Jensen (2003) reported up to 410 ppm Ce in roscoelite from a quartztelluride-roscoelite vein that crosscuts a lamprophyre breccia, up to 150 ppm in illite and sericite
from altered and mineralized areas in the district, up to 1910 ppm in amphibole, up to 2026 ppm
in biotite alteration, and ranges of 0 to 350 ppm and 0 to 360 ppm Ce in nosean and haüyne in
various rocks, respectively. Separately, monazite and bastnäsite have been reported in
mineralized veins, but they were not analyzed (Jensen 2003). Apatite containing light rare earth
elements (LREEs) locally form in alteration halos around veins (Jensen 2003), confirming that
fluids bearing P are present in and around mineralized veins. Additionally, P has a weak but
positive correlation with Au in this study.
Tungsten-bearing minerals are not common in the diatreme but occur as hübnerite
(MnWO4) in the Puzzle vein near the Ophelia tunnel with galena, sphalerite, and quartz
(Lindgren and Ransom 1906), and in the Carbonate Hill breccia pipe with rare native Au
(Carnein and Bartos 2005). Jensen (2003) listed W as one of the best pathfinder elements, but
reported that W values in whole rock data are commonly less than 50 ppm and that distinct Wbearing minerals are not common. The bulk rock compositions reported here are generally less
than 100 ppm (Table 2), which suggests there may be a W anomaly in the northwestern part of
the diatreme. One sample from the Globe Hill pit (GEC-00018) contains 1930 ppm W, as well as
a Ag concentration above the upper detection limit (100 ppm), which suggests the presence of a
tungstate, such as ferberite (FeWO4), huanzalaite (MgWO4), scheelite (CaWO4), tungstibite
(Sb2WO6), stolzite (PbWO4), yttrotunstite ((Ce,Nd,Y)W2O6(OH)3), or as a hydrated tungstate
like tunstite (WO3•H2O). However, the paucity of reported W-bearing minerals, tungstates or
otherwise, suggests that W is likely present as microscale inclusions in other minerals, including
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tetrahedrite, where it is incorporated into the mineral structure at concentrations of <1 ppm
(George et al. 2017).

Pathfinder elements and minerals identified by other researchers
The pathfinder elements presented here are in general agreement with those noted by
other researchers in the district (Tables 1 and 3). Sample lithology was one of the more important
predictors for the Random Forest model, indicating that lithology was useful in predicting Au
concentration. However, the relationship between lithology and Au could not be analyzed by the
other statistical methods because it was not a quantitative value. In addition, C, one of the major
constituents of lamprophyres as CO3, quantitatively analyzed, so no specific type of rock can be
said to consistently have the highest gold concentrations in this study. The highest Au
concentration (124 ppm) was reported from a sample of Cripple Creek breccia. Most median
values are between 0.1 and 1 ppm, except for the hornblende and biotite porphyritic phonolites
(0.47 ppm and 0.00007 ppm, respectively) (Fig. A2).
Jensen (2003) noted a relationship between lithology and Au concentration, as the
structural features veins exploit commonly parallel contacts between rock types or are directed
by the geometry of rock bodies (e.g., lamprophyre and late-stage phonolite dikes). Based on bulk
geochemical analyses reported by Jensen (2003), lamprophyres in the Cripple Creek deposit are
enriched in Cr (up to 459 ppm), Sr and Ba (1-3 wt. %), and Rb and Cs (up to 247 ppm and 70
ppm, respectively).
Similarly, Lindgren and Ransome (1906), Gott et al. (1968), and Jensen (2003) note a
strong relationship between Au mineralization and gangue minerals fluorite, carbonate, and
quartz. Potassium feldspar, pyrite, and carbonate alteration is common throughout the deposit
and associated with Au mineralization. Veins containing quartz ± fluorite ± carbonate may be
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unmineralized, but Au is commonly found in such veins (Jensen 2003). Carbonates include
calcite, dolomite, ankerite, and rhodochrosite, and can constitute up to 50% of the rock mass of
lamprophyres (Jensen 2003). Burnett (1995) noted 132 to 19 197 ppm F and 35 to 64 wt. %
SiO2, which overlap the values reported by Jensen (2003) (280 to 22 960 ppm F and 32 to 92 wt.
% SiO2). Because C, F, and Si were not analyzed here, the relationship of these elements to Au
mineralization cannot be statistically evaluated. However, given the presence of fluorite and
carbonates in Au veins, it is likely that they vector to gold mineralization in the northern part of
the diatreme.
Roscoelite is not common in the Cripple Creek deposit, but, where present, it is generally
in altered rocks spatially associated with gold tellurides and in lamprophyres (Loughlin 1927;
Jensen 2003). Bulk geochemical data from this study average 93 ppm V. This is lower than the
average concentration of 260 ppm reported by Saunders (1986) in samples of high-grade gold
ore from the Cresson mine. However, Gott et al. (1968) noted enrichments of up to 1,500 ppm V
in rocks near the Cresson mine, which encompasses the Cresson lamprophyre breccia pipe. The
lower V concentration in the northwestern part of the diatreme is likely the result of chemical
and spatial variations in the Au-bearing fluids throughout the district and a paucity of mafic
rocks. Based on electron microprobe analyses, Jensen (2003) reported between 23.26 and 23.89
wt. % V in roscoelite from a quartz-telluride-roscoelite vein that crosscuts a lamprophyre
breccia, up to 1730 ppm V in illite and sericite from altered rocks, and up to 2587 and 730 ppm
V in biotite and chlorite, respectively. In addition, he reported up to 1250 and 2660 ppm V in
igneous and hydrothermal pyroxenes, respectively. Based on the PCA, V is negatively correlated
with Au, which indicates that roscoelite was likely absent from the drill holes studied here.
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The presence of Mo has been identified by several workers (e.g., Doherty 2003; Jensen
2003; Skwarnecki 2014; Keith et al. 2020). Robinson (2010) examined Mo mineralization in five
drill holes from the Cresson and Globe Hill pits and bulk geochemical data for all the elements
analyzed in this study, excluding Sc. She reported that Mo did not correlate with Au and that it
likely precipitated during a separate event. This is supported by the PCA of the axes to which Au
contributes the most variability (Fig. 8B), where it is negatively correlated with Mo. Jensen
(2003) and Dye (2015) suggest that molybdenite formed late, as it is found in veins that crosscut
Au mineralization. This contrasts with the views of Keith et al. (2020), who developed a
paragenetic sequence that indicated molybdenite formed prior to gold telluride mineralization.
Doherty (2002) examined bulk rock compositional data for Au, Ag, As, Al, Ba, Be, CaO,
Cd, Co, Cu, Fe2O3, K2O, MgO, Mn, Mo, Na2O, Ni, P2O5, Pb, Rb, REEs, S, Sb, Si, Sr, Te, Th,
TiO2, U, V, and Zn from nine drill holes that intersected the flat-lying Gold Bug ore zone in the
WHEX pit and samples collected from the near-vertical Bluebird vein system in the Cresson pit.
Using factor analysis, a multivariate statistical technique to correlate and group data, she found
that Au was most strongly grouped with Ag, As, K, Sb, V, Cu, Mo, Hg, and Te, while Na
showed a negative correlation with Au (Doherty 2002). Although not directly associated with
Au, she identified a localized Ba and Sr halo, and a more extensive Mn halo above the Gold Bug
zone. Doherty’s (2002) grouping of elements with Au overlaps with the pathfinder elements
identified here (Ag, As, Sb, and Te), but she did not identify a broader alteration suite of
elements, with the exception of K enrichment at the expense of Ca and Na.
Burnett (1995), in his study of the bulk rock chemistry of samples from the Cresson,
Altman, Globe Hill, and Ironclad deposits, reported positive correlations between Au and Ba,
Rb, and La, which he attributed to their substitution into K-feldspar. Doherty (2002) also noted a
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close correlation between Rb and K. In a PCA study of bulk rock compositions for 35 elements,
Jensen (2003) found Au variability contributed to PC3, as did the concentrations of Rb, Zr, As,
U, W, and Te. In addition, Jensen (2003) noted that Rb and Zr concentrations are enriched in
late-stage phonolites and may reflect fluid flow and Au precipitation along late phonolite dikes.

Comparisons to other alkaline igneous rock-related epithermal Au deposits
The Cripple Creek alkaline rock-related epithermal Au-Te deposit shares similarities with
other alkaline rock-related Au deposits on a regional and global scale. Within Colorado, these
deposits contain roscoelite, fluorite, and tellurides associated with Au mineralization, as well as
tungsten in the form of ferberite and wolframite in late veins that are concurrent with or postdate
telluride formation in the Boulder district (Lovering and Goddard 1950; Lovering and Tweto
1953; Kelly and Goddard 1969; Saunders 1991; Geller 1994; Kelley and Ludington 2002). In
addition, in the Rosita-Silver Cliff Ag-Au district, south east of Cripple Creek, Jensen (2003)
noted that Au-Ag tellurides were contemporaneous with quartz and tetrahedrite, and associated
with sericite, K feldspar, and pyrite.
On a global scale, Au mineralization in alkaline rock-related epithermal deposits is
associated with tellurides, roscoelite, adularia, quartz, fluorite, and pyrite (e.g., Richards 1995;
Jensen and Barton 2000; Kelley and Spry 2016). In addition, these deposits are characterized by
enrichments in Au, Ag, As, Bi, Te, Tl, and V concentrations. The association of Au, Ag, Te, F,
V, Bi, and Mo are characteristics pathfinder elements associated with the Golden Sunlight Au-Te
deposit, Montana (Thieben and Spry 1995; Spry et al. 1997). Similarly, at the Gies Au-Ag
telluride deposit, Montana, and Gilt Edge Au deposit, South Dakota, quartz, pyrite, base metal
sulfides, marcasite, roscoelite, carbonate, and fluorite may occur as gangue in Ag-Au telluride
and native Au veins, along with adularia, chlorite, and magnetite in some quartz veins (MacLeod

95
and Barron 1990; Zhang and Spry 1994). Furthermore, enrichments of Hg (60 ppm), Tl (332
ppm), As (>1000 ppm), Cu (1.35%), Te (>2000 ppm), V (1.27%), Zn (2.6%), Mo (62 ppm), Sb
(1.2%), Pb (1540 ppm), SiO2 (94%), and K2O (6.5%) characterize alteration associated with the
Mayflower Au-Ag telluride deposit, Montana, along with the presence of quartz, adularia, and
roscoelite (Cocker 1993). Elevated amounts of Hg, Tl, As, Cu, MgO, quartz, and adularia form
an encircling halo, surrounded by a zone of hydrothermal dolomite and Mn enrichment (Cocker
1993).
Gold in the Emperor Au-Ag and Tuvatu Au-Ag telluride deposits, Fiji, and the Porgera
Au deposit, Papua New Guinea, occurs in arsenian pyrite, and as native gold, electrum, and AuAg tellurides (Pals and Spry 2003; Richards and Kerrich 1993; Scherbarth and Spry 2006). Gold
mineralization is associated with precious metal tellurides, roscoelite, pyrite, base metal sulfides,
tennantite-tetrahedrite, adularia, and quartz, and in the case of the Tuvatu deposit, a variety of Vbearing oxides and silicates (Pals and Spry 2003; Richards and Kerrich 1993; Scherbarth and
Spry 2006; Spry and Scherbarth 2006). These deposits have a strong association between Au,
Ag, Te, and V, and in the case of Emperor, Cu also (Pals and Spry 2003; Scherbarth and Spry
2006). Lottermoser (1990) showed that Au is associated with Ag, As, Sc, Co, Sb, K, and LREEs
mineral assemblages in Na-poor K-altered rocks at the Ladolam Au deposit, Papua New Guinea.
Reviews of the geology and geochemistry of alkaline igneous rock-related epithermal Au
deposits by Richards (1995) and Jensen and Barton (2000) recognized the association of Au with
Te and V. Kelley and Spry (2016) noted that Au, Ag, Ba, F, Te, V, Mo, and W are characteristic
pathfinder elements for such deposits. Additionally, some deposits may be enriched in As, Sb,
Cu, Pb, Mo, platinum group elements (PGE), and REEs. Common gangue minerals include
tellurides, pyrite, roscoelite, fluorite, tungstates, quartz, carbonates, adularia, sulfates, and
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hematite and magnetite (Kelley and Spry 2016). Potassic alteration at the expense of Ca and Na
is common in most of these deposits.
The elemental associations for alkaline igneous rock-related epithermal Au deposits form
part of the suite of pathfinder elements (Ag, As, Bi, Cu, Hg, Mo, Pb, Sb, Se, Sn, Te, Tl, W, Zn)
identified by Simmons et al. (2005) for epithermal gold deposits in general. These patterns also
overlap with elemental vectors to sediment-hosted Carlin-type gold deposits (As, Sb, Tl, Ba, and
Hg) reported by Arehart (1996) and Cline et al. (2005), and are pathfinders to orogenic gold
deposits (Au, Ag, As, Hg, Cu, Sb, Se, Te, Pb, W, and Zn) (Govett et al. 1984; Harraz 1995; Eilu
and Groves 2001).

Conclusion
The bulk rock geochemical data from the Globe Hill, Schist Island, and WHEX pits in
the Cripple Creek deposit reported here are generally consistent with previous studies conducted
in other mineralized areas in the Cripple Creek diatreme, particularly the extensive work of
Jensen (2003) in the central, southern, and eastern parts of the deposit. Using multivariate
statistics, elemental and mineralogical vectors to Au were identified.
1. In the northern part of the Cripple Creek district, positive elemental vectors to Au
mineralization are Ag, As, Be, Bi, Ce, Ge, Li, Sb, Se, Te, W, and Zn, and negative
vectors are Ca, Na, Ta, and V.
2. Therefore, pathfinder minerals in the Cripple Creek deposit include tellurides,
tetrahedrite, pyrite, sphalerite, muscovite, monazite, bastnäsite, and hübnerite.
3. Previous workers have noted the associations of quartz, fluorite, and carbonates in Au
veins. Because Si, F, and C were not analyzed, no statistical determination can be made
about their relationship with Au, but the mineralogical evidence is strong for their use as
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pathfinders to ore. Similarly, lithology could only be analyzed in one of the four
statistical analyses, but was found to have an effect on the prediction of Au
concentrations from the Random Forest model, as had been previously noted by Jensen
(2003).
4. Although there is a strong spatial relationship between the V-bearing mineral roscoelite
and Au mineralization, V (up to 983 ppm) is negatively correlated to Au in the PCA,
suggesting roscoelite was not present in the samples analyzed here.
5. Molybdenum (up to 1615 ppm) has a negative correlation with Au, based on the PCA.
This concurs with evidence of previous studies that Mo mineralization formed after Au
precipitation.
6. The elements and minerals identified here are in agreement with pathfinder elements and
minerals association with other alkaline igneous rock-related epithermal Au deposits,
both regionally and globally.
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Figure 1. Geological map of the Cripple Creek deposit and surrounding area. Modified after Wobus et al. (1976), Jensen (2003), and Dye (2015). Dashed line
refers to the boundaries of Fig. 2.
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Figure 2. Inset map from Fig. 1 showing the locations of samples and pits currently mined. The pits are outlined and
labelled. Filled dots represent the surface location of the drill holes, while dashed lines represent the surface traces
of the drill holes.
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Figure 3. Stratigraphic column and elemental concentrations in ppm for drill hole GEC-00008. The colors of the
rock types correspond to Fig. 2; bright blue is undifferentiated porphyritic phonolite, pink is undifferentiated
aphanitic phonolite, grey is Cripple Creek breccia, and white with left crosshatching represents undifferentiated
lamprophyre.

108

Figure 4. Stratigraphic column and elemental concentrations in ppm for drill hole SEC-00004. White with right
crosshatching is backfill, blue is undifferentiated porphyritic phonolite, gray is Cripple Creek breccia, pink is
undifferentiated aphanitic phonolite, tan is undifferentiated metamorphic rock, and orange is bedded ash tuff.
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Figure 5. Stratigraphic column and elemental concentrations in ppm for drill hole WEP-00001. Pale blue is Ajax
granodiorite, tan is undifferentiated metamorphic rock, bright blue is undifferentiated porphyritic phonolite, pink is
undifferentiated aphanitic phonolite, white with left crosshatching is undifferentiated lamprophyre, red is
mineralized matrix breccia, brown is fault gouge, white is aphanitic phonolite-matrix breccia, and grey is Cripple
Creek breccia.
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Figure 6. Correlation coefficients for Au by element. Values between -0.062 and 0.062 are not statistically significant at the α = 0.05 confidence level, based on
the sample size (995), which is to say there is a ≤ 5% probability that the correlation coefficient between Au and an element is due to the effect of chance.
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Figure 7. Dendrogram of the centered and scaled element concentration data. Note the cluster of rock forming elements, and the association of Au with other
elements commonly found with Te in telluride minerals.
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Figure 8. Results of the Principal Component Analysis (PCA) on the data. A.Biplot of PC1 and PC2. B. Biplot of
PC13 and PC9, the factors that explain the most variation in Au concentration.
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Fig. 8 cont’d. Results of the Principal Component Analysis (PCA) on the data. A.Biplot of PC1 and PC2. B. Biplot
of PC13 and PC9, the factors that explain the most variation in Au concentration. C. Percentage of variance
explained by the first ten Principal Components.
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Figure 9. Ranked list of predictors for Au concentration, based on percent increase of mean squared error of the
Random Forest model prediction if the predictor is removed.
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Table 1. Elements identified as exploration guides to Au in the district by previous authors.

Elemental associations
with Au
Strong Au, Ag, Te
anomaly
Weaker Hg, Sb, As, La
anomaly

K, As, pyrite, Hg, Mn,
Na
Ba-La-Sr
Te, As, Ag, K, Sb, S

Description
Structurally controlled
>0.1 ppm Au
>300 ppm La
10-1000 ppm Mo
10-2000 ppm Pb
100-1500 ppm V
Rocks contain 10-20 % Fe
12 % K enriched, Na
depleted
Mn enriched halo around
Au-producing areas
High values in or adjacent to
altered veins
Elevated in hydrothermal
breccias
Positive correlation among
elements

Te

Positive correlation

Ag, As, K, Sb, V, Cu,
Mo, Si, Hg, Te

Au mineralization halo
determined by factor
analysis
Negative correlation with Au
Alteration halo determined
by factor analysis
Positive correlation with Au
Negative correlation with Au
Association found during
PCA

Na
Mn, Ba, Sr
As, Ag, Te, Sb, Se, Tl,
V, Mo, W
Cs
Rb, Zr, As, U, W, Te
Mo

Mo, Ag, S
Te, Ag, As, Sb, W, V,
Tl, Mo, La, K, Bi
Na, Ca, Cs

Not correlated with Au,
suggesting Mo
mineralization was separate
Positive correlation with Au
Positive correlation with Au
Negative correlation with Au

Location
NW-SE trending from
the Mollie Kathleen to
Cresson mine; Beacon
Hill; NW-SE trending
from the Golden Cycle
mine through town of
Altman

Reference
Gott et al. (1968)

Unknown

Juhas (1977)

Ironclad pit

Seibel (1991)

Cresson, Altman,
Globe Hill, and
Ironclad pits
Grassy Valley

Burnett (1995)

Gold Bug (WHEX) and
Blue Bird vein
(Cresson)

Rosdeutscher
(1999)
Doherty (2002)

Deposit-wide

Jensen (2003)

Cresson and Globe Hill
pits

Robinson (2010)

Grouse Mountain
Deposit-wide

Skwarnecki
(2014)
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Table 2. Summary table containing minimum, maximum, mean, standard deviation, ranges, and detection limits in
parts per million (ppm) for the 50 elements analyzed. The raw data for some elements was reported as below the
detection limit or was not reported at all. The data below the detection limit have been imputed using the detection
limit divided by the square root of two (Au, Cd, Hg, Re, Sc, Se, and Te). Missing data were imputed using the
weighted average of non-missing observations using the Random Forest model (Hg).

Element
Au
Ag
Al
As
Ba
Be
Bi
Ca
Cd
Ce
Co
Cr
Cs
Cu
Fe
Ga
Ge
Hf
Hg
In
K
La
Li
Mg
Mn
Mo
Na
Nb
Ni
P
Pb
Rb
Re
S
Sb
Sc

Minimum
(ppm)
0
0.03
31400
0.8
50
0.26
0.04
100
0.014
17.45
0.2
1
0.28
1.6
12900
10.5
0.08
0.1
0.004
0.007
9900
9.2
2.4
100
17
0.36
1900
4.8
0.4
150
5.7
49.5
0.001
100
0.15
0.7

Maximum
(ppm)
142.403
100
119000
294
10000
21.4
105.5
153000
30.2
500
59.7
514
28.1
1240
113000
59.9
3.11
16.4
3.71
2.38
73400
5980
530
58100
25200
1615
59900
160
283
4570
4110
580
0.459
100000
165
33.1

Mean
(ppm)
1.146
1.519
91382.312
21.272
1750.533
3.95
2.065
4688.543
0.579
261.684
14.288
33.848
3.574
39.515
39129.146
27.317
0.263
3.318
0.085
0.092
48381.608
254.202
64.285
4512.663
2043.717
23.617
20977.487
65.126
21.09
1149.819
117.099
216.125
0.007
26321.608
3.438
8.062

Std. Dev.
(ppm)
4.781
3.637
10602.646
23.473
1767.543
1.894
5.024
13484.234
1.922
141.416
9.394
50.705
2.653
82.533
12948.934
4.306
0.151
2.717
0.222
0.122
7439.429
343.401
48.767
4706.501
3046.993
86.058
13863.14
39.35
28.336
607.427
284.158
53.484
0.017
20632.962
7.653
6.848

Range
(ppm)
142.402
99.97
87600
293.2
9950
21.14
105.46
152900
30.186
482.55
59.5
513
27.82
1238.4
100100
49.4
3.03
16.3
3.706
2.373
63500
5970.8
527.6
58000
25183
1614.64
58000
155.2
282.6
4420
4104.3
530.5
0.458
99900
164.85
32.4

Minimum
DL (ppm)
0.0001
0.01
100
0.2
10
0.05
0.01
100
0.02
0.01
0.1
1
0.05
0.2
100
0.05
0.05
0.1
0.005
0.005
100
0.5
0.2
100
5
0.05
100
0.1
0.2
10
0.5
0.1
0.002
100
0.05
1

Maximum
DL (ppm)
10,000
100
500,000
10,000
10,000
1,000
10,000
500,000
1,000
500
10,000
10,000
500
10,000
500,000
10,000
500
500
100
500
100,000
10,000
10,000
500,000
100,000
10,000
100,000
500
10,000
10,000
10,000
10,000
50
100,000
10,000
10,000
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Table 2 cont’d. Summary table containing minimum, maximum, mean, standard deviation, ranges, and
detection limits in parts per million (ppm) for the 50 elements analyzed.

Element
Se
Sn
Sr
Ta
Te
Th
Ti
Tl
U
V
W
Y
Zn
Zr

Minimum Maximum
(ppm)
(ppm)
0.707
6
0.6
13.5
66.6
10000
0.24
6.28
0.035
46.4
1.51
153
590
11500
0.74
15.75
1.9
108
15
983
2.4
1930
5.4
221
4
6030
2.2
500

Mean
(ppm)
1.436
2.099
1086.525
2.98
1.558
38.417
3520.01
3.084
13.173
92.867
28.004
18.786
219.083
168.597

Std. Dev.
(ppm)
0.778
1.247
1662.956
1.686
2.439
19.113
1380.359
1.265
8.672
45.036
62.741
11.535
306.475
137.347

Range
(ppm)
5.293
12.9
9933.4
6.04
46.365
151.49
10910
15.01
106.1
968
1927.6
215.6
6026
497.8

Minimum
DL (ppm)
1
0.2
0.2
0.2
0.05
0.05
0.2
50
0.02
0.1
1
0.1
0.1
2

Maximum
DL (ppm)
1,000
500
10,000
100
500
10,000
100,000
10,000
10,000
10,000
10,000
500
10,000
500

Table 3. Elements and corresponding minerals determined to be pathfinders in the Cripple Creek deposit based on
the statistical analyses of this study.

Element
(Au,Ag,Bi,Sb)(Te,Se)2
Cu6(Cu4X2)As4S13 Cu6(Cu4X2)Sb4S13
(Fe,As,Sb,Au,Ag)(Te,Se,S)2
(Zn,Ge,Ag,Bi,Sb,Se,As)S
K(Li,V,Al)2(Si3Al)O10(OH)2
CePO4
Ce(CO3)F
(Fe,Mg,Mn)WO4
CaF2
(Ca,Fe,Mg,Mn)CO3

Mineral
Calaverite, hessite, petzite, sylvanite,
nagyagite, tellurobismuthite
Tennantite-tetrahedrite
X = Fe2+ or Zn
Pyrite
Sphalerite
Muscovite, roscoelite
Monazite
Bastnäsite
Ferberite, huanzalaite, hübnerite,
wolframite
Fluorite
Calcite, dolomite, ankerite,
rhodochrosite
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CHAPTER 4.

GENERAL CONCLUSION

Based on the trace element concentrations of pyrite and associated mineralization stages,
it seems likely that low- and high-grade gold mineralization did not form synchronously from the
same magmatic-hydrothermal fluids, but rather that gold mineralization formed during multiple
periods of hydrothermal activity.
We report three simplified stages of mineralization with respect to the formation of
tellurides and sulfides in the Cripple Creek deposit, which are fewer in number than previously
reported by Jensen (2003), Dye (2015), and Keith et al. (2020), although the concentrations of
trace elements in pyrite are generally similar to those reported in these studies. The simplified
paragenetic sequence described here takes into account the differences in mineralogy between
the various locations in the deposit that were described in earlier studies.
In addition to differences in the paragenetic sequence, early stage disseminated pyrite
contain high concentrations of Co (up to 6,983 ppm) and Ni (up to 12,250 ppm Ni), while late
stage pyrite found in gold-telluride veins are enriched in Ag (up to 5,440 ppm), As (48,220 ppm),
Au (4,249 ppm), Pb (4511 ppm), Sb (10,860 ppm), and Te (5,393 ppm). Trace element
concentrations vary among parts of Py2 and Py3 and among the studied pits from which samples
were taken. The most notable Au enrichment occurs in the As-rich rims of Py3. Such an
enrichment of Au in the rims of arsenian pyrite as well as the overall concentrations of trace
elements in pyrite is similar to that observed in pyrite from other alkaline rock-related epithermal
Au deposits.
Pyrite from Schist Island and the Galena Embayment show higher concentrations of Co
and Ni compared to those in Py2 and Py3, which indicates that spatially different fluids were
present. The samples taken from drilling at the Galena Embayment, adjacent to the WHEX pit,
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suggest that deep mineralization there may be similar to that found in the exploration of the
Globe Hill pit. The paragenesis, textural relationships, and trace element concentrations and
distribution in pyrite, suggest that early minerals (Stage 1) formed under steady, non-boiling
conditions, followed by a transition to more vigorous boiling (Stage 2). Late, stage 3 tellurides,
in veins and as microinclusions of Te-bearing minerals in pyrite, likely formed as part of a
transition back to gentle, non-boiling conditions, recorded as inclusion-free, trace element-rich
rims of pyrite within telluride veins. Arsenic, Ag, Au, Co, Cu, Mo, Ni, Sb, Te, and Tl are the
elements in pyrite at Cripple Creek that are the best vectors to high-grade ore.
The bulk rock geochemical data from the Globe Hill, Schist Island, and WHEX pits in
the Cripple Creek deposit reported here are generally consistent with previous studies conducted
in other mineralized areas in the Cripple Creek diatreme, particularly the extensive work of
Jensen (2003) in the central, southern, and eastern parts of the deposit. Using multivariate
statistics, elemental and mineralogical vectors to Au were identified.
In the northern part of the Cripple Creek district, positive elemental vectors to Au
mineralization are Ag, As, Be, Bi, Ce, Ge, Li, Sb, Se, Te, W, and Zn, and negative vectors are
Ca, Na, Ta, and V. Therefore, pathfinder minerals in the Cripple Creek deposit include tellurides,
tetrahedrite, pyrite, sphalerite, muscovite, monazite, bastnäsite, and hübnerite. Previous workers
have noted the associations of quartz, fluorite, and carbonates in Au veins. Because Si, F, and C
were not analyzed, no statistical determination can be made about their relationship with Au, but
the mineralogical evidence is strong for their use as pathfinders to ore. Similarly, lithology could
only be analyzed in one of the four statistical analyses, but was found to have an effect on the
prediction of Au concentrations from the Random Forest model, as had been previously noted by
Jensen (2003). Although there is a strong spatial relationship between the V-bearing mineral

120
roscoelite and Au mineralization, V (up to 983 ppm) is negatively correlated to Au in the PCA,
suggesting roscoelite was not present in the samples analyzed here. Molybdenum (up to 1615
ppm) has a negative correlation with Au, based on the PCA. This concurs with evidence of
previous studies that Mo mineralization formed after Au precipitation. The elements and
minerals identified here are in agreement with pathfinder elements and minerals association with
other alkaline igneous rock-related epithermal Au deposits, both regionally and globally.
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APPENDIX SUPPLEMENTAL FIGURES, TABLES, AND DATA

Figure A1. Complete list of ranked predictors from the Random Forest model.
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Figure A2. Rock type plotted against gold concentration. Gold concentration is in ppm and plotted on a base 10 logarithmic scale. A key for the boxplot can be
found in Fig. 11 in Chpt. 1. Sample number is in parenthesis beside rock type. Explanation for abbreviations: PreC = Pre Cambrian, undiff. = undifferentiated,
porph. = porphyritic, phon. = phonolite, aph. = aphanitic.
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Table A1. Correlation coefficients with gold.

Correlation
Element Coefficient
Au
1
Ag
0.351463
Al
0.116308
As
0.449226
Ba
0.068123
Be
0.236016
Bi
0.004993
Ca
-0.14585
Cd
0.127024
Ce
0.150277
Co
-0.00406
Cr
0.091291
Cs
-0.01131
Cu
0.16352
Fe
-0.00639
Ga
0.090917
Ge
0.127573
Hf
0.005929
Hg
0.168919
In
0.055481
K
0.199168
La
0.126318
Li
0.300104
Mg
0.00685
Mn
-0.02639

Correlation
Element Coefficient
Mo
0.174905
Na
-0.14385
Nb
0.023806
Ni
0.00542
P
0.011428
Pb
0.146118
Rb
0.028728
Re
0.102451
S
0.213984
Sb
0.226459
Sc
0.02452
Se
0.083567
Sn
0.060294
Sr
0.053905
Ta
0.042355
Te
0.593444
Th
0.145393
Ti
0.110503
Tl
0.183828
U
0.153676
V
0.131369
W
0.545522
Y
0.137417
Zn
0.030794
Zr
0.005018

List of supplemental materials found on ProQuest:


Electron probe microanalysis data. Only pyrite samples in stages one, two or three
were used in this study.



Laser ablation-inductively coupled plasma-mass spectrometry data. Only samples
in stages one, two, and three were used in the study



Bulk rock geochemical data

