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Abstract 19 

Tellurium has a wide variety of applications, most importantly in the solar energy 20 

industry and is eco-toxicologically significant; however, the magmatic-hydrothermal processes 21 

causing the pronounced Te enrichment together with Au in some epithermal districts are still 22 

poorly constrained. Hydrothermal and alkaline magmatic activity in post-subduction 23 
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environments are suggested to be a critical component in the evolution of this Te-rich sub-class 24 

of low-sulfidation epithermal deposits. Cripple Creek represents an example for a world-class 25 

low-sulfidation epithermal Au-Te anomaly in the continental crust. This area represents a 26 

natural laboratory to investigate the processes of ore-formation and Au-Te enrichment in 27 

alkaline igneous rock-hosted epithermal systems. 28 

Here, we present the first micro-analytical approach that combines petrographic 29 

observations with in situ LA-ICP-MS analyses and trace element mapping to define the key 30 

ore-forming processes of Au and Te in the Cripple Creek epithermal complex. Two main styles 31 

of mineralization can be distinguished: (1) low-grade Au disseminated pyrite-rich ores in the 32 

permeable brecciated host rocks and (2) high-grade quartz-fluorite veins rich in calaverite 33 

(AuTe2), coloradoite (HgTe), petzite (Ag3AuTe2), altaite (PbTe) and native Au.  34 

Pyrite trace element mapping revealed distinct variations and decoupling of elements 35 

(Au-Te) and element pairs (Au-As vs. Co-Ni) within and between different sites in the 36 

epithermal district. This is reflected by the concentric/growth zoning of these elements in pyrite 37 

that were interpreted to be caused by fluid boiling associated with the deposition of the low-38 

grade disseminated host rock ores at temperatures between 220 and 350°C leading to the 39 

precipitation of Au, As, Co and Ni from the liquid phase and the preferential partitioning of Te 40 

into the vapor phase. The subsequent condensation of the Te-rich vapors in metal-bearing 41 

meteoric waters led to the Te precipitation being decoupled from Au in the low-grade ores.  42 

The high-grade Au-Te mineralization was likely initiated by the influx of magmatically 43 

derived oxidized fluids. Subsequently, fluid temperatures dropped due to mixing with meteoric 44 

waters resulting in fluid boiling under low pressure conditions at shallower crustal levels 45 

(<1000 m) compared to the low-grade ores.  Elevated fO2 minimized the loss of Te to the vapor 46 

phase and the strong boiling conditions at lower fluid temperatures (105 to 200°C) caused the 47 

contemporaneous precipitation of Au and Te in the high-grade veins. 48 
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1 Introduction 49 

Alkaline igneous rock-hosted epithermal systems are among the largest epithermal Au-50 

Ag-Te deposits in the world. Prominent examples include the world-class Au-Ag deposits of 51 

Cripple Creek (Colorado), Porgera and Ladolam (Papua New Guinea) and Vatukoula (Fiji) 52 

(Richards and Kerrich, 1993; Kelley et al., 1998; Pals et al., 2003). These deposits are 53 

commonly classified as an “alkaline-hosted” or “gold-telluride” sub-group of low-sulfidation 54 

epithermal systems that are characterized by: (1) the lack of acid alteration in the presence of 55 

hydrothermal carbonate and K-feldspar, (2) the relatively quartz-poor alteration assemblages, 56 

(3) abundant telluride mineralization and (4) frequent association with alkaline igneous host 57 

rocks (Jensen and Barton, 2000; Sillitoe, 2002; Kelley and Spry, 2016). 58 

Despite its low crustal abundance of 5 ppb (Wedepohl, 1995), Te can be enriched in 59 

alkaline-hosted epithermal deposits reaching concentrations >0.5 wt. % in the bulk ore (Kelley 60 

and Spry, 2016). Although this has been recognized for decades, the processes responsible for 61 

the Te-enrichment and association of Te with Au- and Ag-rich ores are still poorly constrained 62 

(Thompson et al., 1985; Kelley et al., 1998; Cooke and McPhail, 2001; Grundler et al., 2013; 63 

Smith et al., 2017). Low-sulfidation epithermal deposits are distributed globally, but their 64 

alkaline-hosted Te-rich endmembers only occur in post-subduction or back-arc settings; 65 

typically in a transitional stress regime between compression and extension (Jensen and Barton, 66 

2000; Kelley and Spry, 2016). The processes causing the Te-enrichment in these specific 67 

tectonic environments are interpreted to be the result of complex and multi-stage magmatic-68 

hydrothermal processes (Pals and Spry, 2003; Pals et al., 2003; Richards 2011; Kelley and 69 

Spry, 2016; Keith et al., 2018a2). These include the formation of silica-undersaturated alkaline 70 

igneous rocks (>40 to <80 wt. % SiO2; up to 16 wt. % Na2O + K2O) from small volumes of 71 

oxidized and volatile-rich low degree partial melts of subduction zone modified material, which 72 

seems to be an essential component for the epithermal deposition of Au-Te ores (Jensen and 73 
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Barton, 2000; Kelley and Ludington, 2002; Holwell et al., 2019). In multi-stage alkaline-hosted 74 

epithermal systems, the Au-Te mineralization usually occurs during late stages of magmatic 75 

activity, characterized by the interaction of magmatic and meteoric fluids along structurally 76 

controlled fluid pathways leading to the typical enrichment of Te and Au in high-grade vein-77 

type ores (Jensen and Barton, 2000; Ronacher et al., 2004; Spry and Scherbarth, 2006; Kelley 78 

and Spry, 2016). 79 

Ore-forming fluids in alkaline-hosted Au-Te-rich environments are typically of lower 80 

temperature (<250 to 300°C), neutral to alkaline pH, low salinity and higher oxidation states 81 

(stability field of hematite and pyrite) enhancing the mobilization and transportation of Te and 82 

Au to the site of metal deposition (Cook et al., 2009b; Grundler et al., 2013; Smith et al., 2017). 83 

Various hydrothermal processes have been considered to be important for the precipitation of 84 

Te-rich ores by causing a destabilization of the Te-bearing complexes in ore-forming fluids 85 

including: (1) phase separation and conductive cooling along the boiling curve, (2) vapor 86 

condensation, (3) fluid mixing and (4) fluid-wall rock interaction (Cooke and McPhail, 2001; 87 

Ciobanu et al., 2006; Cook et al., 2009b; Keith et al., 2018a). For instance, experimental and 88 

empirical data emphasize that element partitioning between vapor (e.g., Te, Hg, As) and liquid 89 

(e.g., Zn, Fe, Cu, Ag, Au) by phase separation is a critical process for metal and metalloid 90 

fractionation and precipitation at variable crustal depth (Cooke and McPhail, 2001; Pokrovski 91 

et al., 2002; Grundler et al., 2013; Pokrovski et al., 2013; Tardani et al., 2017; Zajacz et al., 92 

2017; Román et al., 2019).  93 

Here, we present trace element data in pyrite from the world-class Cripple Creek 94 

alkaline-hosted epithermal Au-Te deposit. We use pyrite in particular, since it is a common 95 

constituent in the Earth’s crust and incorporates many trace metals in detectable amounts either 96 

in solid solution by Fe and S substitution or as micro- to nano-sized inclusions (Pals et al., 97 

2003; Reich et al., 2005, 2013; Deditius et al., 2014; Gregory et al., 2014, 2015; Keith et al., 98 
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2016a, b; Deditius and Reich, 2016; Keith et al., 2018a; Martin et al., 2019; Pokrovski et al., 99 

2019). Tellurium and Au are typically enriched in As-rich (arsenian) pyrite sometimes reaching 100 

economic concentrations (Kesler et al., 2007; Deditius et al., 2014; Keith et al., 2016b; Keith 101 

et al., 2018a). Beyond this economic aspect, pyrite is known as a mineral that forms under a 102 

wide range of fluid temperatures, oxidation states and pH conditions (Reed and Palandri, 2006). 103 

Several studies have stressed that pyrite chemistry reflects the composition of ore-forming 104 

fluids due to its sensitivity to changes in physicochemical fluid composition (Pals et al., 2003; 105 

Reich et al., 2013; Deditius et al., 2014; Gregory et al., 2015; Keith et al., 2016a, 2016b; 106 

Tardani et al., 2017; Keith et al., 2018a; Gregory et al., 2019). For these reasons, pyrite is 107 

ideally suitable for in situ analytical studies to decipher the complex and poorly constrained 108 

Au and Te ore-forming processes in alkaline-hosted epithermal environments like Cripple 109 

Creek. Our results indicate that the combined use of mineralogical and chemical techniques 110 

help to define key ore-forming processes and provide important insights into the metal 111 

plumbing system of the Cripple Creek epithermal deposit.     112 

2 Geological overview and sample localities 113 

The Cripple Creek Au-Te deposit is located in the southern Rocky Mountains in central 114 

Colorado. The world-class low-sulfidation epithermal district (>26.3 Moz Au production, in 115 

2018) is hosted by Oligocene silica-undersaturated alkaline igneous rocks ranging in 116 

composition from ultramafic lamprophyres to felsic phonolites suggesting a complex magmatic 117 

history of the district (Fig. 1) (Kelley et al., 1998; Jensen and Barton, 2000; Jensen, 2003). The 118 

alkaline volcanic complex of Cripple Creek has an elliptical shape, covers an area of about 18 119 

km2 and is hosted by Precambrian basement rocks. The basement includes a series of granite 120 

batholiths (1.65, 1.45 and 1.05-1.1 Ga), as well as subordinate metasediments and 121 

metavolcanics (1.7 Ga; Kelley et al., 1998; Kelley and Ludington, 2002; Jensen, 2003).  122 
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Magmatic activity at the Cripple Creek complex started at about 33 Ma in a transitional 123 

stress regime between Laramide orogeny compression (70 to 42 Ma, Coney, 1976, 1978) and 124 

the onset of Rio Grande rift extension  (30 Ma, Cappa, 1998) in response to slab rollback 125 

(Kelley et al., 1998; Kelley and Ludington, 2002; Jensen, 2003; Jensen and Barton, 2007; 126 

Chapin, 2012; Kelley and Spry, 2016). The alkaline melts formed during post-subduction 127 

melting of previously metasomatized mantle generating alkali- and volatile-rich oxidized melts 128 

and Au-rich magmatic-hydrothermal fluids (Kelley et al., 1998; Kelley and Ludington, 2002; 129 

Holwell et al., 2019). Volcanic diatremal breccias (32.5 to 28.4 Ma; Kelley et al., 1998) 130 

represent the most widespread lithology in the Cripple Creek alkaline complex (Fig. 1), which 131 

formed due to volcanic activity possibly related to phreatomagmatic eruptions in a maar-like 132 

environment (Thompson et al., 1985; Jensen, 2003; Jensen and Barton, 2007). The breccia has 133 

a phonolitic bulk composition but clasts show a wide compositional range including phonolites, 134 

syenites, mafic alkaline rocks and Precambrian rock fragments in variable proportions (Jensen 135 

and Barton, 2007). 136 

Later magmatic activity post-dating the breccia formation is documented by a series of 137 

intrusions including phonolites, tephriphonolites, phonotephrites, tephrites and ultramafic 138 

lamprophyres (Jensen and Barton, 2007; Jensen, 2003). The occurrence of late mafic to 139 

ultramafic rock types (e.g., lamprophyres) post-dating the felsic phonolite emplacement 140 

suggest a multi-stage magmatic system with magma replenishment, which probably was 141 

important for the evolution of the magmatic-hydrothermal system at Cripple Creek (Kelley et 142 

al., 1998). 143 

The magmatic system was accompanied by multi-stage hydrothermal activity, which 144 

started with the emplacement of the earliest igneous rocks (~32.5 Ma) and continued beyond 145 

the latest magmatic stage, represented by the lamprophyres (~28.4 Ma) that pre-date the main 146 

stage of Au formation (Kelley et al., 1998; Jensen, 2003; Rampe et al., 2005). Two main styles 147 
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of mineralization can be distinguished at Cripple Creek: (1) low-grade Au ores with 148 

disseminated pyrite of widespread occurrence in permeable brecciated rocks and (2) high-grade 149 

Au-telluride veins (Kelley et al., 1998). Samples presented in this study were recovered from 150 

three localities in the Cripple Creek diatreme: the actively operated open pits of (1) WHEX, 151 

(2) Cresson (Ruby stockpile) and (3) the historic mine site of Vindicator Valley (Fig. 1). The 152 

sample set includes low-grade disseminated and high-grade vein-type ores (electronic 153 

supplement, Table A1) providing information on the ore-forming processes and their effect on 154 

the Te distribution in all major ore-types of Cripple Creek.     155 

3 Methods 156 

3.1 Bulk ore chemistry 157 

A total of 17 bulk ore samples including low-grade disseminated ore and high-grade 158 

vein material were crushed and milled to a homogenous powder (electronic supplement, Table 159 

A1). Pressed powder pellets were produced from mixing 7 g of sample powder with 12 to 15 160 

drops of a PVA solution (Moviol 8-88).  The minor and trace element composition (electronic 161 

supplement, Table A2) of the pressed powder pellets (including duplicates) were determined 162 

at the University of Leicester on a PANalytical Axios-Advanced XRF spectrometer using a 163 

PANalytical SuperQ system with IQ+, WROXI and ProTrace extensions, as the controlling 164 

and processing software. The XRF analysis was calibrated by international reference materials 165 

(electronic supplement, Fig. A1); quantitative concentrations were calculated by regressing the 166 

count rates of the unknown material against international standards of certified composition 167 

(Govindaraju, 1994; Imai et al., 1995, 1996, 1999).  168 

Bulk ore samples with Te concentrations near or below the limit of detection (0.6 ppm 169 

Te) of XRF spectrometry were analyzed at Cardiff University and ALS Laboratories (method 170 

ME-MS41) by ICP-MS using aqua regia digest (n=13) (electronic supplement, Table A3). The 171 
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aqua regia digest used sample weights accurately weighed close to 0.5 g of milled and dried 172 

powder. The sample material was digested in 5 ml of concentrated aqua regia (3 parts HCl:1 173 

part HNO3) inside a sealed 15 ml capacity screw-top Teflon vial on a hotplate at ~150°C for 174 

16-18 hours. Samples were allowed to cool and settle before 0.5 ml of digest solution was 175 

extracted using a pipette and diluted to 5 ml with 18.2 mW (milli-Q) deionized water. Diluted 176 

samples were analyzed on a Thermo X Series 2 ICP-MS. Highly chalcophile elements, such as 177 

those that are associated with sulfide minerals are assumed to be close to 100% extracted by 178 

aqua regia. Tellurium concentrations analyzed by XRF and ICP-MS using aqua regia digest 179 

are identical confirming the high quality of the Te data presented here (e.g., 3.87 vs. 3.74 ppm, 180 

CC-16-02.2; 0.57 vs. 0.61 ppm; VV-16-03.3). Additionally, Au was analyzed in these samples 181 

by fire assay at ALS Laboratories (electronic supplement, Table A3). Lower limits of detection, 182 

blanks and analyses of reference materials are listed in the electronic supplement (electronic 183 

supplement, Table A4).  184 

Gold was analyzed by a number of methods (XRF, Leicester; aqua regia, Cardiff; fire 185 

assay, ALS) due to the capabilities of the different analytical techniques. X-ray fluorescence is 186 

particularly good in analyzing samples with higher Au contents (>30 ppm), while at lower 187 

concentrations (<30 ppm) fire assay and aqua regia digest are the preferred techniques. 188 

Therefore, we defined a 30 ppm threshold for the Au data using XRF at higher (>30 ppm) and 189 

a combination of aqua regia and fire assay data at lower concentrations (<30 ppm).  190 

3.2 Micro-analytical techniques 191 

Prior to the geochemical analysis, 20 polished thick sections and 2 polished thin 192 

sections of low-grade disseminated and high-grade vein-type ore from the three sampling sites 193 

were petrographically examined to identify the different mineral phases (electronic 194 

supplement, Table A1). Unknown minerals were identified and major element mapping was 195 

performed by a JEOL JXA-8600 Superprobe at the University of Leicester using energy-196 
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dispersive x-ray spectrometry (EDS). Wavelength-dispersive x-ray spectrometry (WDS, 197 

n=285) was used together with EDS (n=562) for the major element analysis of the different 198 

sulfide, sulfosalt and telluride phases (n=847, electronic supplement, Table A5). The 199 

quantitative analyses were carried out with a focused beam at an acceleration voltage of 20 kV 200 

and a beam current of 20 nA. Count times for WDS analyses were set to 20 and 10 s for the 201 

peak and background measurements, respectively. The WDS was calibrated by the following 202 

reference materials:  FeS2 (Fe, S), Cu (Cu), Zn (Zn), InAs (As), PbTe (Pb). Energy-dispersive 203 

x-ray spectrometry has been normalized to 100 wt. % (Table A5). Stoichiometric calculations 204 

of the cation sums were used for data quality assurance. Most analyses displayed an error ≤3 205 

at. % with respect to the ideal stoichiometric composition of pyrite. Each spot analyzed by 206 

electron microprobe was marked on a back-scattered electron image for the subsequent analysis 207 

of the same mineral grain by LA-ICP-MS (n=426). The S contents determined by electron 208 

microprobe analysis were used for the internal standardization of the LA-ICP-MS analyses 209 

(electronic supplement, Table A6). 210 

Laser ablation ICP-MS (electronic supplement, Table A1) was carried out at the 211 

University of Leicester using a New Wave Research-ESI 213 nm laser unit attached to a 212 

ThermoScientific ICAP-Q quadrupole ICP-MS. Helium was used as carrier gas with a mass 213 

flow rate of 650 ml/min. A single spot ablation pattern with a frequency of 10 or 20 Hz, an 214 

irradiance of 0.77 GW/cm2 and a fluence of 4 J/cm2 was used. A beam diameter of 25 µm was 215 

applied and on occasion of 20 µm according to pyrite crystal size. In this respect, pyrite from 216 

high-grade material could only rarely be analysed due to grain sizes <<20 µm (n=27, Table 1).  217 

Analyses of areas where inclusions were large enough to be visible by (electron) microscopic 218 

techniques were avoided. Total run time was set to 65 to 70 s including 20 to 25 s of pre-219 

ablation blank analysis. The UQAC FeS-1 reference material 220 

(https://sulfideslasericpms.wordpress.com); a homogeneous natural sulfide nano-powder 221 



10 
 

doped with a range of trace elements for matrix-matched calibration of Fe-sulfides by LA-ICP-222 

MS was used for external standardization. Analytical precision and accuracy were monitored 223 

by the repeated analysis of FeS-1 and MASS-1 (USGS). Relative standard deviations (RSD) 224 

were <10% for all analyzed elements (Table A7). To monitor the instrument drift, sulfide 225 

standards were analyzed several times a day. Quantitative spot analysis was combined with 226 

qualitative LA-ICP-MS mapping to display potential patterns of trace element zoning in single 227 

pyrite crystals. A beam diameter of 5 µm and a scan speed of 3 µm/s was used for the mapping; 228 

all other operating conditions were identical to the spot analysis. Trace element concentrations, 229 

minimum detection limits (electronic supplement, Table A6) and maps were processed by the 230 

Iolite software package developed at the University of Melbourne (https://iolite-software.com).  231 

Mineral and bulk ore data are rarely normally distributed, and therefore the geometric 232 

mean and geometric standard deviation (GSD) is used for the data presentation (Table 1, Fig. 233 

2) (Reimann and Filzmoser, 2000; Gregory et al., 2015; Gregory et al., 2019). 234 

4 Results 235 

4.1 Bulk ore chemistry  236 

Bulk ore data show a significant enrichment in Au and Te reaching up to 1694 and 2235 237 

ppm, respectively (Table 1), in the high-grade vein-type compared to the low-grade host rock 238 

ore (Table 1, Fig. 2). Tellurium and Au are also significantly enriched in the high-grade ore 239 

compared to any of the analyzed sulfide phases (Fig. 2). There is a general depletion in most 240 

trace elements, except Co, Ni and Zn, in the low-grade host rock compared to the high-grade 241 

vein-type ore (Fig. 2). Arsenic concentrations between the low- and high-grade ore are 242 

indistinguishable, which may be due to incomplete separation of the high-grade veins from the 243 

low-grade host rocks prior to bulk ore analysis (Fig. 2).  244 
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4.2 Sulfide and sulfosalt petrography 245 

The petrographic observations reveal that pyrite represents the most abundant ore phase 246 

at Cripple Creek occurring in both, the low-grade host rock and high-grade vein-type ores (Fig. 247 

3). This includes tiny (< 5 µm), but locally abundant, sub- to euhedral pyrite crystals in breccia 248 

fragments (py 1, Fig. 4A), larger anhedral and dissolved pyrite (py 2) associated with pyrite of 249 

large euhedral appearance (py 3) typically occurring between the breccia fragments (Fig. 4A 250 

and B), as well as larger subhedral to euhedral pyrite (py 4) and tiny pyrite crystals of accessory 251 

and euhedral appearance (py 5) hosted in the high-grade vein-type ores (Fig. 5A). Therefore, 252 

five different types of pyrite mineralization (py1 to py5) can be distinguished in the low-grade 253 

disseminated host rock and high-grade vein-type ores (Fig. 3).  254 

All other sulfide phases typically occur in trace amounts over the entire sample set with 255 

occasionally higher abundances in individual samples (Fig. 3). Galena and sphalerite often 256 

show a close association with pyrite either as individual phases surrounding py 3 (Fig. 4 C and 257 

D) or as inclusions and along cracks in py 3 (Fig. 5B and C). Similarly, chalcopyrite (Fig. 5C) 258 

and pyrrhotite (Fig. 4E) occur in trace amounts usually as inclusions in py 3. Sulfosalts were 259 

rarely observed at Cripple Creek (Fig. 3); they include tennantite occurring as inclusions in 260 

sphalerite (Fig. 4D) and another unidentified Pb-Sb(-As) sulfosalt identified by EDS.   261 

4.3 Telluride and precious metal mineralogy and chemistry 262 

Electron microscopy and EDS were used for the identification and classification of the 263 

different telluride phases. Optical microscopy provided only limited information due to the 264 

small size of the telluride crystals. In total, five different telluride phases were identified: 265 

calaverite (AuTe2), coloradoite (HgTe), petzite (Ag3AuTe2), hessite (Ag2Te) and altaite (PbTe) 266 

(Fig. 3). Silver-rich tellurides show a close association with native Ag, whereas Au-tellurides 267 

are commonly accompanied by native Au (4.91 to 13.2 wt. % Ag, 86.8 to 95.1 wt.% Au). 268 
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Energy dispersive spectrometry revealed that the analyzed telluride phases usually show a near 269 

stoichiometric composition (electronic supplement, Fig. A2, Table A5).  270 

Silver-rich tellurides, i.e. hessite and petzite, and native Ag usually occur as accessory 271 

phases in the low-grade disseminated host rock ores typically as inclusions in py 3 (Fig. 3 and 272 

5B). In contrast, all other telluride phases are usually hosted in the high-grade vein-type ore 273 

together with abundant quartz and fluorite gangue (Fig. 3, 6 and 7). Calaverite is by far the 274 

most abundant telluride phase in the Cripple Creek ores showing a close relationship with py 275 

4 (Fig. 5A) and other tellurides, such as petzite (Fig. 5D). Mapping by EDS revealed that 276 

tellurides in the high-grade vein-type ores usually occur in clusters or aggregates composed of 277 

different tellurides and native Au. For example, altaite and coloradoite commonly surround 278 

calaverite, while native Au is attached to coloradoite (Fig. 6 and 7).  279 

4.4 Sulfide major and trace element chemistry  280 

Pyrite, the most abundant sulfide phase at Cripple Creek (Fig. 3), shows a distinct 281 

variation in its As contents ranging from trace element levels in stoichiometric pyrite to major 282 

element concentrations in As-rich (arsenian) pyrite reaching 3.4 wt. % or 1.9 at. % (Table 1). 283 

Arsenic in pyrite shows a negative correlation with S; no systematic relationship has been 284 

observed with Fe (Fig. 8).   285 

Sulfides analyzed for their trace element composition are enriched in the analyzed 286 

transition (e.g., Co, Cu, Zn, Pb), semi (e.g., Se, As, Te) and precious (e.g., Au and Ag) metals 287 

compared to bulk continental crust (Fig. 2) (Wedepohl, 1995). Chalcopyrite, sphalerite and 288 

galena are the main hosts for Cu, Zn and Pb, respectively. However, trace element 289 

concentrations vary significantly between the different sulfide phases (Fig. 2). Pyrite, for 290 

example, represents the main host for Co, Ni, As, Mo, Te and Au. In contrast, sphalerite shows 291 

high concentrations in Cd but is depleted in all other trace elements compared to pyrite. Galena 292 

is also known to incorporate trace elements in high concentrations (George et al., 2015). At 293 



13 
 

Cripple Creek, galena shows a distinct enrichment in Se, Ag, Sb, Tl and Bi compared to the 294 

other sulfides analyzed in this study (Fig. 2). Chalcopyrite could not be analyzed by LA-ICP-295 

MS for its trace element composition due to its small grain size (Fig. 5C).   296 

Laser ablation ICP-MS mapping was conducted to study the distribution of trace 297 

elements on the mineral scale (Fig. 9). Complex zoning patterns were observed in py 3 (low-298 

grade ore) from Vindicator Valley and Ruby. Gold and As, for example, are enriched at the 299 

rims of the pyrite crystal at Vindicator Valley, while at Ruby a clear concentric/growth zoning 300 

with sharp boundaries was observed. Similarly, Co and Ni are strongly enriched in py 3 from 301 

Ruby compared to Vindicator Valley, also showing a distinct concentric zoning (Fig. 9). 302 

Interestingly, Au-As and Co-Ni-rich zones in py 3 from Ruby alternate (cf. Tardani et al., 2017; 303 

Román et al., 2019). Tellurium is enriched at Vindicator Valley with a bimodal distribution 304 

displayed by an enrichment in the core and along the py 3 rim. Silver is enriched at Ruby 305 

compared to Vindicator Valley but without any systematic pattern in the pyrite crystal.  306 

Bivariate diagrams between As-Au and As-Te show a positive correlation (Fig. 10). 307 

Pearson correlation coefficients (linear R values) are listed in the electronic supplementary 308 

material (Table A8), which includes all bivariate combinations for the trace elements analyzed 309 

in pyrite.  310 

5 Discussion 311 

5.1 Paragenetic sequence of ore-formation 312 

A total of seven different stages of ore formation can be distinguished at Cripple Creek 313 

(Fig. 3) (Dye, 2015). Five distinct generations of pyrite mineralization from early py 1 to late 314 

py 5 were identified. This includes py1 to py 3 in the low-grade disseminated host rock ore 315 

(Fig. 4A and B), as well as py 4 and py 5 in the later high-grade quartz-fluorite veins (Fig. 5A) 316 

that cut the mineralized Cripple Creek breccia body, i.e. the low-grade host rock ore. Textural 317 
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differences between anhedral and porous py 2 and euhedral py 3 were interpreted to be due to 318 

a dissolution event separating the two pyrite generations (Fig. 3, 4A and B) (Dye, 2015). Pyrite 319 

formation during the main base metal sulfide (BMS) stage is accompanied by pyrrhotite, 320 

sphalerite, galena and chalcopyrite (Fig. 3). Two principal formation conditions are suggested 321 

for these sulfide phases: (1) deposition prior to py 2/3 due to an inclusion-related appearance 322 

and (2) precipitation subsequently to py 2/3 indicated by an occurrence in the pore space (Fig. 323 

5B), along intra-crystalline cracks (Fig. 5C) or as a later phase surrounding pyrite 2/3 (Fig. 4C 324 

and D). Tennantite inclusions in sphalerite that surrounds py 2/3 (Fig. 4D) suggest a formation 325 

before or together with late sphalerite during the BMS stage (Fig. 3). Molybdenite has been 326 

used an indicator for a potential deeper porphyry ore body beneath the Cripple Creek 327 

epithermal system (Jensen and Barton, 2007; Kelley and Spry, 2016).  Rare earth elements 328 

seem to be primarily hosted by monazite in the main  BMS ores (Fig. 3), where rutile occurs at 329 

the transition to the high-grade mineralization possibly replacing py 3 (Fig. 4F).   330 

The early Ag(-Au) tellurides pre-date the main BMS stage (Fig. 3 and 5B), whilst the 331 

high-grade Au(-Ag) telluride formation is hosted by late quartz-fluorite veins (Fig. 3). 332 

Calaverite represents the first telluride phase precipitating in the high-grade vein-type ore (Fig. 333 

6 and 7), which post-dates the vein-hosted py 4 generation (Fig. 5A). Petzite (Fig. 5D) and 334 

coloradoite (Fig. 7) follow calaverite together with altaite (Fig. 6) and native Au (Fig. 7) that 335 

form late during the Au(-Ag) telluride high-grade stage (Fig. 3).  336 

The high-grade vein-host rock contact characteristically has a quartz seam free of 337 

fluorite or with only minor amounts suggesting a slightly earlier onset of quartz formation 338 

compared to fluorite (Fig. 3). The occurrence of tellurides in the center of the high-grade veins 339 

along with fluorite (Fig. 7B) also indicate that quartz started to crystallize prior to the main Au-340 

Te stage (cf. Kelley et al., 1998; Dye, 2015). In summary, Cripple Creek shows a typical 341 

sequence of ore-formation for alkaline igneous rock-hosted epithermal deposits, as indicated 342 
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by the early low-grade main BMS mineralization followed by high-grade Au(-Ag) telluride 343 

precipitation (Cooke and McPhail, 2001; Kelley and Ludington, 2002). These mineralogical 344 

differences suggest significant changes in the fluid conditions during ore-formation (cf. Section 345 

5.3 and 5.4).     346 

5.2 Trace element incorporation and speciation 347 

Pyrite can incorporate a wide range of trace elements in significant amounts either as 348 

lattice bound substitutions for Fe and S or as micro- to nano-sized inclusions (Pals et al., 2003; 349 

Reich et al., 2005, 2013; Deditius et al., 2014; Gregory et al., 2014, 2015; Keith et al., 2016a, 350 

b; Deditius and Reich, 2016; Keith et al., 2018a; Martin et al., 2019; Pokrovski et al., 2019). 351 

Arsenic is a common constituent in the pyrite lattice substituting for tetrahedrally-coordinated 352 

S- or octahedrally-coordinated Fe2+ as As- or As2+/3+, respectively (Fleet and Mumin, 1997; 353 

Savage et al., 2000; Deditius et al., 2008; Keith et al., 2018a). Hence, the negative correlation 354 

of As and S in pyrite from Cripple Creek (Fig. 8) strongly suggests a substitution of anionic As 355 

for S- in the tetrahedral site.  The different covalent radii of As (119 pm) and S (105 pm), as 356 

well as the higher amounts of As in arsenian pyrite cause an expansion of the unit cell. This 357 

substitution also results in significant lattice defects, vacancies and Fe deficiencies in arsenian 358 

pyrite facilitating the incorporation of heavier and larger elements, such as Au (136 pm) and 359 

Te (138 pm) (Fleet and Mumin, 1997; Reich et al., 2005; Keith et al., 2018a; Pokrovski et al., 360 

2019). Chouinard et al. (2005) proposed that the association of Te and As is controlled by the 361 

crystal-chemical properties of pyrite, which is reflected by sector zoning in pyrite crystals with 362 

the preferential incorporation of these elements on the (110) surface in the cubic crystal system. 363 

In contrast, concentric/growth zoning as observed in pyrite from Cripple Creek (Fig. 9) forms 364 

under non-equilibrium conditions with little or no structural control (Deditius et al., 2009; 365 

Tardani et al., 2017; Román et al., 2019), which implies that the trace element composition of 366 

pyrite from Cripple Creek is diagnostic for fluid-related processes.  367 
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High concentrations of trace elements, such as Au and Te, in LA-ICP-MS data can be 368 

due to the incorporation into the lattice of a host mineral, or by trapping of mineralogically 369 

distinct inclusions within a larger mineral. For instance, spikes of Pb, Ag, Au and Te in the 370 

time-resolved LA-ICP-MS spectra likely indicate that galena, native Au, Au-telluride (e.g., 371 

calaverite) and possibly native Te inclusions are present in pyrite from Cripple Creek (Fig. 11) 372 

(Reich et al., 2013; Keith et al., 2016a; Tardani et al., 2017; Román et al., 2019). Empirically 373 

derived element solubility limits as a function of As in pyrite (gray dashed lines, Fig. 10) also 374 

allow to infer the presence of inclusions or the incorporation of trace elements in solid solution 375 

(Reich et al., 2005; Deditius and Reich, 2016; Keith et al., 2018a). The well-established Au 376 

solubility line by Reich et al. (2005) highlights that Au commonly occurs in solid solution in 377 

pyrite from Cripple Creek (concentrations below the solubility limit). Only a few pyrite (py 4) 378 

analyses from Ruby reach Au concentrations above the solubility limit (Fig. 10A) and LA-ICP-379 

MS spectra confirm the presence of native Au inclusions (Fig. 11A). Pyrite that hosts Au-380 

telluride inclusions (Fig. 11B) also plots above the Te solubility limit (Fig. 10B).  381 

In contrast, smooth LA-ICP-MS spectra of pyrite (Fig. 11A, C, E) infer structurally 382 

bound elements incorporated by lattice substitution (Gregory et al., 2014, 2015; Keith et al., 383 

2016a; Martin et al., 2019; Román et al., 2019). In this context it is controversial, why some 384 

Te analyses with concentrations above the solubility limit (Fig. 10B) display smooth LA-ICP-385 

MS patterns (Fig. 11C, E). This may either be due to (1) the limitation of laser ablation to 386 

identify inclusions on the nano-scale, since the spot size is sufficiently larger than the included 387 

nano-phase, which are therefore no longer apparent as a spike in time-resolved data, or (2) that 388 

the Te solubility line (Fig. 10B) needs to be adjusted (work in progress).  389 

Most pyrite analyses that are characterized by high Te/As ratios (white symbols, above 390 

solubility line in Fig. 10B) show Te/Au ratios significantly higher than those of typical Au-391 

tellurides implying that Au-telluride inclusions are likely of minor importance for the Au-Te 392 
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distribution in pyrite from Cripple Creek (Fig. 12A). Further evidence is given by the 393 

decoupled appearance of Au and Te in the core of py 3 from Vindicator Valley and Ruby (Fig. 394 

9). This can also be seen in the Au-As and Te-As system (Fig. 10), where the analyzed spots 395 

in the mapped area of py 3 from Vindicator Valley (red circles) are enriched in Te (high Te/As) 396 

but depleted in Au (low Au/As). Tellurium commonly shows no or only weak correlations with 397 

most other trace elements except As, as illustrated in the laser ablation maps (py 3 cores, Fig. 398 

9) and the bivariate systems (see Pearson correlation coefficients in the electronic supplement, 399 

Table A8). Hence, their seems to be only a limited effect of other trace elements (except As) 400 

on the incorporation of Te in pyrite leading to Te solid solution by S substitution (Huston et 401 

al., 1995; Chouinard et al., 2005; Kesler et al., 2007; Maslennikov et al., 2009) or possibly 402 

native Te inclusions (Fig. 11D). Native Te has also been identified in other alkaline-hosted 403 

low-sulfidation epithermal systems, such as Emperor (Fiji; Pals and Spry, 2003) and Boulder 404 

County (Colorado; Kelley and Spry, 2016).  405 

Silver and Au display a moderate positive correlation in pyrite (R2=0.49), which may 406 

be related to native Au (electrum) inclusions as suggested for Ruby (Fig. 10A and 11A). Some 407 

Te-rich pyrites (high Te/As , white symbols) show Te/Ag ratios similar to hessite and other 408 

Ag-rich tellurides (Fig. 12B), which may be due to hessite inclusions associated with native 409 

Ag in low-grade ore pyrite (Fig. 5B). High concentrations of Ag (up to 880 ppm) were also 410 

observed in galena together with Bi (up to 1690 ppm), and hence galena inclusions in pyrite 411 

may represent another important Ag host (Fig. 5C and 11E). This is supported by Te/Pb ratios 412 

in pyrite lower than typical Pb-telluride phases also suggesting galena inclusions (Fig. 12C). 413 

In contrast, pyrite with Te/Pb ratios comparable to Pb-tellurides may indicate inclusions of 414 

minerals like altaide (Fig. 6 and 12C). Bismuth-tellurides were not observed petrographically 415 

in this or in previous studies indicating that tellurides are an unlikely host for Bi at Cripple 416 

Creek. However, Te/Bi ratios of some pyrites are similar to common Bi-tellurides (Fig. 12D) 417 
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indicating that a local occurrence in pyrite cannot be excluded. Tellurium-trace element ratios 418 

higher than those of many common telluride phases (Fig. 12) therefore either imply (1) a Te 419 

substitution decoupled from most other trace elements or (2) the occurrence of native Te 420 

inclusions (Fig. 11D). This decoupling provides evidence that the ore-forming processes of Te 421 

may be distinct compared to those of many other trace metals and metalloids.  422 

Cobalt and Ni are typically hosted in pyrite in solid solution by substituting Fe; Co2+ à 423 

Fe2+ and Ni2+ à Fe2+ (Huston et al., 1995; Maslennikov et al., 2009). It is likely that most of 424 

the structurally bound Cu replaces Fe in octahedral sites, which may be due to distortion of the 425 

pyrite lattice by the presence of other elements such as As, Sb or Co (Tardani et al., 2017). The 426 

coupling and decoupling of trace elements accompanied by the observed concentric/growth 427 

zoning in pyrite strongly suggest that ore-formation at Cripple Creek was controlled by 428 

complex multi-stage magmatic-hydrothermal processes (cf. sections 5.3 and 5.4) (Jensen, 429 

2003; Jensen and Barton, 2007; Dye, 2015).   430 

5.3 Au-Te in pyrite: Tracers for fluid boiling and vapor condensation 431 

Previous studies showed that fluid boiling and conductive cooling along the boiling 432 

curve are important, if not primary processes for the deposition of metals and metalloids such 433 

as Au and Te in many low-sulfidation epithermal systems (Thompson et al., 1985; Ahmad et 434 

al., 1987; Cooke and McPhail, 2001; Simmons et al., 2005; Jensen and Barton, 2007).  In 435 

addition to trace metal fractionation between the vapor and liquid phase, boiling also leads to 436 

a fO2 and pH increase in the ore-forming fluids due to S2- and H+ loss into the vapor phase 437 

(Drummond and Ohmoto, 1985; Cooke and McPhail, 2001).  438 

Trace elements in pyrite are not homogeneously distributed as highlighted by 439 

concentric/growth zoning (Fig. 9). The different zones show sharp boundaries suggesting 440 

abrupt physicochemical changes in the hydrothermal fluids (e.g., temperature, pH, fO2, ligand 441 

availability, chemical composition) affecting the trace metal solubility and leading to a 442 
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selective incorporation of trace metals into pyrite (Deditius et al., 2009; Tardani et al., 2017; 443 

Román et al., 2019). Continuous processes, such as conductive cooling, would rather result in 444 

a gradual/diffused zoning pattern; hence, conductive cooling alone cannot explain the trace 445 

metal distribution at Cripple Creek. Therefore, we hypothesize that boiling is an essential ore-446 

forming process for the Au-Te mineralization at Cripple Creek (Fig. 13) (cf. Jensen, 2003). 447 

Boiling is an efficient process to precipitate Au from epithermal fluids due to the 448 

preferential partitioning of H2S into the vapor phase, which  destabilizes the Au-bisulfide 449 

complexes (Au(HS)2-) in the liquid phase causing Au deposition (Fig. 13) (Cooke and McPhail, 450 

2001; Jensen, 2003; Simmons et al., 2005; Keith et al., 2018a). In contrast, at neutral to alkaline 451 

pH (7 to 8), moderately reduced conditions (-25 to -35 log fO2) and temperatures between 200 452 

and 300°C, typical for alkaline-hosted low-sulfidation epithermal systems like Cripple Creek 453 

(Smith et al., 2017), Te shows a strong affinity to the vapor phase, most likely as TeO(OH)2 or 454 

Te(OH)4, with a vapor/liquid distribution coefficient of about 104 (Fig. 13) (McPhail, 1995; 455 

Cooke and McPhail, 2001; Wallier et al., 2006; Pudack et al., 2009; Grundler et al., 2013). 456 

Importantly, native Te associated with py 3 at Cripple Creek (Fig. 11D) is stable at near neutral 457 

pH and -25 to -35 log fO2 (McPhail, 1995; Brugger et al., 2016). This allows the definition of 458 

the fluid conditions at the onset of py 3 deposition in the low-grade ores and confirms that 459 

under these conditions Te can strongly partition into the vapor phase during boiling, while Au 460 

is concentrated in the liquid phase (Fig. 13). This leads to the characteristic decoupling of Au 461 

and Te during the early stages of py 3 growth between Vindicator Valley and Ruby (Fig. 9 and 462 

13).  463 

We propose that this Au-Te fractionation pattern can be explained by a combination of 464 

fluid boiling and aqueous vapor condensation. Boiling of hydrothermal fluids would lead to 465 

the precipitation of Au and the loss of Te to an exsolving aqueous vapor phase, which is 466 

illustrated by the Au enrichment and Te depletion in the core of py 3 from Ruby (Fig. 9G, H 467 
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and 13). In natural systems boiling most likely occurs in an open system representing the most 468 

efficient process for metal fractionation and deposition. Open system boiling can be described 469 

by Rayleigh fractionation processes, i.e. every vapor increment is removed from the boiling 470 

liquid (Drummond and Ohmoto, 1985), which results in the spatial separation of elements with 471 

an affinity to either the liquid or vapor phase, such as Au and Te, respectively. The subsequent 472 

condensation of the Au-poor and Te-rich vapors into low temperature metal-bearing meteoric 473 

waters, possibly at shallower crustal levels, and the interaction of these evolved fluids with the 474 

adjacent wall rocks results in an fO2 decrease in the ore-forming fluids due to host rock Fe2+ 475 

oxidation causing Te precipitation (Fig. 13) (Jensen and Barton, 2007; Grundler et al., 2013; 476 

Gao et al., 2017; Keith et al., 2018a), which can therefore explain the high Te and low Au 477 

contents in py 3 cores from Vindicator Valley (Fig. 9A and B). This is supported by d34S values 478 

of -5.6 and -0.1 ‰ in creedite (Ca3Al2(SO4)(F,OH)10•2(H2O)), a hydrothermal sulphate phase 479 

in the Cripple Creek deposit, which were interpreted to be the result of H2S gas condensation 480 

in a steam heated near surface environment (Jensen, 2003). A similar process for the deposition 481 

and spatial separation of Au and Te has been applied to the low-sulfidation epithermal Au-Ag-482 

Te mineralization at Acupan, Philippines (Cooke and McPhail, 2001).  483 

Interestingly, Au-As and Ni-Co rich zones are decoupled in py 3 from Ruby suggesting 484 

a slightly earlier precipitation of the latter (Fig. 9). Boiling causes pyrite precipitation but only 485 

during the initial stages before significant H2S loss (Drummond and Ohmoto, 1985). At the 486 

onset of boiling pH increases sharply during the first increments of H2-rich vapor release 487 

(Drummond and Ohmoto, 1985). This significantly affects the stability of base metals in 488 

solution, such as Fe, Co and Ni likely leading to their contemporaneous precipitation and 489 

incorporation in pyrite (Seyfried and Ding, 1995; Seyfried et al., 1999; Liu et al., 2011). In 490 

contrast, higher pH conditions will increase the solubility of the Au-bisulfide complex 491 

(Au(HS)2) until H2S starts to exsolve into the vapor during continuous boiling (Drummond and 492 
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Ohmoto, 1985). Similar to Au, it is suggested that As also precipitates from the liquid phase as 493 

indicated by their close association in py 3 (Fig. 9G and J) (Pokrovski et al., 2013). This is in 494 

good agreement with the recent results of Tardani et al. (2017) and Román et al. (2019) arguing 495 

that the alternation of Co-Ni- and Au-As-rich zones is a typical boiling texture in pyrite due to 496 

fluctuations between gentle and vigorous boiling, respectively. These variations in fluid boiling 497 

must be due to changes in pressure, temperature or fluid salinity.      498 

The enrichment of Au and Te along py 3 rims indicates that Au-Te fractionation ceased 499 

or became inefficient with continued py 3 formation (Fig. 9 and 13). Grundler et al. (2013) 500 

emphasized that the affinity of Te to the vapor phase during fluid boiling strongly decreases 501 

under more oxidized conditions (above -25 to -30 log fO2) at pH 7 to 8, which is suggested for 502 

the Au-Te-rich fluids forming the high-grade ores at Cripple Creek (Smith et al., 2017). Small 503 

amounts of Te would still partition into the vapor phase under these conditions but most Te 504 

would concentrate in the liquid phase together with Au leading to the coupled enrichment of 505 

Au and Te along the py 3 rims at Ruby (Fig. 9G and H). However, this cannot explain the 506 

combined Au-Te enrichment in the vapor-dominated Vindicator Valley ores (Fig. 9A and B). 507 

Therefore, we propose that an increased magmatic volatile influx to the Cripple Creek 508 

hydrothermal system during the transition from the low-grade main BMS stage (late stage of 509 

py 3, Fig. 3) and the high-grade vein-type ore is responsible for the Au-Te enrichment along 510 

the py 3 rims (Fig. 9 and 13; cf. Section 5.3).  511 

5.4 Constraints on the source of Au and Te 512 

Fluids of magmatic origin are considered to be a common and important source of 513 

metals, such as Au and Te, in alkaline-hosted epithermal systems (Fig. 13) (Cooke and 514 

McPhail, 2001; Zajacz et al., 2010; Smith et al., 2017). Several lines of evidence suggest a 515 

contribution of magmatic volatiles to the Cripple Creek hydrothermal system including (1) 516 

stable isotopes, (2) mineral stabilities and (3) trace metal chemistry.  517 
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(1) Stable isotopes: Hydrothermal sulfides from Cripple Creek that are associated with 518 

the Au-Te mineralization are characterized by low d34S values ranging from -18.6 to +2.9 ‰ 519 

with most analyses showing <0 ‰, which are interpreted to be the result of the 520 

disproportionation of magmatically derived SO2 to 34S enriched H2SO4 and 34S depleted H2S 521 

contributed to the epithermal system (Jensen, 2003; Jensen and Barton, 2007; Kelley and Spry, 522 

2016). Similarly, d18O values between +2 and +9 ‰ in quartz from the high-grade vein-type 523 

ores are consistent with a magmatic fluid origin and variable proportions of meteoric water 524 

(Jensen, 2003; Jensen and Barton, 2007; Kelley and Spry, 2016).  525 

(2) Mineral stabilities: The occurrence of tennantite (Fig. 4D) towards the end of the 526 

main BMS stage (Fig. 3) indicates a shift from low- to intermediate sulfidation conditions 527 

(Sensu stricto, Einaudi et al., 2005) possibly due to an increasing contribution of oxidized 528 

magmatic fluids during the transition from the meteoric water-dominated low-grade BMS to 529 

the more magmatically controlled high-grade vein-type Au-Te mineralization.  530 

(3) Trace element chemistry: The increasing contribution of magmatic fluids is also 531 

supported by the trace element distribution in pyrite showing an outer enriched zone in volatile 532 

elements including As, Te and Au (Fig. 9), as well as Sb, Cu and Bi (not shown) that are 533 

considered to be of magmatic volatile origin (Cooke and McPhail, 2001; Pokrovski et al., 2002; 534 

Williams-Jones and Heinrich, 2005; Pokrovski et al., 2008, 2013; Wohlgemuth-Ueberwasser 535 

et al., 2015). Tellurium, for example, may be transported as H2Te (g) and Te2 (g) in magmatic 536 

volatiles (Cooke and McPhail, 2001). In contrast, the deposition of native Ag, hessite and 537 

pyrrhotite (Fig. 4E and 5B) prior or during the earliest stage of the low-grade main BMS 538 

mineralization (Fig. 3) indicates low-sulfidation conditions dominated by more reduced 539 

meteoric fluids (Barton and Skinner, 1979; Zhang and Spry, 1994; Cook et al., 2009b; Grundler 540 

et al., 2013), which also explains the absence of hessite and native Ag in the high-grade Au-Te 541 

vein-type ores (Fig. 3).   542 
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Alternatively, metals can be leached from the host rocks by hydrothermal fluids, which 543 

may be particularly important in the formation of the meteoric water-dominated BMS ores. 544 

Smith et al. (2017) and Keith et al. (2018a) showed that the Te distribution in low-sulfidation 545 

epithermal ores may be controlled by the Te content in the alkaline host rocks from which Te 546 

can efficiently be mobilized by neutral to alkaline fluids. Alkaline rocks associated with 547 

epithermal mineralization in post-subduction settings are typically enriched in Te due to 548 

melting of previously metasomatized mantle during subduction zone magmatism (Jensen and 549 

Barton, 2000; Jensen and Barton, 2007; Schirmer et al., 2014; Holwell et al., 2019). At Cripple 550 

Creek, late stage mafic and ultramafic igneous rocks follow the more felsic magmatic system. 551 

The main Au-Te mineralization occurs in association with the late stage lamprophyre 552 

emplacement (Kelley et al., 1998; Jensen and Barton, 2007). Gold and Te represent compatible 553 

elements during magma evolution leading to an enrichment in mafic and ultramafic rocks 554 

(Patten et al., 2013; Jenner et al., 2017). Hence, it is reasonable to conclude that the ultramafic 555 

lamprophyres may represent another source for Au and Te (Rock et al., 1988).  556 

The relationship between magmatic fluid release and the onset of sulfide saturation is 557 

critical for the behavior of chalcophile metals during magmatic differentiation (Keith et al., 558 

2018b). The sulfide saturation limit strongly depends on the fO2, i.e. the S2-/SO42- ratio of the 559 

silicate melt. Hence, sulfide saturation will be reached later during magmatic differentiation in 560 

more oxidized melts and the loss of chalcophile metals into immiscible sulfides liquids is 561 

minimized (Kelley and Ludington, 2002; Jenner et al., 2010; Keith et al., 2017). Alkaline melts 562 

probably reach volatile saturation early during their evolution and due to the suppression of 563 

immiscible sulfide liquid segregation it is likely that chalcophile elements with a volatile 564 

affinity, such as Au and Te, strongly partition into an exsolving volatile phase (Kelley and 565 

Ludington, 2002; Edmonds et al., 2018; Keith et al., 2018b). Later mixing of these metal-566 

bearing more oxidized magmatic volatiles with evolved meteoric water in the shallower 567 
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epithermal environment results in the formation of Au-Te-rich ore-forming fluids (Fig. 13) 568 

(Cooke and McPhail, 2001; Kelley and Ludington, 2002; Ronacher et al., 2004; Dye, 2015). 569 

This could likely be a process applicable to Cripple Creek, since tellurides were only identified 570 

to about 1000 m depth, emphasizing that external meteoric fluids were involved in their 571 

deposition (Jensen, 2003).  572 

5.5 Formation conditions of the high-grade Au-telluride veins 573 

Stable isotope thermometry and fluid inclusion studies provide evidence for decreasing 574 

fluid temperatures from the low-grade main BMS stage to the high-grade vein-hosted Au-575 

telluride ores (Fig. 13) (Dwelley, 1984; Thompson et al., 1985; Saunders, 1986; Jensen, 2003; 576 

Jensen and Barton, 2007).  Sulphur isotope thermometry on galena-pyrite pairs suggest an ore-577 

forming temperature of 223 to 277°C for the low-grade main BMS stage at Cresson (Jensen, 578 

2003), one of the sample localities in this study (Fig. 1). Slightly higher temperatures between 579 

250 and 350°C were estimated for the pyrite deposition by Thompson (1985) in the Ajax vein 580 

system from deeper stratigraphic levels at Cripple Creek. Temperature estimates for the Au-Te 581 

ore formation are consistently lower (<200°C) compared to the BMS ores. Fluid inclusion 582 

homogenization temperatures in quartz and fluorite hosted in the high-grade Au-telluride veins 583 

imply ore-forming temperatures between 105 and 159°C for the Au-Te ores. Similar 584 

temperatures (131 to 175 °C) were estimated by Saunders (1986) for the telluride formation at 585 

Cresson, whereas Jensen (2003) proposed slightly higher temperatures in the range of 125 to 586 

200°C.   587 

The lower temperature fluids that precipitated the Au-Te ore were suggested to be of 588 

alkaline composition and the occurrence of vapor-rich inclusions implies that boiling was an 589 

important process during the formation of the high-grade Au-telluride veins (Fig. 13) (Jensen, 590 

2003; Jensen and Barton, 2007). The vein-related occurrence of the Au-tellurides indicates a 591 

strong structural control on their mineralization. Hence, it is likely that the ore-forming fluids 592 
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rose along structural pathways with little conductive cooling until they reached the boiling 593 

curve at shallow crustal depth (<1000 m) leading to Au-Te precipitation (Fig. 13) (cf. Cooke 594 

and McPhail, 2001). At lower fluid temperatures, boiling processes are stronger and more 595 

efficient in precipitating metals contemporaneously, which is due to a less distinct vapor-liquid 596 

separation of different volatile species such as H2, CH4, CO2, H2S, SO2 (Drummond and 597 

Ohmoto, 1985) and possibly associated metals with a vapor and liquid affinity, such as Te and 598 

Au, respectively (cf. Section 5.3). At lower fluid temperatures and higher fO2, caused by the 599 

magmatic volatile influx, most of the Te will probably remain in the liquid phase together with 600 

Au (Grundler et al., 2013) and the contemporaneous precipitation of these metals results in the 601 

formation of calaverite in the high-grade vein-type ores (Fig. 3 and 13). Jensen and Barton 602 

(2007) argued that the reaction of the ore-forming fluids with Fe-bearing mafic minerals due 603 

to host-rock sulfidation may also trigger the Au deposition. Importantly, recent studies showed 604 

that the solubility of Te is highly sensitive to changes in fO2 and that host rock Fe2+ oxidation 605 

due to fluid-rock interaction represents an efficient precipitation process for Te (Gao et al., 606 

2017; Keith et al., 2018a). Therefore, it is likely that the suppression of Te partitioning into the 607 

vapor phase during boiling combined with fluid-host rock interaction are critical processes for 608 

the Au-telluride formation at Cripple Creek.  609 

The early deposition of calaverite followed by coloradoite and petzite and the final 610 

formation of altaite and native Au in the high-grade vein-type ores (Fig. 3 and 13) reflects 611 

compositional changes during fluid evolution. Thermodynamic modelling by Grundler et al. 612 

(2013) shows that the stability of different Te and Au phases, such as calaverite and native Au 613 

strongly depends on fluid pH and fO2. The presented paragenetic sequence possibly suggests 614 

increasing pH and fO2, as well as decreasing fTe2 from early calaverite to late native Au. It is 615 

known that fluid boiling causes a pH and fO2 increase in the liquid phase (Drummond and 616 

Ohmoto, 1985), and hence it is likely that the telluride and native Au paragenesis reflects a 617 
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continuous boiling process at fluid temperatures (105 to 200°C) lower than those of the BMS 618 

stage (220 to 350°C). The thermodynamic calculations by Grundler et al. (2013) further imply 619 

a change in the Te speciation in the ore-forming fluids from Te2- during telluride precipitation 620 

to TeO32- at the stage of native Au formation. 621 

6 Summary and conclusions 622 

The combined use of petrographic and microanalytical techniques including 623 

quantitative spot analyses and qualitative mapping by LA-ICP-MS provide important 624 

information on ore-forming processes and allow to define the incorporation mechanisms of 625 

trace elements into various sulfides. Two main ore-types can be distinguished at Cripple Creek: 626 

(1) low-grade disseminated pyrite-rich ores of widespread appearance in the permeable 627 

brecciated rocks and (2) high-grade Au-telluride veins including calaverite, coloradoite, 628 

petzite, altaite and native Au.  629 

Pyrite at Cripple Creek hosts Te and Au in solid solution or as native Au, Au-Ag-630 

telluride and possibly native Te inclusions. Laser ablation mapping of pyrite revealed well 631 

developed trace element concentric/growth zoning. We propose that these patterns are likely 632 

the result of abrupt compositional changes in the ore-forming fluids caused by boiling, which 633 

fractionates Te from Co, Ni, As and Au between the vapor and liquid, respectively. Later 634 

condensation of the Te-rich vapors in metal-bearing meteoric waters results in the precipitation 635 

of Te-rich but Au-poor pyrite as observed at Vindicator Valley.     636 

Stable isotopes, mineral stabilities and trace element systematics further suggest that 637 

the high Te concentrations in the high-grade vein-type ores are likely due to a magmatic volatile 638 

contribution increasing fluid fO2. Mixing of these magmatically derived fluids with meteoric 639 

waters led to a temperature decrease (105 to 200°C) resulting in fluid boiling under lower 640 

pressure condition (at crustal depth <1000 m) compared to the BMS stage, where fluid 641 

temperatures reached 220 to 350°C.  Under these conditions, boiling processes are stronger and 642 
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volatile species (e.g., H2, CO2, H2S, SO2) partition into the vapour phase contemporaneously 643 

without a selective partitioning over time with proceeding fluid boiling. The more oxidized 644 

character of the fluids further suppressed the Te fractionation to the vapor phase finally 645 

resulting in the contemporaneous precipitation of Au and Te in the high-grade veins  at Cripple 646 

Creek.  647 
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Figure and table captions 909 

Fig. 1. Geological map of the lithological units and sample localities including (1) WHEX, (2) 910 

Cresson (Ruby stockpile) and (3) Vindicator Valley in the Cripple Creek epithermal complex. 911 

Modified after Jensen (2003). (Figures in color can be found in the web version of the article) 912 

Fig. 2. Multi-element diagram comparing trace element concentrations in low-grade host rock 913 

and high-grade vein-type ores with pyrite, sphalerite and galena. Concentrations normalized to 914 
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bulk continental crust (Wedepohl, 1995). (Figures in color can be found in the web version of 915 

the article) 916 

Fig. 3. Paragenetic sequence of ore-formation in the Cripple Creek epithermal deposit. 917 

Abundances estimated by optical and electron microscopy. The pyrite paragenesis includes: py 918 

1 (stage 1), py 2 (stage 3), py 3 (stage 3 and 4), py 4 (stage 5) and py 5 (stage 7). The presented 919 

paragenetic sequence considers the results of previous studies (e.g., Dye, 2015).  920 

Fig. 4. Photomicrographs of representative low-grade ore samples from Cripple Creek in 921 

reflected light: (A) BMS mineralization hosted in the volcanic breccia, (B) association of 922 

dissolved py 2 and euhedral/dense py 3, (C) galena and sphalerite post-dating py 3, (D) 923 

tennantite inclusion in sphalerite, (E) pyrrhotite inclusion in py2/3, (F) rutile replacing py 2/3.  924 

Note the less euhedral shape of py 3 in (C) and (D) compared to (B), which may be related to 925 

py 3 replacement by the onset of the galena and sphalerite precipitation. (Figures in color can 926 

be found in the web version of the article) 927 

Abbreviations (cf. Whitney and Evans, 2010): gn = galena, po = pyrrhotite, py = pyrite, sp = 928 

sphalerite, tnt = tennantite.  929 

Fig. 5.  Representative electron images of ore samples from Cripple Creek in back-scattered 930 

electron mode: (A) calaverite (AuTe2) post-dating py 4 in the high-grade ore, (B) inclusions of 931 

hessite (Ag2Te), monazite, native Ag and sphalerite in py 3 in the low-grade ore, (C) 932 

chalcopyrite and galena in py 3 in the low-grade ore, (D) association of calaverite (AuTe2) and 933 

petzite (Ag3AuTe2) in the high-grade ore.  934 

Abbreviations (cf. Whitney and Evans, 2010): clv = calaverite, ccp = chalcopyrite, gn = galena, 935 

hes = hessite, mnz = monazite, ptz = petzite, py = pyrite, sp = sphalerite.  936 
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Fig. 6. Back-scattered electron image (A) and major element mapping by EDS (B to D) of a 937 

calaverite (AuTe2) - altaite (PbTe) assemblage hosted in the high-grade vein-type ore. (Figures 938 

in color can be found in the web version of the article) 939 

Abbreviations: alt = altaite, clv = calaverite.  940 

Fig. 7. Back-scattered electron image (A) and major element mapping by EDS (B to D) 941 

displaying the complex relationship between calaverite (AuTe2), coloradoite (HgTe) and native 942 

Au in the high-grade quartz-fluorite veins. The white arrow in (B) displays the suggested 943 

paragenetic relationship (cf. Fig. 3). The high Te intensities in fluorite (B) and Hg in calaverite 944 

and native Au (D) are due to the Te La - Ca Ka and Au Ma and Hg Ma peak overlap, 945 

respectively. (Figures in color can be found in the web version of the article) 946 

Abbreviations: clv = calaverite, col = coloradoite, Au = native Au, fl = fluorite, qtz = quartz. 947 

Fig. 8. Major element variation diagrams of pyrite with low Te/As (grey diamonds) and high 948 

Te/As ratios (white diamonds, cf. Fig. 10B): (A) As-S and (B) As-Fe. Note the negative 949 

correlation of As and S in pyrite.  950 

Fig. 9. Trace element maps by LA-ICP-MS of py 3 in low-grade ores from Vindicator Valley 951 

(A to F) and Ruby (G to L). The presented values are the concentrations (in ppm) of the 952 

corresponding trace element in the mapped area obtained by previous spot analyses. The white 953 

dashed lines are used to highlight certain zones in py 3 (B) or reflect the crystal margin. (Figures 954 

in color can be found in the web version of the article) 955 

Abbreviations: BDL = below detection limit.  956 

Fig. 10. Trace element variation diagrams of pyrite with low Te/As (grey diamonds) and high 957 

Te/As ratios (white diamonds) for (A) Au and (B) Te vs. As. Red and green circles refer to the 958 

spot analyses in the mapped areas of py 3 in low-grade ore from Vindicator Valley and Ruby, 959 

respectively (Fig. 9). The grey dashed lines represent the solubility limits for Au (A) and Te 960 
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(B) as a function of As in pyrite (Reich et al., 2005; Keith et al., 2018a). The capital letters A 961 

to E (in 10B) refer to the time-resolved LA-ICP-MS spectra of the corresponding spots, as 962 

presented in Figure 11. The grey and black solid lines are the best fit regression lines for pyrite 963 

with low and high Te/As ratios, respectively. Note that all data points above the Au solubility 964 

line refer to py 4 from Ruby, which is hosted in the high-grade veins, and therefore occurs in 965 

association with the Au-Te mineralization (Fig. 3). (Figures in color can be found in the web 966 

version of the article) 967 

Fig. 11. Time-resolved LA-ICP–MS depth profiles for spot analyses of S, As, Ag, Te, Au, Pb 968 

and Bi of pyrite hosted in low-grade ores from Ruby (A, B), WHEX (D) and Vindicator Valley 969 

(C, E). The presented trace element profiles from Ruby (A) and Vindicator Valley (E) refer to 970 

the analyzed spots showing Te concentrations of 2.63 and 36.1, respectively, in the mapped 971 

areas of py 3 (Fig. 9B, H). Note that all laser ablation spectra are marked in Figure 10B in the 972 

bivariate Te-As system (capital letters, A to E). (Figures in color can be found in the web 973 

version of the article)   974 

Fig. 12. Trace element variation diagrams of pyrite with low (grey diamonds) and high Te/As 975 

ratios (white diamonds, cf. Fig. 10B) for (A) Au (B) Ag, (C) Pb and (D) Bi vs. Te. Red and 976 

green circles refer to the spot analyses in the mapped areas of py 3 in the low-grade ore from 977 

Vindicator Valley and Ruby, respectively (Fig. 9). The grey and black solid lines are the best 978 

fit regression lines for pyrite with low and high Te/As, respectively. The black dashed lines 979 

represent the compositional range of common tellurides based on their Te/Au (A), Te/Ag (B), 980 

Te/Pb (C) and Te/Bi (D) ratios including, for example, calaverite (Te/Au = 0.8), petzite (Te/Au 981 

= 1.3, Te/Ag= 0.8), hessite (Te/Ag=1.7), tsumoite (Te/Bi = 0.6) and altaite (Te/Pb = 0.6). 982 

Pearson correlation coefficients (linear R values) between Te and other trace elements in pyrite 983 

can be found in the electronic supplement (Table A8). The purple and brown fields represent 984 
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the compositional variation of the high-grade and low-grade bulk ores, respectively. (Figures 985 

in color can be found in the web version of the article) 986 

Fig. 13. Flowchart summarizing the magmatic-hydrothermal mineralization processes of Te 987 

and Au at Cripple Creek. Sections referred to in the figure provide details to the corresponding 988 

processes. (Figures in color can be found in the web version of the article) 989 

Abbreviations (cf. Whitney and Evans, 2010): Au = native Au, clv = calaverite, col = 990 

coloradoite, py = pyrite. 991 

Table 1. Compilation of low- and high-grade bulk ore and pyrite trace element data from the 992 

investigated sites in the Cripple Creek deposit. The whole data set can be found in the electronic 993 

supplement (Table A2, A3 and A6). (n = number of measurements, SD= standard deviation). 994 
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