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ABSTRACT 

The central Front Range of Colorado has experienced at least three distinct periods of 

deformation, associated with the Yavapai and Mazatzal orogenies in the Paleoproterozoic, and the Picuris 

orogeny in the Mesoproterozoic.  However, the Picuris orogeny in Colorado has only recently been 

recognized and the nature and extent of it are poorly constrained.  The deformation history of the three 

orogenies is recorded in shear zone fabrics of the Colorado Shear Zone System and in regional folds.  The 

purpose of this study was to investigate Proterozoic ductile deformation in the metamorphosed Front 

Range basement of the Montezuma Mining District, to determine if a shear zone known as the 

Montezuma Shear Zone, existed and had any similarities to other Colorado Shear Zone System shear 

zones, or helped to localize the Colorado Mineral Belt-related Montezuma Stock and associated vein 

mineralization.   

Geochronology analyses suggest that the study area has undergone two main tectonic events, at 

~1.68 and ~1.43 – 1.42 Ga based on U-Pb analysis of in situ monazite.  The oldest event is interpreted to 

be the cause of the main S0-1 foliation in the study area, local centimeter- to meter-scale, F1 isoclinal folds 

of variable orientation, and overprinting centimeter- to kilometer-scale mostly upright originally 

northwest-plunging F2 folds.  The earliest tectonism including F2 folding is constrained between the ~1.75 

Ga age of a nearby quartzite and ~1.68 Ga metamorphic in situ monazite, but is mostly interpreted as 

having occurred at ~1.68 Ga.  This tectonism may have taken place in an arc-related convergent or back-

arc setting, based on the fact that the ~1.75 Ga quartzite contains a large detrital zircon grain population 

with an age close to its interpreted depositional age, which is typical for such settings.  F2 folds are 

overprinted by moderately west-plunging, centimeter- to kilometer-scale F3 folds, and in situ monazite 

geochronology shows evidence of ~1.43 – 1.42 Ga metamorphism associated with this deformation.  F3 

folds are therefore interpreted as related to the Picuris orogeny and are of similar orientation to those in 

the Picuris Mountains in New Mexico, where the event was defined.   



iv 
 

In contrast to previous interpretations of the Montezuma Shear Zone, the zone does not have 

evidence of significant ductile shearing, and is better classified as a brittle fracture zone.  Isolated zones 

of shearing within the previously mapped boundaries of the zone are not continuous, show inconsistent 

shear sense across the study area, and are more likely to have formed during flexural slip along 

megascopic F3 folds near Santa Fe Peak.  They may, however, explain why the Montezuma Shear Zone 

was previously interpreted in the district.  Mineralized veins in the Harold D. Roberts Tunnel are not 

parallel to the Montezuma Shear Zone, but instead to Laramide maximum compressive stress directions 

(068), suggesting that the Cordilleran-style vein mineralization may have taken advantage of Laramide 

brittle structures.  Veins otherwise crosscut Proterozoic ductile structures including S0-1 foliation, as does 

the Montezuma Stock, which was shallowly emplaced.  Although mineralization in the Montezuma 

Mining District may be partially explained as a product of brittle fracturing along pre-existing weaknesses 

associated with F2 axial planes in Domain 1, there is no evidence that Proterozoic ductile deformation and 

shearing along the Montezuma Shear Zone, which are associated with F3 and no younger than ~1.41 Ga 

based on the age of crosscutting Silver Plume Granite, are a major control for later mineralization.  The 

North Fork Fault Zone, a previously recognized Proterozoic structure, in contrast to its name and the 

Montezuma Shear Zone, only shows ductile shear structures and is thus a ductile shear zone.  In situ 

monazite analyses indicate it originated in the Paleoproterozoic, and may have been reactivated at ~1.43 

Ga.  In contrast to the Montezuma Shear Zone, it may be a part of the Colorado Shear Zone System.    
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CHAPTER 1 

INTRODUCTION 

The Montezuma Shear Zone (MSZ) was previously interpreted as a north-northeast-trending ~8-

km-long Proterozoic ductile structure located in the Montezuma Mining District (MMD), along the 

western slope of the Continental Divide of the Front Range, Colorado (Warner and Robinson, 1967; 

Neuerburg and Botinelly, 1972; Neuerburg et al., 1974; Robinson et al., 1974; Bookstrom, 1988; Figures 

1.1 and 1.2, pgs. 2–3).  It was interpreted as related to the Colorado Shear Zone System (CSZS), which is 

a northeast-trending Proterozoic shear zone system in north-central Colorado (Tweto and Sims, 1963; 

Warner and Robinson, 1967; Neuerburg and Botinelly, 1972; Neuerburg et al., 1974; Bookstrom, 1988; 

Sims et al., 2001; Shaw et al., 2001, 2002; McCoy et al., 2005; Figure 1.1, pg. 2). 

Previous research on these shear zones has focused primarily on (1) their roles in the Paleo- and 

Mesoproterozoic assembly of Laurentia (proto-North America), and (2) their potential controls on the 

numerous mineral deposits throughout the state, typically located along the northeast-trending Cretaceous 

– Paleogene Colorado Mineral Belt (CMB), shown in Figures 1.1 and 1.2, pgs. 2–3.  The goals of this 

study were twofold.  The first goal was to map and record ductile deformation across the interpreted MSZ 

in order to investigate its role during Proterozoic tectonism, in particular during the Mesoproterozoic 

Picuris orogeny, a recently recognized mountain building event throughout the southwestern U.S. at ~1.4 

Ga (Daniel et al., 2013; Lytle, 2016; Doe and Daniel, 2019; Mahatma, 2019; Powell, 2020), of which the 

effects throughout the study area have been unknown.  The second goal was to investigate the potential 

structural control of the MSZ on the nearby Eocene Montezuma Stock and mineralized veins, which are 

parts of the CMB (Lovering, 1935; Lovering and Goddard, 1950; Neuerburg and Botinelly, 1972; 

Neuerburg et al., 1974; Botinelly, 1979; Pyanoe, 2015). 
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Figure 1.1 Simplified regional map showing several named shear zones of the CSZS and Proterozoic 
intrusive complexes in Colorado and Wyoming.  The approximate location of the Front Range, Colorado 
Mineral Belt (CMB), and MMD are shown above.  Modified from Reed et al. (1993) and Sims et al. 
(2001), courtesy of the U.S. Geological Survey. 
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Figure 1.2 Map of the MMD within the CMB (see inset).  The inset outline shows the western ~⅔rds of 
Colorado.  The mapped trace of the MSZ, in violet, is visible along the eastern margin of the MMD.  
Detailed mapping areas were selected closest to the MSZ (Neuerburg and Botinelly, 1972; Neuerburg et 
al., 1974; Botinelly, 1979).  Modified from Botinelly (1979), courtesy of the U.S. Geological Survey.   
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Much of the groundwork for this study was laid by Tweto and Sims (1963), who were among the 

first to identify the CSZS (Figure 1.1).  Tweto and Sims (1963) recognized the shear zones as originating 

in the Proterozoic and interpreted them as suture zones where continental fragments and island-arc 

terranes were accreted onto the margin of the Laurentian continent.  Tweto and Sims (1963) believed that 

the CSZS acted as a pre-existing zone of crustal weakness which directly influenced the localization of 

much younger northeast-trending CMB intrusive rocks (Figure 1.1).  However, their implied connection 

between the CSZS and CMB has sparked considerable debate in recent years, as it has been revealed that 

many Laramide structures are not actually parallel with and commonly crosscut older CSZS structures 

(Caine et al., 2010; Lytle, 2016).   

Individual shear zones of the CSZS record evidence of Paleoproterozoic, Mesoproterozoic, and 

locally Cretaceous through Cenozoic movement within their fabrics (Tweto and Sims, 1963; Shaw et al., 

2001; Sims et al., 2001; McCoy et al., 2005).  In the study area and surrounding Colorado Front Range, 

the country rocks are thought to have been first assembled during the Paleoproterozoic as the product of 

the Yavapai and Mazatzal orogenies, at ~1.71 – 1.68 Ga and at ~1.65 – 1.60 Ga, respectively (Whitmeyer 

and Karlstrom, 2007).  The subsequent Mesoproterozoic history of the Front Range is less well-defined.   

At ~1.4 Ga, deformation associated with the Picuris orogeny affected northern Arizona, New 

Mexico, and Colorado (Shaw et al., 2001; Sims et al., 2001; McCoy et al., 2005; Jones et al., 2010; Doe et 

al., 2012; Shah and Bell, 2012; Doe et al., 2013; Daniel et al., 2013; Aronoff; 2015; Lytle, 2016; Doe and 

Daniel, 2019; Mahatma, 2019; Powell, 2020).  Although well-established suites of ~1.4 Ga intrusive 

rocks are exposed near the study area (Figure 1.1), many were previously interpreted as anorogenic, 

which complicated recognition of associated ~1.4 Ga deformation (Anderson, 1983; Anderson and 

Thomas, 1985; cf., Aleinikoff et al., 1993b, Nyman et al., 1994).   

  Recently, ~1.4 Ga deformation has been recognized in the north-central Colorado Front Range 

(Figure 1.1), where it is believed to have partly taken advantage of pre-existing crustal weaknesses, 

including shear zones of the CSZS, formed during the Yavapai and Mazatzal orogenies (Shaw et al., 
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2001; Sims et al., 2001; McCoy et. al, 2005; Lytle, 2016).  However, regional folding and tectonic 

foliation formation adjacent to the Idaho Springs-Ralston Shear Zone and in and around the ~1.4 Ga 

Silver Plume and Mount Evans Batholiths are also ~1.4 Ga (Lytle, 2016; Mahatma, 2019; Powell, 2020; 

Figure 1.1).    

In the MMD, early studies along the MSZ invoked a connection between it and the CSZS based 

on its north-northeast-trend, presumed Proterozoic age, and a possible correlation with the Idaho Springs-

Ralston Shear Zone, ~40 km to its northeast (Warner and Robinson, 1967; Neuerburg and Botinelly, 

1972; Neuerburg et al., 1974; Bookstrom, 1988; Figure 1.1).  Neuerburg and Botinelly (1972) and 

Neuerburg et al. (1974) interpreted it as the predominant control for the emplacement of the Montezuma 

Stock and mineralized veins.  However, the true nature of the MSZ and the relationship between the 

MSZ, CSZS, and CMB has not been investigated. 

To test the two main goals of the study, investigation of the Proterozoic history of the MSZ and 

its ductile structural control on mineralization in the MMD, detailed bedrock geologic and structural 

mapping was carried out along and adjacent to the MSZ, in order to characterize ductile structures and 

shear zone fabrics.  Field work was followed by optical microscopy.  One quartzite sample was selected 

for U-Pb laser ablation inductively-coupled mass spectrometry (LA-ICP-MS) detrital zircon 

geochronology to determine the depositional age of the quartzite and to constrain the age of nearby folds.  

U-Pb LA-ICP-MS in situ monazite geochronology was also carried out in order to date representative or 

contextually relevant metamorphic fabrics.  Mapping and geochronology data were then combined to 

interpret the geological history in and around the MSZ in the context of the Proterozoic deformation 

history of the Colorado Front Range. 
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CHAPTER 2 

GEOLOGIC BACKGROUND 

2.1 Previous research in the Montezuma area  

 As is common elsewhere in Colorado, the initial geologic research conducted in the study area 

was motivated by the local discovery of silver in the 1860s and subsequent mining throughout the MMD.  

The predominant ore minerals in the district were galena, sphalerite, chalcopyrite, tennantite-tetrahedrite, 

and sulfosalts, featuring Ag- and to a lesser extent Au-enrichment (Lovering, 1935; Lovering and 

Goddard, 1950; Botinelly, 1979).  Although the MMD produced significant quantities of Ag and Au, it 

was never as economical as some Colorado mining districts and most mining had ceased by the late 

1950s. 

 One of the earliest and most thorough studies of the MMD was conducted by Lovering (1935).  

He constructed lithological maps for nearly the entire area and studied its mines, describing in many cases 

the character of the mineralization or providing assay data.  Some of his maps include underground 

workings, which provide local subsurface data for the area.  Although the primary focus of Lovering 

(1935) was on the mineral resources of the MMD, his maps of Proterozoic rocks, igneous intrusions, and 

structures were especially relevant for this study. 

 In the following decades, after most mining had ceased, additional research focused on the 

mineral resources of the MMD was conducted, including by Neuerburg and Botinelly (1972), Neuerburg 

et al. (1974), and Botinelly (1979).  They mostly researched the connection between the MSZ and 

Montezuma Stock, and also molybdenum mineralization in the district, primarily for exploration 

purposes.  The most recent economic geology study over the MSZ was by Pyanoe (2015).  Fluid inclusion 

analysis suggested that the Eocene Cu-Zn-Pb-(Ag-Au) vein mineralization along the MSZ is consistent 

with the Cordilleran-style vein model, and that some veins formed at approximately 2 km depth (Pyanoe, 

2015).  Many of these veins crosscut and are thus younger than the ~39.7 Ma stock (Lovering, 1935; 
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Lovering and Goddard, 1950; Neuerburg and Botinelly, 1972; Neuerburg et al., 1974, Pyanoe, 2015; 

Rosera et al., 2021). 

 Beginning in 1914, the Denver Water Board undertook multiple investigations to determine the 

feasibility of diverting water from the Blue River through the mountains for use in the Denver 

metropolitan area (Wahlstrom et al., 1962).  Eventually, construction was approved for the Harold D. 

Roberts Tunnel, which was slated to carry water beneath the Continental Divide, on a southeastern 

journey of over 20 miles under thousands of feet of rock (Figure 1.2).  Near the completion of the tunnel, 

which began operations in 1964, more emphasis was placed on mapping local structure than in earlier 

mining-related studies.  During this time, Wahlstrom and Kim (1959) conducted important studies close 

to the eastern portal of the tunnel, near Handcart Gulch, and in the areas south and southwest of the study 

area (Figure 1.2). 

 Later, Warner and Robinson (1967) and Robinson et al. (1974) mapped the transect of the H. 

Roberts Tunnel and characterized the structure within the metapelitic Proterozoic rocks at the tunnel 

depth.  Warner and Robinson (1967) were among the first to classify the zone of highly fractured and 

altered rock near the eastern boundary of the Montezuma Stock.  While they did not encounter the zone at 

the depth of the H. Roberts Tunnel, they named the region of deformation at the surface the “Montezuma 

Shear Zone,” and mapped its north-northeast-strike for approximately 8 km.  Warner and Robinson 

(1967) interpreted the MSZ as a Proterozoic structure due to similarities with other CSZS shear zones of 

Tweto and Sims (1963), describing it as a primary control for the Eocene emplacement of the stock.  

Although the mapping efforts of Neuerburg and Botinelly (1972) and Neuerburg et al. (1974) were 

primarily focused on mineralogy, both expanded on the MSZ as a major Proterozoic structure that was 

reactivated and acted as the primary structural control for the stock and mineralization.  Most recently, 

McCoy et al. (2005) conducted reconnaissance mapping at the MSZ.  They described it as dominated by 

high-temperature banded gneiss that lacks evidence of mylonitic or ultramylonitic fabrics, and of simple 

shear, and argued that it is improperly classified as a shear zone.  The nature of the MSZ and its 
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relationship with the CSZS and possible Mesoproterozoic structures has thus been unknown, and detailed 

structural studies within the boundaries of the MMD have not previously been performed. 

2.2 Geologic history of the central Front Range – origins and the Paleoproterozoic 

 Most of the basement of the Colorado Front Range consists of ~1.8 – 1.7 Ga greenschist to 

granulite-facies, compositionally layered metapelitic rocks intruded by Paleoproterozoic and middle to 

late Mesoproterozoic plutons (Kellogg et al., 2008; Figures 1.1 and 2.1, pgs. 9–10).  This is reflected in 

the study area, where previous mapping has shown that exposed lithologies are mostly Paleoproterozoic 

biotite gneiss, migmatite, hornblende gneiss, and amphibolite, which are intruded by Mesoproterozoic and 

Cenozoic plutons (Lovering, 1935; Lovering and Goddard, 1950; Neuerburg and Botinelly, 1972; 

Neuerburg et al., 1974; Botinelly, 1979; Kellogg et al., 2008; Figures 1.2 and 2.1, pgs. 9–10). 

The metamorphic rocks of Colorado have been described as the tectonic product of the Yavapai 

and Mazatzal orogenies at approximately ~1.71 – 1.68 and ~1.65 – 1.60 Ga, respectively (Whitmeyer and 

Karlstrom, 2007).  These orogenies are thought to be associated with the collision and accretion of 

oceanic material and continental fragments onto the southern margin of the Archaean Wyoming Craton of 

Laurentia, during Paleoproterozoic subduction (Whitmeyer and Karlstrom, 2007; Figures 1.1 and 2.2, 

pgs. 9–10).  During this time, subduction extended for thousands of miles in a greater northeast-trending 

arc system, through the southwestern U.S. and into the eastern U.S. and Canada, where portions of 

Yavapai and Mazatzal crust make up the Proterozoic basement (Whitmeyer and Karlstrom, 2007; Figure 

2.2, pg. 10). 

Most of the basement of Colorado is part of the Yavapai Province, which was accreted to the 

Wyoming craton during the 1.71 – 1.68 Ga Yavapai orogeny (Whitmeyer and Karlstrom, 2007; Figure 

2.2, pg. 10).  Ranging from ~1.69 Ga to 1.65 Ga, Mazatzal terranes are also widespread throughout the 

southwestern U.S., particularly in New Mexico and Arizona (Figure 2.2, pg. 10), and reflect both 

volcanic-arc magmatic and extensional back-arc tectonic origins (Whitmeyer and Karlstrom, 2007).  

Although Mazatzal terranes are not represented in Colorado and unknown in the study area, deformation 
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associated with that orogeny from ~1.65 – 1.60 Ga has been well established throughout the state (McCoy 

et al., 2005; Whitmeyer and Karlstrom, 2007; Jones et al., 2013; Lytle, 2016; Mahatma, 2019; Lehman, 

2020).   

 

Figure 2.1 Simplified lithology and structural geology map of the central Front Range, from Kellogg et al. 
(2008), with the location of the MMD shown (also the approximate location of Figure 1.2).  Courtesy of 
the U.S. Geological Survey  
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Figure 2.2 Simplified geologic map of the southwestern U.S., showing major Proterozoic and Archean 
crustal provinces.  Modified from Whitmeyer and Karlstrom (2007).  Courtesy of the Geological Society 
of America. 
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Some distinctive plutons, including the nearby calc-alkalic Boulder Creek Batholith and rocks of 

the associated Routt Plutonic Suite (Figure 2.1) were emplaced during the Paleoproterozoic, possibly 

originating from mantle or lower crustal material (Gable, 1980).  Paleoproterozoic quartzite exists 

throughout the southwestern U.S. (Figure 2.2), and resulted from erosion of ancient orogenic material and 

sedimentation in collisional and arc-related settings (Karlstrom et al., 1988; Whitmeyer and Karlstrom, 

2007; Jones et al., 2009; Müller, 2019).   

Shear zones throughout the Front Range and elsewhere in Colorado, including the CSZS record 

high-strain movement in the Paleoproterozoic at ~1.71 – 1.69 Ga, and in subsequent pulses between ~1.67 

and ~1.62 Ga (McCoy et al., 2005).  Some CSZS shear zones have been interpreted as suture zones 

between individual fragments of amalgamating Yavapai province (Figure 2.2) crust based on the presence 

of tectonic mélanges (McCoy et al., 2001), but histories for individual CSZS structures are more complex 

and not all represent suture zones (cf., Lytle, 2016).   

Other geologists have proposed different tectonic models (in contrast to the accretionary model of 

Whitmeyer and Karlstrom, 2007) involved in the formation of the Paleoproterozoic rocks throughout the 

southwestern U.S. during this time.  Bickford and Hill (2007) suggest that instead of an accretionary 

model, the Paleoproterozoic history of Colorado is better explained by inheritance of older Trans-Hudson 

– Penokean continental crust in an extensional and transpressional tectonic setting, with the contribution 

of extensive bimodal volcanism.  Furthermore, although the Yavapai and Mazatzal are believed to be 

geologically and chronologically distinctive orogenies, Doe and Daniel (2019) demonstrated that in 

Arizona previously interpreted Yavapai deformation extends to approximately 1664 ± 17 Ma, overlapping 

with Mazatzal-timed deformation.  Near that same location, in the namesake Mazatzal Mountains, U-Pb 

detrital zircon geochronology evidence from deformed quartzite suggested that the previously attributed 

Paleoproterozoic Mazatzal deformation is actually Mesoproterozoic in age (~1470 – 1444 Ma) and 

analogous with the timing of Picuris orogeny (described in Section 2.3) in New Mexico and Colorado 
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(Doe and Daniel, 2019).  These observations emphasize that Yavapai, Mazatzal, and Picuris terminology 

is still evolving and will likely be refined as more research in the topic continues. 

2.3 Geologic history of the central Front Range – the Mesoproterozoic 

Few rocks of ~1.60 – 1.50 Ga are exposed in the southwestern U.S. or in Laurentia (Doe et al., 

2013).  Isolated ~1.56 Ga igneous rocks have been identified in the McDowell Mountains immediately 

northeast of Phoenix, Arizona (Skotnicki and Gruber, 2019), but are otherwise unknown throughout 

central Colorado.  Several other geologists have identified the growth of metamorphic minerals in 

Colorado from 1.60 – 1.50 Ga, some of which include minerals formed along CSZS shear zones (e.g., the 

Soda Creek-Fish Creek Shear Zone, Figure 1.1; Duebendorfer et al., 2015).  Explanations for these 1.60 – 

1.50 Ga analyses include thermal influence from unknown igneous rocks, a result of tectonism along a 

regional-scale, Mesoproterozoic, north-northwest trending strike-slip fault (postulated to be about 10 km 

west of the MMD), or incorporation of exotic continental material, in the case of U-Pb detrital zircon 

analyses (Doe et al., 2013; Duebendorfer et al., 2015; Doe, p.c. 2021).  Some 1.60 – 1.50 Ga analyses 

may otherwise be explained by Pb-loss or mixed analyses from discrete old and young mineral zonations.   

At ~1.4 – 1.3 Ga, deformation associated with the Picuris orogeny occurred after a period of relative 

quiescence following the Paleoproterozoic orogenies (Jones et al., 2010; Shah and Bell, 2012; Daniel et al., 

2013).  The orogeny may have been related to the suturing of the 1.55 – 1.35 Ga Granite-Rhyolite Province 

onto older Proterozoic provinces (Aronoff, 2015; Bickford et al., 2015; Figure 2.2).  The Granite-Rhyolite 

Province includes a large population of plutonic rocks of distinct geochemistry and age, which are confined 

along a belt through North America and make up much of the area southeast of New Mexico and Arizona 

(Figure 2.2).  The ~1.4 Ga plutons in Colorado may also be a part of it (Figure 1.1).  Deformation associated 

with the suturing may have taken place far inbound from the active continental margin of the time, 

reactivating pre-existing crustal weaknesses formed during the Yavapai and Mazatzal orogenies, including 

shear zones (McCoy et al., 2005; Aronoff, 2015; Mahatma, 2019).  Shah and Bell (2012), who performed 

in situ monazite geochronology within metamorphic isograd textures of Proterozoic rocks in the northern 
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Front Range, identified two distinct metamorphic events at ~1.76 – 1.67 Ga and at ~1.42 Ga.  They termed 

these orogenies the Colorado and Berthoud orogenies, and the Berthoud orogeny is synchronous with the 

Picuris orogeny elsewhere.  In contrast to the Yavapai and Mazatzal orogenies, evidence for ~1.4 Ga 

tectonism across Colorado has only recently been established as geochronology and geochemistry data 

become increasingly available (Shaw et al., 2001; Sims et al., 2001; McCoy et al., 2005; Jones et al., 2010; 

Doe et al., 2012; Shah and Bell, 2012; Doe et al., 2013; Daniel et al., 2013; Aronoff; 2015; Lytle, 2016; 

Doe and Daniel, 2019; Mahatma, 2019; Powell, 2020).   

The nearby Mount Evans and Silver Plume Batholiths (Figures 1.1 and 2.1) have been dated at 

1,442 ± 2 Ma and 1,409 ± 40 Ma respectively (Aleinikoff et al., 1993b), and were originally thought to 

have formed in an anorogenic environment (possibly a failed rift system) based on the geochemistry of 

the plutons, and because of a lack of observed ~1.4 Ga deformation (Anderson, 1983; Anderson and 

Thomas, 1985).  The geochemistry and “two-mica” compositions of ~1.4 Ga plutons in Colorado, and in 

geochemically similar (peraluminous) igneous rocks of various age throughout the southwestern U.S., 

were initially interpreted as associated with partial melting of the lower continental crust (Anderson, 

1983; Anderson and Thomas, 1985; Nyman et al., 1994; cf., Young, 1988).  However, recent geochemical 

studies, in particular based on Pb/(Y+Nb) compositions, suggest that the older Mount Evans Batholith 

may have formed in a volcanic-arc setting, and the younger Silver Plume Granite may have formed from 

partial melting in an intraplate environment associated with local extension (du Bray et al., 2018).  

Nyman et al. (1994) identified syntectonic shear fabrics in the Mount Evans Batholith, and Powell (2020) 

interpreted local north-plunging and west-dipping close folds as Picuris orogeny-aged and associated with 

its emplacement.  He also found further evidence of an overprinting (i.e., younger than ~1.44 Ga) 

deformation event in the batholith and adjacent metamorphic rocks (Powell, 2020).  In the study area, 

previously mapped exposures of peraluminous monzogranite may be genetically related to the ~1.41 Ga 

Silver Plume Granite to the northwest (Figure 1.1) based on mineralogical and textural similarities 

(Neuerburg and Botinelly, 1972; Neuerburg et al., 1974). 
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An increasing number of ~1.4 Ga sedimentary basins has recently been identified throughout the 

southwestern U.S., primarily in New Mexico and Arizona, and these shed additional light on the timing 

and prevalence of Mesoproterozoic tectonism (Doe et al., 2012, 2013; Daniel et al., 2013; Doe and 

Daniel, 2019; Mahatma, 2019; Skotnicki and Gruber, 2019).  Around the Mount Evans Batholith, 

(Figures 1.1 and 2.1) U-Pb LA-ICPMS detrital zircon analysis in quartzite within a Proterozoic 

metapelitic sequence yielded a population of approximately ~1.4 Ga, possibly resulting from 

sedimentation in an ancient basin formed during the Picuris orogeny (Mahatma, 2019).  Deformation and 

metamorphism of the quartzite and any associated rocks must be younger than that.  However, no 

additional quartzites of ~1.4 Ga age are known in the vicinity of the study area. 

The ~1.0 Ga Grenville orogeny resulted in emplacement of the Pikes Peak Batholith to the 

southeast of the study area (Figures 1.1 and 2.1).  South and southeast of Handcart Gulch (Figure 1.2), 

extensive migmatization and emplacement of small bodies of granite may be related to magmatism during 

this time, as rocks related to the Pikes Peak Batholith are located within ~10 km (see the Pikes Peak 

Batholith location in Figure 2.1; additional small Pikes Peak granite intrusions exist southeast of the 

MMD).  These Proterozoic intrusions may alternatively be interpreted as related to the Silver Plume 

Granite (Lovering, 1935; Wahlstrom and Kim, 1959).  The Grenville orogeny is not known to have 

caused significant deformation and metamorphism in Colorado. 

2.4 Geologic history of the central Front Range – Neoproterozoic through Paleogene 

Neoproterozoic through Paleozoic rocks are rare in the northern and central Front Range and not 

observed in the study area.  During the late Pennsylvanian, the Ancestral Rocky Mountains formed across 

Colorado, uplifting and eroding much of the Proterozoic and early Paleozoic geologic record.  Evidence 

of orogeny during this time is preserved along the margin of the Front Range just west of Denver, where 

Permian conglomeratic sandstone of the Fountain Formation contains Proterozoic – Paleozoic sediment 

eroded from the Ancestral Rockies.  No evidence exists that Late Pennsylvanian tectonism affected the 

study area, where Proterozoic metamorphic rocks are interpreted to have been exhumed during the 
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Cretaceous Laramide orogeny.  No Paleozoic rocks outcrop in the MMD, and the only exposed Mesozoic 

rocks are Cretaceous carbonaceous sedimentary rocks near its western boundary (Figure 1.2).  Moreover, 

previous work in Colorado and along the CSZS has not identified deformation of Pennsylvanian age. 

Starting in the late Cretaceous, the Laramide orogeny extensively altered the rocks of Colorado, 

leading to both brittle deformation and magmatism across the state (Erslev et al., 2004).  The orogeny 

produced uplift and intracontinental deformation hundreds of kilometers from the subduction margin to 

the west, and was associated with the shallow subduction of the Farallon Plate from southwest to 

northeast under the western portion of North American Plate.  Shallow subduction may have displaced 

compressional forces farther inland, and one explanation for the shallow subduction angle involves the 

subduction of high ocean topography such as an oceanic plateau or Large Igneous Province (Chapin, 

2012).  Perhaps most importantly in regards to the Montezuma area’s rich mining history, the Laramide 

orogeny led to the formation of the CMB and the Montezuma Stock.   

 The Montezuma Stock, a ~39.7 Ma monzogranite porphyry, is adjacent to the interpreted MSZ 

(Lovering, 1935; Lovering and Goddard, 1950; Warner and Robinson, 1967; Neuerburg and Botinelly, 

1972; Neuerburg et al., 1974; Robinson et al., 1974; Botinelly, 1979; Bookstrom 1988; Rosera et al., 

2021; Figure 1.2).  The stock is one of many intrusive bodies emplaced along the CMB, as defined by 

Tweto and Sims (1963) and refined by Chapin (2012).  Chapin (2012) argued that groups of Montezuma 

Stock-age plutons were influenced by slab rollback and subsequent extensional tectonic regimes during 

the shallow Laramide subduction.  The Montezuma Stock may be related to other nearby porphyry 

systems, and possibly the Climax and Henderson molybdenum porphyries (approximately 40 km 

southwest and 10 km north of the study area) based on similarities in ages, morphologies, and 

geochemistry, especially regarding enrichment in molybdenite (Neuerburg et al., 1974; Botinelly, 1979).  

Much of the ore in the MMD is concentrated within quartz and calcite-rich veins running along the 

eastern boundary of the Montezuma Stock, approximately parallel to and within the MSZ, (Lovering, 

1935; Lovering and Goddard, 1950; Neuerburg and Botinelly, 1972; Neuerburg et al., 1974; Botinelly, 
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1979; Pyanoe, 2015).  For this reason, Neuerburg et al. (1974) attributed the pattern of veins as having 

been structurally controlled by pre-existing Proterozoic ductile weaknesses along the MSZ. 

 The Laramide orogeny is also interpreted to have formed the many brittle structures observed 

throughout the Montezuma area (Figure 2.1).  One of the most important Laramide structures in the study 

area is a thrust window of the Williams Range Thrust Fault, in the western part of the MMD, which 

emplaces Proterozoic metamorphic rocks over Cretaceous marine sedimentary rocks (Warner and 

Robinson, 1967; Erslev et al., 2004; Figure 1.2).  About 3 km west of the MMD, the main fault strikes 

north-northwest and dips shallowly towards the east-northeast, and forms the western boundary of the 

central Front Range Proterozoic basement (Figure 2.1).  Several other brittle structures are seen 

throughout the area, but their effects on the local geology are unknown and were not a focus of this study.  

Post-Laramide orogeny extension created the Rio Grande Rift in southern Colorado and northern New 

Mexico.  This probably did not affect the Montezuma area significantly as the closest associated Rio 

Grande Rift structures lie over 50 km southwest of it.   
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CHAPTER 3 

METHODS AND MATERIALS 

Field work and geologic mapping were conducted intermittently over the months of May to 

September 2020 in the eastern portions of the MMD, northeast and southeast of Montezuma, Colorado 

(Figure 1.2).  The bulk of the field work was done in June, July, and August due to optimal weather in the 

high country.  Access to the MMD is relatively easy via the Montezuma Road from Keystone to 

Montezuma, CO, but the remaining portions of the field area are mostly only accessible by a high-

clearance or 4WD vehicle during the summer months, when snow has sufficiently melted to open forest 

service roads.  Most of the field area is part of White River National Forest.  Additional information 

regarding access to the MMD can be obtained by contacting the Dillon Ranger District of White River 

National Forest, in Silverthorne, Colorado, or the Summit County Sheriff’s Office.  Some of the region is 

private property, including historic mining claims.  Property records for the district can be obtained by 

contacting the Summit, Clear Creek, or Park County Assessor’s Offices, or viewing their records online.  

Exposures of rock are generally good at higher altitudes and along the edges of cirques and ridgelines, but 

are poorer in areas with extensive tundra coverage or along talus-covered mountain slopes.  Many 

outcrops exist that are too dangerous to attempt mapping due to significant vertical exposure or rockfall 

hazard.  The climate and physiography of the MMD is subalpine and alpine, consisting of forested and 

alpine tundra terrain at altitudes in excess of 4,000 m.  Day and nighttime temperatures can vary from 70 

– 80F (~21 – 26C) to below 30 – 40F (~ –1 – 4C) in the summer, and weather is highly unpredictable, 

as it is affected by the summer monsoon which commonly produces afternoon thunderstorms and the 

hazard of lightning. 

Mapping was conducted at various scales over the course of the field season and created a record 

of lithologies, mineral assemblages, metamorphic index minerals, potential protoliths, and orientations of 

structures.  Structures recorded while mapping included orientations of foliation/schistosity, mineral 

stretching and intersection lineations, fold hinge lines, fold axial planes, and the character of fold 
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morphologies and asymmetries.  Additional details can be found in Chapter 5.  Focus was placed on 

ductile structures as brittle structures were interpreted to have occurred much later than the Proterozoic.  

Structural measurements were collected at stations traditionally using a Breithaupt compass and recorded 

in a field notebook using dip/dip-azimuth conventionality.  Stations were recorded using a Garmin GPS 

(model: GPSMAP 64st).  Maps were compiled by combining station-location point data, lithological 

notes, and structural measurements in Garmin Basecamp, Google Earth, and ArcMap v. 10.7.1.  Google 

Earth and ArcMap were also used in order to map concealed contacts or structural features and to digitize 

final maps.  The U.S. Geological Survey National Map topographic basemap was used for all map figures 

to follow.  Equal-area lower-hemisphere projections of structural measurements were created using the 

Stereonet © program (Allmendinger et al., 2011).  Over 20 oriented samples were collected from 

representative lithologies in order to make thin sections for further petrologic and microstructural 

analysis, in addition to in situ monazite geochronology.  Twelve thin sections were made by Jae Erickson 

at the thin section laboratory at Colorado School of Mines, from eight oriented samples with the most 

interesting and contextually relevant structural features.  Thin sections were coded based on their station 

and orientation of cut relative to structures in the hand sample.  Samples were cut perpendicular to 

foliation (F) or axial plane (AP) and perpendicular (X) or parallel (P) to lineation (L) (cf., Hansen, 1990).  

For example, sample 397XFPL was collected from station 397 and cut perpendicular to foliation (XF) and 

parallel to lineation (PL).  Sample 269XAP was collected from station 269 and cut perpendicular (X) to 

an axial plane (AP).  A summary table of thin sections is found in Appendix A. 

A sample of Paleoproterozoic quartzite (Chapter 4) weighing approximately 5.75 kg was 

collected from a folded metasedimentary package at Snake River Cirque (Figure 1.2) for U-Pb detrital 

zircon analysis.  The samples were crushed and ground at the mineral separation laboratory at Colorado 

School of Mines using a Rocklabs Boyd jaw crusher and Bico disc mill grinder, and zircons were 

separated from the fine material by hand panning.  Zircons were then picked by hand under the 

microscope.  In preparation for mounting, zircons were heated at 900 C for approximately 60 hours to 
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anneal the grains with the intent of providing more stable analyses during spectrometry (cf., Mattinson, 

2005, 2011).  The annealed zircon was divided into two populations based on average size and placed into 

two grain mounts, Q623LP and Q623DP.  Zircon grain mounts were polished, and grains were imaged by 

cathodoluminescence (CL) at the Department of Geology and Geological Engineering at Colorado School 

of Mines using a TESCAN Rainbow CL detector on a TESCAN MIRA3 LMH field-emission (FE) 

scanning electron microscope (SEM).  CL scans were collected at a 10 mm working beam distance, 7.0 

kV beam potential, and scan speed setting of 6.  The beam intensity was set to 16.0 pA.  Following CL 

imaging, U-Pb zircon geochronology was performed at the LA-ICP-MS laboratory of the Department of 

Geology and Geological Engineering at Colorado School of Mines.    

U-Pb detrital zircon analyses were performed randomly for each grain mount.  These mostly 

included interpreted magmatic zircon with oscillatory or concentric zonation.  Some interpreted 

metamorphic grains were also analyzed.  For many grains, the outermost, and inferred youngest zonation 

was typically selected for ablation.  In all selections, no more than one spot analysis was performed for a 

single grain, and spots were positioned away from mineral inclusions and crystal defects.  A few grains 

with inclusions that were too large to avoid a mixed analysis were skipped.  Zircon analyses were 

performed using a Resolution-SE 193 nm ArF excimer laser system with a S-155 sample chamber, and an 

Agilent 8900 ICP-MS QQQ.  The two instruments were connected using a SQUID signal smoothing 

device.  The Agilent 8900 is a triple quadrupole ICP-MS, but the dating was done in single quadrupole 

and no cell gas mode.  The laser beam size was 24 µm, the fluence 2 J/cm2, and the repetition rate 5 Hz.  

The aerosol from the laser ablation was carried by He gas at 0.15 L/min flow rate, then mixed with Ar gas 

(1.05 L/min flow rate) in the funnel right above the sample chamber and sent to the ICP-MS.  The ICP-

MS was tuned in the following steps: (1) torch axis tuning; (2) electron multiplier (detector tuning); (3) 

plasma tuning – the tuning targets were maximum signal intensities for 7Li, 88Sr and 238U, while the mass 

248/232 (ThO/Th) ratio was < 0.2%, and the mass 238/232 (U/Th) ratios were between 0.95-1.05; (4) 

auto tune on lenses and quadrupoles; (5) resolution/axis tuning; and (6) P/A factor tuning.  The signals 
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collected and the dwell times were 90Zr (10 ms), 202Hg (40 ms), 204Pb+Hg (40 ms), 206Pb (60 ms), 207Pb 

(80 ms), 208Pb (40 ms), 232Th (40 ms), and 238U (40 ms).  One pre-clean shot was fired, followed by 15 

seconds of washing time for the waste to pass through the system.  A gas black of 20 seconds was 

collected, followed by 40 seconds of zircon ablation signals.  The primary reference material was 91500, 

and the secondary reference materials were Temora 2 and GJ-1, and were treated as unknowns to monitor 

the dating accuracy of a session.  Regarding the ablation sequence, six to 12 secondary standards and 

unknowns were inserted between primary standards, with less at the beginning of a session, and gradually 

more over time.  Date reduction was conducted using Iolite software version 4.  Integration interval 

selections were aided with the VisualAge tool in Iolite. 

Seven of the thin sections were scanned for in situ monazite using automated mineralogy (AM) 

analysis at the Department of Geology and Geological Engineering at Colorado School of Mines.  

Automated mineralogy was performed using a TESCAN VEGA FE-SEM equipped with 4 electron-

dispersive spectroscopy (EDS) detectors and TESCAN Integrated Mineral Analyzer (TIMA) software.  

Selective AM scans were performed over the thin sections at a step size of 20 µm to quickly locate 

monazite large enough to ablate.  This is done by utilizing TIMA software to scan for minerals with a 

high backscattered electron (BSE) reflectance (typically 60% or greater) and constraining mineral 

compositions including monazite using EDS spectra.  Following AM analysis, four thin sections with the 

best microstructures and most monazite grains were further imaged using a TESCAN MIRA3 LMH FE-

SEM.  BSE-SEM imaging was performed because of its higher resolutions, as compared to the AM bright 

phase field scans, and was used to reveal the relationships between monazite and microstructural fabrics, 

internal zonation, and mineral inclusions.  BSE scans were collected at a 10 mm working beam distance, 

15 kV beam potential, and scan speed setting of 6.   

Four thin sections were sent to the U.S. Geological Survey G3 Plasma Lab in Lakewood for U-Pb 

LA-ICP-MS in situ monazite geochronology and analyzed by Chris Holm-Denoma.  Monazite was 

analyzed using a Teledyne-Photon Machines ExciteT 193 nm ArF excimer laser that was coupled to a Nu 
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Instruments AttoM high-resolution magnetic-sector inductively coupled plasma mass spectrometer in spot 

mode (150 total bursts) with a repetition rate of 5 Hz, laser energy of ~3 mJ, and an energy density of 

4.11 J/cm2.  Pit depths were typically ~7 – 9 µm.  The rate of He carrier gas flow from the HelEx cell of 

the laser was ~0.6 L/min.  Make-up Ar gas (~0.2 L/min) was added to the sample stream prior to its 

introduction into the plasma.  Nitrogen with a flow rate of 5.5 mL/min was added to the sample stream to 

allow for significant O+ reduction and improved the ionization of refractory elements (Hu et al., 2008).  

With the magnet parked at a constant mass, the flat tops of the isotope peaks of 202Hg, 204(Hg + Pb), 206Pb, 

207Pb, 208Pb, 235U, and 238U were measured by rapidly deflecting the ion beam with a 30 second on-peak 

background measured prior to each 30 second analysis.  Raw data were reduced off-line using the IoliteT 

2.5 program (Paton et al., 2011) to subtract on-peak background signals, correct for U-Pb downhole 

fractionation, and normalize the instrumental mass bias using external mineral reference materials.  

Monazite analyses were conducted with spot analyses of 10-15 µm in diameter.  All isotopic data were 

normalized to the monazite reference materials 3345 (Stern and Berman, 2001; 207Pb/206Pb thermal 

ionization mass spectrometry age = 1821.0 ± 0.6 Ma) and 44069 (Aleinikoff et al., 2006).  The reference 

material was analyzed after every five spot analyses of monazite unknowns. 

All reduced geochronology data were compiled in excel, and concordia, float bar, and probability 

density diagrams were constructed using Isoplot 4.15 (Ludwig, 2012).  See Chapters 6 – 7 and Appendix 

B for additional data reduction details.  Figures were made using the free Inkscape SVG program. 
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CHAPTER 4 

UNIT DESCRIPTIONS 

The Montezuma area is dominated by metasedimentary rocks and to a lesser extent metaigneous 

rocks and igneous intrusions.  Most of the bedrock is biotite gneiss and schist, migmatitic biotite gneiss 

and amphibolite, and hornblende and plagioclase gneiss, which are heterogenous and may be further 

divisible into subunits depending on scale.  These were originally defined as parts of the Idaho Springs 

Formation and Swandyke Hornblende Gneiss by Lovering (1935).  The widespread occurrence of 

sillimanite and partial melt indicate amphibolite-facies metamorphism.  Biotite, muscovite, plagioclase, 

K-feldspar, and sillimanite are common in the metapelitic units, and hornblende, plagioclase, pyroxene, 

muscovite, sillimanite, and K-feldspar are common in the metaigneous units.  The well-developed 

compositional layering in the metapelites and metabasites is commonly parallel with foliation, but is 

highly folded and transposed, making the age relationships between the Paleoproterozoic units somewhat 

uncertain. 

Other prominent lithologies include intrusive rocks, notably the Mesoproterozoic Silver Plume 

Granite and Eocene Montezuma Stock quartz monzonite.  These are generally massive but contain local 

weak flow foliation, and are heavily jointed.  Dikes of various composition are common, especially in the 

northern part of the study area.  Age relationships of intrusive and metaigneous lithologies are locally 

inferred based on crosscutting relationships or from previous maps, mostly Lovering (1935), Wahlstrom 

and Kim (1959), Warner and Robinson (1967), Neuerburg and Botinelly (1972), Neuerburg et al. (1974), 

and Kellogg et al. (2008).  The units encountered in the study area are summarized below, and ages are 

listed from oldest to youngest, inferred. 

i. Paleoproterozoic biotite gneiss and schist (Xb): 

 Well-foliated (mm-scale) metapelitic biotite, quartz, K-feldspar, plagioclase, and 

sillimanite gneiss and schist (Figure 4.1A, pg. 24).  Biotite, plagioclase, small amounts of 
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muscovite, sillimanite, sericite, chlorite, and quartz typically define the foliation.  Microcline, 

perthite, plagioclase, quartz, and accessory minerals form the remaining groundmass of the rock.  

K-feldspar is typically light to dark grey, with a slight pinkish hue in a fresh sample.  Sillimanite 

content is variable by outcrop, but is very abundant in Horseshoe Basin and Cinnamon Gulch 

(Figures 1.2 and 4.1C, pg. 24) and in more schistose varieties of the rock, and is commonly 

greater than 3% by volume.  Locally, the unit contains lenses, splays, and layers of K-feldspar- 

and quartz-rich leucosome, weakly-foliated granite, or aplite and pegmatite.  Leucosome is 

interpreted to have formed during middle-upper amphibolite facies metamorphism and partial 

melting of the metamorphosed protolith.  Elsewhere, the unit may display xenoliths of 

amphibolite or calc-silicate gneiss.  These are sometimes aligned with the predominant foliation, 

but are typically complexly deformed.  The age of the biotite gneiss and schist unit is estimated to 

be approximately 1.78 – 1.77 Ga from U-Pb zircon geochronology (magmatic age; Kellogg et al., 

2008). 

ii. Paleoproterozoic migmatitic biotite gneiss and amphibolite (Xbm): 

 Resembles the Paleoproterozoic biotite gneiss and schist (Figure 4.1B, pg. 24), but has a 

higher relative proportion of leucosome and is typically highly deformed.  Biotite, plagioclase, 

small amounts of muscovite, sillimanite, and quartz define the foliation.  Sillimanite is common, 

and is more prevalent than in the biotite gneiss and schist.  Amphibolite is locally abundant and is 

typically observed in layers ranging from a few cm to greater than 0.5 m in width.  Leucosome 

consists of K-feldspar, quartz, plagioclase, and muscovite, and is intermixed throughout as lenses, 

splays, and layers, resulting in a migmatitic texture.  Interpreted to be of similar age to the biotite 

gneiss and schist unit due to the mineralogical similarity and vicinity with/to that unit (Kellogg et 

al., 2008). 



24 
 

 

Figure 4.1 Outcrop photographs and photomicrographs of representative Paleoproterozoic units.  (A) 
Thinly foliated biotite gneiss and schist with minor folds (F2? – see Chapter 5), near Horseshoe Basin.  
Estimated foliation orientation is indicated.  (B) Migmatitic biotite gneiss and amphibolite, near 
Horseshoe Basin.  Measured foliation orientation is indicated.  (C) Cross-polarized light (XPL) 
photomicrograph of thin section 424PL, showing the typical mineralogy of the biotite gneiss and schist 
unit.  K = K-feldspar, sl = sillimanite, ch = chlorite, qt = quartz, bt = biotite. 
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iii. Paleoproterozoic granitic gneiss (Xgg): 

 Granitic gneiss and pegmatite with fine to coarse equigranular quartz, K-feldspar, 

plagioclase, and minor muscovite and biotite (Figure 4.2A, C, pg. 26).  Resembles the leucosome 

in all varieties of the biotite gneiss, and is interpreted to be of similar origin.  Recorded as a 

separate unit where granitic/leucosome material was sufficiently segregated from more 

gneissic/schistose rocks to display on maps.  The unit is weakly to moderately foliated, at the 

mm- to cm-scale, but foliation is generally poorly defined.  The granitic gneiss typically occurs in 

small to large lenses, or as splays and veins that branch off from the larger bodies.  Outcrops 

commonly display a rounded weathered appearance.  Locally, the unit contains xenoliths of 

biotite gneiss and schist, amphibolite, or calc-silicate gneiss.  It also contains retrograde sericite, 

saussurite, chlorite, and epidote (Figure 4.2C, pg. 26).  It has not been dated, and may be related 

to a later intrusion. 

iv. Paleoproterozoic lower calc-silicate/amphibolite gneiss (Xca1): 

Greenish-brown, weather-resistant, weakly to strongly foliated calc-silicate and 

amphibolite gneiss with small amounts of quartzite and marble (Figure 4.2B, pg. 26).  

Mineralogically variable, but mostly contains metamorphic carbonate minerals, pyroxene, 

epidote, tremolite, black hornblende, and minor quartz.  The unit is mainly found at the Snake 

River Cirque, and is inferred to be continuous with folded calc-silicate/amphibolite gneiss at 

Handcart Gulch (locations shown in Figure 1.2 and Chapter 5).  Its approximate thickness is 100 

– 150 m.  At the Snake River Cirque and Handcart Gulch, the unit forms a gradational contact 

with underlying biotite gneiss and schist or migmatitic biotite gneiss and amphibolite units (see 

Chapter 5). 
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Figure 4.2 Outcrop photographs and photomicrographs of representative Paleoproterozoic units.  (A) 
Granitic gneiss, near Horseshoe Basin and Cinnamon Gulch.  Foliation measurement is indicated.  (B) 
Lower calc-silicate and amphibolite gneiss, with compositional layering, in the Snake River Cirque.  
Foliation measurement is indicated.  (C) XPL photomicrograph of thin section 343PL, displaying the 
typical mineralogy of the granitic gneiss unit.  K = K-feldspar, sl = sillimanite, ep = epidote, qt = quartz, 
ms = muscovite, sr = sericite/saussurite (fine-grained mineral aggregates).  Epidote, saussurite, and 
sericite are all probably the products of retrograde metamorphism of feldspars.  Dark opaque minerals 
include pyrite and magnetite. 
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v. Paleoproterozoic quartzite (Xq): 

Well-sorted, fine-grained white to grey arenitic quartzite, with quartz, minor feldspar, 

magnetite, pyrite, apatite, and zircon (Figure 4.3A, pg. 28).  Occurs near the Snake River Cirque 

(location in Figure 1.2 and Chapter 5), but outcrops sporadically.  Based on limited outcrops, the 

unit forms a contact above the lower calc-silicate/amphibolite gneiss (see Chapter 5).  

Commonly, the contact is not observed and the quartzite may occur only as isolated pods or 

lenses, but is potentially found elsewhere.  The estimated thickness of the quartzite is 5 – 10 m.  

Its maximum depositional age (MDA) was found to be ~1.75 Ga in this study (see Chapter 8). 

vi. Paleoproterozoic porphyroclastic feldspar and biotite gneiss (Xpg): 

Fine-grained, well-foliated (mm-scale) biotite, muscovite, and quartz gneiss with 

numerous subrounded K-feldspar and plagioclase porphyroclasts (Figure 4.3B, pg. 28).  

Porphyroclasts range from a few mm to greater than 5 cm in diameter.  The unit resembles a 

sheared variety of the biotite gneiss and schist.  The unit was encountered at the Snake River 

Cirque (location in Figure 1.2 and Chapter 5), and has an estimated thickness of 20 m.  Locally, it 

contains small layers or lenses of amphibolite, and grades into the quartzite and lower calc-

silicate/amphibolite gneiss units. 

vii. Paleoproterozoic upper calc-silicate/amphibolite gneiss (Xca2): 

Well-foliated (mm- to cm-scale), compositionally layered calc-silicate and amphibolite 

gneiss with minor amounts of quartzite and marble (Figure 4.3C, pg. 28).  Greenish-brown, and 

mineralogically similar to the lower calc-silicate/amphibolite gneiss unit.  Stratigraphically above 

and grades into the porphyroclastic felspar and biotite gneiss unit at the Snake River Cirque, but 

was not observed at Handcart Gulch (see Chapter 5).  Its approximate thickness is 100 – 200 m.   
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Figure 4.3 Outcrop photographs of representative Paleoproterozoic units.  (A) Quartzite at the Snake 
River Cirque, with possible (?) preserved cross-bedding.  Foliation measurement is indicated.  (B) 
Porphyroclastic feldspar and biotite gneiss, with dextral sigma-clasts, at the Snake River Cirque.  
Foliation measurement is indicated.  (C) Cross-sectional view of the upper calc-silicate and amphibolite 
gneiss, with interpreted S0-1 foliation folded by F2 axial planes.  Fold hinge measurement is indicated.  (D) 
A compositionally layered float boulder of hornblende and plagioclase gneiss near in situ outcrops, which 
typifies the appearance of the unit. 
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viii. Paleoproterozoic hornblende and plagioclase gneiss (Xh): 

Well-foliated (mm- to cm-scale), compositionally layered hornblende, plagioclase, and 

amphibolite gneiss (Figure 4.3D).  The unit contains well-defined layers and lenses of black 

amphibolite and white plagioclase gneiss, which may be greater than 0.5 m in width.  The dark 

hornblende and amphibolite layers consist of hornblende, green and black amphibole, epidote, 

and mafic calc-silicate minerals.  The white gneissic layers are mostly plagioclase and quartz, 

with minor mica.  Foliation is extremely well-developed at the outcrop scale, and can be followed 

for long distances by the naked eye and via satellite imagery.  Stratigraphically above all of the 

metapelitic units in the Snake River Cirque (location in Figure 1.2 and Chapter 5), and previously 

interpreted as unconformably overlying the aforementioned units by Wahlstrom and Kim (1959).  

However, the underlying contact with the upper calc-silicate/amphibolite gneiss unit is 

gradational and foliations are parallel, suggesting no unconformity and similar structural histories 

(see Chapter 5).  Previously interpreted to have formed from a mixture of pelitic or psammitic 

(e.g., arkose and sandstone) and volcanic (basalt) protoliths (Wahlstrom and Kim, 1959).  The 

estimated thickness of the unit is greater than 1000 m. 

ix. Mesoproterozoic Silver Plume Granite (Ysp): 

Semi-porphyritic monzogranite containing roughly equivalent volumes of plagioclase and 

~1 cm tabular K-feldspar crystals, with minor quartz, biotite, muscovite, and amphibole (Figure 

4.4A, pg. 30).  Semi-massive to massive in terms of metamorphic foliation, but may show a weak 

flow foliation defined by tabular K-feldspar.  Forms rusty-colored, irregular weathering surfaces, 

and is highly jointed.  In the study area, the Silver Plume Granite forms small – medium sized, 

discontinuous outcrops and was previously interpreted by Lovering (1935) to rarely form dikes.  

Distinctive in appearance in comparison to the porphyritic Montezuma Stock quartz monzonite 

(described below).  Previous age estimates of the unit are ~1.42 Ga (Kellogg et al., 2008) and 

1,409 ± 40 Ma (Aleinikoff et al., 1993b). 



30 
 

 

Figure 4.4 Outcrop and hand sample photographs of representative Mesoproterozoic – Eocene units.  (A) 
Outcrops of Silver Plume Granite near Santa Fe Peak, displaying characteristic tabular feldspar crystals, 
known to early miners as “corn rock” (Lovering, 1935).  (B) A float boulder of Montezuma Stock 
monzonite, with pink K-feldspar phenocrysts.  (C) Pegmatite dikes, which may be related to the 
Montezuma Stock, intruding into biotite gneiss and schist in Horseshoe Basin.  Estimated orientation is 
indicated.  (D) A cobble of float from the volcanic breccia unit, with an oxidized, fine-grained volcanic 
matrix and angular clasts interpreted to be Montezuma Stock monzonite porphyry. 
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x. Eocene Montezuma Stock monzonite porphyry (Emz)  

Grey to pinkish-grey porphyritic granite, which varies between monzonite and quartz 

monzonite (Figure 4.4B).  Fine- to coarse-grained and commonly equigranular with the exception 

of conspicuous pink K-feldspar phenocrysts greater than 2 cm in diameter.  Typically massive, 

without any structural characteristics with the exception of well-developed systematic joints.  At 

least two orthogonal master joint sets are observable throughout.  Interpreted to be associated 

with many dikes throughout the study area, in contrast to the Silver Plume Granite (Lovering, 

1935).  Its age is estimated at ~39 Ma from previous geochronology (Bookstrom et al., 1987; 

Cunningham et al., 1994; Rosera et al., 2021). 

a. Associated (?) rhyolite porphyry, diorite, and pegmatite dikes (Erp/Ed/Ep): 

Branching out from the Montezuma Stock are many undeformed to weakly deformed 

dikes of various composition, which typically crosscut the foliation of the metamorphic host 

rocks.  Most common are rhyolite porphyry dikes, which have a matrix made up of 

microcrystalline quartz and felspar, and phenocrysts of K-feldspar up to 3 cm in diameter.  

Less common are grey to black, fine-grained to semi-porphyritic, diorite dikes.  These dikes 

are primarily plagioclase and hornblende, with minor quartz and biotite.  Other dikes are 

pegmatitic and rich in quartz, K-feldspar, plagioclase, muscovite, and biotite.  Much of the 

pegmatite occurs parallel to foliation in the biotite gneiss units, and is weakly foliated (Figure 

4.4C).  Intermixed dike sets are common throughout Domain 1, and particularly in Horseshoe 

Basin (location in Figure 1.2 and Chapter 5).  As dikes are generally crosscutting and 

undeformed to weakly deformed, they are interpreted as late structures that are related to the 

intrusion of the Montezuma Stock.  The age relationships of these dikes are not completely 

understood, but the diorite dikes may be the earliest due to their less-evolved magmatic 

compositions, followed by the felsic pegmatite dikes, and lastly by the rhyolite porphyry 

dikes.  These dikes may be related to an earlier intrusion, and have not been dated. 
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xi. Eocene (?) volcanic breccia (Evb): 

 Matrix-supported, orange-brown volcanic breccia, featuring 1 mm – 5 cm angular 

igneous clasts in a fine-grained, brown, oxidized ash or tuff matrix (Figure 4.4D).  Clasts are 

nearly all fragments of pinkish-grey porphyritic quartz monzonite with K-feldspar phenocrysts, 

which resemble the Montezuma Stock.  Found in both the Snake River Cirque and Handcart 

Gulch (locations in Figure 1.2 and Chapter 5), and based on the texture and mineralogy of the 

dominant clasts, likely formed during volcanic activity after the emplacement of the Montezuma 

Stock. 
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CHAPTER 5 

STRUCTURAL GEOLOGY RESULTS 

5.1 The Montezuma Shear Zone and domain overview  

Previously, the MSZ was interpreted in the study area (Warner and Robinson, 1967; Neuerburg 

and Botinelly, 1972; Neuerburg et al., 1974; Robinson et al., 1974; Botinelly, 1979; Figure 1.2).  It was 

mostly constrained to the biotite gneiss and schist unit mapped in this study, and to a lesser extent within 

the granitic gneiss and Silver Plume Granite.  However, no continuous zone of shearing, offsetting of 

units, or lithological contrasts were identified along or across the previously interpreted zone.  Although 

some areas with well-developed shear fabrics exist, they were localized within, as well as away from the 

MSZ trace.  There is no additional evidence that the MSZ is a Proterozoic shear zone, as previously 

interpreted.  Even still, brittle fractures are well-developed and subparallel to the zone.  The zone may 

thus be a relatively young brittle structure in contrast to its previous interpretation as a Proterozoic ductile 

shear zone.  This will be explored in greater detail to follow (see Chapter 8). 

Combined analysis of ductile structures yielded two domains in the study area, based on the 

orientations of fold hinges, stretching lineations, intersection lineations, and poles to foliation.  The 

domains are in the northern (Domain 1) and southern portions of the study area (Domain 2).  A main 

foliation is generally well developed throughout, and typically forms mm- to cm-scale penetrative 

layering in the metapelitic, metaigneous, and metavolcanic units.  Mineral stretching or intersection 

lineations are common and typically defined by ~5 mm- to cm-scale biotite, mica, quartz, felspar, or 

sillimanite grains (quartz, muscovite, and sillimanite aggregate pods are also common).  Folds are 

widespread and summarized in the table below (Table 5.1, pg. 34).  Joint and fracture 

locations/orientations are included in Appendix A, but not further described or included on maps. 

 



34 
 

Table 5.1 Summary of fold generations in the study area.  See Figure 5.2 for locations and Chapter 8 for 
additional interpretation of deformation. 

Fold Set Character Orientation Primary Location Domain 

F1 Isoclinal Variable Unknown All Domains 

F2 Tight to 

Open 

Upright to steep axial planes dipping 

W, E, or SW, with moderately N-, S-, 

NE-, or NW-plunging hinges 

Horseshoe Basin, Cinnamon 

Gulch, Snake River Cirque, 

Handcart Gulch 

All Domains 

F3 Tight to 

Open 

Upright to steep axial planes dipping 

N and S, with moderately WNW- to 

WSW-plunging hinges 

Horseshoe Basin, Santa Fe 

Peak, Geneva Creek Cirque 

Domain 1, 

Domain 2? 

 

The interpreted S0-1 foliation is the main foliation and generally trends northeast in Domain 1, and 

northwest in Domain 2.  F2 fold axial traces are parallel to the strike of S0-1 foliation.  A change in 

foliation orientations between domains occurs across west- to west-northwest-trending F3 folds near Santa 

Fe Peak (Figure 5.1, pg. 35), and was the main basis for dividing the domains.  D3 structures are primarily 

visible in Domain 1 and on the boundary between the domains.  Overprinting relationships between the 

fold generations are observed between F1 isoclinal folds and F2 km-scale folds at the Snake River Cirque, 

and between F2 folds and cm- and km-scale F3 folds in Horseshoe Basin and at Santa Fe Peak (Figure 5.1, 

pg. 35).  Each structural domain was further divided into subdomains, based on local differences.   

Domain 1 includes the subdomains of Horseshoe Basin (1a), Cinnamon Gulch (1b), and the Santa 

Fe Peak/Geneva Creek Cirque (1c), shown in Figures 1.2, 5.1, and 5.4, pgs. 35 and 38.  Most of the field 

evidence for overprinting relationships of older structures by F3 folds and L3 lineations is from Horseshoe 

Basin.  Elsewhere fold generations are inferred based on orientations and consistency with subdomain 1a.  

Subdomains 1b and 1c were separated from one another and from subdomain 1a on the basis of fewer F3 

fold hinge measurements, or slightly different trends/clusters of S0-1 foliation.   
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Figure 5.1 Simplified combined bedrock geologic map of the study area, with representative units, 
structural data, structural domains, and subdomains.  Geographic locations and major folds/fold 
generations are indicated, and dashed where inferred.  See Figure 5.2 for a detailed legend of Figure 5.1.  
Cross-section lines A–A’ and B–B’ are shown in Figure 5.3, pg. 37.  Equal-area lower-hemisphere 
projections of subdomain data are provided, and further explained in Figures 5.4 and 5.5, pgs. 38 and 39.   
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Figure 5.2 Legend provided for Figure 5.1 in order to show the most detail in that figure. 

 

Domain 2 includes the subdomains of (2a) the Snake River Cirque, and (2b) Handcart Gulch 

(Figure 5.1 and 5.5, pg. 39), which are the most obviously folded regions in the entire study area.  Both 

subdomains feature similar lithologies and structural orientations only show minor differences.  Domain 2 

is primarily a product of D2 deformation, as it overprints a locally visible early isoclinal fold generation 

constituting D1 deformation.  Subdomain 2b includes the North Fork Fault Zone, a previously interpreted 

Proterozoic brittle structure (Wahlstrom and Kim, 1959; Tweto and Sims, 1963; Warner and Robinson, 

1967), that may be a shear zone (see Chapter 8), and is unique to the subdomain.  Additional details are 

provided for each subdomain to follow, and a simplified geologic map of the study area with domains, 

subdomains, and geographic locations is provided in Figure 5.1. 
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Figure 5.3 Schematic cross-sections for Domains 1 and 2, see Figure 5.1 for cross-section locations.  A—
A’ is modified from Warner and Robinson (1967) of surveys of the H. Roberts Tunnel (Figure 1.2), 
courtesy of the U.S. Geological Survey.  B—B’ is modified from Wahlstrom and Kim (1959), courtesy of 
the Geological Society of America.  Fold axial plane orientations and the general trends of schistosity 
(interpreted S0-1 foliation) are illustrated. 
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Figure 5.4 Equal-area lower-hemisphere projections for structures in subdomains of Domain 1.  (A) 
Subdomain 1a, Horseshoe Basin.  (B) Subdomain 1b, Cinnamon Gulch.  (C) Subdomain 1c, Santa Fe 
Peak and Geneva Creek Cirque (locations in Figure 5.1).  Girdles containing poles to S0-1 foliation are 
plotted in (A) and (C), and are interpreted as folded by W-trending F3 folds.  Foliations for (B) form a 
cluster, but lineations are mostly interpreted as L3.  All foliation and lineation measurements include a 
mean average, which are the coded bold symbols and include interpreted generations (e.g., S0-1).  A mean 
vector for fold hinges is plotted only in (A).  Minor numbered black dots are folded S0-1 foliation maxima 
(1) and minima (2), and the pole to folded foliation (3). 
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Figure 5.5 Equal-area lower-hemisphere projections for structures in subdomains of Domain 2.  (A) 
Subdomain 2a, Snake River Cirque.  (B) Subdomain 2b, Handcart Gulch.  Location shown in Figures 1.2 
and 5.1.  Girdles containing poles to S0-1 foliation are plotted in (A) and (B), and are interpreted as folded 
by NW-trending F2 folds.  All foliation, lineation, and fold hinge measurements include a mean average 
(coded bold symbols; e.g., S0-1).  Minor numbered black dots are folded S0-1 foliation maxima (1) and 
minima (2), and the pole to folded foliation (3). 

 

5.2 Subdomain 1a – Horseshoe Basin 

Horseshoe Basin (subdomain 1a) is a high-alpine valley, located in the far northeastern part of the 

study area (Figures 1.2, 5.1, 5.6, pg. 40).  Rocks in Horseshoe Basin consist of large swaths of 

Proterozoic biotite gneiss and schist and migmatitic biotite gneiss and amphibolite with smaller amounts 

of granitic gneiss and various interpreted Eocene dikes.  Many of the dikes are rhyolite porphyry dikes, 

interpreted to be associated with the Montezuma Stock, which are massive and undeformed, typically 

crosscutting the metamorphic foliation along an east-northeast-trend (Figure 5.6, pg. 40).   
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Figure 5.6 Geologic map of Horseshoe Basin; subdomain 1a of Domain 1.  See Figure 5.7, pg. 41, for a 
detailed legend.  Interpreted fold and deformation generations are shown.  Unit symbols are provided.   
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Figure 5.7 Combined legend for all units and structures applies to Figures 5.6, 5.9, 5.11, and 5.13 (pgs. 
44, 49, and 53), in order to show the highest resolution and detailed maps in those figures.   

 

Horseshoe Basin shows a combination of D2 and D3 structures.  In the western portion of the 

basin, cm- to m-scale upright F3 folds fold north-northeast-trending and steeply dipping S0-1 foliation, and 

km-scale F2 folds.  Poles to all S0-1 foliation in the subdomain plot along a girdle, the pole of which is 

approximately parallel to a mean vector for interpreted F3 fold hinge lines and L3 lineations (calculated by 

the Stereonet program – Allmendinger et al., 2011; Figure 5.4A). 

F2 folds include a km-scale antiform and synform pair at the northern end of Horseshoe Basin 

with estimated northerly-trending axial planes (Figure 5.6, 5.8C, pg. 42).  The antiform lies immediately 

southwest of Mount Edwards (illustrated on the topographic basemap, Figure 5.6; also see Figure 5.8C, 

pg. 42), and is an open fold with an estimated wavelength of approximately 600 m.  The large and gentle 

synform to the east of it is roughly parallel with the north-northeast-trending valley of Horseshoe Basin 

and the predominant S0-1 foliation therein.  Although both folds are inferred to continue both north and 

south, the synform is the more obvious structure.   
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Figure 5.8 Folds of Horseshoe Basin.  (A) F3 folds with steeply north-dipping axial planes near the 
western side of Horseshoe Basin, with fabrics and orientation of fold hinge lines (plunge/trend) shown.  
(B) F3 folds with steeply north-dipping axial planes, along the western side of the basin.  Sample 269XAP 
was collected from this location.  Quartz veins show s-, z-, or m-fold asymmetry.  (C) F2 antiform and 
synform pair observed at the northern end of Horseshoe Basin, just south of Mount Edwards (location on 
the topographic basemap, Figure 5.6), with steeply west-dipping (?) axial planes illustrated.  
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The antiform and synform are interpreted to have formed during D2 deformation, based on 

folding of its western limb by F3 folds in the western portion of the basin (Figure 5.6).  D2 deformation is 

interpreted as associated with west-northwest to east-southeast directed shorting and large-wavelength 

folds that overprinted local F1 isoclinal folds of variable orientations (Figure 5.6).  Some of the north-

trending minor folds throughout the basin may also be the results of D2 shortening, particularly those that 

are north- or south-plunging in the northeastern and south-central portions of the local mapping area in 

Figure 5.6, and those which do not cluster with westerly-plunging F3 folds in Figure 5.4A.   

F3 folds in the basin are mostly along its western slopes, where pervasive west-southwest-

trending, moderately-plunging, 100 m-scale and smaller folds were observed (Figures 5.6, 5.8A and B).  

Meter- to cm-scale, close to open and locally isoclinal parasitic, s-, z- and m- folds are present on the 

limbs of the larger folds.  A few minor folds in that area plunge moderately towards the west-northwest 

and may represent older deformation.  Mineral stretching and intersection lineations plunge moderately to 

the west and southwest (Figure 5.6), and are interpreted as having formed during F3 folding.  Meter-scale 

F3 folds along the eastern headwall of Horseshoe Basin, plunge shallowly east (Figure 5.6).  They are 

interpreted as F3 folds reoriented by differential movement along the many granitic gneiss outcrops 

nearby (Figure 5.6).  The D3 deformation event is interpreted to have been caused by north/northwest to 

south/southeast directed shortening. 

5.3 Subdomain 1b – Cinnamon Gulch 

Cinnamon Gulch, subdomain 1b, is a small valley southwest of Horseshoe Basin that was the site 

of several historic mines, most notably the Pennsylvania Mine, of which ruins can still be observed today.  

Cinnamon Gulch is approximately 1.6 km in length and width, and is underlain by biotite gneiss and 

schist, although the far western slopes are quartz monzonite of the Montezuma Stock.  Paleoproterozoic 

granitic gneiss and Silver Plume Granite outcrop along the eastern side of the gulch (Figure 5.9, pg. 44).   
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Figure 5.9 Geologic map of Cinnamon Gulch, Santa Fe Peak, and Geneva Creek Cirque; Domain 1, 

subdomains 1b and 1c.  See Figure 5.3 for cross-section details, and Figure 5.7 for a detailed legend.  

Interpreted fold and deformation generations are shown. 
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In subdomain 1b, poles to S0-1 foliation mostly form a cluster rather than spread along girdles, as 

in subdomains 1a and 1c (Figure 5.4A and C).  However, the north-northeast-trending but opposite 

dipping foliation in the gulch revealed a large, mostly concealed and overturned synform parallel with and 

approximately centered in it.  Based on the orientations of foliations, the synform has a north-northeast-

trending axial plane that dips moderately to steeply to the east-southeast (Figures 5.9 and 5.10A).  The 

trend of the synform is approximately parallel with the interpreted F2 folds in the northern part of 

Horseshoe Basin, and it is therefore interpreted as an F2 fold. 

Based on the orientations of interpreted southwest- and minor north- to northeast-plunging L2 

intersection lineations, the F2 synform may plunge shallowly to the south-southwest, and from interpreted 

west-plunging L3 lineations, the synform may have been affected by F3 folds (see subdomains 1a and 1c 

for map-scale F3 axial traces; Figures 5.6 and 5.9).  This is because the fact that poles to foliation do not 

spread along a girdle suggests subdomain 1b is on a F3 fold limb (Figure 5.4B, cf. Figure 5.4A and C).  A 

pervasive sinistral-reverse shear sense along steeply northwest-dipping S0-1 foliation was observed 

throughout the gulch, locally as sheared sillimanite faserkiesel, or as moderately ~west-plunging minor s-

folds.  Minor folds are parallel with L3 lineations.  The shear structures may explain why the MSZ was 

mapped through Cinnamon Gulch, but are more likely to be a result of flexural slip along the northern 

limb a megascopic F3 fold.  Similar shearing, along S0-1, but of different sense is found in subdomain 1c at 

Santa Fe Peak, and may also be a result of flexural slip along the opposite limb of the same F3 fold (see 

below). 

5.4 Subdomain 1c – Santa Fe Peak and Geneva Creek Cirque 

Santa Fe Peak is a high mountain summit directly east of Montezuma, along a northwest-trending 

ridge of the Continental Divide, at an elevation close to 4,000 m (Figures 1.2, 5.1, 5.9).  Nearby mountain 

summits include Sullivan Mountain and Geneva Peak, and to the east is Geneva Creek Cirque, an 

extremely remote valley that was not extensively studied due to poor accessibility and abundance of 

tundra coverage (Figures 1.2, 5.1, 5.9).   
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Lithologies around Santa Fe Peak consist of biotite gneiss and schist that is intruded by 

Montezuma Stock monzonite porphyry to the northwest or Silver Plume Granite to the east and southeast 

(Figure 5.9).  Geneva Peak was not mapped but previous data revealed that Silver Plume Granite outcrops 

at the location, and this was confirmed from a distance based on the previously described appearance and 

weathering characteristics of the unit (Lovering, 1935; Neuerburg and Botinelly, 1974).   

Santa Fe Peak and the Geneva Creek Cirque are considered subdomain 1c, and show similarities 

to subdomain 1a, in that lineations and poles to foliation plot in comparable orientations (Figure 5.4A and 

C).  Moreover, because field relationships establish F3 folds overprinting F2 folds near Santa Fe Peak, all 

of the structures are interpreted in a similar manner as for subdomain 1a.  Poles to interpreted S0-1 

foliation plot along a girdle, the pole of which is parallel with the mean vector calculated for L3 lineations, 

suggesting they are folded around D3 structures.  However, minor fold hinges recorded in the subdomain 

do not cluster near the lineations, and may represent older F2 folds.  

A north-northeast-trending F2 synform, parallel to the F2 synform in Cinnamon Gulch (Figures 

5.1, 5.3, 5.9) was previously mapped by Warner and Robinson (1967), and was interpreted as marking a 

western boundary of the MSZ.  Similarly orientated minor folds exist to the SW along the strike of the 

synform (Figures 5.1 and 5.9).  A previously recognized (Lovering, 1935; Warner and Robinson, 1967) F3 

antiform with ~500 m wavelength exists just north of Santa Fe Peak, with parasitic F3 folds on its 

southern limb (Figures 5.1, 5.9, 5.10B and C, pg. 47).  West-northwest-trending mineral lineations are 

parallel to F3 fold hinge lines (Figures 5.4C and 5.9).  The antiform separates an area with north-

northeast-trending foliation to the north (Domain 1) from an area with west-, west-northwest-, and 

northwest-trending foliation to the south (Domain 2, Figures 5.1, 5.9, 5.10, pg. 47, cf., Lovering, 1935).  

It folds the F2 synform both at the surface, and at depth as confirmed in the maps of Warner and Robinson 

(1967) of the Harold D. Roberts Tunnel (Figure 5.3).  Warner and Robinson (1967) also mapped a north-

northeast-trending antiform at tunnel depth east of the Geneva Creek Cirque, which may be an additional 

F2 fold. 
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Figure 5.10 Structures in the southern half of Domain 1.  (A) Cinnamon Gulch, looking north towards 
Horseshoe Basin, with the axial plane of the north-northeast-trending F2 synform, L2 and L3 lineation 
generations, and F3 s-folds indicated (Figure 5.9).  The synform may be a continuation of the F2 synform 
in Horseshoe Basin (Figures 5.6, 5.8C, 5.9).  (B) Figure 5 from Lovering (1935).  The red rectangle 
indicates that the interpreted F3 antiform continues in E into the Geneva Creek Cirque.  (C) A view of the 
Continental Divide and Santa Fe Peak towards the north, with Geneva Creek Cirque on the right.  The 
hinge of the F3 Santa Fe Peak antiform was mapped in this area, but the fold is too large to show a more 
representative image. The red line illustrates its open character and folding of the interpreted S0-1 fabric.  
L3 lineation orientation is indicated. 
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Subdomain 1c is also distinctive because the MSZ was previously mapped through Cinnamon 

Gulch and Geneva Creek Cirque, continuing south through the ridge between Santa Fe Peak and Sullivan 

Mountain (Warner and Robinson, 1967; Neuerburg and Botinelly, 1972; Neuerburg et al., 1974; 

Robinson et al., 1974; Botinelly, 1979; Figures 1.2 and 5.9).  Most of the rocks along this lineament are 

highly fractured, oxidized, and altered, and textures are difficult to ascertain due to the bleached or 

crumbly nature and weathering characteristics of the rock.  However, ductile structures away from the 

altered zone are well preserved.  In one example, outcrops of biotite gneiss and schist south of the summit 

of Santa Fe Peak displayed z-folds and dextral-reverse shear sense along steeply southwest-dipping S0-1 

foliation.  In some cases, this shearing was responsible for the development of weak protomylonitic 

fabrics.  Similar to Cinnamon Gulch, the observed shearing may explain the previous interpretation of the 

MSZ in the area, but based on the dextral-reverse shear sense, local structures may also have formed from 

flexural slip along the southern limb of the approximately west-plunging megascopic F3 Santa Fe Peak 

antiform.  Isolated zones of shearing generally trend to the north-northeast, but do not extend for more 

than a few dozen m in length.  In contrast, ~1.41 Ga Silver Plume Granite outcrops in the area are not 

ductilely deformed and intrude into the Santa Fe Peak antiform, which indicates that the shearing did not 

continue past ~1.41 Ga (Aleinikoff et al., 1993b). 

5.5 Subdomain 2a – Snake River Cirque 

The Snake River Cirque is a remote mountain valley south of Montezuma (Figures 1.2, 5.1, 5.11, 

pg. 49), which features unique calc-silicate/amphibolite gneiss, quartzite, porphyroclastic felspar and 

biotite gneiss, and hornblende and plagioclase gneiss that are deformed together as a package.  

Previously, the hornblende and plagioclase gneiss unit was interpreted as unconformably overlying the 

upper calc-silicate/amphibolite gneiss (Wahlstrom and Kim, 1959), but the contact is gradational and the 

orientations of structures in both units are parallel, so no evidence for the unconformity was found in this 

study. 
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Figure 5.11 Geologic map of the Snake River Cirque; Domain 2, subdomain 2a.  See Figure 5.7 for a 
detailed legend.  Interpreted fold, lineation, and deformation generations are shown. 
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A predominately north-northwest-trending interpreted S0-1 foliation in the Snake River Cirque 

plots along a girdle, the pole of which is parallel to interpreted F2 and L2 lineations, indicating that it is 

folded by D2 (Figure 5.5A).  Isolated F1 folds include recumbent to upright, greater than 0.5 m-scale 

isoclinal folds of various orientations, overprinted by F2 folds (Figure 5.12C, pg. 51).  F2 folds are 

abundant along the western outcrops of Snake River Cirque, where hundreds of close to isoclinal, 

moderately north-northwest-plunging minor folds (m-scale), and dozens of larger folds (10s of m) were 

observed (Figures 5.11, 5.12A and B, pg. 51).   

Fold axial planes are upright, or steeply southwest-dipping.  Parasitic folds show s-, z-, or m-

asymmetry corresponding to their location along the limbs of the larger folds, although z-asymmetry and 

weak dextral shearing are more common and interpreted as a result of flexural flow.  The lineation is 

typically parallel to the hinges of these folds.  Most folds and lineations are interpreted as F2, based on 

their northerly trends and tight nature (Figures 5.5A and 5.11), while some or all of the westerly-trending 

structures may represent overprinting by D3 structures, including slightly clustering west-northwest- or 

southwest-plunging minor folds and lineations (Figures 5.5A and 5.11).   

D2 structures continue into the western portions of Snake River Cirque, where outcrops solely 

consist of hornblende and plagioclase gneiss, referred to as the Swandyke Hornblende Gneiss by 

Lovering (1935) and Wahlstrom and Kim (1959).  Small- and medium-scale folds were less common in 

the hornblende and plagioclase gneiss, but the measured stretching and intersection lineation orientations 

were consistently parallel to the predominant L2 lineation recorded in the southeastern adjacent units 

(Figure 5.11), and thus the hornblende and plagioclase gneiss is interpreted to have undergone a similar 

geologic history.   
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Figure 5.12 Structures and folds of Domain 2, with fabrics and orientations shown (dip/dip-azimuth 
convention).  (A)  Meter-scale F2 folds near the western side of the Snake River Cirque, with axial planes 
indicated.  (B) Asymmetric and shallowly northwest-plunging F2 folds in the Snake River Cirque with 
steeply southwest-dipping axial planes.  These folds show weak z-asymmetry.  (C) Recumbent, isoclinal 
F1 folds in the Snake River Cirque, which are refolded by F2.  (D) Protomylonitic rocks along the North 
Fork Fault, which are dextrally sheared based on z-folds.  Steeply north-plunging lineation orientation is 
indicated. 
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5.6 Domain 2b – Handcart Gulch and the North Fork Fault Zone 

Handcart Gulch (subdomain 2b) is a small valley south of the Snake River Cirque, in the far 

southern portion of the mapping area (Figures 1.2, 5.1, 5.13, pg. 53).  Its similar foliation and lineation 

orientations to subdomain 2a (Snake River Cirque) suggest a shared history for the two areas (Figures 5.1, 

5.5A and B, 5.11, 5.13, pg. 53), aside from the presence of the North Fork Fault Zone (see below).  

Structures in the gulch involve north-northwest-trending but opposite dipping foliation its flanks, and 

moderately north-northwest-plunging mineral lineations and minor folds (Figure 5.13).  Contrasting 

foliation on either side of the gulch defines the Handcart Anticline, a Proterozoic structure mapped by 

Wahlstrom and Kim (1959).  Distinctive calc-silicate/amphibolite gneiss can be traced on either side of it 

(Figure 5.13, pg. 53).  A few moderately to steeply north-northwest-plunging minor folds were observed 

at Handcart Gulch, and mineral stretching and intersection lineations are oriented approximately parallel 

to the fold axis of the antiform (Figure 5.13 pg. 53). 

Calc-silicate/amphibolite gneiss at Handcart Gulch was not traced to Snake River Cirque, but the 

similarities of the other units in terms of mineralogy, approximate thickness, and previous mapped extent 

(Wahlstrom and Kim, 1959) suggest that the geology between the two areas is continuous.  North-

northwest-trending structures at the Snake River Cirque are therefore interpreted to be a northern 

continuation of the Handcart Anticline.  Because many of the folds at the Snake River Cirque display z- 

or dextral asymmetry, and feature steeply southwest-dipping axial planes (Figure 5.12A and B), they may 

have formed as parasitic folds along a continuation of the southwest-limb of the Handcart Anticline.  

Although the northeast limb of the antiform could not be located at the Snake River Cirque, a change in 

foliation orientation near the northern portion of the mapped area in Figure 5.11 may suggest that the 

other limb exists below the cover.  For these reasons, the Handcart Anticline is interpreted as an F2 fold. 
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Figure 5.13 Geologic map of Handcart Gulch; Domain 2, subdomain 2b.  See Figure 5.7 for a detailed 
legend.  Interpreted deformation generations are shown.   
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The other predominant structure of Handcart Gulch is the North Fork Fault Zone (NFFZ).  The 

NFFZ (Figures 5.1, 5.12D, 5.13), first observed by Wahlstrom and Kim (1959).  It is a zone of ductile 

deformation of approximately 10 – 30 m in width near the southern end of the gulch (Figures 5.1 and 

5.13).  The zone dips steeply to the northwest, was mapped for over a km along strike, and is inferred to 

continue in both directions based on the maps of Wahlstrom and Kim (1959) and Warner and Robinson 

(1967).   Lithologies across the zone are markedly different as noted by both Wahlstrom and Kim (1959), 

Tweto and Sims (1963), and Warner and Robinson (1967), indicating significant offset.  To the northwest 

of the NFFZ, these include biotite and calc-silicate/amphibolite gneiss, while to the southeast no calc-

silicate/amphibolite gneiss was observed, textures become migmatitic, and intrusive granitic rocks are 

more common (cf., Wahlstrom and Kim, 1959; Warner and Robinson, 1967; Figure 5.13).  In addition, 

near and south of the fault zone, the foliation dips to the north and northwest in contrast to within the 

Handcart Anticline, where it dips either southwest or northeast along its limbs.  Thus, the NFFZ crosscuts 

the Handcart Anticline, and is interpreted to be younger than D2 deformation. 

Texturally, the zone it is typified by sheared protomylonite with symmetrical porphyroclasts and 

S-C fabrics.  The protomylonite matrix consists of quartz, feldspar, biotite, mica, and sillimanite.  

Porphyroclasts which may be in excess of 5 cm in diameter are mostly symmetrical, and cannot be used 

as shear sense indicators without additional microscopy.  Dextral shear sense along the zone is mostly 

observed from steeply north- to northwest-plunging isoclinal z-folds (Figure 5.12D).  However, thin 

section analysis from protomylonite oriented parallel to steeply north- to northwest-plunging stretching 

lineations (Figure 5.12D; also see Chapter 7 for additional details) revealed north-side-up S-C fabrics and 

sigma clasts.  North-side-up movement in thin section indicates reverse-sinistral movement along the 

northwest-dipping structure, which is not consistent with the dextral shear sense.  This indicates the shear 

zone was reactivated.   

Observations of shearing along the NFFZ are also mostly inconsistent with the localized shearing 

along the MSZ, which may be better explained by flexural slip related to F3 folds (see Sections 5.3 and 
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5.4), suggesting that the NFFZ is an independent structure.  As no overprinting relationships between the 

dextral and north-side-up fabrics were observed in the field, no conclusions can be made of the timing of 

dextral and reverse shearing along the zone.  Regardless, because of the ductile nature of the zone, a 

better name for the it may be the North Fork Shear Zone.  It was briefly described by Tweto and Sims 

(1963), who expanded upon the previous work of Wahlstrom and Kim (1959), but has not been explored 

in greater detail since mapping of the H. Roberts Tunnel (Warner and Robinson, 1967; Robinson et al., 

1974). 
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CHAPTER 6 

U-PB DETRITAL ZIRCON RESULTS 

Quartzite sample Q623 was collected from the Snake River Cirque to determine its maximum 

depositional age, age of metamorphism, and to constrain the age of the F2 folds that deformed it and the 

metapelitic units in the local vicinity.  CL imaging revealed that nearly all of the detrital zircon grains 

show oscillatory or concentric zonation and are likely magmatic in origin, although at least a few grains 

are dark and anhedral, exhibit dark overgrowths or rims, and may be metamorphic.  Zircon grains from 

the larger grain size Q623LP mount are anhedral to subhedral, typically greater than ~150 µm in length, 

and commonly greater than ~220 µm.  Zircon from the smaller grain size Q623DP mount is also 

commonly anhedral to subhedral and is typically between ~50 µm and ~175 µm in length (Figure 6.1, pg. 

57).  A total of 161 laser ablation analyses were performed for detrital zircon grains from the quartzite, of 

which 94 that were less than ± 10% discordant (Figure 6.2, pg. 58) were used for further interpretation.   

Reduction of concordant zircon data for both mounts revealed four age populations (Figure 6.3, 

pg. 59).  They consist of (1) four ~2586 – 2524 Ma analyses, (2) three ~2011 – 1963 Ma analyses, (3) 11 

~1884 – 1811 Ma analyses, and (4) 76 ~1801 – 1677 Ma analyses.  Weighted averages of 207Pb/206Pb ages 

were calculated for all of the populations, at 2548 ± 28 Ma (MSWD = 0.99, N = 4) for the oldest 

population, 1972 ± 46 (MSWD = 0.27, N = 3) for the second population, 1845 ± 18 (MSWD = 0.89, N = 

11) for the third population, and 1751.7 ± 7.1 (MSWD = 0.94, N = 76) for the youngest and largest 

population.  The vast majority of concordant analyses is from zircon grains with oscillatory or concentric 

zonation, inferred to be of magmatic origin, while nearly all analyses from the dark and anhedral zircons 

are highly discordant.  Of the concordant analyses, fewer than five were from interpreted metamorphic 

zircons.   
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Figure 6.1 Representative concordant zircon grains from quartzite Q623 from both analyzed grain 
mounts, imaged in CL.  Respective 207Pb/206Pb ages are listed, with 2σ error, and % discordance values.  
Dark boundaries on some grains are darkly contrasted rims.  Red circles indicate the location of the 
ablation spot analyses.  The laser spot size was approximately 25 µm. 
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Hydrothermal zircon also probably did not form in the quartzite.  Hydrothermal zircons typically 

precipitate from fluids between 300 C and 600 C in association with intrusions or volatile-rich magmas 

(Schaltegger, 2007).  Commonly, they display irregular shapes or dipyramidal crystal habit (Corfu et al., 

2003; Yang et al., 2013), contain mineral inclusions, and occur with hydrothermal quartz (Schaltegger, 

2007).  In some cases, they may be difficult to distinguish from magmatic zircons (Fu et al., 2009).  

However, none of the zircon analyses in this study display dipyramidal or irregular shapes, and many 

analyses are from zircons that feature mineral inclusions, mostly small apatite crystals, which may more 

likely formed under magmatic conditions (Fu et al., 2009). 

 

 

Figure 6.2 Concordia diagrams for zircon from quartzite sample Q623.  Error ellipses for less than ± 10% 
discordant analyses are plotted in black.  Error ellipses for all other analyses are plotted in grey. 
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Figure 6.3 Detrital zircon age populations for quartzite sample Q623.  (A)  Probability density diagram 
for less than ± 10% discordant analyses.  (B)  Float bar chart with weighted averages of 207Pb/206Pb ages, 
number of analyses, and MSWD for interpreted less than ± 10% discordant zircon populations. 
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Th/U ratios of less than 0.1, which are in general indicative of metamorphic or hydrothermal 

zircon, were also not observed in any of the concordant analyses.  Moreover, some discordant analyses 

with Th/U ratios of less than 0.1 show dark zircon with concentric or oscillatory zonation, presumably of 

magmatic origin affected by interaction with fluids and not metamorphic.  There is no clear relationship 

between the age of analyses and Th/U ratios, although there is greater number of lower ratio analyses 

(Th/U ratio < 0.2) in the youngest ~1.75 Ga zircon population. 

Two concordant analyses, Q623DP-21 and Q623LP-46 come from zircons that were dark and 

anhedral throughout and, therefore, interpreted as metamorphic.  These analyses yielded ages of 1747 ± 

75 Ma and 1799 ± 50 Ma respectively.  They may represent a mixture of detrital metamorphic zircon and 

metamorphic zircon grown during metamorphism of the quartzite.  Many other grains have dark 

unanalyzed rims are suggestive of having metamorphic origins.  Three interpreted metamorphic rims were 

analyzed, all of which were from the smaller zircon population in Q623 (mount Q623DP).  Analysis 

Q623DP-36 was concordant, and produced a 207Pb/206Pb rim age of 1787 ± 68 Ma, which is within the 

uncertainty of the youngest zircon population at 1751.7 ± 7.1 Ma.    Both of the additional rim analyses, 

Q623DP-20 and Q623DP-45, were greater than ± 10% discordant.  Analysis Q623DP-20 featured a dark 

anhedral rim with a Th/U ratio of ~0.02 surrounding a bright magmatic core, and a calculated 207Pb/206Pb 

age of 1628 ± 67 Ma for the rim, which was ~28% discordant.  This age does not match well with the age 

and uncertainty of the youngest concordant zircon population.  The third metamorphic rim analysis, 

Q623DP-45, was ~82% discordant.  These and other discordant analyses plot along a Discordia chord 

between the youngest age population and a lower intercept in the last 200 Ma, although the data were too 

scattered to provide a meaningful lower intercept age. 
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CHAPTER 7 

U-PB IN SITU MONAZITE RESULTS 

Four thin sections were selected for U-Pb in situ monazite LA-ICP-MS geochronology.  Thin 

section 243PL was collected from protomylonite along the NFFZ, and cut parallel to steeply north-

plunging lineation in order to test when shearing along the fault and offsetting of the Handcart Anticline 

occurred (Figure 5.13).  Thin section 269XAP was collected from folded biotite gneiss in Horseshoe 

Basin in order to date interpreted F3 folds (Figure 5.6).  Thin section 397XFL was collected from biotite 

gneiss at Santa Fe Peak in order to constrain the age of interpreted F3 folds along the antiform that 

approximately divides Domains 1 and 2 (Figures 5.1 and 5.9).  The last thin section, 626XFL, was 

collected from foliated porphyroclastic felspar and biotite gneiss, near quartzite Q623, in order to date D2 

deformation in the Snake River Cirque, as it displays dextral shear sense which may be related to flexural 

slip along F2 folds (Figures 4.3B and 5.11).   

Thin section 243PL is a protomylonite with dextral shear sense at the outcrop (Figure 5.12D).  

The foliation dips steeply to the northwest, displaying north-side-up movement in thin section (Figure 7.1, 

pg. 62).  Shear fabrics include well-developed S-C fabrics and delta- and sigma-clasts defined by quartz, 

K-feldspar, plagioclase, biotite, and chlorite (Figure 7.1, pg. 62).  Thirty analyses were obtained from 17 

monazite grains in the sample.  Of the 30 analyses, only one was greater than ± 10% discordant.  The 29 

concordant analyses all are subhedral to anhedral and formed along grain boundaries of, or inclusions 

within, quartz, biotite, and K-feldspar, and 11 are aligned with the local protomylonitic S0-1 foliation 

fabric.  Cumulative probability plots and float bar charts of 207Pb/206Pb ages of the concordant analyses 

suggest that there are three age populations in the sample (Figure 7.2A and B, pg. 63).   
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Figure 7.1 XPL photomicrograph (A) and BSE scan (B) of in situ ~1.4 Ga monazite (grains 6 and w6) in 
243PL.  207Pb/206Pb ages of analyses are indicated.  North-side-up shear sense is observable in sigma-
clasts and S-C fabrics.  Small arrows show shear sense.  pl = plagioclase, bt = biotite, qt = quartz.   
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Figure 7.2 Combined data plots of less than ± 10% discordant monazite analyses in 243PL.  (A) Float bar 
chart of 243PL.  Weighted averages of interpreted populations are provided.  (B) Probability density 
diagram of 243 PL.  (C) Concordia diagram of 243PL. 
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Two of the populations are 1.74 – 1.64 Ga and 1.46 – 1.40 Ga, and two grains that may be part of 

a third population are ~1.59 Ga – 1.53 Ga.  Weighted averages of the populations were calculated at 

1681.0 ± 9.4 Ma (MSWD = 0.99, N = 23), 1561 ± 370 Ma (MSWD = 4.9, N = 2), and 1433 ± 25 Ma 

(MSWD = 0.70, N = 4).  A relatively low MSWD for the oldest population over a spread of age analyses 

suggests that it experienced continuous growth of metamorphic monazite from the onset of 

metamorphism.  Two monazite grains yielded 207Pb/206Pb ages of 1591 ± 38 Ma and 1684 ± 38 Ma in 

grain 5 and 1532 ± 37 Ma and 1672 ± 42 Ma in grain 9.  These analyses probably represent mixed age 

domains, or analyses from the ~1.68 Ga population that lost Pb.  Alternatively, these analyses may have 

formed during overprinting metamorphism at 1561 ± 370 Ma.  The youngest population represents 

metamorphism at 1433 ± 25 Ma (Figure 7.2A).  The four youngest monazite analyses, which form the 

~1.43 Ga population in grains 6 and w6 (Figure 7.1), are included in or are on the border of a mm-scale, 

northwest-side-up, plagioclase and quartz sigma-clast, which suggests that some of the north-side-up 

movement observed in the thin section occurred during metamorphism at ~1.43 Ga.  Although some of 

the monazite grains feature subtle light and dark anhedral zones, no connection between ages and 

zonations was found (Figure 7.3A, pg. 65). 

Thin section 269XAP displays tight to isoclinal folds defined by biotite, chlorite, and sillimanite, 

and includes monazite elongated along the interpreted S0-1 fabric.  F3 isoclinal fold axial planes dip 

steeply to the southwest, and are locally nearly parallel to the S0-1 foliation (Figure 7.4A and B, pg. 66).  

Thirty analyses were obtained from 17 monazite grains in thin section 269XAP.  Of these, only one was 

greater than ± 10% discordant.  207Pb/206Pb ages for concordant monazite in the thin section range from 

~1.70 – 1.39 Ga, and float bar charts and cumulative probability plots show three populations for the 

sample.  The first population consists of analyses from 1.70 – 1.61 Ga, and a weighted average was 

calculated at 1663 ± 23 (MSWD = 2.4, N = 9).  The second population includes analyses of 1.56 – 1.50 

Ga, and a weighted average was calculated at 1524 ± 78 (MSWD = 1.8, N = 3).  The third population 

consists of ~1.46 – 1.39 Ga analyses and a weighted average was calculated at 1428 ± 12 (MSWD = 1.20, 
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N = 17; Figure 7.5C and D, pg. 67).  The younger population of monazite grains, which includes grains 

33, 12, 27, and 17 (207Pb/206Pb ages are provided in Appendix B) is more common.  The concordant 

analyses in 269XAP are all subhedral to anhedral and at least 10 are aligned with the folded S0-1 foliation, 

and some may be aligned to F3 axial planes.  Several concordant grains are also inclusions within quartz, 

biotite/chlorite, or feldspar. 

 

 

Figure 7.3 Examples of representative monazite zonation in all of the thin sections, imaged in BSE.  
Zonation is irregular and very subtle.  Light and dark zones regions are therefore highlighted with white 
lines.  Red circles are the approximate locations of spot analyses.  207Pb/206Pb ages are indicated.  (A) 
Analyses and zonation in 243PL.  (B) Analyses and zonation in 269XAP.  (C) Analyses and zonation in 
397XFL.  (D) Analyses and zonation in 626XFL.  Light and dark anhedral zonation in the monazite 
grains produce a range of ages, and are not correlative with younger or older analyses. 
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Figure 7.4 XPL photomicrograph and BSE scans of aligned ~1.42 – 1.40 Ga in situ monazite in 269XAP.  
(A) Thin section mineralogy with F3-aligned grain 27.  (B) BSE scan of grain 17, included in biotite 
crystals that define the folded S0-1 fabric.  207Pb/206Pb ages of analyses are provided.  K = K-feldspar, ms = 
muscovite, sl = sillimanite, bt = biotite, qt = quartz. 
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Figure 7.5 Combined data plots of less than ± 10% discordant monazite analyses in thin section 269XAP.  
(A) Float bar chart of 269XAP.  Weighted averages of interpreted populations are provided.  (B) 
Probability density diagram of 269XAP.  (C) Concordia diagram of 269XAP. 
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Mesoproterozoic grains with good textural context are grains 33, 12, 27, and 17.  Grain 33 is 

subhedral and overgrown by sillimanite/fibrolite.  Grain 12 an inclusion within biotite/chlorite grains that 

are aligned to the S0-1 foliation.  Grain 27 is parallel to the interpreted F3 axial planar fabric (Figure 7.4A).  

Grain 17 is an inclusion within biotite/chlorite grains that may be folded by a minor F3 kink fold, and/or 

which defines a weak S-C fabric along the limb of one of the minor isoclinal folds as a result of flexural 

flow (Figure 7.4B).  These yielded 207Pb/206Pb ages from two spot analyses each.  In grain 33, 207Pb/206Pb 

ages were 1442 ± 39 Ma and 1461 ± 46 Ma, in grain 12, 1385 ± 41 Ma and 1453 ± 43 Ma, in grain 27, 1401 

± 38 Ma and 1423 ± 48 Ma, and in grain 17, 1409 ± 60 Ma and 1405 ± 38 Ma. Similar to thin section 

243PL, the oldest population likely represents continuous growth of Paleoproterozoic metamorphic 

monazite grains.  The origin of the ~1.54 Ga population is not known, but may have resulted from mixed 

analyses, Pb-loss in older monazite, or a unique metamorphic event.  Six monazite grains with multiple 

analyses show large differences in 207Pb/206Pb ages and uncertainties, which is likely due to continuous 

growth or overprinting metamorphism, but has no correlation with the poorly observed zonation (Figure 

7.3B).  Because the monazite grains from the youngest population of analyses are aligned or are 

inclusions/overprinted by metamorphic minerals, it suggests that some of the fabrics in the thin section 

grew during or after ~1.43 Ga metamorphism. 

In sample 397XFL, 30 analyses were obtained from 16 monazite grains.  None of the analyses 

were greater than ± 10% discordant.  207Pb/206Pb ages of monazite from this thin section show similar 

spreads of data as thin sections 243PL and 269XAP, with an older population and peak displaying on a 

probability density diagram at ~1.65 Ga and a younger population at ~1.42 Ga (Figure 7.6B, pg. 69).  The 

older population is 1.75 – 1.52 Ga, and the younger population 1.45 – 1.39 Ga.  Weighted averages for 

the two populations were calculated at 1647 ± 26 Ma for the older population (MSWD = 6.6, N = 22) and 

1415 ± 14 (MSWD = 1.05, N = 8) for the younger population (Figure 7.6A, pg. 69).  No distinct ~1.60 – 

1.50 Ga population was observed.  All of the monazite grains from which analyses were taken are 
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relatively rounded and subhedral, and are included in or along grain boundaries of biotite/chlorite, quartz, 

or feldspar crystals. 

 

Figure 7.6 Combined data plots of less than ± 10% discordant in 397XFL.  (A) Float bar chart of 
397XFL.  Weighted averages of interpreted populations are provided.  (B) Probability density diagram of 
397XFL.  (C) Concordia diagram of 397XFL.   
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Thin section 397XFL does not show obvious relationships between ages of monazite, 

morphology, or distribution within fabrics.  However, the thin section does show top-to-the-northeast S-C 

fabrics, and all populations of monazite grains, including unanalyzed grains, are randomly oriented 

among these fabrics (Figure 7.7A, pg. 71).  Other grains, including 13, 10, and 30, display multiple 

analyses from both the oldest and youngest populations, suggesting that metamorphism at ~1.42 Ga 

overprinted monazite grains from the older population.  Similar to previous thin sections, inclusions of 

~1.42 Ga monazite also indicate that some of the metamorphic minerals and top-to-the-northeast S-C 

fabrics formed during or after ~1.42 Ga metamorphism.  No relationship between the age of analyses and 

zonations was identified (Figure 7.3C). 

Thin section 626XFL yielded 30 analyses of monazite from 16 grains.  Of these, five analyses 

from three grains were greater than ± 10% discordant.  The remaining concordant grains define a 

population of mostly Paleoproterozoic monazite from ~1.72 – 1.56 Ga, with a peak displaying on a 

probability density diagram at ~1.68 Ga (Figure 7.8B, pg. 72).  The exceptions are two grains from ~1.6 – 

1.5 Ga, and a ~1.43 Ga Mesoproterozoic analysis.  Weighted averages were calculated at 1681 ± 10 Ma 

for the first population (MSWD = 1.2, N = 22), and 1583 ± 210 Ma for a potential second population 

(MSWD = 1.2, N = 2).  Grain 18, which yielded a 207Pb/206Pb age of 1430 ± 37 Ma, forms the only 

Mesoproterozoic analysis in the thin section (Figure 7.8A, pg. 72).  Monazite grains in 626XFL of all 

ages are generally randomly oriented throughout a weakly defined top-to-the-NE-fabric, or in minor 

interpreted F1 or F2 isoclinal folds (Figure 7.7B, pg. 71).  However, six monazite grains from the mostly 

Paleoproterozoic population are weakly aligned with the interpreted S0-1 foliation, are inclusions, or 

define grain boundaries with aligned quartz, feldspars, and micas (see Appendix B for additional details).  

No relationship between the age of analyses and zonations was identified in the thin section (Figure 

7.3D). 
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Figure 7.7 XPL photomicrographs of in situ monazite in 397XFL and 626XFL.  (A) Thin section 
mineralogy with top-to-the-northeast S-C fabrics in 397XFL.  (B) Thin section mineralogy, and the 
approximate location of Mesoproterozoic grain 18.  Also shown are folded F1 isoclinal folds defined by 
sillimanite, and interpreted southwest-dipping F2 fold axial planes.  The 207Pb/206Pb age of the single 
analysis for grain 18 is indicated.  K = K-feldspar, pl = plagioclase, ms = muscovite, sl = sillimanite, bt = 
biotite, qt = quartz, sr = sericite/saussurite.   
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Figure 7.8 Combined data plots of less than ± 10% discordant monazite analyses in 626XFL.  (A) Float 
bar chart of 626XFL.  Weighted averages of interpreted populations are provided.  (B) Probability density 
diagram of 626XFL.  (C) Concordia diagram of 626XFL. 
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CHAPTER 8 

DISCUSSION 

8.1 Structural geology 

F2 folds are interpreted as earlier than less widespread east-west trending F3 folds based on 

overprinting relationships observed in the field.  In Domain 2, tight mostly northwest-plunging F2 folds 

overprint small scale (cm- to m-scale) isoclinal F1 folds of various orientations.  In Domain 1, F2 folds are 

generally megascopic and north- and northeast-trending, but F1 isoclinal folding is not as readily 

observed.  These large, km-scale F2 folds are overprinted by small- to large-scale F3 folds in Domain 1, 

and to a lesser extent in Domain 2.  F3 folding is mostly interpreted to have occurred near Santa Fe Peak 

along the km-scale, gentle antiform near the divide in the domains (Figures 5.1, 5.9, 5.10C) and in 

Horseshoe Basin (Figures 5.6 and 5.8).  In order to further test if interpreted D2 structures in Domains 1 

and 2 are related by F3 folding, D2 structures were rotated about the F3 fold axis using stereonet rotations 

until the structures in the two domains reached parallelism.   

To perform the rotation, interpreted F3 fold and L3 lineation in Horseshoe Basin, Cinnamon 

Gulch, and Santa Fe Peak were combined with folded S0-1 foliation in subdomains 1a and 1c, in order to 

better constrain the orientation of F3 (Figure 8.1, pg. 74).  All fold hinges and lineations that did not 

cluster with the interpreted west-trending fold axis of F3 were considered structures of older generations 

(even though they may not be), and were removed for the analysis.  Although a spread of fold hinge and 

lineation orientations in Domain 2 may also be a result of F3, they were also not used to constrain the 

orientation of F3, as the area is highly deformed and deformation generations are more speculative.  From 

the combined structural data, an F3 fold axis orientation was estimated at 40/260 (plunge/trend).  This 

orientation is fairly consistent with the ~280-trending Santa Fe Peak antiform F3 axial trace in Figure 5.9 

and with Lovering’s (1935) east-west trending axial trace; any deviation may be explained as a result of 

less D3 data for Santa Fe Peak than for Horseshoe Basin. 
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Figure 8.1 Structures plotted in order to estimate the orientation of F3, including poles to S0-1 foliation, 
interpreted L3 lineations, and F3 fold hinge lines, combined from Horseshoe Basin and Santa Fe Peak.  
Averages are plotted for L3 lineations and F3 folds (coded bold symbols; e.g., S0-1), and a cylindrical best 
fit plane representing folded S0-1 foliation is shown.  Minor numbered black dots are folded S0-1 foliation 
maxima (1) and minima (2), and the pole to folded foliation (3). 

 

D2 structures in Domains 1 and 2 are interpreted as having rotated along the northern and 

southern limbs of the antiform, about the estimated 40/260 fold axis.  Various rotation angles were used 

for rotating the domains, and a rotation angle of 35 resulted in the best fit of older structures in the two 

domains.  Thus, D2 structures in Domain 1 were rotated 35 counterclockwise along the orientation as 

they are on the northern limb, and D2 structures in Domain 2 were rotated 35 clockwise along the 

orientation, as they are on the southern limb (Figure 8.2B and D, pg. 75).  The 35 rotation angle is also 

representative of the dip angles of the limbs of the antiform at Santa Fe Peak, as shown in Figure 5.9, and 

similar to those estimated by Lovering (1935), of 20-30.   
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Figure 8.2 Original and rotated interpreted D2 structures, including poles to S0-1 foliation, L2 lineations, 
and F2 folds, from Domains 1 and 2.  (A) Domain 1 D2 data.  (B) Rotated Domain 1 D2 data.  (C) Domain 
2 D2 data.  (D) Rotated Domain 2 D2 data.  Some rotated data in (B) and (D) is plotted in the upper 
hemisphere, where the data symbols have the same color and type as the legend, but are hollow.  All 
foliation is interpreted as S0-1, as F2 folds mostly range from open to tight in Domain 1, and in Domain 2 
in S0-1 is typically only subparallel with tight to isoclinal F2 axial planes.  All foliation, lineation, and fold 
hinge measurements include a mean average (coded bold symbols, e.g., S0-1). 
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D2 structures in either domain plot in similar locations after rotation, particularly S0-1 foliation and 

F2 minor folds.  Combined unrotated orientations are thus indicative of the shortening associated with 

original D2 deformation.  As interpreted from Figure 8.2B and D, D2 shortening directions would have 

been approximately east-west to southwest-northeast oriented, which mostly formed moderately to 

steeply north- to northwest-plunging fold hinges and lineations.  Axial planes for the F2 folds prior to D3 

deformation would have been mostly northwest-trending, dipping steeply to the southwest.  As 

interpreted from moderately west-plunging structures in Figure 8.1, folds with subvertical to northwest-

dipping axial planes indicate a northerly or northwesterly shortening direction during the D3 deformation 

event. 

8.2 Detrital zircon geochronology 

Zircon from the Snake River Cirque quartzite Q623 can be divided into four age populations of 

~2.55 Ga, ~1.97 Ga, ~1.85 Ga, and ~1.75 Ga (see Chapter 7).  Weighted averages of 207Pb/206Pb ages 

were calculated at 2548 ± 28 Ma (MSWD = 0.99, N = 4), 1972 ± 46 (MSWD = 0.27, N = 3), 1845 ± 18 

(MSWD = 0.89, N = 11), and 1751.7 ± 7.1 (MSWD = 0.94, N = 76).  The majority of concordant zircon 

features zonation or cores and rims, and some analyses may be a result of mixing of age domains.  Based 

on large gaps in time between populations, the oldest two are distinct, but the youngest two may instead 

represent one population (Figure 6.3B).   

All of the zircon in the quartzite is interpreted as detrital for the following reasons.  Under CL, 

nearly all of the zircon grains displayed variably bright to grey oscillatory bands or concentric zonation, 

typical of magmatic zircon.  The majority of grains is subangular to subrounded, suggesting sediment 

transportation.  Of the less than ± 10% discordant zircon grains, none had Th/U ratios of less than 0.1, 

suggesting that they are not metamorphic.  Only two concordant analyses were from pervasively dark and 

anhedral zircon grains (Q623DP-21 and Q623LP-46) that are interpreted as metamorphic-detrital, and 

their ages are 1747 ± 75 Ma and 1799 ± 50 Ma.  Three analyses from the Q623DP mount (20, 36, and 

45), were taken from interpreted metamorphic rims, but only Q623DP-36 was concordant, with a 
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207Pb/206Pb age of 1787 ± 68 Ma.  It is possible that this rim is metamorphic as a result of metamorphism 

of the quartzite, but it is also possible that it predates the deposition of the quartzite and originated from a 

metamorphic source rock.  Combined with the 1747 ± 75 Ma and 1799 ± 50 Ma concordant analyses of 

interpreted metamorphic zircons Q623DP-21 and Q623LP-46, the weighted average age is 1784 ± 35 Ma 

(MSWD = 0.68, N = 3).  These data are all provided in Appendix B.   Because this age does not overlap 

within uncertainty with metamorphism in Colorado at ~1.72 Ga (Whitmeyer and Karlstrom, 2007) a 

metamorphic-detrital origin is more likely.  Furthermore, metamorphic rims too narrow to analyze exist 

on cores from the three youngest zircon populations (~1.97, ~1.85, and ~1.75 Ga), suggesting 

metamorphism of the quartzite occurred after ~1.75 Ga.   

If all of the zircon in the quartzite is detrital, the maximum depositional age of the quartzite can 

be constrained as 1751.7 ± 7.1 Ma, the age of the youngest population age.  The age may be further 

constrained using the youngest single grain, the youngest cluster of two or more grains within a 1σ 

uncertainty (typically > 2 grains), or the youngest cluster of three or more grains within 2σ uncertainty 

(typically >> 3 grains; Dickinson and Gehrels, 2009; Coutts et al. 2018).  Coutts et al. (2018) also 

examined the viability of a technique developed by Ludwig (2012), which uses a calculation built into 

Isoplot and derives the youngest detrital zircon age from a selection within a 5σ uncertainty bounds of the 

youngest analysis, referred to as the youngest detrital zircon method.  The weighted average and 

uncertainties of the three youngest analyses (only 3) may also be considered as the maximum depositional 

age, as detailed in Coutts et al. (2018) and Zhang et al. (2016).   

Using the youngest single grain analysis, Q623DP-64 (Figure 6.1), the maximum depositional 

age is 1677.4 ± 71.4 Ma.  Using the youngest detrital grain cluster of two or more grains within 1σ 

uncertainty, the maximum depositional age is 1718 ± 12 Ma (MSWD = 0.25, N = 27).  Using the 

youngest detrital grain cluster of three or more grains within 2σ uncertainty, the maximum depositional 

age is 1749.0 ± 7.3 Ma (MSWD = 0.84, N = 73).  Using the youngest detrital zircon function developed 

by Ludwig (2012) in Isoplot, the maximum depositional age is 1642.5 Ma +33 Ma/–59 Ma.  This 
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calculation is younger than the age of the youngest single grain in this study and is therefore interpreted 

not to be useful.  If only the three youngest analyses are considered, the maximum depositional age is 

1685 ± 40 Ma.  These data are provided in Appendix B.  For samples similar to quartzite Q623 (data sets 

of similar size, where a large number of analyses are close to the true depositional age), Coutts et al. 

(2018) concluded that under computer modelled conditions with known values of true depositional age, 

the youngest single grain and youngest detrital zircon methods (of Ludwig, 2012) produced the most 

accurate true depositional age estimates.  They found that other methods were much less effective due to 

lingering uncertainty (Coutts et al., 2018).  However, their preferred age calculations of 1685 ± 40 Ma 

and 1642.5 Ma +33 Ma/–59 Ma have large uncertainties, and the youngest detrital zircon method 

(Ludwig, 2012) may not be meaningful.  The youngest population age, and youngest detrital grain cluster 

of three or more grains within a 2σ uncertainty calculations of 1751.7 ± 7.1 Ma and 1749.0 ± 7.3 Ma, 

respectively, are more precise and conservative estimates.  For this reason, the youngest population age of 

1751.7 ± 7.1 Ma is considered the best estimate of the maximum depositional age. 

Regarding the origins of the populations in the quartzite, the source for the ~1.75 Ga zircon 

population is most likely from the Yavapai terrane (Jones and Thrane, 2012; Figure 2.2), including the 

Routt Plutonic Suite and ~1.72 Ga Boulder Creek Batholith (Stern et al., 1971; Premo and Fanning, 2000; 

Kellogg et al., 2008; Figure 2.1).  The older populations may include contributions from regions farther to 

the north, such as the ~2.5 Ga Archean Wyoming Craton, Paleoproterozoic juvenile arcs (Figure 2.2), the 

~2.0 – 1.8 Ga Trans-Hudson – Penokean orogen, or a combination (Hill and Bickford, 2001; Bickford and 

Hill, 2007; Whitmeyer and Karlstrom, 2007; Jones and Thrane, 2012; Jones et al., 2013; Müller, 2019).  

Quartzite from Big Thompson Canyon, CO (approximately 20 km north of the Boulder Creek Batholith 

in Figure 2.1, off the map shown), yielded a similar maximum depositional age of 1751 ± 44 Ma, and 

shows similar small populations of older grains ranging from ~1.8 Ga to greater than ~2.8 Ga (Müller, 

2019).  Müller (2019) attributed many of the older populations as having originated in the Green 

Mountain Arc, a juvenile arc of southern Wyoming, or the Wyoming Craton (Figure 1.1).  About 10 km 
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east of the study area (Figure 2.1), a quartzite yielded grains as young as ~1.4 Ga, which may have 

originated in a basin formed during the Picuris orogeny (Mahatma, 2019), and is similar to analyses from 

Mesoproterozoic quartzites and other metasedimentary rocks throughout the southwestern U.S. (Jones et 

al., 2010; Daniel et al., 2013; Doe et al., 2013; Doe and Daniel 2019). 

8.3 Monazite geochronology 

U-Pb in situ monazite results for all of the thin sections reveal two main populations of ~1.68 – 

1.65 Ga and ~1.43 – 1.42 Ga, and a group of ~1.6 – 1.5 Ga analyses in three of the thin sections that do 

not fit well with either population and may constitute a third.  Some of the monazite grains in the thin 

sections may be detrital, in which case they may constitute a fourth population.  For example, two of the 

thin sections, 243PL and 397XFL, show three combined in situ monazite analyses greater than ~1.74 Ga, 

which are slightly older (i.e., ~20 Ma) than the remaining analyses in the Proterozoic populations, that are 

mostly similar in age (< ~5 Ma difference between analyses).  While their ± ~50 Ma uncertainties overlap 

with known Paleoproterozoic metamorphism in Colorado (at ~1.72 Ga; Whitmeyer and Karlstrom, 2007), 

they may alternatively be detrital.  If true, then the maximum depositional age of the biotite gneiss and 

schist/migmatitic biotite gneiss and amphibolite units is 1745 ± 30 Ma (MSWD = 0.018, N = 3).  In a 

similar manner, thin section 626XFL contains three ~1.72 analyses that are slightly older than (but within 

the uncertainty of, i.e., ± 40 Ma) the remaining mostly Paleoproterozoic analyses, and may be detrital.  If 

this is the case, the maximum depositional age of the porphyroclastic feldspar and biotite gneiss unit is 

1717 ± 24 Ma (MSWD = 0.026, N = 3).  This age is comparable with the quartzite maximum depositional 

age calculated by the youngest detrital grain cluster of two or more grains within 1σ uncertainty method 

(Coutts et al., 2018), of 1718 ± 12 Ma (MSWD = 0.25, N = 27; Section 8.3).  These data are all provided 

in Appendix B.  Because the population of three ~1.72 Ga grains in 626XFL is only slightly distinctive, 

and overlaps in uncertainty with the remaining part of the oldest population in the sample, these may 

alternatively be metamorphic monazite and the ages of the porphyroclastic feldspar and biotite gneiss and 

quartzite in the Snake River Cirque may both be older than ~1.72 Ga.  However, because the ages and 



80 
 

uncertainties of the oldest Paleoproterozoic monazite analyses overlap with known ~1.72 Ga 

metamorphism, there is no strong evidence that they are detrital.  Furthermore, the monazite analyses do 

not display rounded or detrital textures in BSE, and all monazite in this study is therefore interpreted to be 

a result of metamorphic growth.   

U-Pb monazite results from all four samples analyzed in this study yielded ~1.68 – 1.65 Ga grain 

populations, from which grains are variably oriented, are inclusions in other minerals, or show zones with 

younger ages.  These populations represent the earliest metamorphism in the area.  Samples 243PL and 

626FL display the strongest evidence for Paleoproterozoic metamorphism, and are collected from areas 

that are highly deformed by interpreted F2 megascopic folds or the post-(?)-D2 NFFZ.   

Three of the four thin sections display monazite analyses between 1.60 Ga and 1.50 Ga, but 

associated metamorphism in Laurentia during this time has not been established (Doe et al., 2013).  In 

contrast to the other thin sections, 397XFL displays only two main populations.  The older population 

consists of 22 analyses which show a ~1.75 – 1.52 Ga spread of ages, and are not naturally separated in 

two populations as in the other thin sections.  The 1.60 – 1.50 Ga analyses may represent older domains 

that lost Pb, or analyses from mixed ~1.7 Ga and ~1.4 Ga age domains.  Alternatively, they may represent 

an unknown metamorphic event.  The 1.60 – 1.50 Ga analyses from the three thin sections that show a 

distinct population combined yield a weighted average of 1555 ± 35 Ma (MSWD = 3.1, N = 7), indicating 

a poor fit and probably no distinct event.  This is further discussed below.   

All of the thin sections show evidence of ~1.43 – 1.42 Ga metamorphic monazite growth.  Thin 

sections 269XAP and 397XFL display the strongest evidence for Mesoproterozoic metamorphism and are 

from regions with strong evidence for D3 structures.  This is especially true for section 269XAP, which 

has the largest ~1.43 Ga population (Figure 7.5A and B).  Therefore, D3 structures are interpreted as 

~1.43 – 1.42 Ga.  D1 and D2 structures probably formed at ~1.68 – 1.65 Ga and/or possibly at ~1.60 – 

1.50 Ga.  The ~1.68 – 1.65 Ga and ~1.43 – 1.42 Ga age populations are consistent with the ages of 

metamorphism associated with the ~1.71 – 1.68 Ga Yavapai and ~1.65 – 1.60 Mazatzal orogenies 
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(Whitmeyer and Karlstrom, 2007), and ~1.45 – 1.40 Ga Picuris orogeny (Daniel et al., 2013; Lytle, 2016; 

Mahatma, 2019; Powell, 2020).  They are also fairly consistent with the Colorado and Berthoud orogenies 

of Shah and Bell (2012), recorded in metamorphic rocks in Big Thompson Canyon at ~1.76 – 1.67 Ga 

and at ~1.42 Ga, and with the ages of metamorphism along CSZS structures (Shaw et al., 2001; Sims et 

al., 2001; McCoy et al., 2005; Jones et al., 2010; Duebendorfer et al., 2015; Lytle, 2016). 

In order to further test if the ~1.60 – 1.50 Ga monazite analyses represent a metamorphic event, 

concordant analyses from biotite schist collected by Mahatma (2019), ~5 km southwest of the Mount 

Evans batholith (~10 km southeast of the study area) were combined with concordant analyses from this 

study (Figure 8.3, pg. 82).  Three populations can be distinguished from the data in this study alone 

(Figure 8.3A and C, pg. 82), where ~1.75 – 1.61 Ga analyses have a weighted average of 1677.1 ± 6.7 Ma 

(MSWD =1.7, N = 71), 1.60 – 1.50 Ga analyses have a weighted average of 1558 ± 20 Ma (MSWD = 2.2, 

N = 13), and ~1.46 – 1.39 Ga analyses have a weighted average of 1424.6 ± 7.5 Ma (MSWD = 1.04, N = 

31). 

Combined analyses from this study and Mahatma (2019) show two main age populations at ~1.67 

Ga and ~1.42 Ga and a potentially distinct ~1.60 – 1.47 Ga population (Figure 8.3B and D, pg. 82).  

Weighted averages of 207Pb/206Pb ages were calculated at 1672.3 ± 6.3 Ma (MSWD = 1.8, N = 95) for the 

~1.75 – 1.60 analyses, 1551 ± 13 Ma (MSWD = 2.4, N = 32) for the ~1.60 – 1.47 Ga analyses, and 

1421.5 ± 5.2 Ma (MSWD = 1.06, N = 82) for the ~1.46 – 1.33 Ga analyses.  Combined ~1.60 – 1.47 Ga 

analyses form a general downward trend at the end of the ~1.67 Ga associated metamorphic event (Figure 

8.3B, pg. 82).     

A ~1.60 – 1.50 Ga orogenic event is not known in the southwestern U.S. (Doe et al., 2013).  

However, Duebendorfer et al. (2015) demonstrated that some metamorphic minerals throughout the state 

are 1.60 – 1.50 Ga, particularly within rocks along shear zones of the CSZS, including the Soda Creek-

Fish Creek Shear Zone near Steamboat Springs, Colorado (Figure 1.1).  He also interpreted new mineral 

growth and metamorphism as a possible effect of the closure of a Mesoproterozoic oceanic basin during 



82 
 

subduction of a regional-scale, north-northwest trending strike-slip fault that has a postulated location 

about 10 km west of the MMD (Doe, p.c. 2021).  Although very few rocks of 1.60 – 1.50 Ga exist in 

Laurentia (Doe et al., 2013), some ~1.56 Ga intrusions have been identified in northern Arizona 

(Skotnicki and Gruber, 2019), and similar unknown intrusions may also be responsible for the 1.60 – 1.50 

Ga in situ monazite growth in this study.   

 

 

Figure 8.3 Float bar charts (A, B) and probability density diagrams (C, D) of less than ± 10% discordant 
monazite analyses in the Montezuma Mining District (A, C), and combined from the Montezuma Mining 
District and Mount Evans quadrangle metapelitic rocks (B, D; Mahatma, 2019).   

 

The results of ~1.6 – 1.5 Ga in situ monazite analyses from this study alone and combined with 

Mahatma (2019) are both consistent with in situ monazite analyses along CSZS shear zones, as in 
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Duebendorfer et al. (2015).  These analyses include two ~1.56 Ga in situ monazite analyses in 243PL, 

along the NFFZ, a possible shear zone of the CSZS.  However, because the 1.60 – 1.47 Ga monazite ages 

are not as well constrained as the Paleoproterozoic and Mesoproterozoic populations, at ~1.68 – 1.67 Ga 

and ~1.42 Ga, the 1.60 – 1.50 Ga analyses may more likely represent Pb loss from the oldest population 

or a mixing of Paleoproterozoic and Mesozoic age domains. 

8.4 Structural geology and geochronology synthesis  

Because quartzite Q623 was deposited prior to and deformed by D1-2 deformation and F2 folds, 

the maximum depositional age calculation of the quartzite of 1751.7 ± 7.1 Ma constrains the maximum 

age of local D1-2 deformation.  Thin section 243PL is from protomylonite along the NFFZ, which 

crosscuts the D2 Handcart Anticline, and provides an additional age constraint on D1-2 deformation.  

Eleven grains from the ~1.68 Ga population are aligned in the north-side-up S-C fabric.  This may 

suggest the crosscutting movement occurred at ~1.68 Ga.  However, the four youngest analyses from the 

~1.43 Ga population are also included in a north-side-up sigma clast, indicating that some of the 

movement occurred during the Mesoproterozoic.  D1-2 deformation is interpreted to be no younger than 

~1.42 Ga and likely no older than ~1.68 Ga (Section 8.3).  Because the main ~1.68 Ga monazite 

population in 626XFL is probably representative of the timing of the original metamorphism of the 

porphyroclastic felspar and biotite gneiss unit, and is close the quartzite unit in the field (cf., Figure 5.11), 

the quartzite was probably also metamorphosed at ~1.68 Ga.  This age is therefore the minimum 

depositional age of the quartzite.   

Thin sections 269XAP and 397XFL were collected along west-plunging, overprinting F3 folds, 

and contain large proportions of Mesoproterozoic in situ monazite grains.  Thin section 269XAP was 

collected from parasitic isoclinal folds on the limbs of larger F3 folds in Horseshoe Basin, and yielded 

more ~1.43 Ga than ~1.67 Ga analyses, with one analysis as young as ~1.39 Ga.  It contains ~1.43 Ga 

monazite grains that are aligned with interpreted D3 microstructures, including F3 isoclinal fold axial 

planes (Figure 7.4A).  Thin section 397XFL, was collected along the limbs of interpreted parasitic folds 
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along the F3 Santa Fe Peak antiform.  A Mesoproterozoic population yielded a weighted average age of 

1415 ± 14 Ma (MSWD = 1.05, N = 8).  Grains and analyses of all ages, some of which may represent 

mixing of age domains, are aligned to the same top-to-the-northeast S-C fabric.  This fabric may have 

formed during flexural slip along the southern limb of the F3 Santa Fe Peak antiform, and indicates that 

structures interpreted in the field as F3 are 1415 ± 14 Ma.  These combined analyses indicate that D3 

deformation likely occurred from ~1.43 – 1.42 Ga.  As 1,409 ± 40 Ma (Aleinikoff et al., 1993b) Silver 

Plume Granite outcrops near the summit of Santa Fe Peak are not ductilely deformed, and intrude into F3 

folds, D3 deformation is in the study area is no younger than ~1.41 Ga. 

8.5 Alternative interpretations for the Montezuma Shear Zone and North Fork Fault Zone 

One of the primary preliminary goals of this study was to map and record Proterozoic ductile 

deformation across the previously mapped MSZ and to explore its structural relationship with the Eocene 

Montezuma Stock and mineralized veins.  However, no evidence for a continuous ductile shear zone was 

found, which is consistent with observations of McCoy et al. (2005) that the MSZ shows no evidence of 

mylonitic rocks or of simple shear, and with their conclusions that the MSZ was not properly classified as 

a shear zone.  However, localized shearing was encountered throughout the study area, and may represent 

small-scale shear zones within or adjacent to the previously interpreted MSZ.   

Within the MSZ, these were most common in Cinnamon Gulch, and just southwest of Santa Fe 

Peak, where sinistral and dextral shearing along interpreted S0-1 foliation was observed.  However, the 

sinistral and dextral shearing in Cinnamon Gulch and Santa Fe Peak, may be better explained as result of 

flexural slip along the limbs of the F3 Santa Fe Peak antiform, or other west-plunging F3 structures (see 

Chapter 5).  It may also possibly be a result of D1-2 deformation.  This is similar to Lytle’s (2016) 

reinterpretation of the IRSZ, which may be the result of flexural slip along the southeastern limb of a 

southwest-trending Mesoproterozoic synform (cf., Lytle, 2016) in contrast to its previous interpretation as 

a CSZS shear zone.  Because the D3 structures near Santa Fe Peak are intruded by the Silver Plume 
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Granite, which is ductilely undeformed, F3 folds and related shear structures along the MSZ are 

interpreted to be no younger than ~1.41 Ga in age.   

In addition, the MSZ trace in Horseshoe Basin is crosscut by both F3 fold axial traces and by 

Montezuma stock-related dikes, suggesting that the zone also not been active in the last ~1.4 Ga or ~40 

Ma as either a ductile or a brittle structure, as previously interpreted (Warner and Robinson, 1967; 

Neuerburg and Botinelly, 1972; Neuerburg et al., 1974; Robinson et al., 1974; Botinelly, 1979).  

Robinson et al. (1974) stated that the MSZ is “considered to be the boundary between the sillimanitic 

biotite gneiss and schist on the west and the biotite gneiss and schist to the east.”  However, in this study, 

abundant sillimanite and similar lithologies were found on either side of the zone in Cinnamon Gulch, 

Horseshoe Basin, and Santa Fe Peak.  Therefore, based on results from this study, the MSZ is not 

interpreted as not a shear zone or a lithological contact.   

The MSZ does have several brittle fault and alteration characteristics that distinguish it from the 

country rocks.  First, the MSZ trace (Figure 1.2) represents a zone of fractures, disseminated, and vein 

associated base-metal enrichment.  Brittle fracturing along the reactivated MSZ trace had previously been 

interpreted to have localized hydrothermal veins of the CMB (Lovering, 1935; Lovering and Goddard, 

1950; Neuerburg and Botinelly, 1972; Neuerburg et al., 1974; Pyanoe, 2015).  However, dozens of 

mineralized veins have been mined out (cf., Lovering, 1935), and none could be directly observed, 

although many adits and shafts that had worked these veins are still visible.  Based on the maps of 

Lovering (1935), Lovering and Goddard (1950), and Neuerburg and Botinelly (1972), many of the veins 

along the MSZ were north-northeast trending and steeply dipping, but most crosscut the nearby 

metamorphic foliation and are at best subparallel to S0-1.  Disseminated and vein associated base-metal 

enrichment is prevalent, and small pyrite crystals exist in altered metamorphic host rock near previously 

worked veins along the zone (e.g., altered and mineralized gneiss and schist from mine dumps). 

Expressions of these veins and much of the mineralized rock at the surface are typically 

characterized by limonite and vuggy quartz, indicative of oxidation under supergene conditions 
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(Botinelly, 1979; Pyanoe, 2015).  Neuerburg et al. (1974) noted the supergene localization along the 

MSZ.  This is also observable on the district scale elsewhere, as much of the exposed mineralized rock 

throughout the district is oxidized, leading to discoloration and natural, as well as manmade acid-

rock/acid-mine drainage.  The reddish and yellow discoloration of supergene oxides has also led to local 

descriptive names like “Ruby Mountain” and “Red Cone.”  The Geneva Creek Iron Fen, located in the 

Geneva Creek Cirque (Figures 1.2 and 5.9), is a unique wetland ecosystem formed partly from 

precipitation of iron oxides dissolved in groundwater, under supergene conditions.  Elsewhere along the 

MSZ trace, sericitic, propylitic, and argillic alteration were all observed but were not extensively studied.   

Away from the MSZ, the northeast-trending North Fork Fault Zone has previously been 

interpreted as a major crustal structure (Wahlstrom and Kim, 1959; Tweto and Sims, 1963; Warner and 

Robinson, 1967; Robinson et al., 1974).  In contrast to its name, it displays ductile shear fabrics, including 

both dextral and reverse-sinistral (north-side-up) shear sense indicators, and is therefore better classified 

as a shear zone as opposed to a fault zone.  It marks a boundary of lithologic and structural contrast (see 

Chapter 5) and therefore has substantial offset.  The NFFZ shares similarities to other CSZS structures.  It 

is approximately parallel to other CSZS shear zones (locations in Figure 1.1).  Ultra- to mylonitic shear 

fabrics of the CSZS record northwest-side-up as well as northwest-side-down movement in the Paleo- and 

Mesoproterozoic (Shaw et al., 2001; McCoy et al., 2005) and the northwest-side-up movement along the 

NFFZ is consistent with this.  Sinistral-reverse movement along the NFFZ also similar to the sinistral-

reverse movement along the Gore Range Shear Zone (Figure 1.1). 

Based on in situ monazite analyses in sample 243PL, north-side-up shearing occurred at ~1.68 Ga 

(see Section 8.4), at the same time as D1-2 deformation elsewhere.  Similarly, aligned ~1.43 Ga monazite 

grains in 243PL represent reactivation of the shear zone zone along the same north-side-up shear fabric, at 

the same time as D3 deformation.  Although no overprinting relationships between the dextral and 

reverse-sinistral movement were observed, the dextral shear sense indicated by z-folds is inconsistent 
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with the north-side-up shearing.  However, because the z-folds are typically isoclinal (Figure 5.12D), the 

dextral shear sense along the zone may be a result of the earliest shearing event. 

8.6 Tectonic setting and structural history of the Montezuma area 

Cawood et al. (2012) demonstrated that the age proportions of detrital zircon in a sample relative 

to ages of deposition can be reflective of the tectonic setting in which they were deposited.  Cawood et al. 

(2012) argue that for samples deposited in convergent tectonic settings, a high proportion of detrital 

zircon analyses will have ages close to the depositional age.  In collisional settings, this is also generally 

true, but older populations of zircon analyses may be more prominent.  For extensional settings, a larger 

proportion of analyses will be significantly older than the depositional age, and older zircon populations 

may also be prominent.  If a minimum depositional age of 1680 ± 0 Ma is used for a cumulative 

probability plot (as it is representative of initial metamorphism of units in the vicinity of the quartzite), the 

trend of the data in Figure 8.4, pg. 88, reveals that nearly 90% of zircons deposited into the quartzite are 

within ~200 Ma of the youngest possible depositional age, and about 70 – 80% are within 100 Ma.  This 

suggests that it is less likely that the quartzite would have formed in an extensional tectonic environment.  

Based on Cawood et al. (2012), the trend in Figure 8.4, pg. 88, best aligns with a convergent tectonic 

setting, such as a forearc or back-arc basin, and less well with a collisional tectonic setting.   

Metasedimentary and metavolcanic units in the vicinity of the quartzite at the Snake River Cirque 

including calc-silicate/amphibolite gneiss and hornblende and plagioclase gneiss, further constrain the 

tectonic setting of the study area prior to the Yavapai orogeny.  Nearby limey calc-silicate/amphibolite 

gneiss units have protoliths that may have formed from limestone or marl deposited in a relatively 

shallow marine environment, possibly in a marginal or interior seaway.  The nearby hornblende and 

plagioclase gneiss unit is considered to have formed from a combination of sedimentary and volcanic 

protoliths, such as basalt or other mafic rocks (Wahlstrom and Kim, 1959).  As the quartzite and all units 

in the local vicinity (see Chapter 5) are deformed by F2 folds, they are interpreted to be no older than the 

metamorphic peak of ~1.68 Ga monazite in most of the thin sections which defines the D2 deformation.  
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Furthermore, if all of the D2 deformed units along the Handcart Anticline (Sections 5.6 and 5.7) are of 

similar ages, it may therefore suggest that they were deposited in a convergent or back-arc setting prior to 

~1.68 Ga.  As a convergent or back-arc setting may have been more likely than a collisional setting to 

include mafic volcanic and shallow marine contributions, it might be the likely depositional environment 

for the quartzite, calc-silicates, and hornblende and plagioclase gneiss units.   

 

Figure 8.4 Cumulative probability plot of concordant zircon analyses versus detrital age minus 1.68 Ga 
minimum depositional age, based on combined in situ monazite and detrital zircon data. 

 

This is consistent with Müller’s (2019) interpretation of quartzites in Big Thompson Canyon, 

with similar analyses (small populations of ~2.5 Ga and ~1.8 Ga analyses, and a large young population 

of ~1.8 – 1.7 Ga), which she interpreted as deposited in a back-arc basin setting, partly based on a large 

number of analyses for the youngest population and partly due to the geochemistry of the nearby 

Paleoproterozoic Green Mountain Arc.  If the above is correct, D1-2 deformation may be associated with 
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shortening caused by accretion of material in a back-arc setting, during the Yavapai orogeny (Whitmeyer 

and Karlstrom, 2007). 

The ~1.43 – 1.42 Ga age of D3 deformation is consistent with the age of the Picuris orogeny (1.45 

– 1.40 Ga; Daniel et al., 2013; Lytle, 2016; Mahatma, 2019; Powell, 2020).  Interestingly, the orientations 

of F3 folds in the study area are also consistent with the trends of west-plunging meso- and megascopic 

(cm- to km-scale) ~1.4 Ga folds in the Picuris Mountains of New Mexico, which define the Picuris 

orogeny (Daniel et al., 2013).  They are also similar to the the northwest-directed shortening orientations 

of other Picuris-associated structures throughout the central Front Range, including Mesoproterozoic 

southwest-trending F3 folds near the IRSZ (Figure 1.1) and fabrics near and in the Mount Evans Batholith 

(Lytle, 2016; Mahatma, 2019; Powell, 2020).  Moreover, undated west-trending folds mapped by Powell 

(2020) directly east of Horseshoe Basin (< ~3 km) in Argentine Cirque may be continuous with F3 folds 

in Horseshoe Basin.  D3 deformation must have stopped around ~1.41 Ga, as intrusive Mesoproterozoic 

Silver Plume Granite intrudes into F3 folds and is not ductilely deformed.  However, additional heat from 

the Silver Plume Granite may have contributed to continued growth of metamorphic monazite grains, 

which may explain the younger (e.g., 1.40 – 1.39 Ga) monazite analyses. 

Most of the structural deformation in the study area since this time is interpreted to have taken 

place as brittle fracturing and faulting owing to the Laramide orogeny.  This resulted in the intrusion of 

the Montezuma Stock and mineralization along the MSZ (Lovering, 1935; Neuerburg et al., 1974; 

Botinelly, 1979; Pyanoe, 2015).  The Montezuma Stock shares several similarities with the molybdenum 

porphyries at the Climax and Henderson Mines, inasmuch as it is of similar age, geochemistry, and is 

regarded as likely having molybdenum mineralization (although probably subeconomic; Neuerburg et al., 

1974; Botinelly, 1979; Pyanoe, 2015).  The depth of emplacement of the Montezuma Stock is not known, 

but based on similarities to the Climax and Henderson molybdenum porphyries was estimated by Pyanoe 

(2015) to have been 3.1 km.  This indicates that the stock likely intruded into adjacent country rocks 

within the brittle structural regime.  Lovering (1935) commented that the northern and southeastern 
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contacts of the Montezuma Stock and adjacent metamorphic units are planar for several miles (Figure 

1.2), and may have been controlled by the same preexisting faults that localized the veins along the MSZ.  

He however noted that the stock typically breaks cleanly through the metamorphic units, and that the 

metamorphic units likely did not control the shape of the stock (Lovering, 1935).  These observations 

make a ductile structural control of the MSZ on the Montezuma Stock unlikely. 

Pyanoe (2015) concluded that some of the Cordilleran-style veins formed at approximately 2 km 

depth, at vein pressures of 47 – 41 MPa.  He therein attributed these as having formed strictly under a 

brittle structural regime, as is typical for the Cordilleran-style vein model (Pyanoe, 2015).  Lovering 

(1935) noted that some of the veins along the MSZ occur as en-echelon veins, or have pinch outs or 

concentrated ore zones along minor faults, and thus may have been localized by “transverse shear faults.”  

From the maps of Lovering (1935) and Lovering and Goddard (1950), many of the veins are localized 

along the MSZ trace and trend subparallel to the zone, but upon closer examination nearly all have dips 

that crosscut the interpreted S0-1 metamorphic foliation.  Just as many veins in the MMD have westerly 

trends, or are localized away from the MSZ, throughout the southern and southwestern portions of the 

district near Glacier Mountain (location in Figure 1.2; cf. Lovering, 1935; Lovering and Goddard, 1950).   

During the construction of the H. Roberts Tunnel, Warner and Robinson (1967) recorded the 

orientations of 394 subeconomic but mineralized veins at depth (in part along the location of the A—A’ 

cross-section in Figure 5.3).  The majority of these veins have poles to planes that cluster at 

approximately 160/10 (trend/plunge), indicating a mean vein orientation of ~10/340 (dip/dip-

direction; Warner and Robinson, 1967).  Warner and Robinson (1967) concluded that many of these veins 

formed along similarly oriented (i.e., east-northeast – west-southwest trending) faults in the tunnel.  

Interestingly, the ~10/340 measured vein orientations of Warner and Robinson (1967) are inconsistent 

with the trace of the MSZ (~020 – 030).  Elsewhere along the CMB and CSZS, Caine et al. (2006) 

interpreted northeast-trending fold hinges along the IRSZ as having localized brittle Laramide-aged 

structures, including fractures, veins, and dikes, due to their preferential orientations under modelled 068 
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Laramide maximum compressive stress orientations.  Furthermore, Caine et al.’s (2006) modelled 068 

Laramide stress orientations are parallel with the vein orientations of Warner and Robinson (1967), 

indicating that many of the veins and faults likely have Laramide, and not Proterozoic origins as 

suggested by Lovering (1935).   

Even still, many of the interpreted D2 structures, and particularly the large-scale megascopic F2 

axial traces in Domain 1, are approximately parallel to the MSZ trace (Figures 1.2 and 5.1).  Under Caine 

et al.’s (2006) Laramide stress orientations, the F2 structures roughly centered along the MSZ, and in 

particular axial planes weaknesses along the folds, may have helped to localize some of the brittle 

fractures and Cordilleran-style veins (cf., Lovering, 1935; Lovering and Goddard, 1950).  However, aside 

from the parallelism between the F2 fold axial traces and the trends of fractures along the zone, there is no 

significant evidence that folds or ductile structures control brittle structures or vein orientations.  

Moreover, Laramide brittle fracturing, Eocene Montezuma Stock emplacement, and vein mineralization 

are not controlled by small-scale, ~1.43 – 1.42 Ga, F3 flexural slip-associated ductile shear zones along 

the MSZ, and establish that a Proterozoic ductile control on mineralization in the MMD is not likely.   
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CHAPTER 9 

CONCLUSIONS 

In summary, geologic mapping, structural analysis, and U-Pb detrital zircon and in situ monazite 

geochronology reveal that three main deformation events are expressed across the study area.  The earliest 

event D1, is interpreted to be cause of the main S0-1 foliation in the study area and of the local, cm- to m-

scale, F1 isoclinal folds of variable orientation.  During D2 deformation, the main S0-1 foliation was 

overprinted by tight to open, cm- to km-scale F2 folds, that have axial traces parallel to the strike of the 

main foliation.  F2 and S0-1 foliation are northeast-trending in the northern study area (Domain 1), and 

northwest-trending in the southern study area (Domain 2).  In Domain 1 and between the domains, cm- to 

km-, but mostly m- and km-scale F3 folds overprint both the F2 folds and S0-1 foliation.  F3 folds are also 

likely present in Domain 2, but were not recognized while mapping.  Folding of D2 structures by a west-

plunging km-scale, gentle F3 antiform at Santa Fe Peak explains the differences in orientations of D2 

structures in the two domains.   

D1-2 deformation can be no older than the ~1.75 Ga maximum depositional age of quartzite that is 

folded by F2 folds, and is interpreted to be about the same age as the ~1.68 Ga in situ metamorphic 

monazite analyses from D1-2 deformation locations.  D1 and D2 may both be ~1.68 Ga based on strong 

evidence for continuous Paleoproterozoic metamorphism in all four thin sections used for in situ monazite 

analysis, although D2 represents most of the observed megascopic deformation.  This tectonism may have 

occurred in an arc-related convergent or back-arc setting, based on the fact that the ~1.75 Ga quartzite 

contains a large detrital zircon grain population with an age close to its interpreted depositional age, 

which is typical for such settings.  This is fairly consistent with the model of pre- and syn-Yavapai 

orogeny tectonism in proto-Colorado (Whitmeyer and Karlstrom, 2007).  In contrast, D3 deformation is 

likely ~1.43 – 1.42 Ga, based on U-Pb analysis of in situ monazite, alignment of Mesoproterozoic 

monazite grains with interpreted D3 fabrics in thin section, and the presence of the ~1.41 Ga crosscutting 

Silver Plume Granite.  This is comparable with the known ages and orientations of deformation and 
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shortening now associated with the Picuris orogeny, both in Colorado and elsewhere in the southwestern 

U.S. (Shaw et al., 2001; Sims et al., 2001; McCoy et al., 2005; Jones et al., 2010; Doe et al., 2012; Shah 

and Bell, 2012; Doe et al., 2013; Daniel et al., 2013; Aronoff; 2015; Lytle, 2016; Doe and Daniel, 2019; 

Mahatma, 2019; Powell, 2020). 

The Montezuma Shear Zone is better classified brittle fracture zone as opposed to the previously 

interpreted ductile shear zone.   Isolated shear structures along the MSZ likely resulted from flexural slip 

along the limbs of ~1.43 – 1.42 Ga F3 folds, particularly the Santa Fe Peak antiform.  The localized ~1.43 

– 1.42 Ga shear structures along its previously mapped trace may explain why the MSZ was interpreted as 

such.  Although some faulting and vein mineralization in the MMD may be explained by reactivation of 

pre-existing weaknesses associated with F2 axial planes in Domain 1, other veins along the H. Roberts 

Tunnel (Warner and Robinson, 1967) are not parallel to the MSZ, but instead with Laramide maximum 

compressive stress directions (of 068; Caine et al., 2006).  This suggests that the Cordilleran-style vein 

mineralization may have taken advantage of Laramide-structures.  Veins mostly crosscut Proterozoic 

ductile structures including S0-1 foliation (cf., Lovering, 1935; Lovering and Goddard, 1950; Warner and 

Robinson, 1967).  This is also the case for the Montezuma Stock, which was shallowly emplaced (~3.1 

km; Pyanoe, 2015) and was observed by Lovering (1935) to possibly be localized along faults similar to 

those which influenced vein mineralization along the MSZ trace.  However, the stock was not influenced 

in shape by the metamorphic country rocks (Lovering, 1935), suggesting no ductile structural control.  

There is no therefore no strong evidence that Proterozoic ductile deformation and localized shearing along 

the MSZ, which are associated with F3 and no younger than ~1.41 Ga based on crosscutting Silver Plume 

Granite, are a major control for later mineralization.  The North Fork Fault Zone, in contrast to its name 

and the MSZ, only shows ductile shear structures and is thus a ductile shear zone.  In situ monazite 

analyses indicate it originated in the Paleoproterozoic, and may have been reactivated at ~1.43 Ga.  In 

contrast to the MSZ, it may be a part of the CSZS. 

 



94 
 

REFERENCES CITED 
 
 
Aleinikoff, J.N., Reed, J.C., and Wooden, J.L., 1993a, Lead isotopic evidence for the origin of Paleo- and 

Mesoproterozoic rocks of the Colorado Province, USA: Precambrian Research, v. 63, p. 97–122. 
 
Aleinikoff, J.N., Reed, J.C., and Dewitt, E., 1993b, The Mount Evans batholith in the Colorado Front 

Range: revision of its age and reinterpretation of its structure: Geological Society of America 
Bulletin, v. 105, p. 791–806. 

 
Aleinikoff, J.N., Schenck, W.S., Plank, M.O., Srogi, L.A., Fanning, C.M., Kamo, S.L., and Bosbyshell, 

H., 2006, Deciphering igneous and metamorphic events in high-grade rocks of the Wilmington 
Complex, Delaware: morphology, catholuminescence and backscattered electron zoning, and 
SHRIMP U-Pb geochronology of zircon and monazite: Geological Society of America Bulletin, 
v. 118, p. 39–64. 

 
Allmendinger, R.W., Cardozo, N., and Fisher, D., 2011, Structural geology algorithms: vectors and 

tensors in structural geology: New York, Cambridge University Press, 304 p. 
 
Anderson, J.L., 1983, Proterozoic anorogenic granite plutonism of North America: Geological Society of 

America Memoir, v. 161, p. 133–154. 
 
Anderson, J.L., and Thomas, W.M., 1985, Proterozoic anorogenic two-mica granites: Silver Plume and 

St. Vrain batholiths of Colorado: Geology, v. 13, p. 177–180. 
 
Aronoff, R., 2015, The role of the Picuris Orogeny in the tectonic evolution of Proterozoic North America 

[Ph.D. thesis]: Purdue University, 178 p. 
 
Bickford, M.E., and Hill, B.M., 2007, Does the arc accretion model adequately explain the 

Paleoproterozoic evolution of southern Laurentia?: an expanded interpretation: Geology, v. 35, p. 
167–170. 

 
Bickford, M.E., Van Schmus, W.R., Karlstrom, K.E., Mueller, P.A., and Kamenov, G.D., 2015, 

Mesoproterozoic-trans-Laurentian magmatism: a synthesis of continent-wide age distributions, 
new SIMS U-Pb ages, zircon saturation temperatures, and Hf and Nd isotopic compositions: 
Precambrian Research, v. 265, p. 286–312. 

 
Bookstrom, A.A., Naeser, C.W., and Shannon, J.R., 1987, Isotopic age determinations, unaltered and 

hydrothermally altered igneous rocks, north-central Colorado mineral belt: Isochron/West, v. 49, 
p. 13–20. 

 
Bookstrom, A.A., 1988, The Georgetown–Silver Plume District: Geological Society of America Field 

Trip Guidebook, 1988 Centennial Meeting, p. 85–91. 
 
Botinelly, T., 1979, Mineralogy as a guide for exploration in the Montezuma district, central Colorado: 

U.S. Geological Survey Open-file Report, 70–1177, 16 p. 
 
du Bray, E.A., Holm-Denoma, C.S., Lund, K., and Premo, W.R., 2018, Review of the geochemistry and 

metallogeny of approximately 1.4 Ga granitoid intrusions of the conterminous United States: U.S. 
Geological Survey Scientific Investigations Report, 2017–5111, 34 p. 

 



95 
 

Caine, J.S., Ridley, J., and Wessel, Z.R., 2010, To reactivate or not to reactivate – Nature and varied 
behavior of structural inheritance in the Proterozoic basement of the eastern Colorado Mineral 
Belt over 1.7 billion years of earth history: Geological Society of America Field Guide, v. 18, p. 
119–140. 

 
Cawood, P.A., Hawkensworth, C.J., and Dhuime, B., 2012, Detrital zircon record and tectonic setting: 

Geology, v. 40, p. 875–878. 
 
Chapin, C.E., 2012, Origin of the Colorado Mineral Belt: Geosphere, v. 8, p. 28–43. 
 
Corfu, F., Hanchar, J.M., Hoskin, P.W., and Kinny, P., 2003, Atlas of zircon textures: reviews in 

mineralogy and geochemistry, v. 53, p. 469–500. 
 
Coutts, D.S, Matthews, W.A., and Hubbard, S.M., 2019, Assessment of widely used methods to derive 

depositional ages from detrital zircon populations: Geoscience Frontiers, v. 10, p. 1421–1435 
 
Cunningham, C.G., Naeser, C.W., Marvin, R.F., Luedke, R.G. and Wallace, A.R., 1994, Ages of selected 

intrusive rocks and associated ore deposits in the Colorado Mineral Belt: U.S. Geological Survey 
Bulletin, v. 2109, 31 p.  

 
Daniel, C.G., Pfeifer, L.S., Jones III, J.V., and McFarlane, C.M., 2013, Detrital zircon evidence for non-

Laurentian provenance, Mesoproterozoic (ca. 1490-1450 Ma) deposition and orogenesis in a 
reconstructed orogenic belt, northern New Mexico, USA: defining the Picuris orogeny: 
Geological Society of America Bulletin, v. 125, p. 1423–1441. 

 
Dickinson, W.R., and Gehrels, G.E., 2009, Use of U-Pb ages of detrital zircons to infer maximum 

depositional ages of strata: a test against a Colorado Plateau Mesozoic database: Earth and 
Planetary Science Letters, v. 288, p. 115–125. 

 
Doe, M.F., and Daniel, C.G., 2019, Evidence for Mesoproterozoic ca. 1470–1444 Ma regional 

deformation of the Mazatzal Group and equivalent rocks in the type area of the Mazatzal 
orogeny, Tonto Basin, Arizona, in Pearthree, P.A., ed., Geological excursions in southwestern 
North America: Geological Society of America Field Guide, v. 55, p. 237–272 

 
Doe, M.F., Jones III, J.V., Karlstrom, K.E., Thrane, K., Frei, D., Gehrels, G., and Pecha, M., 2012, Basin 

formation near the end of the 1.60–1.45 Ga tectonic gap in southern Laurentia: Mesoproterozoic 
Hess Canyon Group of Arizona and implications for ca. 1.5 Ga supercontinent configurations: 
Lithosphere, v. 4, p. 77–88. 

 
Doe, M.F., Jones, J.V., Karlstrom, K.E., Dixon, B., Gehrels, G., and Pecha, M., 2013, Using detrital 

zircon ages and Hf isotopes to identify 1.48–1.45 Ga sedimentary basins and fingerprint sources 
of exotic 1.6–1.5 Ga grains in southwestern Laurentia: Precambrian Research, v. 231, p. 409–421. 

 
Duebendorfer, E.M., Williams, M.L., and Chamberlain, K.R, 2015, Case for a temporally and spatially 

expanded Mazatzal orogeny: Lithosphere, v. 7, p. 603–610. 
 
Erslev, E.A., Holdaway, S.M., O’Meara, S.A., Jurista, B., and Selvig, B., 2004, Laramide minor faulting 

in the Colorado Front Range: New Mexico Bureau of Geology and Mineral Resources Bulletin, v. 
160, p. 181–203. 

 



96 
 

Fu, B., Mernagh, T.P., Kita, N.T., Kemp, A.I., and Valley, J.W., 2009, Distinguishing magmatic zircon 
from hydrothermal zircon: a case study from the Gidginbung high sulphidation Au–Ag–(Cu) 
deposit, SE Australia: Chemical Geology, v. 259, p. 131–142. 

 
Gable, D.J., 1980, The Boulder Creek Batholith, Front Range, Colorado: Geological Survey Professional 

Paper 1101, 88 p. 
 
Hansen, V.L., 1990, Collection and preparation of thin sections of oriented samples: Journal of 

Geological Education, v. 38, p. 294–297. 
 
Hill, B.M., and Bickford, M.E., 2001, Paleoproterozoic rocks of central Colorado: accreted arcs or 

extended older crust?: Geology, v. 29, p. 1015–1018. 
 
Jones III, J. V., and Thrane, K., 2012, Correlating Proterozoic synorogenic metasedimentary successions 

in southwestern Laurentia: New insights from detrital zircon U-Pb geochronology of 
Paleoproterozoic quartzite and metaconglomerate in central and northern Colorado, USA: Rocky 
Mountain Geology, v. 47, p. 1–35. 

 
Jones III, V.J., Connelly, J.N., Karlstrom, K.K., Williams, M.L., and Doe, M.F, 2009, Age, provenance, 

and tectonic setting of Paleoproterozoic quartzite successions in the southwestern United States: 
Geological Society of America Bulletin, v. 121, p. 247–264. 

 
Jones III, J.V., Siddoway, C.S., and Connelly, J.N., 2010, Characteristics and implications of ca. 1.4 Ga 

deformation across a Proterozoic mid-crustal section, Wet Mountains, Colorado, USA: 
Lithosphere, v. 2, p. 119–135 

 
Jones, D.S., Barnes, C.G., Premo, W.R., and Snoke, A.W., 2013, Reactivation of the Archean–

Proterozoic suture along the southern margin of Laurentia during the Mazatzal orogeny: 
Petrogenesis and tectonic implications of ca. 1.63 Ga granite in southeastern Wyoming: 
Geological Society of America Bulletin, v. 125, p. 164–183. 

 
Karlstrom, K.E., and Bowring, S.A., 1988, Early Proterozoic assembly of tectonostratigraphic terranes in 

southwestern North America: Journal of Geology, v. 96, p. 561–576. 
 
Kellogg, K.S., Shroba, R.R., Bryant, Bruce, and Premo, W.R., 2008, Geologic map of the Denver West 

30’ x 60’ quadrangle, north-central Colorado: U.S. Geological Survey Scientific Investigations 
Map 3000, scale 1:100,000, pamphlet, 48 p. 

 
Lehman, M., 2020, U-Th-Pb monazite constraints on the timing of Paleoproterozoic metamorphism in 

Big Thompson Canyon, Colorado Front Range [M.Sc. thesis]: Colorado School of Mines, 100 p. 
 
Lovering, T.S., 1935, Geology and ore deposits of the Montezuma Quadrangle, Colorado: U.S. 

Geological Survey Professional Paper 178, 119 p. 
 
Lovering, T.S., and Goddard, E.N., 1950, Geology and ore deposits of the Front Range, Colorado: U.S. 

Geological Survey Professional Paper 223, 319 p. 
 
 
Ludwig, K.R., 2012, Isoplot/Ex rev. 3.75 – a geochronological toolkit for Microsoft Excel: Berkeley 

Geochronology Center Special Publication 5, 75 p. 
 



97 
 

Lytle, M., 2016, The Proterozoic history of the Idaho Springs-Ralston Shear Zone: evidence for a 
widespread ca. 1.4 Ga orogenic event in central Colorado [M.Sc. thesis]: Colorado School of 
Mines, 85 p. 

 
Mahatma, A., 2019, The Proterozoic history of the southern half of the Mount Evans 7.5-minute 

quadrangle: evidence for a ca. 1.4 Ga orogenic event in the central Colorado Front Range [M.Sc. 
thesis]: Colorado School of Mines, 88 p. 

 
Mattinson, J.M., 2005, Zircon U-Pb chemical abrasion (“CA-TIMS”) method: combined annealing and 

multi-step partial dissolution analysis for improved precision and accuracy of zircon ages: 
Chemical Geology, v. 220, p. 47–66. 

 
Mattinson, J.M., 2011, Extending the Krogh legacy: development of the CA–TIMS method for zircon U–

Pb geochronology: Canadian Journal of Earth Sciences, v. 48, p. 95–105. 
 
McCoy, A.M., 2001, The Proterozoic ancestry of the Colorado Mineral Belt: ca. 1.4 Ga shear zone 

system in central Colorado [M.Sc. thesis]: University of New Mexico, 158 p. 
 
McCoy, A.M., Karlstrom, K.E., Shaw, C.A., and Williams, M.L., 2005, The Proterozoic ancestry of the 

Colorado Mineral Belt: 1.4 Ga shear zone system in central Colorado: Geophysical Monograph 
Series, v. 154, p. 71–90. 

 
Müller, S.R., 2019, Tectonic setting and timing of deformation in the Big Thompson Canyon, northern 

Colorado Front Range [M.A. thesis]: University of Northern Colorado, 68 p. 
 
Neuerburg, G.J., and Botinelly, T., 1972, Map showing geologic and structural control of ore deposits, 

Montezuma district, central Colorado: U.S. Geological Survey Misc. Geol. Inventory Map I-750, 
scale 1:36,680. 

 
Neuerburg, G.J., Botinelly T., and Watterson, J.R., 1974, Molybdenite in the Montezuma district of 

central Colorado: U.S. Geological Survey Circular 704, 21 p. 
 
Nyman, M.W., Karlstrom, K.E., Kirby, E., and Graubard, C.M., 1994, Mesoproterozoic contractional 

orogeny in western North America: evidence from ca. 1.4 Ga plutons: Geology, v. 22, p. 901–
904. 

 
Paton, C., Hellstrom, J., Paul, B., Woodhead, J., and Hergt, J., 2011, Iolite: Freeware for the visualization 

and processing of mass spectrometric data: Journal of Analytical Atomic Spectrometry, v. 26, p. 
2508–2518. 

 
Powell, L., 2020, Proterozoic geology of the northern half of the Mount Evans 7.5-minute quadrangle 

[M.Sc. thesis]: Colorado School of Mines, 58 p. 
 
Premo, W.R., and Fanning, C.M., 2000, SHRIMP U-Pb zircon ages for Big Creek gneiss, Wyoming and 

Boulder Creek batholith, Colorado: Implications for timing of Paleoproterozoic accretion of the 
northern Colorado province: Rocky Mountain Geology, v. 35, p. 31–50. 

 
Pyanoe, D., 2015, Fluid inclusion and metal ratio analysis of Cordilleran Pb-Zn-Cu-(Ag-Au) veins of the 

Montezuma district: Summit County Colorado, USA [M.Sc. thesis]: Colorado State University, 
131 p. 

 



98 
 

Robinson, C.S., Warner, L.A., and Wahlstrom, E.E., 1974, General geology of the Harold D. Roberts 
Tunnel, Colorado: U.S. Geological Survey Professional Paper 831–B, 48 p. 

 
Reed, J.C., 1993, Map of the Precambrian rocks of the conterminous United States and some adjacent 

parts of Canada, scale 1:5,000,000., in Reed, J.C., et al., eds., Precambrian: conterminous U.S.: 
Boulder, Colorado, Geological Society of America, geology of North America. 

 
Rosera, J.M., Gaynor, S.P., and Coleman, D.S., 2021, Spatio-temporal shifts in magmatism and 

mineralization in northern Colorado beginning in the Late Eocene: Economic Geology, v. 116, p. 
987–1010. 

 
Schaltegger, U., 2007, Hydrothermal zircon: Elements, v. 3, p. 51–79. 
 
Shah, A.A., and Bell, T.H., 2012, Ninety million years of orogenesis, 250 million years of quiescence and 

further orogenesis with no change in PT: significance for the role of deformation in porphyroblast 
growth: Journal of Earth System Science, v. 121, p. 1365–1399. 

 
Shaw, C.A., Karlstrom, K.E., Williams, M.L., Jercinovic, M.J., and McCoy, A.M., 2001, ca. 1.45–1.38 

Ga deformation in the Homestake Shear Zone, Colorado: origin and early evolution of a 
persistent intracontinental tectonic zone: Geology, v. 29, p. 739–742. 

 
Sims, P.K., Bankey, V., and Finn, C.A., 2001, Preliminary Precambrian basement map of Colorado—A 

geologic interpretation of an aeromagnetic anomaly map: U.S. Geological Survey Open-File 
Report 01-0364, 16 p. 

 
Stern, C.R., 1974, Melting products of olivine tholeiite basalt in subduction zones: Geology, v. 2, p. 227–

230. 
 
Stern, R.A., and Berman, R.G., 2001, Monazite U–Pb and Th–Pb geochronology by ion microprobe, with 

an application to in situ dating of an Archean metasedimentary rock: Chemical Geology, v. 172, 
p. 113–130. 

 
Skotnicki, S.J., and Gruber, D., 2019, Mesoproterozoic rocks of the McDowell Mountains, Arizona, in 

Pearthree, P.A., ed., Geological excursions in southwestern North America: Geological Society of 
America Field Guide, v. 55, p. 169–186. 

 
Tweto, O., and Sims, P.K., 1963, Precambrian Ancestry of the Colorado Mineral Belt: Geological Society 

of America Bulletin, v. 74, p. 991–1014. 
 
Wahlstrom, E.E., and Kim O.K., 1959, Precambrian Rocks of the Hall Valley Area, Front Range, 

Colorado: Geological Society of America Bulletin, v. 70, p. 1217–1244. 
 
Wahlstrom, E.E., and Hornback, V.Q., 1962, Geology of the Harold D. Roberts tunnel, Colorado: west 

portal to station 468+ 49: Geological Society of America Bulletin, v. 73, p. 1477–1498. 
 
Warner, L.A., and Robinson, C.S., 1967, Geology of the Harold D. Roberts tunnel, Colorado: station 

468+49 to east portal: Geological Society of America Bulletin, v. 78, p. 87–120. 
 
Whitmeyer, S.J., and Karlstrom, K.E., 2007, Tectonic model for the Proterozoic growth of North 

America: Geosphere, v. 3, p. 220–259. 
 



99 
 

Yang, W.B., Niu, H.C., Shan, Q., Sun, W.D., Zhang, H., Li, N.B., ... and Yu, X.Y., 2014, Geochemistry 
of magmatic and hydrothermal zircon from the highly evolved Baerzhe alkaline granite: 
implications for Zr-REE-Nb mineralization: Mineralium Deposita, v. 49, p. 451–470. 

 
Young, D., 1988, The history of deformation and fluid phenomena in the top of the Wilderness Suite, 

Santa Catalina Mountains, Pima County, Arizona [M.Sc. thesis]: University of Arizona, 144 p. 
 
Zhang, X., Pease, V., Skogseid, J., and Wohlgemuth-Ueberwasser, C., 2016. Reconstruction of tectonic 

events on the northern Eurasia margin of the Arctic, from U-Pb detrital zircon provenance 
investigations of late Paleozoic to Mesozoic sandstones in southern Taimyr Peninsula: Geological 
Society of America Bulletin, v. 128, p. 29–46. 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



100 
 

APPENDIX A 

SUPPLEMENTAL ELECTRIC FILES, STRUCTURAL DATA 

 This supplemental file contains all structural measurements and supplemental geologic data 

collected during field work. 

 

Appendix A – Structural Data.xlsx An excel file with several sheets containing all 
stations and structural measurements from the 
field area, in dip/dip-azimuth convention.  The 
first sheet in the excel file contains a brief 
directory for data contained in the spreadsheet. 
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APPENDIX B 

SUPPLEMENTAL ELECTRIC FILES, GEOCHRONOLOGY DATA 

 This supplemental file contains all geochronology measurements, calculations, and supporting 

images.  These are mostly referred to from Chapters 6 – 8. 

 

Appendix B – Geochronology Data.xlsx 
 

An excel file with several sheets containing all 
geochronology data.  The first sheet in the excel 
file contains a brief directory of all of the data 
contained in the spreadsheet.  Additional 
geochronology files are found in the folders 
described described below. 
 

detrital zircon data.zip A compressed folder with spreadsheets, images, 
slideshows, and additional details regarding the 
location of U-Pb detrital zircon LA-ICP-MS spot 
analyses. 
 
 

monazite data.zip A compressed folder with spreadsheets, images, 
and additional details regarding the location of U-
Pb in situ monazite LA-ICP-MS spot analyses. 
 
 

 

 


