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ABSTRACT 

 The Idaho Springs-Ralston shear zone (IRSZ) is one of several Proterozoic NE-trending zones 

within the central-eastern Colorado Front Range. The zone is composed of multiple mylonitic strands of a 

few meters to several kilometers in width and is mapped from ~16 km NNW of Denver, CO to ~26 km to 

the SW (near Idaho Springs, CO). The IRSZ and other NE-trending zones have previously been 

interpreted as ~1.45 Ga reactivated shear zones, following a pre-existing crustal-scale weakness, such as a 

suture zone that formed at ~1.7 Ga. The interpreted suture zone was based on the presence of tectonic 

mélange at the St. Louis Lake shear zone, ~40 km NNW of the IRSZ, suggesting the presence of a 

subduction zone. New field data suggest that the IRSZ is not as extensive as previously interpreted. 

Additionally, a lack of pinch outs and offset of major units, as well as similar deformation histories and 

metamorphic conditions on either side suggest that the IRSZ did not form as a continental suture zone. 

Isoclinal F1 folds are overprinted by F2 folds. F2 folds NW of the IRSZ have subvertical NE-trending axial 

planes and shallowly NE-plunging fold hinge lines. SE of the IRSZ they also plunge shallowly NE, but 

axial planes dip shallowly ENE. We suggest that the isoclinal F1 folds are folded first by asymmetric NW-

side-up meter-scale F2 folds, followed by a several km-scale NE-plunging, NW-dipping F3 folds, that are 

responsible for the current fold pattern. NW-side-down movement along the IRSZ may have been a result 

of flexural slip on the NW steeply dipping limb of the NE-plunging, NW-dipping F3 fold. U-Pb laser 

ablation inductively coupled mass spectrometry monazite dates revealed ~1.68 Ga and ~1.43 Ga events, 

both within and adjacent to the IRSZ. Relationships between microstructures and monazite grains suggest 

F1 folds formed at ~1.68 Ga and F2 and F3 folding and associated shearing along the IRSZ occurred at 

~1.43 Ga. The relationship between shearing and widespread folding at ~1.43 Ga suggests that 

Mesoproterozoic deformation was much more extensive than movement along shear zones, as previously 

interpreted. Folding at ~1.43 Ga is interpreted to be associated with the Picuris orogeny recognized in 

New Mexico, and the IRSZ is interpreted as a result of folding, rather than as a major reactivated suture 

zone. 

  



iv 

 

TABLE OF CONTENTS 

ABSTRACT……………………………………………………………………………………………….iii 
 

LIST OF FIGURES………………………………………………………………………………………..vi 

 

LIST OF TABLES………………………………………………………………………………………....ix 

 

ACKNOWLEDGEMENTS………………………………………………………………...……………....x 

 

CHAPTER 1 INTRODUCTION….…………………...………………………………………………...1 

 

CHAPTER 2 GEOLOGIC BACKGROUND….………...………………………………………………3 

 

 2.1 Structural History…………………………...……………………………………………..3  

 

 2.2 Metamorphic Conditions………………………………………………………………….5 

 

 2.3 Colorado Shear Zone System and the Colorado Mineral Belt/Younger Deformation...….6 

 

CHAPTER 3 RESULTS.………………………………………………………………………………...7 

 

 3.1 Rock Descriptions………………………………………………………………………..10 

 

 3.2 Structural Geology……………………………………………………………………….12 

 

  3.2.1 Northwest of the IRSZ (Domain 1)……………………………………………..12 

 

  3.2.2 Southeast of the IRSZ (Domain 2)……………………………………………...13 

 

  3.2.3 Idaho Springs-Ralston shear zone (Domain 3)………………………………….13 

 

  3.2.4 Chicago Creek Road Mylonites (Domain 4)……………………………………14 

 

 3.3 Colorado Mineral Belt…………………………………………………...………………14 

 

 3.4 Optical Microscopy………………………………………………………………………15 

 

 3.5 Automated Mineralogy and Backscattered Electron Analysis…………………………..31 

 

 3.6 U-Pb Isotope Analysis…………………………………………………………………...31 

 



v 

 

CHAPTER 4 DISCUSSION…………………………………………………………………………....44 

 

 4.1 Structural History………………………………………………………………………...47 

 

 4.2 Extent of the IRSZ……………………………………………………………………….48 

 

 4.3 Tectonic Implications…………………………………………………………………….50 

 

 4.4 Implications for Formation of the Colorado Mineral Belt (CMB)………………………51 

 

 4.5 Future Work……………………………...………………………………………………52 

 

CHAPTER 5 CONCLUSION………………………………………………………………………….53 

 

REFERENCES…………………………………………………………………………………………….54 

 

APPENDIX A DETAILED MAPS OF GOLDEN GATE CANYON STATE PARK, THE CENTRAL 

CITY PARKWAY, HIGHWAY 119, AND OVERALL MAP OF THE IRSZ………....59 

 

APPENDIX B LABORATORY METHODS……………………………………..……………………..62 

 

APPENDIX C AM IMAGES……..………………………………………………………………….…..64 

 

APPENDIX D U-PB LA-ICP-MS DATA……………………...………………………………………..70 

 

APPENDIX E BSE AND SE IMAGES OF DATED MONAZITE GRAINS……………………..……76 

  



vi 

 

LIST OF FIGURES 

Figure 1.1 Map of southwestern United States showing approximate terrane/craton boundaries,     

NE trending shear zones of the Colorado shear zone system.…….....................................2  

 

Figure 3.1 Geologic map of the IRSZ and vicinity with structural domains……................…….…...8 

 

Figure 3.2 Structural data from NW of the IRSZ……………………………………………………16  

 

Figure 3.3 Structural data from SE of the IRSZ on CCP and SH 119………..…………………..…17 

 

Figure 3.4 Structural data from within the IRSZ…………………………………………………….18 

 

Figure 3.5 Structural data for mylonites measured on Chicago Creek Road…………………….….19 

 

Figure 3.6 Mineralized fault veins of the Phoenix, Hidee, and Edgar mines………………………..19 

 

Figure 3.7 Optical microscopy images………………………………………………………..……..20 

 

Figure 3.8 Automated mineralogy images for sample 402C from Hukill Gulch, located within 

domain 1…….………………………………………………………………………. …..23 

 

Figure 3.9 Automated mineralogy images for sample 123, located within GGC in domain 1……...25 

 

Figure 3.10 Automated mineralogy images of sample 311A, in IRSZ on SH 119, from domain 

3…………………………………………………………………………………………..27 

 

Figure 3.11 Automated mineralogy images from sample 305A, SE of IRSZ on CCP, within    

domain 2.………………………..……………………………….…………...…………..29 

 

Figure 3.12 Concordia diagram and weighted average of 207Pb/206Pb ages from sample 123, NW of 

the IRSZ……………………………...………………………………………….……….34 

 

Figure 3.13 Monazite grains selected for LA-ICP-MS analysis from samples 123 and 402C……….35  

 

Figure 3.14 Concordia diagram and weighted average of 207Pb/206Pb ages from thin section 305A,   

SE of the IRSZ………………………………………………………………..………….36 

 

Figure 3.15 Concordia diagram and weighted average of 207Pb/206Pb ages from thin section 402C,  

NW of the IRSZ.…………………………………………………………………………38 

 

Figure 3.16 Concordia diagram and weighted average of 207Pb/206Pb ages from thin section 311A, 

within the IRSZ ………………………………………………………………………….40 



vii 

 

 

Figure 3.17 Monazite grains selected for LA-ICP-MS analysis from samples 311A and 312B.2…...41 

 

Figure 3.18 Concordia diagram and weighted average of 207Pb/206Pb from thin section 312B.2,   

within the IRSZ ……………………………………………………………………….....43 

 

Figure 4.1 Simplified geological map with sample locations and weighted averages of       
207Pb/206Pb ages indicated………………………………………………………………...45 

 

Figure 4.2 Relative probability plot of 207Pb/206Pb ages of all analyses acquired…………………...46  

 

Figure 4.3 Cross section sketch showing proposed deformation and timing of deformation……….48 

 

Figure A.1 Detailed geologic map of Golden Gate Canyon State Park.……………………………..59 

 

Figure A.2 Detailed geologic map of the Central City Parkway and Highway 119…………………60 

 

Figure A.3 Geologic map of entire IRSZ and surrounding area……………………………………..61 

 

Figure C.1 False color automated mineralogy image of thin section 117…………………………...64 

 

Figure C.2 False color automated mineralogy image of thin section 201…………………………...65 

 

Figure C.3 False color automated mineralogy image of thin section 203B………………………….66 

 

Figure C.4 False color automated mineralogy image of thin section 305B………………………….67 

 

Figure C.5 False color automated mineralogy image of thin section 312B.2 with location and age  

of selected monazite grains…………………………………….………………………...68 

 

Figure C.6 False color automated mineralogy image of thin section 704…………………………...69 

 

Figure E.1 BSE images from thin section 123, location 1 after LA-ICP-MS analysis……………...76 

 

Figure E.2 BSE and SE images from thin section 123, location 2 after LA-ICP-MS analysis……...77 

 

Figure E.3 BSE and SE images from thin section 123, location 4 after LA-ICP-MS analysis……...78 

 

Figure E.4 BSE and SE images from thin section 311A after LA-ICP-MS analysis………………..79 

 

Figure E.5 BSE and SE images from thin section 305A after LA-ICP-MS analysis………………..80 



viii 

 

 

Figure E.6 BSE and SE images from thin section 402C after LA-ICP-MS analysis………………..81 

 

Figure E.7 BSE and SE images from thin section 402C after LA-ICP-MS analysis………………..82 

 

Figure E.8 BSE and SE images from thin section 402C after LA-ICP-MS analysis………………..83 

 

Figure E.9 BSE and SE images from thin section 312B.2 after LA-ICP-MS analysis……………...84 

 

Figure E.10 BSE and SE images from thin section 311A after LA-ICP-MS analysis………………..85 

  



ix 

 

LIST OF TABLES 

Table 1.1 List of Proterozoic terranes, associated orogen name, and time of amalgamation……..…3 

 

Table 2.1 Rock unit descriptions with the map that each unit can be found in and the source for    

the description………………………………………………………………………........10 

 

Table D.1 All spot analysis data acquired from LA-ICP-MS………………………………….........70 

  



x 

 

 

ACKNOWLEDGEMENTS 

First and foremost, I would like to express my immense gratitude for my advisor, Yvette Kuiper, 

who has provided massive amounts of support. I could never have completed this degree without her 

guidance and structural geology knowledge. Additionally, I would like to thank John Ridley for providing 

academic and professional guidance above and beyond that required of a professor and committee 

member. Many thanks also go to Jonathan Caine, without whom this project may never have been 

conceived. Chris Holm-Denoma deserves a medal for his unparalleled help with LA-ICP-MS and with 

data reduction and interpretation. Chris also worked very hard to help me meet some very difficult 

deadlines, for which I will forever be grateful. Help with AM and FE-SEM was provided by the amazing 

Katharina Pfaff, who was also kind enough to be a committee member and provide many hours of AM 

guidance. Another thank you goes to Lyndsey Fisher, who also helped with AM and FE-SEM guidance 

and who provided hours of interesting stories and banter while tirelessly responding to me saying “Hey, 

Lyndsey?” Brandon Bzdok, Nolan Trenchik, and Anna Gallagher also deserve a huge thank you for 

volunteering to be field assistants and for keeping me safe on busy highways and in thick forests. 

Additionally, Brandon deserves an extra thank you for putting up with all the late night writing sessions 

and for listening to numerous drafts read out loud. Nolan Trenchik is also owed an additional thank you 

for commuting an hour each way to help and agreeing to sleep on my floor for the sake of science. I owe 

a huge debt of gratitude to Tim and Deb Alexander, Al Mosch, Matt Schreiner, Clint Dattel and the staff 

of Edgar Mine, who gave me access to their land, took me on tours, and led me to outcrops that were 

described, with lots of arm waving and notebook sketches. I would like to say an additional thank you to 

Al Mosch for the exciting mining stories and for letting me rub the lucky bucket in the Phoenix mine, 

Idaho Springs, CO! I would like to thank my dad, William Lytle, for encouraging me to pursue a master’s 

degree since before I could walk. Partial funding for this project was provided by an SEG graduate 

fellowship. Equal angle lower hemisphere projections for this project were made in Allmendinger’s 

Stereonet program. Isotope data was analyzed using Berkeley Geochronology Center’s Isoplot program. 

  



1 

 

CHAPTER 1 

INTRODUCTION 

 The Idaho Springs-Ralston shear zone (IRSZ) is a NE-trending Proterozoic shear zone that has 

previously been mapped between the Mount Evans Batholith, ~10 km SE of Idaho Springs, CO and the 

plains ~10 km NNW of Golden, CO (Figure 1.1a). The shear zone may record several deformation events 

in the Proterozoic and has been hypothesized to have played a large role in Colorado’s early formational 

history, the formation of Laurentia, and in the formation of the Colorado Mineral Belt (Tweto and Sims, 

1963; McCoy, 2001; Whitmeyer and Karlstrom, 2007). Tectonic models of the Paleo- and 

Mesoproterozoic formation of Laurentia include three phases. The earliest two include formation of crust 

and orogenesis between ~1.8 and ~1.6 Ga and were followed by a ~200 m.y. period of tectonic 

quiescence (Jones and Connelly, 2006). The third phase is a ~1.4 Ga tectonothermal event (Jones and 

Connelly, 2006). Previously, NE trending shear zones, including the IRSZ, were interpreted as a suture 

zone that formed during the ~1.8-1.6 Ga accretion event between small terranes and island arcs, and 

between these terranes and arcs and the Proterozoic Wyoming Craton (Bowring and Karlstrom, 1990; 

McCoy et al., 2005: Abbott and Cook, 2012). Several shearing events occurred along these same shear 

zones between ~1.45 and ~1.38 Ga and were interpreted as a result of motion along a convergent margin 

greater than 1000 km to the SSE (present coordinates) and local pluton emplacement (McCoy, 2001). 

Tertiary mineralization of the Colorado Mineral Belt occurred along the same shear zones (Tweto and 

Sims, 1963; McCoy, 2001). 

Recent studies in the Picuris and Tusas Mountains of Northern New Mexico, the Wet Mountains 

of Southern Colorado, the Sawatch Range of central Colorado, and in the Big Thompson Canyon of 

central Colorado (Figure 1.1) suggest that ~1.45 Ga deformation may have been more widespread than 

previously hypothesized (Siddoway et al., 2000; Kopera, 2002; Jones et al., 2010a; Jones et al., 2010b; 

Shah and Bell, 2012: Daniel et al., 2013). Additionally, the interpretation of the IRSZ as a 

Paleoproterozoic suture zone and its interpreted control on the location of the Colorado Mineral Belt has 

been debated in recent years (Caine et al., 2010). This study presents new results from detailed structural 

field mapping and U-Pb geochronology in and along the IRSZ to constrain the Proterozoic evolution of 

the area and the evolution of part of Laurentia. Monazite within microstructural fabrics that are 

representative of large-scale regional fabrics was dated using U-Pb Laser Ablation Inductively Coupled 

Mass Spectrometry (LA-ICP-MS) to provide age constraints on the deformation and metamorphic 

history. This data was combined with published structural and geochronological data from Colorado and 

northern New Mexico to reveal new information on Proterozoic folding and shearing and evidence for an 

orogenic event in central Colorado at ~1.45 Ga that has implications for both local and regional growth of 

Laurentia.  
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Figure 1.1 (a) Map of the southwestern United States showing approximate terrane/craton boundaries, 

after Whitmeyer and Karlstrom (2007). Interpreted deformation fronts for the Mazatzal and Picuris 

orogenies are shown with sources listed in legend. Results from this project suggest that the deformation 

front for both the Mazatzal (~1.63 Ga) and Picuris (~1.45 Ga) orogenies is farther NW, to encompass the 

field area of this project. (b) Generalized geology of Colorado after Green (1992), NE trending shear 

zones of the Colorado Shear Zone System as defined by McCoy (2001) are also marked.  
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CHAPTER 2 

GEOLOGIC BACKGROUND 

Proterozoic rocks currently exposed in the Colorado Rocky Mountains are interpreted to have 

formed as juvenile arc terranes with associated basins amalgamating to the south (present coordinates) of 

the Wyoming Craton (Figure 1.1a) during the formation of Laurentia after formation of supercontinent 

Nuna (2.0-1.8 Ga) and before Rodinia (1.1-0.9 Ga) (Whitmeyer and Karlstrom, 2007). Due to the 

multitude of amalgamation events during the Proterozoic, the deformation history of the Colorado Rocky 

Mountains is complex and nomenclature of orogenies vary. A summary of nomenclature including 

orogeny names and causes of deformation in Colorado is given in Table 1.1. For the purposes of this 

thesis, terrane boundary locations of Whitmeyer and Karlstrom (2007) are used (Figure 1.1a). The 

Proterozoic history of Colorado pertaining to this study is described in more detail below. 

 

Table 1.1 List of terranes, associated orogen name, and time of amalgamation. Numbers represent 

source(s) of data that affected the Rocky Mountains to the south of the Colorado-Wyoming border. 

Orogeny names in bold are the terms used in this thesis. 

Terrane Resulting Orogeny Time of 

Amalgamation/ 

Orogeny 

Sources 

Yavapai (1, 2) Yavapai orogeny  

(3) Colorado orogeny  

(1) 1.74 Ga 

(2) 1.71-1.68 Ga 

(3) 1.80-1.70 Ga 

(1) Premo, written 

correspondence 

(2) Whitmeyer and 

Karlstrom (2007) 

(3) Sims and Stein (2003) 

Mazatzal (1, 2) Mazatzal 

orogeny, possibly 

culminating in last suture 

causing Picuris orogeny 

(1) 1.65-1.60 Ga 

(2) 1.68-1.60 Ga 

and 1.49-1.45 Ga 

(1) Whitmeyer and 

Karlstrom (2007) 

(2) Daniel et al. (2013) 

Granite-Rhyolite (1) Granite-Rhyolite 

tectonic event associated 

with intracratonic 

magmatism; 

(2) Picuris orogeny 

based on timing 

(3) Berthoud orogeny in 

Colorado 

(1) 1.45-1.30 Ga 

(2) 1.49-1.45 Ga 

(3) 1.45-1.40 Ga 

(1) Whitmeyer and 

Karlstrom (2007) 

(2) Daniel et al. (2013) 

(3)Sims and Stein (2003) 

Llano-Grenville 

province 

(1) Grenville orogeny (1) 1.30-0.95 Ga (1) Whitmeyer and 

Karlstrom (2007) 

 

2.1 Structural History 

The IRSZ is composed of multiple mylonitic strands with widths between a few meters and 

several kilometers. Foliations in the IRSZ dip steeply to the NW and SE. U-Pb monazite dates obtained 

by McCoy (2001) within and adjacent to the shear zone record three major separate Proterozoic 

deformation events. Additionally, Moench et al. (1962) observed two separate folding events in the area. 
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The earliest of these deformation events is recorded adjacent to the IRSZ (NW and SE) and is interpreted 

to have resulted in shallowly dipping foliations and recumbent and/or isoclinal folds (McCoy, 2001). 

These early folds are interpreted to have been caused by one orogenic event and are hypothesized to have 

been created during the suturing of the Yavapai arc terranes to the Wyoming Craton (Bowring and 

Karlstrom, 1990). Shortly before this orogenic event, batholiths, such as the 1.71 Ga Boulder Creek 

Batholith (Premo and Fanning, 2000) near the northeastern extent of the IRSZ (Figure 1.1), were 

emplaced, possibly related to the same convergence that was responsible for the wide-spread folding 

(Nyman et al., 1994; Siddoway et al., 2000). The Boulder Creek batholith is located primarily to the NW 

of the IRSZ near Golden Gate Canyon State Park and is cut by the IRSZ (Gable, 2000). 

The second event, as proposed by McCoy (2001) is a multistage deformation event that occurred 

between 1680 and 1630 Ma (Shaw et al., 2001). This event is generally attributed to the suturing of the 

Mazatzal province with Laurentia (Figure 1.1b) and is interpreted to have caused subvertical NE-trending 

fabrics and refolding of pre-existing recumbent folds (McCoy, 2001). Some sources argue there was little 

to no break between the Yavapai and Mazatzal orogenies and generally interpret deformation and 

orogenesis to have occurred between 1.8 and 1.6 Ga (Jones and Connelly, 2006; Shah and Bell, 2012; 

Mahan et al., 2013). Between ~1.6 and 1.45 Ga, the proto-continent underwent a period of general 

quiescence (Whitmeyer and Karlstrom, 2007; Doe et al., 2012). 

The third event near the IRSZ, based on electron microprobe monazite dates (McCoy, 2001) 

involved several episodes of mylonitization between ~1.45 and ~1.38 Ga. These movements include 

formation of ultramylonites and both NW-side-up and NW-side-down shear movements (McCoy, 2001). 

The ~1.4 Ga deformation has previously been interpreted as localized within the IRSZ (Moench et al., 

1962; McCoy et al., 2005) and other NE-trending shear zones in Colorado (Figure 1.1b; Selverstone et al., 

2000; Shaw et al., 2001). However, recent work in Colorado and northern New Mexico reveal that the 

~1.4 Ga event may have been more widespread (Shah and Bell, 2010; Jones et al., 2010a; Jones et al., 

2010b; Daniel et al., 2013). Widespread ~1.4 Ga folds were recognized in northern New Mexico in the 

Picuris and Tusas mountains (Figure 1.1a; Kopera, 2002; Daniel and Pyle, 2006; Daniel et al., 2013), in 

the Wet range in Southern Colorado (Figure 1.1b; Jones et al., 2010b), and some deformation was 

recognized as far north as the Big Thompson Canyon (Figure 1.1b; Shah and Bell, 2010). The ~1.4 Ga 

event was named the Picuris orogeny in New Mexico, referring to widespread deformation including 

folding (Daniel and Pyle, 2006; Daniel et al., 2013) and the Berthoud orogeny in Colorado, referring to 

shear zone movement only (Sims and Stein, 2003; cf. Shah and Bell, 2010). Picuris orogeny will be used 

here to describe the ~1.45 Ga deformation as it is interpreted as widespread rather than confined to a 

shear zone. 
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During the ~1.45-1.38 Ga events that created shearing and possibly orogenesis, widespread 

plutonism was prevalent in Colorado and resulted in further crustal heating (Shaw et al., 1999). These 

plutons are alkali-calcic and peraluminous in composition and have been interpreted as anorogenic (A-

type) plutons (Sims and Stein, 2003). However, Nyman et al. (1994) interpreted the plutons as a 

representation of intra-cratonic compressional stresses generated by convergence between southern 

Laurentia and a continental mass farther to the south. These plutons include the 1.42 Ga Mount Evans 

Batholith (Figure 1.1b; Aleinikoff et al., 1993). Their intrusion may have caused part of the motion along 

the shear zones such as the IRSZ (McCoy, 2001). 

 Similarities in structural history of the Idaho Springs-Ralston, Homestake, Gore Range, and St. 

Louis Lake shear zones (Figure 1.1b) were used to group these shear zones together as the Colorado 

Shear Zone System (McCoy, 2001). The presence of a tectonic mélange with rock types typical of 

continent-arc collision zones adjacent to the St. Louis Lake shear zone suggests the shear zone system 

represents a suture zone, a zone of weakened crust (McCoy, 2001). This zone of weakness likely formed 

in the Paleoproterozoic from assembly of juvenile arc terranes during amalgamation of the Yavapai 

terrane (Bowring and Karlstrom, 1990; McCoy, 2001). Additionally, the Moose Mountain shear zone, 

immediately north of Big Thompson Canyon contained similar evidence of a continental suture zone 

(Selverstone et al., 2000). Evidence for a continental suture zone in the Moose Mountain shear zone 

includes different deformational histories on either side of the shear zone (Selverstone et al., 2000).  

Caine et al. (2010) noted the absence of pinch outs or offset markers along the IRSZ, and a similarity of 

rock types on either side of the IRSZ (cf. Tweto and Sims, 1963; McCoy, 2001), and suggested that the 

IRSZ is not a major crustal-scale feature (such as a suture zone).  

2.2 Metamorphic Conditions 

Published maps and studies of the area surrounding the Big Thompson Canyon (Figure 1.1b), 

north of the IRSZ, show a wide variation in metamorphic grade with temperatures between ~400 and 

~700° Celsius and mineral assemblages from the sub-biotite to sillimanite zones (Braddock et al., 1970; 

Condie and Martell, 1983; Punongbayan et al., 1989). Quantitative pressure and temperature conditions 

have only been determined for a few samples in most study areas. Therefore, the following reported 

temperatures and pressures are from key locations for each area only. Garnet geothermobarometry 

combined with U-Pb electron microprobe geochronology of monazite in inclusions within and parallel to 

internal garnet foliations in the Big Thompson Canyon region of the northern Colorado Rocky Mountains 

(Figure 1.1b) reveal pressures and temperatures of about 540-550° Celsius and 3.8-4.0 kbars at ~1674 Ma 

(Shah and Bell, 2012). Andalusite and cordierite geothermobarometrey combined with U-Pb electron 

microprobe geochronology of monazite within garnet yielded peak metamorphic conditions of 525-535° 

Celsius and 3.3-3.6 kbars of pressure at ~1415 Ma (Shah and Bell, 2012). Pressures and temperatures did 
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not change significantly between those two times (Shah and Bell, 2012). Similar metamorphic grades are 

observed adjacent to the IRSZ (Sims and Gable, 1967), and the Homestake shear zone (Shaw et al., 

1999). Geobarometry of garnet bearing rocks indicate that locally, rocks along the Homestake shear zone 

reached maximum temperatures of ~550 ° Celsius at ~1.4 Ga (Shaw et al., 1999). Amphibolite grade 

rocks are also reported throughout northern New Mexico. Peak metamorphic conditions in the Wet 

Mountains at ~1.4 Ga reached temperatures greater than 550° Celsius (Shaw et al., 2005). Additionally, 

peak metamorphic conditions at ~1.4 Ga are reported at 500-525° Celsius in the Picuris Mountains of 

northern New Mexico (Daniel and Pyle, 2006). 

2.3 Colorado Shear Zone System and the Colorado Mineral Belt/Younger deformation 

 The NE-trending Colorado Mineral Belt (CMB) runs from ~16 km NNW of Denver, CO to ~250 

miles to the SW (Figure 1.1a; Tweto and Sims, 1963). It contains the majority of the major mining 

districts in Colorado (Tweto and Sims, 1963). Intrusive and volcanic rocks and associated ore bodies of 

the CMB were emplaced during the Tertiary (largely Laramide) (Tweto and Sims, 1963). Tertiary faulting 

near Idaho Springs, CO (~50 km west of Denver) is interpreted to have taken place at two separate times 

(Tooker, 1963). NW- and NNW-trending faults preceded emplacement of Tertiary intrusive rocks 

(Tooker, 1963). They may have occurred as early as the Precambrian and were either rejuvenated or 

formed during the Tertiary (Tooker, 1963). E-, NE-, and N-trending faults postdated emplacement of 

Tertiary intrusives (Tooker, 1963). Movement along this second generation of faults was generally minor 

(Tooker, 1963). Ore mineralization followed formation of the second generation of faults (Tooker, 1963). 

Along the CMB near Idaho Springs, the second generation of fault planes are generally parallel to NE-

trending axial planes and foliations and formed the principal channel ways for hydrothermal solution 

(Tooker, 1963). 

 The Colorado Shear Zone System has been interpreted to have controlled the location of 

Laramide-Tertiary plutonism, fault reactivation, and ore mineralization (Tweto and Sims, 1963; McCoy, 

2001). Tweto and Sims (1963) argued that Proterozoic NE-trending structures (such as the Colorado 

Shear Zone System) provided avenues for asthenospheric convection and magma generation during the 

Phanerozoic, resulting in the formation of valuable ore deposits, and formation of the CMB. However, 

locally, mineralized fault veins cross-cut earlier Proterozoic fabrics and it is therefore unlikely that these 

local mineralized fault veins of the CMB are controlled by earlier fabrics (Caine et al., 2010). 
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CHAPTER 3 

RESULTS 

 Field work was carried out over a two month period during the fall of 2015. Two mapping areas 

were selected for in-depth study, Golden Gate Canyon State Park (GGC) and the Central City 

Parkway/Highway 119 (CCP/SH 119) (Figure 3.1). These two areas were mapped at a 1:24,000 scale. 

Additionally, Mountain Base Road, Virginia Canyon Road, Chicago Creek Road, and Hukill Gulch 

(Figure 3.1) were investigated and measurements and rock types were recorded, but maps were not made 

of these areas.  A map of the entire IRSZ was created using both the 1:24,000 scale maps as well as data 

collected along the aforementioned roads and in Hukill Gulch. Detailed maps of the entire IRSZ, GGC, 

CCP, and SH 119 can be found in Appendix A. Additionally, three historically operating mines within the 

IRSZ and the CMB, the Edgar Experimental, Hidee and Phoenix mines (Figure 3.1), were selected for 

structural analysis to test whether mineralization of the CMB was controlled by fabrics in the IRSZ. At 

each of the field work locations listed above, rock types, including mineral assemblages and mineral 

percentages, and orientations of structures, including foliation, bedding (where applicable), mineral 

lineations, crenulation lineations, and fold hinge lines were recorded. Fold type, fold asymmetry and shear 

sense indicators were also noted. Oriented samples were taken at selected locations for further analytical 

work. 

Oriented polished thin sections were analyzed using transmitted and reflected light petrography. 

Ten polished sections were selected for further analysis (Figure 3.1), based on microstructures, mineral 

assemblages, and presence of monazite. Automated Mineralogy (AM) analysis was carried out on these 

ten thin sections to reveal the location of monazite grains (Figure 3.1). Five thin sections were selected for 

Backscattered Electron (BSE) imaging using a Field Emission Scanning Electron Microscope (FE-SEM) 

in order to better image how monazite grains are located within micro-textures and fabrics (Figure 3.1). 

Selected monazite grains were analyzed using U-Pb Laser Ablation Inductively Coupled Mass 

Spectrometry (LA-ICP-MS) at the USGS Denver Federal Center. Data was reduced at the USGS Denver 

Federal Center and age dates of geologic structures observed in field mapping were acquired. Details on 

analytical techniques are given in Appendix B. 
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Figure 3.1 Geologic map of the IRSZ and vicinity after Gable (2000; cf. Sims (1964), Sims and Gable 

(1964), Wells (1967), Wrucke and Wilson (1967), Sheridan et al. (1972), Bryant et al. (1973), Sheridan 

and Marsh (1976), Taylor (1976), and Young (1991). Structural domains as defined by mapping are 

marked. 
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3.1  Rock Descriptions 

The mapping area is mainly composed of Paleoproterozoic metamorphosed sedimentary units and 

Paleo- and Mesoproterozoic intrusive granitoid rocks (Figure 3.1). Metasedimentary units are diverse in 

composition, ranging from siliceous and aluminous to iron and magnesium-rich mineral composition. All 

rocks in the area preserve upper amphibolite facies minerals. Individual unit descriptions can be found in 

Table 2.1 Many rock units are found both to the NE and SW of the IRSZ in both GGC and the CCP/SH 

119 (Figure 3.1; Appendix A). 

 

Table 2.1 Rock unit descriptions with the map that each unit can be found in and the source for the 

description. GGC and CCP/SH 119 refer to maps in Appendix A. 

Abbreviation Name Description Location Source 

Ysp Quartz 

monzonite 

and 

monzogranite 

Gray to buff colored and fine to medium 

grained. Composed of plagioclase, microcline, 

and quartz with lesser amounts of muscovite and 

biotite. It displays aligned tabular feldspar 

crystals and aligned biotite lathes, particularly 

around the edges of the pluton. 

Figure 

3.1 

Gable 

(2000); 

Taylor 

(1976) 

Yspm Monzodiorite 

to 

granodiorite 

Gray/white and black in color. The unit is 

medium to coarse grained. Unit is composed of 

plagioclase, microcline, quartz, biotite and 

accessory hornblende, magnetite, and sphene. 

Displays foliations. Includes the Mount Evans 

Batholith. 

Figure 

3.1 

Gable  

(2000); 

Widmann 

et al. 

(2000) 

Xgd Boulder 

Creek 

batholith 

Pinkish buff in color. Grains are about 1-2 

millimeters in size. Consists of interlocking, 

euhedral crystals of quartz, microcline, 

plagioclase, amphibole, biotite and muscovite. 

Unit is foliated. In the Black Hawk Quadrangle 

Map, this unit is split in to a granodiorite and a 

monzonite. 

All maps Gable  

(2000); 

Taylor 

(1976) 

Xam Amphibolite Dark green-gray to black in color and fine to 

medium grained. Unit is mostly composed of 

hornblende and plagioclase. Unit shows no 

layering to poor layering and weak to strong 

foliation. 

GGC Gable  

(2000) 

Xq Quartzite Blue-gray to tan quartzite layers with sparse, 

thin (1-5 centimeter) layers of schist between 

quartzite layers. Locally this unit is a 

conglomerate of quartzite clasts in a quartzite 

matrix. Some quartzite layers have preserved 

cross-beds. Unit weathers as mostly blocky units 

with a tannish-brown outer color. 

GGC This 

study 

 

 

 

 

 



11 

 

Table 2.1 Continued 

Xqs Quartz-

biotite-

muscovite 

schist 

Unit is gray-silver to dark silver in color Locally 

contains almandine and sillimanite and is mainly 

composed of biotite, and muscovite with some 

quartz. Additionally, this unit is reported to have 

andalusite, cordierite, and staurolite locally, but 

they were not observed in the mapped areas. 

Locally, layers contains bands of ~3-5 

centimeters thick folded quartz veins. This unit 

is split into smaller sub-units on the GGC map 

as they were large enough to be mapped at the 

1:24,000 scale. The sub-units on GGC map (in 

order from youngest to oldest) are: muscovite-

biotite (± garnet) schist (S) and interbedded 

quartzite and muscovite-biotite schist (Qsc1). 

The muscovite-biotite (±garnet) schist has the 

same description of quartz-biotite-muscovite 

schist (Xqs) with very low quartz percentage and 

generally high amounts of garnet. Interbedded 

quartzite and muscovite-biotite schist had a 

higher percentage of quartz in the schist layers. 

This unit weathers to a deep reddish-brown. 

GGC This 

study; 

Gable 

(2000) 

Xf Feldspar rich 

gneiss 

Light to medium gray in color. Can be fine to 

medium grained and layers consists of 

microcline, plagioclase, quartz, biotite, 

sillimanite, and small amounts of muscovite. 

Unit also has local layers containing almandine. 

Unit is foliated. Locally granitic in appearance 

and locally buff to red colored near Central City, 

CO with higher quartz content.  

SH 

119/CCP 

This 

study 

 

 

Xfh Interlayered 

feldspar-rich 

gneiss and 

hornblende 

gneiss 

Similar to Xf unit but is generally darker and 

with hornblende in some layers. Additionally, 

Xfh units contains thicker (up to 1/3 meter) 

layers and lenses of mafic material (such as local 

lenses of biotite gneiss and Xf + hornblende). 

Figure 

3.1 

Gable  

(2000) 

Xgnh Hornblende 

gneiss or 

amphibolite 

Black, dark gray, or greenish gray, fine to 

medium grained, layered hornblende-

plagioclase-quartz gneiss or hornblende-

clinopyroxene-quartz-feldspar gneiss 

CCP/SH 

119 

Gable  

(2000) 

Xhcs Interlayered 

hornblende 

gneiss, calc-

silicate 

gneiss, and 

amphibolite 

Black and white, light gray, greenish gray, and 

yellowish green. This unit is fine to medium 

grained. This unit contains minor cordierite-

biotite gneiss and biotite-quartz-plagioclase 

gneiss. Unit is moderately to weakly foliated. 

The unit shows moderate to good compositional 

layering and in general is more leucocratic than 

hornblende gneiss, because of thicker individual 

layering with more felsic, calcic and quartz 

bearing layers. 

Figure 

3.1 

Gable  

(2000) 
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Table 2.1 Continued 

Xgnb Biotite gneiss Foliated dark gray fine to medium grained 

biotite-quartz-plagioclase gneiss with local 

garnet and microcline layers. 

Figure 

3.1 

Gable  

(2000) 

Xgnc Cordierite-

garnet-

silimanite-

biotite gneis 

± K-feldspar 

± plagioclase 

Gray to very dark gray and fine to medium 

grained. Unit is foliated. Foliation may also be 

disrupted by garnet, fibrolitic sillimanite and 

clusters of cordierite and biotite. 

Figure 

3.1 

This 

study 

 

Xgns Sillimanite-

biotite gneiss 

Banded white and black or dark gray on 

millimeter to centimeter scale. Layers consist 

mainly of biotite and sillimanite with some 

quartz, muscovite, and plagioclase. Locally 

garnet can be found in some layers. 

GGC 

CCP/SH 

119 

This 

study 

 

 

3.2 Structural Geology 

Field mapping revealed three structural domains showing three separate deformation events. The 

first domain is NW of the IRSZ, the second is SE of the IRSZ, and the third is the IRSZ (Figure 3.1). 

Each domain is described individually below. An additional domain was defined along the strike of the 

IRSZ, along Chicago Creek Road (Figure 3.1), but it is interpreted to not be a part of the IRSZ. The 

Chicago Creek Road domain is described in section 3.2.4. 

3.2.1 Northwest of the IRSZ (Domain 1) 

To the NW of the IRSZ, evidence for three deformation events was observed. D1 consists of mm- 

to m- scale isoclinal folds (F1) in GGC. Lineations (L1) of biotite, muscovite, and quartz plunge shallowly 

to steeply towards the north and south (see Figure 3.2a on page 16). Evidence for D2 is preserved NW of 

the IRSZ in GGC as upright, open to close, cm- to m-scale folds that plunge shallowly to the ENE (Figure 

3.2c,d,e). In Hukill Gulch (Figure 3.1), steeply to moderately NW-dipping, shallowly to moderately NE-

plunging NW-side-up asymmetric parasitic F2 folds were observed. L2 mineral lineations in Hukill Gulch 

of quartz and sillimanite plunge moderately towards the NE (Figure 3.2b). Hukill Gulch has been 

previously interpreted as part of the IRSZ (Gable, 2000; Widmann et al., 2000; Kellog et al., 2008). 

However, S-C fabrics and true mylonites as in the IRSZ (section 3.2.3) were not observed in Hukill 

Gulch. Therefore it was interpreted that Hukill Gulch is part of domain 1. Crenulation lineations and 

parasitic fold hinge lines in GGC and Hukill Gulch plunge shallowly towards the NE and are associated 

with D2 as they are parallel to the F2 fold axis (Figure 3.2b). L1 in GGC is oblique to the F2 fold axis and 

folded by F2 parasitic folds. No relationship between L1 and F1 was observed in the field in either GGC or 

Hukill Gulch. However, because both must be older than D2, they are interpreted as D1 here. F1 in GGC is 

folded by F2 parasitic folds (Figure 3.2c). A m- to km-scale NE-trending, shallowly plunging syncline 

(D3) with a steeply NW-dipping axial plane exists in GGC (Figure 3.1, Appendix A). Observed F3 Z-, S-, 
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and M-shaped parasitic folds found in GGC are consistent with a km-scale syncline. Similarly trending 

km-scale folds are also mapped near SH 119/CCP to the NW of the IRSZ on the Black Hawk quadrangle 

map as the Central City Antiform (Figure 3.1; Taylor, 1976). Additionally, F1 are observed folded by F2 

parasitic folds on SH 119 within the city limits of Black Hawk, CO. F2 in GGC and Hukill Gulch is 

folded by the km-scale F3 folds (Sims and Gable, 1964). Foliations formed by F2 dip steeply to shallowly 

to the NW and SE (Figure 3.2a). 

3.2.2 Southeast of the IRSZ (Domain 2) 

 To the SE of the IRSZ, evidence for three deformation events was also observed. Mm- to m-scale 

isoclinal (F1) folds exist along SH 119 and along Chicago Creek Road. Along SH 119 and CCP, F2 

consists of open to close NE-trending, shallowly plunging folds with shallowly ENE-dipping axial planes 

(Figure 3.1, Appendix A). On SH 119/CCP F1 axial planar foliation is observed folded by F2 folds. F3 is 

preserved SE of the IRSZ as open to close parasitic folds with steeply NW-dipping axial planes and 

shallowly NE-plunging fold hinge lines (see Figure 3.3a on page 17). S2 foliations dip shallowly to 

steeply towards the NNW and SSE (Figure 3.3a). Lineations to the SE of the IRSZ plunge moderately to 

shallowly towards NE (Figure 3.3a) and are composed of sillimanite, biotite, muscovite, and locally 

tourmaline. There were no observed relationships between F2 and F3 folds. However, based on similarities 

in fold style between isoclinal folds (F1) in domain 2 and isoclinal folds (F1) in domain 1 (NW of the 

IRSZ), it is interpreted that the isoclinal folds to the SE of the IRSZ were formed during D1 as defined in 

domain 1.  The ENE-dipping F2 folds are recumbent, unlike F2 in Domain 1, but based on overprinting 

relationships they are interpreted as F2 here.  Additionally, due to similarities in fold style and orientation 

between open to close steeply NW-dipping parasitic folds on SH 119 and CCP (Figure 3.3b,c) and NW-

dipping folds to the NW of the IRSZ (F3), it is interpreted that steeply NW-dipping folding on SH 

119/CCP was caused by the same D3 event as in GGC. 

3.2.3 Idaho Springs-Ralston Shear Zone (Domain 3) 

 The northeastern-most extent of the IRSZ in GGC (Figure 3.1) is a well-developed mylonite zone 

with shear sense indicators such as S-C fabrics, sigma and delta clasts, and shear bands (see Figure 3.4d,e 

on page 18). The shear zone is located at the contact between the Boulder Creek Batholith and Quartzite 

units (Figure 3.1). In this area, the shear zone is ~450 meters wide (Figure 3.1). There are splays of a few 

meters wide on the NW side of Golden Gate Canyon Road, to the SE of the IRSZ that trend ENE (Figure 

3.1, Appendix A). This section of the IRSZ contains steeply dipping foliations and three different sets of 

mineral lineations, all formed by quartz, amphibole, and locally sillimanite. The first set of mineral 

lineations plunges moderately towards the NE (Figure 3.4a) and was mapped in areas with NW-side-up 

shear sense indicators. The second set of mineral lineations plunges nearly vertically and was observed in 

ultra-mylonite strands (Figure 3.4a), where shear sense could not be determined. The third set of mineral 
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lineations plunges moderately towards the SW and are associated with outcrops showing both NW-side-

up and NW-side-down shear sense indicators (Figure 3.4a). No overprinting relationships between 

lineations was observed. Crenulation lineations plunge shallowly towards the ENE (Figure 3.4a) and are 

parallel to F2 parasitic folds and the F2 fold axis found in domain 1. 

 The IRSZ along SH 119 and CCP (Figure 3.1) also shows S-C fabrics, sigma and delta clasts, and 

shear bands (Figure 3.4c). The average width of the shear zone in this location is about ~250 meters 

(Figure 3.1). In this location the shear zone is contained in multiple ~1-5 meter strands that generally 

trend NE (Figure 3.4b). Foliations are steeply dipping. Shear sense indicators were ambiguous where 

lineations plunge moderately to shallowly to the southwest or are subvertical (Figure 3.4b). Lineations 

that plunge moderately to the NE were observed on outcrops with NW-side-up shear sense indicators 

(Figure 3.4b). The farthest southwestern-most extent of the IRSZ where mylonites and S-C fabrics were 

observed was along Virginia Canyon Road, ~1.5 km north of Idaho Springs, CO (Figure 3.1). On 

outcrops along Virginia Canyon Road within the IRSZ, NW-side-up shear sense indicators were 

observed. 

3.2.4 Chicago Creek Road Mylonites (Domain 4) 

To the SW of Idaho Springs, CO, along Chicago Creek Road (Figure 3.1) steeply ESE-dipping 

localized mylonite zones were observed (see Figure 3.5 on page 19). Lineations plunge steeply towards 

the NNE (Figure 3.5). These mylonites have previously been interpreted as part of the IRSZ (Widmann et 

al., 2000), and were therefore the focus of study in this area. However, no continuity of mylonite strands 

was observed between Chicago Creek Road and the IRSZ to the NE (Figure 3.1). In addition to the lack 

of continuity between mylonitic strands in the IRSZ just north of Idaho Springs along Virginia Canyon 

Road and Chicago Creek Road, a difference in orientation of foliations between mylonites on Chicago 

Creek Road and in the IRSZ suggests that mylonites along Chicago Creek Road are not a part of the IRSZ 

and belong in their own domain, rather than domain 2 or 3. 

3.3 Colorado Mineral Belt 

 The orientations of mineralized fault veins were measured in each of the three selected 

historically operating mines (see Figure 3.6 on page 19). Veins measured in this study in the Hidee and 

Phoenix mines were selected by the mining claim owners, based on whether they had contained ore or 

ore-bearing minerals in the past. Further information regarding ore minerals in the mines were provided 

by the staff at each mine. Ore-bearing minerals in the Hidee mine include calaverite, chalcopyrite and 

auriferous pyrite. Ore-bearing minerals in the Phoenix mine include native gold and copper and auriferous 

pyrite. Ore minerals in the Edgar mine include: sphalerite, auriferous galena, and auriferous pyrite. Ore 

grade was not determined in this study. Measured veins in all three mines generally trend NE or NW, 

which is consistent with previous observations of mineralized fault veins (Figure 3.6; Tooker, 1963). In 
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the Edgar Mine, only a few of the fault veins are truly parallel to Proterozoic foliation (Figure 3.6). 

Foliations in the Edgar Mine dip moderately to steeply towards the NNW and mineralized fault veins dip 

moderately to steeply towards the NE, moderately towards the NW, and shallowly to moderately towards 

the SE (Figure 3.6). Very few measurements of Proterozoic foliation were taken in the Hidee and Phoenix 

mines due to overprinting relationships of Tertiary alteration. Foliation and mineralized fault vein 

orientations in the Phoenix mine vary and fault veins cross-cut Proterozoic fabrics (Figure 3.6). The one 

foliation measurement taken in the Hidee mine dips moderately towards the east and mineralized fault 

veins in the Hidee mine cross-cut the foliation (Figure 3.6). 

3.4 Optical Microscopy 

 Samples for thin section work were selected from most rock types (see Table 2.1) throughout the 

mapping area for domains 1-3. The majority of rocks sampled were pelitic schist, quartzite, and 

granodiorite. Quartzite was only found on the northeastern-most end of the IRSZ in GGC (Figure 3.1). 

Granodiorite was observed both in GGC and between SH 119 and CCP (Figure 3.1); however there was 

little variability in composition between the two locations and few metamorphic mineral assemblages in 

both locations. Therefore granodiorite samples were not used to define metamorphic conditions. 

Additionally, granodiorite samples contained little to no monazite grains and were therefore not selected 

for further laboratory work, despite preservation of shear sense indicators in domain 3. Pelitic schist was 

observed and collected from all locations and due to a wide variety of metamorphic minerals within 

samples they were the most useful in defining metamorphic grade. Additionally, pelitic schist at all 

locations sampled contained microstructures that were representative of larger mapped structures in each 

domain. Therefore, the following descriptions are of pelitic schist samples, except where noted. 

Samples in pelitic schist from all three domains hosted similar amphibolite facies metamorphic 

mineral assemblages showing retrograde reactions. Almost all samples contained quartz, muscovite, 

biotite, alkali feldspar and plagioclase. In addition to these minerals, some contained almandine, 

tourmaline, and sillimanite (see Figure 3.7 on page 20). The presence of almandine, sillimanite, alkali 

feldspar, muscovite, quartz and biotite in samples along the IRSZ and adjacent to the shear zone, suggest 

that all areas record similar upper amphibolite facies. Some samples contain almandine with sillimanite 

inclusions where the almandine crystal is embayed by mica, indicating the sample underwent a retrograde 

reaction (Figure 3.7e,f). Other thin sections contain muscovite and sillimanite embayed by plagioclase or 

quartz, indicating retrograde reactions (Figure 3.7a,b,c). Tourmaline was also found in cm-scale veins in 

Hukill Gulch (see Figure 3.8 on page 23). Chlorite was observed in some samples overgrowing biotite 

and muscovite but showed no relationship to garnet. Due to a lack of other greenschist facies 

metamorphic minerals such as chloritoid, spessartine, or andalusite, chlorite is interpreted to have been 
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formed by an alternative process to retrograde metamorphism, such as hydrothermal fluids associated 

with formation of ore deposits or meteoric weathering. 

 

 

Figure 3.2 Structural data and analysis from NW of IRSZ (Domain 1), (a) Equal-angle lower-hemisphere 

projection of structures NW of the IRSZ in GGC; fold axis and axial plane calculated based on foliation 

patterns. (b) Equal-angle lower-hemisphere projection of structures NW of the IRSZ in Hukill Gulch. (c) 

Parasitic isoclinal fold (F1) on limb of parasitic upright fold (F2), not visible in picture, looking north in 

GGC along Deer Creek (map of GGC in Appendix A). Hammer for scale. (c) F1 refolded by F2 in cross 

polarized light (XPL) from NW of IRSZ in GGC. (d) F1 refolded by F2 in XPL. 
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Figure 3.3 Structural data and analysis from SE of the IRSZ on CCP and SH 119 (Domain 2). (a) Equal-

angle lower-hemisphere projection of structural data SE of the IRSZ on SH 119/CCP. (b) XPL image of 

F3 open parasitic folds from SH 119/CCP, SE of the IRSZ. (c) Parasitic F3 fold on CCP, looking south, 

Brunton for scale. 
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Figure 3.4 Structural data and analysis from the IRSZ (Domain 3). (a) Equal-angle lower-hemisphere 

projection of IRSZ structural data in GGC. (b) Equal-angle lower-hemisphere projection of IRSZ 

structural data on SH 119/CCP. (c) NW-side-down C-C’ fabric and sillimanite from SH 119 in IRSZ in 

XPL. (d) NW-side-up shear bands from IRSZ in GGC in XPL. (e) Outcrop of ultramylonite in a strand of 

the IRSZ in GGC, looking north, hammer for scale. 
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Figure 3.5 Structural data for mylonites measured on Chicago Creek Road. 

 

 

Figure 3.6 (a) Mineralized fault veins as defined by the staff in the three historically operating mines of 

the CMB (the Phoenix, Hidee, and Edgar Mines), with poles to mineralized fault veins measured within 

each mine. 
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Figure 3.7 XPL thin section images of (a) sample from NW of the IRSZ showing undulose extinction, 

bulging, subgrains, and muscovite being embayed by quartz. (b) Thin section from NW of IRSZ showing 

chlorite replacing biotite(?), quartz embaying sillimanite, and undulose extinction in quartz grains. (c) 

Sample from SE of the IRSZ showing plagioclase embaying muscovite. (d) Sample from GGC showing 

NW-up shear sense indicators. (e) Sample from NW of IRSZ in GGC showing almandine crystals with 

internal foliation that has been rotated relative to surrounding foliation. (f) Almandine crystal from NW of 

IRSZ in GGC being embayed by quartz, sillimanite, and muscovite. (g) Sample from Hukill Gulch, NW 

of IRSZ showing undulose extinction in quartz. (h) Sample from NW of IRSZ showing muscovite 

altering to chlorite and quartz grains with bulging and subgrain recrystallization. 
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Limonite and chlorite are also noted in many historically operating mines as a product of 

hydrothermal alteration (Tooker, 1963). However, these minerals were mainly observed within 

mineralized fault veins, along foliation planes near mineralization, and in altered wallrock adjacent to 

veins (within a few meters) (Tooker, 1963). Therefore, it is interpreted that, similar to carbonate, limonite 

and chlorite in samples collected were from other fluid sources, such as meteoric weathering, or that 

Tertiary alteration was more pervasive than recorded by previous studies (Tooker, 1963). 

 Thin sections were made from selected oriented samples with microstructures representative of 

larger structures and with representative metamorphic mineral assemblages. Samples with multiple fold 

generations were targeted in domains 1 and 2. In domain 3, samples that contained recognizable shear 

sense indicators were selected. In general, microstructures in thin sections from domain 1 are dominated 

by F1 folds refolded by F2 upright folds (Figure 3.9). Samples with F1 and F2 folds were preferentially 

selected in domain 1 to obtain ages of folding in domain 1 and later compare ages obtained from domains 

2 and 3 to test whether folding in domain 1 occurred simultaneous to folding in domain 2 and shearing of 

the IRSZ. Microstructures from domain 2 contain F2 open to close parasitic folds. Samples were selected 

from domain 2 to obtain ages of folding. These dates were compared with dates obtained from domains 1 

and 3 to test whether domain 1 and 2 had similar deformation histories and whether folding occurred at 

the same time as shear movement on the IRSZ. Microstructures from domain 3 are shear zone fabrics 

such as S-C fabrics and sigma and delta clasts showing NW-side-up and NW-side-down shear sense 

indicators (Figure 3.10). In addition, thin sections from domain 3 include ultra-mylonites that did not 

yield a shear sense. Microstructures in domain 3 were selected to obtain the age of shear movement and 

later ages obtained were compared to ages obtained in domains 1 and 2 in order to test whether shearing 

was related to folding and whether NW-side-up or NW-side-down shearing was oldest, as relative ages of 

shearing were ambiguous from outcrop evidence. In almost all three domains, quartz grains showed signs 

of subgrain recrystallization, bulging, and undulose extinction (Figure 3.7). Quartz grains within domain 

2 commonly exhibit crystallographic preferred grain orientations (Figure 3.7d). This type of quartz 

recovery and recrystallization suggests deformation occurred at moderately high temperatures (Passchier 

and Trouw, 2005). Almandine throughout the mapping area contains internal foliations that are not 

parallel to external foliation (Figure 3.7e). Internal foliations in all garnet grains in the thin section were 

the same orientation and were not sigmoidal. These observations, coupled with the lack of shear fabric in 

the thin section suggests two deformation events: the first caused foliation within garnet, and the second 

foliation in the matrix. Microstructures in domain 2, SE of the IRSZ showed upright parasitic folds from 

F2 (Figure 3.11). 
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Figure 3.8 Images for sample 402C in Hukill Gulch, located within domain 1. (a) False color image of 

full thin section. (b) Reflected light image of full thin section. F2 axial planes indicated. (c) False color 

image showing only locations of apatite, monazite, and zircon, with locations of dated monazites marked 

and numbered. Sample names and weighted average of 207Pb/206Pb ages noted next to location, for all 
207Pb/206Pb ages see Appendix D. (d) BSE image of a selected monazite grain showing grain within S2 

foliations and F2 parasitic fold plane in red. LA-ICP-MS analytical spots visible and acquired 207Pb/206Pb 

ages for spot analyses reported. (e) Overview BSE image of grains in (d) with F2 parasitic fold planes 

marked in red. (f) Sketch of fabrics surrounding grains 5865-5868, detailed photo of sketched grains in 

(g). (g) Detailed reflected light image of grains in sketch (f). 
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Figure 3.9 Images for sample 123, located within GGC in domain 1. (a) False color image of full thin 

section. (b) Reflected light image of full thin section. F2 axial planes indicated. (c) False color image 

showing only locations of apatite, monazite, and zircon, with locations of dated monazites marked and 

numbered. Sample names and weighted average of 207Pb/206Pb ages noted next to location, for all 
207Pb/206Pb ages see Appendix D. (d) BSE image of monazite grain 1.1 folded by F2 parasitic folds (axial 

plane in red). LA-ICP-MS analytical spots visible. Ages reported are 207Pb/206Pb ages. (e) BSE image of 

monazite grain 2.3 folded by F2 parasitic folds, with LA-ICP-MS analytical spots visible. Ages reported 

are 207Pb/206Pb ages. (f) BSE image of selected monazite grains showing their location to F1 and F2 

parasitic fold planes. (g) Sketch of (f).  

 

 

 

 

 

 

 

 

 

 



26 

 

 



27 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Images of sample 311A, in IRSZ on SH 119, from domain 3. (a) False color image of full 

thin section 311A from AM. (b) Reflected light image of entire thin section showing NW-side-down C-C’ 
fabrics, thin section generally reflects NW-side-down movement. (c) False color image of thin section 

311A from AM showing location of monazite, zircon, and apatite grains, monazite sample names and 

weighted average of 207Pb/206Pb ages are adjacent to circled grain locations, for all 207Pb/206Pb ages see 

Appendix D. Shear sense indicated by surrounding fabric is marked next to location, sample orientation is 

noted at bottom left. (d) Reflected light images of selected monazite grains and their relation to C-C’ 
fabrics, grain 5672 is elongate parallel to C-planes of NW-side-down shear fabrics and grain 5673 is 

within a sigma clast within NW-side-down shear fabrics. (e) Transmitted light image of selected monazite 

grains and their relation to C-C’ fabrics. Grain 5672 are elongate parallel to C-planes of NW-side-down 

shear fabrics, grain 5673 is within a quartz sigma clast that is within NW-side-down shear fabrics. (f) 

BSE image of monazite grains 5672 and 5673 with LA-ICP-MS analytical spots visible. Ages reported 

are 207Pb/206Pb ages from individual spot analyses. (g) BSE image of grains 5672 and 5673 and their 

relationship to C-C’ fabrics. Grain 5672 is elongate parallel to C-planes and is sheared by C’-planes at the 

bottom of figure. Grain 5673 is within a quartz sigma clast that is within NW-side-down fabric. (h) 

Sketch of selected grains in fabric with weighted average of 207Pb/206Pb ages acquired from LA-ICP-MS 

marked. Grain 5672 contained an older core with a younger rim. Dashed core boundary is estimated. 
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Figure 3.11 Images from sample 305A, SE of IRSZ on CCP, within domain 2. (a) False color image of 

entire thin section created during AM. (b) Reflected light image of entire slide with F3 axial plane 

marked. (c) False color image of monazite, zircon, and apatite grains from AM. Grains selected are 

circled with sample number and weighted average of 207Pb/206Pb age obtained is noted next to location, 

for all 207Pb/206Pb ages see Appendix D. Thin section orientation is noted at bottom left. (d & e) BSE 

images obtained of dated monazite grain 5562 in fabric. (f) BSE image of grain 5562 with LA-ICP-MS 

analytical spots visible. (g) Sketch of grain 5562 with ages and estimated location of weighted average 
207Pb/206Pb ages obtained mapped in. (h) Sketch of (e). 
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3.5 Automated Mineralogy and Backscattered Electron Analysis 

Ten samples were selected for AM: four from domain 3, four from domain 1, and two from 

domain 2 (for all AM images, see Appendix C). From those, samples 305A, 123, 311A, 312B.2, and 

402C were selected for BSE analysis and U-Pb monazite LA-ICP-MS geochronology (for locations see 

Figure 3.1), because of presence of monazite grains and well-defined microstructures. Samples 123 and 

402C were taken from GGC and Hukill Gulch, respectively, which are within domain 1. Sample 305A 

was taken from CCP, within domain 2. Sample 311A and 312B.2 were taken from within domain 3 on 

SH 119. All thin sections selected for AM are described below. 

Samples 203B and 123 were selected from GGC in domain 1 (Figure 3.1), based on their visible 

refolded folds for the purpose of constraining the ages of F1 and F2 (Figure 3.9). The two samples were 

cut perpendicular to lineation. Both samples contain similar mineral assemblages, percentage of monazite 

and have visible parasitic folds. Samples 704 and 402C from Hukill Gulch in domain 1 (Figures 3.1) 

contain F2 parasitic folds and were used to distinguish whether these parasitic folds were formed at the 

same time as those found NW and SE of the IRSZ (Figure 3.11). 

Four samples were selected from domain 2: 311A, 312B.2, 117 and 201. Samples 117 and 201 

were taken from GGC on the north end of the IRSZ (Figure 3.1). Samples 311A and 312B.2 were taken 

from SH 119 near the south end of the IRSZ (Figure 3.1). All four samples from domain 2 were cut 

parallel to lineation. Thin Sections 117 and 201 from the Boulder Creek Batholith unit show both NW-

side-up and NW-side-down shear sense indicators. NW-side-up shear sense indicators were dominant in 

201 (Figure 3.7d) and NW-side-down shear sense indicators are dominant in 117. AM results showed that 

these two samples did not contain any monazite at the scanning scale, possibly because the grains were 

not large enough. Samples 311A and 312B.2 show predominantly NW-side-down and minor NW-side-up 

shear sense indicators (Figure 3.10; Appendix C). 

The two sections selected from domain 3, 305A and 305B, were collected along the CCP (Figure 

3.1). Sample 305A was cut parallel and 305B perpendicular to shallowly plunging, NE-trending mineral 

lineations. Both thin sections have similar mineralogy and percentage of monazite. Additionally, these 

samples have parasitic folds (Figure 3.5).  

3.6 U-Pb Isotope Analysis 

Monazites with clear relations to microstructures such as foliations, fold axial planar cleavages, 

sigma and delta clasts and S-C fabrics were selected for U-Pb LA-ICP-MS dating. Data tables including 

calculated ages are in Appendix D. Only data that was less than 10% discordant is used in interpretations. 

All ages reported are weighted averages of 207Pb/206Pb ages unless otherwise stated. BSE and SE images 

were taken of all grains after analysis using LA-ICP-MS. No internal zonation was found in any of the 

dated grains. For BSE and SE images of all monazite grains selected for U-Pb dating, see Appendix E. 
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In sample 123, 36 spot analyses were obtained from monazite grains within S1 foliation that was 

folded by F2. All grains analyzed were anhedral to subhedral and were located within quartz, biotite, or 

muscovite. No relationships were found between grain size and age obtained, or age and relationship with 

minerals adjacent to monazite grains. A discordia chord through these spot analyses yielded a lower 

intercept age of 1433 ± 42 Ma and an upper intercept age of 3763 ± 290 Ma (MSWD=11.6, N=36) (see 

Figure 3.12a on page 35). The weighted average of 207Pb/206Pb ages for analyses less than 10% discordant 

is 1470 ± 16 Ma (MSWD = 6.7, N=29) (Figure 3.12b). Monazite grains 1.1, 1.2, and 1.3 (Figure 3.9c) 

were elongate and aligned with S1 foliation that was folded by F2. Grain 1.1 was folded by F2 parasitic 

folds and yielded three spot analyses that were less than 10% discordant out of five spot analyses (see 

Figure 3.13a on page 36). The three concordant spot analyses yielded ages of 1503 ± 37 Ma, 1517 ± 28 

Ma, and 1436 ± 26 Ma (Figure 3.9d). Grain 1.1 yielded an average 207Pb/206Pb age of 1484 ± 120 Ma 

(MSWD=10, N=3) (Figure 3.9c). Two spot analyses were obtained on grain 1.2, but only one was less 

than 10% discordant. The concordant spot analysis obtained on grain 1.2 yielded a 207Pb/206Pb age of 1517 

± 30 Ma (Figure 3.9c). One spot analysis was obtained on grain 1.3. This analysis was concordant and 

yielded a 207Pb/206Pb age of 1528 ± 38 Ma (Figure 3.9c).  

Grains in 2.1 through 2.5 yielded ages of either ~1450 Ma or were discordant and older than 

~1450 Ma (Figure 3.9c). Grain 2.1 was anhedral and the one spot analysis obtained was more than 10% 

discordant (Figure 3.9c). Grain 2.2 is anhedral and was located within foliation at a F2 fold hinge (Figure 

3.13b). Three spot analyses were acquired on grain 2.2, all three were less than 10% discordant. The 

average 207Pb/206Pb age obtained from grain 2.2 was 1474 ± 130 Ma (MSWD=8.8, N=3) (Figure 3.9c). Of 

the ten spot analyses obtained on grain 2.3, seven of the ten were more than 10% discordant. The 

remaining three spot analyses yielded ages of 1585 ± 48 Ma, 1707 ± 44 Ma, and 1567 ± 44 Ma (Figure 

3.9f). Grain 2.3 was folded by F2 parasitic folds (Figure 3.9f). The average 207Pb/206Pb age obtained from 

the three concordant spot analyses on grain 2.3 is 1622 ± 190 Ma (MSWD=11.8, N=3). Grain 2.4 was 

anhedral and rounded. It was not elongate relative to foliation but did not overgrow foliation (Appendix 

E). Four spot analyses were obtained on grain 2.4, all four were less than 10% discordant. The average 

207Pb/206Pb age obtained on grain 2.4 was 1468 ± 68 Ma (MSWD= 7.3, N=4) (Figure 3.9c). Grain 2.5 was 

rounded and anhedral and was not elongate in relation to any fabric (Appendix E). The grain was located 

within S1 foliation that was folded by F2 (Appendix E). Two spot analyses were obtained on grain 2.5, 

both were within the acceptable range for concordance. The average 207Pb/206Pb age obtained on grain 2.5 

is 1429 ± 22 Ma (MSWD=0.0019, N=2) (Figure 3.9c). Grains that yielded discordant dates are elongate 

and are aligned with foliation. Grains that yielded ~1450 Ma dates are either rounded or anhedral.  

Grains 4.1, 4.2, and 4.3 were all elongate and aligned with S1 foliation that were refolded by F2 

folds (Figure 3.9f,g). Five spot analyses were collected from grain 4.1, which was slightly more rounded 
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in shape than 4.2 and 4.3. Eleven analyses were collected from grain 4.2 (Figure 3.13c). Five spot 

analyses were obtained from grain 4.1 and all spot analyses were less than 10% discordant. The average 

207Pb/206Pb age of grain 4.1 was 1439 ± 14 Ma (MSWD=0.40, N=5) (Figure 3.9c). All four spot analyses 

obtained on grain 4.2 were also less than 10% discordant. The average 207Pb/206Pb age obtained from 

grain 4.2 was 1468 ± 63 (MSWD=8.3, N=4) (Figure 3.9c). One spot analysis was obtained on grain 4.3 

and it was more than 10% discordant (Figure 3.9c). 

In sample 305A, 14 spot analyses were carried out on monazite grains that had clear relationships 

to foliations that were being folded by F2. All monazite grains dated in this thin section were adjacent to 

biotite. Very little variability was present in monazite shape in this thin section. Most monazite grains 

were elongate and aligned parallel to S1 foliation that was folded by F2 folds. Additionally, all grains 

analyzed in this thin section were subhedral to anhedral. Concordia diagrams of these spot analyses show 

three clusters of concordant data at ~1420 Ma, ~1590 Ma, and ~1675 Ma (see Figure 3.14a on page 37). 

Weighted averages of 207Pb/206Pb ages obtained from two main data clusters were 1422 ±16 Ma 

(MSWD=0.85, N=9) and 1670 ± 15 Ma (MSWD=1.01, N=9) (Figure 3.14b,c). Grain 5562 is elongate 

and aligned parallel to foliation (Figure 3.11d). Additionally, it does not overgrow foliation. A total of 16 

spot analyses were obtained from grain 5562, all were concordant (Figure 3.11f). This grain yielded three 

concordant clusters of data around ~1420, 1590, and 1675 Ma) (Figure 3.11g,h). The average 207Pb/206Pb 

age of the oldest data cluster was 1670 ± 15 Ma (MSWD=1.01, N=9) (Figure 3.11c). The average 

207Pb/206Pb age of the youngest cluster of data was 1414 ± 20 Ma (MSWD=0.90, N=5) (Figure 3.11c). 

The middle cluster of ages only contained data from two spot analyses that yielded ages of 1579 ± 45 Ma 

and 1598 ± 49 Ma. Spot analyses with an average age ~1670 Ma on grain 5562 were obtained from the 

center of the grain and spot analyses with an average age ~1414 Ma were obtained on the rims of the 

grain (Figure 3.11f,g). The two spot analyses yielding ages ~1570 Ma were obtained between the core 

and rim (Figure 3.11g). The remainder of analyses completed on thin section 305A were obtained on 

grains (5570, 5567, and 5568) that were elongate and aligned with S1 foliation folded by F2. One spot 

analysis was obtained on grain 5570, the analysis was less than 10% discordant and yielded an age of 

1459 ± 51 Ma (Figure 3.11c). One spot analysis was obtained on grain 5568. The analysis was less than 

10% discordant and yielded an age of 1437 ± 47 Ma (Figure 3.11c). Two spot analyses were obtained 

from grain 5567. Both analyses were less than 10% discordant and yielded an average 207Pb/206Pb age of 

1418 ± 33 Ma (MSWD=0.0035, N=2) (Figure 3.11c). Grains that yielded ~1420 Ma ages were noticeably 

narrower than grain 5562. Thus, ~1420 Ma grains that did not nucleate on older cores are smaller. The 

sparsity of ~1670 Ma grains may be because some of the older monazite was dissolved prior to the ~1420 

event. No relationship between grain shape and age was found. 
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Figure 3.12 (a) Concordia diagram of all spot analyses from sample 123, taken from NW of the IRSZ. (b) 

Weighted average of 207Pb/206Pb ages based on data that were less than 10% discordant. An outlier, not 

included in the weighted average calculation is shown in black.  



35 

 

 
Figure 3.13 Monazite grains selected for LA-ICP-MS analysis from samples 123 and 402C and their 

relationship to F1 foliations that are folded by F2. For grain locations, see Figures 3.8 and 3.9. 
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Figure 3.14 (a) Concordia diagram from all spot analyses obtained from thin section 305A. (b and c) 

Weighted averages of 207Pb/206Pb ages calculated from analyses that were less than 10% discordant. 

 

Sample 402C from Hukill Gulch (Figure 3.1) was selected for BSE and LA-ICP-MS analysis in 

order to test whether NW-side-up asymmetric folds found in the area have the same age as D2 in domains 

1 and 2. Monazite dated included monazite aligned with S1 foliation that was folded by parasitic, NW-

side-up asymmetric F2 folds as well as monazite grains within tourmaline crystals (Figure 3.8). Thirty five 

spot analyses were obtained from 9 monazite grains in this sample. Seven monazite grains were anhedral 

within S1 foliation planes that are folded by F2. Two analyses were carried out in monazite grains within 

tourmaline crystals: one anhedral (5844) and one sub- to euhedral (5856) (Figure 3.8c). Concordia 
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diagrams of all spot analyses obtained from thin section 402C yield two clusters of concordant data (see 

Figure 3.15a on page 39), weighted averages of 207Pb/206Pb ages of analyses that were less than 10% 

discordant yield ages of 1407 ± 16 Ma (MSWD=0.47, N=7) and 1679 ± 10 Ma (MSWD=1.4, N=25) 

(Figure 3.15b,c). Grain 5844 was located within a tourmaline crystal (Appendix E). One spot analysis was 

obtained from grain 5844 and it yielded a 207Pb/206Pb age of 1439 ± 53 Ma (Figure 3.8c). Grain 5856 was 

also located within a tourmaline crystal and three spot analyses were obtained from this grain, yielding an 

average 207Pb/206Pb of 1405 ± 24 Ma (MSWD=0.047, N=3) (Figure 3.8c). Grains 5874 through 5877 were 

anhedral and located in NW-side-up asymmetric folds (Figure 3.8d,e). Grains were within S1 foliation 

planes folded by F2 (Figure 3.8d,e). These grains are aligned with foliation and all of these analysis 

locations yielded ~1680 Ma ages (Figure 3.8d,e). On grain 5874, nine out of the ten spot analyses 

acquired were less than 10% discordant (Figure 3.8d). The concordant grains yielded an average 

207Pb/206Pb age of 1681 ± 14 Ma (MSWD=0.86, N=9) (Figure 3.8c). On grain 5875 all five of the spot 

analyses obtained were less than 10% discordant and yielded an average 207Pb/206Pb age of 1693 ± 19 Ma 

(MSWD=0.29, N=5) (Figure 3.8c). On grain 5876 all three of the spot analyses acquired were less than 

10% discordant and yielded an average 207Pb/206Pb age of 1673 ± 110 Ma (MSWD=4.3, N=3) (Figure 

3.8c). On grain 5877 all three of the spot analyses acquired were also less than 10% discordant and 

yielded an average 207Pb/206Pb age of 1673 ± 110 Ma (MSWD=4.5, N=3). For both grain 5876 and 5877, 

the core yielded an average older age than the rim (~1610 Ma), but average 207Pb/206Pb ages were 

calculated using all spot analyses, which may contribute to the large margin of error of the average 

207Pb/206Pb ages for these samples. 

Grain 5862 is elongate, within a biotite grain aligned with the foliation and yielded an age of 

1679 ± 23 Ma (MSWD=0.53, N=3) (Appendix E). Grains 5865, 5866, and 5868 are within 250 microns 

of each other, are elongate and aligned with foliation (Figure 3.8g). Grain 5865 yielded a weighted 

average 207Pb/206Pb age of 1403 ± 25 Ma (MSWD=0.58, N=3) from three spot analyses (Figure 3.8c). 

Two spot analyses were carried out on grain 5866, but one was more than 10% discordant. The 

207Pb/206Pb age from the concordant analysis was 1657 ± 41 Ma (Figure 3.8c). Grain 5868 yielded ages of 

1570 ± 45 and 1638 ± 42 Ma from two spot analyses (Figure 3.8c). All grains analyzed that were aligned 

with S1 foliation folded by F2 yielded ~1420 Ma ages near grain rims and ~1680 Ma ages in the core 

(Figure 3.8c). Generally in grains analyzed from thin section 402C, older ages were obtained from cores 

of monazite grains and age decreased towards the rims of grains. Only three of the ten grains analyzed 

yielded ~1400 Ma ages and all three were 30 microns across or less. Perhaps analyzing smaller monazite 

grains, or rims, would yield a larger proportion of ~1.4 Ga ages. As monazite grains that were larger in 

size were targeted in this study to ensure the laser spot size of 10 microns would fit on all dated samples 

and larger grains are more likely to contain older cores, the data are believed to be biased toward the older 
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ages. The ~1570 Ma ages may have been a mix of older cores and younger rims, as they are all located 

near rims of grains.  

 

 

Figure 3.15 (a) Concordia diagram for all spot analyses obtained from thin section 402C. (b and c) 

weighted averages of 207Pb/206Pb ages calculated from data less than 10% discordant. Analyses rejected 

during weighted average calculations are in black. 

 

Sample 311A was selected for BSE and LA-ICP-MS analysis, because of its location within the 

IRSZ, the amount of monazite, and the presence of predominantly NW-side-down shear sense indicators, 

with local NW-side-up shear sense indicators (Figure 3.10a,c). Additionally, it contained sigma clasts of 

tourmaline grains that are in NW-side-down shear fabrics (Figure 3.10a). Sixteen spot analyses were 

collected from 5 different monazite grains that are located within C-C’ shear fabrics (Figure 3.10c). The 
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Concordia diagram for thin section 311A shows three concordant clusters of data (see Figure 3.16a on 

page 41) and weighted average 207Pb/206Pb age plots of these clusters yield ages of 1484 ± 55 Ma 

(MSWD=3.4, N=4), 1635 ± 37 Ma (MSWD=1.4, N=4), and 1672 ± 31 Ma (MSWD=3.2, N=7) (Figure 

3.16b-d). All grains sampled in thin section 311A were anhedral and aligned with foliations defined by 

muscovite, biotite, quartz, or plagioclase, with the exception of grains 5673 and 5677 (Appendix E; see 

Figure 3.17a on page 42). Grain 5673 was anhedral and was located within a sheared quartz crystal 

(Figure 3.10d-h). Grain 5677 was anhedral and somewhat rounded in shape (Figure 3.17a). It did not 

overgrow foliation but was not aligned with or parallel to foliation. Grain 5672 was elongate parallel to 

shear C-planes in NW-side-down shear fabrics (Figure 3.10d,e,f,g). Spot analyses obtained in the center 

of grain 5672 yielded an average 207Pb/206Pb age of 1668 ± 56 Ma (MSWD=1.7, N=3) from spot analyses 

obtained in the core of the grain (Figure 3.10f). One spot analysis from the rim of grain 5672 yielded an 

age of 1506 ± 16 Ma (Figure 3.10f,h).  

Grains 5677 and 5679 followed a similar trend of older cores and younger rims. Both grains were 

aligned with NW-side-down shear fabrics based on the presence of C-C’ planes in the surrounding 

foliation (Figure 3.17a,b). Grain 5677 was within fabrics that contained both NW-side-up and NW-side-

down shear sense indicators (Figure 3.17a). Three spot analyses were obtained from grain 5677, but two 

were discarded because they were more than 10% discordant. The third spot analysis on grain 5677 

yielded a 207Pb/206Pb age of 1680 ± 41 Ma in the core. Greater than 10% discordant ages obtained on the 

rim of grain 5677 yielded an age of 1592 Ma near the rim. Grain 5679 yielded a weighted average of 

207Pb/206Pb ages of 1704 ± 210 Ma (MSWD=1.4, N=2) with a 1628 ± 29 Ma rim (MSWD=0.0104, N=2). 

Sample grain 5674 and 5676 were both aligned with NW-side-down shear fabrics (Appendix E; Figure 

3.17a) and yielded intermediate ages of 1510 ± 48 Ma (from one spot analysis obtained that was 

concordant) and 1552 ± 120 Ma (MSWD=5.7, N=3), respectively. Both of these ages obtained were less 

than 5% discordant. Grain 5673 was located within a sheared quartz crystal within C-C’ fabrics showing 

NW-side-down shear sense and yielded a 207Pb/206Pb age of 1439 ± 34 Ma from one spot analysis that was 

less than 10% discordant (Figure 3.10f,g,h). This grain was the only grain that yielded concordant ~1400 

Ma analyses in this thin section. Grain 5673 was also one of two grains of less than 30 microns diameter. 

The other grain that was less than 30 microns, 5674, yielded a 207Pb/206Pb age of 1510 ± 48 Ma from one 

spot analysis (Appendix E). Therefore, it is possible that smaller grains in this thin section only record 

younger ages. Older grains may contain young rims that are thinner than the 10 micron laser spot size. 
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Figure 3.16 (a) Concordia diagram of all spot analyses obtained in thin section 311A. (b, c, and d) 

weighted averages of 207Pb/206Pb ages for each cluster of data less than 10% discordant. 
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Figure 3.17 Monazite grains selected for LA-ICP-MS analysis from sample 311A and 312B.2 and their 

relationship to C-C’ shear fabrics. 
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Sample 312B.2 was selected, because it contained good shear sense indicators, abundant 

monazite, and was collected from within the IRSZ along SH 119. Shear sense indicators in this grain were 

predominantly NW-side-down (Appendix C). 20 samples analyses were collected from 7 monazite grains. 

Grains were euhedral or anhedral. Some anhedral grains were sheared and all grains had clear 

relationships with shear sense indicators. U-Pb isotope analyses revealed a bimodal age distribution with 

~1450 Ma and ~1650 Ma populations (Figure 3.18a). Weighted averages of 207Pb/206Pb ages for data less 

than 10% were 1441 ± 32 Ma (MSWD=0.81, N=5) and 1623 ± 23 Ma (MSWD=1.5, N=16) (Figure 

3.18b,c). Grains 5657 and 5654 were elongate and aligned with foliation. Grain 5654 is sheared and 

showed a NW-side-down shear sense (Figure 3.17c,d). Grain 5657 is elongate parallel to C-planes in C-

C’ NW-side-down shear fabrics. Grain 5657 yielded a weighted average 207Pb/206Pb age of 1643 ± 42 Ma 

(MSWD=0.24, N=3) (Appendix C, E). Two spot analyses were obtained from grain 5654 that were less 

than 10% discordant. These spot analyses yielded an average 207Pb/206Pb age of 1679 ± 48 Ma 

(MSWD=0.0037, N=2) (Appendix C). Grain 5663 is anhedral and elongate parallel to C-planes in C-C’ 

NW-side-down fabrics also only recorded one average 207Pb/206Pb age of 1633 ± 48 Ma (MSWD=0.13, 

N=2) (Figure 3.17e).  

Ten spot analyses were recorded in grain 5658. Grain 5658 was sub- to euhedral and overgrew 

adjacent foliation (Appendix E). Spot analyses obtained in the core of the grain yielded an average age of 

1662 ± 29 Ma (MSWD=0.48, N=6), spot analyses obtained on the rim yielded a weighted average 

207Pb/206Pb age of 1438 ± 72 Ma (MSWD=4, N=4) (Appendix C). Grains 5662 and 5665 are both 

anhedral and elongate parallel to C-planes of C-C’ fabric (Figure 3.17f). Grain 5662 yielded a weighted 

average 207Pb/206Pb age of 1613 ± 51 Ma (MSWD=0.93, N=2) in the core. Only one spot analysis on the 

rim of grain 5662 was obtained and it yielded a 207Pb/206Pb age of 1441 ± 22 Ma. Three spot analyses 

were obtained from grain 5665, but only one was less than 10% discordant and yielded a 207Pb/206Pb age 

of 1677 ± 69 Ma (Appendix C). Grain 5664 was anhedral, rounded, and was not aligned with foliation 

(Appendix E). Six spot analyses were obtained on grain 5664. One analysis obtained on grain 5664 was 

more than 10% discordant and was not used during age calculations.  Any attempts to find weighted 

averages of 207Pb/206Pb ages of more than two analyses in grain 5664 resulted in errors greater than 700 

m.y., and, therefore, ages reported for this grain are individual 207Pb/206Pb ages. Spot analyses that were 

less than 10% discordant in grain 5664 resulted in 207Pb/206Pb ages of 1652 ± 65 Ma, 1568 ± 72 Ma, 1507 

± 75 Ma, 1466 ± 75 Ma, and 1396 ± 74 Ma. No relationship was observed between monazite grain size 

and age in this thin section.  
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Figure 3.18 (a) Concordia diagram of all spot analyses obtained from thin section 312B.2. (b and c) 

weighted averages of 207Pb/206Pb ages for analyses less than 10% discordant. 
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CHAPTER 4 

DISCUSSION 

 Field mapping revealed evidence for three folding events to the NW and SE of the IRSZ and at 

least two episodes of shearing (NW-side-down and NW-side-up) within the IRSZ. To the NW of the 

IRSZ, D1 resulted in isoclinal folding, D2 resulted in upright, open to close folds with a shallowly ENE-

plunging fold axis, and D3 resulted in a shallowly ENE-plunging and steeply NW-dipping  km-scale open 

syncline. To the SE of the IRSZ, D1 resulted in isoclinal folding, D2 resulted in open to close folds with 

shallow to moderately E dipping axial planes and a shallowly to moderately ENE-plunging fold axis, and 

D3 resulted in parasitic folds that were open to close with steeply NW-dipping axial planes and shallowly 

NE-plunging fold hinge lines. Within the ISRZ, foliations are subvertical and trend NE. Three distinct 

sets of lineations were observed that can be linked with either NW-side-up shear sense indicators, both 

NW-side-up and NW-side-down shear sense indicators, or ultramylonites with ambiguous shear sense 

indicators. 

Monazite analyzed by U-Pb LA-ICP-MS from NW of the IRSZ are elongate and parallel to S1 

foliations and folded by F2 axial planes. Additionally, a couple of grains taken from sample 402C in 

Hukill Gulch were parallel to F2 axial planes. Grains from Hukill Gulch yielded ~1470 Ma and 1679 Ma 

ages (see Figure 4.1 on page 46). Grains analyzed from GGC were elongate parallel to S1 foliation and 

were ~1470 Ma (Figure 4.1). Samples analyzed from SE of the IRSZ on CCP were elongate parallel to S1 

foliation and yielded ~1422 Ma and ~1670 Ma ages (Figure 4.1). 

Grains analyzed from within the IRSZ on SH 119 were within NW-side-down shear sense 

indicators based on their location in C-C’ fabrics and within sigma or delta clasts. Grains from within the 

IRSZ were elongate parallel to C-planes in the shear fabric. Sample 312B.2 yielded ~1441 Ma and ~1632 

Ma ages (Figure 4.1). Sample 311A yielded three average ages of ~1484 Ma, ~1635 Ma, and ~1672 Ma 

(Figure 4.1). In general, monazite U-Pb LA-ICP-MS ages are consistent in all three structural domains, 

yielding two dominant age populations regardless of location (section 3.6). All but two of the grains 

analyzed in all locations were aligned with foliation and did not overgrow adjacent foliation. Grains that 

did overgrow adjacent foliation did not yield anomalous ages. A relative probability plot of 207Pb/206Pb 

ages (see Figure 4.2 on page 47) of data that were less than 10% discordant shows two peaks at ~1680 

and ~1434 Ma, which are interpreted here as two pervasive events throughout the three structural 

domains. These ages are generally consistent with other studies (McCoy, 2001; Shaw et al., 2001; 

Whitmeyer and Karlstrom, 2007; Shah and Bell, 2012). 
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Figure 4.1 Simplified geological map with sample locations and weighted averages of 207Pb/206Pb ages indicated. 
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Figure 4.2 Relative probability plot of 207Pb/206Pb ages of all analyses acquired. 

 

All average 207Pb/206Pb ages reported between 1407 Ma and 1472 Ma (Figure 4.1) are within the 

error of the youngest peak obtained on the relative probability plot (Figure 4.2) and therefore will 

collectively be referred to as ~1.43 Ga ages. Several analyses yielded ages of ~1380 Ma (Appendix D), 

which are consistent with electron microprobe monazite ages that McCoy (2001) related to NW-side-up 

shear movement along the IRSZ. Monazites that yielded ~1380 Ma dates in the study by McCoy (2001) 

were elongate parallel to NW-side-up fabric and enclosed in recrystallized quartz grains within the 

quartzite (Xq) unit in GGC at the contact between the quartzite (Xq) and Boulder Creek Batholith units 

(Xgd) (Figure 3.1). Although NW-side-up shear sense indicators were observed during field mapping, no 

monazite in this study could be linked with NW-side-up shear movement and ~1.43 Ga ages will not be 

split into two separate age groups to accommodate for NW-side-up shear movement. All average 

207Pb/206Pb ages reported at ~1670 Ma are within the error of the general ~1680 Ma population, or the 

older peak obtained on the relative probability plot (Figure 4.2) and will therefore collectively be referred 

to as ~1.68 Ga ages. Sample 312B.2 and 311A are the only thin sections that shows strong evidence for 

possible deformation at ~1630 Ma (Figure 3.16 and 3.18). However, none of the other samples yielded a 



47 

 

similar age and the age is within error of the general ~1680 Ma age population. The age is interpreted as a 

late part of the ~1680 Ma event, as there is no evidence for a separate deformation or metamorphic event 

between D1 and D2. The relative probability plot did yield statistically significant average ages of 1510 

Ma and 1609 Ma (Figure 4.2); however, these ages are interpreted as a mix of older ~1.68 Ga and 

younger ~1.43 Ga ages based on the location of spot analyses (as discussed in Chapter 3) and the lack of a 

peak at these ages on the relative probability plot (Figure 4.2). 

Since ages obtained from within the shear zone are the same as ages obtained in the adjacent 

terranes (Figure 4.1), it is interpreted that NW-side-down shearing and ~1.43 Ga D2 and D3 folding 

occurred at the same time. As in domains 1 and 2, the ~1.68 Ga cores may reflect D1 deformation. 

Because monazite aligned with S2 in domains 1 and 2 give identical results (~1.68 Ga cores and ~1.43 Ga 

overgrowths and new grains), and based on the fact that F2 and F3 are similar in orientation, it is 

interpreted that F2 and F3 formed during one geological event at ~1.43 Ga. Additionally, a lack of ages 

younger than ~1.43 Ga is consistent with the interpretation that D3 and D2, formed during one geologic 

event. The ~1.68 Ga cores may reflect D1 deformation. 

One of the limitations that needs to be taken into account with the U-Pb isotope dating is the 

possible presence of common lead (Pb). In one of the Concordia diagrams (Figure 3.12a) dates are 

discordant in a manner that is often associated with common lead. However, the upper calculated 

intercepts of these measurements is not old enough to be completely considered common Pb. Instead it is 

much younger, around ~3763 Ma. One of the proposed explanations is that the grain is a mixture of older 

Pb from an older source and common Pb. However, with the data that was collected on the LA-ICP-MS it 

is impossible to correct these data points for common Pb and see how much of the drift in points is due to 

common Pb and how much is due to older Pb. 

4.1 Structural History 

Figure 4.3 shows an interpreted history of deformation based on new and existing structural and 

geochronology data. Isoclinal F1 folds formed at ~1.68 Ga (Figure 4.3a). While their original orientations 

are unknown, they are tentatively interpreted as SE-verging in order to make later F2 and F3 orientations 

correct. This orientation is in contrast to McCoy’s (2001) interpretation that low angle ~1.73-1.66 Ga 

deformation occurred as isoclinal, recumbent, NW-verging folds during a period of NW-SE contraction. 

Based on similarities in orientations, style and age, F2 and F3 structures are interpreted as having formed 

during one ~1.43 Ga tectonic event (Figure 4.3c). Vergence is interpreted as to the SE, based on the NW-

dipping F3 axial plane (Figure 4.3b). Once SE-verging F2 folds mature, become isoclinal and impossible 

to deform, F3 folds form during the same event (Figure 4.3c). Flexural slip during F3 folding may account 

for NW-side-down movement along the IRSZ (Figure 4.3c). It is possible that the NW-side-up movement 
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(e.g., Figure 3.7d) occurred during earlier F2 folding (Figure 4.3b), though that is inconsistent with its 

younger, ~1380 Ma age as interpreted by McCoy (2001). 

 

Figure 4.3 Cross section sketch showing proposed deformation and timing of deformation. 

 

4.2. Extent of the IRSZ 

 During field mapping, it was observed that mylonitic strands of the IRSZ in the northeast end 

between Hukill Gulch and Virginia Canyon Road (Figure 3.1).  Mylonite strands along Chicago Creek 
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Road (Figure 3.1) are considered unrelated to the IRSZ, based on their different orientation (see above). 

The shear zone is therefore much shorter than previously thought. Hukill Gulch and the Edgar Mine are 

adjacent to each other and on previously published maps, these locations have been included in the IRSZ 

(Kellogg et al., 2008). Based on the strike of the IRSZ mylonite zone, it is unlikely that the IRSZ would 

be to the west of Hukill Gulch or east of the Edgar Mine. Therefore, it is interpreted that the IRSZ ends 

between the Virginia Canyon Road and Hukill Gulch/Edgar Mine mapping locations. 

 The width of the shear zone is also less than previously mapped. Kellogg et al. (2008) show the 

IRSZ with an average width of ~1.25 miles and a maximum width of almost 2 miles. However, mylonites 

of the IRSZ occur only within a generally ~250 meters wide zone and a maximum width of ~450 meters 

in the NE (Figure 3.1). The observation that the IRSZ is much less extensive both in length and width 

than originally thought makes previous interpretations that the IRSZ is a crustal-scale feature unlikely. 

 No pinch-outs or offsets of major units on either side of the IRSZ were observed, consistent with 

observations by Tweto and Sims (1963) and Caine et al. (2010). Caine et al., (2010) suggested that the 

IRSZ was not a crustal-scale feature, based on those observations. Additionally, field mapping revealed 

that the areas adjacent to the IRSZ to the NW and SE contain similar deformation histories that can be 

formed in two events, and that the third folding event hypothesized in this project can account for 

formation of the IRSZ. If the IRSZ is a suture zone, it is expected that adjacent terranes show different 

deformation histories (similar to the Moose Mountain shear zone to the north; Selverstone et al., 2000). 

Thus, consistent with Caine et al.’s (2010) interpretation, it is interpreted here that the IRSZ is not a major 

crustal feature. This interpretation does not rule out a suture zone to the north or NW. 

 Alternatively, it is possible that shear movements were not created during D2 and D3 folding and 

that shearing is younger than D1-D3, in a model similar to McCoy’s (2001). McCoy et al. (2001) 

interpreted NW-side-down shear zone movement along the IRSZ as localized movement due to 

transpressional stresses related to the Mazatzal orogeny. Furthermore, NW-side-up movement was found 

to be younger and was hypothesized to be due to nearby pluton emplacement (McCoy, 2001; Nyman et 

al., 1994). Ultramylonites in the IRSZ were interpreted to have formed during the youngest shear 

movement. However, a mechanism for their formation was not proposed (McCoy, 2001). This model as 

proposed by McCoy (2001) would require deformation dates within the IRSZ to be younger than 

deformation dates in the adjacent terranes. Our observation that D2, D3 and NW-side-down shear 

movement along the IRSZ are all ~1.43 Ga is not consistent with that interpretation. However, it is 

possible that movement along the shear zone outlasted folding, and/or that the shear zone was reactivated 

after folding (e.g. ~1380 Ma, McCoy et al., 2001). 
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4.3 Tectonic implications 

Concordant ~1.68 Ga ages from cores of monazite grains within the IRSZ and adjacent domains 

record deformation that is consistent with the age of the Yavapai orogeny in Colorado (McCoy, 2001; 

Shaw et al., 2001; Sims and Stein, 2003; Whitmeyer and Karlstrom, 2007). Therefore, F1 folds are 

interpreted as having formed during regional metamorphism and deformation associated with accretion of 

the Yavapai terranes onto the existing Wyoming craton (Figure 1.1). Other than the 1632 Ma monazite 

ages from samples 312B.2 and 311A in the IRSZ, no significant evidence was found for a separate event 

as a result of the 1.65-1.60 Ga Mazatzal orogeny (Whitmeyer and Karlstrom, 2007). We interpret that the 

~1.63 Ga deformation occurred in the waning stages of the ~1.68 Ga event, and was not a separate event, 

consistent with the work of Shah and Bell (2012). 

Concordant ~1.43 Ga ages from monazite rims and smaller monazite grains record deformation 

that is consistent with the age of the Picuris orogeny. Therefore, F2 and F3 folds are interpreted to have 

formed during the Picuris orogeny (Figure 4.3). Previous work proposed that subduction more than 1000 

km to the south of the IRSZ along a long lived Laurentian margin (Doe et al., 2012; Shaw et al., 2001) 

and pluton emplacement (McCoy, 2001) caused multiple episodes of NW-side-up and NW-side-down 

movements along intra-continental shear zones (such as the IRSZ). However, U-Pb isotope data from 

both NW and SE of the IRSZ show ~1.43 Ga ages (Figure 4.1) associated with D2 and D3 folding, 

suggesting that intra-continental deformation was much more extensive than originally proposed. 

Additionally, ~1.43 Ga dates obtained from within the IRSZ show that NW-side-down shear sense 

indicators were formed coevally with F2 and F3 to the NW and SE, which led to the interpretation that the 

IRSZ formed on steeply dipping limb of an F3 fold (Figure 4.3).  

The ~1.43 Ga folding event described in this study is consistent with deformation associated with 

the Picuris orogeny in southern Colorado and New Mexico (Kopera, 2002; Jones et al., 2010a, Jones et 

al., 2010b, Daniel et al., 2012; Shah and Bell, 2012). In previous work in the Tusas Range of northern 

New Mexico, Kopera (2002) observed monazite grains with overgrowths preferentially oriented parallel 

to axial-planar fabric of ~1700 Ma quartzite synclines throughout the Tusas Range (Figure 1.1). In situ 

electron microprobe dating of monazite revealed that these oriented monazite grains have either >1700 

Ma or ~1650 Ma cores with ~1400 Ma overgrowths, or are entirely ~1400 Ma in age (Kopera, 2002). 

Therefore, ~1400 Ma penetrative deformation in the form of widespread upright, east-west trending folds 

was interpreted to overprint NW-trending pre-existing fabrics and structures in the Tusas Range (Kopera, 

2002). In the Picuris Range of northern New Mexico (Figure 1.1), the 1488 ± 6 Ma age of deposition of a 

metamorphic tuff layer and a 1475 Ma age of deposition of an overlying quartzite at in the Picuris 

Mountains of northern New Mexico suggest folding of these units is younger than ~1475 Ma (Daniel et 

al., 2013). Additionally, electron microprobe analysis of monazite grains that are subparallel to a second 
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generation of folds in the Picuris Mountains, and within metamorphic minerals such as kyanite, 

sillimanite mats and andalusite, indicate widespread metamorphism between ~1430 and ~1390 Ma 

(Daniel and Pyle, 2006). 

 Widespread ~1450 Ma deformation is also recorded throughout Colorado. In the Sawatch Range 

of central Colorado and the Sangre de Cristo Mountains of southern Colorado (Figure 1.1), ~1.43 Ga 

plutons are internally deformed by NE-steeply dipping fabrics, while ~1.40 Ga plutons are not, 

constraining the age of deformation between ~1.43 and ~1.40 Ga (Jones and Connelly, 2006; Jones et al., 

2010a). However, the true extent of this deformation is not well explored (Jones et al., 2006; Jones et al., 

2010a). In the Wet Mountains of Colorado (Figure 1.1) widespread km-scale upright folds fold earlier, 

low angle fabrics (Jones et al., 2010b). U-Pb zircon ages obtained from plutons that bracket deformation 

in the area suggest that folding occurred at ~1430 Ma. Additionally, structural relationships of plutons 

were used to confine shear movement on the adjacent Five Points Gulch shear zone to ~1430 Ma (Jones 

et al., 2010b). Therefore, Jones et al., (2010b) interpret that widespread folding and shearing occur 

simultaneously and suggests that this can be achieved via a NW-SE transpressional movement (Jones et 

al., 2010b). Widespread ~1415 Ma deformation is also observed to the north of the IRSZ in the Big 

Thompson Canyon (Shah and Bell, 2012). Monazite grains found within andalusite and cordierite within 

pervasive, well-preserved foliations yielded ~1415 Ma ages for foliation formation that overprint multiple 

previous ~1750-1700 Ma folding events (Shah and Bell, 2012).  

 In summary, widespread ~1450 Ma generally upright folding occurred throughout Colorado and 

northern New Mexico (Kopera, 2002; Daniel and Pyle, 2006; and Jones et al., 2010b), and in the Wet 

Mountains folding occurred coevally with shearing (Jones et al., 2010). While upright fold trend 

orientations differ in each study area throughout northern New Mexico and Colorado, it has been 

interpreted that formation of the recorded fold orientations can be created via NW-SE contraction or 

transpression (Jones et al., 2010b; Shah and Bell, 2012; this study). These folds deform shallowly dipping 

foliations or even recumbent, isoclinal folds that formed prior to Mesoproterozoic deformation (Daniel 

and Pyle, 2005; Jones et al., 2010b; Shah and Bell, 2012; and Daniel et al., 2013). Thus, deformation 

including ~1.43 Ga folding and shearing on the IRSZ is similar to deformation documented throughout 

Colorado and northern New Mexico. 

4.4 Implications for Formation of the Colorado Mineral Belt (CMB) 

Field mapping in the three historically operating mines revealed that a few mineralized fault veins are 

parallel to Proterozoic fabrics while some of the mineralized fault veins cross-cut Proterozoic fabrics 

(Figure 3.6). Therefore, from this preliminary study, Proterozoic structures do not appear to control 

Tertiary mineralization. This conclusion does not rule out the possibility of a relationship between the 

IRSZ and CMB, as Tweto and Sims (1963) originally hypothesized, but if so, suggests that the 
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relationship between the CMB and the IRSZ is complex. Historically operating mines in the Idaho 

Springs, CO area are located where the shear zone ends, and therefore it is possible that the termination of 

the IRSZ controlled mineralization in the area. 

4.5 Future Work 

The IRSZ is one of many shear zones along the Colorado Front Range that McCoy (2001) called 

the Colorado Shear Zone System. By studying published maps of the areas around these shear zones, it is 

possible that they were formed by similar mechanisms as the IRSZ, and that deformation may be 

penetrative, rather than confined to the shear zone. The presence of large-scale folding on either side of 

the shear zone as well as lack of offsets or pinch-outs of major units along a few other NE-trending shear 

zones suggests that they may have similar deformation histories as the IRSZ. Detailed structural field 

mapping should be carried out on each of these shear zones and isotope dating should be completed to test 

whether they formed due to folding events during the Yavapai and Picuris orogenies. This study did not 

show strong evidence for the Mazatzal orogeny, similar to work completed in the Big Thompson Canyon 

(Shah and Bell, 2012). The absence of Mazatzal aged deformation in both of these areas suggest that 

further work to test the effects of the Mazatzal orogeny in Colorado should be carried out. 

 The relationship between Tertiary intrusives, mineralized fault veins, and Proterozoic fabrics is 

not simple. No clear structural control on mineralization exists. Additionally work should be completed 

on the Colorado Mineral Belt to further characterize the relationship between mineralization, intrusive 

bodies, and pre-existing structures.  
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CHAPTER 5 

CONCLUSIONS 

Based on field mapping and U-Pb LA-ICP-MS monazite dating, it is interpreted that the areas 

adjacent to the IRSZ underwent three deformation events. The first deformation event (D1) resulted in 

isoclinal folding. D1 is interpreted to have occurred at ~1.68 Ga based on the age of monazite cores and is 

interpreted to be associated with the Yavapai orogeny. D2 resulted in open to close folding with steeply 

dipping axial planes and shallowly plunging NE-trending fold hinges to the NW of the IRSZ and folds 

with shallowly to moderately ENE-dipping axial planes and a shallowly to moderately ENE-plunging fold 

axis SE of the IRSZ. D3 resulted in folds that were open to close with NW-dipping axial planes and 

shallowly NE-plunging fold hinge lines at a km-scale to the NW of the IRSZ and as m-scale parasitic 

folds to the SE of the IRSZ. D2 and D3 are interpreted to have occurred at ~1.43 Ga based on ages 

obtained from monazite grains that are aligned parallel to S1 foliations that are folded by F2 axial planes. 

D3 is interpreted to have caused NW-side-down shear movement of the IRSZ, based on ~1.43 Ga ages 

obtained from  monazite grains that are aligned parallel to C-planes in C-C’ NW-side-down shear fabrics. 

Similar deformational histories to the NW and SE of the IRSZ, the lack of pinch-outs or offsets of major 

units observed during field mapping in all domains, similar metamorphic grades of upper amphibolite 

facies in and along the IRSZ, and ~1.43 Ga ages of deformation of F2/F3 folds and of NW-side-down 

movement along the IRSZ, suggest that the IRSZ is related to folding and not a suture zone as previously 

interpreted. Widespread ~1.43 Ga folding and deformation in central Colorado is consistent with 

widespread deformation at ~1.45-1.40 Ga (Picuris orogeny) throughout northern New Mexico and 

southern and central Colorado (Kopera, 2002; Daniel and Pyle, 2006; Jones et al., 2010b; Daniel et al., 

2012; Shah and Bell, 2013).  
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APPENDIX A-DETAILED MAPS OF GOLDEN GATE CANYON STATE PARK, THE CENTRAL 

CITY PARKWAY, AND HIGHWAY 119 

 

Figure A.1 Detailed map of GGC. 
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Figure A.2 Detailed map of the CCP and SH 119.
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Figure A.3 Map of entire IRSZ using detailed maps of GGC, SH 119, and CCP as well as road cuts listed in Chapter 3.
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APPENDIX B-LABORATORY METHODS 

Automated mineralogy (AM) and field emission scanning electron microscopy (FE-SEM) was 

conducted in the Geology and Geological Engineering department at Colorado School of Mines. Carbon-

coated thin sections were loaded into the QEMSCAN instrument for automated mineralogy, which is 

based on the Zeiss tungsten filament EVO platform. Scan settings were input using FEI’s 

iMeasure/iDiscover software. Instrument calibration was performed prior to each analysis using beam 

alignment, beam focusing, and beam current optimization, backscatter electron range calibration using 

quartz (BSE value of 42) and gold (BSE value of 232) as standards, and X-ray detector calibration. Full 

thin section scans were conducted on all samples using a 20 μm beam step size. All analyses were 

conducted in Field Imaging mode. Four energy dispersive X-ray (EDX) spectrometers acquired spectra 

from each point along the beam stepping interval with an acceleration voltage of 25 keV, a beam current 

of 5nA, and a beam size of roughly 1μm. The EDX spectra and backscatter electron signal intensity were 

compared to mineral and amorphous phase definitions within a species identification protocol (SIP) list. 

Based on this first fit comparison, each acquisition point was assigned a composition from the SIP list. 

This assignment does not distinguish between amorphous phases, mineral interfaces, and single minerals 

of the same composition. Verification of correct species assignment was confirmed by transmitted and 

reflected light microscopy, prior to AM, as well as conventional SEM imaging and point analyses. The 

SIP list was reduced using iDiscover software by grouping appropriate definitions together for each scan, 

and colors were assigned to each group in order to produce the false-color mineral maps of the entire thin 

section. 

BSE and Secondary Electron (SE) analysis was completed on a Mira3 field emission SEM (FE-

SEM) from TESCAN. Carbon-coated thin sections were loaded into the FE-SEM and scanned at a 

working distance of 10 mm using an acceleration voltage of 15 kV, and a beam intensity of 11. One 

energy-dispersive X-ray (EDX) spectrometer acquired point analyses of select minerals in order to verify 

correct species assignment during AM. The EDX spectra yield peak energies that are element specific and 

rough concentrations through peak spectra heights, allowing for mineral identification. SE analysis was 

completed post LA-ICP-MS to image consistency of ablation craters. 

The Laser Ablation Single Collector Inductively Coupled Plasma Mass Spectrometer (LA-SC-

ICPMS) (using a Nu Instruments AttoM™) analyses of monazite were conducted at the USGS radiogenic 

isotope laboratory in Denver. Monazite were ablated with a Photon Machines Excite™ 193 nm ArF 

excimer laser in spot mode (150-200 total bursts for monazite) with a repetition rate of 5 Hz, laser energy 

of 5-6 mJ, and an energy density of 8-10 J/cm2. The rate of He gas flow to the HelEx cell of the laser was 

0.3-0.6 L/min and make-up Ar gas (~0.2 L/min) was added to the sample stream prior to its introduction 

into the plasma. As suggested by Hu et al. (2008), nitrogen with flow rate of 5.5 mL/min was added to the 
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sample stream, which allowed for significant reduction in ThO+/Th+ (<0.5%) and improved the 

ionization of refractory Th. The laser spot sizes for monazite inclusions in apatite were ~10 µm. With the 

magnet set at a constant mass, the flat tops of the isotope peaks were measured at the following masses by 

rapidly deflecting the ion beam: 202Hg, 204(Hg+Pb), 206Pb, 207Pb, 208Pb, 235U, and 238U with a 30 second on-

peak background measured prior to each 30 second analysis.  The 232Th peak was excluded from the 

analytical sequence, because of the high Th concentration in monazite and the high sensitivity of the 

instrument. Raw data were reduced off-line using the Iolite™ 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 standards, the ages of which have previously been determined by Isotope 

Dilution Thermal Ionization Mass Spectrometry (ID-TIMS). A 424-Ma monazite 44069 (from 

metapsammite of the Wissahickon Formation; Aleinikoff et al., 2006) was used as an external standard 

and analyzed after every five spot analyses of monazite unknowns. 
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APPENDIX C-AM IMAGES 

 

Figure C.1 False color image of thin section 117 from within the IRSZ in GGC. 
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Figure C.2 False color image of thin section 201 from within the IRSZ in GGC. 
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Figure C.3 False color image of thin section 203B from NW of the IRSZ in GGC. 
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Figure C.4 False color image of thin section 305B from SE of the IRSZ on the CCP. 
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Figure C.5 False color image of thin section 312B.2 from within the IRSZ on SH 119. 
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Figure C.6 False color image of thin section 704 from Hukill Gulch. 
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APPENDIX D-U-PB LA-ICP-MS DATA 

Table D.1-All spot analysis data acquired from LA-ICP-MS. 

Sample 

ID 

207Pb/ 
235Ua 

± 2SE 
206Pb/ 
238Ua 

± 2SE Rhob 

238U/ 
206Pb

a 

± 2SE 
207Pb/ 
206Pba 

± 2SE Rhoc 

207Pb*

/ 235U 

Age, 

Mad 

± 

2SE 

Ma 

206Pb*/ 
238U 

Age, 

Mad 

± 

2SE 

Ma 

207Pb*/ 
206Pb 

Age, 

Mad 

± 

2SE 

Ma 

% 

Disc. 

123 

1.1_1 3.34 0.082 0.2557 0.005 0.722 3.91 0.08 0.094 0.0018 0.355 1490 19 1467 27 1503 37 2.4 

1.1_2 3.21 0.095 0.2449 0.006 0.836 4.08 0.10 0.095 0.0014 0.144 1458 23 1418 32 1517 28 6.5 

1.1_3 4.37 0.11 0.2606 0.006 0.681 3.84 0.09 0.122 0.0018 0.584 1706 21 1492 31 1985 26 24.8 

1.1_4 5.01 0.17 0.2691 0.007 0.792 3.72 0.10 0.134 0.0023 0.138 1819 28 1536 36 2156 33 28.8 

1.1_5 3.12 0.06 0.2507 0.004 0.677 3.99 0.07 0.091 0.0013 0.434 1437 15 1442 23 1436 26 0.4 

1.2_1 3.13 0.062 0.2419 0.006 0.721 4.13 0.09 0.095 0.0015 0.519 1439 15 1396 28 1517 30 8.0 

1.2_2 3.17 0.084 0.2404 0.005 0.717 4.16 0.09 0.098 0.0018 0.329 1453 22 1389 28 1576 34 11.9 

1.3_1 3.25 0.11 0.2498 0.004 0.716 4.00 0.07 0.095 0.002 0.124 1467 26 1437 22 1528 38 6.0 

4.1_1 3.14 0.088 0.2533 0.008 0.785 3.95 0.12 0.091 0.0017 0.501 1442 22 1455 39 1446 34 0.6 

4.1_2 3.19 0.078 0.2561 0.006 0.693 3.90 0.09 0.091 0.0016 0.152 1453 19 1470 29 1438 34 2.2 

4.1_3 3.23 0.07 0.259 0.006 0.838 3.86 0.08 0.091 0.0013 0.285 1464 17 1490 27 1441 28 3.4 

4.1_4 3.19 0.076 0.2553 0.005 0.722 3.92 0.08 0.091 0.0017 0.169 1454 18 1466 27 1450 35 1.1 

4.1_5 3.09 0.075 0.2523 0.005 0.694 3.96 0.08 0.090 0.0015 0.287 1429 19 1450 27 1423 32 1.9 

4.2_1 3.34 0.08 0.2636 0.005 0.803 3.79 0.08 0.093 0.0015 0.505 1489 19 1508 27 1485 30 1.5 

4.2_2 3.18 0.12 0.2543 0.009 0.923 3.93 0.14 0.092 0.0015 0.304 1456 26 1460 46 1462 30 0.1 

4.2_3 3.04 0.072 0.2453 0.006 0.877 4.08 0.09 0.090 0.0012 0.417 1418 18 1422 34 1423 25 0.1 

4.2_4 4.10 0.13 0.2688 0.006 0.717 3.72 0.08 0.111 0.0023 0.018 1654 25 1535 31 1817 37 15.5 

4.2_5 3.27 0.074 0.2528 0.005 0.848 3.96 0.08 0.094 0.0013 0.376 1476 19 1453 26 1510 26 3.8 

4.2_6 3.14 0.064 0.2522 0.006 0.643 3.97 0.09 0.091 0.0017 0.599 1441 16 1450 29 1457 31 0.5 

4.2_7 3.32 0.079 0.2552 0.005 0.520 3.92 0.08 0.094 0.002 0.527 1484 19 1465 25 1515 39 3.3 

4.2_8 3.40 0.087 0.2486 0.005 0.745 4.02 0.08 0.099 0.002 0.068 1503 20 1431 26 1596 38 10.3 

4.2_9 4.23 0.21 0.2803 0.010 0.894 3.57 0.13 0.110 0.0022 -0.334 1675 40 1592 52 1789 36 11.0 
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Table D.1 Continued 

Sample 

ID 

207Pb/ 
235Ua 

± 2SE 
206Pb/ 
238Ua 

± 2SE Rhob 

238U/ 
206Pb

a 

± 2SE 
207Pb/ 
206Pba 

± 2SE Rhoc 

207Pb*

/ 235U 

Age, 

Mad 

± 

2SE 

Ma 

206Pb*/ 
238U 

Age, 

Mad 

± 

2SE 

Ma 

207Pb*/ 
206Pb 

Age, 

Mad 

± 

2SE 

Ma 

% 

Disc. 

4.2_10 3.24 0.069 0.2575 0.005 0.508 3.88 0.07 0.092 0.0017 0.474 1467 17 1477 23 1466 33 0.8 

4.2_11 3.18 0.095 0.2472 0.006 0.794 4.05 0.09 0.092 0.0015 -0.011 1451 23 1424 29 1478 32 3.7 

4.3_1 5.17 0.12 0.3585 0.010 0.100 2.79 0.08 0.103 0.0032 0.820 1846 20 1974 50 1675 56 17.9 

2.1_1 5.09 0.45 0.223 0.013 0.082 4.48 0.26 0.165 0.017 0.539 1820 77 1296 67 2500 160 48.2 

2.2_1 3.19 0.065 0.2539 0.009 0.796 3.94 0.13 0.091 0.0017 0.301 1453 16 1464 42 1452 35 0.8 

2.2_2 3.12 0.054 0.2507 0.008 0.737 3.99 0.13 0.091 0.0017 0.128 1440 15 1442 42 1439 35 0.2 

2.2_3 3.30 0.1 0.2545 0.009 0.847 3.93 0.13 0.096 0.0019 -0.203 1480 24 1461 44 1540 38 5.1 

2.3_1 4.49 0.15 0.2647 0.010 0.926 3.78 0.14 0.123 0.0023 -0.442 1727 28 1513 49 2003 33 24.5 

2.3_2 4.63 0.18 0.2703 0.008 0.293 3.70 0.11 0.124 0.0049 -0.109 1753 32 1542 40 2013 67 23.4 

2.3_3 3.46 0.05 0.2565 0.009 0.004 3.90 0.13 0.098 0.0025 0.787 1518 11 1472 44 1585 48 7.1 

2.3_4 4.03 0.16 0.2802 0.011 0.955 3.57 0.14 0.105 0.0025 -0.151 1637 31 1592 57 1707 44 6.7 

2.3_5 6.00 0.43 0.2889 0.012 0.913 3.46 0.14 0.152 0.0067 -0.665 1964 63 1635 60 2352 77 30.5 

2.3_6 12.52 0.33 0.3618 0.012 0.467 2.76 0.09 0.251 0.007 0.361 2642 25 1991 55 3204 44 37.9 

2.3_7 6.41 0.25 0.2828 0.009 0.862 3.54 0.12 0.166 0.0046 -0.575 2031 35 1605 46 2510 46 36.1 

2.3_8 3.30 0.065 0.2493 0.009 0.352 4.01 0.14 0.097 0.0023 0.628 1480 15 1434 45 1567 44 8.5 

2.3_9 13.40 2 0.38 0.028 0.967 2.63 0.19 0.245 0.016 -0.796 2670 130 2070 130 3150 110 34.3 

2.3_10 4.23 0.072 0.2612 0.008 0.014 3.83 0.12 0.119 0.0029 0.646 1680 14 1496 41 1942 47 23.0 

2.4_1 3.22 0.065 0.2508 0.008 0.775 3.99 0.13 0.093 0.0016 0.157 1461 16 1442 42 1488 33 3.1 

2.4_2 3.04 0.054 0.2405 0.008 0.855 4.16 0.13 0.092 0.0014 0.249 1417 13 1389 41 1466 29 5.3 

2.4_3 3.07 0.057 0.2499 0.008 0.869 4.00 0.13 0.089 0.0014 0.153 1426 14 1437 42 1414 31 1.6 

2.4_4 3.22 0.066 0.2471 0.009 0.799 4.05 0.14 0.095 0.0017 0.291 1461 16 1423 44 1518 35 6.3 

2.5_1 3.14 0.044 0.2525 0.009 0.622 3.96 0.13 0.090 0.0016 0.531 1443 11 1451 44 1428 35 1.6 

2.5_2 3.13 0.05 0.2539 0.008 0.746 3.94 0.13 0.090 0.0014 0.352 1443 12 1458 43 1429 30 2.0 

305A 

5562-1 4.08 0.059 0.297 0.009 0.882 3.37 0.11 0.102 0.0024 0.621 1649 12 1676 47 1664 44 0.7 

5562-2 4.15 0.069 0.2983 0.009 0.817 3.35 0.10 0.104 0.0025 0.093 1664 14 1683 46 1701 45 1.1 
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Table D.1 Continued 

Sample 

ID 

207Pb/ 
235Ua 

± 2SE 
206Pb/ 
238Ua 

± 2SE Rhob 

238U/ 
206Pb

a 

± 2SE 
207Pb/ 
206Pba 

± 2SE Rhoc 

207Pb*

/ 235U 

Age, 

Mad 

± 

2SE 

Ma 

206Pb*/ 
238U 

Age, 

Mad 

± 

2SE 

Ma 

207Pb*/ 
206Pb 

Age, 

Mad 

± 

2SE 

Ma 

% 

Disc. 

5562-3 4.20 0.059 0.3038 0.010 0.827 3.29 0.10 0.102 0.0024 0.203 1674 12 1710 47 1665 44 2.7 

5562-4 4.22 0.076 0.3065 0.010 0.846 3.26 0.11 0.102 0.0025 0.423 1677 15 1723 51 1659 45 3.9 

5562-5 4.22 0.059 0.307 0.010 0.697 3.26 0.10 0.102 0.0026 0.638 1677 11 1726 47 1658 46 4.1 

5562-6 4.49 0.046 0.3085 0.009 0.740 3.24 0.10 0.104 0.0025 0.446 1728 8.5 1733 46 1692 45 2.4 

5562-7 4.03 0.074 0.2869 0.008 0.665 3.49 0.10 0.100 0.0027 0.167 1640 15 1626 42 1621 49 0.3 

5562-8 3.18 0.048 0.2511 0.008 0.830 3.98 0.12 0.091 0.0022 0.527 1452 12 1444 40 1436 46 0.6 

5562-9 3.17 0.04 0.2513 0.008 0.579 3.98 0.12 0.090 0.0022 0.620 1450 9.8 1445 39 1422 47 1.6 

5562-10 3.15 0.054 0.2548 0.008 0.723 3.92 0.12 0.089 0.0023 0.430 1448 12 1463 40 1407 49 4.0 

5562-11 2.98 0.041 0.2479 0.008 0.684 4.03 0.12 0.088 0.0021 0.501 1401 11 1428 38 1379 46 3.6 

5562-12 3.59 0.051 0.2703 0.008 0.828 3.70 0.11 0.098 0.0023 0.492 1550 12 1542 43 1579 45 2.3 

5562-13 4.27 0.071 0.3034 0.010 0.784 3.30 0.10 0.103 0.0026 0.469 1687 14 1708 47 1678 47 1.8 

5562-14 4.27 0.07 0.3009 0.010 0.726 3.32 0.11 0.103 0.0025 0.476 1686 14 1695 48 1687 49 0.5 

5562-15 3.73 0.048 0.2733 0.009 0.421 3.66 0.12 0.099 0.0026 0.666 1580 9.8 1557 44 1598 49 2.6 

5562-16 3.06 0.044 0.2453 0.008 0.654 4.08 0.12 0.090 0.0022 0.315 1423 11 1414 39 1424 46 0.7 

5570-1 3.04 0.085 0.2446 0.010 0.822 4.09 0.17 0.092 0.0025 0.402 1417 21 1410 53 1459 51 3.4 

5568-1 3.01 0.07 0.2466 0.009 0.712 4.06 0.14 0.090 0.0026 0.312 1409 18 1420 45 1437 47 1.2 

5567-1 3.19 0.041 0.2586 0.008 0.581 3.87 0.11 0.090 0.0023 0.545 1453 9.9 1483 39 1417 48 4.7 

5567-2 3.05 0.049 0.2454 0.007 0.578 4.07 0.12 0.090 0.0023 0.335 1419 12 1414 37 1419 48 0.4 

312B.2 

5658_1 3.24 0.22 0.264 0.011 0.414 3.79 0.16 0.088 0.0035 0.627 1470 47 1510 57 1380 76 9.4 

5658_2 4.31 0.29 0.3025 0.013 0.643 3.31 0.14 0.103 0.0039 0.499 1694 56 1704 62 1677 70 1.6 

5658_3 4.17 0.29 0.2986 0.013 0.822 3.35 0.15 0.101 0.0039 0.501 1668 57 1684 67 1639 71 2.7 

5658_4 3.24 0.22 0.2562 0.011 0.447 3.90 0.17 0.091 0.0038 0.640 1466 53 1470 55 1467 78 0.2 

5658_5 4.30 0.28 0.302 0.014 0.530 3.31 0.15 0.104 0.0042 0.688 1696 54 1701 71 1690 74 0.7 

5658_6 4.17 0.29 0.297 0.013 0.807 3.37 0.15 0.101 0.0039 0.643 1667 56 1676 65 1642 72 2.1 

5658_7 3.15 0.22 0.2546 0.011 0.580 3.93 0.17 0.090 0.0036 0.471 1445 52 1462 56 1424 75 2.7 
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Table D.1 Continued 

Sample 

ID 

207Pb/ 
235Ua 

± 2SE 
206Pb/ 
238Ua 

± 2SE Rhob 

238U/ 
206Pb

a 

± 2SE 
207Pb/ 
206Pba 

± 2SE Rhoc 

207Pb*

/ 235U 

Age, 

Mad 

± 

2SE 

Ma 

206Pb*/ 
238U 

Age, 

Mad 

± 

2SE 

Ma 

207Pb*/ 
206Pb 

Age, 

Mad 

± 

2SE 

Ma 

% 

Disc. 

5658_8 4.16 0.29 0.3002 0.013 0.700 3.33 0.14 0.101 0.0039 0.466 1666 57 1699 70 1637 72 3.8 

5658_9 4.15 0.29 0.2946 0.013 0.794 3.39 0.15 0.100 0.0039 0.554 1664 57 1664 65 1628 72 2.2 

5658_10 3.40 0.24 0.2688 0.013 0.850 3.72 0.18 0.093 0.0036 0.170 1504 56 1534 64 1480 74 3.6 

5657_1 4.21 0.29 0.3013 0.013 0.450 3.32 0.14 0.102 0.0042 0.560 1676 56 1697 66 1657 75 2.4 

5657_2 4.26 0.29 0.3043 0.013 0.697 3.29 0.14 0.101 0.004 0.530 1689 60 1712 66 1649 72 3.8 

5657_3 4.04 0.28 0.2919 0.013 0.343 3.43 0.15 0.100 0.0042 0.771 1642 55 1651 66 1621 78 1.9 

5654_1 4.18 0.3 0.2934 0.013 0.871 3.41 0.15 0.103 0.0039 -0.004 1670 57 1658 63 1678 69 1.2 

5654_2 4.19 0.29 0.2946 0.013 0.850 3.39 0.15 0.103 0.0039 0.695 1672 56 1664 63 1681 70 1.0 

5654_3 4.59 1 0.327 0.075 1.000 3.06 0.70 0.102 0.0039 0.216 1700 120 1780 300 1665 70 6.9 

5662_1 4.31 0.33 0.3107 0.015 0.949 3.22 0.16 0.101 0.0038 -0.228 1692 63 1743 76 1636 70 6.5 

5662_2 3.80 0.29 0.2801 0.013 0.965 3.57 0.17 0.098 0.0039 -0.767 1590 62 1591 64 1587 74 0.3 

5662_3 3.14 0.24 0.2502 0.012 0.975 4.00 0.19 0.091 0.0035 -0.627 1439 58 1439 62 1441 72 0.1 

5663_1 4.23 0.33 0.306 0.017 0.976 3.27 0.18 0.100 0.0038 -0.044 1677 65 1722 83 1624 71 6.0 

5663_2 4.16 0.29 0.299 0.013 0.858 3.34 0.15 0.101 0.0038 0.252 1666 57 1686 64 1642 69 2.7 

5664_1 3.84 0.28 0.2873 0.014 0.934 3.48 0.17 0.097 0.0038 0.543 1601 59 1627 72 1568 72 3.8 

5664_2 3.49 0.29 0.274 0.016 0.921 3.65 0.21 0.092 0.0037 -0.036 1522 64 1560 82 1466 75 6.4 

5664_3 3.92 0.29 0.2827 0.014 0.922 3.54 0.18 0.101 0.0039 0.193 1615 63 1604 70 1652 65 2.9 

5664_4 3.52 0.6 0.279 0.044 0.999 3.58 0.57 0.092 0.0036 -0.231 1466 26 1570 190 1465 74 7.2 

5664_5 3.36 0.23 0.2594 0.011 0.800 3.86 0.16 0.094 0.0038 0.583 1495 53 1487 58 1507 75 1.3 

5664_6 2.98 0.24 0.242 0.015 0.993 4.13 0.26 0.089 0.0035 0.510 1401 64 1396 77 1396 74 0.0 

5665_1 5.60 2.8 0.42 0.200 1.000 2.38 1.13 0.095 0.0038 -0.385 1770 360 2140 840 1535 74 39.4 

5665_2 4.48 0.33 0.3152 0.014 0.992 3.17 0.14 0.103 0.0039 -0.061 1725 60 1766 71 1677 69 5.3 

5665_3 4.49 1.1 0.329 0.076 0.993 3.04 0.70 0.099 0.005 0.064 1700 170 1810 350 1610 95 12.4 

402C 

5874-1 4.27 0.16 0.298 0.015 0.984 3.36 0.17 0.104 0.0023 0.303 1686 30 1680 74 1701 42 1.2 

5874-2 4.19 0.15 0.2917 0.014 0.911 3.43 0.16 0.103 0.0024 0.229 1670 29 1649 68 1679 43 1.8 
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Table D.1 Continued 

Sample 

ID 

207Pb/ 
235Ua 

± 2SE 
206Pb/ 
238Ua 

± 2SE Rhob 

238U/ 
206Pb

a 

± 2SE 
207Pb/ 
206Pba 

± 2SE Rhoc 

207Pb*

/ 235U 

Age, 

Mad 

± 

2SE 

Ma 

206Pb*/ 
238U 

Age, 

Mad 

± 

2SE 

Ma 

207Pb*/ 
206Pb 

Age, 

Mad 

± 

2SE 

Ma 

% 

Disc. 

5874-3 4.30 0.098 0.2966 0.012 0.853 3.37 0.14 0.104 0.0023 0.381 1693 19 1674 60 1699 41 1.5 

5874-4 4.14 0.15 0.298 0.015 0.930 3.36 0.17 0.100 0.0025 0.414 1660 29 1681 73 1631 45 3.1 

5874-5 4.21 0.088 0.297 0.011 0.904 3.37 0.12 0.103 0.0023 0.264 1676 17 1676 56 1676 41 0.0 

5874-6 4.19 0.17 0.295 0.016 0.984 3.39 0.18 0.103 0.0026 0.582 1670 33 1666 81 1681 43 0.9 

5874-7 4.14 0.13 0.289 0.014 0.994 3.46 0.17 0.104 0.0024 0.392 1660 26 1637 72 1698 43 3.6 

5874-8 4.02 0.15 0.281 0.015 0.942 3.56 0.19 0.104 0.0024 0.552 1635 32 1593 76 1690 43 5.7 

5874-9 4.11 0.12 0.2864 0.012 0.928 3.49 0.15 0.104 0.0024 0.249 1655 24 1623 62 1692 42 4.1 

5874-10 4.15 0.18 0.293 0.016 0.996 3.41 0.19 0.103 0.0023 0.146 1662 34 1655 80 1680 42 1.5 

5877-1 4.01 0.13 0.2841 0.013 0.955 3.52 0.16 0.103 0.0022 0.278 1634 26 1611 66 1677 40 3.9 

5877_2 4.19 0.14 0.2927 0.014 0.966 3.42 0.16 0.105 0.0023 0.100 1671 28 1654 68 1708 40 3.2 

5877_3 3.77 0.082 0.2762 0.010 0.368 3.62 0.13 0.099 0.0026 0.510 1586 18 1572 53 1611 51 2.4 

5875_1 4.00 0.14 0.2804 0.013 0.944 3.57 0.17 0.104 0.0024 0.032 1633 28 1593 63 1687 42 5.6 

5875_2 4.50 0.16 0.312 0.015 0.952 3.21 0.15 0.105 0.0024 0.533 1730 30 1747 73 1707 42 2.3 

5875_3 4.02 0.12 0.2821 0.012 0.996 3.54 0.15 0.103 0.0024 0.128 1637 24 1601 62 1678 42 4.6 

5875_4 4.14 0.09 0.2858 0.011 0.727 3.50 0.13 0.104 0.0024 0.511 1662 18 1620 54 1701 43 4.8 

5875_5 4.03 0.14 0.2814 0.013 0.562 3.55 0.16 0.104 0.0024 0.591 1639 28 1598 64 1694 43 5.7 

5876_1 4.14 0.17 0.287 0.014 0.967 3.48 0.17 0.103 0.0023 -0.236 1660 34 1624 72 1685 42 3.6 

5876_2 4.32 0.089 0.2977 0.012 0.789 3.36 0.14 0.105 0.0025 0.778 1697 17 1680 59 1716 46 2.1 

5876_3 3.84 0.092 0.2775 0.012 0.904 3.60 0.16 0.100 0.0023 0.154 1600 19 1578 59 1629 40 3.1 

5866_1 3.44 0.07 0.2519 0.010 0.796 3.97 0.15 0.099 0.0023 0.412 1513 16 1448 49 1611 44 10.1 

5866_2 3.88 0.14 0.2787 0.013 0.964 3.59 0.17 0.102 0.0024 -0.021 1607 30 1584 67 1657 41 4.4 

5865_1 2.93 0.062 0.239 0.010 0.890 4.18 0.17 0.089 0.002 0.410 1388 16 1381 50 1404 44 1.6 

5865_2 2.71 0.14 0.224 0.013 0.990 4.46 0.26 0.088 0.0021 0.239 1329 36 1302 70 1384 46 5.9 

5865_3 2.93 0.072 0.2397 0.009 0.956 4.17 0.16 0.090 0.0019 0.418 1389 19 1385 48 1417 41 2.3 

5868_1 3.36 0.078 0.251 0.010 0.767 3.98 0.16 0.097 0.0023 0.565 1497 16 1444 51 1570 45 8.0 

5868_2 3.77 0.35 0.269 0.025 0.998 3.72 0.35 0.101 0.0023 0.020 1573 65 1530 120 1638 42 6.6 
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Table D.1 Continued 

Sample 

ID 

207Pb/ 
235Ua 

± 2SE 
206Pb/ 
238Ua 

± 2SE Rhob 

238U/ 
206Pb

a 

± 2SE 
207Pb/ 
206Pba 

± 2SE Rhoc 

207Pb*

/ 235U 

Age, 

Mad 

± 

2SE 

Ma 

206Pb*/ 
238U 

Age, 

Mad 

± 

2SE 

Ma 

207Pb*/ 
206Pb 

Age, 

Mad 

± 

2SE 

Ma 

% 

Disc. 

5862_1 4.28 0.13 0.2987 0.013 0.993 3.35 0.15 0.104 0.0023 -0.249 1689 25 1684 63 1687 42 0.2 

5862_2 4.30 0.13 0.3021 0.013 0.944 3.31 0.14 0.104 0.0023 0.572 1692 25 1701 67 1688 40 0.8 

5862_3 4.22 0.11 0.2961 0.013 0.968 3.38 0.15 0.102 0.0022 0.322 1676 22 1671 63 1662 40 0.5 

5844_1 3.17 0.28 0.251 0.020 0.965 3.98 0.32 0.091 0.0026 -0.407 1440 60 1439 100 1439 53 0.0 

5856_1 2.97 0.059 0.2414 0.009 0.891 4.14 0.15 0.089 0.0019 0.170 1400 15 1394 46 1400 41 0.4 

5856_2 2.97 0.067 0.243 0.010 0.932 4.12 0.16 0.089 0.0019 0.608 1398 17 1402 50 1406 42 0.3 

5856_3 3.06 0.12 0.2501 0.012 0.937 4.00 0.19 0.089 0.0021 -0.140 1420 30 1438 61 1409 44 2.1 

311A 

5679-1 3.91 0.14 0.2825 0.009 0.924 3.54 0.11 0.100 0.0021 -0.082 1615 28 1603 46 1627 40 1.5 

5679-2 4.26 0.093 0.2947 0.008 0.284 3.39 0.09 0.103 0.0024 0.725 1688 17 1670 35 1685 42 0.9 

5679-3 4.39 0.11 0.3028 0.008 0.722 3.30 0.09 0.105 0.0021 0.375 1709 21 1705 39 1718 37 0.8 

5679-4 3.85 0.085 0.2782 0.008 0.636 3.59 0.11 0.100 0.0023 0.680 1602 18 1582 42 1630 43 2.9 

5673_1 3.13 0.087 0.248 0.008 0.902 4.03 0.13 0.091 0.0016 0.285 1439 21 1428 40 1439 34 0.8 

5672-1 4.50 0.15 0.314 0.010 0.960 3.18 0.10 0.104 0.0019 0.019 1729 28 1760 48 1694 35 3.9 

5672-2 4.13 0.11 0.2891 0.008 0.988 3.46 0.10 0.102 0.0018 0.424 1659 22 1637 42 1660 33 1.4 

5672-3 4.38 0.14 0.3074 0.011 0.981 3.25 0.12 0.101 0.0019 -0.028 1707 27 1740 50 1650 35 5.5 

5672-4 3.25 0.079 0.2518 0.007 0.894 3.97 0.10 0.094 0.0017 0.057 1469 19 1447 34 1506 35 3.9 

5674_1 3.53 0.37 0.27 0.028 0.996 3.70 0.38 0.094 0.0024 -0.106 1548 66 1530 140 1510 48 1.3 

5676-1 3.80 0.14 0.2853 0.011 0.939 3.51 0.14 0.096 0.0019 0.104 1591 30 1617 54 1551 38 4.3 

5676-2 4.01 0.11 0.2936 0.008 0.900 3.41 0.09 0.099 0.0023 0.235 1636 23 1659 40 1606 44 3.3 

5676-3 3.60 0.27 0.277 0.021 0.992 3.61 0.27 0.094 0.0021 0.320 1541 59 1570 100 1503 42 4.5 

5677-1 4.67 0.93 0.337 0.066 0.999 2.97 0.58 0.100 0.0019 -0.084 1660 110 1830 290 1614 36 13.4 

5677-2 4.49 0.95 0.336 0.073 1.000 2.98 0.65 0.097 0.0019 0.258 1628 88 1820 300 1569 36 16.0 

5677-3 4.30 0.11 0.3002 0.008 0.738 3.33 0.09 0.103 0.0023 0.522 1692 21 1692 39 1680 41 0.7 
a Ratios calculated by IoliteTM without common-Pb correction. Corrected for mass-discrimination and down-hole fractionation. b Correlation 

coefficient between 206Pb/238U and 207Pb/235U. c Correlation coefficient between 238U/206Pb and 207Pb/206Pb. d Ages calculated by IoliteTM.
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APPENDIX E-BSE AND SE IMAGES OF DATED MONAZITE GRAINS 

 

Figure E.1 BSE images from thin section 123, location 1 after LA-ICP-MS analysis with relationship to 

fabric marked. Location of each grain can be found in Figure 3.9. 
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Figure E.2 BSE and SE images from thin section 123, location 2 after LA-ICP-MS analysis with 

relationship to fabric marked. Location of each grain can be found in Figure 3.9. 
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Figure E.3 BSE and SE images from thin section 123, location 4 after LA-ICP-MS analysis with 

relationship to fabric marked. Location of each grain can be found in Figure 3.9. 
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Figure E.4 BSE and SE images from thin section 311A after LA-ICP-MS analysis. Location of each grain 

can be found in Figure 3.10. 
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Figure E.5 BSE and SE images from thin section 305A after LA-ICP-MS analysis. Location of each grain 

can be found in Figure 3.11. 
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Figure E.6 BSE and SE images from thin section 402C after LA-ICP-MS analysis with relationship to 

fabric marked. Location of each grain can be found in Figure 3.8. 
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Figure E.7 BSE and SE images from thin section 402C after LA-ICP-MS analysis with relationship to 

fabric marked. Location of each grain can be found in Figure 3.8. 



83 

 

 

 

Figure E.8 BSE and SE images from thin section 402C after LA-ICP-MS analysis with relationship to 

fabric marked. Location of each grain can be found in Figure 3.8. 
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Figure E.9 BSE and SE images from thin section 312B.2 after LA-ICP-MS analysis with relationship to 

fabric marked. Location of each grain can be found in Figure C.5. 
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Figure E.10 BSE and SE images from thin section 312B.2 after LA-ICP-MS analysis with relationship to 

fabric marked. Location of each grain can be found in Figure C.5. 


