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ABSTRACT 

 The Proterozoic history of the southeastern margin of Laurentia, especially during the 

Mesoproterozoic, is not well defined. Several tectonic events occurred during this time.  The first 

two events were the Paleoproterozoic Yavapai (~1.71-1.68 Ga) and Mazatzal (~1.65-1.60 Ga) 

orogenies.  The third is the more recently recognized Mesoproterozoic Picuris orogeny (~1.4 

Ga).  Evidence for the Picuris orogeny has been found in northern New Mexico, Arizona, and 

Colorado; however, the extent of the orogen is unclear.  In Colorado, previously recognized 

effects of the Picuris orogeny are primarily reactivations along shear zones.  The purpose of this 

study was to investigate the Proterozoic deformation history in the southern half of the Mt. Evans 

7.5-minute quadrangle, in order to test whether pervasive folding is a result of the 

Mesoproterozoic Picuris orogeny and/or of earlier Paleoproterozoic orogenies.  The area was 

selected, because of the exposure of Proterozoic ductile structures away from localized shear 

zones and from younger overprinting structures.  Field mapping revealed evidence for four 

deformation events.  The first (D1) consists of isoclinal folds.  These are overprinted by D2 

isoclinal to open folds with northerly plunging fold hinge lines.  Poles to F2 axial planes plot 

along a great circle suggesting a third generation of folds (D3) plunging to the NNE.  D4 includes 

non-pervasive open upright E-trending folds.  These folds are only located towards the very 

north and south of the mapping area.   

Detrital zircon from one quartzite was selected for U-Pb laser ablation inductively 

coupled mass spectrometry (LA-ICP-MS) analysis, in order to test whether some of the 

metasedimentary rocks may be younger than their interpreted Paleoproterozoic age, and perhaps 

correlative with Mesoproterozoic metasedimentary rocks in northern New Mexico and Arizona 

that are associated with the Picuris orogeny.  The zircon yielded ~1.55 Ga (n=4) and ~1.44 Ga 

(n=26) age populations and a spread of ages between ~1.81 Ga and ~1.61 Ga.  The ~1.55 Ga age 

population may represent a true population as recognized in Defiance, Arizona the Yankee Joe 

and Blackjack Formations in Arizona, the Four Peaks area in Arizona, and the Tusas and Picuris 

Mountains in New Mexico, or a mixing age between the older and younger populations.  It is 

unclear if all the zircon from the quartzite is detrital, or whether some grew during 

metamorphism in the quartzite.  In general, Th/U ratios for ~1.44 Ga zircon is <0.1, possibly 

suggesting metamorphic growth, while for ~1.81-1.55 zircon they are both <0.1% and >0.1%, 

suggesting a detrital origin.  However, zircon in both age groups exhibit a variety of textures and 
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shapes.  Some ~1.44 Ga zircon grains are euhedral and exhibit oscillatory zoning, some display 

narrow overgrowths, and others are anhedral with no zoning.  The variety of textures and 

morphologies of ~1.44 Ga zircon suggest that this population is detrital, and that the quartzite 

was deposited and metamorphosed after.   

In-situ LA-ICP-MS U-Pb analysis was carried out on monazite from four biotite schist 

samples to constrain the metamorphic history.  The monazite yielded ~1.73 Ga and ~1.42 Ga age 

populations, and separate populations that show ~1.67-1.48 Ga and ~1.39-1.34 Ga age spreads.   

The ~1.73 Ga and ~1.67-1.48 Ga populations may be detrital or metamorphic.  Monazite ages 

between ~1.6 Ga and ~1.5 Ga may be due to the mixing of age domains or Pb loss, because 

metamorphism during that time has not been recognized in Laurentia.  The ~1.42 Ga and ~1.39-

1.34 Ga populations are most likely metamorphic for two reasons.  First, if the biotite schist 

experienced metamorphism after the Mesoproterozoic there would be evidence for a younger 

metamorphic event.  Second, a monazite inclusion in garnet yielded 1416 ± 85 Ma and 1355 ± 

86 Ma ages, indicating that garnet grade metamorphism occurred at or after ~1.4 Ga.  

Deformation and metamorphism at ~1.42-1.34 Ga is consistent with the age of the Picuris 

orogeny.  Thus, based on the likely <~1.44 Ga deposition of sedimentary rocks in the southern 

half of the Mt. Evans 7.5-minute quadrangle, and on the ~1.42-1.34 Ga ages of folding and 

metamorphism it is concluded that the Picuris orogeny caused penetrative deformation and 

metamorphism in this part of Colorado. 
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CHAPTER 1 

INTRODUCTION 

 Bedrock structural mapping and U-Pb detrital zircon and in situ monazite geochronology 

was carried out in the southern half the Mt. Evans 7.5-minute quadrangle in the central Front 

Range, Clear Creek county, Colorado, to investigate the Proterozoic evolution of Laurentia.  This 

area was selected for investigation, because of the exposure of Proterozoic ductile structures 

away from localized shear zones and from younger overprinting structures, allowing for 

investigation of the part of the Proterozoic history of Laurentia that is not related to shear zones.  

The study area may record several tectonic events in the Proterozoic that are hypothesized to 

have played a large role in the formation of Laurentia.   

The first two Proterozoic events were the Paleoproterozoic Yavapai (~1.71-1.68 Ga) and 

Mazatzal (~1.65-1.60 Ga) orogenies, both of which involved the accretion of juvenile crust to 

Laurentia (Karlstrom and Bowring 1988).  The third is the more recently recognized 

Mesoproterozoic Picuris orogeny (~1.4 Ga).  At first, metamorphism during this time was only 

associated with the emplacement of anorogenic granites.  These emplacements were attributed to 

intracontinental tectonism following continental assembly (Karlstrom and Bowring, 1988; 

Nyman et al., 1994; Williams and Karlstrom, 1996; Shaw and Karlstrom, 1999; Larson and 

Sharp, 2005; Whitmeyer and Karlstrom, 2007; Aronoff, 2015).  However, more recently, the 

Picuris orogeny has been recognized in the Picuris and Tusas Mountains of Northern New 

Mexico, the Wet Mountains of southern Colorado, the Needle Mountains of southern Colorado, 

Big Thompson Canyon of central Colorado, and in the Yankee Joe and Blackjack formations in 

southern Arizona (Daniel and Pyle 2006; Jones et al., 2010; Shah and Bell 2012; Daniel et al., 

2013; Doe et al., 2013; Mahan et al., 2013; Mako, 2014; Aronoff, 2015; Lytle, 2016).  

Detailed field mapping and structural analysis with a focus on ductile structures was 

carried out in order to unravel the deformational and depositional history of this area.  This was 

followed by optical microscopy analysis in order to constrain P-T conditions and create detailed 

rock descriptions.  Monazite within representative microstructural fabrics were dated using in 

situ U-Pb Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS) to provide age 

constraints on the deformation and metamorphic history.  U-Pb LA-ICP-MS detrital zircon 

geochronology was carried out on one quartzite in order to constrain the maximum depositional 

age of this unit, and to investigate potential source areas.  The Th/U ratios, morphologies and 
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internal structures of the zircon were used to determine if the zircon is detrital or metamorphic.  

This data was then combined with structural and geochronological data from Colorado, New 

Mexico and Arizona in order to help constrain the timing and extent of the Picuris orogeny and 

the timing of sedimentary basins that preceded the Picuris orogeny. 

 

 

Figure 1.1. Map of the southwestern United States showing Proterozoic crustal provinces. This 

figure is modified after Jones et al. (2010; cf. Condie, 1986; Bennett and DePaolo, 1987; 

Karlstrom and Bowring. 1988; Wooden et al., 1988; Wooden and DeWitt, 1991).  
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CHAPTER 2 

GEOLOGIC BACKGROUND  

Published maps and literature in the Mt. Evans area show that most exposed rocks are 

Paleoproterozoic amphibolite facies metasedimentary and metaigneous rocks (figure 2.1; Gable, 

2000; Widmann et al., 2000; Kellogg et al., 2008).  These exposed rocks in the Colorado Front 

Range are interpreted to have formed as juvenile arc terranes with associated basins that 

amalgamated and accreted to the Wyoming Craton part of Laurentia to the northwest between 

~1.8 Ga and ~1.6 Ga (Whitmeyer and Karlstrom, 2007).   

 
Figure 2.1. Generalized geology of the Denver West area, from Kellogg et al. (2008).  
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Two general interpreted tectonic events, the Yavapai and Mazatzal orogenies, affected 

the Colorado Front Range during this time and may or may not have been a continuous period of 

deformation (Jones and Connelly, 2006; Mahan et al., 2013).  The Yavapai orogeny (~1.71-1.68 

Ga) was the result of the collision of arcs from ~1.78 Ga to ~1.72 Ga, followed by the accretion 

of that juvenile arc crust to Laurentia (Whitmeyer and Karlstrom, 2007).  The resultant Yavapai 

province is now a northeast-trending zone of predominantly juvenile crust that extends from 

Arizona to Michigan (Van Schmus et al., 2007).  It is interpreted as having formed most of the 

Proterozoic basement rocks of Colorado. The Mazatzal orogeny (~1.65-1.60 Ga) has been 

interpreted as the result of the collision of ~1.68-1.66 Ga crust to Laurentia.  This crust generally 

formed in continental margin volcanic arcs and back arc basins (Whitmeyer and Karlstrom, 

2007).  Calc-alkaline plutons, which make up most of the exposed Mazatzal crust and are ~1.66 

Ga to ~1.65 Ga, intruded these rocks.  The Mazatzal province extends from Arizona to Quebec 

and Labrador in Canada (Whitmeyer and Karlstrom, 2007).  Between ~1.60 Ga and ~1.48 Ga 

Laurentia underwent a period of quiescence (Whitmeyer and Karlstrom, 2007; Doe et al., 2012; 

Aronoff, 2015).  

At ~1.4 Ga, granitoids, such as the Mount Evans and Silver Plume batholiths were 

emplaced (figure 2.1).  These granitoids were emplaced in a broad belt spanning from the 

southwestern United States through the Baltic shield (Van Schmus et al., 1996; Windley, 1993; 

Karlstrom and Humphreys, 1998).  These emplacements occurred in two distinct events from 

~1.49 Ga to ~1.41 Ga, and ~1.41 Ga to ~1.34 Ga (Whitmeyer and Karlstrom, 2007). 

Geochemistry of both age groups of granite range from peraluminous to metaluminous 

(Thompson and Barnes, 1999; Whitmeyer and Karlstrom, 2007).  These emplacements have 

commonly been interpreted as anorogenic (Karlstrom and Bowring, 1988; Nyman et al., 1994; 

Williams and Karlstrom, 1996; Shaw and Karlstrom, 1999; Larson and Sharp, 2005; Whitmeyer 

and Karlstrom, 2007; Aronoff, 2015).  However, episodes of deformation and metamorphism are 

now recognized in parts of New Mexico, Arizona and Colorado at these times of pluton 

emplacements (McCoy, 2001; Daniel and Pyle, 2006; Jones et al. 2011; Shah and Bell., 2012; 

Doe et al., 2013; Daniel et al., 2013; Mahan et al., 2013; Mako, 2014; Aronoff, 2015; Lytle, 

2016).  

The Picuris orogeny was the result of convergence along North America’s southern 

margin from ~1.5 Ga to ~1.4 Ga (Daniel and Pyle, 2006; Aronoff, 2015).  While this was a 



	 	5 

progressive tectonic event, the convergence of North America’s southern margin has been 

divided into two orogenies based on region.  The Pinware orogeny took place from ~1.51 Ga to 

~1.46 Ga and involved convergence and subduction within the proto-Grenville province in 

Labrador and eastern Quebec (Gower and Krogh, 2002; Aronoff et al., 2012).  The Picuris 

orogeny took place in northern New Mexico from ~1.48 Ga to ~1.35 Ga, and involved 

convergence and possible collision between Laurentia and juvenile crust along the southern 

margin of Laurentia (Aronoff, 2015).  This created shortening and thickening of Paleo- and 

Mesoproterozoic rocks (Daniel and Pyle, 2006; Daniel et al., 2013; Aronoff, 2015; Lytle, 2016). 

Recently, this orogeny has become much more recognized in parts of northern New Mexico, 

southern Arizona, and central Colorado (McCoy et al., 2001; Daniel and Pyle, 2006; Jones et al. 

2011; Shah and Bell., 2012; Doe et al., 2013; Daniel et al., 2013; Mahan et al., 2013; Mako, 

2014; Aronoff, 2015; Lytle, 2016).  Widespread ~1.4 Ga folds and shear zones have been 

recognized in northern New Mexico in the Picuris and Tusas mountains, in the Wet Mountain 

range in southern Colorado, in Big Thompson Canyon, in and adjacent to the Idaho Springs-

Ralston Shear Zone in north-central Colorado, and in the Yankee Joe and Blackjack formations 

in southern Arizona (figure 1.1; Kopera, 2002; Daniel and Pyle, 2006; Daniel et al., 2013; Doe et 

al., 2013; Mahan et al., 2013; Aronoff, 2015; Lytle, 2016).  

Mesoproterozoic sedimentary basins in New Mexico and Arizona have also been 

recognized recently (Jones et al., 2011; Doe et al. 2012; Daniel et al., 2013; Doe et al., 2013; 

Mako, 2014).  Mesoproterozoic detrital zircon grains have been discovered in the Marquenas and 

Pilar and Piedra Lumbre Formations of northern New Mexico (Jones et al., 2011; Daniel et al., 

2013).  The youngest zircon age population found in the Marquenas Formation was ~1.45 Ga 

(Jones et al., 2011).  While the minimum age of deposition is not well constrained it was 

interpreted to be ~1.43 Ga based on regional metamorphism and deformation (Jones et al., 2011).  

The Pilar and Piedra Lumbre Formations include interbedded sedimentary and volcanic rocks.  

Deposition of these formations was confined between ~1.49 Ga and ~1.45 Ga based on the 

presence of ~1.49 Ga zircon in a metatuff and the stratigraphic relationship with the Marquenas 

Formation (Daniel et al., 2013).  Zircon ages from the Yankee Joe and Blackjack formations in 

southern Arizona yielded ~1.45 Ga youngest age populations (figure 1.1; Doe et al., 2013).  

Deposition of these rocks were constrained between ~1.47 Ga and ~1.43 Ga based on the 

presence of ~1.47 Ga zircons and a crosscutting relationship with the ~1.43 Ga Ruin Granite.  
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Nearby, in the Four Peaks area in Arizona, metasedimentary rocks with Mesoproterozoic (~1.56 

Ga) detrital zircon were found (Mako, 2014). The timing of this depositional system has been 

interpreted to be between ~1.52 Ga and ~1.49 Ga because of stratigraphic relationships with the 

Yankee Joe Formation (Doe, 2014; Mako, 2014).  A quartzite with ~1.47 Ga detrital zircon was 

found in Defiance, Arizona (Doe et al., 2013).  Deposition of this quartzite was constrained 

between ~1.47 Ga and ~1.45 Ga based on the absence of ~1.45-1.35 Ga zircon in an area where 

~1.45-1.35 Ga granites are extremely common (figure 1.1; Doe et al., 2013).  This is evidence 

for a basin or series of basins that potentially covered Arizona and New Mexico at ~1.45 Ga 

(Jones et al., 2011; Daniel et al., 2013; Doe et al., 2013; Daniel et al., 2013; Mako 2014).  

From ~1.08 Ga to ~1.03 Ga the Grenville orogeny occurred along the southeastern 

margin of Laurentia and resulted in the emplacement of the Pikes Peak Batholith in Colorado 

(figure 2.1; Whitmeyer and Karlstrom, 2007; Guitreau et al., 2016).  Proterozoic deformation 

was overprinted by the Late Cretaceous–Eocene Laramide orogeny (e.g., Kellogg et al., 2008) 

and associated mineralization, and the Oligocene Rio Grande Rift (Kellogg et al., 2008).  The 

Laramide orogeny occurred from ~80 Ma to ~55 Ma and was the result of an oceanic slab 

subducting along the western margin of the continent (English et al., 2003).  Tertiary 

mineralization was concentrated within the Colorado Mineral Belt (Figure 1.1) and may or may 

not have been controlled by Proterozoic structures such as shear zones (Tweto and Simms, 1963; 

Caine et al., 2010; Chapin, 2012).  The latest deformation was localized extension associated 

with the Oligocene and younger Rio Grande Rift (Chapin and Cather, 1994; Caine and Minor, 

2009; Minor et al., 2013).  The Rio Grande Rift is a tectonic feature that trends northward from 

Socorro, New Mexico to Leadville, Colorado and is a manifestation of widespread extension 

within the Colorado Plateau (Minor et al., 2013). 
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CHAPTER 3 

METHODS 

Field work was carried out over a three-month period during the summer of 2017 in the 

southern half of the Mt. Evans 7.5-minute quadrangle.  This area was mapped at a 1:24,000 

scale.  This included recording of rock types, mineral assemblages, mineral percentages, and 

orientations of structures (foliation, mineral lineations, crenulation lineations, fold hinge lines, 

and axial planes).  Fold types and fold asymmetries were also noted.  Orientated samples of 

biotite schist, quartzite, calc-silicate gneiss, amphibolite, and interlayered felsic and hornblende 

gneiss were collected along with 3 non-orientated samples of granite.  One ~20 kg sample of a 

quartzite was taken in order to perform U-Pb detrital zircon analysis. 

 A 1:24,000 geologic map with cross sections was produced.  This map will be published 

through the Colorado Geological Survey (CGS; appendix A).  Both digital and paper base maps 

were used in the field.  Paper maps were used to draw contacts.  Digital maps were used in the 

Avenza map app and the Field Move Clino app.  The Avenza map app was used to take geo-

referenced notes and pictures and the Field Move Clino app was used to take structural 

measurements in the field.  A Breithaupt compass was used to check the Field Move Clino app 

measurements.  ArcGIS was used to digitize the map. 

Thin sections were made in order to analyze mineral assemblages.  From the mapping 

area, 20 samples were selected for thin sections.  Thirteen were oriented samples of biotite schist 

(samples 168, 226, 255, 281, 310, 312, 313, 325, 327, 332, 333, 348, and 349), taken with the 

intentions of finding monazite with clear relations to microstructures in order to perform U-Pb 

LA-ICP-MS dating.  From all rock types in the mapping area, biotite schist was selected for LA-

ICP-MS geochronology because it exhibited well defined structures and was likely to contain a 

large number of monazite grains.  The other seven samples were selected from representative 

rock types from the mapping area in order to create more accurate rock descriptions and to 

constrain their P-T histories.  The selected rock types were the amphibolite (sample Xa353), the 

interlayered felsic and hornblende gneiss (sample Xfh335), the calc-silicate gneiss (sample 

Xhqt345), the quartzite (sample Xqt336), the medium to-coarse grained pink granite (sample 

YgP350), the non-foliated quartz-rich granite (sample YgdM351), and the coarse-grained 

hornblende and biotite granite (sample Yg352) (see section 4.2; figure 4.1).  Thin sections were 

made in the Colorado School of Mines thin section assembly lab by Jae Erickson.  These thin 
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sections were then examined using a petrographic microscope (Leica DM750P polarizing 

microscope) in order to identity mineral assemblages and microstructures.  

From these 13 biotite schist thin sections, 10 samples with well-developed 

microstructures were selected for Automated Mineralogy (AM) analysis in the Geology and 

Geological Engineering Department at the Colorado School of Mines in order to locate monazite. 

Thin sections were first carbon coated then loaded into the TESCAN-VEGA-3 Model LMU VP 

Scanning Electron Microscope (SEM).  Monazite was identified using a bright phase search 

(only minerals with a BSE greater than 60% were recognized) at a 2-micron beam stepping 

interval.  Four biotite schist samples were then selected for BSE analysis based on the alignment 

of monazite to microstructures.  This was done with a Mira3 high-resolution field emission SEM 

(FE-SEM) from TESCAN.  Thin sections were scanned at a working distance of 10 mm using an 

acceleration voltage of 15 kV and a beam intensity of 11 pA.  Through this, microstructural 

relationships of monazite and internal zonations were identified.  

Zircon U-Pb geochronology was conducted on one quartzite.  Zircon from the quartzite 

was retrieved at Colorado School of Mines through conventional crushing and grinding methods, 

the use of a Wilfley
TM

 table, heavy liquids (lithium metatungstate), and a Frantz
TM

 magnetic 

separator.  Zircon from the remaining split of grains were then picked by hand.  These zircon 

grains were then mounted into an epoxy mount at the USGS.  The mount was then sanded down 

to a depth of ~20 microns and polished.  Cathodoluminescence images were then taken at the 

USGS using a JEOL 5800 scanning electron microscope at the USGS Microbeam Laboratory in 

Denver.   

All U-Pb geochronology on zircon from the quartzite and monazite from biotite schist 

was conducted at the United States Geological Survey (USGS) Geology, Geophysics, and 

Geochemistry Science Center-Plasma Lab in Denver, CO.  In situ-monazite U-Pb laser ablation 

inductively coupled mass spectrometry (LA-ICP-MS) analyses were conducted using a Photon 

Machines Excite™ 193 nm ArF excimer laser that was coupled to a Nu Instruments AttoM high-

resolution magnetic-sector inductively coupled plasma mass spectrometer in spot mode with a 

repetition rate of 5 Hz, laser energy of ~3 mJ, and an energy density of 4.11 J/cm2.  Nitrogen 

with flow rate of 5.5 mL/min was added to the sample stream to allow for significant reduction 

in ThO+/Th+ (<0.5%) and improved the ionization of refractory Th (Hu et al.,2008).  
202

Hg, 

204
(Hg+Pb), 

206
Pb, 

207
Pb, 

208
Pb, 

235
U, and 

238
U isotope mass peaks were measured.  Raw data was 
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reduced by using the Iolite™ 2.5 program (Paton et al., 2011).  Monazite 44069 (Aleinikoff et 

al., 2006) was used as an external reference material.  The reference material was analyzed after 

every five spot analyses of monazite.  LA-ICP-MS zircon analysis was conducted using mostly 

the same procedure as the monazite, but with 150 total bursts for zircon, a spot size of ~25 µm, 

and using the primary zircon reference material Temora2 (417 Ma; Black et al., 2004) and 

secondary reference materials FC-1 (Paces and Miller, 1999), and Plešovice (337 Ma, Sláma et 

al., 2008).  All raw data from the monazite and the zircon was reduced using the Iolite™ 2.5 

program (Paton et al., 2011), and then subsequently reduced and plotted using Isoplot4.15 

(Ludwig, 2012).  
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CHAPTER 4 

RESULTS 

4.1 Rock Descriptions 

 The mapping area is mainly composed of metasedimentary and metaigneous rocks that 

are Paleo- or Mesoproterozoic in age, along with intrusive granitoid rocks that are most likely 

Mesoproterozoic in age.  Metamorphic rocks found in this area include mafic to intermediate 

gneiss, granitic gneiss, quartzite, calc-silicate gneiss, amphibolite and biotite-sillimanite schist.  

The presence of local sillimanite and partial melt indicate that peak metamorphism occurred 

under upper amphibolite facies conditions.  All mineral percentages are listed in Table 4.1 and 

4.2 unless there is significant variation throughout the unit. 

 

Table 4.1. Rock unit descriptions of Mesoproterozoic intrusive rocks.  

Abbreviation Name Description 

YgP Granite (Middle 

Proterozoic) 

Pink to light gray, medium to coarse-grained 

porphyritic granite with locally variable 

amounts of biotite and hornblende. Consistent 

with the description of the Pikes Peak granite, 

dated by Unruh et al. (1995) at 1,074 ± Ma and 

1,092 ± Ma.  

Yg Porphyritic biotite-

muscovite granite 

(Middle Proterozoic) 

Light gray to pink in color, porphyritic with 

local muscovite. Contains 35% quartz, 30% pink 

feldspar, 30% white feldspar, <3% hornblende, 

and <3% biotite. Similar porphyritic 

peraluminous granite has a U-Pb zircon age of 

1,424 ± Ma (W.R. Premo, unpublished data). 

YgdM Granodiorite (Middle 

Proterozoic) 

Gray, medium to coarse grained, massive to 

strongly foliated, porphyritic biotite-granodiorite 

with variable hornblende and minor magnetite. 

U-Pb zircon date is 1,442 ± 2 Ma (Aleinikoff et 

al., 1993). 

YgR Monzogranite (Middle 

Proterozoic) 

Pink, coarse-granite, equigranular to porphyritic 

monzogranite with minor, locally variable 

amounts of biotite. U-Pb zircon date is 1,448 ± 9 

Ma (Aleinikoff et al., 1993). 

YXp Pegmatite and aplite 

(Middle Proterozoic) 

Aplite is equigranular and leucocratic.  

Grain size of around 0.1 cm. Light pink to pink 

in color. Contains 50% pink feldspar, 40% 

quartz, 9% white feldspar, and trace amounts of 

biotite and muscovite. No foliation present. 

Occurs commonly in small dikes, sills, and pods 
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Table 4.1. Continued. 

  (less than 24 meters) throughout the mapping 

area.  

Pegmatite is coarse- to very coarse-grained, white 

to pink and inequigranular, and has a similar 

mineral composition to the aplite. 

 

Table 4.2. Rock unit descriptions of Proterozoic metamorphic rocks.  

Abbreviations Name Description 

Xqt  Quartzite (Early to 

Middle? Proterozoic) 

Light gray to dark gray in color, with 96% 

quartz, <3% pyroxene, and <2% hornblende, and 

trace amounts of apatite, muscovite, chlorite. 

Well foliated. Found in a metasedimentary 

package with calc-silicate gneiss, amphibolite, 

and biotite schist. 

Xhqt Calc-silicate gneiss 

(Early? Proterozoic) 

Greenish-black to greenish-white and greenish-

gray gneiss.  Consists of clinopyroxene, 

hornblende, and calcite contains minor garnet 

and titanite. Unit contains layers of white to 

light-gray marble. Strongly foliated and folded. 

Locally altered zones including epidote are 

present. Unit is interlayered with biotite quartz 

schist (Xbq) and felsic hornblende gneiss (Xfh). 

Xbq Biotite-quartz-

sillimanite schist (Early? 

Proterozoic) 

Light gray to black, fine-to medium-grained 

schist containing biotite, quartz and microcline 

with locally abundant sillimanite and minor 

garnet, prograde muscovite and plagioclase. Unit 

is interlayered with fine-grained pink granite, 

hornblende granite, and mafic/heterogeneous 

gneiss. Isoclinal to open folds are common. 

Throughout the mapping area the unit contains 

abundant amounts of lenses, pods, sills and dikes 

of Ylp Yfp and Yxp.  

Xgg Granitic gneiss (Early? 

Proterozoic) 

Pink to gray, gneissose unit composed of 

approximately 33% quartz, 30% pink feldspar, 

31% white feldspar, <3% hornblende, and <3% 

biotite with local black to dark green, fine to 

medium-grained amphibolite.  

Xfh Interlayered felsic and 

hornblende gneiss 

(Early? Proterozoic) 

Grayish black to light pink, fine to medium 

grained gneiss containing hornblende, 

clinopyroxene, plagioclase, orthoclase, 

microcline and quartz. Local variations in 

mineral content occur, which cause the color 

differences. Isoclinal to open folds are common. 

This unit is strongly foliated and layered. 

Layering ranges from 1 to 5cm in thickness.  
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Table 4.2. Continued 

  Weathering results in a gray-pinkish color to a 

black-and white mottled texture. 

Xa Amphibolite (Early? 

Proterozoic) 

Dark gray to black foliated amphibolite, 

interlayered with biotite-sillimanite schist. 

Consists of 80% amphibole, 19% plagioclase 

feldspar and 1% biotite. 

 

4.2 Structural Geology 

The most pervasive structures found in this area are foliations and isoclinal folds (D1). 

These folds are folded by cm- to m-scale folds with northerly plunging fold hinge lines (D2), 

with mm- to cm- parasitic s- and z-folds present on limbs (figure 4.1; see page 13).  All of these 

structures are cross cut by felsic to intermediate intrusive rocks (figure 4.1; see page 13).  

Field mapping and structural analysis revealed three ductile deformation events with a 

potential fourth.  D1 consists of mm- to half meter-scale isoclinal folds (F1) throughout the 

mapping area.  F1 fold hinge lines generally plunge shallowly to moderately to the north (figure 

4.2a; see page 14).  F1 axial planes contain significant scatter, but are generally NE-striking 

(figure 4.2b; see page 14).  The scatter is a result of subsequent folding.  Poles to S1 (the first 

tectonic fabric) lie along a great circle, and the pole of that great circle is parallel to the F2 fold 

hinge lines (figure 4.2c, 4.3a; see page 14).   

F1 folds are overprinted by isoclinal to open cm- to m- scale F2 folds with northerly-

plunging fold hinge lines (figure 4.3a; see page 15).  Mm-scale (present in thin sections) to cm-

scale parasitic s-and z-folds are present on fold limbs.  Poles to F2 axial planes plot along a great 

circle suggesting a third generation of folds (F3) plunging moderately to the NNE (figure 4.3b; 

see page 15).  F3 folds were not observed in the field area and were interpreted solely based on 

the girdle of poles to F2 axial planes.  The fourth generation structures consist of upright folds 

with shallowly E-plunging fold hinge lines (figure 4.4; see page 15).  These folds were not 

pervasive throughout the mapping area and only present in the biotite schist towards the very 

north and south of the map.  Structural data are consistent throughout the map area and are 

therefore not divided into separate structural domains.  The youngest rocks, which are mainly 

granodiorite and various types of fine- to coarse-grained granite, are largely undeformed but 

contain local flow foliations parallel to contacts.   
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Figure 4.1. Simplified geologic map of the southern half of the Mount Evans 7.5-minute 

quadrangle with representative structural data and a cross section showing representative 

structures.  Location of samples collected for thin sections are indicated in red (for exact UTM 

coordinates see appendix B). 
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Figure 4.2. Equal-area lower hemisphere projection of structures related to D1. (a) F1 fold hinge 

lines. (b) Poles to F1 axial planes. (c) Poles to S1 foliation with best-fit great circle, with pole to 

best-fit great circle in red. (d) Picture showing F1 folds in the interlayered felsic and hornblende 

gneiss.  
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Figure 4.3. Equal-area lower hemisphere projection of F2 fold hinge lines (a), and poles to F2 

axial planes with best fit great circle, and pole to best fit great circle in red (b).  (c) Picture 

showing F2 folds in the biotite schist.  

 

 

 
Figure 4.4. Equal-area lower hemisphere projection of F4 fold hinge lines. 
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Throughout the mapping area some rock types exhibited structures better than others. 

While D1 (isoclinal folds) was present in both the biotite schist and the interlayered felsic and 

hornblende gneiss, D1 was much more pervasive in the interlayered felsic and hornblende gneiss. 

D2 was present in all metaigneous and metasedimentary rocks except the granitic gneiss.  D4 was 

only present in the biotite schist towards the very north and south of the map.  The granitic 

gneiss only exhibited strong foliation.  It is unclear if the granitic gneiss was folded because only 

one outcrop of granitic gneiss (towards the north of the map) was in place, while the rest was 

mapped as float, in areas where this was largely in place.   

4.3 Petrology  

All thirteen thin sections from the biotite schist show similar amphibolite facies 

metamorphic mineral assemblages and contain quartz, feldspar, biotite, and variable amounts of 

sillimanite (fibrolite).  The main S1 foliation consists of biotite and sillimanite cleavage domains 

separated by quartz and feldspar microlithons (figure 4.5).  The sillimanite grew by the reaction 

of muscovite + quartz = sillimanite + K-feldspar + H2O (figures 4.5; 4.7d).  The subsolidus 

breakdown of muscovite to K-feldspar implies mid-crustal pressures (4 kbar) (Johannes and 

Holtz, 2012).  That coupled with the presence of sillimanite implies temperatures of 500-700°C.  

Garnet is present in sample 281 and minor secondary muscovite (based on muscovite 

overgrowing biotite) is present in sample 332 (figure 4.7e,f).  All samples were cut perpendicular 

to N-S trending F2 folds (the latest penetrative ductile structure).  All thin sections of the biotite 

schist contain a first foliation defined by sillimanite and biotite, which is folded by F2 folds.  The 

second foliation is defined by biotite and axial planar to F2 (figure 4.8).  
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Figure 4.5. A simple petrogenetic grid of the KASH system from Spear et al. (1999). The 

reaction muscovite + quartz = sillimanite + K-feldspar + H2O is outlined in blue. 

 

 
 

Figure 4.6. Transmitted light thin section scan of the biotite schist (sample 312) showing biotite-

sillimanite cleavage domains separated by quartz-feldspar-rich microlithons.  
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Figure 4.7. Thin section images of biotite schist (all mineral abbreviations are from Whitney and 

Evans, 2010). (a) Sample 255 showing the foliation in cross polarized light (XPL). (b) 

Quartzofeldspathic microlithon in XPL in sample 281. (c) A reaction texture in sample 332 of 

muscovite breaking down to sillimanite in XPL. (d) Muscovite in sample 332 breaking down to 

sillimanite in XPL. (e) Sample 332 showing secondary muscovite in XPL growing around 

biotite. (f) Garnet in plane polarized light (PPL) in sample 281.  

 

 

 
Figure 4.8. Thin section images of biotite schist (sample Xb312). (a) Early foliation (S1) that has 

been folded by N-S trending folds and a second foliation (S2) axial planar to F2 and overprinting 

S1 in XPL. (b) S1 and S2 in (PPL).  

 

 

The amphibolite (sample Xa353) contains 60% hornblende, 37% feldspar (mostly 

plagioclase based on twinning), 3% quartz, and trace amounts of opaques.  The opaques are 
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magnetite (based on the cubic shape, anisotropy in cross polarized light (XPL), and color under 

reflected light), ilmenite (based on color and isotropy in XPL and color under reflected light), 

and rutile (based on the red color).  Grain sizes of all minerals are homogeneous and are ~100-

400µm.  There are no retrograde/prograde textures in the amphibolite (figure 4.9).  

 

 

 
Figure 4.9. Thin section images of the amphibolite (Xa353) showing the representative mineral 

assemblage of hornblende, quartz and plagioclase in (a) XPL and (b) PPL. 

 

 

The interlayered felsic and hornblende gneiss (sample Xfh335) is heterogeneous in 

composition. The thin section taken of this unit contains one foliation defined by two types of 

compositional bands. This thin section was cut with the purpose to determine the different 

minerals of each band (figure 4.10).  The first band contains primary hornblende, plagioclase, 

quartz, K-feldspar, epidote and rutile, and the second band contains clinopyroxene, quartz, 

plagioclase, titanite, primary hornblende, and secondary idioblastic hornblende (post pyroxene 

growth based on pyroxene inclusions in the amphibole) (figure 4.11e,f) with trace amounts of 

opaques (figure 4.11a,b,c,d).  Grain sizes of all minerals are heterogeneous and are ~100-600µm 

in this thin section.  
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Figure 4.10. Transmitted light thin section scan of the interlayered felsic and hornblende gneiss 

(sample Xfh335) showing two different compositional bands.  

 
Figure 4.11. Thin section images of the interlayered felsic and hornblende gneiss (sample 

Xfh335). (a) Compositional band 1 in XPL. (b) Compositional band 1 in PPL. (c) Compositional 

band 2 in XPL. (d) Compositional band 2 in PPL. (e) Amphibole overgrowing pyroxene in XPL. 

(f) Amphibole overgrowing pyroxene in PPL. 
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The calc-silicate gneiss (sample Xhqt345) contains two main compositional bands that 

form the foliation (figure 4.12).  The first band contains epidote, quartz, clinopyroxene, and 

titanite and the second contains quartz, feldspar and calcite (figure 4.13a,b).  There is also an 

intermediate mineral assemblage with minerals from both compositional bands between the two 

bands.  Garnet, possibly andradite (Ca-rich garnet) based on the orange color in plain polarized 

light (PPL), is also present (figure 4.13f,g).  The quartz shows undulose extinction and variable 

grain sizes that are ~300-450µm in this thin section (figure 4.13e).    

 

 
Figure 4.12. Transmitted light thin section scan of the calc-silicate gneiss (sample Xhqt345) 

showing two different compositional bands and garnet. 
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Figure 4.13. Thin section images of the calc-silicate gneiss (sample Xhqt345). (a) Compositional 

band 1 in PPL.  (b) Compositional band 1 in XPL. (c) An intermediate mineral assemblage of 

compositional band 1 and compositional band 2 containing clinopyroxene, K-feldspar, and 

quartz in PPL. (d) An intermediate mineral assemblage of compositional band 1 and 

compositional band 2 containing clinopyroxene, K-feldspar, and quartz in XPL. (e) 

Compositional band 2 and garnet in XPL. (f) Compositional band 2 and garnet in PPL. (g) 

Garnet in PPL.   

 

 

The quartzite (sample Xqt336) contains 94% quartz grains, 4% opaques that are most 

likely ilmenite (based on color and isotropy in reflected light), magnetite (based on anisotropy in 

XPL under reflected light and cubic shape), 2% apatite, and trace amounts of broken down 

muscovite, and biotite, along with secondary chlorite replacing biotite (figure 4.14a,b).  The 

larger quartz grains show undulose extinction and high-temperature grain boundary migration 

microstructures while the medium grains are the product of subgrain rotation recrystallization, 
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and the smallest grains are the product of bulging recrystallization (figure 4.14,d).  The opaques 

are inclusions in quartz crystals and are generally aligned with the biotite-muscovite-quartz 

foliation (figure 4.14e).  All grain sizes are between ~50µm and 1mm.  Because of the large 

grain size of quartz, the quartz foliation is difficult to observe in thin section.  

 

 
Figure 4.14. Images of quartzite (sample Xqt336) in thin section.  (a) Chlorite replacing biotite in 

XPL. (b) Chlorite replacing biotite in PPL. (c) Quartz with undulose extinction and subgrain 

rotation recrystallization in PPL. (d) Quartz with bulging recrystallization in XPL. (e) Opaques 

aligned with foliation in XPL.  

 

 

Sample YgdM351 is an S-type granite that contains 50% quartz grains that are ~400µm-

1mm, 48% microcline that are ~400µm-1.5mm, <1% muscovite, <1% biotite, <1% apatite, 

minor zircon, and sillimanite in muscovite.  This is the result of muscovite forming around 

sillimanite as part of a retrograde reaction (figure 4.15). 
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Figure 4.15. Thin section images of the non-foliated quartz-rich granite (sample Yglh351). (a) 

Sillimanite in muscovite in PPL. (b) Sillimanite in muscovite in XPL.   

 

 

 

Sample YgP350 is a medium to-coarse grained pink granite and contains 60% perthitic 

K-feldspar with exsolution lamellae, 40% quartz, and minor amounts of muscovite.  The grain 

sizes in this sample are ~200µm-2cm, with a mean grain size of ~1cm.  The largest quartz grains 

show undulose extinction and high temperature grain boundary migration, the medium size 

quartz grains were formed by subgrain rotation recrystallization, and the smaller quartz grains 

were formed through bulging recrystallization (figure 4.16).   

 
Figure 4.16. Images of the medium- to coarse-grained pink granite (sample Ylp350) in thin 

section. (a) Perthitic feldspar in XPL. (b) Bulging recrystallization of quartz in XPL.  (c) 

Subgrain rotation recrystallization in XPL. 

 

 

Sample Yg352 is an I-type granite and contains 45% quartz, 45% feldspar (most likely 

plagioclase based on twinning), 4% biotite (Mg rich based on color), 3% hornblende and minor 
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epidote (allanite based on the pink brown color) (figure 4.17a,b).  The grain sizes are ~50µm-

1cm.  The quartz shows undulose extinction (figure 4.17c).   

 

 
Figure 4.17. Thin section images of the coarse-grained hornblende and biotite granite (sample 

Yg352). (a) Biotite, plagioclase, hornblende and quartz in XPL. (b) Biotite, plagioclase, 

hornblende and quartz in PPL.  

 

 

4.4 U-Pb Isotope Data 

Zircon from the quartzite and monazite from the biotite schist was selected for U-Pb LA-

ICP-MS dating.  Zircon in quartzite was dated to constrain the maximum age of deposition of the 

quartzite, its provenance, and its age of metamorphism.  Zircon was separated from the quartzite 

to obtain a large number of grains needed for detrital zircon geochronology.  U-Pb LA-ICP-MS 

analysis of monazite in biotite schist was conducted in situ so that monazite with clear relations 

to microstructures such as foliations or fold axial planar cleavage, and monazite inclusions could 

be dated.  Only data that is less than 10% discordant and shows less than 10% uncertainty was 

used for both the zircon and the monazite data interpretation.  All ages reported are weighted 

averages of 
207

Pb/
206

Pb ages unless otherwise stated. 

In the quartzite sample (Qzt366) 119 spot analyses were obtained on zircons grains.  Of 

those 90 were concordant (figure 4.18a,b; appendices E,F).  The 
207

Pb/
206

Pb ages can be divided 

into three populations and a single analysis.  They are a single 1940 ± 140 Ma grain, a ~1810-
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1607 Ma population, which comprises 59 analyses, a ~1492-1378 Ma population, which 

comprises 26 analyses, and a ~1565-1530 Ma population, which comprises 4 analyses. Weighted 

average of 
207

Pb/
206

Pb ages are 1558 ± 36 Ma (MSWD = 0.091; N=4) for the ~1559-1565 Ma 

population, and 1436 ± 10 Ma (MSWD = 1.5; N=26) for the youngest population (figure 4.19).  

A weighted average was not taken for the ~1810-1607 Ma age population because a float bar 

chart (figure 4.19) with 2σ error shows a spread of ages at ~1810-1607 Ma and not a single 

population. 

 

Figure 4.18. U-Pb LA-ICP-MS zircon data from a quartzite (sample Qzt 366) in the south-central 

part of the mapping area (figure 4.5). (a) Concordia diagram with 2σ error ellipses. Spots that are 

<10% discordant are depicted in solid black ellipses and spots that are >10% discordant are 

depicted with gray ellipses. (b) Relative probability diagram. (c) Th/U ratios plotted against age 

(Ma). 
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Figure 4.19. Float bar chart with weighted averages of 
207

Pb/
206

Pb ages of zircon from the 

quartzite (sample Qzt366) based on data that was less than 10% discordant. The 1940 Ma grain 

is shown in red. Ages between 1810 Ma and 1607 Ma are shown in gray, ages between 1565 Ma 

and 1530 Ma are shown in blue, and ages between 1492 Ma and 1378 Ma are shown in black.   

 

 

A variety of grains was analyzed, such as those with oscillatory zoning, cores and rims, 

or no zoning (figure 4.20; appendix G).  Detrital zircon grain sizes range from 25 µm to 270 µm 

in length with grain shapes that are euhedral to anhedral.  Grains with multiple growth domains 

characterized by oscillatory zoning are interpreted as representing successive stages of magmatic 

growth, while unzoned anhedral grains are interpreted as reflecting metamorphic growth (figure 

4.20).  Both of these textures are present in both the oldest and youngest age populations (figure 

4.20).  Some ~1.44 Ga zircon exhibited ~1.44 Ga cores and rims that are too narrow to analyze 
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(figure 4.21).  In general, there is no clear relationship between 
207

Pb/
206

Pb ages, Th/U ratios, and 

zoning.  Of all concordant spot analyses 15% yielded Th/U ratios > 0.1% and 85% yielded Th/U 

ratios <0.1%.  In general, Th/U ratios for younger zircons (~1.4 Ga) are <0.1 while Th/U ratios 

for older zircons (~1.9-1.5 Ga) are in part also <0.1%, but also contain some Th/U ratios greater 

than 0.1 (figure 4.18c). 

 

Figure 4.20. Representative cathodoluminescence (CL) images of detrital zircon grains analyzed 

from a quartzite sample (sample Qzt366) sorted by age from youngest to oldest. The sample 

number, % discordance, Th/U ratio, and 
207

Pb/
206

Pb age in Ma with 2σ uncertainty for each 

zircon grain are indicated. The area where the analysis was taken is indicated by a red circle.  

 

 

Figure 4.21. CL images showing ~1.44 Ga zircon with core rim relationships.  The red circle 

indicates the location of spot analyses.  

 

 

Ten thin sections of biotite schist were selected for automated mineralogy analysis (bright 

phase scan) in order to determine abundance and location of monazite (appendix D).  Four thin 

sections (samples 312, 255, 281, 332) were selected for BSE analysis and U-Pb monazite LA-
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ICP-MS geochronology based on clear relationships between monazite grains and 

microstructures (appendices E,F). 

In sample 255, 30 spot analyses were obtained from 12 monazite grains.  From those 30, 

21 were <10% discordant (figure 4.22a, appendices E;F).  The 
207

Pb/
206

Pb ages range from 1663 

to 1398 Ma. A Concordia and relative probability diagram suggests there is a younger age 

population with normal distribution (~1.4 Ga) (figure 4.22a,b).  A float bar chart of all monazite 

ages suggests monazites older than 1460 Ma experienced continuous growth (figure 4.23a). 

Because of this, the spot analyses were separated into two groups; the first group comprises spots 

older than 1460 Ma, and the second group comprises spots younger than 1460 Ma.  The younger 

group yielded a weighted average 
207

Pb/
206

Pb age of 1425 ± 14 Ma (MSWD = 1.5; N=8) (figure 

4.23a).  A weighted average was not calculated for the older group.  

All grains analyzed were anhedral to subhedral and were located within quartz and biotite 

grains (figure 4.24, appendix G).  All grains were aligned along the S1 foliation that was refolded 

by N-S trending F2 folds, except for grain 255_1 (figure 4.24a,b).  Grain 255_1 is a large 

anhedral inclusion in quartz, and yielded a 
207

Pb/
206

Pb age of 1403 ± 32 Ma.  No relationship was 

found between grain size and age, or between age and relationship with adjacent minerals.  

Multiple analyses were conducted on the same grain.  Five grains showed different ages from 

multiple spots (255_24, 255_25, 255_29, 255_34, 255_5) (appendix G).  However, none of these 

grains exhibited core and rim overgrowth relationships. 
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Figure 4.22. Data collected for all LA-ICP-MS spots analyzed on each of the biotite schist 

samples. The concordia diagrams shows 2σ error ellipses. Spots that are <10% discordant are in 

black and those that are >10% discordant in gray. Ellipses and spots that are >10% discordant are 

depicted with gray dashed ellipses. Concordia diagrams (a,c,e,g) and relative probability 

diagrams (b,d,f,h) are for samples 255, 312, 281 and 332, respectively.  
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Figure 4.23. Float bar charts with weighted averages of 
207

Pb/
206

Pb ages of monazite from the 

biotite schist based on data that was less than 10% discordant. (a) Sample 255; ages older than 

1500 Ma are shown in black, and ages younger than 1500 Ma are shown in gray. (b) Sample 312; 

ages older than 1480 Ma are shown in black and ages younger than 1480 Ma are shown in gray. 

(c) Sample 281; ages older than 1490 Ma are shown in black, ages younger than 1490 Ma are 

shown in gray, and ages taken from a monazite inclusion (281_17) in garnet are shown in red. 

(d) Sample 332; ages older than 1700 Ma are shown in dark blue, ages between 1606-1677 Ma 

are shown in black, and ages younger than 1600 Ma are shown in gray.   
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Figure 4.24. BSE images showing representative textural relationships of dated monazite in 

sample 255.  The red arrows point to the monazite grain of interest.  (a-b) Grain 255_1 is an 

anhedral inclusion. (c-d) Grain 255_7 is an elongated anhedral grain aligned with foliation that 

has been refolded by N-S trending F2 folds. (e-f) Grain 255_19 is an elongated anhedral grain 

aligned with foliation that has been refolded by N-S trending F2 folds.  

 

 

From 11 monazite grains in sample 312, 23 spot analyses were obtained.  From those 23 

spot analyses, 17 were <10% discordant (figure 4.22c,d; appendices E,F).  The ages obtained 

from this sample range from 1652 Ma to 1396 Ma.  A Concordia, relative probability diagram, 

and float bar chart suggest an age group with a normal distribution between 1473 Ma and 1396 

Ma, while older monazite experienced continuous crystallization (figure 4.22c,d).  Based on this 

the data was separated into two groups; one older than 1480 Ma and one younger than 1480 Ma.  

The younger group yielded a weighted average 
207

Pb/
206

Pb age of 1425 ± 13 Ma (MSWD = 1.4; 
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N=14) (figure 4.23b).  No weighted average was obtained from the older group. From 11 grains, 

4 grains (312_5, 312_40, 312_41, 312_56) were aligned with S1, 4 grains (312_1, 312_47, 

312_36, 312_54) were inclusions in biotite and quartz, and 3 grains (312_9, 312_23, 312_11) 

were subparallel to S2, but not along an S2 foliation plane (appendix G).  Grain 312_11 is more 

poikiloblastic than others (figure 4.25a,b).  All grains were anhedral to subhedral. No 

relationships were found between age and grain size, age and metamorphic assemblage, or age 

and structural setting.  Multiple spot analyses taken from single grains yielded similar 
207

Pb/
206

Pb 

ages. 

In sample 281, 27 spot analyses were obtained from 11 monazite grains.  None of the 

spot analyses were >10% discordant (figure 4.22e,f; appendices E,F).  The ages in this sample 

range from 1749 Ma to 1347 Ma.  Based on a float bar chart the data was split into two age 

groups; one older than 1490 Ma and one younger than 1490 Ma (figure 4.23c).  The weighted 

average of spots younger than 1490 Ma yields a 
207

Pb/
206

Pb age of 1425 ± 13 Ma (MSWD of 

0.74; N=23) (figure 4.23c).  No weighted average was obtained from spots older than 1490 Ma.  

From the 11 monazite grains, 1 (281_17) was an inclusion in garnet, 2 (281_10, 281_1) 

were adjacent to garnet, 5 (281_20, 281_5, 281_3, 281_33, 281_27) were inclusions in biotite or 

quartz, and 3 (281_n58, 281_25, 281_40) were aligned along foliation that has been refolded 

(figure 4.26; appendix G).  The grains in this sample were mostly anhedral, with the exception of 

a few, and about half the grains were more poikiloblastic or more broken than in the other 

samples (figure 4.26).  Generally, ages obtained from the same grain yielded similar 
207

Pb/
206

Pb 

ages with the exception of one grain (281_5) (figure 4.26g,h).  Analysis 281_5.3 yielded a 

207
Pb/

206
Pb age of 1533 ± 90 Ma, analysis 281_5.2 yielded a 

207
Pb/

206
Pb age of 1425 ± 88 Ma, 

and, analysis 281_5.1 yielded a 
207

Pb/
206

Pb age of 1370 ± 86 Ma.  This combined with zoning 

exhibited in this grain can be interpreted as successive stages of growth in this grain.  
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Figure 4.25. BSE images showing representative textural relationships of dated monazite in 

sample 312.  The red arrow points to the monazite grain of interest. Two different magnifications 

are shown for each monazite grain. (a-b) Grain 312_11 is an elongated subhedral grain aligned 

with axial planar cleavage. The black dashed line highlights the axial planar cleavage. (c-d) 

Grain 312_1 is an anhedral inclusion in quartz.  (e-f) Grain 312_23 is an elongated anhedral 

grain aligned with axial planar cleavage.  The black dashed line highlights the axial planar 

cleavage. (g-h) Grain 312_5 is an elongated subhedral grain aligned with foliation that has been 

refolded by N-S trending F2 folds.  
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Figure 4.26. BSE images showing representative textural relationships of dated monazite in 

sample 281.  The red arrow points to the monazite grain of interest.  Two different 

magnifications are shown for two of the monazite grains.  (a) Grain 281_17 is a euhedral 

inclusion in garnet. (b) Grain 281_1 is an anhedral grain adjacent to garnet. (c-d) Grain 281_33 is 

a subhedral inclusion. (e-f) Grain 281_n58 is an elongated anhedral grain aligned with foliation 

that has been refolded by N-S trending F2 folds. (g) High contrast BSE image of grain 281_5 

showing zoning. The zoning is outlined with a dashed black line. (h) Age and location of each 

spot analysis taken from grain 281_5.  

 

 

In sample 332, 30 spot analyses were obtained from 10 monazite grains.  Of those spot 

analyses, 29 were <10% discordant (figure 4.22g,h; appendices E,F).  Based on a float bar chart 

of all spots, the ages were split into 3 age groups (figure 4.23d).  A weighted average 
207

Pb/
206

Pb 

age of spots older than 1675 Ma is 1727 ± 62 Ma (MSWD = 0.0064; N=2).  A weighted average 

of 
207

Pb/
206

Pb ages between 1675 and 1600 Ma is 1646 ± 23 Ma (MSWD = 0.36; N=13) (figure 
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4.23d).  A third group suggests continuous growth between 1600 Ma and 1334 Ma (figure 

4.23d).  From the 10 grains, 8 (332_5, 332_4, 332_19, 332_9, 332_25, 332_4, 332_1, 332_35) 

were aligned along foliation, and 2 (332_8, 332_7) were in inclusions in biotite (4.27c,d).  

Monazite from this sample was anhedral to subhedral (figure 4.27; appendix G).  In 5 grains 

(332_19, 332_25, 332_4, 332_5, 332_9) ages obtained from the same grain yielded ages that did 

not belong in the same age population.  From these five grains core and rim overgrowths were 

visible in two grains (332_25, 332_9) (figure 4.27e-h).  

 

 

Figure 4.27. BSE images showing representative textural relationships of dated monazite in 

sample 332.  The red arrow points to the monazite grain of interest. Two different magnifications 

are shown for two of the monazite grains.  (a-b) Grain 332_4 is an elongated anhedral grain 

aligned with foliation that has been refolded by N-S trending F2 folds.  (c-d) Grain 332_7 is an 

anhedral inclusion in biotite. (e) High contrast BSE image of grain 332_25 showing a core and 

rim relationship. The core is outlined with a black dashed line. (f) Ages and location of all spot 

analysis done on grain 332_25. (g) High contrast BSE image of grain 332_9. The core is outlined 

in a black dashed line. (d) Location and ages of all spot analyses done on grain 322_9.   
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In order to have a comprehensive age analysis for deformation events that affected the 

biotite schist, a concordia diagram, a relative probability diagram, and a float bar chart of all 

207
Pb/

206
Pb ages was created for all monazite data from all analyzed samples (figures 4.28, 4.29).  

Based on these diagrams data was split into four groups; older than 1700 Ma, between 1677 Ma 

and 1485 Ma, between 1476 Ma and 1392 Ma, and younger than 1388 Ma.  All analyses older 

than 1700 Ma yielded a weighted average of 1735 ± 50 Ma (MSWD = 0.09; N=3) (figure 4.29).  

Spot analyses between 1476 Ma and 1392 Ma yielded a 
207

Pb/
206

Pb weighted average of 1425 ± 

8 Ma (MSWD= 0.90; N=41) (figure 4.29).  No weighted average was obtained for the age group 

between 1677 Ma and 1485 Ma or for the age group between 1388 Ma and 1334 Ma, because the 

monazite from both of these age populations appears to have experienced continuous growth. 

 

Figure 4.28. Combination of all monazite data from the biotite schist thin sections. (a) Concordia 

diagram with 2σ error ellipses. Spots that are <10% discordant are depicted in solid black 

ellipses and spots that are >10% discordant are depicted with grey ellipses. (b) Relative 

probability diagram showing all monazite spot ages. 
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Figure 4.29. Float bar chart of 
207

Pb/
206

Pb ages for <10% discordant monazite spots from all 

biotite schist samples. All analyses older than 1700 Ma are shown in dark blue, analyses between 

1677 Ma and 1485 Ma are shown in gray, analyses between 1476 Ma and 1392 Ma and shown in 

black, and analyses younger than 1392 Ma are shown in red.  

 

 

A float bar chart of 
207

Pb/
206

Pb ages with all analyses from the quartzite and analyses 

from all samples of the biotite schist was created in order to visualize how the ages from the 

quartzite and the biotite schist compare to each other (figure 4.30a).  A probability density 

diagram that shows the density curve for both the monazite and the zircon was also created 

(figure 4.30b).  Between ~1.8 Ga and ~1.5 Ga the monazite is generally younger than the zircon, 

with monazite having a high density of ages between ~1.6 Ga and ~1.5 Ga and zircon having a 

high density of ages between ~1.8 Ga and ~1.6 Ga.  This is mirrored between ~1.5 Ga and ~1.3 

Ga, with monazite having a high density of ages at ~1.40 Ga and zircon having a high density of 

ages at ~1.45 Ga (figure 4.30). There is a spread of monazite between 1.33 Ga and 1.39 Ga that 

does not exist for the zircon (figure 4.30).  
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Figure 4.30. (a) Float bar chart of 

207
Pb/

206
Pb ages obtained from the quartzite and all biotite 

schist samples. Monazite are shown in black and zircon are shown in gray. (b) Probability 

density diagram showing both the density curve for the zircon and monazite. The monazite 

density curve is shown in black, and the zircon density curve is shown in gray.  
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CHAPTER 5 

DISCUSSION 

5.1 Structural Geology  

Field mapping revealed evidence for four deformation events in the southern half of the 

Mount Evans quadrangle.  D1 consists of mm to half-meter scale isoclinal folds (F1) with F1 fold 

hinge lines generally plunging moderately to the north.  These folds are overprinted by isoclinal 

to open cm- to m- scale F2 folds with moderately northerly plunging fold hinge lines.  Poles to 

axial planes of F2 plot along a great circle suggesting a third generation of folds (F3) plunging 

moderately to the NNE.  The fourth deformation event consists of non-pervasive open upright E-

trending folds.  These folds are only found in the very north and south of the mapping area.  

Some rock types displayed these deformation events better than others.  While the biotite schist 

exhibited isoclinal folds, D1 was most pervasive in the interlayered felsic and hornblende gneiss.  

D2 was present in all metaigneous and metasedimentary rocks except the granitic gneiss.  D3 was 

interpreted based only on the girdle of F2 axial planes.  D4 was only present in the biotite schist 

towards the south and north of the map.  The granitic gneiss only exhibited strong foliation. 

The restriction of earlier deformation events to specific rock types, while other rocks 

types only record later events, could help refine the depositional sequence in the field area if all 

strain were homogeneously distributed.  However, in this field area the most incompetent rocks 

(interlayered felsic and hornblende gneiss and the biotite schist) display the most deformation.  

The difference in rheology of rock types could have caused strain partitioning, causing specific 

deformation events to affect rocks in this area differently.  Therefore, no conclusions about the 

depositional history based on differences in deformation can be made.  

5.2 Zircon geochronology 

The zircon from the quartzite can be divided into three age populations and a single 

analysis.  They are a single ~1940 Ma grain, a 1810-1607 Ma population, which comprises 59 

analyses, a ~1492-1378 Ma population, which comprises 26 analyses, and a ~1565-1530 Ma 

population, which comprises 4 analyses.  The ~1810-1607 Ma age population represents a spread 

in ages and not a single age population based on a float bar chart and probability density diagram 

(see results section 4.4; figures 4.18,4.19).  The ~1492-1378 Ma age group yielded a weighted 

average of 1436 ± 10 Ma (MSWD = 1.5; N=26).  The ~1565-1530 Ma population yielded a 

weighted average 1558 ± 36 Ma (MSWD= 0.091; N=4).  While the age population at 1558 Ma 
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only consists of 4 analyses, on a float bar chart it appears separate from the ~1492-1378 Ma and 

~1810-1607 Ma age groups (see results section 4.4; figure 4.18).  Because there are only four 

analyses, all with large uncertainties (~85 Ma), it is possible that they are part of the other age 

groups.  Furthermore, the four zircon grains of which these analyses were obtained exhibit cores 

and rims.  Therefore, it is possible that these ages are the result of the mixing of age domains.  Of 

all concordant analyses, 15% yielded Th/U ratios > 0.1% and 85% yielded Th/U ratios <0.1%.  

In general, all Th/U ratios for younger zircons (~1.4 Ga) are <0.1%, while Th/U ratios for older 

zircons (~1.94-1.53 Ga) are mainly <0.1% but also contain Th/U ratios >0.1% (see results 

section 4.4; figure 4.18c). 

It is not clear if the zircon dated from the quartzite is detrital, metamorphic or 

hydrothermal.  If all the zircon is detrital, the maximum age of deposition is the youngest zircon 

population.  Generally, low Th/U ratios in zircon (<0.1) can be an indication of metamorphic 

zircon.  However, low Th/U ratios in zircon may also be a result of competition for Th with high 

Th minerals such as monazite and allanite that may have grown at the same time (Möller et al., 

2003).  This is a result of open system behavior and can occur during the formation of magmatic, 

metamorphic, and hydrothermal zircon.  Likewise, higher Th/U ratios can occur from the 

breakdown of minerals with high Th/U ratios, or competition with high U minerals (Möller et al., 

2003).  Therefore, characterizing zircon as metamorphic solely based on Th/U ratios can lead to 

substantial misinterpretations (Möller et al., 2003).  Also, while examples of magmatic zircon 

with low Th/U ratios are uncommon, they have been previously recognized (e.g., Lopez-Sanchez 

et al., 2015). 

Temperatures for formation of hydrothermal zircon are 300-600 °C (Schaltegger, 2007).  

The latter temperature would be consistent with P-T conditions in the field area.  Zircon 

precipitated from fluid or fluid-saturated melt may also exhibit structures that are typical of 

igneous zircons, such as oscillatory or sector zoning, or of metamorphic zircons (Fu et al., 2009).  

Adjacent to the quartzite, a calc-silicate gneiss shows evidence for metasomatism such as locally 

altered zones including epidote (see results section 4.1).  Proterozoic hydrothermal activity has 

not been recognized in the Colorado Front Range.  However, Tertiary hydrothermal activity is 

well documented, especially throughout the Colorado Mineral Belt.  It is likely that the 

metasomatism in the field area post-dated Proterozoic deposition and metamorphism.  The best 

textural arguments for the hydrothermal origin of a zircon grain are its occurrence in 
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hydrothermal quartz together with other hydrothermal minerals and/or fluid inclusion, and the 

presence of hydrothermal mineral inclusions (Schaltegger, 2007).  None of these are present in 

the quartzite.  Therefore, it is not likely that the zircon in the quartzite is hydrothermal.  

CL images show that some ~1.81-1.61 Ga and ~1.44 Ga zircon contain no oscillatory 

zoning and are anhedral, which suggests metamorphic origins (see results section 4.4; figure 

4.21). There is no relationship between Th/U ratios and zircon texture.  Metamorphic zircon may 

have grown in the quartzite after deposition, or in another rock prior to erosion and deposition 

into the protolith/sediment of the quartzite.  However, some zircon from both the ~1.81-1.61 Ga 

and ~1.44 Ga populations show oscillatory and concentric zoning, which suggests igneous, and 

therefore detrital origins (see results section 4.4; figure 4.21).  It is unlikely that metamorphic 

zircon in a quartzite would show concentric zonations given that there is no evidence for partial 

melt.  Some ~1.44 Ga zircon exhibited core-rim relationships with ~1.44 Ga cores and rims that 

are too narrow to analyze (see results section 4.4; figure 4.22), indicating that the cores formed 

prior to at least the latest metamorphism, also suggesting that the cores may be detrital.  For 

these reasons, it is most likely that all zircon in the quartzite is detrital.  If all the zircon is 

detrital, zircon with a mix of magmatic, metamorphic, and/or hydrothermal origins were 

transported and deposited in a sedimentary basin, buried and metamorphosed, probably between 

~1388 Ma (or earlier) and ~1334 Ma based on monazite ages (see below).  A source for the 

youngest detrital zircon population may be the 1442 ± 2 Ma Mt. Evans batholith, the 1424 ± 6 

Ma Silver Plume batholith and related intrusive rocks (Aleinikoff et al., 1993; du Bray et al., 

2018).  

If the four ~1565-1530 Ma zircon in the analyzed quartzite represent a population, then 

the quartzite was deposited during the Mesoproterozoic.  Potential ~1.6-1.5 Ga sources in 

western Laurentia are rare but include the 1.58-1.57 Ga orthogneiss of the Priest River complex 

in the northwestern United States and the 1.60-1.59 Ga volcanic rocks and diabase in 

northwestern Canada (Van Schmus et al., 1993; Doe et al., 2013), a 1523 Ma ash layer in the 

Trampas group in New Mexico (Daniel et al., 2013), and ~1.49 Ga igneous intrusions in 

Colorado (Tweto, 1987).  Similar ages of detrital zircon were found in Defiance, Arizona the 

Yankee Joe and Blackjack Formations in Arizona, the Four Peaks area in Arizona, and the Tusas 

and Picuris Mountains in New Mexico (Daniel et al., 2013; Doe et al., 2013; Mako et al., 2015).  

These have been interpreted to have originated from formerly adjacent landmasses such as the 
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East Antarctic craton, Australia, Siberia or South China, where ~1.55 Ga zircons are common 

(Goodge et al., 2008; Doe et al., 2013).  It has been suggested that some sedimentary basins in 

Laurentia formed between ~1.5 Ga and ~1.4 Ga.  These basins were fed by low relief rivers that 

deposited exotic detritus from formerly adjacent landmasses onto the Laurentian craton.  These 

may also have been a potential source for the ~1565-1530 Ma zircon in the quartzite. 

5.3 Monazite geochronology  

Monazite grains from the biotite schist were separated into four age groups; between 

~1749 Ma and ~1725 Ma, between ~1677 Ma and ~1485 Ma, between ~1476 Ma and 1392 Ma 

and between ~1388 Ma and ~1334 Ma.  The oldest age group yielded a weighted average of  

1735 ± 50 Ma (MSWD=0.09, N=3) and the ~1476-1392 Ma age group yielded a weighted 

average of 1425 ± 9 (MSWD=0.90; N=41).  The age groups between ~1677 Ma and ~1485 Ma 

and between ~1388 Ma and ~1334 Ma both show a continuous array of ages, which may 

represent continuous metamorphism and deformation.  The age group between ~1677 Ma and 

~1485 Ma shows two main peaks on a probability density diagram (see result section 4.4; figure 

4.31).  The first peak is a larger age peak at ~1.60 Ga and the second is a relatively small age 

peak at ~1.54 Ga.  Metamorphism has not been recognized in Laurentia between ~1.60 Ga and 

~1.50 Ga (e.g. Doe et al., 2013).  Therefore, the ~1.54 Ga peak may be the result of Pb loss in 

older monazite, or the mixing of age domains in monazite that experienced successive stages of 

growth.   

Monazite grains analyzed were either aligned along S1 (the first tectonic fabric), S2 (the 

F2 axial planar foliation), or were inclusions in quartz, biotite, or garnet.  The monazite that was 

in an inclusion in garnet yielded ages of ~1410 Ma and ~1355 Ma.  This suggests that the last 

metamorphism occurred at or after ~1355 Ma. Because there are no clear relationships between 

the age of monazite grains and the relationship of monazite grains to the microstructure of the 

biotite schist no conclusions can be made about the age of specific ductile deformation events.   

Based on these dates there are two possible interpretations for the absolute age of the 

biotite schist. (1) The biotite schist protolith was deposited in the Paleoproterozoic.  The oldest 

age group of monazite (~1.75 Ga) in the biotite schist could be either metamorphic or detrital.  

All other monazites are metamorphic and record subsequent periods of metamorphism that 

affected this area. (2) The biotite schist protolith was deposited during the Mesoproterozoic, and 

was then buried and metamorphosed, similar to the interpretation for the quartzite.  All monazite 
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is detrital, except the youngest ~1.39-1.33 Ga and perhaps the ~1.48-1.39 Ga analyses that 

represent metamorphism. 

Nearby older pelitic rocks that experienced polyphase metamorphism between ~1.8 Ga 

and ~1.4 Ga could be potential source areas for detrital monazite.  Regardless of whether the 

monazite is detrital or metamorphic, it can be interpreted that the biotite schist experienced high 

P-T conditions at ~1.4-1.3 Ga for two reasons.  First, the youngest monazites in the biotite schist 

are ~1.39-1.33 Ga.  If the youngest monazite is detrital and the biotite schist experienced 

metamorphism after the Mesoproterozoic, there would be evidence for a younger metamorphic 

event. Second, sample 281 contained a monazite inclusion in garnet (grain 281_17).  The two 

ages obtained from this grain are 1416 ± 85 Ma and 1355 ± 86 Ma. This means that garnet grade 

metamorphism occurred at or after ~1.4 Ga.  

5.4 Monazite and zircon synthesis  

In order to compare ages from the quartzite and the biotite schist a float bar chart and a 

probability density diagram of 
207

Pb/
206

Pb ages with all analyses from the quartzite and biotite 

schist was created (see results section 4.4; figure 4.30a,b).  The oldest zircon (~1.94 Ga) is older 

than the oldest monazite (~1.74 Ga).  Most zircon ages fall between ~1.81 Ga and ~1.61 Ga 

while most monazite ages fall between ~1.48 Ga and ~1.33 Ga.  On the float bar chart, ~1.81-

1.61 Ga zircon and ~1.67-1.48 Ga monazite show a spread of ages.  There is a small age peak in 

the monazite probability diagram at ~1.54 Ga, and there is a continuous spread of monazite 

grains between ~1.60 Ga and ~1.50 Ga.  This does not exist for the zircon.  There are only four 

zircon ages between ~1.60 Ga and ~1.50 Ga.  Both the monazite and the zircon have populations 

at ~1.4 Ga; the zircon population is 1436 ± 10 Ma and the monazite population is 1425 ± 8 Ma.  

There is a spread of monazite ages between ~1.39 Ga and ~1.33 Ga that does not exist for the 

zircon.  Generally, for both growth periods at ~1.7 Ga and ~1.4 Ga, the monazite ages are 

younger than the zircon ages.  This age relationship suggests the zircon is detrital. If all the 

zircon is metamorphic then the ages of the monazite and the zircon should be approximately the 

same.  However, it is possible that Zr was not available during the later stages of metamorphism 

experienced in this area, or that zircon growth represents higher metamorphic grades, including 

partial melting, than monazite.  This would cause the zircon to stop crystallizing earlier than the 

monazite. If all zircon is detrital, Mesoproterozoic deposition would have to have occurred after 
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~1.44 Ga. The source area for ~1.44 Ga detrital zircon may have been the Mount Evans batholith 

and related intrusions.  

Based on this, there are four possible interpretations that can be made about the 

depositional and metamorphic history of the biotite schist and the quartzite. (1) Both the biotite 

schist and the quartzite were deposited in the Mesoproterozoic in a sedimentary basin.  All zircon 

is detrital. The older monazite is detrital and the youngest monazite (between ~1.39 Ga and 

~1.33 Ga) is metamorphic.  These rocks then experienced burial and were immediately 

metamorphosed between ~1.39 Ga and ~1.33 Ga. It is possible that the sediment was deposited 

away from the Mount Evans batholith and perhaps transported to closer proximity during 

deformation and metamorphism. (2) The biotite schist was deposited in the Paleoproterozoic.  

The oldest monazite may be detrital or metamorphic.  The quartzite was deposited in the 

Mesoproterozoic and then experienced burial and metamorphism.  All the older zircon (~1.94-

1.60 Ga) is detrital and the youngest zircons could be detrital or metamorphic.  (3) Deposition of 

the biotite schist and the quartzite occurred during the Paleoproterozoic.  The oldest monazite 

and zircon may be detrital or metamorphic.  All younger monazite and zircon are metamorphic.  

The latter interpretation is the least likely based on reasons stated above.  Regardless of which 

interpretation is correct, rocks in the field area record amphibolite facies metamorphism (based 

on the presence of garnet, biotite, K-feldspar and sillimanite) at ~1.4 Ga.  This is consistent with 

the age of the Picuris orogeny in northern New Mexico.  The results in this study therefore 

suggest that the Picuris orogeny extended farther north and was more extensive than previously 

thought.   

5.5 Regional History  

In order to interpret the deformation and metamorphism that occurred in the southern half 

of the Mount Evans quadrangle in a regional context, data from surrounding areas that exhibited 

a similar metamorphic history was compiled.  Below, ages of deposition, metamorphism, and 

ages of intrusive igneous rocks along with U-Pb isotope data from monazite and zircon from 

Colorado, New Mexico, and Arizona are presented (figures 5.2, 5.3).   
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Figure 5.1. Map of the southwestern United States showing Proterozoic crustal provinces. This 

figure is modified after Jones et al. (2010; cf. Condie, 1986; Bennett and DePaolo, 1987; 

Karlstrom and Bowring, 1988; Wooden et al., 1988; Wooden and DeWitt, 1991). 
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Figure 5.2. Overview of Paleo- and Mesoproterozoic rock deposition (blue), metamorphism 

(light orange), and intrusion (pink) in Colorado, New Mexico, and Arizona. Color of boxes 

around headers reflects colors used in figure 5.1. 

 

In northern Colorado, in the Big Thompson Canyon (figures 5.1, 5.2), the oldest rocks 

include the Big Thompson Metamorphic Suite, which is dominated by metasedimentary and 

metavolcanic rocks.  LA-ICP-MS U-Pb zircon crystallization ages from interlayered 

metavolcanic rocks yield ages of ~1.79-1.76 Ga, while LA-ICP-MS U-Pb zircon ages from the 

metasedimentary component yields a maximum depositional age of ~1.76 Ga (Premo et al., 

2007; Mahan et al., 2013).  In situ microprobe U-Pb ages in monazite record the onset of 

metamorphism at ~1.76 Ga (Shah and Bell, 2012).  A relative probability diagram shows two 

more age peaks at ~1.72 Ga and ~1.67 Ga (Shah and Bell, 2012). During this time, at ~1.7 Ga, 

the Routt Plutonic Suite (calc-alkaline intrusive rocks) was emplaced (Tweto, 1987).  

Deformation in this area is interpreted to have occurred between ~1.76 Ga and ~1.67 Ga (Shah 

and Bell, 2012; Mahan et al., 2013).  This includes ENE-trending F1 isoclinal folds overprinted 

by E-W trending non-pervasive F2 folds, and open to tight NE- to SW- trending F3 folds (Mahan 
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et al., 2013).  At ~1.4 Ga, the Berthoud Plutonic Suite (granite, granodiorite, quartz diorite, and 

pegmatites) was emplaced (Tweto, 1987; Mahan et al., 2013).  
40

Ar-
39

Ar data from minerals of 

metaigneous rocks show resetting of biotite and muscovite and partial resetting of hornblende at 

~1.4 Ga.  This is consistent with a brief orogenic pulse at ~1.4 Ga.  This is corroborated by in 

situ microprobe U-Pb ages of ~1.4 Ga monazite inclusions in some andalusite and cordierite 

porphyroblasts in metasedimentary rocks (Shah and Bell 2012).  

Along the St. Louis Lake Shear zone (figures 5.1,5.2), all rocks were deposited in the 

Paleoproterozoic.  These rocks were intruded by the Boulder Creek granodiorite at ~1.72 Ga 

(McCoy, 2001).  A relative probability diagram of in situ microprobe U-Pb ages from monazite 

in a metasedimentary and metaigneous package (which includes marble, calc-silicates, 

metamorphosed chert, biotite schist, and amphibolite) reveal three age peaks at ~1.7 Ga, ~1.65 

Ga, and ~1.63 Ga (McCoy, 2001).  D1 isoclinal folds, and D2 folds with NE-trending axial 

planes, are interpreted to have formed during this time (McCoy, 2001).  These deformation 

events are associated with upper amphibolite facies metamorphism.  At ~1.42 Ga, the Silver 

Plume Granite was emplaced (Hedge, 1969; McCoy, 2001).  During this time, the rocks in this 

area were locally overprinted by shear in lower temperature (350-450°C) mylonites at ~1.42 Ga, 

and in ultramylonites at ~1.34 Ga (McCoy, 2001).  

Near and adjacent to the Idaho Springs-Ralston shear zone (figures 5.1,5.2), 

Paleoproterozoic rocks include meta-sedimentary units deposited at ~1.72 Ga, and the Boulder 

Creek granodiorite/quartz monzonite which was emplaced at ~1.72 Ga (Premo and Fanning, 

2000; McCoy, 2001; McCoy et al., 2005; Jones and Thrane, 2012).  The onset of metamorphism 

occurred in this area at ~1.68 Ga based on in situ LA-ICP-MS U-Pb ages from monazite (Lytle, 

2016).  This resulted in D1, isoclinal folds, that are tentatively interpreted as SE-verging (Lytle, 

2016).  These deformation events are associated with upper amphibolite facies metamorphism.  

Lower temperature mylonites (350-450°C) overprinted these rocks at ~1.44 Ga (based on in situ 

microprobe U-Pb ages) (McCoy et al., 2005; Lytle, 2016).  Similarly, D2 (open to close, cm-m- 

scale folds that plunge shallowly to the ENE) and D3 (NE-trending, shallowly plunging synclines 

with a steeply NW-dipping axial planes) were interpreted to have occurred at ~1.43 Ga, based on 

in situ LA-ICP-MS U-Pb geochronology from monazite (Lytle, 2016).  Subsequently, lower 

temperature mylonites (350-450°C) caused by reactivated shearing formed at ~1.42 Ga and 
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~1.38 Ga, and ultramylonites at ~1.36 Ga (based on in situ microprobe U-Pb ages in monazite) 

(McCoy et al., 2005).   

Towards central Colorado (figures 5.1,5.2), along the Homestake Shear Zone, 

Paleoproterozoic deposition of the metasedimentary rocks occurred.  A relative probability 

diagram of in situ microprobe U-Pb ages from monazite in biotite gneiss and migmatite show 

age peaks at ~1.7 Ga, ~1.65 Ga, and ~1.63 Ga (McCoy, 2001).  D1 isoclinal folds and D2 open to 

isoclinal northeast-striking folds are interpreted to have formed during this time (McCoy, 2001).  

These rocks were overprinted by lower temperature mylonites (350-450°C) at ~1.45 Ga and 

ultramylonites at ~1.38 Ga based on in situ microprobe U-Pb ages in monazite (McCoy, 2001).  

	 Farther south, in southern Colorado in the Wet Mountains (figures 5.2,5.3), depositional 

ages for all meta-sedimentary rocks are interpreted to be Paleoproterozoic.  The main rock types 

in this area are felsic gneiss, migmatite and amphibolite that show upper amphibolite to granulite 

facies assemblages (Siddoway et al., 2000; Jones et al., 2010; Levine et al., 2013).  

Paleoproterozoic granites were emplaced at ~1.71 Ga, ~1.70 Ga, and ~1.66 Ga (Gonzales and 

Van Schmus, 2007; Aronoff, 2015).  This was followed by the first metamorphic event that 

occurred at ~1.60 Ga based on Lu-Hf ages from garnet (Aronoff, 2015).  During the 

Mesoproterozoic, two more metamorphic events followed at ~1.49 Ga and ~1.47 Ga, based on 

Lu-Hf ages from garnet, which resulted in widespread km-scale upright N-NW trending folds 

(Jones et al., 2010; Aronoff, 2015).  Subsequently Mesoproterozoic granites were emplaced 

including the ~1.46 Ga West McCoy Gulch pluton, the ~1.44 Ga Oak Creek pluton, and the 

~1.37-1.36 Ga San Isabel pluton (Gonzales and Van Schmus, 2007; Aronoff, 2015).  The San 

Isabel pluton, which intruded felsic gneiss, is interpreted to have crystallized in rocks undergoing 

upper amphibolite metamorphism based on sapphirine + orthopyroxene + forsterite + Zn-spinel 

assemblages in pendants in the pluton (Cullers et al, 1992; Aronoff, 2015).  

To the west of the Wet Mountains in southwest Colorado (figures 5.1,5.2), in the Needle 

Mountains, deposition of all rocks are interpreted to have occurred during the Paleoproterozoic. 

Lu-Hf ages in garnet reveal deformation events at ~1.74 Ga and ~1.70 Ga (Aronoff, 2015). 

These rocks were subsequently intruded by ~1.7 Ga plutons (Aronoff, 2015).  At ~1.4 Ga, 

Mesoproterozoic plutons were emplaced including the ~1.43 Ga Eolus Granite, the ~1.43 Ga 

Electra Lake Gabbro, the ~1.42 Ga Trimble Granite and the ~1.43-1.42 Ga Pine River pluton 

(Gonzales and Van Schmus, 2007; Keller and Schoene, 2015).  Late stage andalusite-sillimanite 
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facies metamorphism at ~1.45 Ga may or may not be related to the emplacement of these plutons 

(Aronoff, 2015).  

Farther to the south, in northern New Mexico, in the Tusas and Picuris Mountains 

(figures 5.1,5.2), four stratigraphic groups are recognized.  Two were deposited during the 

Paleoproterozoic (the Vadito group and the Hondo group) and two were deposited during the 

Mesoproterozoic (the Trampas Group, which includes the Pilar and Piedra Lumbre formations, 

and the Marquenas Formation; Daniel et al., 2013).  LA-ICP-MS U-Pb dates from zircon in the 

Marquenas Conglomerate reveal a maximum depositional age of ~1.45 Ga (Jones et al., 2011).  

These dates also reveal a high population of ~1.5 Ga zircons, which are interpreted as being 

exotic detritus (Jones et al., 2011).  LA-ICP-MS U-Pb dates from the Piedra Lumbre Formation 

and the Pilar Formation show the youngest detrital zircon population at ~1.47 Ga. Ages of 

deposition of these formations are constrained at ~1.47-1.45 Ga based on the stratigraphic 

relationship with the Marquenas Conglomerate (Daniel et al., 2013).  Lu-Hf ages for garnet and 

in situ microprobe U-Pb ages for monazite reveal metamorphism in this area is limited to 1.46-

1.35 Ga (Daniel and Pyle, 2006; Aronoff, 2015).  This metamorphism is interpreted as relatively 

low-pressure high-temperature (4kbar, 530-590°C) amphibolite facies metamorphism based on 

the presence of kyanite, sillimanite, and andalusite (Aronoff, 2015).  All deformation events in 

this area are interpreted to have occurred between ~1.46 Ga and ~1.35 Ga. This includes D1, a 

bedding-parallel foliation, D2, which consists of tight folds with NW striking steeply SW dipping 

axial surfaces, and D3 upright E-W trending open folds (Aronoff, 2015).  

To the west, in Defiance in eastern Arizona (figures 5.1,5.2), the Defiance Uplift is a fault 

bounded uplift, which exposes small outcrops of Precambrian rocks in four canyons.  The oldest 

rocks are a Paleoproterozoic metasedimentary unit consisting of medium-grained quartz arenite 

with subordinate subarkose and arkose, and Paleoproterozoic plutons (Doe et al., 2013).  This is 

overlain by a quartzite. LA-ICP-MS U-Pb zircon analysis from this quartzite revealed a youngest 

detrital zircon age population at ~1.47 Ga (n=6; Doe et al., 2013).  The depositional age of this 

quartzite was constrained to ~1.47-1.45 Ga based on the absence of 1.45-1.35 Ga detrital zircon 

populations (Doe et al., 2013).  However, this quartzite contains a large population of ~1.5 Ga 

zircons.  This is interpreted as being exotic detritus from adjacent continents.  The quartzite was 

subsequently weakly deformed and weakly metamorphosed at ~1.45-1.35 Ga based on regional 

correlation. 
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In southern Arizona, the Yankee Joe Formation and Blackjack Formation show a similar 

history (Doe et al., 2013; figures 5.1,5.2).  The oldest rocks in this area are ~1.76-1.73 Ga 

ophiolitic and arc plutonic rocks, which are overlain by a ~1.70-1.72 Ga package of 

metasedimentary and metavolcanic rocks and the ~1.65 Ga metasedimentary White Ledges and 

Redmond formations (Conway and Silver, 1989).  The Yankee Joe and the Blackjack Formations 

are younger.  The Yankee Joe Group is made up of approximately 1500m of weakly 

metamorphosed interbedded sandstone, siltstone, and shale (Doe et al., 2013).  The shale-rich 

Yankee Joe Group grades upward into the quartzite rich Blackjack Formation (Doe et al., 2013).  

In the Yankee Joe Formation and Blackjack Formation the youngest detrital zircon population is 

~1.48 Ga. The age of deposition is constrained between ~1.48 Ga and ~1.43 Ga based on a 1.43 

Ga granite that crosscuts the upper Blackjack Formation (figure 5.1; Doe et al., 2013).  The 

Yankee Joe and Blackjack formation also contain a large population of ~1.5 Ga zircon grains, 

which are interpreted as being exotic detritus from adjacent continents (Doe et al., 2013).  

Nearby, in the Four Peaks area, detrital zircon from the Four Peaks Quartzite was dated using 

LA-ICP-MS methods.  This revealed a population of Mesoproterozoic (~1566 Ma) detrital 

zircons.  The depositional age of this quartzite was constrained to 1566-1449 Ma based on the 

stratigraphic relationship with the Yankee Joe and Blackjack formations.  

 In order to see regional trends and compare them with data in the field area, all available 

U-Pb data from zircon and monazite mentioned above were compiled along with the data 

presented in this study (appendix H; McCoy, 2001; Daniel and Pyle, 2006; Jessup et al., 2006; 

Jones et al., 2010; Lytle, 2016; Daniel et al., 2013; Doe et al., 2013; Shah and Bell., 2012; 

Aronoff, 2015; Bickford et al., 2015; Mako et al., 2015).  A float bar chart and a probability 

density diagram of 
207

Pb/
206

Pb ages were then created for (1) all zircon ages and (2) all monazite 

ages (figure 5.3).  All ages used are 
207

Pb/
206

Pb ages and <10% discordant.  A float bar chart and 

probability density diagram for all zircon revealed main age peaks at ~1.70 Ga and ~1.47 Ga, 

with a small population of zircon between ~1.69 Ga and ~1.50 Ga (figure 5.3a,b; this study; 

Jones et al., 2010; Daniel et al., 2013; Doe et al., 2013; Aronoff, 2015; Bickford et al., 2015; 

Mako et al., 2015).  A float bar chart and probability density diagram for all monazite revealed 

main age peaks at ~1.69 Ga and ~1.41 Ga with a smaller age peak at ~1.50 (figure 5.3c,d; this 

study; McCoy, 2001; Daniel and Pyle, 2006; Jessup et al., 2006; Shah and Bell., 2012; Lytle, 
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2016).  This smaller age peak is very likely a result of mixing of age domains, but possibly a true 

population.  

 

 

 
 

Figure 5.3. Igneous and detrital zircon, and monazite data compiled from Colorado, New 

Mexico, and Arizona. Zircon is generally from quartzite, intrusive igneous rocks, and feldspathic 

schist and gneiss. Monazite is generally from biotite and felsic schist and gneiss. (a) Relative 

probability diagram for all zircon (N=3035; data compiled from this study, Jones et al., 2010; 

Daniel et al., 2013; Doe et al., 2013; Aronoff, 2015; Bickford et al., 2015; Mako et al., 2015). (b) 

Float bar chart for all zircon compiled. (c) Relative probability diagram for all monazite 

compiled (N=529; data compiled from this study; McCoy, 2001; Daniel and Pyle, 2006; Jessup 

et al., 2006; Shah and Bell 2012; Lytle, 2016). (d) Float bar chart for all monazite compiled.  
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This data was then separated by location and source of grains (igneous vs. detrital) in 

order to have a more comprehensive understanding of the data (appendix H).  A float bar chart 

and probability density diagram was plotted for U-Pb ages from (1) magmatic zircons from 

intrusive igneous rocks throughout North America (2) detrital zircon from metasedimentary 

rocks (3) monazite from Colorado (4) monazite from New Mexico (figure 5.4).  Based on these 

diagrams, magmatic zircon show continuous crystallization ages between ~1.80 Ga and ~1.60 

Ga, and between ~1.50 Ga and ~1.35 Ga (figure 5.4a,b; Aronoff, 2015; Bickford et al., 2015).  

There are no crystallization ages between ~1.60 Ga and 1.50 Ga.  Detrital zircon in 

metasedimentary rocks in New Mexico, Arizona, and Colorado cluster into three distinct age 

groups; one at ~1.70 Ga, one at ~1.65 Ga, and one at ~1.47 Ga (figure 5.4c,d; this study; Jones et 

al., 2010; Daniel et al., 2013; Doe et al., 2013; Mako et al., 2015).  A float bar chart show a 

spread of zircon ages from ~1.60 Ga to ~1.50 Ga (figure 5.4d).  Daniel et al. (2013) and Doe et 

al. (2013) attribute these ages to exotic detritus.  In order to compare the metamorphic and 

deformation history of New Mexico to that of Colorado, U-Pb ages obtained from monazite in 

Colorado and New Mexico were plotted separately.  A relative probability diagram and float bar 

chart of 
207

Pb/
206

Pb ages from monazite in Colorado reveal three distinct age peaks; one at ~1.69 

Ga, one at ~1.40 Ga, and a smaller age peak at ~1.51 Ga (figure 5.4e, this study; McCoy, 2001; 

Jessup et al., 2006; Lytle, 2016).  Ages between ~1.58 Ga and ~1.46 Ga show continuous 

crystallization in the float bar chart.  These ages have previously been interpreted as mixing of 

age domains (McCoy, 2001; Lytle, 2016).  Monazite from New Mexico only cluster into one age 

group at ~1.40 Ga (figure 5.4g,h; Daniel and Pyle, 2006).  The youngest monazite ages in 

Colorado are younger than the youngest monazite ages in New Mexico. 
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Figure 5.4. Relative probability diagrams (a,c,e,g) and float bar charts (b,d,f,h) for all magmatic 

zircon from intrusive igneous rocks (N=529) (data from Aronoff, 2015; Bickford et al., 2015), 

detrital zircon from meta-sedimentary rocks in New Mexico and Colorado (N=2504) (data 

compiled from this paper; Jones et al., 2010; Daniel et al., 2013; Doe et al., 2013; Mako et al., 

2015), monazite from Colorado (N=513)(data compiled from this paper; McCoy, 2001; Jessup et 

al., 2006; Shah and Bell 2012; Lytle, 2016), and monazite from New Mexico (N=16) (data from 

Daniel and Pyle, 2006), respectively. 
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5.6 Summary and tectonic implications 

In summary, all of the oldest rocks in New Mexico, Colorado, and Arizona were 

deposited or intruded during the Paleoproterozoic (~1.8-1.6 Ga).  These rocks in Colorado and 

Arizona experienced subsequent Paleoproterozoic metamorphism.  Between ~1.6 Ga and ~1.5 

Ga metamorphism and the emplacement of intrusive igneous rocks diminished in Laurentia.  

Deposition of Mesoproterozoic sedimentary basins in Arizona and New Mexico is constrained 

between ~1.47 Ga and ~1.43 Ga (Daniel et al., 2013; Doe et al., 2013), while the quartzite in the 

southern half of the Mount Evans quadrangle is <~1.44 Ga, and thus possibly younger.  

Sedimentation has previously been interpreted as having migrated progressively north, as a result 

of north-migrating bedrock uplift and exhumation associated with the Picuris orogeny (Jones et 

al., 2015).  If true, then that explains why Mesoproterozoic sedimentary rocks in the Mount 

Evans area may be younger than those in New Mexico. After Mesoproterozoic sediment 

deposition, rocks in New Mexico, Colorado, and Arizona experienced a widespread 

metamorphic event that is generally constrained between ~1.48 Ga and ~1.35 Ga.   

The rocks in Colorado are interpreted to have undergone amphibolite facies 

metamorphism during the Paleoproterozoic and the Mesoproterozoic, while the rocks in New 

Mexico only experienced amphibolite facies metamorphism during the Mesoproterozoic and no 

metamorphism during the Paleoproterozoic. (McCoy et al., 2005; Daniel and Pyle, 2006; Jones 

et al., 2010; Shah and Bell 2012; Daniel et al., 2013; Aronoff, 2015; Lytle, 2016).  The rocks in 

Arizona experienced amphibolite facies metamorphism during the Paleoproterozoic, but only 

metamorphism as high as greenschist facies has been attributed to the Picuris orogeny (Mako et 

al., 2015).  These contrasting metamorphic facies may be a result of different areas having been 

located in different parts of the Paleoproterozoic and Mesoproterozoic mountain belts.  Fold 

trend orientations attributed to the Picuris orogeny are broadly oriented NNE in Arizona and W 

in New Mexico and NNW to NNE in the study area (Jones et al., 2010; Shah and Bell, 2012; 

Aronoff, 2015; Daniel et al., 2013; Doe et al., 2013; Doe and Daniel, 2019). This may be a result 

of a bend in the orogenic belt as proposed by Jones et al. (2010), Shah and Bell (2012) and 

Aronoff (2015). 

Between ~1.48 Ga and ~1.40 Ga, plutonic and volcanic activity in the western and central 

U.S. was located entirely within older crustal provinces (figure 5.1; Aronoff, 2015; duBray et al., 

2018).  Younger ~1.40-1.35 Ga plutonic activity migrated south, and was mainly concentrated in 
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the Southern Granite-Rhyolite province (~1.5-1.3 Ga) southeast of Colorado (figure 5.1), 

although some evidence for granites these ages exist in the central Rocky Mountains of Colorado 

(Aronoff, 2015; duBray et al., 2018).  The Southern Granite-Rhyolite Province consists of ~1.5-

1.3 Ga A-type granitic and rhyolitic rocks, and while their formation is commonly ascribed to 

continental extension, the tectonic environment that these rocks formed in and their relation to 

Laurentia is poorly understood (McLelland et al., 1996; Corrigan and Hanmer, 1997; Karlstrom 

et al., 2001; Whitmeyer and Karlstrom 2007).  The high concentration and location of 1.49-1.40 

Ga granitic intrusions, the location of amphibolite facies metamorphism, and the location of 

ductile thrust belts in New Mexico is consistent with a magmatic arc above an interpreted north-

dipping subduction zone along the southern margin of Laurentia between ~1.48 Ga and ~1.35 Ga 

(trending NE from the southwest corner of New Mexico into the southeast corner of Colorado, 

and trending E from Colorado through the Great Plains) (Daniel and Pyle, 2006; Daniel et al., 

2013; Aronoff, 2015). The area affected by the Picuris orogeny is ~800 km wide and extends 

from New Mexico to northern Colorado, while plutonism related to the Picuris orogeny extended 

as far north as southern Wyoming (Daniel and Pyle, 2006; Daniel et al., 2013; Aronoff, 2015; 

duBray et al., 2018). However, deformation relating to the Picuris orogeny has not been 

recognized in Wyoming.  In general, most of these ~1.4 Ga igneous intrusions throughout the 

United States can be characterized as ferroan, peraluminous, alkali-calcic granites. These ferroan 

granites are interpreted as growing in an extensional tectonic setting. 

The characteristics of the Picuris orogen may have been explained in terms of an 

accretionary orogen with slab roll-back, an accretionary orogen with shallow-slab subduction, or 

a collisional orogen (Aronoff, 2015). If the Picuris orogeny was an accretionary orogen with slab 

roll-back, slab roll-back of the down going plate may have caused extension and back-arc 

magmatism inland of the magmatic arc (Cawood et al., 2009). This explains the ferroan ~1.4 Ga 

granitic intrusions and the large area covered by these granitic intrusions.  However, the amount 

of pervasive shortening recognized in Colorado and New Mexico would be inconsistent with 

back-arc extension (Cawood et al., 2009).  Shallow slab subduction of the down going plate may 

explain the wide area of shortening deformation throughout New Mexico and Colorado 

(Aronoff, 2015).  However, this does not explain the ferroan nature of the igneous rocks.  If the 

Picuris orogeny was a collisional orogen, this would explain the wide area of deformation 

(Cawood et al., 2009).  The Southern Granite-Rhyolite Province could represent accreted 
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juvenile continental crust (Aronoff et al., 2015).  However, in this interpretation, the ferroan 

granites in older crustal provinces would remain unexplained. Furthermore, there is no evidence 

for juvenile or basaltic material in the Southern Granite-Rhyolite Province (McLelland et al., 

1996; Corrigan and Hanmer, 1997; Karlstrom et al., 2001; Whitmeyer and Karlstrom 2007; 

Aronoff, 2015). Therefore, the nature of the Picuris orogen remains unexplained, while the 

evidence for the extent of the orogen keeps increasing. 
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CHAPTER 6 

CONCLUSION 

Based on field mapping, it is interpreted that the southern half of the Mount Evans 

quadrangle underwent four deformation events.  The first deformation event (D1) resulted in 

isoclinal folding.  D2 resulted in isoclinal to open folds with northerly plunging fold hinge lines.  

Poles to D2 axial planes plotted along a great circle suggesting a third deformation event with 

folds plunging to the NNE. D4 resulted in non-pervasive open E-trending folds.  U-Pb LA-ICP-

MS analysis on monazite from four biotite schist samples yielded ~1.73 Ga and ~1.42 Ga age 

populations, and had separate populations spread between ~1.67 Ga and ~1.48 Ga and between 

~1.39 Ga and ~1.34 Ga.  Monazite ages between ~1.5 Ga and ~1.6 Ga are probably due to the 

mixing of age domains or Pb loss because metamorphism during that time has not been 

recognized in Laurentia.  Older Paleoproterozoic monazite may be detrital or metamorphic.  It 

can be interpreted that young ~1.42 Ga and ~1.39-1.34 Ga monazite reflect a significant 

metamorphic event.  This interpretation is based on (1) the fact that there is no evidence for a 

younger metamorphic event and (2) a monazite inclusion in garnet that yielded ages of 1416 ± 85 

and 1355 ± 86 Ma.  Ages obtained from the monazite inclusion in garnet convey that garnet 

grade metamorphism occurred at or after ~1.4 Ga. 

The zircon yielded ~1.55 Ga and ~1.44 Ga age populations and a spread of ages between 

~1.81 Ga and ~1.61 Ga.  It is unclear if the ~1.55 Ga age population is a true population or a 

mixing age, because there were only four analyses included with significant uncertainties (~85 

Ma).  If it is a true population, it is comparable with ~1.55 Ga zircon age populations found in 

Defiance, Arizona, the Yankee Joe and Blackjack Formations in Arizona, the Four Peaks area in 

Arizona, and the Tusas and Picuris Mountains in New Mexico.  These have been interpreted to 

have originated from formerly adjacent landmasses such as the East Antarctic craton, Australia, 

Siberia or South China, where ~1.55 Ga zircons are common. 

The presence of ~1.44 Ga concentrically zoned zircon and ~1.44 Ga cores with narrow 

younger overgrowths, and the variety of morphologies of ~1.44 Ga zircon suggest that the ~1.44 

Ga population is detrital. Zircon with a mix of magmatic, metamorphic, and/or hydrothermal 

origins were transported and deposited in a sedimentary basin, buried and metamorphosed, 

probably between ~1388 Ma and ~1334 Ma based on monazite ages.  If this interpretation is 

correct, this reveals for the first time evidence for <~1.44 Ga Mesoproterozoic sedimentation in 
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Colorado.  The sediment was possibly deposited in a basin similar to, but possibly later than, the 

~1.49-1.43 Ga basins in Arizona and New Mexico.  Regardless of whether the ~1.44 Ga zircon 

from the quartzite is detrital or possibly metamorphic, rocks in the field area record amphibolite 

facies metamorphism (based on the presence of garnet, biotite, K-feldspar, sillimanite and partial 

melt) that occurred sometime between ~1425 Ma and ~1334 Ma (based on monazite ages). This 

is consistent with the Picuris Orogeny (1.48-1.35 Ga), which affected a large area throughout 

northern New Mexico, Arizona, and southern and central Colorado.   
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APPENDIX A 

SUPPLEMENTAL ELECTRONIC FILES 

This supplemental electronic file contains the 1:24,000 geologic map of the southern half of the 

Mt. Evans 7.5-minute quadrangle. The file contains the following information; a geologic map of 

the southern half of the Mt. Evans quadrangle showing bedrock (mapped by Asha Mahatma) and 

quaternary units (mapped by Logan Powell), rock descriptions for each rock unit, quaternary 

descriptions for each quaternary unit and one cross section. 

   

Geologicmap_SouthernhalfMt.Evans A 1:24,000 geologic map of the southern half 

of the Mt. Evans quadrangle.  
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APPENDIX B 

LOCATION OF COLLECTED SAMPLES  

Appendix B contains the location for each sample collected in the field area. The table is 

organized by location and contains the sample number, UTM coordinates, and type of sample 

collected. 

 

Table B.1. Location and rock type for each sample collected in the field area.  

Sample 

Number 

UTM coordinates (easting, 

northing)  

Rock Type Zone 

349 (443003.494, 4379256.288) Biotite schist 13N 

281 (443033.26, 4379107.46) Biotite schist 13N 

310 (439592.705, 4376603.394) Biotite schist 13N 

312 (439555.663, 4376508.144) Biotite schist 13N 

313 (439486.871, 4376412.894) Biotite schist 13N 

348 (438503.942, 4373006.376) Biotite schist 13N 

333 (441393.198, 4374736.755) Biotite schist 13N 

332 (441464.636, 4374895.505) Biotite schist 13N 

325 (441647.199, 4375347.943) Biotite schist 13N 

327 (441575.761, 4375244.756) Biotite schist 13N 

168 (442663.201, 4375332.068) Biotite schist 13N 

226 (442369.513, 4373633.44) Biotite schist 13N 

225 (441258.26, 4373141.314) Biotite schist 13N 

Qzt366 (440837.572, 4372673.001) Quartzite 13N 

Xhqt345 (440782.009, 4372680.938) Calc-silicate gneiss 13N 

Yg352 (439670.757, 4374149.379) Porphyritic biotite-muscovite 

granite 

13N 

Xfh335 (439258.006, 4375848.007) Interlayered felsic and 

hornblende gneiss 

13N 

Xa353 (439265.944, 4375213.006) Amphibolite 13N 

YgP350 (437333.159, 4377455.354) Granite 13N 

YgdM351 (441253.933, 4379071.079) Granodiorite 13N 

 

 

 

 

 

 

 

 



	 	69 

APPENDIX C 

SUPPLEMENTAL ELECTRONIC FILES 

This supplemental electronic file contains structural measurements collected in the field area. 

The file contains the following for each type of measurement; sample number, UTM locations, 

type of measurement (line/plane), and trend and plunge measurements or dip and dip direction 

measurements.  

 

Structural_data This file contains all structural data collected 

in the field area. F1 fold hinge lines, F1 axial 

planes, S1 foliation, F2 axial planes, F2 fold 

hinge lines, and F4 fold hinge lines are all on 

separate sheets.  
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APPENDIX D 

AUTOMATED MINERALOGY IMAGES 

Appendix D contains full thin section BSE images for ten biotite schist thin sections with 

monazites highlighted.  This is produced from the automated mineralogy bright phase scan. 

 

 

Figure D.1. BSE image for sample 281.  

 



	 	71 

 

 

Figure D.2. BSE image for sample 891.  
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Figure D.3. BSE image for sample 332.  
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Figure D.4. BSE image for sample 310.  
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Figure D.5. BSE image for sample 333.  
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Figure D.6. BSE image for sample 255.  
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Figure D.7. BSE image for sample 348.  
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Figure D.8. BSE image for sample 312.  
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Figure D.9. BSE image for sample 226.  
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APPENDIX E 

U-Pb LA-ICP-MS MONAZITE AND DETRITAL ZIRCON DATA 

Appendix E contains all U-Pb laser ablation inductively coupled mass spectrometry 

monazite and detrital zircon data, including isotopic ratios and calculated ages with errors.  The 

following tables are organized by sample. 

 

Table E.1. LA-ICP-MS analysis for zircon from sample Xqt366. 

 

207Pb 206Pb 207Pb 207	Pb 207	Pb 206	Pb

235U 238U 206	Pb 206	Pb 235	Pb 238	Pb

366 Q366_088 4.18 0.12 0.2948 0.008 0.74055 0.1029 0.0022 1683 41 1668 24 1665 40 1

366 Q366_107 4.301 0.073 0.2978 0.0078 0.30491 0.1047 0.0023 1707 40 1693 14 1686 41 1

366 Q366_036 4.26 0.21 0.2926 0.011 0.57583 0.1049 0.0043 1709 76 1682 40 1654 55 3

366 Q366_081 3.09 0.11 0.2443 0.0072 0.57186 0.0916 0.002 1456 43 1429 26 1409 37 3

366 Q366_093 3.95 0.16 0.2937 0.011 0.33367 0.0996 0.0039 1607 74 1630 34 1659 54 -3

366 Q366_091 4.09 0.13 0.2913 0.0086 0.34844 0.1006 0.003 1630 56 1658 28 1648 43 -1

366 Q366_109 4.11 0.16 0.2901 0.01 0.13989 0.104 0.0051 1683 87 1655 30 1641 50 2

366 Q366_012 4.22 0.29 0.301 0.015 0.57049 0.1011 0.0053 1634 99 1672 54 1695 74 -4

366 Q366_004 4.51 0.3 0.296 0.013 0.59325 0.1112 0.0057 1809 92 1727 56 1671 65 8

366 Q366_074 4.63 0.38 0.287 0.012 0.49186 0.1131 0.008 1890 120 1761 63 1625 60 14

366 Q366_079 4.26 0.23 0.306 0.014 0.38528 0.1043 0.0057 1716 91 1682 45 1720 69 0

366 Q366_111 4.55 0.2 0.29 0.012 0.32855 0.1103 0.0059 1789 96 1737 37 1642 60 8

366 Q366_082 4.24 0.13 0.2859 0.011 0.39033 0.1064 0.0046 1747 76 1680 25 1620 56 7

366 Q366_060 4.01 0.24 0.284 0.014 0.51657 0.1019 0.0054 1667 110 1643 46 1610 70 3

366 Q366_078 4.46 0.18 0.305 0.015 0.56656 0.104 0.0044 1706 82 1721 34 1714 73 0

366 Q366_045 4.28 0.29 0.304 0.016 0.22248 0.1018 0.0079 1630 140 1684 57 1708 79 -5

366 Q366_011 4.2 0.35 0.289 0.014 0.47705 0.1047 0.0079 1680 140 1664 71 1633 70 3

366 Q366_097 4.43 0.49 0.272 0.022 0.001 0.121 0.02 1910 310 1701 93 1550 110 19

366 Q366_108 4.74 0.28 0.304 0.014 0.38138 0.1154 0.0039 1903 76 1780 47 1712 70 10

366 Q366_077 5.03 0.97 0.294 0.031 0.001 0.134 0.035 1920 360 1870 190 1650 150 14

366 Q366_103 3.92 0.24 0.308 0.014 0.55426 0.0929 0.006 1490 110 1626 54 1729 68 -16

366 Q366_080 3.79 0.22 0.295 0.015 0.001 0.0944 0.0069 1490 130 1598 49 1662 77 -12

366 Q366_090 5.56 0.67 0.373 0.05 0.83934 0.1048 0.0059 1700 100 1910 100 2020 230 -19

366 Q366_068 4.26 0.11 0.296 0.0076 0.75732 0.1036 0.0017 1689 30 1685 22 1671 38 1

366 Q366_076 4.57 0.14 0.3142 0.011 0.84924 0.1063 0.0016 1742 29 1742 25 1760 56 -1

366 Q366_099 5.55 0.22 0.269 0.012 0.76634 0.1505 0.0049 2347 56 1906 35 1533 63 35

366 Q366_070 3.686 0.093 0.2407 0.0064 0.52701 0.1096 0.0023 1790 38 1567 20 1390 33 22

366 Q366_062 4.82 0.12 0.3249 0.0081 0.22596 0.1063 0.0015 1735 27 1787 20 1820 44 -5

366 Q366_072 4.73 0.11 0.3169 0.0092 0.69719 0.1069 0.0014 1747 24 1772 19 1782 48 -2

366 Q366_031 4.79 0.19 0.3201 0.01 0.62189 0.1097 0.004 1792 66 1782 34 1790 50 0

366 Q366_052 3.55 0.19 0.264 0.014 0.94271 0.0966 0.0031 1559 60 1535 43 1507 71 3

366 Q366_029 4.81 0.2 0.3236 0.01 0.85632 0.1078 0.0035 1761 59 1786 35 1807 50 -3

366 Q366_087 4.62 0.12 0.3162 0.0097 0.78523 0.1067 0.0019 1749 30 1752 22 1771 48 -1

366 Q366_063 4.456 0.099 0.3041 0.01 0.86133 0.1058 0.0015 1727 25 1722 18 1711 52 1

366 Q366_085 4.33 0.12 0.2971 0.0097 0.92657 0.1057 0.0011 1726 19 1697 23 1676 48 3

366 Q366_114 4.629 0.11 0.3012 0.0091 0.83261 0.1103 0.0014 1803 22 1758 18 1697 45 6

366 Q366_030 4.4 0.24 0.317 0.016 0.9686 0.1022 0.0033 1663 60 1719 48 1774 78 -7

366 Q366_046 2.276 0.11 0.1344 0.0043 0.48252 0.1209 0.0052 1964 74 1203 35 813 24 59

366 Q366_016 4.06 0.17 0.2681 0.0095 0.81132 0.1089 0.0039 1788 68 1645 34 1531 49 14

366 Q366_023 3.19 0.2 0.244 0.016 0.83304 0.0967 0.0044 1555 84 1452 48 1403 85 10

±2σ ±2σ ±2σ Disc%±2σ

Dates	(Ma)Isotope	ratios

sample	# spot	# ±2σ ±2σ error	corr
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Table E.1 Continued. 

 
 

 

207Pb 206Pb 207Pb 207	Pb 207	Pb 206	Pb

235U 238U 206	Pb 206	Pb 235	Pb 238	Pb

366 Q366_065 4.134 0.083 0.291 0.0079 0.71277 0.1027 0.0014 1673 26 1661 16 1646 40 2

366 Q366_113 4.63 0.19 0.2717 0.011 0.72223 0.1245 0.0041 2017 58 1751 35 1548 56 23

366 Q366_002 4.05 0.39 0.28 0.018 0.89974 0.1036 0.0047 1700 76 1632 74 1588 91 7

366 Q366_115 4.44 0.13 0.3088 0.0086 0.62825 0.1031 0.0018 1679 31 1718 23 1734 42 -3

366 Q366_050 4.068 0.16 0.2844 0.0079 0.10128 0.1046 0.0039 1704 68 1647 32 1613 39 5

366 Q366_006 2.74 0.17 0.1967 0.0085 0.72674 0.1027 0.005 1665 91 1346 48 1157 46 31

366 Q366_056 3.052 0.12 0.2445 0.0069 0.43045 0.0907 0.003 1439 63 1420 29 1410 36 2

366 Q366_106 2.99 0.22 0.223 0.015 0.94412 0.0991 0.0026 1603 49 1414 63 1296 79 19

366 Q366_112 4.3 0.081 0.3012 0.0078 0.3606 0.102 0.002 1659 37 1693 16 1697 39 -2

366 Q366_073 3.058 0.065 0.2443 0.0072 0.67137 0.0909 0.0015 1442 31 1426 18 1409 37 2

366 Q366_033 2.63 0.14 0.1947 0.0098 0.91619 0.0975 0.0033 1575 62 1306 40 1146 52 27

366 Q366_075 4.52 0.13 0.315 0.012 0.91345 0.1036 0.0016 1689 28 1734 24 1766 61 -5

366 Q366_037 3.45 0.38 0.194 0.012 0.32909 0.131 0.015 2060 180 1518 91 1141 64 45

366 Q366_058 3.058 0.13 0.2467 0.008 0.31056 0.091 0.0033 1444 71 1421 32 1421 41 2

366 Q366_014 2.85 0.44 0.2 0.031 0.98419 0.1026 0.0046 1681 76 1330 120 1170 170 30

366 Q366_051 3.365 0.15 0.2508 0.0091 0.41182 0.0967 0.004 1557 78 1495 34 1442 47 7

366 Q366_117 3.9 0.24 0.268 0.0099 0.001 0.1059 0.0079 1700 130 1621 46 1530 50 10

366 Q366_096 2.96 0.091 0.2456 0.0086 0.47758 0.089 0.0024 1400 52 1396 23 1415 45 -1

366 Q366_071 3.81 0.12 0.2774 0.0084 0.39987 0.0972 0.0031 1565 60 1600 28 1578 42 -1

366 Q366_098 3.057 0.063 0.2456 0.0063 0.59759 0.09 0.0015 1424 32 1422 16 1415 33 1

366 Q366_118 3.172 0.09 0.2472 0.0056 0.43275 0.0931 0.0022 1486 46 1449 22 1424 29 4

366 Q366_022 4.285 0.17 0.3029 0.0094 0.81466 0.1027 0.0032 1673 58 1690 32 1705 47 -2

366 Q366_043 3.181 0.14 0.265 0.011 0.92485 0.0882 0.0029 1386 64 1451 34 1515 54 -9

366 Q366_001 5.18 0.37 0.344 0.02 0.64433 0.1119 0.0074 1810 120 1842 63 1903 96 -5

366 Q366_119 3.081 0.096 0.238 0.0066 0.61457 0.0934 0.0021 1492 43 1427 24 1376 34 8

366 Q366_027 3.071 0.12 0.2454 0.0081 0.69904 0.092 0.0031 1466 64 1425 30 1414 42 4

366 Q366_034 3.086 0.13 0.2453 0.0079 0.093814 0.0918 0.0038 1459 78 1428 33 1414 41 3

366 Q366_025 3.93 0.18 0.2793 0.011 0.89351 0.1035 0.0034 1687 60 1617 36 1587 55 6

366 Q366_092 3.016 0.066 0.246 0.0068 0.59516 0.0889 0.0015 1401 33 1411 17 1417 35 -1

366 Q366_059 3.24 0.15 0.2632 0.011 0.88205 0.0909 0.0029 1444 61 1465 37 1506 54 -4

366 Q366_095 2.973 0.084 0.241 0.0062 0.5919 0.0887 0.0018 1395 39 1400 21 1391 32 0

366 Q366_049 3.076 0.14 0.2464 0.0077 0.47691 0.0914 0.0038 1450 78 1431 36 1420 40 2

366 Q366_105 3.18 0.2 0.2548 0.01 0.19926 0.093 0.0066 1460 140 1446 49 1462 52 0

366 Q366_026 3.118 0.11 0.2515 0.0077 0.51222 0.0894 0.0031 1411 66 1437 27 1446 39 -2

366 Q366_047 3.14 0.2 0.248 0.013 0.93417 0.0915 0.0037 1465 79 1439 48 1427 67 3

366 Q366_038 3.245 0.12 0.2374 0.0074 0.26904 0.0982 0.0036 1587 67 1468 29 1373 39 13

366 Q366_116 3.964 0.098 0.2733 0.0092 0.83452 0.1054 0.0012 1721 20 1626 20 1557 46 10

366 Q366_061 4.18 0.15 0.2946 0.0084 0.49596 0.1023 0.003 1662 55 1668 30 1664 42 0

366 Q366_021 1.992 0.084 0.1564 0.0053 0.87368 0.0931 0.0029 1488 59 1112 29 937 30 37

366 Q366_019 4.04 0.22 0.277 0.01 0.025541 0.1064 0.0063 1724 110 1639 44 1576 52 9

366 Q366_040 3.074 0.11 0.2466 0.007 0.61042 0.0914 0.0029 1454 61 1426 28 1421 36 2

366 Q366_003 4.47 0.21 0.311 0.013 0.9426 0.1049 0.0033 1712 57 1724 39 1742 66 -2

366 Q366_086 4.12 0.17 0.2913 0.0086 0.41623 0.1035 0.0037 1681 66 1656 33 1647 43 2

366 Q366_009 3.121 0.13 0.2585 0.0097 0.90019 0.0878 0.0028 1378 61 1437 32 1482 50 -8

366 Q366_018 3.252 0.12 0.2629 0.0083 0.84875 0.08981 0.0027 1421 58 1469 28 1504 42 -6

Disc%±2σ

Dates	(Ma)Isotope	ratios

sample	# spot	# ±2σ ±2σ error	corr ±2σ ±2σ ±2σ
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Table E.1 Continued.	

 
 

 

 

 

 

 

 

 

 

 

 

 

207Pb 206Pb 207Pb 207	Pb 207	Pb 206	Pb

235U 238U 206	Pb 206	Pb 235	Pb 238	Pb

366 Q366_020 1.665 0.099 0.1265 0.0086 0.95526 0.0954 0.0032 1533 64 993 39 767 50 50

366 Q366_054 4.282 0.15 0.2946 0.009 0.54801 0.1053 0.0035 1718 60 1689.6 28 1664 45 3

366 Q366_017 3.093 0.11 0.2484 0.0069 0.60397 0.09019 0.0028 1429 58 1430.7 27 1430 36 0

366 Q366_008 3.87 0.16 0.2774 0.0081 0.64758 0.1019 0.0036 1656 66 1605 34 1578 41 5

366 Q366_007 5.73 0.39 0.396 0.023 0.7208 0.1037 0.0061 1677 110 1945 52 2146 110 -28

366 Q366_013 4.58 0.2 0.3259 0.01 0.22892 0.1024 0.0046 1660 83 1756 37 1818 50 -10

366 Q366_010 2.79 0.27 0.241 0.017 0.15256 0.085 0.01 1340 230 1341 74 1390 88 -4

366 Q366_110 4.1 0.13 0.2816 0.0087 0.21379 0.1043 0.004 1694 72 1652 25 1599 44 6

366 Q366_039 2.52 0.17 0.175 0.011 0.97311 0.1044 0.0033 1702 58 1273 49 1036 61 39

366 Q366_053 4.36 0.22 0.2956 0.01 0.56491 0.1083 0.0047 1766 79 1703 42 1669 52 5

366 Q366_024 3.103 0.14 0.2494 0.0096 0.88284 0.0904 0.0029 1433 62 1432 34 1435 50 0

366 Q366_035 3.97 0.17 0.2892 0.0084 0.29675 0.1005 0.004 1630 74 1627 35 1637 42 0

366 Q366_028 5.37 0.48 0.324 0.014 0.21151 0.1205 0.0094 1940 140 1869 74 1807 67 7

366 Q366_089 3.61 0.18 0.283 0.013 0.69376 0.0927 0.0033 1475 67 1560 35 1607 65 -9

366 Q366_066 4.43 0.24 0.2901 0.009 0.56948 0.111 0.0044 1807 73 1712 45 1642 45 9

366 Q366_100 4.01 0.16 0.2961 0.0073 0.29551 0.1001 0.0043 1616 77 1634 32 1672 36 -3

366 Q366_015 3.95 0.17 0.2822 0.011 0.62166 0.1019 0.0038 1655 70 1627 32 1602 54 3

366 Q366_032 4.56 0.26 0.318 0.019 0.82623 0.1009 0.0045 1634 81 1738 48 1776 95 -9

366 Q366_102 4.18 0.15 0.2949 0.0092 0.68124 0.1047 0.0026 1705 46 1669 29 1666 46 2

366 Q366_083 3.87 0.21 0.29 0.012 0.45158 0.1 0.0055 1633 95 1614 46 1642 60 -1

366 Q366_005 4.26 0.2 0.2933 0.0089 0.001 0.1056 0.006 1734 98 1683 39 1658 44 4

366 Q366_069 4.48 0.22 0.3154 0.01 0.39677 0.1026 0.0044 1661 79 1724 41 1767 49 -6

366 Q366_101 4.176 0.08 0.3007 0.0067 0.17019 0.1015 0.0022 1649 40 1669 16 1695 33 -3

366 Q366_055 4.16 0.21 0.2955 0.0094 0.6246 0.1009 0.0041 1662 74 1671 38 1669 47 0

366 Q366_067 3.169 0.1 0.2459 0.0075 0.42123 0.0927 0.003 1477 61 1456 28 1417 39 4

366 Q366_044 4.39 0.17 0.3025 0.0094 0.29689 0.1051 0.004 1713 70 1709 33 1703 47 1

366 Q366_042 3.26 0.21 0.2469 0.0074 0.12692 0.0941 0.0056 1530 120 1467 47 1422 38 7

366 Q366_084 3.46 0.099 0.2847 0.0073 0.59757 0.09 0.0018 1424 38 1517 22 1615 37 -13

366 Q366_041 4.19 0.17 0.2967 0.0088 0.75195 0.1026 0.0035 1669 63 1671 34 1675 44 0

366 Q366_064 4.84 0.28 0.302 0.014 0.001 0.1164 0.0083 1880 120 1787 47 1698 69 10

366 Q366_048 3.3 0.26 0.2606 0.011 0.58681 0.0923 0.0062 1450 120 1474 63 1492 56 -3

366 Q366_094 4.171 0.098 0.2962 0.0082 0.61885 0.1019 0.0022 1665 42 1672 21 1672 41 0

366 Q366_104 3.96 0.27 0.289 0.014 0.087269 0.1009 0.0077 1610 150 1618 56 1636 71 -2

366 Q366_057 4.5 0.37 0.295 0.015 0.88211 0.1102 0.0062 1790 100 1721 66 1667 73 7

Disc%sample	# spot	# ±2σ ±2σ error	corr ±2σ ±2σ ±2σ ±2σ

Isotope	ratios Dates	(Ma)
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Table E.2 LA-ICP-MS analysis for monazite from sample 281.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

207Pb 206Pb 207Pb 207	Pb 207	Pb 206	Pb

235U 238U 206	Pb 206	Pb 235	Pb 238	Pb

281 281-20.1 3.038 0.099 0.2511 0.011 0.59674 0.0866 0.0041 1347 95 1417 26 1443 54 -7

281 281-10.2 3.094 0.12 0.2541 0.0096 0.67642 0.0877 0.0041 1372 90 1430 30 1459 49 -6

281 281-10.3 3.098 0.12 0.2551 0.011 0.75268 0.088 0.0041 1388 85 1431 29 1464 58 -5

281 281-17.1 2.964 0.11 0.2461 0.0098 0.73346 0.0868 0.0039 1355 86 1398 28 1425 49 -5

281 281-10.1 2.998 0.11 0.2485 0.01 0.69839 0.0878 0.0043 1373 93 1406 28 1438 56 -5

281 281-5.1 3 0.11 0.2484 0.0097 0.8909 0.0875 0.0039 1370 86 1407 28 1430 51 -4

281 281-1.5 3.01 0.13 0.2497 0.011 0.7209 0.0883 0.0041 1385 91 1409 33 1436 59 -4

281 281-27.1 3.27 0.1 0.2577 0.012 0.81671 0.0904 0.0041 1432 90 1473 26 1477 61 -3

281 281-1.4 3.105 0.12 0.2541 0.011 0.77238 0.0899 0.0041 1421 88 1432 30 1459 55 -3

281 281-3.1 3.161 0.11 0.253 0.01 0.83313 0.0898 0.0039 1420 87 1447 28 1453 54 -2

281 281-1.2 3.146 0.12 0.255 0.012 0.61186 0.09 0.0044 1431 100 1447 30 1463 59 -2

281 281-20.2 3.077 0.11 0.248 0.0098 0.77075 0.0894 0.0041 1411 87 1426 29 1428 51 -1

281 281-33.1 4.123 0.13 0.2932 0.01 0.65504 0.1009 0.0043 1639 80 1658 27 1657 51 -1

281 281-n58.2 3.029 0.11 0.2448 0.0099 0.794 0.0889 0.004 1401 87 1414 27 1411 51 -1

281 281-3.3 3.158 0.11 0.2493 0.011 0.79592 0.0902 0.004 1427 88 1446 28 1434 56 0

281 281-17.2 3.027 0.13 0.2459 0.0098 0.89346 0.0896 0.004 1416 85 1419 34 1417 51 0

281 281-5.2 3.14 0.14 0.2473 0.0095 0.80473 0.0901 0.004 1425 88 1440 35 1424 49 0

281 281-1.1 3.091 0.11 0.2476 0.0094 0.83648 0.0902 0.0038 1429 85 1429 29 1426 49 0

281 281-3.2 3.208 0.12 0.252 0.01 0.78409 0.0914 0.0041 1460 85 1458 29 1448 54 1

281 281-25.1 3.162 0.11 0.2514 0.011 0.86243 0.0917 0.0039 1461 84 1451 29 1445 55 1

281 281-5.3 3.613 0.12 0.2645 0.01 0.5641 0.0954 0.0044 1533 90 1552 27 1513 51 1

281 281-25.2 3.307 0.12 0.255 0.01 0.84723 0.0929 0.004 1485 84 1482 29 1464 52 1

281 281-40.1 3.821 0.12 0.2796 0.011 0.86152 0.0994 0.0042 1612 82 1597 26 1589 55 1

281 281-1.3 3.104 0.11 0.2491 0.011 0.66309 0.0919 0.0043 1462 92 1433 28 1433 56 2

281 281-33.2 4.426 0.14 0.2986 0.012 0.77577 0.1071 0.0046 1749 84 1716 28 1684 59 4

281 281-27.2 3.122 0.11 0.2413 0.011 0.91037 0.0917 0.0039 1461 85 1442 26 1393 58 5

281 281-n58.1 3.028 0.099 0.239 0.009 0.72755 0.0914 0.0041 1452 88 1414 26 1381 47 5

±2σ Disc%sample	# spot	# ±2σ ±2σ error	corr ±2σ ±2σ ±2σ

Isotope	ratios Dates	(Ma)
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Table E.3 LA-ICP-MS analysis for monazite from sample 312.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

207Pb 206Pb 207Pb 207	Pb 207	Pb 206	Pb

235U 238U 206	Pb 206	Pb 235	Pb 238	Pb

312 me312	36.1 3.106 0.086 0.2548 0.0077 0.76052 0.0891 0.0018 1404 39 1434 21 1463 40 -4

312 me312	9.1 3.41 0.13 0.2741 0.01 0.93087 0.0905 0.0016 1435 35 1505 30 1561 53 -9

312 me312	9.2 3.296 0.11 0.2671 0.0084 0.84712 0.0898 0.0018 1420 39 1479 27 1526 43 -7

312 me312	9.3 3.128 0.086 0.2525 0.0069 0.65857 0.09 0.0018 1431 36 1439 21 1451 35 -1

312 me312	9.4 3.055 0.11 0.2456 0.0082 0.91925 0.09053 0.0015 1436 32 1420 27 1415 43 1

312 me312	41.1 3.166 0.1 0.2566 0.0086 0.95153 0.0892 0.0017 1408 36 1448 25 1472 44 -5

312 me312	41.2 3.16 0.091 0.2561 0.0076 0.80335 0.0892 0.0019 1414 43 1447 22 1470 39 -4

312 me312_56.1 4.231 0.13 0.3031 0.0091 0.74788 0.1016 0.0021 1652 38 1679 26 1706 45 -3

312 me312_	1.1 3.061 0.094 0.2491 0.0082 0.90668 0.08866 0.0016 1396 35 1422 24 1433 42 -3

312 me312_	1.2 3.135 0.098 0.2529 0.0074 0.77182 0.0905 0.0019 1435 40 1440 24 1453 38 -1

312 me312_	1.3 3.189 0.1 0.2616 0.0073 0.88246 0.0889 0.0016 1401 36 1454 25 1498 37 -7

312 me312_	1.4 3.46 0.13 0.2814 0.011 0.93849 0.0889 0.0017 1402 36 1516 30 1597 58 -14

312 me312_	1.5 3.237 0.089 0.2606 0.007 0.74347 0.0903 0.0018 1430 38 1468 21 1498 38 -5

312 me312_	47.1 3.74 0.13 0.2926 0.0087 0.89122 0.0936 0.0017 1498 35 1584 30 1654 43 -10

312 me312_	47.2 3.69 0.11 0.268 0.0084 0.77077 0.0984 0.002 1593 39 1568 24 1530 43 4

312 me312_	5.1 3.6 0.13 0.295 0.01 0.92171 0.0894 0.0017 1412 36 1547 29 1666 50 -18

312 me312_	5.2 3.105 0.092 0.2546 0.0066 0.78993 0.0886 0.0017 1401 42 1433 23 1462 34 -4

312 me312_	5.3 3.454 0.12 0.2802 0.0099 0.87954 0.089 0.0016 1409 39 1515 28 1591 50 -13

312 me312_	54.1 3.54 0.091 0.2715 0.0087 0.65198 0.0941 0.0026 1505 52 1539 23 1548 44 -3

312 me312_	11.1 3.484 0.12 0.2853 0.01 0.8314 0.0899 0.0019 1423 40 1528 30 1617 52 -14

312 me312_11.2 3.61 0.15 0.284 0.012 0.85422 0.0923 0.002 1473 42 1550 33 1608 59 -9

312 me312_	40.1 3.412 0.11 0.2771 0.0085 0.91269 0.0897 0.0015 1427 37 1506 25 1576 43 -10

312 me312_23.1 3.501 0.11 0.2771 0.0091 0.86144 0.0918 0.0017 1462 37 1526 25 1576 46 -8

±2σ Disc%sample	# spot	# ±2σ ±2σ error	corr ±2σ ±2σ ±2σ

Isotope	ratios Dates	(Ma)



	 	84 

 

Table E.4 LA-ICP-MS analysis for monazite from sample 332.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

207Pb 206Pb 207Pb 207	Pb 207	Pb 206	Pb

235U 238U 206	Pb 206	Pb 235	Pb 238	Pb

332 332-8.2 3.066 0.11 0.2566 0.01 0.77516 0.0865 0.004 1346 89 1423 28 1472 51 -9

332 332-8.3 2.958 0.11 0.2495 0.0095 0.74699 0.0859 0.0038 1334 85 1400 26 1436 49 -8

332 332-7.1 3.049 0.1 0.2511 0.0096 0.66771 0.0868 0.004 1361 94 1419 25 1444 50 -6

332 332-5.2 4.21 0.18 0.304 0.014 0.81923 0.0996 0.0045 1616 84 1682 33 1709 72 -6

332 332-8.4 3.5 0.14 0.2756 0.011 0.71315 0.0934 0.0043 1494 87 1525 32 1569 53 -5

332 332-8 2.9 0.11 0.2429 0.01 0.72516 0.0856 0.0039 1337 79 1381 29 1401 55 -5

332 332-4.4 4.328 0.15 0.3072 0.011 0.79991 0.1015 0.0045 1650 85 1698 29 1727 55 -5

332 332-7.4 3.736 0.13 0.284 0.011 0.73625 0.0957 0.0042 1541 85 1578 28 1611 54 -5

332 332-5.3 3.051 0.11 0.2466 0.01 0.57263 0.0875 0.0042 1367 94 1420 28 1420 52 -4

332 332-5.4 4.46 0.16 0.3075 0.013 0.72022 0.1027 0.0048 1670 89 1722 30 1727 66 -3

332 332-19.3 4.17 0.15 0.3008 0.012 0.78969 0.1008 0.0045 1644 88 1672 28 1695 60 -3

332 332-5.1 3.25 0.16 0.257 0.013 0.8456 0.091 0.0041 1444 86 1473 37 1483 62 -3

332 332-9.1 3.83 0.17 0.284 0.014 0.81182 0.0972 0.0043 1570 84 1597 37 1610 73 -3

332 332-19.1 4.269 0.14 0.3027 0.012 0.81849 0.1017 0.0045 1669 84 1686 28 1704 60 -2

332 332-25.2 4.346 0.15 0.3037 0.012 0.74687 0.103 0.0045 1677 84 1705 31 1709 60 -2

332 332-9.2 4.09 0.18 0.286 0.013 0.85032 0.0992 0.0045 1606 87 1650 37 1634 72 -2

332 332-7.2 3 0.095 0.2452 0.0095 0.74312 0.0885 0.004 1392 87 1410 27 1413 49 -2

332 332-7.3 3.36 0.14 0.262 0.014 0.88737 0.0921 0.0041 1476 81 1500 37 1498 70 -1

332 332-4.3 3.99 0.16 0.2914 0.011 0.79052 0.1006 0.0045 1632 88 1631 33 1648 58 -1

332 332-25.4 4.256 0.13 0.2995 0.011 0.86499 0.1028 0.0043 1674 80 1684 27 1688 54 -1

332 332-19.2 2.967 0.095 0.244 0.0091 0.82339 0.0888 0.0038 1398 84 1402 23 1407 47 -1

332 332-1 4.177 0.14 0.2967 0.012 0.76506 0.1029 0.0045 1675 83 1669 27 1674 59 0

332 332-25.1 3.567 0.13 0.2673 0.011 0.77447 0.0951 0.0042 1528 87 1541 30 1526 56 0

332 332-25.3 3.941 0.13 0.2853 0.01 0.63166 0.1005 0.0044 1632 85 1621 27 1618 50 1

332 332-9.3 4.39 0.17 0.3021 0.013 0.70215 0.1061 0.0048 1730 92 1708 34 1701 66 2

332 332-4.2 4.43 0.15 0.3008 0.012 0.85322 0.1057 0.0045 1725 84 1716 31 1695 61 2

332 332-4.5 3.88 0.22 0.281 0.014 0.89734 0.1008 0.0047 1636 90 1604 48 1597 73 2

332 332-35.1 3.72 0.12 0.2702 0.012 0.68229 0.0995 0.0044 1612 89 1575 27 1541 61 4

332 332-4.1 3.235 0.11 0.2455 0.012 0.90173 0.0938 0.004 1502 86 1465 29 1414 60 6

332 332-35.2 3.159 0.12 0.2392 0.0096 0.7269 0.0963 0.0042 1552 89 1446 31 1382 50 11

±2σ Disc%sample	# spot	# ±2σ ±2σ error	corr ±2σ ±2σ ±2σ

Isotope	ratios Dates	(Ma)
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Table E.5 LA-ICP-MS analysis for monazite from sample 255.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

207Pb 206Pb 207Pb 207	Pb 207	Pb 206	Pb

235U 238U 206	Pb 206	Pb 235	Pb 238	Pb

255 me255	14.1 3.405 0.13 0.2789 0.0099 0.8576 0.0889 0.0021 1406 43 1509 31 1585 50 -13

255 me255	14.2 3.55 0.16 0.288 0.011 0.94417 0.0894 0.0017 1413 35 1536 35 1630 57 -15

255 me255	7.1 3.385 0.12 0.2763 0.0095 0.83972 0.0891 0.0019 1412 43 1500 27 1572 48 -11

255 me255	7.2 3.44 0.14 0.2731 0.011 0.92716 0.091 0.0019 1444 41 1511 32 1556 56 -8

255 me255	1.1 3.257 0.097 0.27 0.008 0.8459 0.08823 0.0015 1387 32 1473 22 1540 41 -11

255 me255	1.2 3.396 0.11 0.2766 0.0089 0.88679 0.08797 0.0016 1381 35 1503 26 1574 45 -14

255 me255	1.3 3.225 0.11 0.2621 0.0097 0.9439 0.08897 0.0015 1403 32 1462 27 1500 49 -7

255 me255	1.4 3.319 0.12 0.2725 0.01 0.93911 0.0889 0.0017 1401 36 1491 31 1553 51 -11

255 me255	1.5 3.431 0.11 0.2796 0.0079 0.92018 0.08877 0.0015 1399 32 1511 25 1589 40 -14

255 me255	8.1 3.31 0.13 0.2694 0.01 0.85263 0.0888 0.0019 1398 40 1482 30 1537 52 -10

255 me255	8.2 3.659 0.13 0.2934 0.0092 0.94101 0.09092 0.0016 1444 34 1561 29 1658 46 -15

255 me255	8.3 3.549 0.12 0.2727 0.0095 0.9364 0.0944 0.0017 1515 34 1537 26 1554 48 -3

255 me255	8.4 3.032 0.087 0.2491 0.0069 0.78932 0.0892 0.0017 1408 36 1415 22 1433 36 -2

255 me255	24.1 3.93 0.2 0.296 0.012 0.8838 0.0963 0.0021 1551 40 1615 42 1672 61 -8

255 me255	24.2 4.13 0.15 0.2975 0.0088 0.85472 0.1005 0.0022 1639 37 1658 30 1679 43 -2

255 me255	11.1 4.11 0.15 0.3049 0.011 0.9284 0.0987 0.0019 1599 35 1656 31 1715 56 -7

255 me255	11.2 3.789 0.12 0.2793 0.0091 0.80297 0.0971 0.002 1567 38 1590 26 1587 46 -1

255 me255	25.1 3.578 0.12 0.2816 0.0099 0.90218 0.0914 0.0017 1455 36 1544 26 1599 50 -10

255 me255	25.2 4.07 0.2 0.298 0.013 0.9081 0.0994 0.0023 1619 40 1645 39 1678 66 -4

255 me255	19.1 4.184 0.13 0.311 0.011 0.83874 0.0978 0.002 1582 39 1670 26 1745 52 -10

255 me255	19.2 4.1 0.15 0.304 0.012 0.78159 0.098 0.0025 1583 47 1653 31 1712 59 -8

255 me255	29.1 4.08 0.18 0.297 0.014 0.83384 0.0993 0.0026 1617 52 1653 35 1676 70 -4

255 me255	29.2 3.251 0.11 0.2657 0.0097 0.69644 0.0896 0.0023 1414 51 1468 26 1518 49 -7

255 me255	5.1 3.93 0.15 0.292 0.013 0.71853 0.0958 0.0024 1541 46 1619 32 1650 63 -7

255 me255	5.2 3.507 0.12 0.2697 0.01 0.60439 0.097 0.0025 1565 48 1528 27 1539 52 2

255 me255	5.3 4.158 0.12 0.2957 0.0088 0.57486 0.1022 0.0021 1663 38 1665 24 1669 44 0

255 me255	5.4 2.983 0.1 0.241 0.0085 0.76219 0.0912 0.0022 1449 47 1407 24 1391 44 4

255 me255	42.1 3.82 0.13 0.2904 0.01 0.85842 0.0958 0.0018 1544 37 1601 26 1643 50 -6

255 me255	34.1 3.41 0.17 0.2712 0.01 0.78587 0.0907 0.0027 1457 56 1502 40 1546 52 -6

255 me255	34.2 4.1 0.19 0.3037 0.011 0.94836 0.0987 0.0022 1604 39 1651 39 1709 56 -7

Dates	(Ma)Isotope	ratios

±2σ Disc%sample	# spot	# ±2σ ±2σ error	corr ±2σ ±2σ ±2σ
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APPENDIX F 

SUPPLEMENTAL ELECTRONIC FILES 

This supplemental electronic file contains all U-Pb laser ablation inductively coupled 

mass spectrometry data, including isotopic ratios and calculated isotopic ages with errors for 

each sample analyzed (4 biotite schist samples, one quartzite sample).  

 

LA_ICP_MS_data_biotiteschistsamples This file contains all LA-ICP-MS data from 

monazite from four biotite schist samples 

(255, 332, 312, and 281). The data for each 

sample are on separate sheets. 

LA_ICP_MS_data_quartzite This file contains all LA-ICP-MS data from 

zircon from the quartzite.  
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APPENDIX G 

SUPPLEMENTAL ELECTRONIC FILES 

The supplemental electronic file contains additional images and data tables for the four 

samples used for U-Pb monazite LA-ICP-MS analysis and the one sample used for U-Pb detrital 

zircon LA-ICP-MS analysis.  These files contain the following supplemental material for each 

biotite schist sample analyzed; a full transmitted light thin section light photograph, a full thin 

section BSE image with monazites highlighted (produced from the automated mineralogy bright 

phase scan), and a detailed data table. The monazite data table contains 
207

Pb/
206

Pb ages with 

errors and percent discordance. The location of each monazite grain number corresponds with 

the location numbers on the BSE image.  The file for the quartzite sample contains the following; 

field photos, a full transmitted light thin section photograph, and a detailed data table. The zircon 

data table contains 
207

Pb/
206

Pb ages with errors and percent discordance. 

 

SampleDocumentation_Xbq255 Compilation of sample photos and monazite 

data for biotite schist sample 255. 

SampleDocumentation_Xbq332 Compilation of sample photos and monazite 

data for biotite schist sample 332. 

SampleDocumentation_Xbq312 Compilation of sample photos and monazite 

data for biotite schist sample 312. 

SampleDocumentation_Xbq281 Compilation of sample photos and monazite 

data for biotite schist sample 281. 

SampleDocumentation_Xqt366 Compilation of sample photos and zircon data 

for quartzite sample 366. 
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APPENDIX H 

SUPPLEMENTAL ELECTRONIC FILES  

The supplemental electronic file contains all igneous and detrital zircon and monazite 

data compiled from Colorado, New Mexico, and Arizona (McCoy, 2001; Daniel and Pyle, 2006; 

Jessup et al., 2006; Jones et al., 2010; Lytle, 2016; Daniel et al., 2013; Doe et al., 2013; Shah and 

Bell., 2012; Aronoff, 2015; Bickford et al., 2015; Mako et al., 2015). All ages used are 

207
Pb/

206
Pb ages, are <10% discordant, and have less than <10% error. Errors were not given for 

data complied from McCoy (2001), so error was assumed to be 5% of the calculated age.  

Compileddata_allmonazite_allzircon Compilation of data from Colorado, New 

Mexico, and Arizona.  All igneous and 

detrital zircon data are on one sheet, and all 

monazite data are on a separate sheet.  

Compileddata_separated Compilation of data from Colorado, New 

Mexico, and Arizona.  All igneous zircon 

data, all detrital zircon, all monazite from 

Colorado, and all monazite from New Mexico 

are on separate sheets.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


