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ABSTRACT

The Proterozoic history dhe southeastern marginlcdurentia,especiallyduring the
Mesoproterozoic, is not well defined. Several tectonic events occurred during this time. The first
two eventswere thePaleoproterozoi¥avapai(~1.711.68 Ga and Mazatza{~1.651.60 Ga)
orogenies. The thirs the more recently recognized Mesoproterozoic Picuris orogdny
Ga). Evidence for the Picuris orogeny has been fountbithernNew Mexico, Arizona, and
Colorado; however, the extenittheorogenis unclear.In Colorado, previously recognized
effects of the Picuris orogeny are primarily reactivations along shear Zbnepurpose of this
study was to investigate tfroterozoic deformation history the southern half of the MtMans
7.5-minute quadranglen order to test whether pervasive folding is a result of the
Mesoproterozoi®icuris orogeny and/or of earlier Paleoproterozoic orogefiirearea was
selectedbecaus®f the exposure of Proterozoiadtile structures away frofocalizedshear
zonesand fromyounger overprinting structures. Field mapping revealed evidendeudor
deformation events. The firéD1) consists of isoclinal foldsThese are overprinted by, D
isoclinal to open folds withortherly plunging fold hinge linesRoles to Eaxial planes plot
along a great circle suggesting a third generation of folglsplDnging to the NNED, includes
nonpervasive open upright-tEending folds. These folds are only located towards tleeyv
north and south of the mapping area.

Detrital zircon from one quartzite was selecteddelPb laserablationinductively
coupledmassspectrometryLA-ICP-MS) analysis in order to test whether some of the
metasedimentary rocks may be younger thair interpreted Paleoproterozoic age, and perhaps
correlative with Mesoproterozoic metasedimentary rocks in northern New Mexico and Arizona
that are associated with the Picuris orogeflge zircon yelded ~1.55 Ga (n=4) and..44Ga
(n=26) age populatinsand a spread of ages betweerBila and ~1.6Ga The ~1.55 Ga age
population may represeattrue population as recognizeddefiance, Arizona the Yankee Joe
and Blackjack Formations in Arizonidne Four Peaks area in Arizorsand the Tusas and Rits
Mountains in New Mexicpor a mixing age between the older and younger populations
unclear if all the zircon from the quartzite is detrital whether some grew during
metamorphism in the quartzitén general, Th/Uatiosfor ~1.44 Gazirconis <0.1, possibly
suggesting metamorphic growthhile for ~1.81-1.55 zircon they are botk0.1%and >0.1%
suggesting a detrital origirHowever, zircon in both age groups exhibuagiety oftextures and



shapes Some~1.44 Gazircongrainsareeuhedral and exhibit oscillatory zonirgpme display
narrow overgrowths, anathers are anhedral with no zoninghe variety oftextures and
morphologies of ~1.4&a zirconsuggesthatthis population isdetrital andthatthe quartzite
was depositednd metamorphosed after

In-situ LA-ICP-MS U-Pb analysis was carried out on monazite from four biotite schist
sampledo constrain the metamorphic historfhe monazite yielded ~1.%3a and ~1.42 Ga age
populationsandseparate populationbat show ~67-1.48 Gaand ~1.391.34 Gaagespread.
The ~1.73 Gand~1.67%1.48 Gapopulationgnay be detrital or metamorphidlonazite ages
between ~1.6 Ga and ~1Gamay bedue to the mixing of age domains or Pb Ji&sause
metamorphism during that time has not been recognized in Laur@hia-1.42 Gaand~1.39
1.34Gapopulationsare most likely metamorphic ftwo reasons.First, if the biotite schist
experienced metamorphism after the Mesoproterozoic thergl Wweavidence for a younger
metamorphic eventSecond, a monazite inclusion in gamieided1416 + 85 Ma and 1355 +
86 Maages, indicatinghat garnet grade metamorphism occurred at or after ~1.4 Ga.
Deformation and metamorphism at 42-1.34 Gais consistentvith theage of thePicuris
orogeny. Thus, based on the likety~1.44Ga deposition of sedimentary rocks in soeithern
half of the Mt. Evans 7-Bninute quadrangleand on the-1.421.34 Gaages of folding and
metamorphisnit is concludedhat the Picuris orogeny caused penetrative deformation and
metamorphism in this part of Colorado.
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CHAPTER 1
INTRODUCTION

Bedrock structural mapping andRb detrital zircon and in situ monazite geochronology
was carried out inhie southern half the Mt. Evaidiss-minute quadrangle in the central Front
Range, Clear Creeloanty, Coloradq to investigate the Proterozoic evolution of Laurentihis
area was selected for investigation, because of the exposure of Proterozoic ductile structures
away fromlocalizedshear zoneand fromyounger overprinting structureasllowing for
investigation of the part of the Proterozoic histofy aurentia that is not related $bear zones.
The studyarea may recorgeveral tectonievents in the Proterozoic that are hypottexsto
have played a large role in the formation of Laurentia.

The first twoProterozoic eventwere thePaleoproterozoic Yavapat{.711.68 Ga and
Mazatzal (~1.65L.60 Ga) orogenies, both of which involved the accretion of juvenilst to
Laurentia(Karlstrom and Bowrind.988). The thirdis the more recently recognized
Mesoproterozoic Picuris orogeftyl.4 Ga) At first, metamorphism during this time was only
associaté with the emplacement of anorogegranites. These emplacements were attréaito
intracontinental tectonism following continental assemigr(strom and Bowring, 1988;

Nyman et al., 1994; Williams and Karlstrom, 1996; Shaw and Karlstrom, 1999; Larson and
Sharp, 2005; Whitmeyer and Karlstrom, 2007; Aronoff,30However morerecently, the
Picuris orogeny has been recognized in the Picuris and Tusas Mountains of Northern New
Mexico, the Wet Mountainsf southern Coloradahe Needle Mountains of southern Colorado,
Big Thompson Canyon of central Colorado, and in the YankeenibBlackjack formations in
southern ArizongDaniel and Pyl006 Jones et al., 201&hah and Bell 20tDaniel et al.,
2013 Doe et al., 201, 3Viahan et al., 2013Vako, 2014 Aronoff, 2015; Lytle, 201§.

Detailed field mapping and structural analysis with a focus on ductile structures was
carried outn order to unravel the deformational and depositional history of this &res.was
followed by optical microscopy analysis in order to constraind®ndtions and create detailed
rock descriptions. Monazite within representative microstructural fabrics were date¢chusing
situ U-Pb Laser Ablation Inductively Coupled Mass Spectrometry-(CR-MS) to provide age
constraints on the deformatiand metamorplihistory. 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

! 1 !



internal structures dhe zircon were &l to determine if the zircon detrital or metamorphic.
This data washen combined witlstructural and geochronological data fromd@ato, New
Mexico and Arizona in order to help constrain the timing and extent of the Picuris osgeny

the timing of sedimentary basins that preceded the Picuris orogeny.

Figure 11. Map of he southwestern United States showing Proterozoic crustal provinces. This
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CHAPTER 2
GEOLOGIC BACKGROUND
Published maps ariiderature inthe Mt. Evansreashowthatmost exposed rocks are
Paleoproterozoiamphibolite facies metasedimentary and metaignemmks (figure 2.1; Gable,
2000 Widmann et al., 20Qellogg 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 anaccretedo the Wyoming Cratopart of Laurentia to the northwdsttween
~1.8 Ga and ~1.6 Ga (Whitmeyerda§arlstrom, 2007).
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Figure 2.1Generalized geology of the Denver West area, from Kekagd.(2008).



Two general interpretetkctonic eventghe Yavapai and Mazatzal orogeniafected
the Colorado Front Range duritigs time andnay or maynot have been a continuous period of
deformation (Jones and Connelly, 2006; Mahan et al., 2008).Yavapai orogeny (~1.71.68
Ga) was the result of the collision of arcs from ~1G&0 ~1.72 Ga, followed by the actimn
of that juvenile arc crust tobaurentia(\Whitmeyer and Karlstrom, 2007). Thesultantyavapai
province isnow a northeastrending zone of predominantly juvenile crust that extends from
Arizonato Michigan(Van Schmus et al., 2007t is interpreted as having formed most of the
Proterozoic basemémocks of ColoradoThe Mazatzal orogeny (~1.6660 Ga) has been
interpreted as the result of the collision of ~11686 Ga crust to Laurentid-his crust generally
formed in continental margin volcanic arcs and back arc basins (Wtraed Karlstrom,
2007). Calcalkaline plutons, which make up most of the exposed Mazatzal crust and are ~1.66
Gato ~1.65 Ga, intruded these rocks. The Mazatzal province extendéfrmmnato Quebec
and Labador in Canada/hitmeyer and Karlstron2007). Between ~1.60 Ga and ~1.48 Ga
Laurentia underwent a period of quiescentiimeyer and Karlstrom, 20QDoe et al., 2012
Aronoff, 2015.

At ~1.4 Gagranitoids, such as the Mount Evans and Silver Plume batholiths were
emplaced (figure .2). These granitoids were emplaced in a broad belt spanning from the
southwestern United States through the Baltic shigdoh Schmus et al., 1996; Windley, 1993;
Karlstrom and Humphreys, 1998These emplacements occurred in two distinct events from
~1.49Gato ~1.41 Ga, and ~1.4Gato ~1.34 Ga (Whitmeyer and Karlstrom, 2007).
Geochemistry of both age groups of granite range from peraluminous to metaluminous
(Thompson and Barnes, 199%hitmeyer and Karlstrom, 2007 hese emplacemeritsive
commonly been intpreted asnorogenig¢Karlstrom and Bowring, 1988; Nyman et al., 1994;
Williams and Karlstrom, 1996; Shaw and Karlstrom, 1999; Larson and Sharp, 2005; Whitmeyer
and Karlstrom, 2007; Aronagf2019. However, episodes of deformation and metamorplaigem
now recognized in parts of New Mexico, Arizona and Coloratithese times of pluton
emplacement@cCoy, 2001 Daniel and Pyle2006 Jones et al. 2018hah and Bell., 2012
Doe et al., 2013Daniel et al., 201;3Mahan et al., 203,3Mako, 2014 Aronoff, 2015; Lytle,

2016).

The Picuris orogeny was the result of convergence along North AmericaOs southern

margin from 4.5 Ga to ~1.4 Ga (Daniel and Py&06 Aronoff, 2015. While this was a
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progressive tectonic event, the convergence of North AmericaOsreautirgin has been
divided into two orogenies based @mgion The Pinware orogeny took place from ~1&G4to
~1.46 Ga and involved convergence and subduction within the-@retoville province in
Labrador and eastern Quebec (Gower and Krogh, 20020#ret al., 2012).The Picuris
orogeny took place in northern New Mexico from ~1GEto ~1.35 Ga, and involved
convergence and possibldlsion between Laurentia andvenile crustalongthe southern
margin ofLaurentia (Aronoff, 201p This createdghorteningand thickening of Pale@and
Mesoproterozoic rockD@niel and Pyle, 20Q®aniel et al., 2013Aronoff, 2015 Lytle, 2016).
Recently, this orogeny has become much more recogimzsatts ofnorthern New Mexico,
southern Arizona,rad central Colorad@cCoy et al., 2001Daniel and Pylg2006;Jones et al.
2011;Shah and Bell., 201Doe et al., 2013; Daniel et al., 20Mahan etal., 2013;Mako,
2014 Aronoff, 2015 Lytle, 201§. 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 Calado, in Big Thompson Canyoim, and adjacerno the Idaho Springs
Ralston Shear@he in noth-central Colorado, and in the Yankee Joe and Blackjack formations
in southern Arizona {gure 1.1 Kopera, 2002; Daniel and Pyle, 2006; Daniel et al., 2013; Doe et
al., 2013; Mahan et al., 2018ronoff, 2015;Lytle, 2016).

Mesoproterozoic sedimentary basindNew Mexico and Arizon&ave also been
recognizedecently(Jones et al., 2011; Doe et al. 2012; Dbeial., 2013; Doe et al., 2013
Mako, 2014). Mesoproterozoic detrital zircon grains haweeb discovered in the Mguenas and
Pilar and Piedra Lumbre Formations of northern New Mexloads 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 depositios not well constrained it was
interpreted to be ~1.43abased on regional metamorphism and deformation (Jones et al., 2011).
The Pilar and Piedra Lumbre Formations include interbedded sedimentary and volcanic rocks.
Depositionof these formationwas cafined betweer1.49 Ga and~1.45 Ga based on the
presence of ~1.49 Ga zircana metatuffandthe stratigraphic relgonship with the Marquenas
Formation(Daniel et al., 2013)Zircon ages from the Yankee Joe and Blackjack formations in
southern Arizongielded ~1.45 Ga youngest age populatidiggi{e 1.1;Doe et al.2013).
Deposition of these rocks were constrained between dadéind ~1.435abased on the
presence of ~1.47 Ga zircons and a crosscutting relationship with the ~1.43 Ga Ruin Granite.

! 5 !



Nearby, in the Four Peaks area in Arizona, metasedimentary rocks with Mesoproterbssic
Ga) detrital zirconwere foundMako, 2014. The timing of this depositional systdms been
interpreted to bbéetween 4.52 Ga and 4.49 Ga because of stratigraiptrelationships with the
Yankee Joe Formatiqioe, 2014; Mako, 2014)A quartzitewith ~1.47 Ga detrital zircorwas
found in Defiance, Arizona (Doe et al., 2018)eposition of this quartzite was constrained
between ~1.47 Ga and 45 Ga based on the absence-2f45-1.35 Ga zirconin an area where
~1.451.35 Ga granites are extremely comnffigure 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
(Jores et al., 2011, Daniel et al., 2QT®e et al., 2013 aniel et al., 201,3Mako 2014.

From ~1.08Gato ~1.03 Gahe Grenville orogengccurredalong thesoutheastern
margin ofLaurentia and resulted in the emplacement of the Pikes Peak Baith@torado
(figure 21; Whitmeyer and Karlstrom, 200Guitreau et al., 2026 Proterozoic deformation
was overprinted by the Late Cretacefitiscene Laramide orogeny (e.g., Kellogg et al., 2008)
and associatechineralization, and the Oligocene Rio Grairi& (Kellogg et al., 2008).The
Laramide orogeny occurred from ~Bta 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 Calto Mineral Belt (Figuré.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)he latest deformation was localized extension associated
with the Oligocene angounge 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, Coloradad is a manifestation of widespreadension
within the Colorado Plateau (Minor et al., 2013).



CHAPTER 3
METHODS

Field work was carried out over a thie®nth period during the summer of 2017 in the
southern half of the Mt. Evans mdinutequadrangle.This area was mapped at a 1:24,000
scale. This included recordingf rock types, mineral assemblages, mineral percentages, and
orientations of structures (foliation, mineral lineations, crenulation lineations, fold hinge lines,
andaxial planes).Fold types and fold asymmetries were ailsted. Orientated samples of
biotite schist, quartzite, cakilicate gneiss, amphibolite, and interlayered felsic and hornblende
gneiss were collected along with 3 romentated samples of granite. O kg sample of a
guartzite was taken in order perform UPb detrital zircon analysis.

A 1:24,000 geologic map with cross sections was produ€bs map will be published
through theColorado Geological SurveGS appendix A) Both digital and paper basgps
were used in the fieldPaper mapwiere used to draw contactBigital 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 fiel A Breithauptcompass 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 assemblageas the mapping
area 20 samples were selected for thin sectiofsirteenwereoriented samples of biotite schist
(samplesl68 226, 255, 281, 310, 312, 313, 325, 327, 332, 333, 3d48d349), taken with the
intentions of finding monazite with clear relations to microstructures in order to peddtb
LA-ICP-MS dating. From all rock types in the mapping aremtibe schistwasselected fot A -
ICP-MS geoclonology because it exhibitedkell defined structures amndaslikely to containa
large number of monazite grain§he other seven samples were selected from repatisent
rock types from the mapping area in order to create more accurate rock descriptions and to
constrain their P histories. The selected rock types were the amphibolite (sample Xa353), the
interlayered felsic and hornblende gneiss (sample Xfh335¢albsilicate gneiss (sample
Xhqt345), the quartzite (sample Xqt336), the mediuodarse grained pink granite (sample
Y gP350), the nonfoliated quartzrich granite (sampl&gdM351), and the coarsgrained
hornblende and biotite granite (sample Yg3&2g section 4.2; figure 4.1 hin sections were
made in the Colorado School of Mines thin section assembly lab by Jae EriGkss® 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 3 biotite schist thin sectiong0 samples with wellleveloped
microstructures wergelected 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 TESZEBA-3 Model LMU VP
Scannig Electron MicroscopeSEM). Monazite was identified usingaight phase search
(only minerals with a BSE greater than 60% were recognized)-atiar@n beam stepping
interval. Four biotite schist samples were then selected for BSE analysis basedatigriment
of monazite to microstructureg.his was done with a Mira3 higiesolution 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 #ough this, microstructural
relationships of monazite and internal zonations were identified.

Zircon U-Pbgeochronologyvasconductedn one quartzite. Zircon from the quartzite
wasretrieved at Colorado School of Mines through conventional crusimdgyrinding methods,
the use of a Wilfle} table, heavy liquids (lithium metatungstate), and a FF¥ntmgnetic
separator.Zircon from the remaining split of grains were then picked by hand. These zircon
grains were then mounted into @poxy mountt the USGS.The mount was then sanded down
to a depth of ~20 microns and polish&giathodoluminescence images were then taken at the
USGS using a JEOL 5800 scanning electron microscope at the USGS Microbeam Laboratory in
Denver.

All U-Pb geochronologgn zircon from the quartzite and monazite from biotite schist
was conducted at the United States Geological Survey (USGS) Geology, Geophysics, and
Geochemistry Science Cenfelasma Lab in Denver, COn sitrmonazite UPb laser ablation
inductively couped mass spectrometry (LKCP-MS) analyses were conducted using a Photon
Machines Excite? 193 nm ArF excimer laser that was coupled to a Nu Instruments AttoM high
resolution magnetisector 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 Blitrogen
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 @tal.,2008).2°*Hg,

24 Hg+Pb),%*%Pb,?°"Pb,%*®%b,?**U, and®**U isotope mass peaks were measufRaw data was
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reduced by using the lolite2 2.5 program (Paton et al., 2011). Monazite 44069 (Aleinikoff et
al., 2006) was used as an external refe@enaterial. The reference material was analyzed after
every five spot analyses of monaziteA -ICP-MS zirconanalysis was conducted using mostly
thesame procedure as the monazneat with 150 total bursts for zircoa,spot size of ~2bm,

and using the primary zircon reference material Temora2 (417 Ma; Black et al., 2004) and
secondary reference materials-EQPaces and Miller, 1999), and Rieice (337 Ma, Sltma et
al., 2008). All raw data from the monazite and thiecon was reduced using the lolite? 2.5
program (Paton et al., 2011), and then subsequently redundegalottedusing Isoplot4.15
(Ludwig, 2012).



CHAPTER 4
RESULTS
4.1 Rock Descriptions
The mapping area is mainly composed of metasedimentary and metaigneous rocks that
are Paleoor Mesoproterozoic in age, along with intrusive granitoid rocks that are most likely
Mesoproterozoic in ageMetamorphic rocks found in this area includafic tointermediate
gneissgranitic gneiss, quartzite, caddicate gneiss, amphibolite and biotg#limanite schist
The presence of local sillimanite and partial melt indicate that peak metamorphismedc
under upper amphibolite facies conditio#dl mineral percentages are listedTable 4.1 and

4.2 unless there is significant variation throughout the unit.

Table4.1. Rock unit descriptions dflesopoterozoicintrusive rocks.

Abbreviation | Name Description
YgP Granite (Middle Pink to light gray, medium to coarse-grained
Proterozoic) porphyritic granite with locally variable

amounts of biotite and hornblende. Consisten
with the description of the Pikes Peak granite
dated by Unruh et al. (1995) at 1,074 + Ma ar,

1,092 + Ma.
Yg Porphyriticbiotite- Light gray to pink in color, porphyritic with
muscovite granite local muscovite. Contains 35% quartz, 30% p

(Middle Proterozoic) feldspar, 30% white feldspar, <3% hornblend
and <3% biotite. Similar porphyritic
peraluminous granite has aRbzircon age of
1,424 + Ma (W.R. Premo, unpublished data).

YgdM Granodiorite (Middle | Gray, medium to coarse grained, massive to

Proterozoic) strongly foliated, porphyritic biotite-granodiori
with variable hornblende and minor magnetite
U-Pb zircon date is 1,442 + 2 Ma (Aleinikoff g

al., 1993).
YgR Monzogranite (Middle | Pink, coarse-granite, equigranular to porphyri
Proterozoic) monzogranite with minor, locally variable

amounts of biotite. U-Pb zircon date is 1,448
Ma (Aleinikoff et al., 1993).

YXp Pegmatite and aplite | Aplite is equigranular and leucocratic.
(Middle Proterozoic) Grain size of around 0.1 cm. Light pink to pin
in color. Contains 50% pink feldspar, 40%
quartz, 9% white feldspar, and trace amounts
biotite and muscovite. No foliain present.
Occurs commonlyn small dikes, sills, and pod
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Table 4.1. Continued.

(less than 24 meters) throughout the mapping
area.

Pegmatite is coarse- to very coarse-grained, w
to pink and inequigranular, and has a similar
mineral composition tthe aplite.

Table 42. 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,
trace amounts of apatite, muscovite, chlorite.
Well foliated. Found in a metasedimentary
package with calsilicate gneiss, amphibolite,
and biotite schist.

Xhqt

Calcsilicate gneiss
(Early? Proterozoic)

Greenish-black to greenish-white and greenis
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. Units 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 microcling
with locally abundat sillimanite and minor
garnet, prograde muscovite and plagioclase.
is interlayered with fingrained pink granite,
hornblende granite, and mafic/heterogeneous
gneiss. Isoclinal to open folds are common.
Throughout the mapping area the unit contain
abundant amounts of lenses, pods, sills and d
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 withlocal black to dark green, fine to
mediumgrained 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 commg
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? Dark gray to black foliated amphibolite,
Proterozoic) interlayered with biotite-sillimanite schist.
Consists of 80% amphibole, 19% plagioclase
feldsparand 1% biotite.

4.2 Structural Geology

The most pervasive structuresind in this arearefoliations and isoclinal folds (D).
These folds aréolded by cm to m-scale folds with northerly plunging fold hinge lin@&s),
with mm to cm parasitic sand zfolds present on limbdigure 4.1 see page 133 All of these
structures are cross cut by felsic to intermediate intrusive rocks (figureeé.page 13

Field mapping andtsictural analysis revealed thréectile deformatn events with a
potential fourth D; consists of mmto half meterscale isoclinal folds (ff throughout the
mapping areaF; fold hinge lines generally plunge shallowly to moderately to the north (figure
4.2a; see page 14 F; axial planes contain significant scattert bte generally NEtriking
(figure 4.2b; see page 24 The scatter is a result of subsequent foldiRgles to $(the first
tectonic fabric)ie along a great circle, and the pole of that great circle is parallel to thiel F
hinge lineqfigure 4.2c, 4.3asee page 134

F1 folds are overprinted by isoclinal to open-damm- scale Efolds with northerly
plunging fold hinge lines (figuré.3a; see page 15 Mm-scale(present in thin sections) to em
scaleparasitic sand zfolds are present diold limbs. Poles td~; axial planes plot along a great
circle suggesting a third generation of folds) (Hunging moderately to the NNE (figude3b;
see page 15 F;folds were not observed in the field area and were interpreted solely based on
the grdle of poles to faxial planes.Thefourth generation structures consisugfightfolds
with shallowly Eplungingfold hinge lineqfigure 4.4 see page 15 These folds were not
pervasive throughout the mapping area amigt present in the biotite schist towards the very
northand soutthof the map.Structual data are consistent throughout the map area and are
therefore not divided intseparate structural domainBhe youngest rocks, which are mainly
granodiorite andarious types of fineto coarsegrained granite, are largely undeformed but
contain local flow foliationgparallel to contacts



4379000
4379000

4377000
4377000

4375000
4375000

2 2
SCALE 1:49,213
A 075 0375 0 075 15 225 3 Miles
| | I | —— ]
M 3,250 1,625 0 3,250 6,500 9,750 13,000 Feet
[ ] I ! ]
075 0.375 0 075 15 225 3Kiometers
| =———— —— ]
ELEVIN ELEVIN
FEET A A" METERS
12631 ft 3850 m
11318 ft 3450m
. N
10006 ft ﬂ 3050 m
2500 m 5000 m
Description of Map Units
Metasedimentary and Map Symbols
Metaigneous Rocks ——— contact - dashed where approximately located
: . A——A’ cross section line
Q- Al surficial deposits
- . ; N . }  strike and dip of foliation
Y- Felsic to intermediate intrusive rocks | trend and plunge of mineral lineation
| Xa- Amphibolite 1 trend and plunge of fold hinge line

I Xbg- Biotite-quartz-sillimanite schist

[ Xth- Interlayered felsic and hornblende gneiss
[ Xgg- Granitic gneiss

[0 Xhqt- Calc-silicate gneiss

I Xqt- Quartzite

Figure 4.1Simplified geologic map of the southern half of the Mount Evansrinbite
guadrangle with representative stiral data and a cross section showing representative
structures.Location of samples collected for thin sections are indicated in red (for exitt UT
coordinates see appendi¥. B



Fi fold hinge lines

S: foliation

Figure4.2. Equalarea lower hemisphere projectionstfuctureselated to B. (a) F; fold hinge
lines.(b) Poles to [faxial planes. (c) Polgs S foliation with bestfit great circle with pole to
bestfit great circle in red(d) Picture showing Ffolds in the interlayered felsic and hornblende

gneiss.




B

F. poles to axial planes

Figure4.3. Equalarea lower hemisphere projection gfféld hinge linega),and wles to i
axial planes with best fit great circlendpole to best fit great circle in réd). (c) Picture
showing F; folds in the biotite schist.

| Fafold hinge lines
Figure 4.4. Equaarea lower hemispheprojectionof F4 fold hinge lines.
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Throughout the mapping area some rock types exhibited structures better than others.
While D; (isoclinal folds) was present in both the biotite schist and the interlayered felsic and
hornblende gnss, D was much more pervasive in the interlayered felsic and hornblende gneiss.
D, was present in all metaigneous and metasedimentary rocks except the graniticiness.
only present in the biotite schist towards the very namith southof themap. The granitic
gneiss only exhibited strong foliationt is unclear if the granitic gneiss was folded because only
one outcrop of granitic gneiss (towards the north of the map) was in wlatethe rest was
mapped afloat, in areas where this wéargely in place
4.3 Petrology

All thirteenthin sections from the biotite schist show similar amphibolite facies
metamorphic mineral assemblages and contain quartz, feldspar, binditeariable amounts of
sillimanite (fibrolite). Themain § foliationconsistf biotite and sillimaniteleavage domains
separated byguartz and feldspar icrolithons (figure 4.5) The sillimanite grew by the reaction
of muscovite + quartz = sillimanite +t€ldspar + HO (figures 4.5 4.7d). The subsolidus
breakdown of muscovite to-keldspar implies mietrustal pressured kbar) (Johannesnd
Holtz, 2012) That coupled witlthe presence of silnanite implies temperatures 590-700;C.
Garnetis presentn sample 281 and minor secondary muscovite (bas@auscovite
overgrowing biotite) is present sample332 (figure4.7e,f). All samples were cut perpendicular
to N-S trending; folds (thelatestpenetrativeductile structure) All thin sections of the biotite
schistcontaina first foliation defined by sillimanite and biotitevhichis foldedby F,folds. The

secondoliation is defined by biotite and axial planto F (figure 4.9.
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Figure 4.5. A simple petrogenetic grid of the KASH system from Spear et al. (1999). The
reactionmuscovite+ quartz = sillimanite + Keldspar + HO is outlined in blue.

Figure4.6. Transmittedight thin section scan of the biotite schist (sample 312) sholiotde-
sillimanite cleavage domains separated lyaigzfeldsparrich microlithons



Figure4.7. Thin section images of biotite sch(stl mineral abbreviations are from Whitney and
Evans 2010. (a) Sample255 showng the foliationin cross polarized light{PL). (b)
Quartzofeldspathic microlithoim XPL in sample281 (c) A reaction texturén sample 332f
muscovite breaking down to sillimanite in XRd) Muscovitein sample 33breaking down to
sillimanite in XPL (e) Sample332 showing secondary muscovite in XPL growing around
biotite. (f) Garnet in plane polarized light (PPL) in samp8i.

X 'l A - i ZA ‘ ’
Figure4.8. Thin section images of biotite schist (sample Xb3{&)Early foliation (S;) that has
been folded by P& trending folds and second foliation (§ axial plararto F, and overprinting
S;in XPL. (b) S; and Sin (PPL).

The amphibolite (sample Xa353) contains 60% hornblende, 37% feldspar (mostly
plagioclase based on twinning), 3% quartz, and @aceunts of opagues. he opaques are
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magnetitgbased on the cubic shape, anisotropy in cross polarized light (XPL), andicoéor
reflected lght), ilmenite (based on color and isotropy in X&hdcolor under reflected light),
and rutile(based on the red colorfsrain sizesf all minerals are homogeneous amd ~100

400um. There are no retrograde/prograde textures imthghibolite(figure 4.9.

Figure4.9. Thin section images of the amphibolite (Xa353)wveing the representative mineral
assemblage of hornblendpiartz and plagioclase in (a) XPL and f$L

The interlayered felsic and hornblende gneiss (saXipig35) is heterogeneous in
composition. The thin section taken of this unit contaime foliation defined by two types of
compositional bands. This thin section was cut with the purjeodetermine the different
minerals of each band (figure 4)10rhefirst band contains primary hornblende, plagioclase,
quartz, kfeldspar, epidote and rutile, and gerondand contains clinopyroxene, quartz,
plagioclase, titaniteprimary hornblendeand secondary ididdstic hornblendépost pyroxene
growth based opyroxene inclusions in the amphibp(égure 4.1%,f) with trace amounts of
opaquegfigure 4.11,b,c,d. Grain sizes of all minerals are heterogeneous and1®@600 m
in this thin section.



Figure4.10 Transmitted light thin section scan of the interlayered felsic and hornblende gneiss
(sample Xfh335) showing two different compositional bands.

Figure4.11 Thin section images of the interlayered felsic and hornblende gneiss (sample
Xfh335). (a) Gmpositional band 1 in XRL(b) Gompositional band 1 iIRPL. (c) @mpositional
band 2 in XPL (d) Compositional band 2 iRPL.(e) Amphibole overgrowing pyroxene in XPL
() Amphibole overgrowing pyroxene PPL.
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The calesilicate gneiss (sample Xhqt34®ntains two ma compositional band$at
form the foliation(figure 4.13. The first bad contains epidote, quartdinopyroxeneand
titaniteand the second contains quafétdsparand calcite (figure 4.28b). There is also an
intermediate mineralssemblage with minerals from both compositional bands between the two
bands.Garnet, possibly andradite (€iah garnet) based on the orange color in plain polarized
light (PPL) is also preserffigure 4.13,g). The quartz shows undulose extinction sadable
grain sizethat are 300-450 m in this thin sectiorffigure 4.1%).

Figure4.12 Transmitted light thin section scan of the esilicate gneiss (sample Xhqt345)
showing two different compositional bands @ainet.
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Figure4.13 Thin section images of the caddicate gneiss (sample Xhqt34%x) Gmpositional
band 1in PPL. (b) @mpositional band 1 in XRIc) An intermediate mineral assemblage of
compositional band 1 and compositional band 2 containing clinopyroxeiedds$far, and
quartz inPPL.(d) An intermediate mineral assemblage of compositional band 1 and
compositional band 2 containing clinopyroxenefgdspar, and quartz in XPI(e)
Compositional band and garnet in XPL. (f) @mpositional band 2 and garnetR®L.(Q)
Garnet inPPL

The quartzite (sample Xqt336) contains 94% qugiams,4% opaqueghat aremost
likely ilmenite (based on color and isotropy in reflected light), magnetite (based on anisotropy in
XPL under reflected light and cubic shapg&), apdite, and trace amounts of broken down
muscovite andbiotite, along with secondarghloritereplacing biotitefigure 4.14,b). The
larger quartz grains show undulose extinction and-tegtperature grain boundary migration

microstructures while the medn grains are the product of subgrain rotation recrystallization,
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and the smallest grains are the product of bulging recrystallizéigome 4.14d). The opaques
are inclusions in quartz crystals and are generally aligned with the {ontgeovitequatz
foliation (figure 4.14). All grain sizes are betweetrb0 m and Inm. Because of the large

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

Figure 4.14Images of quartzite (sample Xqt336}thin section.(a) Chlorite replacing biotite in
XPL. (b) Chlorite replacing biotite ifPPL. (c) Quartz with undulose extinction and subgrain
rotation recrystallization in PL. (d) Quartz with bulging recrystallization in XPl(e) Qpaques
aligned with foliation in XPL.

Sanple YgdM351 is an Sype granite that contains 50% quagtainsthat are 400 m-
1mm 48% microclinghat are~400' m-1.5mm <1% muscovite, <1% biotite, <1&fpatite,
minor zircon and sillimanitein muscovite. This is the result of muscovite forming around

sillimanite as part of eetrogradeeaction(figure 4.15.



Figure4.15 Thin section images of the ndoliated quartzrich granite (sample Yglh351(a)
Sillimanite in muscovite iPPL.(b) Sllimanite in muscovite in XPL.

Sample YP350 is a medium tgoarse grained pink granite and contains 60% perthitic
K-feldspar with exsolution lamellae, 40% quartz, and minor amounts of muscokiegrain
sizesin this samplare ~200 m-2cm, with a meargrain size of 4cm The largstquartz grains
show undulose extinction and high temperature grain boundary migration, the medium size
guartz grains were formed by subgrain rotation recrystallization, and the smaller quartz grains

were formed through bulgg recrystallization (figurd.16).

Figure4.16 Imagesf the mediurmto coarsegrained pink granite (sample Ylp350)thin
section.(a) Perthitic feldspar in XPL(b) Bulging recrystallization of quartz in XPL(c)
Subgrain rotation recrystallizatn in XPL.

Sample Yg352 isral-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
! 24 !



epidote (allanite based on the pink brown cofbgure 4.1°4,b). The grainsizes are-50um-

lcm The quartz shows undulose extinct{gure 4.1%T).

Figure4.17. Thin section images of the coaigeined hornblende and biotite granite (sample
Yg352) (a) Botite, plagioclase, hornblende and quartz in Xgi) Biotite, plagioclase,
hornblende and quartz PPL

4.4U-Pb Isotope Data

Zircon from the quartzite and monazite from the biotite schist was selecteePiorlB-
ICP-MS dating. Zircon in quartzite was dated to constrain the maximum age of deposition of the
guartzite, its provenance, and its age of metamorph&mon was separated from the quartzite
to obtain a large number of grains needed for detrital zircon geochronaJeB¥. LA-ICP-MS
analysis of monazite in biotite schist was conducted in situ so that monazite witreldéans
to microstructures such as foliations or fold axial planar cleavage, and monazite inclusions could
be dated.Only data thais less than 10%igcordant anghowsless than 10%ncertaintywas
usedfor both thezircon and the monazitata interpretatianAll ages reported are weighted
averages of’’Pb/°®Pb ages unless otherwise stated.

In the quartzite sample (Qzt366) 14j80t analyses wepobtained on zirconsrgins. Of
those90 were concordartfigure 4.1&,b;appendice&,F). The**’Pb/°®Pb ages can be divided
into threepopulationsand a single analysisThey are aingle1940+ 140 Magrain a ~1810
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1607Ma populationwhich comprsess9 analyses, a ~1492378Ma populationwhich
comprises 2@nalyses, and~15651530Ma populationwhich comprises 4 analysédeighted
average of’Pbf°Pb ages a@r 1558 + 38la (MSWD = 0.091; N=3for the ~559-1565 Ma
population, and 436 + 10Ma (MSWD = 1.5; N=26Jor the youngest populatiqfigure 4.19.
A weighted aveage was not taken for the ~181607Ma age population becauadloat bar
chart(figure 4.) with 2! errorshows a spread of agas~18101607Ma and not a single

population

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

part of the mapping area (figure 4.5). (a) Concordia diagram wigtrdr ellipses. Spots that are
<10% discordant are depicted in solid blackosks and spots that are >10% discordant are
depicted with gray ellipses. (b) Relative probability diagram. (c) Th/U ratios plotted against age
(Ma).



Figure 4.19Float bar chart with weighted average$’@®b/°Pb ages of zircon from the

guartzite (sample Qzt366) based on data that was less than 10% disddrddr&i40 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 betwd82Ma and 1378Via are shown in black.

A variety of grains was analyzed, such as those with oscillatory zoning,acwhess,
or no zoning (figure 4.2@Gppendix G. Detrital zircon grain sizes range from 25 pum to 270 pm
in length with grain shags that are euhedral to anhedi@kains with multiple growth domains
characterized by oscillatory zoning are interpreted as representing successive stages ¢ magma
growth, while unzoned anhedral grains are interpreted as nefj@cetamorphic growtlffigure
4.20). Both of hese textures are present in both the oldest and youngest age pop(figtions
4.20. Some 1.44Ga zircon exhibited-1.44Gacoresand rims that are too narrow to analyze
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(figure 4.21). In general, there is no clear relationship betw8&bf°Pb ages, Th/U ratios, and
zoning. Of all concordant spot analyses%%ielded Th/U ratios > 0.1% and @&byielded Th/U
ratios <0.1%.In general, Th/Uatiosfor younger zircons (~1.4 Ga) ar8.& while Th/U ratios
for older zircons (~B-1.5 Ga) are in part also <0.1%, but also contain some Téiibkrgreater

than 0.1 (figure 4.18.

Figure 4.20 Representative cathodoluminescence (CL) images of detrital zircon grains analyzed
from a quartaze sample (sample Qzt366) sorted by age from youngest to oldest. The sample
number, % discordance, Th/U ratio, &1@Pb/°Pb age in Ma with uncertainty for each

zircon grain are indicatedhe area where the analysis was taken is indidatedred cicle.

Figure4.21 CL images showing ~1.48a zircon with core rim relationships. The red circle
indicates théocation of spot analyses

Ten thin sections of biotite schist were selected for automated mineralogy analysis (bright
phase scan) in oed to determine abundance anddtion of monazite (appendix) DFour thin
sections (samples 312, 255, 281, 332) were selected for BSE analysifPanudhazite LA
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ICP-MS geochronology based on clear relationships between monaziteagdins
microstructures (appendices [,F
In sample 255, 30 spot analyses were obtained from 12 monazite grains. From those 30,
21 were <10% discordant (figure 42appendices E)X The*’Pb/°®Pb ages rangedm 1663
to 1398Ma. A Concordia and relatiyerobability diagram suggests there is a younger age
population with normalidtribution (~1.4 Ga) (figure 4.220). A float bar charbf all monazite
ages suggests monazites older than 1460 Ma erpeattieontinuous growth (figure 4.2R
Because of thighe spot analyses were separated into two groups; the first group comprises spots
older than 1460 Ma, and the second group comprises spots younger than 14dteNaunger
group yielded a weighted averaJ&bF°°Pb age of 1425 + 14 MMSWD =1.5; N=§ (figure
4.23&). A weighted average was not calculated for the older group.
All grains analyzed weranhedral to subhedral and were located withirrtguand biotite
grains (figure 4.24, appendix) GAll grains were aligned along the liation that was refolded
by N-S trending Efolds, except for grain 255_1 (figure 4.24p,IGrain 255 1 is a large
anhedral inclusion in quartz, and yielde® ®b/°Pb age of 1403 + 32 Ma\o relationship was
found between grain size and agebetween age and relationship with adjacent minerals
Multiple analyses were conducted on the same grain. gfaresshowed different ages from
multiple spotg255 24, 255 25, 255 29, 255 34, 255dppendix G). ldwever, none of these
grains exhibiteatore and rim overgrowth relationships.



Figure 4.22 Data collected for all LACP-MS spots analyzed on each of the biotite schist
samples. The concordia diagrams showei2or ellipsesSpots that are <10% discordant are in
black and those that are 2bQiscordant 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 4.23Float bar charts with ighted averages 6'Pb7°®Pb ages of monazite from the

biotite schist based on data that was less than 10% discordant. (a) Sampbte258der than

1500 Ma are shown in black, and ages younger than 1500 Ma are shown in)g8aynie 312

ages older than 1480 Ma are shown in black and ages younger than 1480 Ma are shown in gray.
(c) Sample 28lages older than 1490 Ma are shown in black, ages younger than 1490 Ma are
shown in gray, and ages taken from a monazite inclusion {(Z§1in garnet are shown in red.

(d) Sample 332ages older than 1700 Ma are shown in dark blue, ages betweed@6D&a

are shown in black, and ages younger than 1600 Ma are shown in gray.



Figure 4.24 BSE images showing representative textugktionships of dated monazite in
sample 255. The red arrows point to the monazite grain of interelg}.(ain 255 1s an
anhedal inclusion. (ed) Grain 255_7 isnelongated anhedral grain aligned with foliation that
has been refolded by-N trendng F, folds. (ef) Grain 255 19 imnelongated anhedral grain
aligned with foliation that has been refolded by6Nrending Efolds.

From 11 monazite grains in sample 312, 23 spot analyses were obtainedthose 23
spot analyses, 17 werd 8% discordant (figure.22c,d; appendices E)FThe ages obtained
from this sample range from 1688 to 1396Ma. A Concordiaselativeprobability diagram
and float bar chart suggest an age group artbrmal distributiorbetweenl473 Ma and 1396
Ma, while older monazite experienced continuous crystallizgfignre 422c,d). Based on this
the data waseparated into two groups; one older than 1480 Ma and one younger than 1480 Ma.
The younger group yielded a weighted averd§eb?°Pb age of 1425 + 11gda (MSWD = 1.4;
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N=14) (figure 4.28). No weighted average was obtained from the older giféngm 11 grains,
4 grains (312_5, 312_40, 312_41, 312_56) were align#dS,, 4 grains (312_1, 312_47,
312_36, 312_54) were inclusioimsbiotite and quartz, and 3 grains (312_9, 312_23, 312_11)
were subparallel to;Sbut not along S, foliation plane(appendix G) Grain 312_11 is more
poikiloblastic than others (figure 4.2%). All grains were anhedral to subhedisdb
relationships were found between age and grain size, age and metamorphic assendiage,
and structural settingMultiple spot analyses taken frosinglegrairs yielded similar 2°’Pb/°%Pb
ages.

In sample 281, 27 spot analyses were obtained from 1Azitergrains.None of the
spot analysewere >10% discordant (figure 4.22e.f; appendicey HRe ages in this sample
range fromL749 Ma to 1347 MaBased on #loat bar charthe data was split into two age
groups; one older than 1490 Ma an@ gooungr than 1490 Ma (figure 4.28 The weighted
average of spots younger than 1490 Ma yieltfrb/*°Pb age of 1425 +3IMa (MSWD of
0.74; N=23) (figure 4.28. No weighted average was abted 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
guartz, and 3 (281_n58, 281 25, 281 40) were aligned along folinitimas been refolded
(figure 4.26; appendix 5 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
samplegfigure 4.2§. Generally, ages obtainéwm the same grain yielded simif2/Pb/°Pb
ages with the exceptioof one grain (281_5) (figure 4.g4). Analysis 281_5.3 yielded a
2PpP%Ph age of 1533 + 90 Ma, analysis 281_5.2 yield®@dPd/°%Pb age of 1425 + 88a,
and, analysis 281_5.1eftled &°'Pb*Pb age of 1370 + 8da. This combined with zoning

exhibited in this grain can be interpreted as successive stages of growth in this grain.



Figure 4.25BSE images showing representative textural relationships of dated mamazite
sample 312. The red arrow points to the monazite grain of interest. Two different magnifications
are shown for each monazite grainbjjaGrain 312_11 isn elongated subhedrgtain aligned

with axial planar cleavage. The black dashed line highlights the axial planar cleavd)e. (c

Grain 312_1s ananhedral inclusion in quartz. -{eGrain 312_23s anelongated anhedral

grain aligned with axial planar cleavage. The blaasheéd line highlights the axial plar

cleavage. (&) Grain 312_5 isnelongated subhedral grain aligned with foliation that has been
refolded by NS trending Efolds.



Figure 4.26 BSE images showing representative textural relationships of chatealzite 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) GQBdin17 is a&uhedral
inclugon in garnet. (b) Grain 281_1 is anhedral grain adjacetd garnet. (ed) Grain 281_33 is
asubhedral inclusion. {§ Grain 281_#58 is arelongated anhedral grain aligned with foliation
that has been refolded by S$itrending Efolds. (g) High contrast BSE image of grain 281 5
showing zoning. The zoning is outlohevith 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 (figu22g,h; appendices E)F Based on #oat bar chart
of all spots, the ages were split into 3 age grdfigsre 4.231). A weighted averag® Pb/°%®b
age of spots older than 1675 Ma is 1727 + 62 Ma (MSWD = 0.0064; Mv2ighted average
of ’Pb7°%Pb ages between 1675ah600Ma is 1646 + 23 Ma (MSWD = 0.36; N=1@)gure
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4.23). A third group suggests continuous growth between 1600 Ma234Ma (figure

4.23). From the 10 grains, 8 (332_5, 332_4, 332_19, 332_9, 332_25, 332_4, 332_1, 332_35)
were aligned alontpliation, and 2 (332_8, 332_7) wereintlusions in biotite (27c,d).

Monazite from this sampleagarhedral to subhedral (figure 4.258ppendix G. In 5 grains

(332_19, 32_25, 332_4, 332_5, 332_&ges obtmed from the same grain yielded ages thdt

not belong in the same age populatidtrom these five grains core and rim overgrowths were
visible in twograns (332_25, 332_9) (figure 4.&h).

Figure 4.27 BSE images showing representative textural relationships of dated monazite in
sample332. The red arrow points to the monazite grain of interest. Two different magnifications
are shown for two of the moni¢e grains. (&) Grain 332_4 is aalongated anhedral grain

aligned with foliation that has been refolded bysNrending Efolds. (c¢d) Grain 332_7 ian
anhedralnclusion 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_2§) High contrast BSE image of grain 332_9. The core is outlined
in a black dashed line. (d) Location and ages ot analyses done on grain 322_9



In order to have a comprehensive age analysis for deformation events that affected the
biotite schst, a concordia diagram, a relative probability diagram, dlwhtbar charbf all
2ppf%%h ages was created for mlbnazitedata from all analyzed samples (figu#eg8 4.29.
Based on theseajrams data was split into fogiroups; older than 1700 Ma, betwed&YIMa
and 1485 Ma, between 1476 Ma and 1392 Ma, and younger tharVIB8&Il analyses older
than 170QMa yielded a weighted average bf35 + 50Ma (MSWD = 0.09; N=3) (figure 4.29
Spot analyses betwe@d76 Ma ad 1392Ma yielded #°'Pb/°®Pbweighted average df425 +
8 Ma (MSWD= 0.9; N=41) (figure 4.2 No weightedaverage was obtained for thge group
between 1677 Ma and 1485 Ma or for the age group between 1388 Ma and 13@&talse the
monazite from bth of theseage populatiomappears to have experienced continuous growth.

Figure 4.28 Combination of all monazite data from the biotite schist thin sections. (a) Concordia
diagram with Z error ellipsesSpots that are <10% discordant are depictesbiial black

ellipses and spots that are >10% discordant are depicted with grey ellipses. (b) Relative
probability diagram showing all monazite spot ages.



Figure 4.29Float bar charof 2°’'Pbf°Pb ages for <10% discordant monazite spots from all

biotite schist samplell 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 clartof 2°’Pbf°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
guartzite and the biotite schist compare to each ¢tigeire 4.3@). A probability density
diagram that shows the density curve for both the monazite and the zircon was also created
(figure 4.3). Between ~1.&aand ~1.5 Ga the monazite is generally younger than the zircon,
with monazite having a high density of agesasstn ~16 Gaand ~1.5Ga and zircon having a
high densi of ages between ~1@aand ~1.6Ga. This is mirrored between ~1Gaand ~1.3
Ga, withmonazite having high density of ages at ~1.@&& and zircon having a high deysif
ages at-1.45Ga (figue 4.30Q. There is a spread of monazite between 1.33 Ga and 1.39 Ga that

doesnot «ist for the zircon (figure 4.30



Figure 4.30(a) Float bar chaxf ?°’Pb/°®Pb ages obtained from the quartzite and all biotite
schist samples. Monazite are showblizxck and zircon are shown in grdlp) 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.



CHAPTERS
DISCUSSION

5.1 Structural Geology

Field mappilg revealed evidence for fodeformation events in the southern half of the
Mount Evans quadrangléd; consists of mm to halineter scale isoclinal folds {Fwith F; fold
hinge lines generallglungingmoderatelyto the north.These folds are overprinted by isoclinal
to open crto m- scale Efolds withmoderatelynortherly plunging fold hinge linesPoles to
axial planes of Fplot along a great circle suggesting a third generation of folplFging
moderately to the NNE. The fourth deformation event consisterepervasive openpright &
trending folds. These folds are only found in the very north and south of the mapping area.
Some rock types displayed these deformation events bedtasthers. While the biotite schist
exhibited isoclinal folds, Pwas most pervasive in the interlaygffelsic and hornblende gneiss.
D, was present in all metaigneous and metasedimentary rocks except the granitic gness. D
interpreted based only ahe girdle of F; axial planes. Dwas only present in the biotite schist
towardsthe south and north of the maphe granitic gneiss only exhibited strong foliation.

Therestrictionof earlier deformation events specific rock typeswhile other rocks
types only record later eventyuld help refine the depositional sequence aéfigsld area if all
strainwere homogeneously distributeBlowever, in this field area the most incompetent rocks
(interlayered felsic and hornblende gneiss and the bictisisdisplay the most deformation.
The difference in rheology of rock types could have caused strain partitioning, causing specific
deformation events to affeatcks in this area differentlyTherefore, no conclusions about the
depositional history lsed on differences in deformation can be made.
5.2Zircon geochronology

The zircon from the quartzitean be dividednto threeage populationand a single
analysis They are aingle~1940Ma grain, 218101607 Ma populatiorwhich conprises59
analyses, a ~149P378Ma populationwhich comprises 26 analyses, and a ~1:8680 Ma
population which comprises 4nalyses. The ~1811607 Ma age populatiaepresents a spread
in ages and not a single age populabased on #oat bar charaind prdability density diagram
(see rsults section 4;4figures 4.18,4.19 The ~14921378Ma age group Yyielded a weighted
average ofi436 £ 10 Ma (MSWD= 1.5 N=26). The ~15651530 Ma population yielded a
weighted average 1558 + 36 Ma (MSWD= 0.091; N=\hile the age population at 1558 Ma
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only consists of 4nalyses, on #oat bar chartt appears separate frahe ~14921378 Maand
~18101607 Ma age growgysee results sectigh4; figure 4.18 Because there are only four
analyses, allvith large uncgainties (~89Ma), it is possible that they are paftthe other age
groups. Furthermore, e fourzircon grainof whichthese analyses were obtairedhibit cores
and rims. Therefore, it is possible that these ages are the result of the mixingddrages. Of
all concordant analyses% yielded Th/U ratios > 0.1% an®®% yielded Th/U ratios <0.1%.
In general, all Th/U ratios for younger zircons (~1.4 Ga) are <0.1%, whilé reids for older
zircons (~1.941.53Ga) are mainly <0.1% but also ¢am Th/U ratios >0.1% (see results
section 4.4; figure 48c).

It is not clear if the zircon dated from the quartzite is detrital, metamorphic or
hydrothermal. If all the zircon is detritéhe 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 mineralssuch as monazite and allanite that may have grown at the same tites @lal,
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 fooouthe
breakdown of minerals with high Th/U ratios, or competition with high U mineradi€het al,
2003). Therefore, characterizing zircon as metamorphic solely based on Th/U ratios can lead to
substantial misinterpretations gier et al, 2003) Also, while examples of magmatic zircon
with low Th/U ratios are uncommon, they have been previously recognized (ggzSanchez
et al, 2015).

Temperatures for formation of hydrothermal zircon are @00; C (Schaltegger, 2007).
The ldter temperaure would be consistent with Pconditions in the field are&Zircon
precipitated from fluid or fluiesaturated melt may also exhibit structures that are typical of
igneous zircons, such as oscillatory or sector zoning, or of metamorphic zircatalFR009).
Adjacent to the quartzite, a caddicate gneiss shows evidence for metasomatism such as locally
altered zones including epiddiee results section 4.1proterozoic hydrothermal activity has
not been recognized in the Colorado Front Rartd@vever, Tertiary hydrothermal activity is
well documented, especially throughout the Colorado Mineral Bak.likely that the
metasomatism in the field area pdsted Proterozoic deposition and metamorphigime 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, 20@f)e of these are present in
the quartzite. Therefore, it is not likely thagthircon in the quartzites hydrothermal.

CL images show thabse~1.811.61 Ga and ~44 Gazircon contain no oscillatory
zoning and are anhedral, which suggests metanwoplgins (seeresults section 4.4; figure
4.21). There is no relationship between Th/U ratios and zircon texMetamorphic zircon may
have grown in the quartzite after deposition, or in another rock prior to erosion and deposition
into theprotolith/lsediment othe quartzite. Howeverpmezircon from both the ~81-1.61 Ga
and~144 Gapopulations showscillatory and concentric zoning, which suggests ignesmns
therefore detritabrigins (seeresults section 4.4, figure 421t is unlikely that metamorphic
zircon in a quartzite would show concentric zonations given that there is no evidepagial
melt. Some ~144 Ga zircon exhibited coram relationships with ~#4 Gacoresand rims that
are too narrow to analyZeee results section 4#igure 4.22), indicating that the cores formed
prior to at least the latest metamorphism, also suggesting that the cores may be [éetrital
these reasons, it is most likely thatattonin the quartzite isletrital. If all the zircon is
detrital zirconwith amix of magmaticmetamorphic, and/drydrothermabrigins were
transported andeposited in a sedimentary basiaried and metamorphosgatobablybetween
~1388 Ma(or earliej and ~1334 Mdased on monazite ages (betow) A source for the
youngestetrital zirconpopulation maye the 1442 + 2 Ma Mt. Evans bathglithe 424 + 6
Ma Silver Plume batholitandrelatedintrusive rocks Aleinikoff et al., 1993 du Bray et al.,
20138.

If the four ~15651530Ma zirconin the analyzed quartzitepresent a populatiothen
the quartzite was deposited during the MesoproteroZ@atential 4.6-1.5 Gasourcesn
western Laurentiarerarebutincludethe 1.581.57 Ga orthogneiss of the Priest River complex
in thenorthwesern United States arte 1.601.59 Ga volcanic rocks and diabase in
northwestern Canad&an Schmus et al., 199Bpe et al., 2013 1523Ma ash layer in the
Trampas groum New Mexico Paniel et al., 20183 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 Mexi¢Daniel et al., 201.3Doe et al., 201.3Mako et al., 2015)
Thesehave 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
(Goodgeet al.,2008 Doe et al., 2018 It has leen 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 Tretsa.
may also have beenpatential source for thel5651530 Mazircon in the quartzite.
5.3Monazite geochronology

Monazite grains from the biotite schigere separated into four age groupstween
~1749 Maand ~1725 M, between ~167Wla and ~1485/a, between 476 Ma and 139Ma
andbetween~-1388Ma and ~1334 M. The oldest age group yielded a weighted average of
1735+ 50 Ma (MSWD=0.09, N=3) and the ~141892 Maage group yielded a weighted
average of 142% 9 (MSWD=0.90; N=41).Theage group between-1677 Ma and 1485 Ma
and between ~1388 Mand 1334 Ma bothshowa continuous array of ageghich may
representontinuousmetamorphism andeformation. The age group betweerl677 Ma and
~1485 Mashows two main peaks on a probability density diagisaaresult section 4.4jgure
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 GaMetamorphism has not been recognized in Laurbetiaeen ~1.60 Ga and
~1.50 Gae.g.Doe et al., 2013) Therefore, the~1.54 Ga pdamay be the result &b loss in
older monazite, or the mixing of age domains in monazite that expetisnceessive stages of
growth.

Monazite grains analyzed were either aligned alor(th® first tectonic fabric), Sthe
F, axial planar foliation), or were inclusionsquartz, biotite, or garnefThe monazite that was
in an inclusion in garnet yielded ages 4#10Ma and 1355Ma. Thissuggests thahe last
metamorphism occurreat or after~1355 MaBecause there ar@tlear relationships between
the age of monazite grains and the relationship of monazite grains to the microstructure of the
biotite schist no conclusions cae made about the agespfecificductile deformation evest

Based on these dates there are possible interpretations for the absolute age of the
biotite schist. (1) The biotite schistotolithwas deposited in the Paleoproterozoitie oldest
age group of monazite (~k1a) in the biotite schist coulak eithermetamorphic or detrital.
All other monazites are metamorphic and record subsequent periods of metamorphism that
affected this area. (2) The biotite sclpsbtolith was deposited during the Mesoproterozaral

was therburied and metamorpised, similar to the interpretation for tpeartzite All monazite
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isdetrital,exceptthe youngest1.391.33 Gaand perhaps the ~48-1.39 Gaanalyses that
representmetamorprsm

Nearby older peliticocks that experienced polyphase metamorphism between ~1.8 Ga
and ~1.4 Ga could be potentialsce areas for detrital monazitRegardless of whether the
monazite is detrital or metamorphitcan be interpreted that the biotite schist experienced high
P-T conditions at ~14.3 Ga fortwo reasons. First, the youngest monaziteséltiotite shist
are~1.391.33Ga. If the youngest monazite is detrital and the biotite schist experienced
metamorphism after the Mesoproterozéiere wouldoe evidence for a younger metamorphic
event. Second, sample 281 contained a monazite inclusion in @aint281_17). The two
ages obtained from this grain atd16 + 85 Ma and 1355 + 86 Ma. This means that garnet grade
metamorphism occurred at or after ~1.4 Ga.
5.4Monazite andzircon synthesis

In order to compare ages from the quartzite and the biohtstsdloat bar charand a
probability density diagrarf 2°’Pb?°Pb ages with all analyses from the quartzite and biotite
schist was creatgdeeresults section 4.4; figure 4.80). The oldest zircon (~1.98a) is older
than the oldest monazite (~1.74 G&)ost zircon ages fall betweerll.81 Ga and ~1.6Ga
while most monazite agésll between ~1.48 Ga and ~1.@&&. On the float bar chgrt-181-
1.61Gazircon and~1.67%1.48Gamonaziteshow a spread @ges There is a small age peak in
the monazite probability diagram at ~4 Ga, and there is a continuous spreathonazite
grains between ~1.60 Ga and ~1@&&#. This does not exist for the zircon. There @néy four
zircon ages between ~0.6a and~1.50 Ga. Both the monazite and the zircon have populations
at ~1.4 @; the zircon population is 1436 + M andthe monazite population is 14238 Ma.
There is a sprebof monazite ages between ~1(38 and ~1.33 Ga that éenat exist for the
zircon. Generally for both growth periodat ~1.7 Ga and ~1.4 Ga, the monazite ages are
younger than the zircon ages. This age relationship suggegiectines detrital. If all the
zircon is metamorphic then the ages of the monazite and the zircon shaplorbeimatelythe
same.However, it is possible that Zr was not available during the later stages of metamorphism
experienced in this arear that zircon growth represents higher metamorphic grades, including
partial melting, than monaziterhis wouldcause the zircon to stop crystaitig earlier than the
monazitelf all zircon s detrital, Mesoproterozoic deposition would have to have occlafeed



~1.44 Ga. Thesource area for ~1.44 Ga detrital zircoay have beethe Mount Evans batholith
and related intrusions

Based on this, there af@ur 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 werepdsited in théMlesoproterozoic in a sedimentary basin. All zircon
is detrital. The older monazite is detrital and the youngest monbeiteden~1.39 Gaand
~1.33Ga) is metamorphic. These rocks then experienced burial and were immediately
metamorphosebetween ~1.3%a and ~1.33 Gdt is possible that the sediment was deposited
away from the Mount Evans batholéind perhaps transported to closer proxirditying
deformation and metamorphisi2) The biotite schist was deposited in the Paleoproterozoic.
The oldesmonazite may be detrital or metamorphic. The quartzite was deposited in the
Mesoproterozoi@andthenexperienced burial and metamorghi All the older zircon (~1.94
1.60Ga) is detrital and the youngest zire@mould be detrital or metamorphi¢3) Deposition of
the biotite schist and the quartzite occurred during the Paleoproterozoic. The oldest monazite
and zircormay be detrital or metamorphi@ll younger monazite and zircon are metamorphic.
Thelatter interpretatiotis the least likely based aaasons stated abavBRegardless ofvhich
interpretation is correctocks in the field area record amphibolite facies metamorphism (based
on the presence of garnet, biotitefdddspar and sillimanite) at ~1.4 Ga. This is consistent with
the age of th@icuris orogeny in northern New Mexico. The results in this stuelefore
suggest that the Picuris orogeny extended farther north and was more extensive than previously
thought.
5.5Regional History

In order to interpret the deformation and metamorphtisahoccurred 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 rdpwith U-Pb isotope data from monazite and zircon from
Colorado, New Mexico, and Arizona are presented (fighr2$.3).



Figure 5.1. Map of the southwestern United States showing Proterozoic crustal provinces. This
figure is modified after Jonext al.(201Q cf. Condie, 1986; Bennett and DeRadl987;
Karlstrom and Bowringl988; Wooden et al., 1988; Wooden and DeWitt, 1991).



Figure 5.2 Overview of Paleoand Mesopoterozoic rock deposition (bljiemetamorphism
(light orang@, and intrusior(pink) in Colorado, New Mexico, and Arizon@olor of boxes
around headers reflects colors used in figure 5.1.

In northern Colorado, in the Big Thompson Canyfigures 5.1 5.2), the oldest rocks
include the Big Thompson Metamorphic Suite, which is dominated by metasedimamary
metavolcanic rocksLA-ICP-MS U-Pb zircon crystallization ages from interlayered
metavolcanic rocks yield ages-61.791.76 Gawhile LA-ICP-MS U-Pb arcon ages from the
metasedimentary component yields a maximum depositional age of ~1(P6eGw et al.,
2007;Mahan et al., 2013)In situ microprobeJ-Pb ages in monazite record the onset of
metamorphism at ~1.76 G&hah 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 thas titné Ga
the Routt Plutonic Suite (cakdkaline intrusive rocks) asemplaced Tweto, 1987.
Deformation in this area is interpreted to haceurred between ~1.76 Ga and ~1.67 Ga (Shah
and Bell, 2012Mahan et al., 2013)This includes ENHrendingF; isoclinal folds overprinted
by E-W trending norpervasive Efolds, and open to tight NEo SW trending F folds (Mahan
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et al., 2013). At1.4 Ga, the Berthoud Plutonic Suite (granite, granodiorite, quartz diorite, and
pegmatites) was emplacebiweto, 1987Mahan et al., 2013)*°Ar-**Ar datafrom minerals of
metaigneous rocks show resetting of biotite and muscovite and partial resettorgliénde at
~1.4 Ga.This is consistent with a brief orogenic pulse at ~1.4 Ga. This is corroborated by in
situ microprobe Pb ages of ~1.4 Ga monazite inclusions in some andalusite and cordierite
porphyroblasts in metasedimentary rocks (Shah and2B&p).

Along the St. Louis Lake Shear zoffigures 5.1,5.2, all rocks were deposited in the
PaleoproterozoicThese rocks were intruded by the Boulder Creek granodiorite at ~1.72 Ga
(McCoy, 2001). A relative probability diagramiofsitu microprobdJ-Pb ages from monazite
in a metasedimentary and metaigneous package (which includes marbtdljcaties,
metamorphosed chert, biotite schist, and amphibolite) reveal three age peaks at ~1.7 Ga, ~1.65
Ga, and ~1.63 Ga (McCoy, 2001, isoclinal folds and D folds with NEtrending axial
planes, are interpreted to have formed during this time (McCoy, 200&se deformation
events are associated with upper amphibolite facies metamorphtsri.42 Ga, the Silver
Plume Granite was emplacdddgdge 1969; McCoy, 200l During this time, the rocks in this
area werdocally overprinted byshear inower temperatur€350-450; C) mylonites at ~1.42 Ga,
andin ultramylonites at ~1.34 Ga (McCoy, 2001).

Near and adjacent to th@aho SpringsRalston shearane(figures 5.1,5.2
Paleoproterozoic rocks include metadimentary unitdeposited at ~12Z/Ga,and the Boulder
Creek granodiorite/quartz monzonite which was emplaced at ~1.7Rr&ad and Fanning,
2000;McCoy, 200L McCoy et al., 2005Jones and Three 2012. The onset of metamorphism
occurred in this area at ~1.68 Gased on in situ LACP-MS U-Pb ages from monaziteytle,

2016). This resulted in B isoclinal folds, that are tentatively interpreted asv@Ejing (Lytle,

2016). These deformation events are associated with upper amphibolite facies metamorphism.
Lower temperature mylonit€850-450; C) overprinted these rocks at ~1.@&4 (based on in situ
microprobe UPb agesfjMcCoyet al., 2005Lytle, 201§. Similarly, D, (open to close, chm-

scale folds that plunge shallowly to the ENE) andNE-trending, shallowly plunging synclines

with a steeply NWHipping axial planes) were interpreted to have occurred at ~1.43 Ga, based on
in situ LA-ICP-MS U-Pb geochronologfrom monaite (Lytle, 2016). Subsequently, lower
temperature myloniteg850-450; C) caused by reactivated shearfogmedat ~1.42 Garad



~1.38 Ga, and ultramylonited ~1.36 Ggbased onn situ microprobdJ-Pbagesn monazité
(McCoyet al., 2003

Towardscentral Coloraddfigures 5.1,5.2 along the Homestaken&r Zone,
Paleoproterozoic depositiaf the metasedimentary rocks occurredrelative probability
diagram ofin situ microprobdJ-Pb ages from monazite in biotite gneiss and migmatite show
age paks at ~1.7 Ga-1.65 Ga, and ~1.63 Ga (McCoy, 2D0D; isoclinal folds and RPopen to
isoclinal northeasstriking folds are interpreted to have fornduring this time (McCoy2001).
These rocks were overprinted by lower temperature mylofd&s450;C) at ~1.45 Ga and
ultramylonites at ~1.38 Ga basediorsitu microprobdJ-Pbagesn monazite (McCoy, 2001
! Farther south, in southern Colorado in the Wet Mounfdiggres 5.2,5.3)depositional
ages for all metaedimentary rocks are interpreted to be PaleoproteroZbe.main rock types
in this area are felsic gneiss, migmatite and amphibolitestmatupper amphibolite to granulite
facies assemblageSifldoway et al., 2000; des et al., 2010; Levine et al., 2013)
Paleoproterozoic granites were emplaced at ~1.71 Ga, ~1.70 Ga, and ~1.66 GéefGon
Van Schmus, 2007; Aronoff, 20L5This was followed by the first metamorphic event that
occurred at ~1.60 Ga based onliiages from garnet (Aronoff, 201L5During 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 widespreaeskale upright NNW trending folds
(Jones et al., 201@ronoff, 2015). Subsequently Mesoproterozoic granites were emplaced
including the ~1.46 Ga West McCoy Gulch pluton, the ~1.44 Ga Oak Creek pluton, and the
~1.371.36 Ga SaIsabel pluton (Gonzales and Van Schn2@97; Aronoff, 2015).The San
Isabel plutonwhich intruded felsic gneiss interpreted to have crystallized in rocks undergoing
upper amphibolite metamorphism based on sapphirine + orthopyroxene + forsterigpineln
assemblages in pendants in the plutonléCsiet al, 1992; Aronoff, 2035

To the west othe Wet Mountains in southwest Colorgéigures 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 eventslai4 Ga and ~1.70a&5Aronoff, 2015).
These rocks were subsequently ided by ~1.7 Ga plutons (Aronpf2015). 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 t8-1142 Ga Pine River pluton
(Gonzales and Van Schmus, 2007; Keller and Schoene, 204f8) stage andalusigllimanite
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facies metamorphism at ~1.45 Ga may or may not be related to the emplacemesd plutoes
(Aronoff, 2015).

Farther to the south, in northern New Mexico, in the Tusas and Picuris Mountains
(figures 5.15.2), four stratigraphic groups are recogniz8avo were deposited during the
Paleoproterozoic (the Vadito group and the Hondo group) and two were deposiectiakiri
Mesoproterozoic (the Trampas Growhich includes the Pilar and Piedra Lumboemations,
and the Marquenas Formatjdpaniel et al., 2013)LA-ICP-MS U-Pb dates from zircon in the
Marquenas Conglomerate reveal a maximum depositional age ofGa(dbnes et al., 2011)
These datealso reveal a high population of ~1.5 Ga zircons, which are inter@steeing
exotic detritus (Jones et al., 2011 A-ICP-MS U-Pb dates from the Piedra Lumbtermation
and the Pilar Formation show the youngest detrital zircon population at ~1.Ag&zaof
deposition of these formations are constrained at ~1.45 Ga basedn the stratigraphic
relationship with the Marquenas Conglomei@aniel et al., 203). Lu-Hf ages for garnet and
in situ microprobeJ-Pb ages for monazite reveal metamorphism in this area is limited to 1.46
1.35 Ga Daniel and Pylg2006 Aronoff, 2015. This metamorphism is interpretedrakatively
low-pressurdnigh-temperaturé4kba, 530590 C) amphibolite facies metamorphism based on
the presence of kyanite, sillimamjtand andalusite (Aronoff, 20L5All deformation events in
this area are interpreted to have occurred between ~1.46 Ga and ~1.35 Ga. This includes D
beddingpaallel foliation, D,, which consists of tight folds with NW striking steeply SW dipping
axial surfaces, anddupright EW trending open folds (Aronoff, 2015).

To the west, in Defiance in eastern Arizgfigures 5.1,5.p 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 mgcaumad quartz arenite
with subordinate subarkose and@sk&, and Paleoproterozoic plutons (Doe et al., 20185 is
overlain by a quartzita.A-ICP-MS U-Pb zircon analysis from this quartzite reveaegungest
detrital zircon age populaticaat~1.47 Ga (n=6Doe et al., 2013). The depositional age of this
guartzite was constrained to ~1-24.45 Ga based on the absence of -IL&5 Ga detrital zircon
populations (Doe et al., 2013However, this quartzite contains a large population of ~1.5 Ga
zircons. This is interpreted as being exotic detritus fromaeent continentsThe quartzite was
subsequently weakly deformed and weakly metamorphosed attB3%&abased on regional

correlation



In southern Arizona, the Y&re Joe Formation and Blackjack Formatbtow a similar
history (Doe et al., 2013igures 5.1,5.2 The oldest rocks in this area are ~11/83 Ga
ophiolitic and arc plutonic rocks, which are overlain by a ~IL.72 Ga package of
metasedimentary and metavolcanic rocks and the ~1.65 Ga metasedimentary White Ledges and
Redmond formations @way and Silver, 1989). The Yankee Joe and the Blackjack Formations
are younger. The Yankee Joe Grosipiiade up of approximately 1500f weakly
metamorphosed interbedded sandstone, siltstone, and shale (Doe et al.TB@l3)jalerich
Yankee Joe Gup grades upward into the quartzite rich Blackjgokmation (Doe et al., 2013).
In the Yankee JoEormationand Blackjack Formation the youngest detrital zirpopulationis
~1.48Ga The age oflepositionis constrained betweerl-48Ga and ~1.43 Ga based on a 1.43
Ga granite that crosscuts the eppBlackjack Formation (figure 5.Doe et al., 2013)The
Yankee Joand Blackjackormationalso contain a large population of ~1.5 Ga zircon grains,
which are interpreted as being exal&tritus from adjacerdontinents (Doe et al., 2013).
Nearby, in the Four Peaks aydatrital zircon from the Four Peaks Quartzite was dated using
LA-ICP-MS methods.This revealed a population of Mesoproterozoic (~1566 Ma) detrital
zircons. The depogional age of this quartzite was constrained to 15649 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 fronzircon and monazitmentioned above were compiled along with the data
presented in this studggpendix HMcCoy, 2002 Daniel and Pylg2006;Jessup et al., 2006;
Jones et al., 201Qytle, 2016;Daniel et al., P13 Doe et al., 201.3Shah and Bell., 2012
Aronoff, 2015 Bickford et al., 2015; Mako et al., 2015%A float bar charand a probability
density diagranof 2°’Pb7°°®Pb agesverethen created for (1) all zircon ages g8jall monazite
ages (figure 58 All ages used ar@’Pb/°®Pb ages and¥0% discordantA float bar charand
probability density diagram for all zircon revealed main age peaks at ~1.70 Ga and ~1.47 Ga,
with a small population of zircon betweeh.69 Ga and ~1.50 Ga (figure &,B; this study
Jones et al., 201@aniel et al, 2013 Doe et al., 20134Aronoff, 2015 Bickford et al., 2015;
Mako et al., 201p A float bar charand probability density diagram for all monazite revealed
mainage peaks at ~1.69 Ga and ~1GH with a smiker age peak at ~1.50 (figure 5.3dfus
study;McCoy, 2001;Daniel and Pyle2006 Jessup et al., 2006hah and Bell., 2012 ytle,



2016. This smaller age peak is very likely a result of mixing of age domains, but possibly a true

population.

Figure 5.31gneous and detritairzon, and monazite data compilé@m Colorado, New

Mexico, and ArizonaZircon is generally from quartzite, intrusive igneous rocks, and feldspathic
schist and gneiss. Monazite is generally from biotite and felsic schist and ¢meRslative
probability diagram forall zircon (N=3035 data compiled from thistudy, Jones et al., 2010;

Daniel et al., 201,3Doe et al., 2013Aronoff, 2015 Bickford et al., 2015; Mako et al., 20/1%b)
Float bar chartor all zircon compiled. (c) Relative probability diagrdon all monazite

compiled (N=53; data compiled from thistudy, McCoy, 200, Daniel and Pylg2006;Jessup

et al., 2006Shah and Bell 2012 ytle, 2016). (d)Float bar chartor all monazite compiled.



This data was then separated by locationsanuoice of grains (igneous vs. detrital) in
order to have a more comprehensive understanding of théapgatandix H) A float bar chart
and probability density diagram was plotted fePb ages from (1) magmatic zircons from
intrusive igneous rocks throhigut North America (2) detrital zircon from metasedimentary
rocks (3) monazite from Colorado (4) monazite from New Mexico (fi§ufe Based on these
diagrams, ragmatic zircon show continuous crystallization ages between ~1.80 Ga and ~1.60
Ga, and betwae~1.50 Ga and ~1.35 Ga (figure §,B; Aronoff, 2015Bickford et al., 201b
There are no crystallization ages betwee®6-Ga and B0 Ga. [etrital zircon in
metasedimentary rocks in New Mexico, Arizona, &@udbrado cluster intthree distinct age
groups; one at ~1.70 Ga, one at ~1.65&hd one at ~1.47 Ga (figure b,d; this studyJones et
al., 2010 Daniel et al., 2013; Doe et a2013 Mako et al., 201p A float bar charshowa
spread of zircomages from ~B0 Ga to~1.50 Ga (figure 5.d). Daniel et al. 2013 andDoe et
al. (2013 attribute these ages to exotic detritus. In order to comparedtanorphic and
deformation history of New Mexico that of Colorado, UPb ages obtained from monazite in
Colorado and New Mexico were plottegpsirately. A relative probability diagreemdfloat bar
chartof ?°’Pb/°®Pbagesfrom monazite in Colorado reveal three distinct age peaks; one at ~1.69
Ga, one at ~1.40 Ga, and a snradlge peak at ~1.51 Ga (figure &,4his study; McCoy, 2001
Jessup et al., 200B6ytle, 2016). Ages between ~&8 Gaand ~146 Gashowcontinuous
crystallizationin the float bar chartThese ages have previously been interpretedi@ag of
age domainsMcCoy, 2002 Lytle, 201§. Monazite from New Mexiconly cluster intoone age
group at ~1.8 Ga (figure 5.4,h; Daniel and Pyle2006). The youngest monazite ages in
Colorado are younger than the youngest monazite ages in New Mexico.



Figure 5.4 Relative probability diagras(a,c,e,g) andoat barcharts(b,d,f,h) for all magmatic
zircon fram intrusive igneous rocks (%29 (data from Aronoff, 2015Bickford et al., 201}
detrital zircon from metaedimentary rocks iNew Mexico and Colorado (N£D4) (data
compiled from this papegones et al., 2M; Daniel et al., 201.3Doe et al., 2013Viako et al.,
2015, monazite from Colorado (N43)(data compiled from this papévicCoy, 2001 Jessup et
al., 2006;Shah and Bell 2012 ytle, 2016), and monazite from New Mexi(ld=16) (data from
Daniel and Pylg2006), respectively.
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5.6Summary and tectonic implications

In summary, all of the oldest rocks in New Mexico, Colorado, and Arin@mna
deposited or intruded durirtge Paleoproterozoic (~1-8.6 Ga). These rocks in Colorado and
Arizona experiencedubsequent Paleoproterozaietamorphism.Between ~1.6 Ga and ~1.5
Ga metamorphism and the emplacement of intrusive igneousdimcksshed in Laurentia.
Deposition ofMesoproterozoisedimentary basina Arizona and New Mexice constrained
between~1.47 Ga and ~1.43 GBaniel et al., 2013; Doe et al., 2018hile the quartzite in the
southern half of the Bunt Evangjuadrangle is <~44 Ga, and thus possibly younger
Sedimentatiorhas previously been interpreted as having migrated progressoréty as aesult
of north-migratingbedrock 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 Me#&iter 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 anlifghibcies
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 PaleoproterozdidcCoy et al., 2005Daniel and Pyle, 2006; Jones
et al., 2010Shah and Bell 201Daniel et al., 2013; Aronoff, 201bytle, 201§. The rocks in
Arizona experienced amphibolite facies metamorphism during the Paleoproterozoic, but only
metamorphism as high as greenschist tabes 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 orienations 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). Thisaraaresult
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 crdgteovinces (figure 5.1; Aronoff, 2015; duBray et al.,

2018). Younger ~1.40.35 Ga plutonic activity migrated south, and was mainly concentrated in
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the Southern Granit®hyolite provincg~1.51.3 Ga)southeast of Coloraddigure 5.1),

although some eglence for granites these ages exist in the central Rocky Mouatawdorado
(Aronoff, 2015;duBray et al., 2018). The Southern Graiitteyolite Province consisbf ~1.5

1.3 GaA-type granitic and rhyolitic rocks, and while their formation is commasbyibed to
continental extension, the tectonic environment that these rocks formed in and their relation to
Laurentia is poorly understootf¢Lelland et al., 1996; Corrigan and Hanmer, 1997; Karlstrom
et al., 2001Whitmeyer and Karlstrom 2007). The higbncentration and location &f491.40
Gagranitic 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 int:rpydte
dipping subduction zonealg 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 ~800ahe and extends

from New Mexico to northern Coloradehile plutonism related to the Picuris orogeaytended

as far north asouthern Wyoming (Daniel and Pyle, 2006; Daniel et all32@ronoff, 2015;

duBray et al., 2018). However, deformation relating to the Picuris ordgengiot been

recognized in Wyomingln generalmostof these~1.4 Ga igneous intrusiotisroughout the

United Statesan be characterized as ferroan, peralumsnalkalicalcic granites. These ferroan
granites are interpreted as growing in an extensional tectonic setting.

Thecharacteristics of thRicuris orogemrmay have beemxplained in terms of an
accretionarnporogen with slab rolback, an accretionagrogen with shallowslab subductiomr
acollisional orogen (Aronoff, 2015). If the Picuris orogeny was an accretionary onotpeslab
roll-back slab roltback of the down going plateay have causesktensiorand backarc
magmatismnland of the magnta arc (Cawood et al., 2009). This expkihe ferroan ~1.4 Ga
granitic intrusions and tHarge areaovered by these granitic intrusions. However, the amount
of pervasive shorteninggcognized irColorado and New Mexico would lr@consistentvith
backarcextension (Cawood et al., 200%Bhallow slab subduction of the down going platay
explainthe wide area of shortenimgformationthroughout New Mexico and Colorado
(Aronoff, 2015). Howevetthis does not explain tHerroannature of thegneousrocks. If the
Picuris orogeny was a collisional orogen, this would explainvitle area of deformation
(Cawood et al., 2009). The South&@raniteRhyolite Province could represent accreted
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juvenilecontinental crust (Aronoff et al., 2015). Howeverthisinterpretationtheferroan
granites in older crustal provinces woudanain unexplained=urthermore, there %0 evidence
for juvenile or basaltic material in ttf®outhern Granit®hyolite Provinc€McLelland et al.,
1996; Corrigan and Hanmek997; Karlstrom et al., 200Whitmeyer and Karlstrom 2007
Aronoff, 2019. Therefore, the nature of the Picuris orogen remains unexplained, while the
evidence for the extent of the orogen keeps increasing.



CHAPTER 6
CONCLUSION

Based on field mapping, it is interpreted that the southern half of the Mount Evans
guadrangle underwent four deformation events. The first deformation evg¢mnegDited in
isoclinal folding. Dz resulted in isoclinal to open folds with northerly plumgfold hinge lines.
Poles to D axial planes plotted along a great circle suggesting a third deformation event with
folds plunging to the NNE. Preailted innon-pervasiveopen Etrending folds.U-Pb LA-ICP-
MS analysion monazite from four biotite satisamples yielded ~1.73a and ~1.42 Ga age
populations, and hagkeparate populations spraagtween ~1.67 Ga and 48 Ga and between
~1.39Ga and ~1.34 GaMonazite ages between ~1.5 Ga and ~1.6 Gprat®blydue to the
mixing of age domains or Rbss because metamorphism during that time has not been
recognized in LaurentiaOlder Paleoproterozoic monazite may be detrital or metamorgthic.
can be interpreted thgbung ~1.42Gaand ~1.391.34 Gamonazitereflect asignificant
metamorphic evdn 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 a¢&8 #f85
and1355 + 86 Ma.Ages obtained from the monazite inclusion in gaoogivey thagarnet
grade metamorphism occurred at or after ~1.4 Ga

The zirconyielded ~1.55 Ga and ~445a age populations dra spread of ages between
~1.81Ga and ~B1 Ga. Itis unclear if the ~1.55 Ga age populaticm tiszie population or a
mixing age,because there were only four analyses included with significergrtaintieg~85
Ma). If it is a truepopulation it is comparable with-1.55 Gazirconage populations found in
Defiance, Arizonathe Yankee Joe and Blackjack Formations in Ariz¢ima Four Peaks area in
Arizona,and the Tusas and Picuris Mountains in New Mexitlesehave been interpreted to
have originated from formerly adjacent landmasses such as the East Antarctic cratongAustrali
Siberia or South China, where ~1.55 Ga zicare comman

The presence of ~1.43aconcentrically zoned zircon and ~1.44 €meswith narrow
younger overgrowths@nd thevariety of morphologies of ~1.48a zirconsuggesthatthe~1.44
Ga population is detritaZircon with a mix of magmatic, meteorphic, and/or hydrothermal
origins were transported and deposited in a sedimentary basin, buried and metamorphosed,
probably between ~1388 Ma and334% Ma based on monazite agésthis interpretation is

correct, thigeveas for the first timeevidence foxk~1.44 GaMesoproterozoic sedimentatiom
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Colorad. The sediment was possibly deposited in a basin simjlautpossibly later tharthe
~1.491.43 Ga basinm Arizona and New MexicoRegardless of whether thd..44 Gazircon
from the guartzite isdetritalor possibly metamorphjaocks in the field area record amphibolite
facies metamorphism (based on the presence of garnet, biefeldpar sillimaniteand partial
melf) that occurred sometinteetween 4425Ma and ~1334 M#ébased omonazite agesYhis

is consistent with the Picuris Orogeny (£485 Ga)which affected a large area throughout
northern New Mexico, Arizonand southern and central Colorado
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APPENDIX A
SUPPLEMENTAL ELECTRONIC FILE
This supplemental electramfile contains the 1:24,00§eologic mamf the southern half of the
Mt. Evans7.5minutequadrangle. The file céains the following information; geologic map of
the southern half of the Mt. Evans quadrangle showing bednoagped by Asha Mahatmaid
guaternary units (mapped by Logan Powetirk descriptions for each rock unit, quaternary
descriptons for each quaternary uamd one cross section.

Geologicmap_SouthernhalfMt.Evans A 1:24,000 geologic map of the southern h;
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 byocation 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 UTM coordinates (easting, Rock Type Zone

Number northing)
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 (438503.9424373006.376) | 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) Calcsilicate gneiss 13N
Yg352 (439670.757, 4374149.379) Porphyritic biotitemuscovite| 13N

granite
Xfth335 (439258.006, 4375848.007)| Interlayered felsic and 13N
hornblende gneiss

Xa353 (439265.944, 4375213.006), Amphibolite 13N
YgP350 (437333.159, 4377455.354) Granite 13N
YgdM351 (441253.933, 4379071.079) Granodiorite 13N
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APPENDIX C
SUPPLEMENTAL ELECTRONIC FILES
This supplemental electronic file contains structural measurements collectediatdtlaeea.
The file contains the following for each type of measurement; sample number, UTM locations,

type of measurement (line/plane), and trend and plunge measureméipsind dip direction
measurements.

Structural_data This file contains all structural data collecte
in the field area. Fold hinge lines, Faxial
planes, $foliation, F, axial planes, Ffold
hinge lines, and 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 frima automated mineralogy bright phase scan.

Figure D.1. BSEmage for sample 281.



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 Econtains all UPb 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.

TableE.1 LA-ICP-MS analysis for zircon from sample Xqt366
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Table E.1 Continued.
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Table E.1 Continued.
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Table E.2 LAICP-MS analysis for monazite from sample 281.
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Table E.3 LAICP-MS analysis for monazite from sample 312.
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Table E.4 LAICP-MS analysis for monazite from sample 332.
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Table E.5 LAICP-MS analysis for monazite from sample 255.
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APPENDIX F
SUPPLEMENTAL ELECTRONIC FILES
This supplemental electronic fimntains all UPb 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 eact
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-Bb monazite LACP-MS analysis and the one sample used fétldletrital
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,harfull t
section BSE image with monazites highlighted (prodifeem the automated mineralogy bright
phase scan), and a detailed data table. The monazite data table a8 b ages with
errors and percent discordance. The location of each monazite grain number corresponds with
the location numbers on the B&mage. 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 contairf8’Pb7°®Pb ages with errors and percent discordance

SampleDocumentation_Xbqg255 Compilation of sample photos and monazit
data for biotite schist sample 255.

SampleDocumentation_Xbq332 Compilation of sample photos and monazit
data for biotite schist sample 332.

SampleDocumentation_Xbq312 Compilation of sample photos and monazit
data for biotite schist sample 312.

SampleDocumentation_Xbq281 Compilation of sample photos and monazit
data for biotite schist sample 281.

SampleDocumentation_Xqt366 Compilation of sample photos and zircon d
for quartzite sample 366.




APPENDIX H
SUPPLEMENTAL ELECTRONIC FILES
The supplemental electronic file containsigitieous and detritairzon and monazite
data compiledrom Colorado, New Mexico, and ArizoriglcCoy, 2001 Daniel and Pylg2006;
Jessup et al., 2008pnes et al., 201Qytle, 2016;Daniel et al., 813 Doe et al., 201.3Shah and
Bell., 2012 Aronoff, 2015 Bickford et al., 2015; Mako et al., 2012\l ages used are
2Ppf%%b ages, are10% discordantand have less than <1Q8fror. Errors were not given for

data complied fronMcCoy (2007), 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 aren 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 Mexi
are on separate sheets.




