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ABSTRACT

The purpose of this study wasdieate a 1:24,000 scale geologic map of the southern
half of the Montezuma 7.506 quadr anmyésiigate n t he
the Paleoand Mesoproterozoic history of theea.The Paleoproterozoigeologic history in the
southwestern United States is charactertaethe Yavapai (~1.71.68 Ga) and Mazatzal
(~1.651.60 Ga) orogeniesvhich both involved terrane accretion along the southeastern margin
of Laurentia Within the last two decades, evidence fdd@soproterozoiorogeny the~1.48-

1.35 Gaorogenyhasbeen recognized in northekew Mexicoand Arizona, and more recently
in Colorado Mesoproterozoic deformation angetamorphism based ametamorphic monazite
growth between ~1.43 Ga and ~1.42 Gagrasiouslybeen recognized in some areas of the
Montezuma quadrangle and the Mount Blue Sky quadrangle eadBeflibckgeologic
mapping, structural analysis, andRld LA-ICP-MS zircon geochronologywasused tanterpret
the structural history of th&uthern half othe Montezuna quadrangldurther. In addition,
younger brittle structures and Quaternary surficial deposits in the area were mapped and

analyzed.

The main metamorphic lithologies in the study area atedpoterozoic biotite
sillimanite gneiss/schist, biotiguartz gneiss/schist, and hornblende gné&issse are intruded
by Mesopoterozoic granitoighlutonic rocksand local satellite intrusions related to the ~39.7 Ga
Montezuma stock. Thealeoproterozoic rocks are deformmdisoclinal k folds in varbus
orientationsTheseare overprinted by Pstructuresyhich include tight to open NWifending
folds that are best observed in the western half of the field aresttMhdingtight to operFs
folds arebest recognized in the eastern half of the field aretnlés are consistent with Wand
E-trending folds in the Mount Blue Sky quadrangle, the Wet Mountaiasuthern Colorado

and the Picuris Mountains northern New Mexico.

D>, and possiblyD; structures arterpreted as younger than ~1.75 Ga based on the
maximum depositional age of a previously dated quartzite in the Montezuma quadrangle. More
specifically, D deformation is interpreted as ~1.68 Ga basegdrewiously analyzea situ
metamorphic monazite graing-Pb zircon ofa granitic dike deformed by an fold in the
southern half of th&lontezuma quadranglanalyzed in this studyielded an imprecise

Paleoproterozoic age, but is generalithin uncertainty of the-1.68 Ganonazite ageshese



ages are als@onsistent witlthe age oD deformation near the Idaho SprirBalston Shear
Zone ~40 km north of the Montezuma quadrangle, Bpdeformation in the Mount Blue Sky
guadrangle. Bdeformation isnterpreted as1.431.42 Gabased ompreviously analyzeah situ
metamorphic monazite grains aligned wigféld axial planes in the Montezuma quadrangle.

U-Pb LA-ICP-MS zirconanalysis ofagranitoidin the southeast corner of the
Montezuma quadrangladicates that its a phase of the magnesian ~1.443 Ga Mount Blue Sky
batholith and not part of the ~1.1 Ga Pikes Peak batholith or the ~1.7 Ga Roultt plutoniassuite
previously interpretedNW-dipping tectonic foliations in the batholith suggémsttNW-directed
shortening occurred during or after ~1.443 @abablyas a result of the Picuris orogeny
because no ductile deformation is known to have occurred in the central Colorado Front Range
after that timeTheMontezuma stock yielded-89.8 Macrystallization agavith Proterozoic
inheritedzircons. Glacial deposits of the Pinedale glaciation are present throughout the southern
half of the Montezuma quadrangleate middle Pleistocergull Lake-age glacial signaturese
preerved on higheinterfluve ridges as bedroatched trimlines and glaciofluvial benchesit
deposits have beanainly reworkedand deposited into lower topographic positions by late
Pleistocene glaciation as Pinedale till.
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CHAPTER 1
INTRODUCTION

The main purpose of this project was to produce a 1:24,000 scale geologic map of the southern
half of the Montezuma 7.506 quadrangle, as part of
is approximately 75 k&in size and is located ~70 km WSW of Denver, G&eFigure 1.1on page 2
Geologic mapping was focused on Proterozoic lithologies and deformation, but also included younger
rocks and structures where present, and surficial deposits. Mapping was supplemented with petrography,
microstructural angsis, and geochronology to better understand the geologic history of the southern half

of the Montezuma quadrangle.

The North American craton (Laurentia) experienced significant crustal growth during the
Proterozoic due to terrane accretion and orogenesis (Whitmeyer and Karlstrom, 2007; Daniel et al., 2013).
Much of the terrane accretion and convergence was believmdassociated with the Paleoproterozoic
Yavapai (1.711.68 Ga) and Mazatzal (14560 Ga) orogenies. However, detrital zircoiPb) data for
deformed metasedimentary rocks in the Picuris Mountains of northern New Mexico, which were
originally believed to b Paleoproterozoic, demonstrated gwmhewere depositedfter ~1.45 Gaand
that deformation and metamorphisvas therefore younger than tliddnes et al., 2011; Daniel et al.,

2013) Deformation and metamorphisaere no younger than ~1435 Mmsedn the timing of regional
metamorphism and deformation previously described in the Picuris moultitaingh this age is not well
constrained@aniel and Pyle, 200Gones et al., 2011). Daniel et al. (2013) nathedperiod of

tectonisnthe Picuris orogeny. Deposition and deformation of the Blackjack formation in-cenital

Arizona occurred betweeld88and 1436 Ma, consistent with deformation of the Picuris orogeny (Doe et
al., 2012). The Picuris orogeny was later linked with the Baraboo and Pinware orogenies to the northeast
in the US and eastern Canada (Daniel et al., 2023k)=-T5201340 Ma PinwardaraboePicuris (PBP)
orogeny formedlang an evolving, diachronous convergent margin along the southern edge of Laurentia
(Daniel et al., 2023b).

Mesoproterozoic plutonic rocks in the southwestern United States, including Cokitado
evidence for ~1.4 Ga deformation (Nyman et al., 1994; Gonzales et al., 1996; Jones et al., 2010; Shah and
Bell, 2012; Powell, 2020; Kuiper et al., 2022), and Paleoproterozoic shear zones in the central Colorado
Front Range were reactivated at thatei(McCoy, 2001; Shaw et al., 2001; McCoy et al., 2005; Lytle,
2016). Pervasive folding at ~1.4 Ga has recently been recognized in the central Colorado Front Range
northeat of the Montezuma quadrangle (Lytle, 2016; Kuiper et al., 2022), east of it in the Mount Blue
Sky (formerly Mount Evans) 7.506 quadrangle (Mahat



Mahatma et al., 2022) and in the Montezuma quadrangle (Shockley, 2021). In September 2023, Mount
Evans was renamed as Mount Blue Sky by the Colorado Geographic Naming Advisory Board. Although
the name change for geological names associated with Mount Bvartsyet official, all associated

features (i.e. Mount Evans quadrangle, Mount Evans batholith, etc.) will be referred to as Mount Blue
Sky in this thesis out respect for the name change and those affected by the Mount Evans name.
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Figurel.1 Simplified geologic map of the Denver West arBlae Montezuma 7.5' quadrangle (outline
in black) and the Colorado Mineral Belt (outlined in red) are indicated. Modified from Kellogg et a
(2008).

The ~1.44 Ga magnesian Mount Blue Sky batholith (Figure 1.1) with-togyostemplacement
NW-dipping foliation is interpreted as a result of subduction during the Picuris orogeny (Powell, 2020).
Furthermore, a quartzite depositgter ~1.43 Gan the Mount Blue Sky quadrangle shows evidefoce
deformation and metamorphism, which is estimated to be between ~1.39 Ga and ~1.33 Ga and perhaps



earlier based on the youngest monazite populations in nearby biotite schists (Mahatma, 2019; Mahatma et
al., 2022). This deformation and metamorphism is all consistent with the Picuris orogeny in the Picuris
Mountains(Daniel et al., 2013). This study was designed to build on those initial findings and further

tests the extent and nature of Mesoproterozoic orogenesis in the region. The first goal of this study was to
map the southern hal f @fThis willde ddnbmedevihuheaberda habad quadr
the quadrangle (Borsopknpub) and published through the Colorado Geological Survey (CGS) at a

1:24,000 scale. The second goal of this study was to differentiate betweeraRdl&tesoproterozoic

deformation to evaluate and better define the effects of the Picuris orogeny in tak@elarado Front

Range. Gaining a better understanding of the effects of the Picuris orogeny in Colorado will contribute to

defining the impacts and extent of Mesoproterozoic deformation in North America.



CHAPTER 2
GEOLOGIC BACKGROUND

2.1 Paleoproterozoic .07 1.6 Ga)i Craton origin and deformational history

The Laurentian supercontinent was assembled between ~2.0 Ga and ~1.8 Ga as a result of
terrane accretion of Archaean continental fragments and microcontinents (Whitmeyer and Karlstrom,
2007). Continental and juvenile arcs between ~2.0 Ga and ~1.8 Gaseevpd between the Archaean
crustal blocks (Whitmeyer and Karlstrom, 2007). One of the Archean blocks, the Wyoming Craton, is
exposed in Wyoming and Montana (Bedrosian and Frost, 2023) . Successive accretion of the Yavapai and
Mazatzal provinces ontoalsouthern margin of the Wyoming Craton of Laurentia is responsible for
deformation and metamorphism of the Archean and Paleoproterozoic basement rocks between ~1.8 Ga
and ~1.6 Ga (Karlstrom and Bowring, 1988; Karlstrom and Humphreys, 1998; Whitmeyearstdok,

2007) (Figure 2.1). Subduction associated with terrane accretion resulted in the formatichexst
trending magmatic and orogenic belts stretching across the southwestern United States, into the
midcontinent and the eastern U.S. and CanBigdai(e 2.1). The remnants of these features can be
observed in Colorado, includirig the Montezuma quadrangle (Whitmeyer and Karlstrom, 2007;
Shockley, 2021).

D 1.55-1.35 Ga juvenile crust
ca. 1.65 Ga quartzite deposits
- 1.65-1.60 Ga granitoids
[ 1.69-1.65 Ga juvenile crust
D 1.72-1.68 Ga juvenile arcs
C] ca. 1.70 Ga quartzite deposits
- 1.72-1.68 Ga granitoids
- 1.76-1.72 Ga juvende crust
D\B{)—l 76 Ga juvende arcs q Y = t4 3 S
D 1.9-1.8 Ga reworked Archean crust 9 y % '“\\ﬁ”

- 2.0-1.8 Ga juvenile orogens . 0’“ §

2.0-1.8 Ga juvenile arcs g ‘ y g ; gt
2.5-2.0 Ga miogeoclinal sediments. : '

D >2.5 Ga Archean crust

4 Temrane
y .7

’
»

/¢ Toxaway,

/' Tallulah Falils

Domes

Figure2.1 Laurentia at ~1.35 Ga after the accretion of the Grarlitgolite province and subsequent
magmatismThe approximate extent of Figure 1 is outlined in red. Modified after Whitmeyer and
Karlstrom (2007).



The Yavapai province is composed primarily of 11800 Ga juvenile arc terranes consisting of
metavolcanic rocks like metaandesite, metabasalt, and metarhyolite, as well as volcanogenic sedimentary
rocks, intruded by ~1.78.75 Ga tonalitic and granitordcks (Whitmeyer and Karlstrom, 2007) (Figure
2.1). The Yavapai orogeny resulted from Yavapai province crust amalgamation and continued
deformation between ~1.71 Ga and ~1.68 Ga. The Yavapai province comprises much of the basement of
Colorado (Whitmeyer ahKarlstrom, 2007; Shockley, 2021).

The accretion of the Mazatzal province to the southeastern margin of Laurentia between ~1.65 Ga
and ~1.60 Ga was responsible for the Mazatzal orogeny (Whitmeyer and Karlstrom, 2007; Shockley,
2021) (Figure 2.1). The Mazatzal province is composed of ~IL&®Ga crust interpreted to have formed
as continental arcs and baaicrelated supracrustal successions (Whitmeyer and Karlstrom, 2007).

These rocks exist between the southwestern United States to eastern Canada (Whitmeyer and Karlstrom,
2007; Daniel eal., 2023a, 2023b) (Figure 2.1). While Mazatzal province rocks are not observed in
Colorado, deformation associated with the Mazatzal orogeny is well documented throughout the Colorado
Front Range (McCoy et al., 2005; Whitmeyer and Karlstrom, 2007; &bmds 2013; Lytle, 2016;

Mahatma, 2019; Powell, 2020; Shockley, 2021; Daniel et al., 2023a, 2023b).

A set of NEtrending shear zones exist in necéntral Colorado, named the Colorado Shear
Zone System (CSZS), originated in the Proterozoic anthées interpreted as suture zones between
island arc terranes, continental fragments, and the Laurentian margin (Tweto and Sims, 1963). The Idaho
SpringsRalston Shear Zone (IRSZ) is a shear zone in CSZS approximatehy d0rth of the
Montezuma quadrangle (Tweto and Sims, 1963; McCoy, 2001; Whitmeyer and Karlstrom, 2007; Lytle,
2016)(Figure 1.1) The Montezuma Shear Zone (MSZ) was an interpreted shear zone in the Montezuma
Mining district along the western slope of the Continental Divide in the Monteguadranglésee
Figure 2.20n page h The MSZ may be related to the CSZS based on its-étging strike and its
interpreted correlation with the IRSZ (Tweto and Sims, 1963; Warner and Robinson, 1967; Neuerburg
and Botinelly, 1962; Bookstrom, 1988) (Figur@)2.

The Mazatzal orogeny was followed by a period of quiescence. Rocks between ~1.60 Ga and
~1.50 Ga are not common in the southwestern U.S. or Colorado (Doe et al., 2013). The McDowell
Mountains near Phoenix, Arizona contain isolated ~1.56 Ga igneous rocks, but otherwise rocks of these
ages are not preserved in the southwestern U.S. (Skotn@&Ksrauoer, 2019). This period was originally
interpreted as a time of stabilization of the North American lithosphere (Bowring and Karlstrom, 1990;
Whitmeyer and Karlsom, 2007).
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2.2 Mesoproterozoic (1.5 Gd 1.3 Ga)i Picuris Orogeny and Magmatism

The Picuris orogeny was first recognizebed on ~1.4 G&/-plunging meseand megascopic
folds in the Picuris Mountains of New Mexico and the Wet Mountains of southern Colorado (Jones et al.,
2010; Daniel et al., 2013). Recent work has extended the range of the Picuris orogeny north into the
central Colorado Fird Range (Lytle, 2016; Powell, 2020; Shockley, 2021; Kuiper et al., 2022; Mahatma
et al., 2022). The Picuris orogeny is primarily believed to be the product of accretion of the-Granite
Rhyolite prownce onto the southeastern Laurentian margin between ~1.50 and ~1.35 Ga (Jones et al.,
2011; Aronoff, 2016; Hillenbrand et al., 2023) (Figure 2.1).

Aronoff (2016) suggested that the southern margin of North America was convergeri&bh
Ma to~1350 Ma, based on pervasive mesod megascopic folds, penetrative deformation, and pluton

emplacement. The Pinware orogeny in eastern Canada was a result of convergence between ~1515 Ma



and ~1450 Ma (Gower and Krogh, 2002; Groulier et al., 2020; Daniel et al., 2023a, 2023b), and the
Baraboo orogeny in the midcontinent resulted from convergence at-12490Ma (Dewane and Van
Schmus, 2007; Medaris et al., 2021; Daniel et al., 2023a, 20R2@8jore 2.1). The Picuris orogeny

occurred between1480 Ma and-1350 Ma (Jones et al., 2011; Doe et al., 2012; Daniel et al., 2013;
Aronoff et al., 2016; Kuiper et al., 2022; Daniel et al., 2023a, 2023b). Daniel @023b) suggested that

the Picurs orogeny is linked with the Pinware and the Baraboo orogenies, because all three orogens are
characterized by 1520340 Ma sedimentation, magmatism, and metamorphism, which become younger
from the northeast to the southwest along the southern margimadrita Mahatma et al., 2022ndares

et al., 2023; Daniel et al., 2023a, 2023b).

Plutons were emplaced along southern Laurentia in two distinct -1418DMa and ~1401340
Ma periods (Anderson, 1983; Whitmeyer and Karlstrom, 2085Higure 23 on page 8 These granite
intrusions can be found across the contiguous United States and eastern Canada, but many of the eastern
intrusions have been buried beneath Phanerozoic cover or reworked by the Grenville and later orogenies
(du Bray et al., 2018) (Figure3. Most of these granitoid intrusions are felsic to intermediate and
ferroan,implying an extensional tectonic setting (Frost and Frost, 2011). These granitoids were
previously interpreted as anorogenic otyfde (not associated with compression or subduction)
(Anderson, 1983; Karlstrom and Bowring, 1988; Anderson and Bender, B888rin, 1990; Williams
and Karlstrom, 1996; Shaw and Karlstrom, 199@doway et al., 200@Vhitmeyer and Karlstrom,
2007). However, some ~148%110 Ma granitoid rocks in the southwestern United States show
syntectonic fabric indicating NV8E shorteningluring this time, which is inconsistent with an
extensional setting based on the ferroan compositions (e.g., Nyman et al., 2004; McCoy, 2001; Jones et
al., 2010; Shah and Bell, 2012; Powell, 2020). Specifically-shiking tectonic foliations have been
recognized many ~1.4 Ga plutons in Colorado (Gonzales et al., 1996; Jones et al., 2010; Shah and Bell,
2012; Powell, 2020; Kuiper et al., 2022), New Mexico (Grambling and Codding, 1982), and Arizona
(Doe and Daniel, 2019). One of these plutons in Colottheéo;1.44 Ga Mount Blue Sky batholith,
primarily within the Mount Blue Sky 7.56 quadrang

continental arc setting (Anderson and Cullers, 1999; du Bray et al., 2018).
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2.3 Late Mesozoic to Tertiary (80 Mai 30 Ma)i Laramide orogeny and Mineralization

Ancestral Rocky Mountain and Laramide basement uplifts exist throughout the Rocky Mountains
and Colorado Plateau (Marshak et al., 2000). The Ancestral Rocky Mountains formed during the Permian
period and were a predecessor to the pred@aynRocky Mountais (Marshak et al., 2000). The late
Cretaceous to early Paleogene Laramide orogeny resulted from flat slab subduction of the Farallon plate
beneath the North American plate (Humphreys et al., 2003; Caine et al., 2010; Chapin, 2012; Weil and
Yonkee, 2023).tlwas responsible for the creation of the preskayt Rocky Mountains, and emplacement
of plutons and stocks throughout the central Colorado Front Range, including the Montezuma Stock, a
~39.7 Ma quartz monzonite porphyry in the northern half of the Mameazjuadrangle (Lovering, 1935;
Warner and Robinson, 1967; Robinson et al., 1974; Bookstrom, 1988; Rosera et al., 2021; Shockley,
2021)(Figures 1.12.2.



Immediately west of the Montezuma quadrangle is the Williams Range Thrust, a major thrust
fault created during the Laramide orogeny (Figu#. Z-his thrust fault placed Proterozoic rocks on top
of Mesozoic rocks at the surfafi€ellogg et al., 2001; Widmann et al., 2002; Kellogg et al., 2004).
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Figure2.4 Simplified geologic map of the Colorado Front Range with major thrust faults and Crett
Tertiary plutonsThe Montezuma 7.56 quadrangl e i %9),arsiav
et al. (2004), and Kuiper (unpublished).

The Laramide orogeny is believed to be partly responsible for the formation of the Colorado
Mineral Belt (CMB), a ~500 km long, 250 km wide NEtrending belt of Cretaceou®aleogene plutons
and economic minerals in Colorado. It was originally believed@h#B mineralization was controlled
by the reactivation of Proterozoic shear zones of the CSZS in the region, along with contractional
deformation from the Laramide orogeny (Lovering and Goddard, 1950; Lovering and Tweto, 1953; Sims
et al., 1963; Tweto anflims, 1963). However, in recent years it has been observed that Laramide
orogenyrelated structures are generally not parallel to Proterozoic shear zones and commonly crosscut

older Proterozoic fabrics and CSZS structures (Caine et al., 2010; Lytle, Stiidkley, 2021).



Neuerburg and Botinelly (1972) and Neuerburg et al., (1974) interpreted the MSZ as the
predominant control on the intrusion of the Montezuma stock and mineralization associated with its
emplacement. Based on detailed structural mapping, Shockley (2021)dmhthat the MSZ does not
exist and instead is a region of localized shear as a result of flexural slip along Mesoproterozoic fold
limbs. Proterozoic ductile structures are unlikely to be controls on mineralization in the Montezuma
Mining District for several reasons (Shockley, 2021). Lovering (1935) noted that the Montezuma stock
broke cleanly through the metamorphic host units and that the units do not control the shape of the stock,
suggesting thattock emplacementas notcontrolled by preexistingstructures irthe Proterozoic
metamorphic units. Pyanoe (2015) concluded that mineralizedilleranstyle veins formed in the
brittle regime at approximately 2 km depth at vein pressures b4 MPa. Laramiderogenyrelated
maximum compressivetres orientationsnterpretecby Caine et al. (2006) ab68° are parallel with
vein orientations of Warner and Robinson (1967) mapped at ~065° during construction of the Harold D.
Roberts Tunnel (Shockley, 2021).

The last episode of regional brittle deformation in Colorado is related to the Rio Grande Rift,
which is coeval with the Basin and Range Province further west. The Rio Grande Rift is composed of
northrtrending asymmetrical grabens, extending from soutNem Mexico, to Leadville, Colorado
(Berglund et al., 2012), ~45 km SW of the field area. The rift represents the eastern limit of extensional
tectonics in the Rocky Mountains since the start of the Oligocene (Ricketts et al., 2021).

2.4 PleistoceneGlaciations (~2.58 Ma i present)

The youngest geological events in the central Colorado Front Range are the extensive glacia
episodes, beginning in tlearly and middld°leistocene. Glaciers sculpted the landscape in the high
country of central Colorado, creating higlevation alpine valleys and cirques with prominent terminal
and recessional morainfsther down valley(Brugger et al., 2019). Glacial till, outwash, and other
sediments have been deposited by glaciers and rivers across Colorado and the Great Plains. Glacial
episodes regmnized in the Montezuma quadrangle arerttiddle and late Pleistocemill Lake (13695
ka) and Pinedale (2515.5 ka) glaciations (Dahms, 2004@spectively

In the Montezuma quadrangle, glacial till depoaitsl landform$rovide evidence for Pinedale
ageglaciation (Dahms, 2004Trimlines and associated downstream benches of Bull-agkegylaciation
can be observed along some of the higher ridges and peaks of the Montezuma quadrangle, but Bull Lake
and older deposits are absent. These beerttied featureepresent the limit of glacial i@nd fluvial

outwash component of Bull Lalkage glaciation during the late PleistoceRaere is potential evidence
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for a third, older glacial event, which will be noted asBu# Lake, preserved in glacial terraces along
the highest ridge lines.

25Previous work in the Montezuma 7.506 quadrangl e

In the Montezuma quadrangle, and elsewhere in Colorado, the primary motivation for geologic
research was the discovery of silver and other precious metals in the 1860s. Mining in the region began
shortly thereafter. The major minerals associated with theté2uma quadrangle include galena,
sphalerite, and sulfosalts (Lovering, 1935; Lovering and Goddard, 1950). Mining was mostly concluded
by the late 1950s when it was determined that gold and silver quantities in the area were not as
economical as other ming districts in Colorado (Lovering and Goddard, 1950; Lovering and Tweto,
1953).

The earliest geologic map of the area was of t
Lovering (1935) at a 1:62,500 scale, to describe the geology of the area as well as determine the locations
of possible mining sites in the area. Although the primacydmf the study was to assess the mineral
resources in the Montezuma quadrangle, Lovering (1935) also mapped the Proterozoic bedrock geology

and structures.

The Harold D. Roberts tunnel is a Ni¢nding tunnel that crosscuts the bedrgeklogy of the
entire Montezuma quadrangle and extends to the northwest until the Dillon Reservoir directly south of
Dillon, CO.The Harold D. Roberts tunnel was constructed to carry water from the Front Range, beneath
the Continental Divide to the Denver metropolitan area (Wahlstrom and Hornback, 1962). Construction
of the tunnel began in 1964. Warner and Robinson (1967) and Rokéhal. (1974) mapped the
subsurface geology along the Harold D. Roberts tunnel through the Montezuma quadrangle, placing a
greater emphasis on mapping structures and rock types in the Montezuma quadrangle compared to earlier
mining related studies. Wahlstrom and Kim (1959) mapped the Handcart Gulch and Hall Valley regions
in the southern and southeastern areas of the Montequadsangle near the eastern portal of the Harold

D. Roberts tunnel.

The Montezuma 156 quadrangle was included in t
map at 1: 100,000 scale (Kellogg et al ., 2008). Sh
of the Montezuma quadrangle that included Proterozoimbkdnapping to determine the relationship
between the MSZ with the CMB and CSZS, which had previously been undetermined. Additionally,

Shockley (2021) studied the structural history of the area in the context of the structural history elsewhere
in the cent a | Colorado Front Range. The Montezuma 7.56
the 1:24,000 scale
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CHAPTER 3
METHODS AND MATERIALS

Geologic mapping was predominantly conducted from early June tduagdst 2022, and
finalizedoverfive days in the summer of 2023. The southern half of the Montezuma quadrangle can be
accessed by higblearance AWD vehicle. The western half of the field area can be accessed #&@m US
(Loveland Pass) to Montezuma Road from the North, or fror2885toCO Road 60 from the south. The
eastern half of the field area is accessible frori285to Guanella Pass to the Geneva Creek
Campground. More remote locat®im the field area were accessed by hiking from roads and nearby
hiking trails. Most of the southern half of the Montezuma quadrangle is Bureau of Land Management
public forest lands. Recreational activities in the field area include hiking, campingicamdain biking.
Exposures of rock are generally good at higher altitudes and along ridges and cirques. At lower elevations
in the southern half of the Montezuma quadrangle (namely in the southeast), bedrock is less exposed due
to extensive glaciation arather Quaternary surficial deposits. Many outcrops were too hazardous to

access for reasons such as steep talus slopes or rockfall hazards.

High-resolution topographic and LIDAR data (provided by the CGS) were analyzed to identify
Quaternary surficial deposits before field mapping. This allowed for higher efficiency in the field and
helped avoid more hazardous terrain. Mapping was done onfpegeslips using a basemap modified
from the USGS topographic database. Orientations of structures such as foliations, lineations, fold hinge
lines, fold axial planes, and joints were taken using a Breithaupt compass and recorded in a field notebook
using dip/dipazimuth. Every location was marked with coordinates, using a Garmin inReach Mini. The
Garmin inReach Mini is also equipped with an S.O.S. button in case of any emergency in the field.
Geologic mapping was predominantly conducted at a 1:24,@08 tecsatisfy the requirements of the
EDMAP grant, with more detailed mapping conducted in areas of higher interest and good exposure. At
the conclusion of every week of field mapping, paper maps were digitized using ArcMap and ArcGIS Pro
software. Googl&arth and ArcGIS satellite imagery were used to help map out Quaternary surficial

deposits and concealed contacts.

In total, 24 fistsized hand samples were collected for thin sections to create more accurate
lithology descriptions and to analyze microstructures and mineral assemblages. Each major rock type is
represented by at least one thin section. In addition fétsic igneous samples were collected fePb
LA-ICP-MS zircon geochronology. Each sample weighed between ~10 and ~15 kg. Two of these samples
(Samples EBSRG1 and EBC-2) were collected to constrain ages of deformation in the southern half of
the Monteuma quadrangle. The third sample (SampleMEB-1) was collected to test whether a granite
in the southeastern quadrant of the field area is ~1.4 Ga or ~1.1 Ga. The fourth sanip®& {F®as
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collected from the main body of the Montezuma st
guadrangle to test a thrust hypothesis using inherited zircon analysis. Kellogg (2001) and Kellogg et al.
(2004) hypothesized that a shallowly dipping thrusltfdisplaced Proterozoic rocks over Phanerozoic

rocks. To analyze the depth and subsurface geometry of the fault, inherited zircon cores from Tertiary
igneous stock in the Front Range were tested to constrain the ages of Phanerozoic units it passed through
If magma passes through Phanerozoic rocks as it moves to the surface, then Phanerozoic zircons may be
incorporated into the melt and preserved. If inherited zircons are found in an intrusive sample, it would
prove that the thrust extends below the intreisiTo test this hypothesis, a sample was collected from the
Montezuma stock (Figure 2.3). If the stock contained Phanerozoic zircons, it would prove the validity of

this method for the Williams Range Thri(Btgure 2.4)

Mineral separation for all four geochronology samples was conducted at the Colorado School of
Mines. Conventional crushing and grinding techniques were carried out using & Bawdrusher and a
Bico™ disc mill grinder. Further mineral separation was conducted using a \ililflalgle, heavy liquids
(lithium metatungstate), and Fraffzmagnetic separator. Individual zircon grains were picked by hand
from remaining grains using a binocular microscope and annealed in a muffle furnacé@ohad@ s
depenihg on the sample. Zircon grains were mounted on four separate epoxy mounts, created for four
different zircon grain sizes (extra small, small, medium, and large). The mounts were then sanded down
and polished until the centers were exposed. Zircon méamsemples EESRG1 and EBC-2 were
shipped to Boise State University for HEP MS analysis. Zircon mounts for samples®B-1 and
EB-MS-1 were created and polished at Boise State University. Cathodoluminescence (CL) images on
samples EBSRG1 and EBC-2 were taken at Colorado School of Mines using a Scanning Electron
Microscope (SEM). CL images for samples-EE-1 and EBMS-1 were taken at Boise State University
using an SEM.

Zircon was analyzed using an iCAP RQ QuadrupoleN3and Teledyne Photon Machines
Analyte Excite+ 193 nm excimer laser ablation system with HelEx Il Activevivilame ablation cell.
Zircon was ablated with a laser spot of 20um wide using fluence arelads of 2.5J/cm2 and 10Hz,
respectively. The laser excavated a pit in each zircon grain ~8um deep. Ablated material was carried by a
0.25 L/min He gas stream in the inner cell and a 1.25 L/min He gas stream in the outer cePFand)
201ppPO%Ph ddes, instrumental fractionation of the backgrowsndbtracted ratios was corrected, and dates

were calibrated with respect to interspersed measurements of zircon standards and reference materials.

Data were plotted using Isoplot 3.0 software (Ludwig, 2003). The offline version of IsoplotR
(Vermeesch, 2018) was used to calculate ages, makaMasserburg concordia diagrams, cumulative

probability plots, and float bar plotgncertainties of the weighted mean ages are reported in the format +
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X [Y], where X is the (95%) confidence interval without overdispersion, and Y with overdispersion
accounted for (Vermeesch, 2018). For interpretation of data, only Y is used where applicable.

14



CHAPTER 4
ROCK DESCRIPTIONS ANCSTRUCTURALGEOLOGY RESULTS

4.1 Lithology Descriptions

The southern half of the Montezuma 7.506 quadr a
poly-deformed heterogeneous metasedimentary and metaigneous rocks (Lovering, 1935; Shockley, 2020)
(seeFigures 4.1on page 17and 4.2on page 18seeTable 4.1on page 20-21). These basement rocks are
primarily biotite-quartz gneiss and schist (Xb), biot#filimanite gneiss (Xbsg), and interlayered biatite
guartz gneiss, schist, and pegmatite (Xsb) (Table 4.1). These three units were originally described
togetter as the Idaho Springs Formation (Lovering, 1935). Based on the presence of sillimanite and
partial melt/migmatite throughout the metasedimentary units, it is interpreted that these rocks experienced
upper amphibolite facies metamorphism. Bedding is heéved in these highly folded and deformed
metamorphic rocks, making the relative age relationships between Paleoproterozoic metamorphic units

difficult to discern.

Xb is found in the center and in the western half of the field area. Xbsg is found in the south
central region of the field area. Xsb is located throughout the field area, primarily east of the Continental
Divide Trail (CDT) (Figures 4.1 and 4.2). Othertar@orphic units in the quadrangle include hornblende
gneiss (Xh) and calsilicate gneisses (Xcdl and Xcal2) (Table 4.1). Xh is exposed in the western half
of the field area. Xcal and Xcal2 are along the eastern contact with Xh, with Xtcah the neth, and
Xcal-2 in the south. Xcal and Xcal2 are primarily differentiated based on variations in color and
mineralogical compositionséeFigure 4.3o0n page 1P Xcal2 is typically weltfoliated (Figure 4.3C)
compared to Xcal, which is only locally foliated (Figure 4.38). Based on similarities in unit
thickness and general orientation of the two-sdlicate units, it is likely that these units are related, but
different in composition. These two units were described assdelate gneiss unitsased on field
observations, and descriptions from Wahlstrom and Kim (1959) and Shockley (2021). In thin section,
however, these units resemble hydrothermally altered granites based on their mineral assemblages. See
Chapter 4.2, page 3tr more cktails The contact between the calticate gneisses and hornblende
gneiss units is gradational, while the contact between thesitialate gneisses and biotitgiartz gneiss is

often sharper.

Prominent igneous lithologies in the field area include the Mesoproterozoic Silver Plume granite
and a porphyritic potassium feldspar granite phase of the Mesoproterozoic Mount Blue Sky bad®lith (
Table 4.20n page 2L The Silver Plume granite is exposed in several areas of the southern half of the

guadrangle but is most prominent in the northern and northeastern parts of the field area. The Mount Blue
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Sky batholith is located in the southeastern part of the field area. A satellite pluton of the Eocene quartz
monzonite Montezuma Stock is also present near the CDT in the central part of the field area. The main

body of stock is located in the northernfhralo f t he Montezuma 7.50 quadrang
intrusive igneous units are generally massive, although weak tectonic foliations are locally observed,

mainly in the Mount Blue Sky batholith. There are also several mineralized dikes throughoutiyhe stu

area, mostly around old mining pits in the western and central parts of the southern half of the

Montezuma Quadrangle. These dikes are not wide enough to be mapped at the 1:24,000 scale.

Pleistocene glaciations have subsequently carved out the landscape and deposited sediment (
Table 4.3on page 2R Till deposited by the Pinedale glaciation is present within many of the deeper
valleys of the field area. Till deposits were interpreted as Pinedale glaciation age based on geomorphic
position and less weathering of boulders and cobbles in deposipared to Bull Lake or older glacial
till deposits (Kellogg et al., 2008; Ruleman et al., 2011; Shroba et al., 2014). Other Quaternary deposits
like colluvium, landslide deposits, and rock glaciers are prevalent throughout the field area (Figure 4.1;
Table 4.3). Colluvium is common on eroded mountaintop ridges in the western half of the field area.
Alluvium is most common along river channeldlie deepest parts of many valleys in the southern half
of the Montezuma 7.50 quadrangle (Figure 4.1).
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Figure4.3 Calcsilicate gneiss units present in the southern half of the Montezuma 7.5' quadkangls
Unfoliated Xcatl calcsilicate gneiss. B) Foliated Xcélcalcsilicate gneiss. C) Foliated Xealcale
silicate gneiss.
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Table4.1 Description of metamorphic units in the southern half oMioatezuma 7.5' quadrangleascending order of decreasing relative. age

Unit Name and age Description

Symbol

Xcal-1  Green calesilicate gneiss Greenish, weather resistant, weakly to moderately foliateesdalate layercontaining ~50%
(Paleoproterozoic?) quartz, ~35% feldspar, ~10% calcite, and ~5% chlorite. This unit contains local epidote, r

biotite, and muscovite. This unit contains local quartzite, commonly in lenses or pods.
Effervesces when exposed to acid. In thin sectionpthitsyesembles an altered granite baset
on heavy alteration of minerals (especially feldspar, and possibly minor calcite), lack of
hornblende, pyroxene, and small amounts of epidote. Gradational contacts with units Xst
Xh are observed.
Xcal-2  Brown calesilicate gneiss Brown, weather resistant, moderately to strongly foliated-sifitate gneiss layer containing
(Paleoproterozoic?) ~60% quartz, 25% feldspar, ~5% epidote, and ~5% biotite. This unit contains local musct
and local quartzite that occur in discontinuous lenses and thirs ldyees not effervesce wher
exposed to acid. In thin section, this unit resembles an altered granite based on heavy ali
of minerals (especially feldspar, and possibly minor calcite), lack of hornblende, pyroxene
small amounts of epidote. Conta with units Xsb and Xh are gradational.
Xsb Interlayered biotite Interbedded fineto mediumgrainedmetasedimentary gneiss and schist with biotite, quartz,
sillimanite gneiss and schist. sillimanite (up to 10% locally). Sillimanitech areas characterized by abundant whitish,
biotite-quartz gneiss and elongate, sillimanite fibrolite aggregates ranging from 0.5 mm to 5 cm in length. Locally, t

schist, and pegmatite containsinterbedded calsilicate gneiss, biotitgquartzplagioclase gneiss, and quartz
(Paleoproterozoic) muscovitebiotite schist. The unit is locally folded and migmatitic. Previously described as
Idaho Springs Formation (Lovering, 1935)
Xh Hornblende gneiss Well-foliated gray to dargray, fine to mediumgrained gneiss containing hornblende (locall
(Paleoproterozoic) amphibolite with up to 80% hornblende), clinopyroxene, plagioclase, orthoclase, and qua

Local variations in mineral content cause variations in color. Fargradational contact with
both calesilicate units (Xcall & Xcal-2). Previously described as the Swandyke Hornblend
Gneiss (Lovering, 1935).
Xb Biotite-quartz gneiss and Gray to dark gray rock containing ~20% biotite, ~50% plagioclase, ~10% potassium felds
schist (Paleoproterozoic) ~25% quartz, and locally variable amounts of amphibole (likely hornblende) up to 10%. U
locally migmatitic and folded. Local pegmatites are parallel to foliati
Xbsg Biotite-sillimanite gneiss Gray to black gneiss composed of ~50% quartz;3(® biotite, ~5% feldspar, ~5%
(Paleoproterozoic) muscovite, and up to 10% sillimanite locally. Characterized by whitish, elongate sillimanit
fibrous grains ranging from 0.5 mm to 3 cm in length. Locally has interbeddée ljoartz
gneiss, and biotite quartz schist.
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Table 4.1Continued

Ygsm Mixed biotite-quartz gneiss Light gray to pink Kfeldspar porphyritic Silver Plume Granite (Yg) mixed with gray to dark
and schist with Silver Plume gray biotitequartz gneiss metamorphic rock containing ~25% quartz, ~20% biotite, ~50%
Granite plagioclase and ~10% potassium feldspar. Variable amounts of amphibolitel@¥) are
locally present in metamorphic areas. Lithology changes on meter scale (sometimes sme
and is very difficult to differentiate at the map scale. May represent a margin between Sil
Plume granite and metamorphic basement and mixing isw#d to partial melting along
margins.

Table4.2 Descriptions of igneous intrusive units in the southern half of the Montezuma quadrangle in ascending order of deatasiagerel

Unit Name and age Description

Symbol

Tgm Quartz monzonite porphyry of White to light gray, mediurto coarsegrained, porphyritic quartz monzonite with blocky to
the Montezuma Stock tabular phenocrysts up to 3 cm of orthoclase, quartzpkgibclase. Lesser constituents
(Eocene) include biotite, muscovite, hornblende, magnetite, and titanite. Massive, with two orthogo

joint sets throughout the main body. Main body of the Montezuma Stock is located in the
northern half of the Montezuma quadrangléh dikes cropping out throughout the quadrang
In the southern half of the quadrangle, outcrops of the Montezuma stock are rare, and loc
are determined primarily by float mapping:Rl zircon age yields 38.8 + 0.5 Ma (Rosera et
2021).
Yg Granite (Mesoproterozoic) Light-gray to pink, porphyritic granite with tightly packetl 4 cmlong feldspar phenocrysts

and up to 2% muscovite and (or) biotite. The pluton within the study area was mapped by
Lovering (1935) as a part of the Silver Plume Granite, an aerially extepgraluminous,
porphyritic twamica granite with a reported-Bb zircon age of 1424 + 6 Ma (du Bray et al.,

2018).
Ygmp  Megacrystic kfeldspar granite Pink to light gray, mediurto coarsegrained porphyritic granite with-80% biotite and locally
(Mesoproterozoic) minor hornblende. Contains up to 95% potassium (pink) feldspar phenocrysts up to 3 cm

Contains up to 35% plagioclase (white) feldspar and up to 20% qualitvdketo be a phase ¢
the 1.442 Ga Mount Blue Sky batholith (Aleinikoff et al., 1993)
YXp Pegmatite (Mesoproterozoic t Undifferentiated pegmatite pods and dikes in Paleoproterozoic host rock. Pegmatite ig@o
Paleoproterozoic?) very coarsegrained, white to pink, inequigranular, and composeguaftz, feldspar, muscovite
and (or) biotite and minor magnetite. Units are massive to weakly foliated.
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Table4.3 Descriptions of surficial deposits in the southern half of the Montezuma quadraagtending order of decreasing relative age.

Unit Name and age Description

Symbol

Qtal Talus deposits (Holocene)  Poorly sorted, angular to subangular cobbles and boulders along the sides of steep sl

and cliffs in fans and aprons. Thicknesajgroximately P15 m.

Qa Alluvium (Holocene to Interbedded clay, silt, sand, gravel, and cobbles along streams and washes. Locally ¢

Uppermost Pleistocene) organicrich sediments from meadows, marshes, and beaver ponds. Estimated thickne
1i5 m.

Qac Colluvium (Holocene to Unsorted to poorly sorted angular to subangular cobbles, predominantly transported k

Uppermost Pleistocene) rockfall and periglacial processes. Typically present on high, flat ridges and locally
interbedded locally with glacial, sheetwash, and landslide deposits. Estimaked$kics
2i 15 m.

Qrg Rock glacier (Holocene to Lobate and tongushaped deposits consisting primarily of cobbles to boulders with ste:
Uppermost Pleistocene) flanks and fronts. Deposits interpreted as active by creep and othesstijpengravity

driven processes. Estimated thickness B02m.

Qls Landslide and rockfall Unsorted and unstratified rock debris and sediments, with humnop&graphy, headwall
deposits (Holocene to scarps, and lobate toes. Locally includes rockfall deposits. Thickness is estiméatsol it *
Uppermost Pleistocene)

Qtp Till of Pinedale glaciation Rounded to subrounded, unsorted boulttegravelsized clasts in a sangyity matrix.

(Upper Pleistocene)

Preservation of original glacial landforms as lateral and terminal moraines is good anc
moraine morphology commonly has undrained kettles and depressions. Thiclaiesst is
2130 m.
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4.2 Thin Section Petrography

Twenty-four thin sections were collected from various lithologic units (Table 4.4). The majority
of thin sections was cut perpendicular to foliation and perpendicular to lineation, when applicable. Thin
sections without foliation were cut to expose all enaninerals.

Table4.4 List of all thin sections collected in the southern half of the Montezuma 7.5' quadcaborgie
with location given in UTM 13N zone coordinates, and rock type of each thin section. Geochronology
samples in bold.

Thin Section Easting Northing Rock type and Notes

Name

EB-SRC-1 0426993 4376768 Granite dike within unit Xb

EB-SRC

dup

EB-MS-1 0425655 4384679 Quartz monzonite (Montezuma stock), unit Tgm; northern
half of Montezuma quad

EB-MG-1A 0435590 4373966 K-feldspar phenocrystic granite (Mount Blue Sky
batholith); unit Ygmp

EB-MG-1B 0435576 4373884 K-feldspar phenocrystic granite (Mount Blue Sky batholith);

unit Ygmp
EB-C-2 0432093 4377451 Folded pegmatite within unit Xb
EB-C-4 0426872 4377476 Calcsilicate gneiss; unit Xcal.
EB-C-4 dup
EB-C-5 0426811 4376588 Calcsilicate gneiss; unit Xcdl.
EB-C-6 0427363 4376791 Mineralized dike rock within unit Xb/Xsb
EB-C-6 dup
EB-C-7 0430742 4375773 Biotite-sillimanite gneiss; unit Xbsg
EB-C-9 0434737 4374699 Granite (Silver Plume?)

EB-C-11 0429201 4376177 Mineralized felsic dike, within unit Xsb
EB-C-13 0429640 4376944 Granite (Silver Plume)
EB-C-14 0429288 4375764 Prospect rock within uniXsb/Xb

EB-C-15 0435754 4373757 K-feldspar phenocrystic granite (Mount Blue Sky batholith);
unit Ygmp

EB-C-17 0426746 4376516 Calcsilicate gneiss?, unit Xcdl. Thin section observations
suggest altered granite

EB-C-19 0429000 4373787 Alteredpegmatite within unit Xb
EB-C-20 0428727 4373664 Hornblende gneiss, unit Xh/Xb
EB-C-21 0428603 4373824 Pegmatite within unit Xb

EB-C-22 0428612 4373850 Calcsilicate gneiss?, unit Xc&. Thin section observations
suggest altered granite
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The biotitesillimanite schist/gneiss (Sample EB7) contains 55% quartz, 20% biotite, 15%
sillimanite, 5% amphibolite (likely hornblende), 5% muscovite, and <5% feldspar (FiguxeB).
Feldspar shows twinning patterns typical oféddspar. Foliation surfaces are best defined by biotite
sheets and sillimanite fibers. Quartz often occurs as smaller, uniformly shaped grains, which suggests that

the rock was recrystallized (FiguredA, B). Muscovite and quartz are replaced by sillimanite, indicating
mid-crustal pressures (Johannes and Holtz, 2012) (Figd€: D).

Figure4.4 Thin section images of biotite sillimanite gneiss/schist. All mineral abbreviations are fro
Whitney and Evans, (2010)) Sample EBC-7 showing representative mineralogy of biotite silliman
schist. B) Overview image of sample £B7, highlightirg size and shape of quartz grains. C) Muscc
replaced by sillimanite in sample EB7. D) Muscovite replaced by sillimanite in sample-EF. Qz =
guartz, Bt = biotite, Sil = sillimanite, Amp = amphibole, Ms = muscovite.

Thin sections EBC-7 and EBC-13 are of the Silver Plume Granite. The granite contains 60% K
feldspar, 25% quartz, 10% plagioclase, 5% biotite, 2% muscovite and trace amounts of opaque minerals
that probably include magnetite, based on removal of magdetitey mineral separation for-Bb
geochronologydeeFigure 4.50n page 2p Altered plagioclase and other feldspar grains are common in
both samples Ef-7 and EBC-13 (seeFigure 4.5B, Gn page 2b Both samples contain muscovite and
biotite, which isconsistent with descriptions of the Silver Plume granite from Anderson and Thomas,
(1985) 6eeFigure 4.5Don page 2b Compositionally, the two samples are nearly identical, buCEE

contains slightly more muscovite than £B7 (~3% more).
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Figure4.5 Thin section images of Silver Plume GranA¢.Sample EBC-13 showing representative
mineralogy of Silver Plume Granite, which is predominately composedfeldspar. B) Sample EB-7
with sericitized plagioclase, based on twinning pattern shown in the grain. C) Serietizghr grain
from Sample EBC-13 with inclusions of muscovite. D) Muscovite and b#iit equilibrium in sample
EB-C-13. Qz = quartz, Kfs = potassium feldsparféftdspar), Bt = biotite, Ser = sericite.

Sample EB-C-5 and EBC-6 were collected from mineralized felsic dikes wittlie Snake River
Cirqueregion in the southern half of the Montezuma quadrafgiese thin sectionsontain about 35%
fine-grained quartz, 15% fine grainéeldspar, 5% muscovite, and 15% opaque minesalsHigure
4.6A, B on page 2b These opaque minerals are mainly pyrite based on identification in reflected light
and cubic shape. About 35% of the rock isn,compose
potentially seridie (seeFigure4.6B on page 25 It is difficult to determine the exact mineralogy oféske
areasas itis much finer grained than the rest of the rock. This alteration tends to be present around more
sulfide-rich opaque areas of the rock and often forms rather distinct boundaries with the quartz and
feldspar of the matrixtine-grained white micas like muscovié@pear to beommonly present within
these tarnished arease€Figure4.6C on page 2B This tarnish may be an alterationtiof host rock as

thesulfide minerals grew during formation.
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Figure4.6 Thin section of rmeralizedfelsic dikes from Snake River Cirqud) Sample EBC-6 fine
grained quartz/feldspar matrix with larger opaquiide minerals. B) Alteration, possibly sericitic
alteration or finegrained white mica zones within EB-6 around sulfideich zones. C) Muscovite witF
alteration zone of sample EB-6. Qz = quartz, Py = pyrite, Fsp = feldspar, Ms = muscovite, Ser? =
possible sericite/sericitic alteration.

Thin sections EBC-4 and EBC-17 are of unit Xcall , t h€i Ricadhtced gnei ss
River Cirque region. Thin section EB-22 is of unit Xcal2, the calesilicate gneiss in the Handcart
Gulch region. Xcall is greenish and locally foliated. Xe2ls brownish, with a more prevalent well
defined foliation. In thin section, the mineralogy suggest they may highly altered granites exposed to
hydrothermal fluids. In thin section, Xealcontains ~50% quartz, ~35% feldspar, ~10% calcite, and ~5%

chlorite Feldspar and calcite are strongly altered to seristeHigure 4.7A, Bon page 2¥. Due to the

alteration, it is difficult to distinguish feldspar from calcite, but effervescence suggests significant calcite.

Xcal-2 is a bit finer grained than Xcéland does not effervesce as it contains no or very little calcite in
thin section. Botltalc-silicate gneiss units contain about 5% epidegefFigure 4.7Con page 2) Both
calcsilicate gneiss units lack amphibole and clinopyroxene, two minerals comroalesilicate gneiss.

Rutile and chlorite are present in trace amouwgsKigure 4.7Don page 2y
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Figured7Thi n sect i ons i ImaagaAs Blighly altdradtfpbssibly sericitized) quartz w
unaltered quartz andfieldspar. B) Calcite grains and figgained sericite within Xcal unit in sample
EB-C-17. C) Epidote grains with microcline and quartz of unit Xxal sample EBC-22 D)
Clinopyroxene surrounded by altered/sericitized plagiodtasample EBC-4. Qz = quartz, Pl =
plagioclase, Kfs = potassium feldsparf@dspar), Cal = calcite, Ep = epidote, Ms = muscovite, Cp»

Thin sections EBVIG-1a, EBMG-1b, and EBC-15 are of the Mount Blue Sky batholith, unit
Ygmp. EBMG-1a was collected from the same location as geochronology samyd6eER The Mount
Blue Sky batholith containgarsegrainedquartz, plagioclase, and potassium feldspar, which are
commonly heavily fracturedséeFigure 4.8Aon page 2B Large phenocrysts of potassium feldspar are
also observed in thin sectiosegFigure 4.8Bon page 2B Muscovite and biotite are present in trace
amounts geeFigure 4.8CD on page 28 Thin section EBMG-1b was cut parallel to foliation and shows
muscovite sheets defining foliation in the batholgbgFigure 4.8Don page 28 Notably, this sample
contains muscovite and biotite. Minor muscovite was previously recognized by Aleinikoff et al. (1993)
especially in the mafic clots, but muscovite is generally rare or absent (Aleinikoff et al., 1993; Powell et
al., 202).
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Figure4.8 Thin section images dflount Blue Sky batholithA) Heavily fractured quartz grains with
plagioclase and biotite in sample #8B85-1a. B) Large Keldspar phenocryst in sample #885-1b,
common in Mount Blue Sky batholith. C) Quartz grains and biotite books in sampgié@=Ba. D)
Muscovite sheets in sample BBG-1b that are parallel to tectonigliation in Mount Blue Sky batholitl
Qz = quartz, Bt = biotite, Pl = plagioclase, Kfs = potassium feldspéel@ispar), Ms = muscovite.

Thin section EBC-20was collected fronthe hornblende gneismit present in the western part
of thesouthern half of the Montezuma quadranglee hornblende gneiss unit was previously identified
as the Swandyke Hornblende gneiss (Lovering, 1935%. unitis composed primarily dine- to
mediumgrainedhornblende and plagioclassith minor amounts of quartz and biotifehis unitis fairly
homogeneous with welldefined foliation based on the alignment of biotite and hornblende grains in the
darker lands, and plagioclase and quartz in the felsic basedb-igure 4.9A0n page 2P The hornblende
gneiss also containigceconstituents of clinopyroxerie the mafic bandéseeFigure 4.9Bon page 2p
and muscovitén the felsic bandéseeFigure 4.9Con page 29 Grain sizes of all minerals in this unit are

~200500 pum along their lengthsd¢eFigure 4.9n page 29
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Figure4.9. Thin sectionimages of hornblende gneisample EBC-20in crosspolarized light A)
Uniformly sized hornblende, plagioclase, and quartz grains. B) Biotite and hornblende along folia
plane and minor clinopyroxene. C) Minor biotite and muscovite. Qz = quartz, Hbl = hornblende, F
plagioclase, Bt = biotite, Cpx = clinopyroxene.

Sample EBMS-1 is of the Eocene quartz monzorpphyryMontezuma stock. This sample
wascollected from the northern half of the Montezuma quadrangle andsedsor UPb zircon
geochronologySatellite plutons of the Montezuma Stock are found in the southern half of the
guadrangle, but outcrop exposure of the rock is pidwe.Montezuma stock is a very coagsained rock
composed primarily of Keldspar, plagioclase, and quarseé¢Figure 4.10A, Gn page 3 Feldspar is
partly altered to sericite. Mor constituents in the stock include biotite, muscovite, and titasg (
Figure 4.10B, n page 3 Opaque minerals like magnetite and galena, identified by diagnostic
triangular cleavage patteritsreflected lightare also present in the stoakeéFigure 4.10Don page 3
The presence of magnetitethis samplavas confirmed by the removal of magnetite during
geochronology sample preparati@uordilleranstyle veins throughout the Montezuma stock are
responsible for mineralization in the Montezauguadrangle, which is correlative with other intrusions
and mineralization throughout the CMBther economic minerals associated with the stock include

pyrite, chalcopyrite, and gold, first identified by Lovering (1935).
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Figure4.10 Thin section images docene Montezuma stoskmple EBMS-1. A) Coarsegrained
plagioclase and quartz grains with muscovite. B) Biotite and titanite in samgi#S=B C) Muscovite
andaltered (possibly sericitized) feldspar and plagioclase in sampE&R. D) Galena grains in alter
guartz matrix in sample EBIS-1. Qz = quartz, Ms = muscovite, Pl = plagioclase, Bt = biotite, Ttn =
titanite (sphene), Ser = sericite, Gn = galena.

Thin sections EBC-19 and EBC-21 are from pegmatite samples collected in the southeastern
portion of thesouthern half of the Montezuma quadrangleey are primarily composed of very coarse
grained quartz, feldspar, and opaque minerals that are likely pyrite based on cubic shape and crystal habit
of the grainsgeeFigure 4.11Aon page 3]l Small holeswithin larger grains and along grain boundaries
in each thin sectiomay also represent the same opaque mindvaiscovite is the most common
micaceousnineral present in these pegmatites, but biotite is also present in smaller amduletshin
section EBC-21 is mostly unaltered, thin section EB19 has a significant amount of figgained white
mica and possible sericitic alteratiseéFigure 4.11Bon page 3P This appearance is reminiscent of
thin sections EBC-6 and EBC-14, which are both mineralized felsic dikes in the western half of the field
area. EBC-19 also has small biotieearing veinlets along fracturesthin some of the larger qua and

feldspar grainsseeFigure 4.11(n page 32)
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Figure4.11 Thin section images ofggmatite samples the southern half of the Montezuma 7.5'
guadrangle. A) Coarsgrained quartz and plagioclase grains in samphkCER.. B) Finegrained
muscovite and mica surrounding quartz grains in sampl€#B. C) Small veinlets within fractures o
coarsegrained quartz and plagioclase in sample@&B9.

4.3 Structural Geology

Structural domains were defined based on orientations of structures, including foliations,
lineations, and fold hinge linesgeFigure4.12on page 3R Isoclinal k folds have various orientations
throughout the field area¢eTable4.5 on page 3R These are overprinted by moderately NWNnging
tight to open Efolds throughout the western and southwestern regions of the southern half of the
Montezuma 7.56 quadrangl e, in the SnakegTaever Cir
4.5). W- to WNW-trending tight to opeks; folds are present in the eastern region of the southern half of
the Montezuma quadrangeigure 4.12; Table 4.5PDverprinting relationships are observed between F
and F folds, and betweenland F folds. Overprinting relationships between&nhd F folds were
difficult to observe in the field, but these relationships can be observed using stereographic projection.
Map-scale faults were difficult to measure throughout the quadrangle, but smaller scale faults were

observedhroughout the regiorséeFigure4.13on page 38

31



105°52'W 105°51'W 105°50'W 105°49'W 105°48'W 105°47'W 105°46'W 105°45'W
~ 3

T {1 \\ >
Pa \ < = —— . oy o 2
) as y _— 0
39634.“; } A rS\ \ ‘{} \\ / ”'?/—’ - ﬂ ) \ q,\"_,_j Y9 N
| Snake River Cirque \ \a3 80 8 2 \ Il ap /% 7 ‘33\\;\ J 39°34N
| Structural Domain 1 N 2w v (e AR |
[ ( omax?) a)v\ /} " ) Al_ A 1 - M };x” \w/sg\ﬂ o~
| / § N\ Qw77 B y ‘ =
. b4 g
‘ Qual
2
3933 |
| 393N
j K N
| N =
| Geneva Creek 3 it = :
, ‘ 58 9% ; (Structural Domain 2) \7 .
332N 3 3 \).\ 22 = e =] e z = xb - 770 30032
RN e g i s A o s A /4
| S (£ 2 ‘B SR S/ N\ A 4 TR ) e o
S\ ; okl ) SN : A
- \ G Xsb w—= o e —\\"“’ &
- \ o l‘ 0
N Z : Mount Blue Sky Batholith
I . \ Py 7 f (Structural Domain 3)
39°31N \ — I .
[ \ | / Wiy 393N
| \ \\
| \ % xsb “fo
i \
[ X \\ i 7 Al
| | Handcart Gulch 3 \ 4 / N> o
[ - | (Structural Domain 1) Lo\ B L R
[ LI St 0 1 2 4
! Toah EEE TN
39°30N ‘ lonl B Kilometers —
105°52W 105°51W 105°50W 105°49W 105548 W 105%47W 105°46W 105°45W

Figure4.12 Geologic map of the southern half of the Montezuma 7.5' quadr&tgletural domains,
annotated with labels and dashed linesre defined based on similarities in structural orientations. :
Figure 4.2 for a detailed legend.

Table4.5. Summary of fold generations in the southern half of the Montezuma 7.5' quad&awfiegure
4.12for domain locations an@hapter6.2for interpretation of structural histary
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Figure4.13 Fault planes in Structural DomainHault plane orientation given in strike and dip right h
rule convention in B and strike only in A. A) Fault plane from Snake River Cirque near the contac
calcsilicate gneiss (Xcal) and hornblende gneiss (Xh). Shallowly dipping fault in Handcart Gulch
within the hornblende gneiss (Xh) unit.

4.3.1 Structural Domain 1

Domain 1 is divided into the subdomains of Snake River Cirque (1a) and Handcart Gulch (1b)
(Figure 4.14). Both subdomains show similar lithologies and structural orientations with only minor
variations. Domain 1 is characterized by moderately NplWwigingF: folds and L. stretching and
mineral lineations (Table 4.5). The NNEending Montezuma Shear Zorseé Chapter 2.1 for additional
detail§ had previously been interpreted in Domain 1, but no offset, shear fabrics or other evidence was
found for it in this study or by Shockley (2021). Shockley (2021) recognized localized shear fabrics
generally within and away from the originally interpred8Z trace, buto significantoffset of units or
lithological contrasts asobserved. These shear fabrics generally trend NNE, parallel to the interpreted
MSZ trace, but are no more than a few dozen meters in length (Shockley, 2021). No evidence was found
for a continuous ductile shear zone throughout the region. Localized shearing may represent small scale
shear zones and/or be a product of flexural slip assodidtied;-D, deformation in the Montezuma
guadrangle (Shockley, 2021).

F, folds in Domain 1 exist at the outcrop scale and kilometer scale. Two diffesdasilicated
units are present in Domain 1 and are both in contact with the hornblende gneiss unit in the western half
of the Montezuma quadrangle (Figure 4.14). The contact between the northesiticake unit and the
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biotite-quartz gneiss unit is shown as folded to indicate severalsealp folds related toLdleformation
(Figure 4.14).

4.3.1.1 Subdomain l1ai Snake River Cirque

Subdomain la is characterized by Nk&nding(~300-340°) fold hinge lines and lineations, as
well as by NE and SWdipping S foliations GeeFigures4.150n page 344.16A on page36, 4.12).
Poles to foliation plot along a girdle, the pole of which is parallel to interpretadd. lineations
(Figure4.16A). D; structures are abundant along the western ridge line of Snake River GegEgure
4.17A-C on page 3 In this area, many Dsoclinal folds as well as NNW trending lheations and
fold hinges were measured (Figude$5, 4.16A, 4.17A-C). K fold hinges are recognized at both the
outcrop scale and at the map scale (Figdrg4 4.15 4.17A-B). F, axial planes were difficult to
measure, but generally dip moderately to steeply southwest (Fydeds 4.18on page 3Y. Parasitic S

, Z-, and Mfolds are widespread throughout subdomain l1a.
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Figure4.14 Structural domains 1a (Snake River Cirque) and 1b (Handcart Gulch) of the southern
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Figure4.15 Geologic map of Snake River Cirque: structural domairSea.figuret.2 for a detailed legend.
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F. folds and L lineations are present in all major lithologies of Snake River Cirque. Fold hinges
are not as prominent in the hornblende gneiss unit, but ouscade folds were distinguished based on
alternating dip directions ofi$oliation. Boudins in the biotitgjuartz gneiss in Snake River Cirque are
parallel to $ (seeFigure 4.1%n page38) and are likely to have occurred duringd3 there was more

strain than during later deformation events.

A

S S
- Pole to foliation ’ Lineation ‘ Fold hinge === Axial plane

Figure4.16 Equalarea lowethemisphere projections of structural domains and subdondgisnake
River Cirque (Domain 1a). B) Handcart Gulch (Domain 1b). C) Geneva Creek (Domain 2). Great
represents Soliations folded by & D) Mount Blue Sky Batholith (Domain 3).
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Figure4.17 Structures of Domain 1a, Snake River CirgieF- folds in biotite quartz gneiss. B) folds
in hornblende gneiss (Xh) above a pegmatite dike..@)I& in biotite quartz gneiss unit (Xb). A.P. =
F, axial plane.

Continental Continental
Divide Trail Divide Trail
F2 axial planes
F2 axial planes
SSwW 1 I ! Snake River
NNE
A ' [t
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I

Elevation (m)

3,000 6,000
Distance (m) SURFICIAL DEPOSITS NOT SHOWN

Figure4.18 Schematic cross section for Domain 1a, Snake River Ci8peFigure 1 for crossection
location and Figure 2 for a detailed legend. Fold axial plane orientations and the general trends ¢
schistosity are illustrated.
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Figure4.19 Boudins within biotitequartz gneiss unit (Xb) in structural domain 1a.

4.3.1.2 Subdomain 1bi Handcart Gulch

Similar foliation and lineation orientations between the Handcart Gulch and Snake River Cirque
suggest a similar geologic history between subdomains 1a and b, but they are separated because of subtle
differences geeFigure 4.200n page 3R S foliations in Handcart Gulch dip steeper and are less scattered
than those of Snake River Cirque (Figures 4.16B, 4.20).

L, lineations in Handcart Gulch plunge shallowly to moderately northwest {3829 (Figure
4.168) and are consistent with those of subdomain la (Figd@A). The Handcart Antiform is the most
prominent structure in Handcart Gulch and lies almost entirely south of the Montezuma Quadesngle (
Figure4.21on page 3P It was first mapped by Wahlstrom and Kim (1959), and later by Shockley
(2021), based on contrasting foliation dips in two exposures of the sanslicate unit on adjacent
ridges along the easternmost valley of Handcart Gulch (F@gadg NE-dipping S foliations exist on
the NE limb and Wlipping S foliations on the SW limb of the antiform (Shockley, 2021). The
easternmost calsilicate unit (Xcall in Figure4.21) was observed in this study, south of the Montezuma
guadrangle. Lineation and foldhige line orientations of Shockley (2021) are consistent witmd
orientations of this study in both subdomains 1a and 1b. This suggests that the Handcart anticline is an F
fold (Figures4.16A-B, 4.21, and cf. Shockley, 2021).
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4.3.2 Structural Domain 27 Geneva Creek

Structural orientations in the Geneva Creek structural domain differ significantly from those
observed in Domain 1 (Figures 4.16C, 4.22)o8ation orientations vary (Figure 4.16C), probably as a
result of ;. and k folds, which are both relevant in the arealiheations and £fold hinges plunge
moderately between ~240° and ~300° (Figure 15C). The axial trace ofscatl@apVNW (~2809)
trending ks synform is shown in the mixed biotitgiartz gneiss and Silver Plume granite unit Ygsm
(Figure 4.22seeFigure4.23on page 41 The wider spread of foliation orientations in Domain 2
compared to Domain 1 may be due to refoldingri F folds by k (Figure 4.16C). Minor fold hinge
lines of Shockley (2021) within the Geneva Creek structural domain of this study, as well as in Horseshoe
Basin and Cinnamon Gulch in the northern half of the Montezuma quadrangle t&addNare
interpreted to be oldé¥; fold hinges refolded by £{Shockley, 2021) N S, and Edipping foliations
from structural domain 2 in this study do not plot consistently around a girdle alfold Ringes. The
red great circle in Figure 4.16C through poles to foliation reprebefukls that are predominant in this
area. Poles foliations that plot away from this great circle may be a result of more complex fold
interference (Figure 4.16C) (Shockley, 2021). Overprinting relationships betwaad F folds are not
commonly observed in the field, but fFigure 4.24A), E(Figure 4.24C) and#olds (Figures 4.24B, D)

are all observed in Domain 2.

105°50'W 105°49'30"W 105° 49W 105°48'30"W 105°48'W 105°47'30"W 105°47'W 105°46'30"W 105°46'W 105°45'30"W
T

N

Xsb 39°34'N

‘4 ,\/\/r
* o, & { = Qtp
- 3 L‘ 4 D N
A ‘ \‘g§~\
/ \ s N
39°33'30"N \ Yg 'f’ 1 \\ AN 39°3330"N
d = b
DN 5 77\ ~ Qtal '\ ------ - ¥ /i\
Lo 227 6 3 siman ; & R \
\ 7”/ / ~— \/Q| : / -~ \
; : - \ \
Qac
39°33N 4 3

Snake River Cirque  |../

245 Ygsm £ = \
) 4 N\ ' 39°33N
. Y 4
26
/ X 4
T — | | * G P
g 65 - =

(Structural Domain 7\ R
/\ 4 Qa > ///\A/
i 4 336550 RN = e ,// /_\
: / &3 e = a»
Tqm b4 RNge < ————
932'30" N \
39°3230°N \\\ > 55 \ [3903230°N
A Xb N Ros Yogsul i o= |
\ /‘ \\\ & MR it
@0 'l\ N0 _____________ e
% ;;\ al ] \ 4 7
Xosg N D f:j 7 57 / .
el ~.66 | py Xsb Mount Blue Sky Batholith
39°32N - -
0 05 1 2 | (Structural Domair8) 39°32N
HEE N D o es B
Ve - > S 80
/ Qrg b 7 Qa S N
105°49'30"W 105°49'W 105°48'30"W 105°48'W 105°47'30"W 105°47'W 105°46'30"'W 105°46'W 105°45'30"W

Figure4.22 Geologic map of Structural Domain 2, Geneva Cr&gle Figure 4.2 for detailed legenc

40



F3 synform Shelf Lake Trail
axial plane

Bruno Guich

3,600

Elevation (m)
w
2
(=]

0 1,000 2,000 3,000 4,000 5,000 6,000

Distance (m) SURFICIAL DEPOSITS NOT SHOWN

Figure4.24 Schematic cross section for Domain 2, Geneva Cai Figuret.1 for crosssection

location and Figurd.2 for a detailed legend. Fold axial plane orientations and the general trends ¢
schistosity are illustrated.

The mapscale Witrending k fold in Domain 2 resulted in NWrending F fold hinges and &
lineations in Domain 1, and N&ending F fold hinges and Llineations in the northern half of the
Montezuma quadrangle (Figures 4.16C, 4.22, 4.24) (Shockley, 2021; Borsook, 2024).

Figure4.23 Structures of Structural Domain 2, Geneva CrégHksoclinal F fold in biotite quartz gneis
(Xb). B) R folds within biotite quartz gneiss unit (Xb). C)pRunging k folds within biotite quartz gnei:
unit (Xb), looking parallel to £fold axis. D) Wplunging open Efold in biotite quartz gneiss unit (Xb)
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4.3.3 Structural Domain 37 Mount Blue Sky batholith

Domain 3 is defined by the Mount Blue Sky Batholith. Unlike its Paleoproterozoic host rocks, it
is Mesoproterozoic, and therefore all ductile structures in it are Mesoproterozoic or youngear. The S
foliation in the Mount Blue Sky Batholith structural domain generally dips moderate \NNW
(Figures 4.25, 4.16D). It is not parallel to the intrusive contacts, suggesting that the foliation is tectonic
and not a flow foliation (Figure 4.16D). Tectonidiéibons in this same unit in the Mount Blue Sky
guadrangt were described by Powell (2020). S3¥@ptes 6.2.2and 6.7or interpretations on granitic
foliations
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Figure4.25 Geologic Map of Structural Domain Blount Blue Sky BatholithSee Figurel.2 for a
detailedlegend.
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CHAPTER 5
U-PB ZIRCON GEOCHRONOLOGY AND GEOCHEMISTRY RESULTS

Four samples were collected forRlb LA-ICP-MS zircon geochronology to constrain the ages of
the rocks or of structures. Each sample weighed approximatél@® pbunds. All uncertainties reported

are 240.

5.1 Sample EBSRC-1 (Granitic dike)

EB-SRC1 is a granite sampled from the Snake River Cirque region (structural domain 1a) that
lies within the biotitequartz gneiss (Xb) unit, and at this location shows local hornblende gneiss within
the unit. This granite contains ~60%f&ldspar, ~30% cartz, ~10% plagioclase, and trace amounts of
biotite and muscovite, with slightly more biotite. Plagioclase atfidi#spar are altered. It is
compositionally similar to the Silver Plungeanite buimay not be related. The granite lies generally
along the zial plane of an Fopen fold, with a hinge line plunging 32° towards 334° (Figure 5.1A). This
granite crosscuts foliation in the biotiggiartz gneiss (Figure 5.1B). The granite does not show chilled
margins and is interfingered with the gneiss along the contact, suggéstitige host rock was still hot
during intrusion. The granite locally shows a foliation (~315°/31°) that may be axial planar to the fold.
The age of the granite is therefore expected to reflect the age of the fold. Zircon grainsdcibec EB
SRGC1 were imaged in CLZircons araypically heavily fractured with complex zoning patterasg
Figure 5.20n page 4% Zircon grains range in size from ~80um to ~260um, with aspect ratios of ~2:1 to
~3:1.They are euhedral to subhedraltotal of 42 LAICP-MS analyses were performed on 42 zircon
grains. Brighter domains of the zircon in CL were targeted to increase the likelihood of analyzing lower

U and less metamict zircon.

Figure5.1 Field images ofjeochronology sampEB-SRG1. A) Outcrop photo of EBSRG1, where
granite lies within hinge zone of open synform. B) Contact betweeS8MEB1 granite and biotite quart
gneiss and interfingering between granite and gneiss. See Eigbfer sample collectin location.
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Figure5.2 Representative CL images of zircon grains from sampkSREB-1. Blue circles indicate the
location of the LAICP-MS laser location spots. The laser spot size was approximately 25 pm.

Nearly all data are discordant, indicating significant lead loss. Data were plotted on a Wetherill
concordia diagram (Figu3). Of the 42 analyses, the seven analyses with the |&fgeisf°Pb isotope
ratios were considered outliers, possibly affected more by common Pb than the others. A discordia chord
through the remaining data, anchored at 0 Ma, assuming recent Pb loss, yielded an upper intercept age of
1668.95 + 4.26 [17.54] Ma (mean sgec weighted deviation [MSWD] = 17, # zircon in calculatiotal
# zircon [n/N] = 35/42) (Figuré.3).

lower intercept = 0+0 | 0 Ma (n=35)
upper intercept = 1668.95+4.26 | 17.54 Ma
MSWD =17, p(x*) =0

208p,,238)
0.25
|

0.15
|

0.05
|

1 2 3 4
207D|’|/235| 1

Figure5.3 Wetherill concordia diagram of sample EBRG1. Data not included in the age calculation
shaded in gray. Error ellipses are 240.
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5.2 Sample EBC-2 (Pegmatite)

EB-C-2 wascollected from a folded muscowitgotite pegmatite near the contact of the bietite
qguartz gneiss (Xb) with the mixed biotitiartz gneiss and Silver Plume granite (Ygsm) units in the
Geneva Creek structural domain to determine the agefofds. In thin section, this pegmatite contains
~45% K-feldspar, ~35% quartz, ~ 15% plagioclase, ~3% muscovite and ~2% biotite. There is significant
alteration of many feldspar grairighe fold hinge of the pegmatite plunges 43° towards 271° and
representsraks fold (Figure5.4A). Boudins are present within the limb of the folded pegmatite,
indicating extension along the limbs (FiglrdB). Zircon grains collected from sample EB2 are
fractured with complex zoning patterrseéFigure5.50n page 4% Grains are generally between ~80um
and 150um long, with aspect ratios of ~2:43:1, and subhedral to anhedral (Fighrg). CL-bright areas
of the grains were analyzed to target{bvand less metamict parts of the grains. Areas that are heavily

fractured ad contained inclusions were also avoided. THintge spots on 33 grains were analyzed.

Figure5.4 Field photographs ajeochronology sampEB-C-2. A) Outcrop photo of EBC-2 folded
pegmatite. B) Boudinage in southern limb of-ER2 folded pegmatite. Boudinage may be related to
folding. Sed-igure4.22for sample collection location.

All data are discordant, indicative of significant lead loss and/or common lead. The upper

intercept age of a discordia chord of the six data points with the 18%ist°Pb dates (< 2064 Ma),
anchored at 0 Ma assuming recent Pb loss, is 1993.7 Ma = 17.2 [99.7] Ma (MSWD = 33, n/N = 6/33
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(Figure 5.6). Of the 33 grains analyzed, the yound{&i/°°Pb age is 1770 + 22.5 Ma. Noadiogenic

204ph in this sample is very high (Ic#Pb£%Pb ratios compared with other samples), indicating high
common lead concentrations (Anderson, 2002). The pegmatite is interpreted as Paleoproterozoic, but the
exact crystallization age is difficult to determine due to lead loss and common lead.

Figure5.5 Representative zircon grains imaged in CL from samplCEBBIue circles indicate the
location of the LAICP-MS laser location spots. The laser spot size was approximately 25 um.

lower intercept = 0+0 | 0 Ma (n=6)
upper intercept = 1993.7+17.2 | 99.7 Ma
MSWD = 33, p(x*) =0

0.5

25000

206y, 238 )
0.3 0.4

0.2

0.1

I T T I T I I
0 2 4 6 8 10 12

ZDYPb',ZZ]SU

Figure5.6 Wetherill Concordia diagram for EB-2. Error ellipses of analyses used for upper interce
age calculation shown in green. All other e
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5.3 SampleEB-MG-1 (Mount Blue Sky batholith)

EB-MG-1 was collected from the largefi€ldspar phenocrystic granite present in the Mount Blue
Sky batholith domain (structural domain 3) to determine its crystallization age (FgdesB). See
Table4.2 for full lithology description of Mount Blue Sky Batholith (unit Ygmp) a@idapter 4.2or full
thin section description. Exposure of this granite is generally poor. The best exposure lies immediately
west of the eastern border of the Montezuma quadrangle. Zircon grains are lightly fractured and are
typically concentrically zonedséeFigure5.8on page 4Y. These zircon grains are euhedral to anhedral
and ~150um to ~400um long, with aspect ratios of ~2:4:1 (Figure5.8). Areas of each grain with no

fractures were chosen for EKCP-MS spot analysis. Fifty analyses were completed on 50 zircon grains.

i

Figureb.7 Field photographs ajeochronology sampEB-MG-1. A) Outcrop photograph of ERMG-1.
B) Hand sample image of EBG-1 highlighting large Kfeldspar phenocrysts. See Figdrg5for
sample collection location.

A Wetherill concordia diagram of all data is shown in Figa@A (see page 48Pata greater
than 10% discordant were excluded from the age calculation. FAdielepicts a Wetherill concordia
diagram of data <10% discordant. The weighted mea{iRIl#°Pb ages of the 32 concordant data with
the most consistent data is 1443.69 £ 8.63 Ma (MSWD = 1.2, n/N = 323&dRigures5.10A-B on page
49). The 26 older analyses ha®?&bF°Pb dates between 3288 Ma and 1464 Ma (Fi§ureA).
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Figure5.8 Representative zircon grains imaged in CL from samplVEB1. Blue circles indicate the
location of the LAICP-MS laser location spots. The laser spot size was approximatgiy.25

concordia age = 1393.18.£5.36 | 28.46 Ma (n-50) concordia age = 1408.74 5.55 | 16.49 Ma (n=38)
MSWD = 8602028, p(’) =0|0|0 MSWD < 260 5.4 8.8 i) = 0|00
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Figure5.9 Wetherill Concordia diagram of EBIG-1 with A) All data (n=50) and B) Data <10% discordant
(n=38). Error ellipses are 210.
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mean = 1443.69 + 8.63 Ma (32/50)
MSWD = 1.2, p(’) = 0.21 mean = 1443.69+8.63 Ma (32/50)
MSWD = 1.2, p(x*) = 0.21
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Figure5.10 Float bar chart with weighted mean?®PPb/°Pb age of sample EBIG-1. A) All 2°"Phfo%PL
data from EBMG-1, with data greater than 10% discordant and data which too much variation be
ages in white and excluded from the calculation. B) Weighted medfiPbf°°Pb ages of selected
concordant data. Error bar symbols alie 2

5.4 Sample EBMS-1 (Montezuma Stock)

EB-MS-1 was collected from the main body of the Montezuma Stock (Tgm) in the northern half
of theMontezuma quadrangledeFigures5.11, 5.12A-B on page 5)) where it is best exposed, to test a
thrust hypothesis. Kellogg (2001) and Kellogg et al. (2004) hypothesized that a shdligpvhg thrust
fault formed during the Laramide orogeny placed Proterozoic rocks over Phanerozoic rocks. This thrust is
exposé to the west, in the Keystone and Frisco quadrangles, and to the north, in the Dillon and Ute Peak

guadrangles.

The Williams Range Thrust represents the western structural boundary of the Colorado Front
Range and is one of several major{amgle thrust faults in the area with estimated displacement of up to
10 km (Kellogg 2001; Kellogg et al., 2004). The fault is traceable along strike for 100 km and joins the
Elkhorn Thrust along strike for an additional 35 km (Figu&.2Zl'o the north, the ENEipping Never
Summer Thrust shares similar structural relationships and continues northwest where it transitions into
the NNW-dipping Independence Mountain Thrust. The Williams Range Thrust generally trends NNW
and, if the hypothesis is correct, it should underlie the western part of the southern half of the Montezuma
7.56 quadrangl e. To t emgraintdnes fromyhe MdantbzensaiSwckweéren her i t e

targeted to constrain the ages of units that it passed through. If the stock contains Phanerozoic inherited
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zircon, it is clear that Phanerozoic rocks, and the thrust, underlie the Proterozoic rocks that host the stock
at the surface
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Figure5.11 Geochronology sample EBIS-1 collection locatiorin the rorthern half of the Montezuma
7.5' quadrangléred triangle) Montezuma stock lithology contacts from Borsook, (unpub).

Figure5.12 Field photographs ajeochronology sampleB-MS-1. A) Outcrop image of EBMS-1 just
east of the Lenawee Mountain trail in thdal)n
B) Image of EBMS-1 highlighting large Kfeldspar phenocrysts.
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The Montezuma stock is unfoliated, but heavily jointed, thought to have resulted from magma
cooling or the Laramide orogeny (Shockley, 2021). Large ~2deidS§par phenocrysts are present
throughout the unit (Figure 5.12B). See Table 4.2 for a full lignpldescription of the Montezuma Stock
(unit Tgm) andChapter 4.2or thin section description. Zircon grains from sampleM8-1 are euhedral
to anhedral with little to no fractures (Figure 5.13). They range in size from ~200um to ~340pum, with
aspect ratis of ~2:1 (Figure 5.13). Many grains show concentric zoning with bright cores and darker rims
in CL (Figure 5.13). The innermost cores of the zircon grains were selected-f@FLMS analysis to
target inherited zircon, where present. In total, 961CR-MS analyses were performed on 96 zircon

grains

Sample EBMS-1 yielded a concordia age of 38.23 + 0.29 [0.79] Ma, (MSWD = 18, n/N = 77/96)
based on all data excepn zircons that have significant common lead and inimerited zirconsqee
Figure5.140n page 5@ This age is consistent with previously determined Montezuma stock ages of 37.4
+ 3.0 Ma and 39.8 £ 4.2 Ma by Bookstrom et al. (1987), and 38.766 + 0.042 Ma by Rosera et al. (2021).
A weighted mean o*®Pb#*U ages of 50 data points with the least amount of variation is 38.99 + 0.35
Ma (MSWD = 0.5, n/N = 50/96)s€eFigure5.150n page 52 Because th&%Pb/*%U ages have much
smaller uncertainties than tHEPbF**U ages, we interpret this as the crystallization age of the stock.

Figure5.13 Representative zircon grains imaged in CL from sampld/EB1. Blue circles indicate the
location of the LAICP-MS laser location spots. The laser spot size was approximately 25 pm.

Nine inherited zircons grains hat®Pb/°U ages 025471 93.3Ma. A discordia chord through
six inherited zircoranalyses yields an upper intercept age of 1409.6 + 43.8 Ma, (MSWD = 0.26, n/N =
6/96) ceeFigure5.16A on page 5B This age is consistent with the 1424 + 6 Ma Silver Plume Granite
age and other ~1.4 Ga granitoids throughout the Front Range (du Bray et al. 2018). A discordia chord
through three othénherited zircon analysegelds an upper intercept age of 1685.2 + 43.8 Ma (MSWD
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= 9.4, n/N = 3/96) (Figurb.16B), which is consistent with the age of th&21+ 15 Ma Boulder Creek

batholith Premo and Fanning, 2000) and other intrusive rocks of the Routt plutonic suite (Stern et al.

1971; Premo and Fanning, 2000; Kellogg et al., 2008)
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Figure5.16 Anchored discordia chords througtherited zircordata from EBMS-1 with upper
intercepts of A) ~1.4 Ga and B) ~1.7 Ga.

5.5 Density Distribution of Geochemical Data

U-Pb LA-ICP-MS zircons trace element data wemmpared to data from Grimes et al. (2015) to
determine the tectonic settings for each sanggeRigure5.170on page 5% The mantlezircon array is
defined by MORB, ocean island, and kimberlite zircon (Grimes et al., 2015). Most subdatiied
zircon, continental arc, and post collisional zircons plot above the mantle array (Grimes et al., 2015).

U/Yb and Nb/Yb data from zircon in EBRG1 and EBC-2 are consistent with a continental arc
setting (Figure 5.17). EBIS-1 shows lower U/Yb ratios than EBRG1 and EBC-2, but also generally
plots within the continental arc field (Figure 5.17). Nb/Ybamtre higher in EESERG1 (~0.010- 0.013)
than in EBC-2 (~0.002- 0.01). Nb/Yb values for Ef-2 are more widespread than those of E#BG 1
(Figure 5.17). Both EBAS-1 and EBMG-1 have zircon data that plots within the posliisional
tectonic settingpolygon as well as the continental arc polygon (Figure 5.17). Sampi&43=Band EB
MG-1 were collected from much larger intrusive bodies, and both are younger thai2 BBd EBSRG

1.
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Figure5.17 Zircon trace element data fgeochronologyamplesEB-MG-1 Mount Blue Sky batholith,
EB-SRGC1 granite, EBC-2 pegmatiteand EBMS-1 Montezuma stockColored polygons are based ol
tectonic setting fields based on zircon data from Grimes et al. (2015). The-miamttearray includes
analyses of MOR, ocean island, and kimberlite zircons (Grimes et al., 2015). MOR data was dow
from PetDB databasecean island zircons were collected from Hawaii and Iceland lava compositic
downloaded from GEOROC database, and kimberlite data is from South Africa (Grimes et al. (2C
Figure modified after Grimes et al. (2015).

Sample EBC-2 has the highest average concentration of uranium amongst the four samples, but
also among the highest variability in uranium concentrageaFigure 5.18n page 5p Sample EB
SRC1 has the second highest uranium concentration, with the least amount of variation (Figure 5.18).
Both EB-C-2 and EBSRG1 were collected from intrusive dikes. SamplesM8-1 and EBMS-1 were
collected from larger intrusive bodies and t@dm the lowest uranium concentrations amongst the four
samples with abouhe same degree of variability (Figure 5.1Bnhere is less variability in thorium
concentrations compared to uranium concentrations between the four samgfégure 5.1%n page
55). Both EBC-2 and EBMS-1 showsignificant varigion in zirconthorium concentratics Figure
5.19). EBMG-1 and EBSRG1 havemoreconsistenzirconthorium concentrationger sample than EB
C-2 and EBMS-1. SampleEB-SRG1 shows generalligher thorium concentrations than #B5-1
(Figure 5.19).
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