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ABSTRACT 

 

Metamorphic rocks enriched in economically valuable minerals occur in all mountain 

belts worldwide, yet their processes of formation are often incompletely understood. Topaz 

[Al2SiO4(F,OH)2] is a naturally occurring nesosilicate of great economic and industrial value, 

and is most commonly found in silica-rich igneous rocks. However, conspicuous 70-ft-thick 

bands of topaz-, sillimanite-, rutile-, and quartz-rich (TSRQ) metamorphic gneiss occur in the 

Evergreen region of the east-central Front Range, Colorado, immediately adjacent to “normal” 

amphibolite and pelitic schist horizons. Bulk-rock geochemistry and isocon analysis shows that 

all mobile elements (e.g. Na, K, Mg, Ca) have been leached from these TSRQ rocks when 

compared to adjacent F-poor lithologies, indicating that the TSRQ gneiss must have interacted at 

some point with halogen-rich fluids. In addition, thermobarometry conducted via conventional 

and phase diagram-based techniques suggests pressure–temperature conditions of equilibration 

of ~720 °C and ~6.0 kbar, defining isotherms consistent with metamorphism in the middle 

continental crust during active mountain building. In-situ U–Pb dating of monazite within TSRQ 

units produced concordant ages mostly between c. 1.70 Ga, recording burial and prograde 

metamorphism associated with the Yapavai and/or Matatzal orogeny, and c. 1.65 Ga 

representing the timing of later F-rich fluid metasomatism. Together, these data are interpreted as 

recording metasomatic alteration in the middle crust by F-rich fluids released due to 

crystallization of nearby plutons, such as the Boulder Creek granodiorite at c. 1.71 Ga. As such, 

these topaz-rich horizons are interpreted to represent in-situ transformation of an older 

metamorphic assemblage, and not the metamorphosed products of weathered, pre-orogenic high-

F tuffs or lava flows that were subsequently buried, as suggested by some previous studies. 

These results have far-reaching implications for constraining the behavior of halogens in the 

geological environment and for defining best-practices for future exploration of F-rich 

metamorphic rocks and ore deposits.  
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CHAPTER 1 

 

INTRODUCTION 

 

Topaz (Al2SiO4(F,OH)2) is an Al- and F-bearing nesosilicate mineral that occurs mainly 

as (1) a primary crystallization product in intrusive felsic igneous rocks, such as granite or 

pegmatite, (2) as a product of hydrothermal alteration in the crust, commonly within quartz veins 

and greisens, or (3) concentrated in secondary alluvial placer deposits that form via erosion of 

topaz-rich host rocks (Lishmund, 1974). Its physical and chemical resistance to near-surface 

weathering and relatively high density (3.55 g/cm3) can also lead to it accumulating in place 

when its parent rock erodes or disaggregates (Wallace, 2010). In Central Colorado, U.S.A., topaz 

is nearly always associated with Proterozoic igneous rocks, such as those in the Pikes Peak 

region, with lesser amounts within or adjacent to Tertiary plutons and volcanic formations (Fig. 

1.1; Wallace, 2010). Most topaz occurrences in Colorado rocks are volumetrically insignificant 

(<2–5 vol. %), rendering it uneconomic as a source of fluorine, although some localities in the 

Front Range exhibit gem-quality examples that are widely sought after by mineral collectors 

(Wallace, 2010). 

 

1.1  Topaz and its status as an ore mineral 

Topaz has significant economic importance as a raw material for refractories (e.g. 

manufacture of mullite), as steelmaking flux, in the production of F-bearing compounds (such as 

sodium fluoride, which is used in toothpaste), the manufacture of ceramics and glasses, and has 

some value as a gemstone (Winward, 1976). Fluorspar, the generic term for any F-rich ore 

(Wallace, 2010), is used industrially as a flux for smelting and in the production of certain 

glasses and enamels (Miller, 2011). The purest grades of fluorspar are used as a source of 

fluoride for hydrofluoric acid production, and in the manufacture of uranium and optics (Miller, 

2011). In 2018, identified world fluorspar resources were approximately 500 million tons of 

contained fluorspar, with additional reserves present in phosphate rocks. Current U.S reserves of 

phosphate rock are estimated to be one billion tons, containing about 72 million tons of 100% 

fluorspar equivalent assuming an average fluorine content of 3.5% in the phosphate rock. World 
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reserves of phosphate rock are estimated to be 70 billion tons, equivalent to about five billion 

tons of 100% fluorspar equivalent (Ober, 2018). Mexico and China are the leading providers of 

acid-grade fluorspar, and Mexico is the leading provider of metallurgical-grade fluorspar (Ober, 

2018). 

Other possible sources of F for these industrial and economic processes comprise cryolite 

(Na3AlF6), fluoroapatite [Ca5F(PO4)3], sellaite (MgF2), and villiamite (NaF), although these 

alternatives are much rarer. Nonetheless, while fluorite (CaF) is more commonly mined as 

fluorspar (Wallace, 2010), given its much higher weight-percentage of F (~48.7 wt. %) compared 

to topaz (~11.5 wt. %), fluorite stability is restricted to very narrow ranges in pressure (P), 

temperature (T), and oxygen fugacity (fO2) (Bohlen and Essene, 1978). As such, it is less stable 

in common crustal geological environments than topaz, leading to the latter having greater 

potential for high-volume extraction. As such, understanding how, where, and why topaz-rich 

deposits form within the continental crust is critical for maintaining future supplies, better 

understanding how fluorine behaves in natural systems, and for defining best practices for 

effective exploration of deposits of economic value. 

 

1.2  Behavior and occurrence of fluorine in the crust 

Of all the common rock-forming elements in the Earth’s crust, fluorine is perhaps 

surprisingly abundant (Taylor, 1964), having a higher concentration (~625 ppm) than more 

familiar elements, such as sulfur (~260 ppm) or carbon (~200 ppm). Nonetheless, fluorine’s 

behavior in the geological environment remains enigmatic, despite the critical role that it and 

other halogens are thought to play in the transportation of ore-forming metals (Fuge, 1988; 

Heinrich, 2007) and biogeochemical systems essential to life. 

Igneous rocks show a wide range of F contents. Primitive mid-ocean ridge basalt 

(MORB) typically has a F content of 130 ppm, which can increase to 400 ppm during near-ridge 

hydrothermal activity and local metasomatism on the sea floor (Koga and Rose-Koga, 2018). 

Ocean-island basalts generated by mantle plume activity are strongly depleted in F (~35 ppm; 

Koga and Rose-Koga, 2018). By contrast, silica-oversaturated intermediate and felsic magmas 

may contain up to 15,000 ppm, and so represent significant reservoirs and sources of F, both in 

modern and ancient geological terranes. The accepted F content of seawater is just ~1.3 ppm 

(Koga and Rose-Koga, 2018). In metamorphic rocks, F commonly occupies hydroxyl lattice sites 
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in mica, amphibole, apatite, and topaz (MacMillan, 1970), allowing enrichment in metapelitic 

and metabasic rocks at P–T conditions favorable for muscovite, biotite, or hornblende 

stabilization (e.g. amphibolite facies conditions; White et al., 2007; Palin et al., 2016). However, 

quartz- and feldspar-rich lithologies (e.g. meta-graywackes) are relatively fluorine-poor (~480 

ppm; Koga and Rose-Koga, 2018). 

Metamorphic topaz has been documented in association with F-rich biotite and 

amphibole in some orogenic environments worldwide (Kempe, 1967; Jan, 1979; Leroux and 

Ercit, 1992), although more commonly is found in high-pressure subducted oceanic crust (e.g. 

Menzies, 1995; Zhang et al., 2002; Yang, 2002; Bradbury and Williams, 2003). As most 

subducted oceanic crust does not return to the Earth’s surface (e.g. Agard et al., 2009; Palin et 

al., 2017), metamorphic topaz within schists and gneisses in orogenic terranes most likely 

formed in-situ via crustal processes. In such cases, it is often unclear whether topaz and 

associated F-bearing minerals formed from halogen-rich protoliths (e.g. sediments or volcanic 

rocks) that have been subject to later burial and heating, or whether F was added to halogen-poor 

rocks in the metamorphic environment from deeper-seated crystallizing magmas. Discriminating 

between these two end-member mechanisms can provide new insight into how economic 

concentrations of F-bearing minerals form during orogenesis and so how best to prospect for 

currently undiscovered occurrences in the future. 

 

1.3  Project aims and motivation 

This research considers an occurrence of metamorphic topaz that outcrops in and around 

Evergreen, Colorado, a small town within the Colorado Front Range, about 30 miles west of 

Denver (Fig. 1). These lithologies comprise a series of northwest–southeast striking 70-ft-thick 

gneiss bands that are dominated by the four-mineral assemblage topaz–sillimanite–rutile–quartz 

(TSRQ), among other minor phases, which therefore record strong localized enrichments of 

fluorine, aluminum, and titanium. Curiously, these units occur layer-parallel and within ~100 m 

of “normal” amphibolite and metapelitic gneiss horizons that are relatively F-poor (Marsh et al., 

1976). No tectonic discontinuities occur between the TSRQ gneisses and their adjacent host 

lithologies, indicating that their close spatial association is not simply mechanical juxtaposition, 

although the Evergreen region does also exhibit evidence of abundant faulting and magmatism 
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(see section 2.1). These TSRQ gneisses and adjacent country rocks form the focus of this 

research. 

 

 

Figure 1.1 Regional-scale map showing known major occurrences of topaz within the Colorado 
Front Range (Wallace, 2010). Evergreen is located within the red box shown to the west of 

Denver. 
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There are two main objectives of this research, with the data and results produced having 

both local- and regional-scale implications: 

(1) Determine the cause of fluorine enrichment in the Evergreen TSRQ gneisses and 

the mechanism of topaz formation 

(2) Constrain the timing and grade of metamorphism in the Evergreen TSRQ 

gneisses and associated lithologies 

Objective 1 will allow discrimination between the two end-member scenarios for halogen 

enrichment in discrete metamorphic strata discussed above, which can be used to inform 

decision-making and/or policy procedures for exploration for similar deposits elsewhere, and 

objective 2 will allow these mineralization events to be understood within the context of the 

current understanding of the geological evolution of the Colorado Front Range, specifically from 

the point-of-view of collisional orogenesis during the Proterozoic (cf. Jones and Connelly, 2006; 

Caine et al., 2010; Jones et al., 2010; Daniel et al., 2013).  
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CHAPTER 2 

 

GEOLOGIC BACKGROUND 

 

The Colorado Front Range has a long and complex metamorphic, magmatic, and 

deformational history (e.g. Condie and Martell, 1983; Jones et al., 2010; Daniel et al., 2013). 

Aside from the TSRQ gneisses that are focused on herein, most of the study area exposes biotite-

bearing feldspathic gneisses, although lesser amphibolite, hornblende gneiss, and calc-silicate 

gneiss also occur (Marsh et al., 1976; Green, 1992). The typical metamorphic grade of rocks 

within the Evergreen region is upper amphibolite facies – equivalent to the second sillimanite 

isograd of the Barrow zones in northeast Scotland (Barrow, 1912), and many aluminous rocks 

exhibit the definitive coexisting assemblage of sillimanite and K-feldspar (Marsh et al., 1976). 

Some areas to the northeast preserve lower-grade metamorphism, characterized by coexisting 

sillimanite and primary muscovite, which likely represent shallower crustal levels. 

 

2.1  Structural history of the Colorado Front Range 

The Paleoproterozoic and Mesoproterozoic lithologies exposed in the Colorado Front 

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

accreted together along the southern margin of the Wyoming Craton during formation of 

Laurentia, which followed amalgamation of the supercontinent Nuna (2.0–1.8 Ga), but was well 

before Rodinia (1.1–0.9 Ga) (e.g. Whitmeyer and Karlstrom, 2007). These units preserve 

evidence for three distinct tectonic and/or structural events, which are detailed below. The first 

two phases include the formation of arc crust and subsequent collisional and accretionary 

orogenesis from c. 1.8 to c. 1.6 Ga (Jones and Connelly, 2006). The first of these orogenic events 

is termed the Yavapai Orogeny, which occurred between c. 1.8–1.7 Ga (Sims and Stein, 2003) 

and the latter is termed the Mazatzal Orogeny, which occurred between 1.68–1.60 Ga (Daniel et 

al., 2013). This was followed by c. 200 Myr of tectonic quiescence before the third major phase 

of tectonic activity occurred at c. 1.4 Ga (Jones and Connelly, 2006), termed the Picuris 

Orogeny. The nature, cause, and spatial extent of this orogenic event is a subject of intense 

debate, although it is well-defined geochronologically to have been a short-period event 
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occurring between 1.49–1.45 Ga with some literature suggesting this event lasting until 1.38 Ga 

(Daniel et. al., 2013). The youngest deformation event observed in the formation of Colorado is 

the Grenville Orogeny, in which orogenesis lasted between 1.30–0.95 Ga (Whitmeyer and 

Karlstrom, 2007). Evidence for all of these episodes can be found in the east–central Front 

Range, except for the Grenville Orogeny which is not observed in the Evergreen region (cf. 

Daniel et al., 2013). 

 

Figure 2.1 Map of the southwestern United States showing approximate terrane boundaries after 
Whitmeyer and Karlstrom (2007) and modified from Lytle (2017). 

 

Yavapai Province 

1.80 – 1.70 Ga 

Mazatzal Province 

1.68 – 1.60 Ga 

Picuris Province 

1.49 – 1.38 Ga 

Wyoming Craton 

>2.5 Ga 



8 
 

Rocks of the Colorado Front Range preserve evidence for two major episodes of crustal 

folding associated with these accretion events. The first, characterized by shallowly dipping 

foliations and recumbent and/or isoclinal folds (McCoy, 2001), formed during the suturing of the 

Yavapai arc terranes to the southern margin of the Wyoming craton between c. 1.8 Ga and c. 1.6 

Ga (Bowring and Karlstrom, 1990; Condie, 1982), as explained above. Rocks of the Yavapai 

province are generally interpreted to have formed in an arc setting during progressive southward 

growth of the continental margin c. 1.78 to 1.7 Ga (Condie, 1982; Whitmeyer and Karlstrom, 

2007; D. Jones et al., 2010; Daniel et al., 2013). This occurred during the emplacement of the 

Boulder Creek Granite (BCG) batholith in the Evergreen region at c. 1.71 Ga, suggesting that 

this magmatism was possibly related to the same convergence responsible for the widespread 

folding (Nyman et al., 1994; Siddoway et al., 2000).  

The second event was a multi-stage deformation event that occurred between 1.68 Ga and 

1.63 Ga (Shaw et al., 2001), which was responsible for the suturing of the Mazatzal province 

with Laurentia. There has been some debate over the ages of the two orogenic events, with some 

sources arguing there was not a significant or resolvable temporal break between the Yavapai 

and Mazatzal orogenic events, perhaps with orogenesis and deformation continuing between c. 

1.8 and c. 1.6 Ga (Jones and Connelly, 2006; Shah and Bell, 2012; Mahan et al., 2013). 

However, other authors argue that protocontinent experienced a short period of tectonic 

inactivity instead (Whitmeyer and Karlstrom, 2007; Doe et al., 2012). This deformation event 

caused subvertical north-east trending fabrics and re-folding of pre-existing recumbent folds 

(McCoy, 2001). Regional shear zones and other coeval structures record northwest–southeast 

shortening attributed to intracontinental tectonism driven by active convergence along the distal 

margin of Laurentia at c. 1.4 Ga (Nyman et al., 1994).  

Following the final contractional phase of orogenesis at c. 1.71 to c. 1.68 Ga (Karlstrom 

and Bowring, 1988), the Yavapai province underwent regional sedimentation (Jones et al., 2009, 

2011) and up to 40 Myr of post-orogenic granite magmatism (Anderson and Cullers, 1999). 

During the c. 1.68 to c. 1.60 Ga Mazatzal orogeny, the Mazatzal province was accreted to the 

south edge of the Yavapai province (Daniel et al., 2013). Recent work in the Sierra Madre Range 

in southern Wyoming suggests that Mazatzal-aged deformation propagated through the entire 

Yavapai province and caused reactivation of the Cheyenne Belt c. 1.65 to c. 1.63 Ga (Jones et 
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al., 2010, Daniel et al., 2013). Furthermore, widespread anorogenic plutonism leading to 

emplacement of alkalic-calcic and peraluminous magmas at c. 1.49 to c. 1.38 Ga in the Colorado 

Front Range provides evidence for a period of extended crustal heating (Shaw et al., 1999; Sims 

and Stein, 2003). It is still debated as to whether recrystallization of metamorphic fabrics and/or 

new paragenetic mineral growth in some lithologies in the Front Range may have resulted from 

such regional-scale contact metamorphism, obviating the need for far-field propagation of 

tectonic deformation associated with the Picuris orogeny further south. Subsequent orogenic 

events, such as the Grenville Orogeny (c. 1.30–0.95 Ga; Whitmeyer and Karlstrom, 2007) did 

not propagate deformation into the study area and will not be focused on for purposes of 

simplicity. These terranes and age constraints are summarized in Figure 2.1, which also shows 

the location of the Evergreen study within the major orogenic provinces of the mid/southern 

United States. 

 

2.2  Geology of the Evergreen region 

The exposed levels of the eastern-central Front Range are dominated by Paleoproterozoic 

metasedimentary and metaigneous rocks that were intruded by three major pulses of batholith-

scale intermediate to felsic plutons at c. 1.7, 1.4, and 1.0 Ga (Caine et al., 2010). The TSRQ 

gneisses occur as semi-continuous 70-ft-thick bands within “normal” amphibolite and felsic 

orthogneisses The TSRQ gneisses and adjacent lithologies strike northwest–southeast and have a 

steep dip (Sheridan, et al., 1968). This belt, which is homoclinal in structure, extends more than 

five miles from Santa Fe Mountain, 2.5 miles west of the report area, eastward towards the 

mountain front, through the stratigraphic continuity of lithologic units within the belt that is 

broken by northwest-trending faults (Sheridan, et al., 1968). Figure 2.2 shows the geology of the 

study area as well as location information for samples collected during fieldwork. Finally, it is 

worthy of note that metasedimentary and metaigneous gneisses in the study area are classically 

divided into several broadly-defined lithological units owing to primary sedimentary and/or 

volcanic features having been destroyed during high-grade metamorphism. As such, the initial 

stratigraphic relationships among these units are largely unknown (Marsh et al., 1976), although 

environments of initial deposition may be inferred from their petrological properties. Brief  
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Figure 2.2 Simplified geological map of study region in the Front Range, Colorado (after Sheridan et. al. 1968). Outcrop localities for 

samples of TSRQ gneisses are marked with white circles. All metamorphic rocks show complex interlayering and intergradation; no 

stratigraphic order is implied by the order in which they occur in the legend above. All sedimentary and volcanic protoliths were 

intruded or deposited at c. 1.9 Ga (Hedge, 1969). 
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descriptions of three of the key rock types examined during this work are given below, with 

more in-depth information provided in section 4. 

 

2.2.1  TSRQ Gneiss 

The TSRQ gneisses are closely associated in the field with sillimanite–biotite gneisses, 

hornblende gneisses, and amphibolite. The longest continuous horizon shown in Figure 2.2 spans 

both the Morrison and Evergreen quadrangles, itself varying in thickness from as little as 30 cm 

to over 20 m, and has an outcrop length of about 13 km (Marsh et al., 1976). The TSRQ gneisses 

are generally lighter in color than the adjacent rocks, which aids quick identification in the field. 

 

Figure 2.3 Three distinct 30-cm-thick bands of TSRQ gneiss (sample EV17-06) in the Evergreen 
region sampled during fieldwork. Hammer for scale (~30 cm in length). 
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Figure 2.4 Plane-polarized light photomicrograph of TSRQ gneiss sample EV17-07 showing 
mineralogical and textural relationships between all four major minerals. 

 

This unit is predominantly composed of topaz, sillimanite, rutile and quartz, although the relative 

proportions of each vary considerably. Topaz, for example, has been documented by Sheridan 

and Marsh (1976) to comprise between ~5 vol. % and ~75 vol. % of this unit. The gneisses are 

generally fine- to medium-grained, although some may appear coarse-grained due to large 

prismatic sillimanite crystals that cluster together (Fig. 2.4). Foliations are uncommon but are 

occasionally defined by quartz-rich layers 2 mm to 4 cm thick that alternate with discontinuous 

thinner layers of finer grained creamy granular topaz–rutile aggregations and radiating coarse-

grained sprays of prismatic sillimanite. 

Alongside the TSRQ four-phase assemblage, muscovite and/or biotite may occur, but the 

total mica content is generally less than 2 vol. %. Examination of these TSRQ gneisses at the 

microscopic scale shows that the fibrolite is sometimes partially replaced by topaz and/or is 

partially recrystallized to large grains of prismatic sillimanite, and rutile is occasionally molded 

around topaz clusters. Representative volume proportions of minerals within TSRQ gneisses and 

other samples from the study region can be seen in Table 2.1. 
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2.2.2  Biotite/Quartzofeldspathic gneiss 

 

  

Figure 2.5 Field photographs of quartzofeldspathic gneiss (left) and amphibolite (right), both of 
which showing textural evidence for incipient partial melting. Hammer and chisel for scale (~20 

cm in length and ~30 cm in length, respectively). 

 

Gray-colored, fine- to medium-grained biotite- and sillimanite-bearing quartzofeldspathic 

gneiss is common in the study region and was occasionally seen to contain darker gray layers, 60 

cm to 15 m thick, of garnet- or cordierite-bearing equivalents. The assemblages observed in 

samples collected during fieldwork (Table 2.1) are indicative of amphibolite-facies 

metamorphism at moderate pressures (~5 kbar or higher), supportive of a peak metamorphism of 

associated TSRQ gneisses in the middle crust (Figure 2.5). The variable presence of garnet may 

be a function of spatial changes in bulk composition (e.g. Al content), which itself may represent 

slight variations in protolith composition, such as sandy strata vs. clay-rich strata (cf. Tinkham et 

al., 2001). Mineral proportions and sample localities for this rock type can be seen in Table 2.1. 

Photomicrographs of this rock type are presented in Figure 2.6b and 2.6c. 
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2.2.3  Amphibolite and hornblende gneiss 

Hornblende gneiss and amphibolite were sampled from the study area and were 

occasionally seen to be interlayered with calc-silicate gneiss, impure marble, and 

quartzofeldspathic gneiss in the southern half of the area. Amphibolites comprise hornblende and 

plagioclase in approximately equal amounts, with minor quartz, biotite, and epidote. Hornblende 

gneisses show relatively higher proportions of plagioclase feldspar and lesser proportions of 

biotite. These lithologies represent metamorphosed mafic rocks; presumably either of volcanic 

origin or doleritic sills or dykes intruded prior to regional-scale deformation. A photomicrograph 

of a hornblende–epidote gneiss is shown in Figure 2.6e, and amphibolite in Figure 2.6f. 

 

Table 2.1 Petrography and locations of all samples collected. Tr = trace amounts. 

Sample 
No. 

Location 
(Lat. Long.) 

Lithology Mineral Assemblage 

EV17-
01 

39°37’9.19”N, 
105°12’29.34”W 

Biotite–
Sillimanite 

Gneiss 

Rutile (15%), Quartz (40%), Sillimanite 
(20%), Plagioclase (5%), Biotite (15%), 

Paragonite (5%), Apatite (tr), Monazite (tr) 
EV17-

02 
39°37’9.19”N, 

105°12’29.34”W 
Quartzofeldspa

thic Gneiss 
Rutile (10%), Quartz (60%), Sillimanite 
(10%), Plagioclase (20%), Monazite (tr) 

EV17-
03 

39°37’9.19”N, 
105°12’29.34”W 

Cordierite–
Sillimanite 

Gneiss 

Rutile (5%), Plagioclase (15%), Quartz (55%), 
Cordierite (10%), Sillimanite (14%), Chlorite 

(1%), Apatite (tr), Monazite (tr) 
EV17-

04 
39°37’9.19”N, 

105°12’29.34”W 
Amphibolite Hornblende (50%), Plagioclase (20%), Biotite 

(20%), Pyrite (5%), Quartz (5%), Apatite (tr), 
Magnetite (tr), Zircon (tr) 

EV17-
05 

39°41’12.00”N, 
105°23’26.73”W 

TSRQ Gneiss Rutile (5%), Topaz (15%), Quartz (65%), 
Pyrite (5%), Sillimanite (5%), Muscovite (5%) 

EV17-
06 

39°41’12.00”N, 
105°23’26.73”W 

TSRQ Gneiss Topaz (15%), Quartz (72%), Rutile (10%), 
Sillimanite (3%) 

EV17-
07 

39°41’12.00”N, 
105°23’26.73”W 

TSRQ Gneiss Rutile (15%), Sillimanite (15%), Quartz 
(58%), Topaz (10%), Sericite (2%), Zircon (tr) 

EV17-
08 

39°41’12.00”N, 
105°23’26.73”W 

TSRQ Gneiss Rutile (10%), Quartz (75%), Topaz (15%), 
Zircon (tr), Pyrite (tr), Biotite (tr), Apatite (tr) 

EV17-
10 

39°39’50.39”N, 
105°16’44.59”W 

Garnet-Biotite 
Gneiss 

Garnet (3%), Biotite (47%), Quartz (25%), 
Plagioclase (25%), Monazite (tr) 

EV17-
11 

39°39’45.42”N, 
105°17’5.19”W 

Epidote- 
Hornblende 

Gneiss 

Chlorite (11%), Quartz (3%), Epidote (45%), 
Sphene (1%), Plagioclase (10%), Hornblende 

(30%) 
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Table 2.1 continued. 

Sample 
No. 

Location 
(Lat. Long.) 

Lithology Mineral Assemblage 

EV17-
12 

39°39’45.42”N, 
105°17’5.19”W 

Garnet-biotite 
gneiss 

Biotite (60%), Quartz (20%), Plagioclase 
(18%), Garnet (2%) 

EV17-
13 

39°39’45.42”N, 
105°17’5.19”W 

Epidote-
Hornblende 

Gneiss 

Chlorite (10%), Epidote (45%), Quartz (15%), 
Sericite (10%), Rutile (2%), Plagioclase (5%), 

Hornblende (13%) 
EV17-

14 
(A,B,C

) 

39°39’19.49”N, 
105°18’10.62”W 

Mylonitized 
Metaquartzite 

14A: Quartz (90%), Rutile (1%), Sillimanite 
(7%), Muscovite (2%) 

14B: Quartz (95%), Rutile (1%), Sillimanite 
(4%) 

14C: Quartz (85%), Rutile (5%), Sillimanite 
(10%) 

EV17-
15 

39°39’19.49”N, 
105°18’10.62”W 

Sillimanite 
Metaquartzite 

Quartz (87%), Sillimanite (10%), Rutile (3%) 

EV17-
16 

39°41’5.68”N, 
105°22’11.68”W 

Amphibolite Hornblende (80%), Plagioclase (15%), Sericite 
(2%), Quartz (2%), Ilmenite (1%), Sphene (tr) 

EV17-
17 

39°41’5.68”N, 
105°22’11.68”W 

Cordierite–
Orthoamphibol

e Gneiss 

Garnet (40%), Qtz-5%, Cordierite (20%), 
Magnetite (5%), Spinel (5%), Hornblende 

(15%), Sphene (tr), chlorite (tr) 
EV17-

18 
39°41’5.68”N, 

105°22’11.68”W 
Amphibolite Hornblende (70%), Quartz (10%), Sericite 

(5%), Plagioclase (15%), Ilmenite (tr) 
EV17-

19 
39°40’48.61”N, 
105°28’36.31”W 

Biotite Gneiss Biotite (35%), Ilmenite (5%), Plagioclase 
(30%), Quartz (20%), Sericite (5%), Rutile 

(5%) 
EV17-

20 
39°40’48.61”N, 
105°28’36.31”W 

Cordierite-
Sillimanite 

Gneiss 

Quartz (20%), Plagioclase (20%), Biotite 
(15%), Ilmenite (5%), Sillimanite (20%), 

Garnet (10%), Cordierite (15%) 
EV17-

21 
39°40’48.61”N, 
105°28’36.31”W 

Hornblende- 
Quartz Gneiss 

Hornblende (15%), Chlorite (10%), Sericite 
(30%), Quartz (45%), Allanite (tr) 

EV17-
22 

39°40’48.61”N, 
105°28’36.31”W 

Biotite Schist Plagioclase (20%), Biotite (40%), Zircon (1%), 
Quartz (20%), Rutile (4%), K-feldspar (15%) 
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Figure 2.6 Photomicrographs showing microstructures and mineralogy of other major rock types in the Evergreen region. A. – 

Cordierite–orthoamphibole gneiss  b. – Cordierite gneiss c. – Biotite-sillimanite gneiss d. – Biotite gneiss e.- Epidote gniess f.- 

Amphibolite 
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CHAPTER 3 

 

ANALYTICAL TECHNIQUES 

 

Twenty-two samples were collected during field investigation in June 2017, of which 

seven were focused on in more detail to provide quantitative constraints on the mechanism and 

age of topaz formation, and P–T conditions of metamorphism (cf. objectives 1 and 2). 

Procedures for each of these analytical techniques are outlined below and results are given in 

chapter 4. 

3.1  Field investigation and sample preparation 

Field investigation in the Evergreen region was performed in Summer 2017, focusing on 

outcrops along and adjacent to the TSRQ gneiss ridge. Twenty-two samples of different 

lithologies were collected (cf. Table 2.1). Each of these rock types were cut into billets at the 

Colorado School of Mines thin section lab, and each rock type was cut into either two, three, or 

four billets to be made into thin sections. Thin sections were made in the Colorado School of 

Mines thin section assembly lab by Jae Erickson. In total, 45 thin sections were made from these 

22 samples. Representative thin sections of each lithology are shown in Appendix A. 

3.2  Optical microscopy 

All thin sections were examined using a petrographic microscope to identify mineral 

assemblages and microstructural relations that may provide insight into 

metamorphic/metasomatic reactions and to identify samples with parageneses conducive for 

thermobarometry. This was performed using a Leica DM750P polarizing microscope with a 

Leica EC3 digital camera and a 0.55 c-mount, using LAS EZ software version 3.3.0. The volume 

proportions of all minerals present in each sample are reported in Table 2.1. 

3.3  Bulk-rock geochemistry (XRF) 

Bulk-rock compositions for seven representative rock types from the field area were 

determined for use in petrological modeling/phase diagram construction and to examine the 

likelihood of fluid-mediated metasomatism in TSRQ gneiss formation. These compositions were 

obtained via X-ray fluorescence (XRF) analyses performed at Actlabs, Ontario, Canada. The 
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following samples were analyzed: EV17-01 (biotite-sillimanite gneiss), EV17-02 

(quartzofeldspathic gneiss), EV17-03 (cordierite-sillimanite gneiss), EV17-06 (TSRQ gneiss), 

EV17-12 (garnet-biotite gneiss), EV17-16 (amphibolite), and EV17-17 (cordierite-

orthoamphibole gneiss; COG). This range represents the full lithological diversity encountered in 

the field area. 

Preparation for XRF analyses involved sequential cleaning, crushing, and powdering of 

samples at the Colorado School of Mines Rock Preparation Laboratory. Firstly, representative 

hand samples of mass ~1 kg were cleaned of oxidized or dirty material on their outer surfaces, to 

avoid contamination by weathered surfaces. These samples were then crushed using a RockLabs 

Boyd Crusher and the resulting material divided into four equal fractions. Two of the four 

fractions were then combined and deposited into a RockLabs standard ring mill and powdered to 

a grain size of <74 microns. Vials of ~10 grams of milled material for each sample were then 

sent to ActLabs for major, minor, and trace element analyses (cf. Appendix D). Between each 

new sample and after each machine was used, each machine and moving parts were thoroughly 

cleaned before and after use as to avoid contamination from other samples. Every surface was 

covered with thick butcher paper to collect residual dust and was changed out for every new 

sample that was started, thus reducing the potential for contamination. Geochemical analysis at 

ActLabs involved lithium metaborate/tetraborate fusion of each sample powder with subsequent 

digestion of the molten bead in a weak nitric acid solution, ensuring that the entire sample was 

dissolved. XRF analysis was performed on this homogenous mass. Full bulk-rock compositions 

and individual element detection limits are given in Tables D.1 and D.2. 

3.4  Mineral compositions (FE-SEM/EPMA) 

Quantitative compositions of minerals in five key samples (EV17-06, EV17-12, EV17-

13, EV17-16, EV17-17) were collected via electron probe microbeam analysis (EPMA) at the 

USGS Microbeam Facility in Lakewood, CO. Preceding these measurements, however, 

reconnaissance investigation and mineral identification for spot placement was performed on a 

field-emission scanning electron microscope (FE-SEM) at the Colorado School of Mines. Thin 

sections of each rock were carbon coated in-house and initial FE-SEM investigation was 

undertaken using a TESCAN MIRA3 LMH Schottky FE-SEM at a working distance of 10 mm 

and an acceleration voltage of 20 keV. This investigation allowed confirmation of mineral 

contents in each sample and aided EPMA spot placement (cf. Figure 4.4). 
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Microbeam spot analysis of minerals in each sample was conducted using a JEOL 8900 

electron microprobe and a JEOL 5800 LV SEM. Approximately ten spot analyses were taken of 

each major mineral in each sample to assess the degree of inter- and intra-grain compositional 

variation (e.g. based on microstructural position). Garnet porphyroblasts were an exception to 

this rule, as high-resolution compositional profiles were taken from rim to rim, which required 

many more spot analyses (see below). Mineral composition data were provided from this 

technique in terms of weight-percent oxides but were subsequently converted to molar 

proportions of oxides and cations per formula unit for ease of interpretation. This recalculation 

procedure was performed via bespoke Excel spreadsheets and/or use of the program AX 

(Holland, 2009), which also estimates the proportion of ferrous vs. ferric iron based on a charge-

balance procedure. 

3.5  U–Pb in-situ monazite geochronology (LA-ICP-MS) 

3.5.1  Pre-ablation monazite location and characterization 

Monazite geochronology was conducted on samples EV17-01, EV17-02, and EV17-03 

using in-situ laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the 

USGS Isotope Geochronology Facility in Lakewood, CO, but sample preparation and monazite 

identification was performed at the Colorado School of Mines, as outlined below. Other samples 

collected were examined for monazite, but only the three aforementioned lithologies contained 

enough grains of sufficient size for complete geochronological characterization. 

Monazite characterization in each thin section was conducted using automated 

mineralogy via TESCAN Integrated Mineral Analyzer (TIMA), which is an SEM-based analysis 

system that provides quantitative mineralogical and textural data based on automated point-

counting at a user-defined resolution pixel grid. Monazite was identified in my samples via a 

bright-phase search using a 5-micron beam stepping interval. Upon completion, all grains 

discovered were sorted by size, and 8–10 of the largest in each sample were chosen for further 

analysis. TIMA scans for all three samples are shown in Figure 5.1 (see below). The degree of 

internal (compositional) zoning in each grain was characterized to aid LA-ICP-MS spot 

placement. Back-scattered electron (BSE) images were acquired using the FE-SEM to identify 

(1) internal structures (e.g. core–rim zonation) and (2) microstructural relations to aid 

interpretation of age data. Examples of both images are shown in Appendix D. 
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3.5.2  Laser ablation and post-processing 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is a direct 

sampling analytical technology that enables highly sensitive elemental and isotopic analyses on 

solid samples. LA-ICP-MS begins with a laser beam focused on the sample surface to generate 

aerosols that are transported to a plasma source for ionization. The ions generated in the plasma 

torch are subsequently introduced to a mass analyzer for both elemental and isotopic analysis. 

LA-ICP-MS was performed at the USGS facility in Lakewood, CO using an ELAN 6000 

quadrupole ICP-MS and ELAN DRC equipped with a New Wave UP 213 laser-ablation system. 

Analysis of monazite was performed in-situ to provide petrological context to the ages obtained. 

One hundred and eighteen spot analyses were performed for all three samples: 21 analyses in 8 

grains in EV17-01; 48 analyses in 9 grains in EV17-02; and 47 analyses in 10 grains in EV17-03. 

Monazite standard 44069 (424 Ma, from metapsammite of Wissahickon Formation, Delaware; 

Aleinikoff et al.,2006) was alternated every couple of ablations for quality purposes. Isotopes of 

U and Pb were collected in order to produce U–Pb age constraints on monazite formation. Raw 

data were analyzed by in-house Excel spreadsheets and were plotted using the Excel add-in 

Isoplot (Ludwig, 2003).  
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CHAPTER 4 

 

PETROLOGY 

 

Seven representative rock types collected during fieldwork were focused upon to aid 

determination of the metamorphic, tectonic, and metasomatic history of the TSRQ gneiss and 

surrounding lithologies. 

4.1  Bulk-rock geochemistry 

4.1.1  Harker diagrams and chondrite-normalized rare-earth element (REE) plots 

Bulk-rock compositions were acquired for seven samples according to the XRF analysis 

techniques outlined in section 3.1. These comprised EV17-02 (quartzofeldspathic gneiss), EV17-

03 (cordierite-sillimanite gneiss), EV17-06 (TSRQ gneiss), EV17-12 (garnet-biotite gneiss), 

EV17-13 (epidote-hornblende gneiss), EV17-16 (amphibolite), and EV17-17 (COG). These data 

are presented in Table 4.1 in terms of weight-% oxides (plus F). Immediate examination of these 

data shows that TSRQ gneiss sample EV17-06 has abundant fluorine, but adjacent lithologies do 

not. Harker diagrams showing the relative abundances of different components (as a function of 

SiO2) between rock types are shown in Figure 4.1. The compositions of typical continental crust 

(CC) and Island-Arc Tholeiite (IAT) are shown for reference. 

In all the diagrams, the metapelite, TSRQ, and quartzofeldspathic gneisses are about 10% 

more enriched in silica than typical continental crust. The metabasite and IAT samples have very 

similar compositions and generally plot very close together, indicating that the amphibolite likely 

formed from a basaltic protolith. The COG plots somewhat close to the metabasite and IAT 

compositions, however, on average the COG has 5–10% less silica than a typical IAT 

composition. Figure 4.2 shows chondrite-normalized spider diagrams for four of these samples, 

alongside plots for typical MORB and CC values. The TSRQ spider diagram in the top left 

corner shows depletion of both light and heavy rare earth elements when compared to both 

MORB and continental crust values. There is slight enrichment in Ce, as well as slight 

enrichment in Eu. In the top right-hand corner, the cordierite gneiss spider diagrams show 

enrichment rather than depletion of heavy and light rare earth elements vs. MORB and CC.
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Table 4.1 Bulk-rock compositions for select samples as determined by X-ray fluorescence. Only major element oxides are shown, 
alongside fluorine (F). LOI = loss-on-ignition; b.d.l. = below detection limit. Qtzfeld= quartzofeldspathic gneiss, Cor. Gn.= cordierite 

gneiss, Hb. Gn.= hornblende gneiss, Amph. = amphibolite 

Sample 

Rock 

Type 

SiO2 Al2O3 Fe2O3(

T) 

MnO MgO CaO Na2O K2O TiO2 P2O5 LOI F 

Total 

EV17-02  Qtzfeld 71.29 19.32 0.71 b.d.l. 0.30 1.94 3.16 0.07 1.84 0.47 1.09 b.d.l. 100.20 

EV17-03  Cor. Gn. 68.13 19.57 0.97 0.01 1.49 3.06 3.95 0.11 1.70 0.12 1.08 b.d.l. 100.20 

EV17-06  TSRQ 74.55 20.24 1.00 b.d.l. 0.05 0.29 b.d.l. 0.02 1.70 0.19 1.01 4.07 99.06 

EV17-12  Metapelite 70.04 10.38 10.75 0.50 2.10 0.28 1.75 2.41 0.32 0.01 0.75 0.08 99.28 

EV17-13  Hb. Gn. 66.56 8.86 6.90 0.35 2.19 12.99 0.13 0.03 0.25 0.01 2.02 0.02 100.30 

EV17-16  Amph. 50.43 13.70 14.77 0.24 5.60 9.58 2.38 0.94 1.27 0.13 1.07 0.02 100.10 

EV17-17  COG 46.25 17.74 21.66 0.29 10.09 0.44 0.65 0.12 1.48 0.11 0.63 0.08 99.47 

 

The cordierite gneiss values show spikes of enrichment of Ce, Sm, and Tb. It can also be seen that there is significant depletion 

of Eu within this major rock type. Amphibolite EV17-16 exhibits a depletion of light rare earth elements vs. MORB and continental 

crust values but lies somewhere between MORB and continental crust values in heavy rare earth elements. There is also enrichment of 

Sm in the metabasite spider diagram, with another slight spike in Yb content. The lower-right panel in Figure 4.2 shows values for the 

metapelite (garnet-biotite gneiss) vs. MORB and continental crust values. This sample shows relative enrichment in both light rare 

earth elements and heavy rare earth elements vs. MORB and continental crust values. There are also distinct peaks of Ce, Sm, and Yb. 

These compositional profiles can be interpreted in several ways. Enrichment in LREE elements, such as La, Ce, and Eu indicate 

concentration of feldspathic material compared to normal CC or MORB.
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Figure 4.1 Harker diagrams of major rock types versus continental crust and IAT composition. 
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A depletion in such elements would be indicative of more mafic material, which could be 

concentrated during migmatization and melt loss, whereby Si-rich melts may migrate away from 

the local environment. Field investigation of amphibolite and quartzofeldspathic gneiss revealed 

textural evidence of incipient partial melting in each lithology, as shown by leucocratic 

neosomes (Figure 2.5). Such melt-loss events likely occurred in EV17-03, for example, which 

shows a negative Eu anomaly, and also metabasite sample EV17-16, which is strongly depleted 

in light rare earth elements compared to typical MORB and CC. These geochemical fingerprints 

must be supported by thermobarometric analysis when determining the metamorphic conditions 

reached by these rocks. 

 

 

Figure 4.2 Chondrite-normalized spider diagrams showing REE concentration for all major rock 
types vs. mid-ocean ridge basalt (MORB) and continental crust (CC). 
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4.1.2  Isocon analysis 

Isocon analysis (Grant, 2005) was performed to determine the relative magnitude of 

enrichment or depletion of key chemical components within F-poor country rocks adjacent to the 

TSRQ gneiss band, and the TSRQ gneiss band itself. To help determine the protolith of the 

metamorphic product that we see today, isocons were made relative to TSRQ gneiss sample 

EV17-06 (Figure 4.3). Here, each major rock type’s major element oxides concentration is 

plotted on a logarithmic scale along with the TSRQ gneiss. The center 1:1 dashed line represents 

no mass transfer (i.e. no enrichment or depletion relative to the reference state). All components 

that lie above the center dashed line represents oxides that are enriched relative to the TSRQ 

gneiss and everything that lies below the center line represents oxides that are depleted relative 

to the TSRQ. Components are arranged from left to right to rank differences in order of 

increasingly high precision (i.e. smaller relative uncertainty). 

These data show that the components K2O, CaO, FeO, MnO, MgO, and Na2O are all 

enriched in the garnet-biotite gneiss, amphibolite, cordierite gneiss, and the COG relative to the 

TSRQ gneiss; sometimes by a factor up to 20-times. The components SiO2, TiO2, and Al2O3 and 

loss-on-ignition (LOI) values all show similar proportions in the TSRQ gneiss and the adjacent 

lithologies (i.e. they lie on the 1:1 line on the isocon). However, all adjacent lithologies are 

strongly depleted in F compared to the TSRQ gneiss, as is evident from XRF-derived 

compositions reported in Table 4.1. 

Experimental studies and examination of natural hydrothermal systems shows that TiO2, 

and Al2O3 are commonly strongly immobile in geological hydrothermal systems (e.g. Manning, 

2006), such that it unsurprising that all rock types have similar relative proportions of each 

component oxide. By contrast, the elements that are depleted in the TSRQ gneiss relative to the 

country rocks (e.g. alkali elements) are typically soluble and thus highly mobile in the geological 

environment where fluid–rock interaction takes place (Middleburg et al., 1988). These data can 

be interpreted in very few ways. Firstly, depletions of mobile elements in TSRQ gneisses 

compared to adjacent F-poor country rocks can be viewed as evidence for in-situ leaching of 

mobile components by fluid-driven metasomatism. This hypothesis is supported further by 

similar proportions of immobile Al2O3 and TiO2 in all rock types – put simply, these immobile 

components could not be carried away by hot fluids, as they are strongly insoluble. 
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Figure 4.3 Isocon chart showing major rock types’ major element oxide content on a logarithmic 
scale relative to TSRQ gneiss EV17-06 (the “protolith”). 

 

If the fluids responsible for leaching these mobile components were halogen-enriched, 

this could explain the high levels of F in the TSRQ gneiss and, evidently, the formation of 

abundant topaz. These data support the hypothesis that the TSRQ gneiss horizon may have 

originally been a lithotype that occurs elsewhere in Evergreen/the Colorado Front Range, but 

was subject to spatially focused fluid flow and metasomatic alteration, for example if it lay along 

a prominent fault line. These chemical patterns do not, however, rule out the alternative 

hypothesis that leaching of mobile elements occurred at the Earth’s surface, so geochronological 

information is needed to place further constraints on the mechanism of topaz formation. 

Enriched 

relative to 

TSRQ 

Depleted 

relative to 

TSRQ 
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4.2  Textural analysis as an indicator of topaz petrogenesis 

The parageneses and microstructures detailed previously for TSRQ gneisses and 

associated rock types allow cursory interpretation of the mechanisms and reactions leading to 

topaz formation (cf. Figure 2.4) and can help determine the origin of the TSRQ gneiss: 

1. Fibrolite is absent from some samples, but where present appears to be partially replaced 

by topaz. This gives an age relationship and relative order of mineral formation. In some 

samples, fibrolite is oriented parallel to small-scale folds related an early period of 

folding, suggesting formation during the onset of regional metamorphism (e.g. Sheridan, 

et. al., 1968). This implies that topaz and prismatic sillimanite are younger than fibrolite, 

which may pre-date peak metamorphism. 

2. Rutile grains mold around topaz and are sometimes intergrown with prismatic sillimanite. 

By using the age relationship above, this would mean that the rutile crystallized after peak 

metamorphism, likely at the same time as the topaz and the prismatic sillimanite. Thus, 

rutile formed from Ti already present in the rock at the time of regional metamorphism. 

Magnetite, ilmenite, and sphene readily occur in the rock units adjacent to the TSRQ gneiss, but 

do not occur in the TSRQ gneiss itself. This means that the TSRQ gneiss is free of 

ferromagnesian minerals and supports the hypothesis that metasomatism was involved with 

topaz formation, whereby mobile elements have been removed from the TSRQ gneisses and 

other elements (Ti, Al etc.) have been locally concentrated by virtue of their immobility. 

4.3  Mineral Compositions 

Compositions were obtained for all major minerals in samples EV17-06 (TSRQ gneiss), 

EV17-12 (garnet–biotite gneiss), EV17-13 (epidote–hornblende schist), EV17-16 (amphibolite), 

and EV17-17 (COG) via EPMA, as described in section 3.2. Representative compositions of 

these minerals are given in Table 4.2 and the locations of all spot analyses are given in Figure 

4.4. 

4.3.1  EV17-06 – TSRQ Gneiss 

Ten spot analyses were performed on TSRQ sample EV17-06 to determine the halogen 

content of the topaz (Table 4.2). These grains lack chlorine, but contain abundant fluorine (~1.1–

1.3 F anions per formula unit: Al2SiO4F1.3OH0.7), so are compositionally classed as fluorotopaz. 
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Analyses of rutile, quartz, and sillimanite were not performed, owing to their inability to form 

solid solution series. Preliminary analysis of these minerals during FE-SEM reconnaissance 

confirmed that they have ideal/pure compositions. 

 

 

Figure 4.4 Locations of EPMA mineral spot analyses for samples a.- cordierite gneiss b.- TSRQ 
gneiss c.- Garnet-biotite gneiss d.- Epidote gneiss e.- amphibolite f.- COG. All pictures are full-

size thin section scans.  
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Table 4.2 Representative mineral compositions from rocks from the Evergreen field area. Oxides 
are given in weight-% after recalculation for Fe2O3 content. Elements are given as atoms per 
formula unit. Tpz = topaz, Pl = plagioclase, Bt = biotite, Grt = garnet, Ep = epidote, Ged = 

gedrite, Cd = cordierite, Ilm = ilmenite, Sp = spinel. 

Sample EV17-06 EV17-12 EV17-12 EV17-12 EV17-12 EV17-13 EV17-13 

Mineral  Tpz Pl Bt Grt Grt Ep Hbl 

Location  Matrix Matrix Matrix Core Rim Matrix Matrix 

SiO2 31.58 63.90 34.17 35.42 35.15 37.84 42.89 

TiO2 0.00 0.00 1.07 0.00 0.00 0.17 0.60 

Al2O3 54.84 21.61 19.06 21.03 20.86 23.82 10.37 

Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe2O3 0.00 0.00 0.00 3.33 3.59 12.19 3.72 

FeO 0.00 0.00 21.16 31.67 31.89 0.11 14.16 

MnO 0.00 0.00 0.15 5.90 6.21 0.22 0.52 

MgO 0.00 0.00 8.71 2.29 1.80 0.03 10.20 

CaO 0.00 2.65 0.03 0.48 0.51 22.88 11.95 

Na2O 0.00 10.12 0.18 0.00 0.00 0.00 1.17 

K2O 0.00 0.11 9.33 0.00 0.00 0.00 1.48 

F 13.57 0.00 0.40 0.00 0.00 0.00 0.43 

Cl 0.00 0.00 0.09 0.00 0.00 0.00 0.09 

Total  99.99 98.39 94.36 100.12 100.01 97.26 97.57 

Si  0.99 2.86 5.34 2.99 2.98 3.02 6.51 

Ti  0.00 0.00 0.13 0.00 0.00 0.01 0.07 

Al  2.02 1.14 3.51 2.02 2.02 2.24 1.86 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ 0.00 0.00 0.00 0.10 0.12 0.73 0.43 

Fe2+ 0.00 0.00 2.77 2.16 2.19 0.01 1.80 

Mn  0.00 0.00 0.02 0.41 0.43 0.02 0.07 

Mg  0.00 0.00 2.03 0.28 0.22 0.00 2.31 

Ca  0.00 0.13 0.01 0.04 0.05 1.96 1.94 

Na  0.00 0.88 0.06 0.00 0.00 0.00 0.34 

K  0.00 0.01 1.86 0.00 0.00 0.00 0.29 

Total  3.00 5.01 15.72 8.00 8.00 7.98 15.60 

Cl 0.00 0.00 0.02 0.00 0.00 0.00 0.02 

F 1.34 0.00 0.20 0.00 0.00 0.00 0.21 

OH 0.66 0.00 3.80 0.00 0.00 1.00 1.77 

Oxygen  5 8 22 12 12 12.5 23 
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Table 4.2 continued. 

Sample 
EV17-

16 
EV17-

16 
EV17-

17 
EV17-

17 
EV17-

17 
EV17-

17 
EV17-

17 
EV17-

17 

Mineral  Hbl Pl Ged Crd Ilm Sp Grt Grt 

Location  Matrix Matrix Matrix Matrix Matrix Matrix Core Rim 

SiO2 43.56 55.98 43.38 47.77 0.00 0.00 36.98 36.82 

TiO2 1.17 0.00 0.15 0.00 45.29 0.00 0.00 0.00 

Al2O3 10.07 27.30 13.33 32.49 0.00 55.52 21.08 21.00 

Cr2O3 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 

Fe2O3 3.45 0.06 5.95 1.51 14.27 9.76 1.02 0.98 

FeO 17.07 0.00 20.03 5.43 40.49 30.40 34.67 35.04 

MnO 0.34 0.00 0.11 0.04 0.11 0.05 0.52 0.54 

MgO 8.57 0.00 12.42 9.32 0.07 4.24 4.70 4.37 

CaO 11.62 9.38 0.17 0.00 0.00 0.00 0.51 0.52 

Na2O 1.34 6.28 1.33 0.15 0.00 0.00 0.00 0.00 

K2O 0.45 0.07 0.00 0.00 0.00 0.00 0.00 0.00 

F 0.00 0.00 0.29 0.00 0.00 0.00 0.00 0.00 

Cl 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

Total  97.66 99.07 97.17 96.71 100.27 99.97 99.48 99.27 

Si  6.59 2.54 6.47 4.96 0.00 0.00 2.97 2.97 

Ti  0.13 0.00 0.02 0.00 0.86 0.00 0.00 0.00 

Al  1.80 1.46 2.35 3.98 0.00 2.01 2.00 2.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ 0.39 0.00 0.67 0.12 0.27 0.10 0.06 0.06 

Fe2+ 2.16 0.00 2.50 0.47 0.86 0.69 2.33 2.37 

Mn  0.04 0.00 0.01 0.00 0.00 0.00 0.04 0.04 

Mg  1.93 0.00 2.76 1.44 0.00 0.20 0.56 0.53 

Ca  1.89 0.46 0.03 0.00 0.00 0.00 0.04 0.05 

Na  0.40 0.55 0.39 0.03 0.00 0.00 0.00 0.00 

K  0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total  15.42 5.01 15.19 11.01 2.00 3.00 8.00 8.00 

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

F 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.00 

OH 2.00 0.00 1.86 0.00 0.00 0.00 0.00 0.00 

Oxygen  23 8 23 18 3 4 12 12 

 

4.3.2  EV17-12 – Garnet–Biotite Gneiss 

Garnet-biotite gneiss sample EV17-12 contains large garnet porphyroblasts within a 

biotite and feldspar-dominated foliation. Plagioclase, quartz, and ilmenite occur within the 

matrix, alongside lesser K-feldspar and minor sillimanite. Accessory monazite, apatite, and 
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zircon also occur. Forty-six spot analyses were taken within EV17-12: ten from plagioclase, ten 

from biotite, and a 26-spot traverse across a 12-mm-diameter garnet porphyroblast (Figure 4.5). 

These data show that garnet in sample EV17-12 has no systematic compositional zoning from 

core to rim (Fe2.2Mg0.3Ca0.1Mn0.4Al3O12), consistent with homogenization via intracrystalline 

diffusion at elevated temperatures (cf. Woodsworth, 1977). 

 

Figure 4.5 Major cation mole fraction traverse from rim to rim for sample EV17-12. End-
members are almandine (Fe), pyrope (Mg), grossular (Ca), and spessartine (Mn). 

 

Plagioclase also shows a very narrow range in composition, having an anorthite (An) 

content (=Ca/(Ca+Na)) of 0.12–0.14 (Figure 4.6). Biotite has XMg = Mg/(Mg+Fe) = 0.41–0.43 

and Ti = 0.12–0.16 c.p.f.u for a 22-oxygen calculation. According to the classification scheme of 

Tischendorf et al. (2003), they are phlogopite (Figure 4.7). 
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Figure 4.6 Plagioclase stoichiometry for samples EV17-12 and EV17-16. The anorthite content 
is calculated in terms of alkali content (x-axis) and Si and Al content (y-axis), and should lie on 

the dashed 1:1 line for an ideal stoichiometry. Analyses for both samples lie within 0.1 c.p.f.u. of 
this line. Tight clustering of analyses at An = 0.12–0.14 for sample EV17-12 indicates 

compositional homogeneity, although there is a minor spread for sample EV17-16. 
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Figure 4.7 End-member plot showing biotite compositions in sample EV17-12 (after Tischendorf 
et al., 2003). The x-axis value represents Mg c.p.f.u. for an 11-oxygen calculation and the y-axis 

value represents [(Fe2++Mn+Ti)-AlIV]/2. 
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4.3.3  EV17-13 – Epidote–Hornblende Gneiss 

Sample EV17-13 exhibits a centimeter-scale coarse foliation defined by alternating bands 

of epidote-hornblende and quartz. Minor clinopyroxene also occurs in amphibole-rich bands. 

Accessory ilmenite and apatite also occur. Twenty-eight spot analyses were done on EV17-13: 

four on chlorite, four on clinopyroxene, 11 on epidote, and nine spots on hornblende. Epidote 

exhibited solid solution between (clino)zoisite and epidote (sensu stricto), with Fe3+/(Al+Fe3+) = 

0.20–0.31, indicating a moderately oxidizing environment during metamorphism. Amphibole 

analyses showed that the hornblende (sensu lato) is compositionally a Group-2 edenite–pargasite 

according to the classification scheme of Leake et al. (1997) (Figure 4.8). The analyzed grains 

also contained minor F and Cl, having 0.16–0.23 and 0.01–0.02 a.p.f.u. for a 23-oxygen 

calculation, respectively. 

 

Figure 4.8 Compositions of amphibole in sample EV17-13 (after Leake et al., 1997) 
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4.3.4  EV17-16 – Amphibolite 

Amphibolite sample EV17-16 is dominated by hornblendic amphibole and plagioclase, 

with no apparent foliation (a granofelsic texture) and minor/accessory quartz, magnetite, and 

zircon. Nineteen spot analyses were taken on 10 grains of hornblende and 9 spot analyses on six 

plagioclase grains. Plagioclase was andesine, being characterized by an An content of 0.41 – 

0.50 (Figure 4.6) and amphibole has an XMg = 0.47, classifying it as ferrohornblende according 

to Leake et al. (1997) (Figure 4.9). These ferrohornblende grains also contained trace Cl (~0.01 – 

0.02 a.p.f.u.), but no F. 

 

Figure 4.9 Compositions of amphibole in sample EV17-16 (after Leake et al., 1997) 
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The trace element bulk-rock composition of EV17-16 was used to illuminate a possible 

tectonic setting of formation of the precursor basaltic protolith according to the tectonic 

discrimination diagrams of Pearce and Cann (1971, 1973). Such plots are of great use for 

deciphering the origin of metabasaltic rocks when all previous evidence for their early geological 

history has been removed or reworked by tectonic deformation. Figure 4.10 shows a tectonic 

discrimination diagram for mid-ocean ridge basalt (MORB) and island-arc tholeiites (IAT) based 

on the Y and Cr content. Sample EV17-16 plots within the IAT field, indicating that it has a 

convergent margin affinity and may have formed as a volcanic lava flow – either subaerial or 

submarine – in an island arc akin to the Aleutians today. This result is perhaps unsurprising, 

given the known geological history of the Colorado Front Range (section 2), whereby the 

Yapavai and Mazatzal orogenies record island arc terrane accretion to the southern margin of the 

older Wyoming craton. The layer-parallel association of this sample with the TSRQ gneisses 

(and other lithologies) indicates that this entire metasedimentary and meta-igneous sequence in 

the Evergreen region may have originally accumulated in a forearc basin that was incorporated 

between two colliding continental fragments during Mesoproterozoic plate convergence. 

 

Figure 4.10 Tectonic discrimination diagram for EV17-16 (diamond) based on yttrium (Y) and 
chromium (Cr) bulk-rock content. IAT = island-arc tholeiite; MORB = mid-ocean ridge basalt. 
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4.3.5  EV17-17 – COG 

Sample EV17-17 is a cordierite-orthoamphibole gneiss containing large garnet 

porphyroblasts over 30 mm in diameter, abundant amphibole that defines a mm-scale foliation, 

and unevenly distributed patches of cordierite with smaller clusters of quartz, ilmenite, and 

spinel. Accessory apatite and zircon were also noted. Ninety-three spot analyses were collected, 

ten of which were on amphibole, two on cordierite, ten on ilmenite, ten on spinel, and a sixty-

one-spot garnet traverse over a 20 mm euhedral garnet porphyroblast. The garnet compositional 

zoning profile is shown in Figure 4.11 shows that there is moderate compositional zoning from 

core (Alm78Prp18Grs2Sps2) to inner rim (Alm83Prp15Grs2Sps2), with thin outer rim regions with 

distinctly different compositions. Such inflections adjacent to matrix minerals is often a result of 

retrograde cation diffusion with adjacent ferromagnesian minerals (e.g. amphibole). Zig-zag 

patterns within the garnet mantle are attributed to compositional modification along fractures.  

 

Figure 4.11 Major cation mole fraction traverse from rim to rim for sample EV17-17. End-
members are almandine (Fe), pyrope (Mg), grossular (Ca), and spessartine (Mn). 
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Figure 4.12 Compositions of amphibole in sample EV17-17 (after Leake et al., 1997). 

 

Cordierite in EV17-17 has XMg = 0.78, spinel is of the hercynite variety, with XMg = 

0.19–0.20, and ilmenite is an almost pure end-member, with minor Fe3+ present. Amphibole in 

EV17-17 is compositionally classified as gedrite (Figure 4.12), which is a Group-1 amphibole 

under the classification scheme of Leake et al. (1997). Such amphiboles are uncommon in 

metamorphic rocks and the equilibrium assemblage of cordierite and orthoamphibole has led to 

the acronym COG being used for such rocks (cordierite–orthoamphibole gneiss). The origin of 

COGs is debated, although it has been proposed by some workers (e.g. Diener et al., 2008) that 

they represent metamorphosed products of strongly metasomatized basalts, lending further 

support to the hypothesis that fluid–rock interactions have affected rocks of the Evergreen 

region. 
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CHAPTER 5 

 

ISOTOPE GEOCHRONOLOGY 

 

Monazite occurs as an accessory U- and Th-bearing mineral in a wide variety of rocks 

including granite, pegmatite, felsic volcanic ash, felsic gneiss, pelitic schist and gneiss of 

medium to high metamorphic grade (e.g. Parrish, 1990). Monazite is less retentive of Pb than 

zircon during high-temperature igneous and metamorphic processes, and studies of its behavior 

suggest that its closure temperature is approximately 700 ± 25 °C (Cherniak et al., 2004). As 

such, it may isotopically reset if heated to amphibolite-facies conditions, allowing individual 

medium-grade metamorphic events to be dated, whereas zircon may not recrystallize under such 

conditions (e.g. Palin et al., 2015). For this reason, monazite was focused on in this work instead 

of zircon, which suffers from additional complexity in metasedimentary rocks, whereby inherited 

grains may preserve evidence of older and unrelated metamorphic events, obscuring information 

about the most recent episodes of tectonic activity. 

5.1  U–Pb Isotope Analysis 

U–Pb isotope analyses of monazite were performed in three rocks from an outcrop of 

TSRQ gneiss in the southeastern corner of the study region (Figure 2.2). Such data can provide 

absolute constraints on the age of deformation, metamorphism, and potentially fluid-mediated 

alteration. U–Pb isotope analysis was performed using laser ablation induced coupled plasma 

mass spectrometry (LA-ICP-MS) of monazite from three samples (EV17-01, EV17-02, EV17-

03) following the procedures outlined in section 3. Twenty-seven monazite grains were analyzed 

within these rocks, which ranged in size from ~50 microns to ~200 microns. The laser ablation 

spot size was 12 microns in diameter, which allowed 118 analyses to be performed. These three 

samples were chosen for in-situ LA-ICP-MS as they had the largest monazites available to work 

with.  
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5.2  Results 

 Raw sample and standard data reduction were completed by Dr. Chris Holm-Denoma at the 

USGS Laser Ablation facility in Lakewood, CO, although all plotting and interpretation of 

sample ages was conducted by myself. 

These data comprised U–Pb ratios, two-sigma propagated error values, and error 

correlation values (rho values). These reduced data were analyzed using the Excel add-in Isoplot 

(Ludwig, 2003), from which Wetherill (concordia), Tera-Wasserburg, probability density, and 

weighted average plots were produced for all three samples. A summary of these age data is 

given in Table 5.1. All Tera-Wasserburg plots anchored common lead at 0.83 ± 0.02 as 

determined by Stacey and Kramers (1975). 

Table 5.1 Summarized age data for samples EV17-01, 02, and 03. All dates are given in Ma. 

Sample # Wetherill plot upper and 
lower intercepts 

Tera-Wasserburg 
lower intercept 

Weighted 
average mean 

Probability 
density peaks 

EV17-01 1697 ± 51 1273 ± 290 1654 ± 29 1660 ± 22 1690 and 1595 
EV17-02 1706 ± 15 477 ± 390 1656 ± 17 1698.9 ± 6.9 1705 
EV17-03 1859 ± 320 1544 ± 190 1648.2 ± 8.3 1676.4 ± 8.6 1672 

 

5.2.1  EV17-01 

Eight monazite grains in sample EV17-01, all located within the matrix, produced highly 

concordant data that showed a spread along concordia on a Wetherill diagram (Figure 5.3). 

Although Isoplot was able to construct a discordia chord, the reliability of upper (1697 ± 51 Ma) 

and lower (1273 ± 290 Ma) intercepts is unknown owing to large associated uncertainties. A 

weighted-mean average of these data produced an age of 1660 ± 22 Ma, although a probability 

density plot (Figure 5.2) suggested a bi-modal distribution, with peaks at c. 1690 Ma and c. 1595 

Ma. With this data, it is evident that the more reliable plots are the weighted average and 

probability density ages (Figure 5.1). Linear average plots can also be made to understand if 

these two ages represent continuous growth or if these ages are representing one age. Linear 

average plots (Figure 5.8) in this sample can be loosely associated with continuous growth as 

there can be a trendline inserted into the data but it can clearly be seen that may not be the right 

interpretation for the data.  
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5.2.2  EV17-02 

Nine monazite grains in the matrix of sample EV17-02 produced more reliable age 

population data, with smaller degrees of discordance. On a Wetherill plot, a coherent population 

of 48 spot analyses produced an upper intercept age of 1702 ± 16 Ma, with an MSWD = 1.8 

(Figure 5.5). A weighted-mean average of these data produced a similar age of 1698.9 ± 6.9 Ma, 

and a probability density plot shows a unimodal distribution centered at c. 1705 Ma (Figure 5.4). 

These data suggest that all monazite in topaz-bearing sample EV17-02 grew during a single stage 

of metamorphism, with the timing of this event matching the interpreted upper intercept on a 

Wetherill diagram for data obtained from sample EV17-01. As in sample EV17-01, the 

probability density and linear average, and weighted average ages make more sense than the 

Discordia ages, and linear average plot suggests monazites display continuous growth. These 

plots can be seen in Figure 5.8. 

5.2.3  EV17-03 

Nine monazite grains in sample EV17-03 showed similar concordant data to those in 

sample EV17-02. An upper intercept age on a Wetherill plot (n = 47) suggests metamorphism at 

1636 ± 52 Ma, with an MSWD = 0.69, and these statistics support the interpretation of a single 

episode of monazite growth (Figure 5.6). This age is matched by weighted-mean average and 

probability density data (Figure 5.7), recording ages of 1676.4 ± 8.6 Ma and c. 1672 Ma, 

respectively. Linear average plots also are in favor of continuous monazite growth and 

probability density plot ages and weighted average ages fit nicely with Wetherill plot ages. This 

can be seen in Figure 5.8. 

5.3  Interpretation 

The age data obtained from samples EV17-01, EV17-02, and EV17-03, support the 

interpretation of a multi-stage evolution of the TSRQ gneiss band in Evergreen. All three 

samples record evidence of monazite growth at c. 1.70–1.68 Ga, which matches very well with 

the suggested age of peak deformation during the Yapavai orogenic accretion event (Whitmeyer 

and Karlstrom, 2007). If monazite formed in all three rocks at this time, this might suggest that 

all three were being buried and metamorphosed simultaneously to amphibolite-facies pressure–

temperature conditions where monazite often stabilizes. Spread of data along concordia towards 
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younger ages may be associated with mixing of age domains during the ablation process, or else 

lead loss via diffusion, making the grains appear slightly younger than they actually are. 

The bi-modal distribution of ages observed within EV17-01 may be interpreted as either 

(1) a large proportion of analyzed grains experienced lead loss and/or mixed ablation analyses, 

although this is unlikely due to the younger population (c. 1.65–1.60 Ga) showing strong degrees 

of concordance; or (2) this age represents a second monazite-forming event that is closely 

associated with the geological evolution of these units. These younger age data may be related to 

the Mazatzal orogeny, or the timing of emplacement of the nearby Boulder Creek granodiorite in 

the Evergreen region, which has been dated at c. 1.68 Ga (Rb/Sr; Peterman et al., 1968). This 

intrusion occurs at the current surface level of exposure ~1–5 km away from the TSRQ ridge in 

the Evergreen area and could provide the necessary heat and/or fluid source needed to initiate 

recrystallization and/or Pb loss in the metamorphic monazites. 

 

 

Figure 5.1 weighted average (left) and probability density (right) plots for sample EV17-01. 
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Figure 5.2 TIMA bright phase search for samples EV17-01, EV17-02, & EV17-03. Monazite grains appear as bright ‘spots’ on the 
BSE images 
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Figure 5.3 Wetherill and Tera-Wasserburg plots for monazite grains in sample EV17-01. Outliers 
are shown in red circles. 
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Figure 5.4 weighted average (top) and probability density (bottom) for sample EV17-02. 
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Figure 5.5 Wetherill and Tera-Wasserburg plots for monazite grains in sample EV17-02. Outliers 
are shown in red circles. 
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Figure 5.6 Wetherill and Tera-Wasserburg, for monazite grains in sample EV17-03. Outliers are 
shown in red circles.  
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Figure 5.7 weighted average (top) and probability density (bottom) plots for sample EV17-03. 
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Figure 5.8 Linearized average plots for EV17-01, 02, and 03. 
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CHAPTER 6 

 

THERMOBAROMETRY 

 

The P–T conditions of metamorphism of TSRQ gneisses and associated lithologies were 

determined in order to identify the crustal environment in which topaz stabilizes and to constrain 

the tectonic mechanisms that may or may not be responsible for its formation. In this work 

petrological phase equilibrium modeling was employed, which relies on calculating the stable 

mineral assemblages that would form in a given bulk-rock composition at any given P–T 

condition at thermodynamic equilibrium. However, owing to the inability to incorporate F into 

model systems for middle- to deep-crustal activity–composition (a-x) relations at this point in 

time, this technique could not be applied directly to the TSRQ gneisses themselves, as the 

resultant calculations would lack a critical chemical component. Pseudosection modeling was 

thus conducted on adjacent F-poor metasedimentary and meta-igneous rocks to determine their 

peak metamorphic conditions, which are assumed to represent those of the TSRQ gneiss 

horizons, owing to their close association in the field and lack of tectonic breaks between. 

6.1  Petrological Modeling 

Quantitative phase/mineral equilibria modeling uses equilibrium thermodynamics to 

construct phase diagrams and derive P–T information from rocks (e.g. White et al., 2014). This 

technique can be used in both forward and inverse situations (Palin et al., 2017). In the case of 

forward modeling, an initial condition is set up and the system allowed to evolve according to 

changes imposed upon it (e.g. a rock may be heated up and the mineral assemblages that form 

can be predicted). In inverse scenarios, a result is known (i.e. a mineral assemblage) and the set 

of intensive and/or extensive variables responsible for creating that result are constrained. As 

such, interpretation of the P–T conditions required to stabilize observed assemblages in rocks 

from the Evergreen region represents an inverse problem. Two rocks were chosen for this 

modeling: garnet-biotite schist sample EV17-12 and amphibolite sample EV17-16. These 

lithologies were chosen based the absence of microstructural features suggestive of chemical 

disequilibrium at the thin section scale (e.g. coronae, symplectites etc.).  
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6.1.1  Model setup parameters 

Calculations were undertaken for both rock types in the 11-component 

MnNCKFMASHTO (MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O2) system 

using the phase equilibrium calculation software Theriak-Domino (de Capitani and Brown, 1987; 

de Capitani and Petrakakis, 2010) and the internally consistent thermodynamic data set of 

Holland and Powell (2011) (update ds62; February 6th, 2012). Theriak-Domino employs an 

iterative Gibbs Free Energy minimization procedure to determine the most stable mineral–fluid–

melt assemblage at a given P–T condition on a grid of user-defined resolution. Calculations for 

both samples considered a five-level calculation procedure on a 100 by 100 grid. 

Equilibria for metapelite sample EV17-12 were calculated using the a–x relations of 

White et al. (2014), and metabasite sample EV17-16 used the following a–x relations: melt, 

augite, and hornblende (Green et al., 2016); garnet, orthopyroxene, biotite, and chlorite (White et 

al. 2014); olivine and epidote (Holland & Powell, 2011); magnetite–spinel (White et al., 2002); 

ilmenite–hematite (White, Powell, Holland, & Worley, 2000); C-bar1 plagioclase and K-feldspar 

(Holland & Powell, 2003). Pure phases comprised albite, quartz, rutile, titanite, and aqueous 

fluid (H2O). 

Bulk-rock compositions acquired via XRF were used for petrological modeling, although 

as this technique is unable to discriminate between valence states of different elements, the bulk-

rock XFe3+ ratio [= Fe3+/(Fe2++Fe3+) = (2 × O)/FeOtot)] for garnet-biotite gneiss sample EV17-12 

was fixed at 0.1, and at 0.15 for amphibolite sample EV17-16, based on measured data in 

equivalent natural examples (e.g. Rebay et al., 2010). These values were treated as maxima 

owing to potential post-metamorphic oxidation during exposure at the Earth’s surface and due to 

oxidation that may occur during the crushing procedure to produce powders for analysis (see 

section 3.1). Exploratory investigation of the effect of changing these values showed that 

calculated equilibria are mostly insensitive to the absolute value chosen, as has been 

demonstrated by other workers (e.g. Palin et al., 2016). Bulk compositions were converted from 

weight-% oxides to molar proportions of oxides (Table 6.1) using an in-house spreadsheet. Bulk 

compositions were further adjusted for the presence of accessory apatite in each sample, which 

resulted in minor reductions in normalized CaO contents from measured values of ~0.1–0.2 

mol.%. The bulk H2O content used for modelling of each lithology was estimated from the XRF-
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derived LOI, which best represents that in the bulk composition present during peak 

metamorphism, assuming that the samples were not affected by any retrograde alteration and 

hydration. Microstructural observations showing the absence of retrograde minerals (e.g. 

chlorite) around high-temperature porphyroblasts (e.g. garnet) suggest this to be true. The bulk 

compositions used for phase diagram construction (in mol.% oxide) are given in Table 6.1. 

 

Table 6.1 Bulk-rock compositions used for phase diagram construction (mol.% oxide). FeOtot is 
total iron expressed as FeO. O is oxygen, which combines with FeO via the equation 2FeO + O = 
Fe3+ oxide; hence, bulk O is identically equal to bulk Fe3+ oxide, while true bulk FeO is given by 
FeOtot – 2 × O. Bulk-rock XMg can be calculated via MgO/(MgO/FeOtot), and XFe3+ ratio by (2 × 

O)/FeOtot. 

Sample H2O SiO2 Al2O3 CaO MgO FeOtot K2O Na2O TiO2 MnO O 

EV17-12 2.62 73.41 6.41 0.30 3.28 9.42 1.61 1.78 0.25 0.44 0.47 

EV17-16 3.65 51.63 8.27 10.32 8.55 12.65 0.61 2.36 0.98 0.00 0.98 

 

6.2  Results 

Fully labeled P–T pseudosections for samples EV17-12 and EV17-16 are shown in 

Figures 6.1 and 6.2, respectively. Phase assemblages were calculated at 500–900 oC and 2–10 

kbar, which represents approximate depths in the crust of 6–30 km, assuming that pressure is 

only lithostatic in nature. Key phase stability boundaries are marked with colored lines and all 

fields are shaded according to their variance, with darker tones used for those with more degrees 

of freedom. 

The pseudosection for sample EV17-12 suggests that garnet, plagioclase, magnetite, and 

quartz are stable throughout the P–T region of interest, and that the measured fluid content 

allows partial melting to begin at ~660 oC at 3 kbar, and slightly higher temperature at higher 

pressure. The observed mineral assemblage of garnet, plagioclase, biotite, quartz, K-feldspar, 

and sillimanite is stable at suprasolidus conditions of 680–780 oC and 4–8 kbar (green-colored 

field on Figure 6.1). This equilibrium is defined at higher temperature by the appearance of 

ilmenite, at lower pressure by the disappearance of sillimanite and stabilization of cordierite, and 

at higher pressure by the transformation of sillimanite to kyanite. Neither kyanite nor cordierite 
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are observed in this sample, which constrains the conditions of peak metamorphism to lie within 

this colored region. 

Evidence of partial melting is not immediately apparent at the thin section scale, although 

quartz–plagioclase–K-feldspar-baring domains likely represent the crystallized products of 

prograde muscovite breakdown melting reactions (Spear, 1993). Additional evidence of partial 

melting was observed at outcrop scale in quartzofeldspathic gneiss (Figure 2.4), indicating 

minimum temperatures of ~650 oC, representing the wet granite solidus (Spear et al., 1999). 

 

Figure 6.1 Phase diagram for sample EV17-12 (metapelite) in the MnNKCFMASHTO system. 
The area highlighted in green represents peak metamorphism. 

 

The calculated pseudosection for sample EV17-17 suggests that augitic clinopyroxene is 

stable throughout the entire P–T region of interest, and that the measured fluid content (3.65 mol. 
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% H2O; Table 6.1) is insufficient to saturate the system. As such, the position of the solidus is 

elevated above its typical position for wet basalt melting at ~670 oC (Palin et al., 2016). This 

calculated onset of fluid-undersaturated anatexis in EV17-17 marks a reliable upper temperature 

limit for peak conditions, as there is no apparent evidence for partial melting at the microscopic or 

outcrop scale in this sample. The observed mineral assemblage of hornblende, plagioclase, 

ilmenite, and quartz is calculated to be stable at 730–800 oC and 2–8 kbar (yellow-colored field on 

Figure 6.2). This equilibrium is constrained at lower temperature by the appearance of 

orthopyroxene and at higher pressure by the stabilization of garnet; neither of which were observed 

in EV17-17. 

 

Figure 6.2 Phase diagram for sample EV17-16 (metabasite) in the NKCFMASHTO system. The 
area highlighted in yellow represents peak metamorphism. 
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Figure 6.3 Diagram of overlapping peak metamorphic assemblages from samples EV17-12 and 
EV17-16. Polymorphic transitions for Al2SiO5 minerals (Ky = kyanite, Sil = sillimanite, And = 

andalusite) are after Pattison (1992). Pressure–depth conversion assumes lithostatic pressure and 
a conversion rate of 1 km = 3 kbar. 

 

Field observations of partial melting in metabasaltic units may represent local variations 

in bulk composition; particularly volatile content, as higher activities of H2O act to reduce the 

melting point of silicate rocks. Nonetheless, the close agreement between observed and 

calculated parageneses in both EV17-12 and EV17-16 allow peak conditions to be constrained 

here to the upper amphibolite facies. Figure 6.3 shows common P–T conditions of 

metamorphism for both samples, which lie at ~720–750 °C and ~5–7 kbar, defining isotherms of 

~40 oC/km, representative of metamorphism in the middle continental crust during active 
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mountain building. Using a pressure to depth conversion of 1 km = 3 kbar, this suggests that 

these units were buried and metamorphosed to ~15–21 km during the Yapavai/Mazatzal 

orogeny. Metamorphism along higher geothermal gradients (>50 oC/km) is typically associated 

with granulite-facies/lower crustal conditions and/or contact metamorphism within aureoles of 

large igneous intrusions. Colder geotherms (<30 oC/km) are typically associated with 

undeformed/cratonic lithosphere and/or subduction metamorphism at convergent plate 

boundaries. Neither of these alternative tectonic scenarios can explain the P–T conditions 

recorded in these two rocks, which are assumed to be representative of the conditions reached by 

the TSRQ gneisses at c. 1.70–1.68 Ga. As such, if F-bearing fluids were released by deeper-

seated magmas (e.g. the Boulder Creek batholith), their intrusion and crystallization must have 

occurred at a minimum pressure of 5 kbar, but likely higher. By contrast, if topaz formation in 

the TSRQ gneisses was a result of near-surface leaching and F-enrichment followed by burial 

metamorphism, there is no requirement for post-metamorphic magmatic activity in the region. 

The implications of these data are discussed below.  
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CHAPTER 7 

 

DISCUSSION 

 

To fully understand the evolution of these Evergreen rocks within the broader-scale 

context of the geological evolution of the Colorado Front Range, all of the disparate information 

collected during this study must be coherently integrated together. In doing so, we can determine 

the most likely cause of topaz formation and also shed light on how other deposits worldwide 

may be prospected for. 

7.1  Metamorphic Conditions 

Bulk-composition specific phase diagrams (pseudosections) were created to determine 

the metamorphic conditions that rocks of the Evergreen region were subjected to during the 

Mesoproterozoic. These phase diagrams (Figures 6.1 and 6.2) and summary diagram showing 

common peak conditions and geotherms (Figure 6.3) demonstrate their orogenic heritage. 

Thermo-mechanical forward models of the thermal and barometric evolution of crustal terranes 

(or slices thereof) during arc–continent or continent–continent collision predict that peak 

metamorphism typically reaches upper amphibolite or granulite facies conditions at the base of a 

~20-30 km thick rock column undergoing burial, with geothermal gradients exceeding 30 oC/km 

(cf. England and Thompson, 1984). Higher geotherms represent the influence of external (non-

conductive) heat fluxes, such as advected heat introduced locally via ascending magmas – i.e. 

contact metamorphism – or the influence of mantle upwelling, such as caused by crustal 

thinning, not orogenic thickening. Ambient or steady-state geotherms in stable continental 

lithosphere are typically in the range 20-25 oC/km, meaning that the ~40 oC/km geotherm 

recorded in EV17-12 and EV17-16 for peak metamorphism is necessarily a result of orogenesis. 

One complexity associated with applying P-T conditions of metamorphism obtained from 

non-TSRQ rocks to those of the TSRQ gneisses is the potential for tectonic juxtaposition, 

obviating direct correlation. For example, extreme changes in P-T conditions within 

metamorphic sequences may sometimes result from tectonic interleaving during exhumation (i.e. 
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emplacement of high-grade rocks against low-grade rocks). In theory, such structural features 

should be readily identifiable in the field. Indeed, the Evergreen region (and most of the 

Colorado Front Range) is heavily faulted, although care was taken during fieldwork to only 

collect samples from very close to the TSRQ gneiss band of interest. The locations of outcrops 

investigated in 2017 (Figure 2.1) show that all non-TSRQ rocks collected lay within a few 

hundred meters from the main topaz-bearing band, reducing the potential for uncertainty. 

We argue therefore that there is no firm petrographic or field evidence to show that the 

conditions of peak metamorphism calculated here for garnet-biotite schist sample EV17-12 and 

amphibolite sample EV17-16 would be different from those reached by the TSRQ gneisses. 

While ideally, one would wish to calculate the P-T conditions of equilibration of the TSRQ 

gneisses themselves, their unusual mineralogy makes this an impossible task. All 

thermobarometry is based upon the fundamental tenet that the distribution of elements between 

coexisting minerals (or fluid or melt) is a function of either pressure, temperature, or both. As 

such, inverse modeling of measured mineral compositions can be used in conjunction with 

experimentally determined partition coefficients to back-calculate the P-T conditions at which a 

mineral pair or assemblage equilibrated, assuming complete thermodynamic equilibrium. In 

theory, these principles can be applied to any rock, if suitable calibrated thermometers or 

barometers exist. However, none of the minerals present in the TSRQ gneiss show any 

measurable solid solutions – except in some cases for topaz, which may have F-, Cl-, or OH end-

members – as confirmed by EPMA work. 

The lack of solid solutions and the ability for P-T-sensitive variation in mineral 

composition thus prohibits application of conventional thermobarometry. Phase diagram-based 

methods also run into difficulty, owing solely to the fact that the high-variance assemblage 

comprised of pure phases will be stable over wide ranges of P-T space (cf. Guiraud et al., 2001; 

White et al., 2007). Preliminary calculations confirming this were performed during exploratory 

testing, although are not truly applicable to the rock in question, owing to the inability to model 

the behavior of F at amphibolite-facies conditions in the crust. As such, any equilibria 

determined in this way would be lacking a critical component that renders the results of dubious 

reliability. As a result, the peak P-T conditions of ~720 o C and ~6.0 kbar determined for EV17-
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12 and EV17-16 are taken as representative of those reached by all TSRQ members in the 

region. 

This metamorphism is thought to be related to either the Yapavai or Mazatzal orogeny, as 

U-Pb monazite age data collected via LA-ICP-MS lie within ranges suggested for both events. 

The bi-modal distribution of ages seen in sample EV17-01 and described in more detail in 

Chapter 5 shows two age groups in one population of monazite grains, with the older assemblage 

dated around 1.70 Ga and the younger assemblage dated around 1.65 Ga. As stated in section 

5.3, the bi-modal distribution of ages can be attributed to a combination of mixing of age 

domains during the ablation process coupled with lead loss through diffusion which would make 

grains appear slightly younger than they actually are. The bi-modal distribution of ages dates 

could also mean that there is a secondary monazite forming event that is closely related to the 

evolution of these lithological units. It would fit the geologic history of the Colorado Front 

Range and the ages obtained via LA-ICP-MS to have prograde metamorphism of the TSRQ 

gneissose layer close to 1.70 Ga, which begins an in-situ transformation of an older metamorphic 

assemblage into the TSRQ assemblage that we see today. This is because if monazite formed in 

all three of the units dated at the same time, this would mean that all three units were being 

buried and metamorphosed simultaneously to amphibolite facies conditions where monazite 

stabilizes. This second event that caused a second population of monazite to grow could be 

attributed to the emplacement of the Boulder Creek Batholith that occurs 1-5 km from the TSRQ 

gneissose layer and could provide the necessary heat needed to create these monazite grains. 

It is also worth noting that the enrichment of La, Ce, and Eu in major rock types indicates 

a concentration of feldspathic material when compared to normal continental crust or MORB 

values. The depletion of these elements would indicate a more mafic material which can be 

concentrated during partial melting and melt loss. Melts that have increased silica content 

migrate away from the local environment, and field investigations of the amphibolite and 

quartzofeldspathic gneiss show textural evidence of partial melting shown by the leucocratic 

nesosomes shown in Figure 2.4. Given that all rock types experienced the same high-grade 

metamorphism, it can be seen that in sample EV17-03 shows melt loss by depletion of Eu which 

supports these rocks underwent partial melting and metapelites saw metamorphic grades above 

the solidus which includes melt in the peak assemblage shown in Figure 6.1. Furthermore, the 
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compositional garnet traverse for sample EV17-12 displayed in Figure 4.5 shows no systematic 

compositional zoning from core to rim which is consistent with homogenization via 

intracrystalline diffusion at elevated temperatures indicative of upper-amphibolite facies 

(Caddick et al., 2010). It is not likely that these garnets grew during prograde metamorphism and 

did not form primary compositional zoning given the strong partition coefficients for Mn in 

garnet compared to other silicate minerals in metapelitic rocks (Woodsworth, 1979). The flat Mn 

profiles therefore must have formed via diffusional relaxation. 

7.2  Implications for topaz formation 

As summarized in section 4.3, there are certain assumptions that can be made based on 

textural evidence seen in the TSRQ gneiss:  

1) Fibrolite is absent from some samples, but where present appears to be partially 

replaced by topaz.  

2) Rutile grains are molded around topaz and sometimes intergrown with prismatic 

sillimanite.  

3) Magnetite, ilmenite, and sphene readily occur in the rock units adjacent to the TSRQ 

gneiss, but do not occur in the TSRQ gneiss itself.  

These relationships are crucial in determining timing of metamorphic topaz formation, as 

texturally these topaz grains readily form porphyroblasts which suggests that they formed as a 

product of prograde metamorphism (cf. Spear, 1995).  

We can also use the U-Pb age dates that we obtained of the TSRQ gneiss. The TSRQ 

gneiss yielded an average age of 1.68 Ga. This age is closer to the younger age cluster around 

1.65 Ga, which would coincide with the emplacement of the Boulder Creek Granite around 1.70 

Ga (Premo and Fanning, 2000). With this said, the interpretation of the bi-modal distribution of 

ages in one population of monazite grains would be that the older age cluster records prograde 

metamorphism of the Colorado Front Range which begins to transform an in-situ older 

metamorphic assemblage. The younger age cluster is recording the emplacement of the Boulder 

Creek Granite and the metasomatic alteration of that older metamorphic assemblage via F-rich 

hot fluids released from the crystallizing granitic magmas, which represent the most likely source 

rocks given the known behavior of F in the continental lithosphere and its distribution between 
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potential reservoirs (cf. Koga and Rose-Koga, 2018). I attribute the slightly younger ages to 

record lead loss originating from the thermal influence of the BGC emplacement. This event 

would supply the halogens needed to form topaz on the heating path, as well as leach all mobile 

elements from the TSRQ gneissose layer leaving only immobile elements to react with the 

halogen-rich fluids released from the crystallizing magmas (Figure 7.1). 

 

Figure 7.1 End-member models/hypotheses for the formation of TSRQ gneiss in the Colorado 
Front Range continental crust. Hypothesis A is favored, although the parent rock being an 

amphibolite is only shown for schematic purposes. BCG = Boulder Creek Granite; SPG = Silver 
Plume Granite 

 

The next pertinent question to ask is: what then was the protolith for the TSRQ gneiss? In 

Figure 7.1, for example, mafic (or intermediate) magmatic precursors are shown for simplicity, 

although this cannot be proven beyond reasonable doubt. Nonetheless, as described previously, 

these rocks must have interacted with a hot fluid at some point in their evolution, as indicated by 

isocon analysis (Figure 4.3). All nominally “mobile” elements show significant depletion in the 

TSRQ gneissose layer compared to other rock types, whereas F is strongly enriched. Nominally 

“immobile” elements such as Ti and Al show no enrichment or depletion. It is likely therefore 

that fluid-mediated metasomatism removed elements such as Na, Ca, and K from the TSRQ 

protolith, simplifying the mineralogy stable at middle-crustal P-T conditions. This further 

supports the interpretation that topaz formation was due to metasomatic alteration by a fluorine-
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rich fluid. It can also be seen in Table 4.2 that there has been halogen enrichment within mica 

and amphibole in surrounding rock types to the TSRQ (EV17-12, 13, and 17). This gives further 

evidence for metasomatic alteration of the study area, as we see fluorine enrichment in other rock 

types in the study area and not just a localized fluorine enrichment in only the TSRQ gneissose 

layer. Conceptually, it would be unlikely that metasomatism would strongly alter a particular 

stratum and leave adjacent layers completely untouched, unless – for example – the layer in 

question was heavily fractured and acted as a preferential fluid pathway. In this case, we find it 

more likely that the TSRQ gneiss protolith did act to focus fluid flow, and so experienced 

relatively intense halogen enrichment, although transmission of F-bearing fluids through 

adjacent rock types likely induced recrystallization (or neocrystallization) of mica and amphibole 

in EV17-12 and EV17-16, respectively. The existence of abundant epidote in sample EV17-15 

(hornblende-epidote gneiss) also suggests a strongly oxidizing environment, which is not 

expected at elevated pressure in the continental crust. There is also a third hypothesis that could 

account for topaz formation would be the crystallization of topaz from the release of fluorinated 

water resulting from the partial melting of an amphibolite. EPMA analysis has already shown us 

that mica’s and amphiboles in the study area are fluorinated, and if fluorination was not the result 

of metasomatism of the protolith, that would mean that these might have been fluorinated prior 

to topaz growth. During metamorphism and in-situ anatexis, water from a prior amphibolite 

would be released from these amphiboles and would locally create a fluorine-rich fluid which 

could initiate topaz growth in the TSRQ ridge. Further investigation of this hypothesis is needed 

to make any definitive conclusions, and this hypothesis does not account for the enrichment and 

depletion of mobile elements that we see in the study area. 

The petrogenesis of the Boulder Creek Granite has been widely researched, but the 

reported timing of its emplacement is inconsistent between studies. Furthermore, outcrops of the 

Boulder Creek Granite that have been dated do not lie within this study area, which requires the 

assumption that its entire mass was intruded and crystallized over a short period of time. Premo 

and Fanning (2000) presented U-Pb zircon SHRIMP data suggesting crystallization at 1714.4 ± 

4.6 Ma, although there exist other lenses of granodioritic magmas in the region that are 

chemically similar to the BCG, but date closer to 1.65 Ga (the Twin Spruce quartz monzonite: 

Gable, 1980). Without the ages of the Boulder Creek Batholith outcropping units in the area, it is 

hard to definitively say that the second population of monazite grains records the emplacement 
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of the igneous unit, although funds were not available herein to perform additional investigation 

of this igneous unit. 

Final evidence for fluid flow having strongly influenced the geological evolution of the 

Evergreen region comes from the existence of COG sample EV17-17 in close proximity to the 

most topaz-rich exposures. Such cordierite- and orthoamphibole-bearing rocks have attracted 

considerable attention in the past few decades owing to their unusual bulk composition that 

cannot be directly correlated to any common igneous or sedimentary protolith (e.g. Eskola, 1914; 

Floyd, 1965; Grant, 1968; Robinson et al., 1971) and their close spatial association with massive 

sulphide deposits (Lal & Shukla, 1975; Reinhardt, 1987; Pan & Fleet, 1995; Roberts et al., 

2003). Although COGs can form through the isochemical metamorphism of unusual sedimentary 

rocks, such as evaporites (Moine et al., 1981; Reinhardt, 1987), the leading hypothesis about 

their formation is that they originate by metasomatic alteration of granitic rocks (Pawling & 

Baumgartner, 2001) and felsic and mafic volcaniclastic sediments (Schumacher, 1988; Munz, 

1990; Pan & Fleet, 1995; Roberts et al., 2003; Peck & Smith, 2005). The presence of the COG in 

close proximity to the TSRQ coupled with bulk-rock geochemical analysis shown by isocon 

analysis (Figure 4.3) provides strong evidence that these units were metasomatized post/during 

metamorphism to create the unusual mineral assemblages we see today, as well as provide the 

fluorine necessary to initiate topaz growth. 

Alteration of these protoliths may occur either during metamorphism (Johnson & Oliver, 

2002; Pitra et al., 2008) or during an unrelated event at or near to the Earth’s surface, before 

significant burial (Vallance, 1967; Peck & Smith, 2005). A widely accepted environment for the 

origin of COG-like rocks is formation through the metasomatism of mafic rocks in seafloor 

hydrothermal systems (e.g. Vallance, 1967; Seyfried & Mottl, 1982; Schumacher, 1988; Pan & 

Fleet, 1995; Peck & Smith, 2005). In theory, such hydrothermal systems may be emplaced onto a 

continental margin during collisional orogenesis (or arc–continent collision), allowing a regional 

metamorphic terrane to contain both protolith-like rocks (e.g. unaltered metabasalt) as well as 

metasomatically altered COGs. While there is no strong evidence that the Evergreen region has 

incorporated such a seafloor hydrothermal system during Yapavai/Maztzal orogeny, fluid-

mediated alteration of normal IAT-type basalts (e.g. sample EV17-16) may have led to localized 

formation of COGs along the same fault zones that allowed F-rich fluids to permeate the crust 
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and generate the TSRQ gneisses documented herein. Although thermobarometry was not 

performed on sample EV17-17, calculated phase equilibria for examples of metasomatically 

altered mafic protoliths by Diener et al. (2008) show cordierite–orthoamphibole assemblages to 

be stable at low- to intermediate-pressure amphibolite-facies conditions, with cordierite being 

replaced by kyanite to higher pressure. Such calculations agree with the results of this study, 

whereby peak metamorphism of TSRQ gneisses occurred at sillimanite-grade conditions along 

elevated P–T geotherms characteristic of collisional orogeny.  

It should also be noted that the Yavapai/Mazatzal orogenies record IAT terrane accretion 

to the southern margin of the older Wyoming craton. The layer parallel association of sample 

EV17-16 with the TSRQ and other major lithologies indicate the entire metasedimentary and 

metaigneous sequence may have originally accumulated in a forearc basin that was incorporated 

between two colliding continental fragments during Mesoproterozoic plate convergence which 

could have been attributed to the suture of terrane boundaries between the Yavapai and Mazatzal 

orogenies which would be favorable in terms of proximity to this study area and age dates 

obtained from samples EV17-01, 02, 03. This would give a likely geological environment of 

formation for protoliths of the Evergreen sequence.  

7.3  Future Work 

There is scope for further work to be performed to support (or refute) the conclusions 

reached in this work. Initially, zircons from the Boulder Creek Batholith within the study area 

should be dated to determine its suitability as a source rock for fluid expulsion, and clarify the 

local-scale geological evolution of the east-central Front Range. 

Secondly, fluid inclusion studies on the Boulder Creek Batholith and/or TSRQ rocks 

would have use in determining fluid composition. This should be explored further because it will 

provide quantitative values for halogens within the fluid, which will confirm or deny these 

interpretations. It is widely known that granitic magmas are enriched in halogens, so it would be 

a likely source for fluid leading to topaz formation. Without fluid inclusion work it cannot be 

confidently said that halogen enrichment came from this source, however, it would be widely 

accepted as so given the geologic history and proximity of the Boulder Creek Batholith to the  
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Figure 7.2 Interpretation of fluid flow from the Boulder Creek Granite batholith to the TSRQ 
gneissose layer. The yellow circle shows the unit in which the fluid originated (Boulder Creek 

Batholith) and arrows shows the direction of fluid flow. Prominent faults trend northwest-
southeast in the study region and may have acted as fluid conduit from the crystallizing magma 

of the Boulder Creek Batholith. 

TSRQ gneiss lenses and large fault systems that essentially follow the TSRQ ridge through the 

Evergreen region. These fault systems would be a probable fluid pathway for these halogen-

enriched fluids to migrate toward the TSRQ layers and cause metasomatic alteration of the area. 

One last thing that could be researched further is bulk-rock geochemical analysis or more 

rock types along fault structures closest to the Boulder Creek Granite units. What this would tell 

us is if there is halogen-enrichment in any other rock types or mineral phases that could help to 

strengthen the interpretation that hot halogen-enriched fluids traveled along these fault structures 

to cause metasomatism within the TSRQ unit. An interesting avenue for study would also be to 

search for pegmatite-like enrichments of F-bearing minerals in the BCG itself, although given 

that most occurrences of such rocks form at the upper levels of magma chambers, they may have 

formed but since been lost from the geological record by erosion. 
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7.4  Exploration Implications  

At this point in time, the United States relies solely on international sources for fluorine, 

which is a critical element for the manufacture of many commodities. Part of this project is to 

understand how to prospect for these kinds of occurrences to help aid in finding domestic 

sources of fluorine that can be manufactured for industrial uses. Key exploration features to find 

these types of occurrences is to look for areas that have likely undergone metasomatism from a 

fluid released from a crystallizing granitic magma. This will provide the processes needed to 

leach mobile elements from a system and concentrate them elsewhere. Another thing to look for 

is areas that are rich in peraluminous rocks, as this will provide the excess of aluminum needed 

within the system to create topaz in the presence of fluorine. Unfortunately, such geological 

processes or conditions are not unique to any particular geodynamic setting. While topaz itself is 

not a huge supplier of fluorine, as fluorite is more readily mined for its fluorine content for many 

industrial products, the TSRQ gneisses in Evergreen also have concentrated rutile, which can be 

a source for titanium. While topaz does occur in some metamorphic rocks elsewhere that formed 

in orogenic environments, to my knowledge there are no other examples of this four-mineral 

assemblage, indicating that its stability here may be highly sensitive to all petrophysical variables 

(e.g. P, T, protolith composition). Such a situation is not encouraging for defining best-practice 

decision-making procedures for exploration, but continued study of such unusual rocks wherever 

they occur worldwide will ultimately lead to a firmer understanding of their genesis. 
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CHAPTER 8 

 

CONCLUSIONS 

 

Multidisciplinary study of TSRQ gneisses in the Evergreen region of the Colorado Front 

Range has allowed new insight into the geological evolution of this part of east-central Colorado. 

The data and interpretations shown previously infer that the TSRQ gneiss formed as a result of 

an in-situ transformation of an older metamorphic assemblage, which was buried and underwent 

prograde metamorphism at ~1.70 Ga. Topaz formed due to the metasomatic alteration of an 

unknown protolith by a F-enriched fluid, which originated from  deeper-seated crystallizing 

magma – possibly the Boulder Creek Granite, which was emplaced at this time (~1.70 Ga). This 

fluorine-enriched fluid traveled along kilometer-scale faults within the area, which acted as 

ready-made fluid conduits linking the Boulder Creek Granite to the overlying TSRQ gneissose 

layers and surrounding rock types (cf. Figure 7.2). Isocon analysis (Figure 4.3) shows that the 

TSRQ gneiss has all mobile elements depleted and is enriched in immobile elements such as 

aluminum and silica. When compared to adjacent rock types, those rocks have been enriched in 

mobile elements (presumably from the previous TSRQ assemblage before alteration) and 

ferromagnesian phases. This confirms the presence of a hot fluid interaction with the TSRQ 

gneissose layer. This geochemical information coupled with the presence of fluorine-enriched 

mica’s and amphiboles in adjacent lithologies as well as the presence of the COG and its 

proximity to the TSRQ gneissose layer provides a solid basis for these conclusions. 

U-Pb LA-ICP-MS geochronology yields age dates for peak metamorphism within the 

area of around 1.68 Ga; however, one population shows a bi-modal distribution of ages, 

comprising an older age of 1.70 Ga and a younger age around 1.60-1.65 Ga. These dates are 

interpreted as burial and prograde metamorphism at 1.70 Ga related to the Yavapai and/or 

Mazatzal orogeny, and metasomatic alteration of a fluorine-enriched fluid from the 

crystallization of the Boulder Creek granitic magma and topaz formation around 1.70-1.65 Ga. 

Such fluid-driven alteration both allows the addition of fluorine and the means to remove mobile 

elements from this layer and leave behind the necessary phases to create topaz during burial. As 
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such, we conclude that TSRQ gneiss formation was not the result of a fluorine-enriched tuff that 

was leached of mobile elements via Earth-surface weathering, as has been previously suggested 

by Sheridan and Marsh (1968, 1976).  
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APPENDIX A 

THIN SECTION IMAGES OF ALL LITHOLOGIES 

 

Figure A.1 Sample EV17-01: Biotite Gneiss 
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Figure A.2 Sample EV17-02: Quartzofeldspathic Gneiss 
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Figure A.3 Sample EV17-03: Cordierite Gneiss 
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Figure A.4 Sample EV17-04: Amphibolite 



79 
 

 

Figure A.5 Sample EV17-05: TSRQ Gneiss 
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Figure A.6 Sample EV17-06: TSRQ Gneiss 
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Figure A.7 Sample EV17-07: TSRQ Gneiss 
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Figure A.8 Sample EV17-08: TSRQ Gneiss 
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Figure A.9 Sample EV17-10: Garnet-Biotite Gneiss 



84 
 

 

Figure A.10 Sample EV17-11: Epidote Gneiss 
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Figure A.11 Sample EV17-12: Garnet-Biotite Gneiss 
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Figure A.12 Sample EV17-13: Epidote-hornblende Gneiss 
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Figure A.13 Sample EV17-14A: Mylonitized Quartz Gneiss 
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Figure A.14 Sample EV17-14B: Mylonitized Quartz Gneiss 
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Figure A.15 Sample EV17-14C: Mylonitized Quartz Gneiss 
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Figure A.16 Sample EV17-15: Sillimanite-bearing Quartz Gneiss 
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Figure A.17 Sample EV17-16: Amphibolite 
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Figure A.18 Sample EV17-17: Cordierite-Orthoamphibole Gneiss (COG) 
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Figure A.19 Sample EV17-18: Amphibolite 
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Figure A.20 Sample EV17-19: Biotite Gneiss 
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Figure A.21 Sample EV17-20: Cordierite Gneiss 
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Figure A.22 Sample EV17-21: Hornblende Gneiss 
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Figure A.23 Sample EV17-22: Biotite Schist 
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APPENDIX B 

HAND SAMPLE PHOTOGRAPHS 

 

 

 

Figure B.1 Hand sample EV17-01. 

 

 

Figure B.2 Hand sample EV17-02. 
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Figure B.3 Hand sample EV17-03. 

 

Figure B.4 Hand sample EV17-04. 

 

Figure B.5 Hand sample EV17-05. 
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Figure B.6 Hand sample EV17-06. 

 

Figure B.7 Hand sample EV17-07. 

 

Figure B.8 Hand sample EV17-08. 
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Figure B.9 Hand sample EV17-10 

 

Figure B.10 Hand sample EV17-11. 

 

Figure B.11 Hand sample EV17-12. 
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Figure B.12 Hand sample EV17-13. 

 

Figure B.13 Hand sample EV17-14A. 

 

Figure B.14 Hand sample EV17-14B. 
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Figure B.15 Hand sample EV17-14C. 

 

Figure B.16 Hand sample EV17-15. 

 

Figure B.17 Hand sample EV17-16. 
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Figure B.18 Hand sample EV17-17. 

 

Figure B.19 Hand sample EV17-18. 

 

Figure B.20 Hand sample EV17-19. 
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Figure B.21 Hand sample EV17-20. 

 

Figure B.22 Hand sample EV17-21. 

 

Figure B.23 Hand sample EV17-22. 
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APPENDIX C 

BULK-ROCK GEOCHEMICAL DATA 

Table C.1 Bulk-rock geochemical (weight percent oxides) data obtained via XRF analysis. 

Analyte Symbol SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI Total 

Unit Symbol % % % % % % % % % % % % 

Detection Limit 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.005 0.01  0.01 

EV17-02  Quartzofeldspathic gneiss 71.29 19.32 0.71 <.01 0.30 1.94 3.16 0.07 1.84 0.47 1.09 100.20 

EV17-03  Cordierite gneiss 68.13 19.57 0.97 0.01 1.49 3.06 3.95 0.11 1.70 0.12 1.08 100.20 

EV17-06  TSRQ gneiss 74.55 20.24 1.00 < .01 0.05 0.29 < 0.01 0.02 1.70 0.19 1.01 99.06 

EV17-12  Garnet-biotite gneiss 70.04 10.38 10.75 0.50 2.10 0.28 1.75 2.41 0.32 0.01 0.75 99.28 

EV17-13  Epidote-hornblende gneiss 66.56 8.86 6.90 0.35 2.19 12.99 0.13 0.03 0.25 0.01 2.02 100.30 

EV17-16  Amphibolite 50.43 13.70 14.77 0.24 5.60 9.58 2.38 0.94 1.27 0.13 1.07 100.10 

EV17-17  COG 46.25 17.74 21.66 0.29 10.09 0.44 0.65 0.12 1.48 0.11 0.63 99.47 

 

Table C.2 Trace element concentration obtained via XRF analysis. 

Analyte Symbol Au Ag As Ba Be Bi Br Cd Co Cr Cs Cu 

Unit Symbol ppb ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Detection Limit 5 0.5 2 3 1 2 1 0.5 1 1 0.5 1 

EV17-02  Quartzofeldspathic gneiss < 5 < 0.5 < 2 42 < 1 < 2 < 1 < 0.5 < 1 < 1 < 0.5 5 

EV17-03  Cordierite gneiss < 5 < 0.5 < 2 82 7 8 < 1 < 0.5 < 1 32 < 0.5 4 

EV17-06  TSRQ gneiss < 5 < 0.5 3 8 < 1 4 < 1 < 0.5 < 1 10 < 0.5 10 

EV17-12  Garnet-biotite gneiss 12 0.6 < 2 293 < 1 < 2 < 1 < 0.5 < 1 30 3.7 4 

EV17-13  Epidote-hornblende gneiss < 5 < 0.5 < 2 10 2 < 2 < 1 0.7 < 1 34 < 0.5 28 

EV17-16  Amphibolite < 5 < 0.5 < 2 243 < 1 < 2 < 1 < 0.5 47 68 < 0.5 64 

EV17-17  COG 11 < 0.5 < 2 40 1 6 < 1 1 28 50 < 0.5 2 
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Table C.2 continued. 

Analyte Symbol Hf Hg Ir Mo Ni Pb Rb S Sb Sc Se Sr 

Unit Symbol ppm ppm ppb ppm ppm ppm ppm % ppm ppm ppm ppm 

Detection Limit 0.5 1 5 2 1 5 20 0.001 0.2 0.1 3 2 

EV17-02  Quartzofeldspathic gneiss 2.6 < 1 < 5 < 2 4 10 < 20 0.001 1 32.6 < 3 < 1 

EV17-03  Cordierite gneiss 7.2 < 1 < 5 < 2 3 11 < 20 < 0.001 1.1 22.1 < 3 < 1 

EV17-06  TSRQ gneiss 8.1 < 1 < 5 < 2 3 < 5 < 20 0.002 1 9.3 < 3 < 1 

EV17-12  Garnet-biotite gneiss 12.7 < 1 < 5 < 2 3 6 160 0.005 0.6 11.4 < 3 < 1 

EV17-13  Epidote-hornblende gneiss < 0.5 < 1 < 5 8 3 32 < 20 0.013 0.8 4.2 < 3 < 1 

EV17-16  Amphibolite 1.2 < 1 < 5 < 2 32 < 5 < 20 0.006 0.6 46.7 < 3 < 1 

EV17-17  COG 1.1 < 1 < 5 6 23 < 5 < 20 0.006 0.7 38.8 < 3 < 1 

 

Table C.2 continued. 

Analyte Symbol Ta La Ce Nd Sm Th U V W Y Zn Zr 

Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Detection Limit 1 0.2 3 5 0.1 0.5 0.5 5 3 1 1 2 

EV17-02  Quartzofeldspathic gneiss 5.8 91 73 21.2 112 < 0.5 62 < 3 31 6 168 21.8 

EV17-03  Cordierite gneiss 4 125 59 24.8 81 < 0.5 32 < 3 292 8 193 23 

EV17-06  TSRQ gneiss < 0.5 13 < 5 1.7 3 0.8 23 4 11 8 260 3.7 

EV17-12  Garnet-biotite gneiss 8.4 105 11 8.2 38 0.9 6 < 3 147 348 400 25.5 

EV17-13  Epidote-hornblende gneiss 4.1 41 29 8.2 91 2.8 20 466 158 156 170 13.8 

EV17-16  Amphibolite < 0.5 5 < 5 3.3 211 < 0.5 342 < 3 30 101 72 6.7 

EV17-17  COG < 0.5 7 23 2.3 10 < 0.5 417 < 3 29 295 64 4.6 
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Table C.2 continued. 

Analyte Symbol Eu Tb Yb Lu Mass F 

Unit Symbol ppm ppm ppm ppm g % 

Detection Limit 0.1 0.5 0.1 0.05  0.01 

EV17-02  Quartzofeldspathic gneiss 1.9 0.9 2.7 0.35 1.363 < 0.01 

EV17-03  Cordierite gneiss 1.7 8.3 30.3 3.49 1.279 < 0.01 

EV17-06  TSRQ gneiss 0.9 < 0.5 1.7 0.23 1.48 4.07 

EV17-12  Garnet-biotite gneiss 1.8 1.4 15.7 2.04 1.552 0.08 

EV17-13  Epidote-hornblende gneiss 2.8 3.3 15.6 1.96 1.62 0.02 

EV17-16  Amphibolite 0.5 < 0.5 3.2 0.36 1.553 0.02 

EV17-17  COG < 0.1 < 0.5 3.2 0.31 1.828 0.08 
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APPENDIX D 

U-PB LA-ICP-MS GEOCHRONOLOGY DATA 

Table D.1 U–Pb data and calculated ages for monazite grains in samples EV17-01, EV17-02, and EV17-03. 

  Measured ratios  Calculated ages (Ma) 

 Grain 
207Pb/
235U 

2 

S.D. 

206Pb/ 
238U 

2 S.D. Rho 
206Pb/ 
208Pb 

2 S.D.  
207Pb/
235U 

2 

S.D. 

206Pb/
238U 

2 S.D. 
207Pb/
207Pb 

2 S.D. 

EV17-

01 
1 4.154 0.110 0.2894 0.0091 0.96 0.2602 0.0043  1664 22 1638 45 1708 36 

 1 4.355 0.110 0.3063 0.0100 0.79 0.2860 0.0100  1703 22 1722 49 1705 33 
 2 4.154 0.120 0.2952 0.0100 0.50 0.3005 0.0057  1664 24 1667 50 1676 40 
 2 4.073 0.120 0.2931 0.0099 0.70 0.2306 0.0099  1648 24 1657 49 1624 30 
 2 3.836 0.110 0.2858 0.0090 0.62 0.2061 0.0061  1600 22 1620 45 1577 39 
 2 3.751 0.120 0.2746 0.0081 0.75 0.2360 0.0210  1581 25 1564 41 1598 40 
 2 3.930 0.130 0.2818 0.0110 0.92 0.1589 0.0066  1623 25 1600 58 1645 38 
 3 3.820 0.130 0.2789 0.0110 0.81 1.6680 0.0860  1596 27 1594 58 1582 42 
 3 3.690 0.160 0.2694 0.0120 0.80 1.1050 0.0270  1567 35 1537 59 1607 51 
 3 4.060 0.140 0.2866 0.0099 0.73 0.5880 0.0300  1645 28 1624 50 1676 43 
 4 4.320 0.130 0.3003 0.0100 0.91 0.3270 0.0073  1696 25 1692 51 1702 31 
 4 4.319 0.110 0.3003 0.0091 0.68 0.1186 0.0016  1696 22 1692 45 1701 41 
 5 4.180 0.130 0.2968 0.0110 0.78 0.9380 0.0330  1669 26 1674 56 1703 49 
 5 4.300 0.130 0.3036 0.0120 0.73 0.7300 0.0310  1691 26 1708 60 1658 45 
 5 4.380 0.140 0.3056 0.0120 0.79 0.4660 0.0400  1712 24 1718 57 1724 45 
 6 4.226 0.130 0.3013 0.0110 0.67 0.7560 0.0510  1682 27 1697 54 1650 45 
 6 4.210 0.140 0.2974 0.0110 0.80 0.8800 0.0460  1679 25 1688 53 1677 41 
 7 4.450 0.150 0.3094 0.0100 0.77 0.0706 0.0068  1721 28 1737 52 1676 37 
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Table D.1 continued 

  Measured ratios  Calculated ages (Ma) 

 Grain 
207Pb/
235U 

2 

S.D. 

206Pb/ 
238U 

2 S.D. Rho 
206Pb/ 
208Pb 

2 S.D.  
207Pb/
235U 

2 

S.D. 

206Pb/
238U 

2 S.D. 
207Pb/
207Pb 

2 S.D. 

 7 4.243 0.120 0.2944 0.0087 0.81 0.1642 0.0061  1681 24 1663 43 1698 37 
 8 3.673 0.110 0.2717 0.0092 0.96 0.2916 0.0084  1565 24 1549 47 1593 37 
                

EV17-

02 
1 4.044 0.110 0.2917 0.0084 0.66 0.1671 0.0029  1642 23 1650 42 1649 40 

 1 3.770 0.090 0.2706 0.0082 0.65 0.1758 0.0025  1586 20 1543 42 1658 40 
 2 4.210 0.130 0.2914 0.0087 0.66 0.1775 0.0024  1675 27 1648 43 1676 38 
 2 4.120 0.130 0.2864 0.0089 0.50 0.1321 0.0021  1657 26 1623 45 1693 45 
 2 4.056 0.120 0.2679 0.0081 0.40 0.1238 0.0020  1644 25 1530 41 1774 53 
 2 4.014 0.110 0.2737 0.0090 0.69 0.1290 0.0021  1636 23 1559 45 1722 35 
 2 4.253 0.100 0.2978 0.0083 0.70 0.1564 0.0027  1684 20 1680 41 1679 35 
 2 4.228 0.120 0.2946 0.0095 0.64 0.1766 0.0038  1679 24 1664 48 1709 35 
 3 4.230 0.170 0.2966 0.0110 0.73 0.1239 0.0021  1678 33 1673 56 1696 51 
 3 4.070 0.190 0.2835 0.0110 0.79 0.1484 0.0089  1646 37 1608 55 1708 48 
 3 4.240 0.160 0.3019 0.0096 0.56 0.1246 0.0048  1681 30 1701 47 1664 52 
 3 4.340 0.180 0.2988 0.0099 0.64 0.1310 0.0032  1700 33 1685 49 1714 49 
 4 3.957 0.110 0.2752 0.0090 0.76 0.1680 0.0016  1629 25 1567 46 1710 40 
 4 4.130 0.140 0.2854 0.0094 0.80 0.1713 0.0030  1660 27 1618 47 1731 38 
 4 4.339 0.100 0.3044 0.0084 0.51 0.1749 0.0029  1700 20 1713 41 1701 41 
 4 4.223 0.120 0.2941 0.0095 0.84 0.1605 0.0035  1678 23 1661 47 1698 37 
 4 4.342 0.110 0.3001 0.0083 0.79 0.1559 0.0031  1701 21 1692 41 1703 34 
 5 4.220 0.170 0.2923 0.0098 0.71 0.2584 0.0056  1677 35 1653 49 1706 51 
 5 4.109 0.140 0.2836 0.0078 0.61 0.2079 0.0050  1660 26 1609 39 1711 44 
 5 4.046 0.140 0.2890 0.0095 0.81 0.1669 0.0023  1643 28 1636 48 1669 43 
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Table D.1 continued 

  Measured ratios  Calculated ages (Ma) 

 Grain 
207Pb/
235U 

2 

S.D. 

206Pb/ 
238U 

2 S.D. Rho 
206Pb/ 
208Pb 

2 S.D.  
207Pb/
235U 

2 

S.D. 

206Pb/
238U 

2 S.D. 
207Pb/
207Pb 

2 S.D. 

 5 4.302 0.150 0.2971 0.0090 0.66 0.1488 0.0022  1693 29 1677 45 1719 44 
 5 4.316 0.160 0.3011 0.0099 0.79 0.1485 0.0047  1696 31 1697 49 1687 44 
 6 4.190 0.180 0.2899 0.0089 0.46 0.1269 0.0035  1670 34 1641 44 1719 57 
 6 4.435 0.160 0.3108 0.0094 0.32 0.1079 0.0019  1719 29 1745 46 1686 56 
 6 4.563 0.160 0.3088 0.0099 0.11 0.1019 0.0026  1742 28 1734 49 1721 55 
 6 4.120 0.180 0.2856 0.0120 0.87 0.0925 0.0015  1658 35 1619 59 1728 45 
 6 4.230 0.170 0.2884 0.0086 0.11 0.0992 0.0024  1678 33 1633 43 1724 48 
 7 4.300 0.180 0.2994 0.0110 0.81 0.0688 0.0021  1692 34 1688 56 1703 50 
 7 4.297 0.160 0.2986 0.0094 0.63 0.1074 0.0026  1692 31 1684 46 1708 49 
 7 3.890 0.160 0.2809 0.0100 0.76 0.1413 0.0033  1610 34 1595 51 1632 52 
 8 4.281 0.110 0.2943 0.0092 0.59 0.1201 0.0018  1689 22 1663 46 1727 44 
 8 4.269 0.110 0.2963 0.0086 0.73 0.1209 0.0022  1687 21 1673 43 1709 33 
 8 4.290 0.140 0.2920 0.0088 0.83 0.1258 0.0025  1690 26 1651 44 1723 36 
 8 4.242 0.120 0.3005 0.0089 0.75 0.1144 0.0015  1681 23 1694 44 1666 39 
 8 4.304 0.120 0.2996 0.0092 0.70 0.1302 0.0025  1697 23 1689 46 1702 41 
 9 3.996 0.160 0.2859 0.0096 0.77 0.4230 0.0160  1632 32 1620 48 1656 49 
 9 4.330 0.190 0.3030 0.0130 0.86 0.3000 0.0320  1698 37 1707 66 1701 50 
 9 4.280 0.160 0.3022 0.0091 0.77 0.2440 0.0110  1688 32 1702 45 1697 44 
 9 4.150 0.160 0.2944 0.0100 0.76 0.2820 0.0110  1663 32 1663 51 1686 47 
                

EV17-

03 
1 4.172 0.150 0.2938 0.0091 0.80 0.3859 0.0064  1668 29 1660 45 1671 44 

 1 4.050 0.180 0.2879 0.0110 0.94 0.4079 0.0060  1642 36 1630 55 1647 42 
 1 4.126 0.140 0.2932 0.0083 0.74 0.2617 0.0040  1659 28 1658 41 1665 46 
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Table D.1 continued 

  Measured ratios  Calculated ages (Ma) 

 Grain 
207Pb/
235U 

2 

S.D. 

206Pb/ 
238U 

2 S.D. Rho 
206Pb/ 
208Pb 

2 S.D.  
207Pb/
235U 

2 

S.D. 

206Pb/
238U 

2 S.D. 
207Pb/
207Pb 

2 S.D. 

 1 4.270 0.180 0.2926 0.0095 0.83 0.2668 0.0037  1686 34 1662 44 1716 37 
 1 4.280 0.170 0.2985 0.0100 0.81 0.3574 0.0080  1688 34 1683 51 1677 47 
 1 4.138 0.160 0.2925 0.0110 0.84 0.3554 0.0088  1666 34 1663 49 1653 44 
 2 3.934 0.140 0.2831 0.0099 0.80 0.6040 0.0120  1620 29 1607 49 1640 47 
 2 4.059 0.160 0.2887 0.0098 0.59 0.3940 0.0120  1650 33 1634 49 1665 48 
 2 4.119 0.150 0.2951 0.0093 0.67 0.4152 0.0087  1658 29 1667 46 1665 48 
 2 4.570 0.400 0.3190 0.0270 0.91 0.3490 0.0140  1756 77 1780 130 1736 65 
 2 4.060 0.180 0.2832 0.0110 0.70 0.3262 0.0081  1644 35 1607 53 1700 48 
 3 4.071 0.140 0.2890 0.0084 0.75 0.3163 0.0047  1648 28 1636 42 1671 45 
 3 4.099 0.160 0.2886 0.0091 0.60 0.2859 0.0033  1653 32 1634 45 1657 53 
 3 4.178 0.150 0.2860 0.0088 0.47 0.3507 0.0078  1673 31 1621 44 1721 45 
 3 4.170 0.150 0.2916 0.0098 0.74 0.3684 0.0049  1672 33 1649 49 1677 49 
 3 4.188 0.160 0.2912 0.0091 0.73 0.3905 0.0064  1675 28 1647 45 1689 48 
 3 4.075 0.140 0.2860 0.0081 0.36 0.4500 0.0100  1649 29 1621 41 1674 49 
 5 4.290 0.170 0.2930 0.0098 0.73 0.4907 0.0053  1690 32 1656 49 1728 46 
 5 4.208 0.160 0.2931 0.0100 0.85 0.5730 0.0120  1675 30 1657 50 1700 40 
 5 4.215 0.150 0.2948 0.0095 0.80 0.5190 0.0110  1677 28 1665 47 1666 42 
 5 4.334 0.160 0.3045 0.0089 0.81 0.5190 0.0150  1699 30 1713 44 1693 44 
 5 4.117 0.150 0.2951 0.0099 0.87 0.7010 0.0130  1657 30 1667 49 1655 44 
 5 4.130 0.160 0.2931 0.0091 0.58 0.5140 0.0220  1660 30 1657 45 1678 55 
 6 4.100 0.150 0.2927 0.0097 0.51 0.2910 0.0100  1654 30 1655 48 1663 52 
 6 4.130 0.170 0.2890 0.0098 0.72 0.2986 0.0075  1659 34 1636 49 1677 50 
 6 4.289 0.160 0.2956 0.0095 0.59 0.2732 0.0032  1691 30 1669 47 1719 51 
 6 4.041 0.150 0.2884 0.0079 0.57 0.2713 0.0056  1642 29 1633 40 1657 50 
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Table D.1 continued 

  Measured ratios  Calculated ages (Ma) 

 Grain 
207Pb/
235U 

2 

S.D. 

206Pb/ 
238U 

2 S.D. Rho 
206Pb/ 
208Pb 

2 S.D.  
207Pb/
235U 

2 

S.D. 

206Pb/
238U 

2 S.D. 
207Pb/
207Pb 

2 S.D. 

 7 4.141 0.160 0.2941 0.0090 0.77 0.4157 0.0097  1662 31 1662 45 1683 46 

EV17-

03 
7 4.201 0.160 0.2951 0.0097 0.93 0.3826 0.0088  1674 30 1666 48 1693 40 

 7 4.076 0.150 0.2914 0.0081 0.64 0.5046 0.0093  1649 30 1649 40 1658 49 
 7 4.184 0.160 0.2940 0.0110 0.80 0.3900 0.0160  1670 31 1661 55 1684 54 
 7 4.187 0.150 0.2978 0.0097 0.72 0.3430 0.0110  1674 31 1680 48 1670 47 
 8 4.210 0.180 0.2938 0.0100 0.72 0.1416 0.0031  1675 34 1660 52 1697 54 
 8 4.030 0.160 0.2914 0.0098 0.81 0.2392 0.0059  1640 33 1648 49 1649 52 
 8 4.212 0.150 0.2951 0.0080 0.69 0.2050 0.0046  1676 28 1667 40 1689 46 
 8 3.970 0.160 0.2891 0.0100 0.42 0.1867 0.0067  1628 33 1636 52 1646 45 
 8 4.115 0.160 0.2917 0.0100 0.72 0.1015 0.0017  1657 31 1650 52 1688 49 
 9 4.085 0.150 0.2867 0.0098 0.60 0.4012 0.0095  1651 30 1624 49 1709 57 
 9 4.480 0.190 0.3100 0.0130 0.77 0.5090 0.0120  1726 35 1742 63 1741 57 
 9 4.240 0.250 0.2924 0.0110 0.62 0.4668 0.0082  1688 51 1653 55 1761 89 
 9 4.130 0.170 0.2915 0.0088 0.76 0.4191 0.0074  1660 34 1649 44 1682 44 
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Figure D.1 Spot ages and Wetherill plots for sample EV17-01 grains M1-M3. 
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Figure D.2 Spot ages and Wetherill plots for sample EV17-01 grains M4-M6. 
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Figure D.3 Spot ages and Wetherill plots for sample EV17-01 grains M7-M8.
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Figure D.4 Spot ages and Wetherill plots for sample EV17-02 grains M4-M6. 
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Figure D.5 Spot ages and Wetherill plots for sample EV17-02 grains M1-M3 
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Figure D.6 Spot ages and Wetherill plots for sample EV17-02 grains M7-M9. 
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Figure D.7 Spot ages and Wetherill plots for sample EV17-03 grains M1-M3 
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Figure D.8 Spot ages and Wetherill plots for sample EV17-03 grains M5-M7.
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Figure D.9 Spot ages and Wetherill plots for sample EV17-03 grains M8-M9. 


