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ABSTRACT 

The Wet Mountains, southern Colorado, expose Mesoproterozoic metamorphic and magmatic 

rocks that record the early deformational history of the east-central continental USA. An increase 

in metamorphic grade from northwest to southeast indicates that these lithologies represent an 

exposed cross-section through a tilted crustal block. Of particular interest to the geological 

history of the region are Cu- and Zn-bearing metamorphic rocks adjacent to the San Isabel A-

type granite, situated in the southern Wet Mountains. Previous studies of these units have 

focused on the timing of base metal mineralization, although the pressure–temperature (P–T) 

conditions of equilibration and age (t) of metamorphism are unknown. Conventional 

thermobarometry and phase diagram-based thermodynamic modeling of metapelitic and 

metacarbonate rocks indicates P–T conditions of metamorphism within the upper amphibolite 

facies (~700 °C) at middle-crustal pressures (~6 kbar). These data implies a geothermal gradient 

of ~30–35 °C/km, which is typical of metamorphism in the core of a deforming orogen, although 

they mostly lack the foliated microstructures that often characterize regionally metamorphosed 

lithologies. In-situ U–Pb geochronology of monazite within sapphirine-bearing metasediments 

and garnet-biotite schist indicate that peak P–T conditions were reached at c. 1.36–1.34 Ga. 

These units are slightly younger than nearby lithologies situated outside of the thermal aureole 

(c. 1.43–1.39 Ga), but approximately the same age as the intrusion itself (c. 1.37–1.36 Ga). 

These rocks are thus interpreted to be of contact metamorphic origin, in contrast to those found 

elsewhere in the Wet Mountains, which do display prominent foliations and ductile deformation 

features indicative of regional metamorphism. However, as the temperature of emplacement and 

crystallization of the San Isabel granite is unlikely to have exceeded ~800–850 °C, these rocks 

document an unusual occurrence of normally granulite-facies and (ultra)high-temperature 

metamorphic minerals (e.g. sapphirine, corundum, orthopyroxene, and spinel) stabilizing at 

lower grade, potentially due to substitution of minor elements. Thus, caution must be used when 

using such parageneses as field indicators of geodynamic settings associated with extreme heat 

flow, such as continental rifting and/or voluminous emplacement of dry, mafic magma. 
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CHAPTER 1 

INTRODUCTION 

Metamorphism is the process by which rocks respond to changes in physico-chemical 

conditions, such as pressure (P), temperature (T), or coexisting fluid composition (X), in a more-

or-less solid state (Buerger and Washken, 1947; Korzinskii, 1959; Treloar and O’Brien, 1988; 

Sandiford et al., 1998). These responses can alter a rock’s mineral assemblage via reaction 

between pre-existing phases, or its texture via static or dynamic recrystallization, changing the 

size, shape, or orientation of particular minerals (Urai et al., 1986; Möller et al., 2003). Careful 

examination of these changes at the thin section, hand sample, and/or outcrop scale can be used 

to deduce the tectonic evolution of a geological terrane (Bohlen, 1987; Hodges, 1991; Spear, 

1995; St-Onge et al., 2013). In addition, metamorphic rocks have unique value in representing 

windows into the subsurface – far deeper than can be reached by mining operations and 

boreholes – and provide quantitative constraints on geological conditions within the Earth, such 

as geothermal gradients that characterize particular geodynamic regimes, both today and in the 

past (e.g. Smith and Griffin, 2005; Palin and Dyck, 2018; Li et al., 2018). 

This research project considers a suite of petrologically diverse metamorphic rocks exposed 

within the southern Wet Mountains, south–central Colorado, which are currently located in close 

proximity to the Mesoproterozoic (c. 1.36 Ga) San Isabel A-type granite intrusion. While 

metamorphic rocks from the central and northern Wet Mountains have been studied in detail in 

the past, those from the study area in the south are largely undocumented. In this region, 

metasedimentary lithologies containing sapphirine are focused upon, owing to its rarity in 

metamorphic rocks worldwide and its potential usefulness as an indicator of (ultra)high-

temperature thermal conditions in the crust (Kelsey, 2008; Kelsey and Hand, 2015), although a 

range of lithotypes have been examined concurrently. Despite much study in recent years, key 

questions about the ages and evolution of metamorphic and magmatic rocks in the Wet 

Mountains are unresolved (cf. Taylor et al., 1984: Cullers et al., 1992; Siddoway et al., 2010; 

Jones et al., 2010; Levine et al., 2013), which have important implications for understanding the 

stability of metamorphic mineral assemblages in different geological environments, and 

regional-scale consequences for competing broad-scale lithospheric models of the geological 

evolution of the central USA since the Late Paleoproterozoic. 
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1.1 Sapphirine and (ultra)high-temperature metamorphism 

Metamorphic rocks are commonly categorized in terms of the absolute P–T conditions that 

they reach during orogenesis or intraplate tectonic activity – a classification known as the 

metamorphic facies system (Eskola, 1915);(Figure. 1.1). However, the geodynamic 

environments in which they form, and so the geological processes responsible for their genesis, 

are often better constrained by the P–T gradient along which peak conditions lie (e.g. Brown, 

2007; Palin and White, 2016). For example, metamorphism of subducted oceanic crust occurs 

along geothermal gradients between ~15 °C/kbar and ~35 °C/kbar, depending on factors such as 

slab age, slab dip angle, and convergence rate (Figure. 1.2; Peacock, 2003). Metamorphism of 

crustal materials involved in continental collision (i.e. regional metamorphism) is typically 

characterized by moderate geothermal gradients of ~35–75 °C/kbar (Figure. 1.2; Palin et al., 

2012), and metamorphism along high or ultrahigh geothermal gradients, where elevated 

temperatures are reached at relatively low lithostatic pressures (cf. > to >>75 °C/kbar; Figure. 

1.2) typically characterize contact metamorphism (e.g. Martin, 1993; Weller et al., 2013). In the 

latter cases, a source of heat (e.g. magma) must be brought directly against a relatively cool rock 

at medium to shallow crustal levels (Pattison, 1992), although other geological processes may 

theoretically be able to produce unusually hot crust at these low-pressure conditions (cf. Kelsey, 

2008). 

The interpretation that metamorphic rocks can reach (and sustain) absolute temperatures 

exceeding ~900 °C at relatively shallow depths within the continental crust represents a 

relatively recent development in the petrological community (Harley, 1998), although is now 

unequivocal based on mineral assemblages with stability ranges that have been constrained 

experimentally (Hokada and Arima, 2001). Such metamorphic rocks are described as ultra-high 

temperature (UHT) and represent critical petrological evidence for extreme thermal events 

within the geological record (e.g. Kelsey and Hand, 2015). Certain metamorphic minerals are 

often found in UHT metamorphic rocks and have become known by many researchers as 

potentially diagnostic indicators of these conditions, including sapphirine [(Mg,Al)8(Al,Si)6O20] 

and osumilite [(K,Na)(Fe,Mg)2(Al,Fe)3(Si,Al)12O30] (Harley, 2008). Other metamorphic 

minerals, such as spinel, cordierite, corundum, and Al-rich orthopyroxene occur in sub-900 °C 
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rocks, but still record high-temperature metamorphism characteristic of the upper-amphibolite 

and granulite facies (White et al., 2014; Palin et al., 2016). Various mineral assemblages are 

characteristic of this 900 °C minimum temperature limit for extreme thermal metamorphism. The 

900 °C cutoff was originally defined by Harley (1989) based on orthopyroxene + sillimanite 

stability, which is a diagnostic assemblage for UHT metamorphism in Mg-poor pelites; however, 

experimental petrology shows that sapphirine + quartz only stabilizes at greater minimum 

temperatures of around 980 °C in Mg-rich pelites. As such, the coexistence of these minerals 

necessarily documents UHT metamorphism, although sapphirine or quartz can occur in stable 

equilibrium with other high-temperature minerals at lower-grade conditions, depending on the 

exact bulk composition of the rock in question. 

 

 

 

Figure 1.1 Metamorphic facies diagram delineating approximate pressure (P) and temperature 
(T) ranges at which key mineral facies stabilize (from Winter, 2010). Note that some facies span 
large ranges in linearized geothermal gradients and so are not inherently useful in determining 

geological\environments of formation, although place tight constraints on absolute P–T 
conditions of metamorphism. Typical geothermal gradients through stable continental crust are 

shown for reference, as is the fluid-saturated melting curve for granite and the Al2SiO5 
polymorph stability fields. The “Forbidden Zone” demarcates geothermal gradients <5 °C/kbar, 

which are not thought to be achievable within the Earth (Liou et al., 2000). 
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Figure 1.2 Metamorphic pressure–temperature (P–T) diagram showing the classification of 
ultrahigh-temperature metamorphism above 900 °C and at pressures below the sillimanite–

kyanite polymorphic transition (from Kelsey and Hand, 2015) 

 

1.2 Project Aims and Motivation 

Previous studies of metasedimentary rocks from the southern Wet Mountains, south–central 

Colorado, have reported sapphirine-, corundum-, spinel-, and orthopyroxene-bearing 

assemblages exposed in close proximity to the San Isabel granite (Raymond et al., 1980; Taylor 

et al., 1984; Sheridan and Raymond, 1984; Heimann et al., 2005), although the P–T conditions of 

their formation are unknown. Whether or not these assemblages formed before, during, or after 

magmatism is also uncertain, as no geochronological investigation into the metamorphic history 

of these country rocks has yet been performed, although equivalent age data exist for other 

metamorphic units in the central and northern Wet Mountains (see chapter 2). Given the 
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common occurrence of sapphirine and associated minerals in UHT terranes, key questions 

remain unanswered in relation to (1) the absolute P–T conditions recorded by these assemblages, 

(2) the age of metamorphism and its relation to magmatism in the area, if anything, and (3) the 

geological evolution of this part of the Wet Mountains. Specifically, it is unclear whether the 

rocks in question formed due to contact metamorphism – perhaps driven by emplacement of the 

San Isabel granite – or whether their mineral assemblages formed before (or after) magma 

emplacement and therefore represent regional metamorphic signatures. 

This research project thus has three simply defined and achievable objectives: 

1. Quantify the pressure–temperature (P–T) conditions which rocks from the San Isabel 

granite aureole reached during formation 

2. The absolute age (t) of metamorphism 

3. Integrate these new data with the P–T–t data reported in the Wet Mountains to refine its 

geological history and identify relationships between magmatism, metamorphism, 

and mineralization in the San Isabel area 

 

These objectives have been addressed by closely integrating field work, petrological 

examination, conventional- and phase diagram-based thermobarometry, and U–Pb 

geochronology of monazite, and provide important new insight into the geological history of the 

San Isabel region. The results of this work are presented below.  
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CHAPTER 2 

REGIONAL GEOLOGY AND PREVIOUS WORK 

2.1 Geological Background 

Four major Proterozoic crustal terranes dominate the central–southwestern region of the 

United States: from north to south, these are the Wyoming, Mojave, Yavapai, and Mazatzal 

Provinces (Mahan et al., 2013; Figure 2.1). The northernmost Wyoming Province represents an 

ancient Archean cratonic nucleus (c. 3.5–2.5 Ga: Frost et al., 1998) against which the three 

southern terranes were accreted during sequential ocean closure and collisional orogeny over a 

protracted period of time (Levine et al., 2013). 

The Yavapai Province is interpreted to represent a structurally complex amalgamation of 

juvenile arc terranes with Nd model ages of 2.0–1.8 Ga (Bennett and DePaolo, 1987) that 

accreted to the southeastern edge of the Wyoming craton at 1.78–1.70 Ga (Jones et al., 2010), 

forming a prominent deformational zone passing through Colorado, Arizona, and New Mexico 

(Figure 2.1). This event is known as the Yapavai orogeny. Exposed lithologies in this collision 

zone in the Colorado Front Range preserve upper amphibolite facies metamorphic rocks 

indicative of middle to deep crustal levels (e.g. Mahan et al., 2013). The final stages of this 

accretional orogeny are documented by syn- to post-orogenic granites that were emplaced 

throughout the belt at c. 1.70–1.65 Ga (Anderson and Cullers, 1999), likely a result of crustal 

thickening, heating, and partial melting of deeply buried metasedimentary lithologies. 

The Mazatzal Province, which lies further to the south, is thought to be a microcontinent 

that contains meta-igneous rocks with Nd model ages of c. 1.80–1.70 Ga (Bennett and DePaolo, 

1987). This crustal block was accreted to the southern edge of the Yapavai Province at c. 1.66–

1.60 Ga during the Mazatzal collisional orogeny (Amato et al., 2008). Deformational features 

directly related to this terrane accretion event can be observed a significant distance northwards 

within the Yapavai Province (Figure 2.1), and are demarcated by a southwest–northeast trending 

line termed the Mazatzal deformation front (Shaw and Karlstrom, 1999). More intense 

deformation, marking the position of the Yapavai–Mazatzal suture zone, passes through southern 

Colorado (the “transition zone”), in which the Wet Mountains outcrop (Figure 2.1). 
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Figure 2.1. Regional geologic map of the south–central USA. Precambrian uplifts (grey) and 
Mesoproterozoic granites (black) are shown. Major crustal provinces, transition zones, inferred 

boundaries and deformation fronts are also delineated (Jones et al., 2010). 
 

The Grenville Province, which lies south of the Mazatzal Province, fused to the southern 

edge of Laurentia no earlier than c. 1.25 Ga, based on the onset of emplacement of subduction-

related calc-alkaline magmas in the southern edge of the Mazatzal Province (Rivers, 2008). 



8 

 

However, in the intervening period between termination of the Mazatzal orogeny and initiation 

of the Grenville orogeny, much of Colorado (including the Wet Mountains) documents extensive 

metamorphism and magmatism at c. 1.50–1.35 Ga (e.g. Jones et al., 2010; Daniel et al., 2013). 

Exposures of voluminous c. 1.4 Ga granite plutons in the Rocky Mountains are commonly 

foliated (e.g., Aleinikoff et al., 1993) and spatially associated with ductile shear zones (e.g., 

Selverstone et al., 2000; Shaw et al., 2001; Jessup et al., 2006). Recently documented 

metasedimentary rocks with north-vergent fold-and-thrust geometries that formed at c. 1.45 Ga 

in New Mexico (Aronoff et al., 2013) imply that there may be a poorly understood orogenic 

event that affected the south-central USA during the Mesoproterozoic, which is now known as 

the Picuris orogeny. There is still debate as to the tectonic driving forces behind this event. 

Owing to the occurrence of rocks of this age (c. 1.4 Ga) in the Wet Mountains, their study offers 

a prime opportunity to decipher the tectonometamorphic processes that affected Colorado at this 

time in Earth history. 

 

2.2 Geological History of the Wet Mountains 

The Wet Mountains lie within the Yavapai Province, south of the Mazatzal deformation 

front (Figure 2.1) and contain a wide variety of metamorphic and magmatic lithologies. 

Together, they constitute an exhumed and tilted section through the Mesoproterozoic continental 

crust, which exhibits increasing metamorphic grade from the north-western to south-eastern 

sections (Jones et al., 2010). Aeromagnetic data reveal numerous southwest–northeast trending 

lineaments in the subsurface that have orientations consistent with structures developed 

throughout Colorado associated with the Yapavai and/or Mazatzal accretion events (Oshetski 

and Kucks, 2000), although previous geochronology in the region suggest that both 

metamorphism and magmatism have temporal affinity to the Picuris orogeny, as described 

below. Strong positive gravity anomalies across the region also suggest the presence of extensive 

mafic plutonic rocks in the shallow subsurface (Pardo et al., 2008), indicating that magmatism 

may have been more widespread than the current level of surface exposure implies. 

Most of the metamorphic basement in the region is dominated by metasedimentary and 

metavolcanic gneisses, interpreted to be strongly deformed juvenile arc crust, alongside rarer 

calc-silicate gneisses and mafic gneisses/amphibolites (Jones et al., 2010). Amphibole is 
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abundant in the region and records Ar–Ar cooling ages indicating that the current level of crustal 

exposure reached at least 500 °C at c. 1.4 Ga (Shaw et al., 2005). Evidence for partial melting 

and high-temperature metamorphism in the central and southern sections (e.g. Rattlesnake 

Gulch; Figure 2.2) have also been widely documented at the outcrop, hand sample, and thin 

section scale (Levine et al., 2013). 

 

 

Figure 2.2 Map of San Isabel County showing (a) the geology of the Wet Mountains with the 
study area marked by the red box and (b) location map of the San Isabel Area with both sample 
collection locations marked by brown circles: the Marion Mine and Amethyst Prospect. (after 

Raymond et al., 1980; Jones et al., 2010; Levine et al., 2013). 
 



10 

 

2.1.1 Northern section 

The northernmost section of the Wet Mountains exposes the only Paleoproterozoic 

intrusive rocks in the region, showing weak foliation and have gradational contacts with host 

felsic schist and gneiss. These comprise the c. 1.71 Ga Twin Mountain and Crampton Mountain 

plutons and the c. 1.66 Ga Garell Peak granodiorite pluton (Bickford et al., 1989: Figure 2.2). 

Younger granitoids (the West McCoy Gulch pluton: c. 1.46 Ga) have sharper cross-cutting 

contacts with adjacent country rock and have much weaker (if any) deformation features (Jones 

et al., 2010). Few constraints about the nature of Picuris-related metamorphism can be obtained 

from this part of the Wet Mountains, as the relatively shallow level of crustal exposure only 

records middle to upper crustal deformation (P < 5 kbar; Siddoway et al., 2010). 

 

2.1.2 Central section 

The central section of the Wet Mountains, between the Arkansas River and North 

Hardscrabble Creek, mostly exposes middle-crustal basement gneiss with rarer outcrops of 

amphibolite in Rattlesnake Gulch (Figure 2.2). These units have been studied by numerous 

workers owing to their potential for constraining metamorphic conditions and post-deformational 

cooling rates. The Rattlesnake Gulch amphibolite is comprised of hornblende, biotite, 

plagioclase with lesser amounts of apatite, oligoclase and magnetite (Boyer et al., 1962). This 

area has been dated via U–Pb zircon geochronology to be c. 1.43 Ga (Jones, 2015), although 

some grains show older cores recording evidence of a Paleoproterozoic protolith. These 

amphibolite units plunge strongly to the NNE. The basement felsic gneiss exhibits a well-

developed, penetrative biotite and quartz-defined foliation and was metamorphosed to 

amphibolite-facies conditions at 1.69–1.64 Ga (Jones, 2005). Minor degrees of discordance in 

these data were interpreted by Jones (2005) to represent an extended period of heating that may 

have post-dated peak metamorphism, potentially by emplacement of unexposed granitoid 

magmas at greater crustal depths. Alongside the metamorphic host lithologies, the central section 

of the Wet Mountains exposes the Oak Creek pluton, which was emplaced at 1.44 ± 0.01 Ga (U–

Pb zircon: Bickford et al., 1989). This pluton is noted as being “a complex, early, coarse-

grained, foliated, two-mica granodiorite to monzogranite” (Bickford et al., 1989) that has clear 

temporal and petrological affinity with the West McCoy Gulch pluton to the northwest. 
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2.1.3 Southern section 

The southern section of the Wet Mountains, which represents the focus area of this 

research, is more lithologically diverse than the central and northern sections. Siddoway et al. 

(2000) described two separate suites of presumed Mesoproterozoic granitoids in this region that 

are primarily exposed as networks of sills and dikes, whereas the youngest intrusion in the entire 

range is the San Isabel granite pluton. This is an extensive body with an exposed area of ~10 km 

by 30 km, and is a largely undeformed hornblende–biotite monzogranite that crystallized at 1.36 

± 0.007 Ga (Bickford et al., 1989). It most likely formed in an anorogenic tectonic setting from 

either partial melting of a tonalite or a calc-alkaline basalt, as suggested by a weak Eu anomaly 

indicating a mafic source rock (Cullers et al. 1992). The depth of emplacement has been 

constrained by Al-in-hornblende barometry to be ~17–23 km (Cullers et al., 1992). Other large 

magmatic bodies occur in the region, including the Williams Creek Granite, located southwest of 

the San Isabel pluton, which is a coarse-grained porphyritic granite (Boyer et al. 1962). U–Pb 

zircon geochronology indicate an age of 1.49 ± 0.04 Ga (Bickford et al., 1989), indicating that it 

has temporal affinity to the Oak Creek and West McCoy Gulch plutons in the central and 

northern sections of the Wet Mountains. 

 

2.3 Previous Work on Metamorphic Units in the San Isabel Granite Aureole 

Metamorphic country rock within the immediate vicinity of the San Isabel pluton has been 

studied in moderate detail by USGS geologists in the middle- to late-1980s (Tweto et al., 1977, 

Taylor et al., 1984, Bickford et al., 1989), but by few researchers since. Detailed petrographic 

observations were made from units in this region by USGS geologists with the intention of 

quantifying the grade and extent of Pb and Zn mineralization, although quantitative 

thermobarometry has not yet been performed, and so the P–T conditions of equilibration are 

unconstrained. These mines are reported to be stratabound base-metal sulfide deposits, which 

makes presence of sapphirine quite peculiar. Precambrian sulfide deposits are found throughout 

Colorado with the majority of these deposits forming around 1700 Ma (Tweto, 1977). 

Mineralization is localized to the calc-silicate layer and appear as lens within the granite (Boyer., 

1963). Typical sulfides include chalcopyrite, galena and sphalerite. Sapphirine-bearing 

metasediments have been documented by numerous workers from exposures in the Amethyst 
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Prospect and Marion Mine localities (Figure 2.2), both of which lie within 500 m of the interpreted 

granite–country rock contacts, although the three-dimensional relationships between these blocks 

of metamorphic country rock and the intrusion itself are uncertain. Poor exposure in the field area 

limits the potential for mapping of the morphology and nature of this contact, such that it is unclear 

as to whether these blocks represent roof pendants, kilometer-scale xenoliths, or protrusions 

upwards from the pluton floor. 

Model age data on galena in strongly mineralized metavolcanics units produced a Pb–Pb 

age of c. 1.77 Ga (Tweto, 1977), which predates the intrusion age of the San Isabel granite by over 

400 Mya. No geochronology of metamorphic minerals in these country rocks (e.g. monazite or 

zircon) has been performed to date. As such, the geological context and reliability of this 

mineralization age (i.e. the extent to which the rocks were affected by contact metamorphism due 

to San Isabel granite emplacement and may have experienced isotopic resetting) are unknown. 

These issues are directly addressed in this research.  
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CHAPTER 3 

ANALYTICAL METHODS 

Forty samples of metamorphic and magmatic rocks were collected during two field seasons, June 

2017 and July 2018, in the Wet Mountains. Of these, nine lithologies were focused on in more 

detail to provide quantitative constraints on the P–T conditions and age of metamorphism (cf. 

project objectives 1 and 2). Procedures for the analytical techniques employed are outlined below 

and results are given in chapter 4. 

3.1. Fieldwork and Sample Collection 

Both field sessions conducted in the summers of 2017 and 2018 allowed sample 

collection from the Marion Mine and Amethyst Prospect localities, which are situated within the 

San Isabel contact metamorphic aureole (Figure 2.2). While exposure is very poor in the Wet 

Mountains due to extensive forestation, the former locality exposes large sequences of bedrock 

in cliff sections along Amethyst Creek. These provide the valuable opportunity to examine 

lithostratigraphic relations between some key rock types collected in-situ and from spoil heaps 

nearby. Simplified maps showing sample localities for each site, where applicable, are shown in 

Figures 3.1 and 3.2. Field photographs of workings and key samples are shown in Figure 3.3. 

 

Figure 3.1. Schematic outcrop map of the Marion Mine locality. Samples were collected 
at locations marked by red stars. Basemap from Google Earth. 
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Lithologies collected from the Marion Mine locality were mostly sampled from a ~150-

meter-tall cliff face directly above the old working adit (Fig. 3.3a and 3.3b). Other samples were 

collected from spoil heaps situated at the base of this cliff, associated with the main underground 

workings, and a smaller adit located 100 m directly above. No investigation was made of the 

exposed cuttings inside either adit due to safety concerns, although the samples situated in both 

spoil heaps are confidently assumed to have been removed from the adjacent country rock, so 

representing the geology of the region. Figure 3.3e and 3.3f show the variability of the rock types 

as seen in the field. Figure 3.3a shows the abandoned cabin and adit at the Amethyst Prospect. 

Samples from the spoil heaps show the variability of the samples such as the spinel-corundum-

sapphirine (Fig. 3.3b) along with evidence for partial melting (Fig. 3.3c).  Outcrop-scale 

structures recording partial melting (i.e. leucosomes and in-situ peritectic clinopyroxene growth) 

attest to the high-temperature conditions reached (e.g. Fig. 3.3e). 

 

Figure 3.2. Schematic outcrop map of the Amethyst Prospect. Samples were collected 
from the spoil heap northwest of an abandoned cabin, which is connected to the old 

mineshaft/adit. Basemap from Google Earth. 

 

Exposure of bedrock at the Amethyst Prospect is minimal, which comprises mostly an 

old mine opening, abandoned cabin, and spoil heap. Nonetheless, some metasediments appeared 

to occur as large (>1–10 m) blocks, presumably in-situ. Other lithologies were collected from the 

spoil heap, which is again assumed to sample the rock types existing immediately beneath the 

surface, and thus within the metamorphic aureole of the San Isabel granite. 
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Figure 3.3. Field photos from the Amethyst Prospect and Marion Mine. a) Photo taken of the Amethyst Prospect and abandoned 
mining cabin. Samples in this locality were collected from the adjacent spoil heaps. b) Field sample of a nodular spinel-corundum-

sapphire bearing metapelite at the Amethyst Prospect. c) Granitic hand sample showing magmatic textures at the Amethyst Prospect. 
d) Field photograph of the Marion Mine. Samples in this locality were collected from cliffs behind these abandoned workings. e) Field 
scale photograph of clinopyroxene in a quartz and plagioclase dominated leucosome. f) Gneiss showing relic foliations and leucosome 

in inundating the center of the sample at the Marion Mine. 
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3.2 Optical Microscopy 

Forty samples were collected from both field locations and at least one thin section was 

produced from each to characterize the mineral content and microstructural relationships within. 

This information was used to determine a subset of nine samples that were subject to 

microanalytical techniques to provide quantitative constraints on the conditions and timing of 

metamorphism in the region, as detailed below. Optical examination 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. Full-section unpolarized light images of key lithologies 

are shown in Appendix A, which were acquired using a modified Nikon Coolscan IV 35-mm 

film scanner. 

 

3.3 Bulk-rock Geochemistry (XRF and ICP-MS) 

Bulk-rock compositions were determined for samples 17SIMM01 (amphibolite), 

17SIMM02 (garnet-biotite gneiss), 17SIMM04 (calc-silicate), 17SIAP02 (high-Mg 

metasediment), 17SIAP04 (calc-silicate), 17SIAP09 (high-Mg metasediment), 

18SIMM01(garnet-cordierite gneiss), and 18SIMM07 (San Isabel granite) by combined X-ray 

fluorescence (XRF) (major elements) for bulk-rock geochemistry and inductively coupled mass 

spectrometry (ICP-MS) (minor and trace elements) by Actlabs in Ontario, Canada. This range 

represents the full lithological diversity encountered in the field area, although it remains 

possible that other key rock types were not identified during either field season. Individual trace 

element collection methods are given in Appendix B.  

Preparation for bulk-rock geochemical analyses involved sequential cleaning, crushing, 

and powdering of samples at the Colorado School of Mines Rock Preparation Laboratory. 

Representative hand samples of mass ~1 kilogram were initially cleaned of oxidized or dirty 

material on their outer surfaces, or along internal fractures, and were then crushed using a 

RockLabs Boyd Crusher. The resulting material was divided into four equal fractions, with two 

of these fractions 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 as outlined in Appendix B. 
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Each rock crushing and milling apparatus, and all moving parts, were thoroughly cleaned 

before and after use for each sample as to avoid cross-contamination. 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. 

Compositional analysis was performed on this homogenous mass via X-ray fluorescence (XRF) 

and inductively coupled plasma mass spectrometry (ICP-MS). Full bulk-rock compositions and 

individual element detection limits are given in Appendix B. 

 

3.4 Mineral Compositions (FE-SEM and EPMA) 

Major-element compositions of minerals in six samples (17SIMM01 – amphibolite; 

17SIMM02 – garnet-biotite gneiss; 17SIAP02 and 17SIAP09 – high-Mg metasediment; 

17SIMM04 and 17SIAP04 – metacarbonate) were obtained via a combination of the energy-

dispersive spectrometry (EDS) using the field-emission scanning electron microscope (FE-SEM) 

reconnaissance and electron probe microanalysis (EPMA). Following optical examination of thin 

sections, a TESCAN MIRA3 LMH Schottky FE-SEM housed in the Department of Geology and 

Geological Engineering, Colorado School of Mines, was utilized to obtain semi-quantitative 

compositions and examine microstructural relationships between major minerals in each rock 

type. The FE-SEM is equipped with a Bruker XFlash Silicon Drift Detector for energy-

dispersive spectrometry. Analysis was initiated using the control program EDX. The results from 

these analyses were used as guides for spot placement during EPMA sessions, which were 

performed at the Microbeam Laboratory at the United States Geological Survey (USGS) Denver 

office. The matrix and peak correction used for data attained is the Phi-Rho-Z method which was 

applied through the software. 

Quantitative EPMA work was performed on a JEOL 8900 microprobe and a JEOL 5800 

LV scanning electron microscope (SEM) operating at a 15 keV acceleration voltage and with a 

beam size of 20 μm. On average, eight to ten spot analyses were taken from multiple grains of 

each mineral group in each sample, which allowed the extent of inter- and intra-grain 

compositional variation to be determined. Elements analyzed comprise Si, Ti, Zn, Al, Fe, Cu, 
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Mn, Mg, Ca, Na, K, S, Cl, F, and O. The following element specific standards were used during 

EPMA investigations: Si in orthoclase (USGS-Menlo #5 – 168) and Kakanui Pyrope, Ti in pure 

rutile, Zn in gahnite, Al in Miyake Anorthite, Fe in synthetic fayalite, synthetic magnetite and 

almandine, Cu in chalcopyrite, Mn in spessartine, Mg in Spring Water olivine, Ca in Miyake 

Anorthite, Na in Tiburon Albite, K in Or-1A Orthoclase (USGS-Menlo #5-168), S in pyrite, Cl 

in sodalite and F in fluorite. A ZAF correction was applied to all analyses. 

Biotite, amphiboles, potassium felspar, corundum, sapphirine, spinel, magnetite, garnet, 

clinohumite, calcite, dolomite, rutile, and olivine were all determined using the EPMA. Mineral 

composition data were provided as weight-percentages of elements and oxides were converted to 

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

recalculation procedure employed Excel spreadsheets and/or the program AX (Holland, 2009), 

which also provided an estimation of Fe3+/Fetotal based on charge-balance procedures. 

 

3.5. U–Pb Monazite Geochronology (Automated Mineralogy and LA-ICP-MS) 

Radiogenic isotope geochronology was performed to constrain the age of monazite growth 

in samples 17SIAP02, 17SIAP09 (high-Mg metasediment) and 17SIMM02 (garnet-biotite gneiss). 

A Tescan integrated mineral analyzer (TIMA), which utilizes backscatter electron (BSE) imaging 

and energy-dispersion x-ray spectroscopy (EDS) to identify and map mineral abundance in two-

dimensions, was used to locate and characterize monazite in each sample. This was performed 

using the ‘bright phases scan’ function on the TIMA over a grid with a pixel size of 5 μm. Figures 

3.4, 3.5, 3.6 and 3.7 show the locations of monazite grains over 40 μm in diameter, as located using 

this technique. A minimum grain diameter limit 40 μm was selected for subsequent 

geochronological analysis to allow for multiple spots to be placed on single grains, and to allow 

minimum laser ablation spot sizes (~10–15 μm) needed to produce measurable count rates for U 

and Pb isotopes. 

Following monazite identification, age data were acquired using laser-ablation 

inductively coupled plasma mass spectrometry (LA-ICP-MS) at the USGS Crustal Geophysics 

and Geochemistry Science Center in Denver, Colorado. Analyses were conducted in-situ to 

preserve textural context on an Agilent 7500ce quadrupole ICP-MS coupled with an ESI 
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NWR193 laser-ablation system equipped with the TwoVol2 ablation cell. Laser ablation was 

performed using a 2–5 μm spot size, 5–10 Hz frequency, and 2.4 J/cm2 fluence. Twenty-second-

long background measurements were followed by a 30 s ablation time and 20 s wash-out period. 

All isotopic data were normalized to the monazite reference materials 3345 (Stern and Berman, 

2001; 207Pb/206Pb TIMS age = 1821.0 ± 0.6 Ma) and 44069 (Aleinikoff et al., 2006; U–Pb ID‐
TIMS age = 424.9 ± 0.4 Ma), and U, Th, and Pb concentrations were determined with respect to 

known concentrations in NIST610 glass (Pearce et al., 1997). Data processing and uncertainty 

propagation were performed using an in-house Excel spreadsheet. All U–Pb sample data were 

interpreted using Isoplot Microsoft Excel add-in (Ludwig, 2003) to produce Wetherill plots and 

weighted averages, as shown in chapter 5 
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Figure 3.4. 17SIAP09 TIMA bright phase search scans showing monazites, labeled with red dots, larger than 40 μm in diameter. The 
unlabeled, large dull-grey mineral in the bottom-left corner is allanite. 
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Figure 3.5. 17SIAP02 TIMA bright phase search scans showing monazites, labeled with red dots, larger than 40 μm in diameter. 
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Figure 3.6.  17SIMM02 TIMA bright phase search scans showing monazites, labeled with red dots, larger than 40 μm in diameter. 
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Figure 3.7. 18SIAP02 TIMA bright phase search scans showing monazites, labeled with red dots, larger than 40 μm in diameter
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CHAPTER 4 

PETROLOGY AND GEOCHEMISTRY 

Two field seasons were conducted in the Wet Mountains, with sample numbers prefixed 

by 17- and 18- collected during trips taken in 2017 and 2018, respectively. The initial trip 

focused on sample collection from the two major deposits/exposures in the region (Amethyst 

Prospect and the Marion Mine), whereas the return trip aimed to re-examine both outcrops and 

make additional field measurements to better understand the relationship between the country 

rocks and the San Isabel granite pluton, although no new metamorphic rock types were collected 

form the Marion Mine or Amethyst Prospect. As such, key petrographic observations are 

reported from some 18- prefixed samples that expand on those made from the 17- prefixed set, 

but no new mineral composition data were collected. While a sample of San Isabel granite was 

collected, it was not analyzed here, as the focus of this research is on the metamorphic units. Ten 

metamorphic samples are described in detail here (Table 4.1), which comprise the complete 

range of lithological variation observed in the field. Representative mineral compositions for 

Marion Mine samples are given in Table 4.2, and those from Amethyst prospect samples are 

given in Table 4.3. 

Table 4.1. Key samples collected from the Marion Mine and Amethyst Prospect. 

 

4.1 Petrology and Mineral Chemistry 

4.1.1 Marion Mine 

Lithologies collected in cliff faces and spoil heaps at the Marion Mine locality comprise 

metabasites (amphibolite), various metasedimentary rocks (garnet-biotite gneiss, garnet-

cordierite gneiss, and calc-silicates), and undeformed San Isabel granite. However, despite 

Lithology Marion Mine Amethyst Prospect 

Amphibolite 17SIMM01 – 
High-Mg metasediment – 17SIAP02/17SIAP09 
Garnet-biotite gneiss 17SIMM02 – 
Calc-silicate 17SIMM04 18SIAP04 
Metacarbonate/marble – 17SIAP04 

Garnet-cordierite gneiss 18SIMM01 18SIAP02 
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reports by previous workers (Raymond et al., 1980), no high-Mg sapphirine-bearing 

metasediments were identified at this site. 

 

4.1.1.1 17SIMM01 – Amphibolite 

Sample 17SIMM01 contains clinoamphibole (~60%), plagioclase (~30%), biotite (~5–

7%), magnetite (~1%), and accessory apatite and zircon. It contains no dominant foliation or 

lineation, having a coarse-crystalline granoblastic texture. Amphibole forms porphyroblast-like 

grains ~2 mm in diameter that often occur together in larger clusters up to ~8 mm in diameter 

(Fig. 4.1). These amphiboles have Si = 6.19–6.35 apfu (for a 23-oxygen calculation), Na+K (A-

site) = 0.41–0.57, and XMg = Mg/(Mg+Fe2+) = 0.70–0.74 (Table 2), and are thus group-2 

pargasite/tschermakite based on the classification scheme of Leake et al. (1997, 2004). Matrix 

plagioclase forms subhedral grains ~0.1–0.2 mm in diameter and has XCa = Ca/(Ca+Na+K) = 

0.51–0.60, and is thus labradorite. Some grains show partial sericitization (Fig. 4.1a), likely 

owing to retrograde fluid-mediated alteration. Biotite grains do not show any preferred 

orientation (Fig. 4.2b) and have compositions Ti = 0.27–0.29 apfu (for 11 oxygens) and XMg = 

0.54–0.59. There are no measurable halogens in either mica or amphibole in this sample. 

Magnetite forms anhedral grains that are widely distributed in the matrix and are commonly in 

close spatial association with biotite (Fig. 4.1a). 

Figure 4.1. Plane-polarized light (PPL) photomicrographs of amphibolite sample 17SIMM01 
showing (a) hornblende porphyroblasts surrounded by a plagioclase- and quartz- matrix with 

accessory magnetite, and (b) minor biotite closely associated with magnetite. 
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Figure 4.2. Amphibole classification diagram for group-2 calcic amphiboles with (Na+K)A <0.5 
(a) and (Na+K)A >0.5 (b) (Leake et al. 1997 and 2004). 
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4.1.1.2 17SIMM02 – Garnet-biotite gneiss 

Sample 17SIMM02 contains garnet (~10%), plagioclase (~40%), biotite (~15%), quartz 

(~35%), ilmenite (~2%) and accessory monazite, apatite, and zircon. It contains no clear foliation 

or lineation, having a granoblastic texture. Garnet forms as porphyroblasts typically ~10 mm in 

diameter that often are highly fractured and partially replaced by biotite at their rims (Fig. 4.3a). 

Compositional analysis of core and rim domains shows a lack of internal zoning, with a 

composition Alm0.63Prp0.14Sps0.13Grs0.07, where Alm = almandine = Fe2+/(Fe2++Mg+Ca+Mn), 

Prp = pyrope = Mg/(Fe2++Mg+Ca+Mn), Grs = grossular = Ca/(Fe2++Mg+Ca+Mn), and Sps = 

spessartine = Mn/(Fe2++Mg+Ca+Mn). Such a lack of compositional zoning is typical of grains 

that have experienced high-temperature metamorphism, allowing for intracrystalline diffusional 

relaxation of compositional gradients acquired during growth (Caddick et al., 2010). Matrix 

plagioclase forms subhedral grains ~0.1–0.2 mm in diameter and has XCa = 0.34–0.41, and is 

thus andesine. Some grains show partial sericitization (Fig. 4.3a), likely owing to retrograde 

fluid-mediated alteration. Biotite grains do not show any preferred orientation and have Ti = 

0.23–0.25 apfu (11-oxygens), XMg = 0.49–0.51, and Cl = 0.02–0.03 apfu and F = 0.30–0.42 

apfu (Table 4.2). Compositions given in terms of Fe, Al, and Mg contents are shown in Fig. 4.4, 

revealing that grains from both 17SIMM01 and 17SIMM02 lie just to the Fe-rich side of the 

dividing line between annite and phlogopite (Tischendorf et al., 2013). 

 

Figure 4.3. Plane-polarized light (PPL) photomicrographs of garnet-biotite gneiss sample 
17SIMM02 showing (a) garnet porphyroblasts surrounded by a plagioclase- and quartz- matrix, 

and (b) biotite, quartz and plagioclase matrix. 
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Figure 4.4 Tischendorf et al. (2013) plot showing biotite compositions measured in five samples 
from the San Isabel region. The x-axis value represents Mg+Li cpfu for an 11-oxygen calculation 

and the y-axis value represents [(Fe2++Mn+Ti)-AlIV]/2. 

 

4.1.1.3 17SIMM04 – Calc-silicate 

Sample 17SIMM04 is a strongly mineralized carbonate-rich rock containing calcite and 

dolomite, with a combined volume proportion of ~30%, clinopyroxene (~15%), spinel (~5%), 

amphibole (~10%), quartz (~20%) galena (~15%), and chalcopyrite and pyrite (~5%). One thin 
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section contained a single, large grain of clinohumite (Figure 4.5), which contains ~2 wt.% F 

(Table 4.2) although further examination of the hand sample did not reveal this to be an abundant 

phase. Thus, its significance in terms of the mineralogy of the sample is uncertain. Akin to 

metabasite 17SIMM01 and metapelite 17SIMM02, this sample contains no appreciable foliation. 

 

Figure 4.5. Plane-polarized light (PPL) photomicrographs of calc-silicate metacarbonate sample 
17SIMM04 showing (a) Clinohumite porphyroblast surrounded by clinopyroxene, spinel and 

calcite matrix with accessory galena, and (b) large calcite grain with associated spinel. 

 

 

Figure 4.6. Spinel-group minerals in samples from the Wet Mountains (after Haggerty, 1991). 
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Orthopyroxene has an XMg = 0.93–0.97 and Ca = <0.01 apfu (for a 6-oxygen 

recalculation; Table 4.2), indicating that it is enstatite, and occurs as “lumps” of smaller anhedral 

grains ~2–5mm in diameter. Rare chlorite occurs in its fractures. Amphibole has Si = 6.33–6.95 

apfu (for a 23-oxygen calculation), Na+K (A-site) = 0.43–0.67, and XMg = Mg/(Mg+Fe2+) = 

0.97–1.00 (Table 4.3), and is thus group-2 pargasite/magnesiohornblende based on the 

classification scheme of Leake et al. (1997, 2004). These amphiboles also contain Cl = 0.01 apfu 

and F = 0.34–0.42 apfu (Table 4.2). Biotite has XMg = 0.97–0.98, Ti = 0.03–0.04 cpfu, and Cl = 

0.02 apfu and F = 0.84–0.93 apfu, making the grains halogen-rich phlogopites (cf. Figure 4.5). In 

addition, spinel grains contain ~14 wt.% ZnO (~2.2 cpfu for a 24-oxygen calculation), indicating 

substantial solid solution towards the gahnite end member. 

4.1.1.4 18SIMM01 – Garnet-cordierite gneiss 

Sample 18SIMM01 was collected from the Marion Mine locality and examined optically, 

but not via EPMA. It contains a similar mineral assemblage to garnet-biotite gneiss sample 

17SIMM02, although garnet in 18SIMM01 is less retrogressed, and plagioclase is not as 

sericitized. Volume proportions comprise garnet (~10%), plagioclase (~40%), biotite (~5%), 

cordierite (~2–5%), quartz (~40%), and accessory apatite and zircon. This sample is interpreted 

to be a close analogue of 17SIMM02, but likely with a more aluminous bulk composition, thus 

favoring cordierite stabilization instead of dominantly biotite. 

 

Figure 4.7. Plane-polarized light (PPL) photomicrographs of garnet-cordierite gneiss sample 
18SIMM01 showing (a) garnet and (b) cordierite grains surrounded by a quartz-rich matrix. 
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4.1.1.5 18SIMM07 – San Isabel granite 

Sample 18SIMM07 was also collected from the Marion Mine locality and examined 

optically, but not via EPMA. Thin sections show that it contains a classicaly magmatic 

microstructure, with no definable deformation features. Mineralogically, it contains calcic 

amphibole (likely hornblende), biotite, plagioclase, quartz and minor amounts of magnetite. 

Feldspars are often strongly sericitized, indicating either fluid influx post-emplacement or 

autometamorphism due to volatile release during crystallization. 

 

Figure 4.8. Plane-polarized light (PPL) photomicrographs of San Isabel granite sample 
18SIMM07 showing (a) hornblende and biotite phenocrysts with accessory magnetite, and (b) 

sericitized plagioclase grains. 
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Table 4.2. Representative mineral compositions from Marion Mine samples. Top rows show 
EPMA-derived weight % oxides, recalculated to estimate Fe2O3 contents. Bottom rows show 

converted cations and anions per formula unit. Amph= amphibole, Pl= plagioclase, Bt= biotite, 
Mt= magnetite, Grt= garnet, Chu= clinohumite,  Phl= phlogopite, Sp= spinel,  
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Sample 
17SIMM01 
Amphibolite   

17SIMM02 
Garnet-biotite gneiss   

17SIMM04 
Calc-silicate 

Mineral  Amph Pl Bt Mt  Grt Pl Bt  Amph Chu Opx Phl Sp Cal 
SiO2 41.80 53.19 35.47 0.00  37.06 56.88 34.32  45.56 36.85 55.95 40.87 0.00 0.00 
TiO2 0.95 0.00 4.98 0.00  0.03 0.00 4.26  1.44 2.90 0.17 0.66 0.00 0.00 
ZnO 0.00 0.00 0.00 0.00  0.00 0.00 0.00  0.03 0.02 0.00 0.00 14.30 0.00 

Al2O3 9.86 29.22 15.21 0.25  21.46 26.66 15.94  11.97 0.00 1.74 15.04 65.22 0.00 
Fe2O3 9.32 0.08 0.34 69.94  2.35 0.05 1.18  0.29 0.00 0.00 0.43 0.49 0.00 
FeO  8.50 0.00 18.05 31.57  27.62 0.00 19.45  2.76 4.74 5.44 1.33 4.43 0.03 
MnO  0.34 0.00 0.14 0.00  5.33 0.00 0.22  0.23 0.46 0.66 0.03 0.15 0.05 
MgO  12.06 0.00 12.48 0.00  4.73 0.00 10.59  20.05 52.51 36.07 26.50 16.25 1.32 
CaO  10.39 10.98 0.00 0.00  2.22 8.38 0.03  12.09 0.00 0.19 0.00 0.00 55.77 
Na2O 1.42 5.30 0.06 0.00  0.00 6.78 0.06  1.98 0.00 0.00 0.84 0.00 0.00 
K2O 0.82 0.18 9.17 0.00  0.02 0.24 9.39  0.45 0.00 0.00 9.13 0.00 0.00 
Cl 0.00 0.00 0.03 0.00  0.00 0.00 0.10  0.04 0.00 0.00 0.08 0.00 0.00 
F 0.00 0.00 0.00 0.00  0.00 0.00 0.72  0.79 2.06 0.00 1.90 0.00 0.00 

Total  95.46 98.95 95.93 101.76  100.82 98.99 96.25  97.67 99.53 100.22 96.83 100.84 57.17 
Si  6.35 2.43 5.37 0.00  2.99 2.58 5.33  6.47 3.90 1.91 5.74 0.00 0.00 
Ti  0.11 0.00 0.57 0.00  0.00 0.00 0.50  0.15 0.23 0.00 0.07 0.00 0.00 
Zn 0.00 0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00 0.00 2.19 0.00 
Al  1.77 1.55 2.71 0.01  2.00 1.42 2.92  2.00 0.00 0.07 2.49 15.92 0.00 

Fe3+ 1.07 0.00 0.04 1.99  0.08 0.00 0.09  0.07 0.00 0.10 0.03 0.08 0.00 
Fe2+ 1.08 0.00 2.28 1.00  1.83 0.00 2.53  0.33 0.42 0.05 0.16 0.77 0.00 
Mn  0.04 0.00 0.02 0.00  0.36 0.00 0.03  0.03 0.04 0.02 0.00 0.03 0.00 
Mg  2.73 0.00 2.82 0.00  0.56 0.00 2.45  4.24 8.28 1.84 5.55 5.02 0.06 
Ca  1.69 0.54 0.00 0.00  0.19 0.41 0.00  1.84 0.00 0.01 0.00 0.00 1.93 
Na  0.42 0.47 0.02 0.00  0.00 0.60 0.02  0.54 0.00 0.00 0.23 0.00 0.00 
K  0.16 0.01 1.77 0.00  0.00 0.01 1.86  0.08 0.00 0.00 1.64 0.00 0.00 
Cl 0.00 0.00 0.00 0.00  0.00 0.00 0.03  0.01 0.00 0.00 0.02 0.00 0.00 
F 0.00 0.00 0.00 0.00  0.00 0.00 0.36  0.36 0.69 0.00 0.84 0.00 0.00 

Cation sum  15.41 5.00 15.59 3.00  8.00 5.02 15.73  15.76 12.87 4.00 15.90 24.00 2.00 
Oxygen  23 8 22 4   12 8 22   23 17 6 22 24 3 
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4.1.2 Amethyst Prospect  

Six samples representative of the lithological diversity encountered in the Amethyst prospect are 

described below, including high-Mg sapphirine-bearing metasediments, calc-silicate gneisses, 

marbles, and garnet-cordierite gneisses. No amphibolite or garnet-biotite gneiss was identified 

during fieldwork. Representative compositions of minerals in Amethyst Prospect samples are 

given in Table 4.3. 

 

4.1.2.1 17SIAP02 – High-Mg metasediment 

Sample 17SIAP02 represents a typical sapphirine-bearing metasediment, which has been 

the focus of numerous previous studies (e.g. Raymond et al., 1980; Heinmann et al., 2005). It 

contains spinel (~15%), Mg-rich biotite (~35%), plagioclase (~30%), corundum (~5%), 

sapphirine (~1%), and minor amounts of accessory minerals including monazite, rutile and 

zircon. It contains no dominant foliation or lineation, despite the abundance of phyllosilicates, 

having a granoblastic texture. Corundum and sapphirine commonly occur in close proximity and 

on occasion have straight mutual grain boundaries, indicative of an equilibrium relationship. 

Spinel is abundant and forms in clusters up to ~15 mm in diameter (Fig. 4.4a). These 

spinels have XMg = 0.66–0.71 and XFe3+= Fe3+/(Al + Fe3+) = 0.01, compositionally classifying 

them as pleonast (Figure 4.6). They contain negligible Zn (~0.06 cpfu for a 24-oxygen 

calculation). Matrix plagioclase forms subhedral grains ~0.1–0.2 mm in diameter and has XCa = 

0.98 and is thus almost pure end-member anorthite. Biotite grains are almost completely 

colorless in thin section, do not show any preferred orientation, and have compositions Ti = 0.03 

apfu and XMg = 0.95. They contain no measurable Cl, but have F = 1.26–1.39 apfu for a 22-

oxygen calculation. This biotites can thus be classified as phlogopites based on the Tischendorf 

et al. (2013) classification scheme (Fig. 4.4). Corundum is pure Al2O3 with no measurable 

impurities. Sapphirine is Al-rich, with Al = 8.79–9.43 cpfu (for 20 oxygens), but only Mg = 

3.02–3.30 cpfu (Table 4.2), and occurs as small nodules, almost always surrounded by grains of 

spinel and phlogopite. Notably, sample 17SIAP02 lacks quartz, which would otherwise be an 

indicator of UHT conditions of equilibration (cf. Harley, 1989). 
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Figure 4.9. Plane-polarized light (PPL) photomicrographs of metasediment sample 17SIAP02 
showing (a) relationship between corundum and spinel porphyroblasts surrounded by a 

plagioclase- and phlogopite- matrix, (b) sapphirine and spinel in spatial relationship with the 
plagioclase- and phlogopite matrix. Sapphirine is typically found as elongated, fracture grains 

and (c) sapphirine and spinel with accessory opaque minerals.  

 

4.1.2.2 17SIAP09 – High-Mg Metasediment 

Sample 17SIAP09 is petrologically similar to 17SIAP02, particularly in terms of mineral 

composition, distribution, and volume proportion, but contains additional amphibole (~8%) with 

a commensurately lower proportion of biotite (phlogopite). In addition, a single, large allanite 

grain was observed (~5mm in diameter; Fig. 4.10c). Within this grain, monazite, rutile and 

opaques are found. These monazites were used for geochronology, as described in Chapter 5. 
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Figure 4.10. Plane-polarized light (PPL) photomicrographs of metasediment sample 17SIAP09 
showing (a) spine-sapphirine-corundum porphyroblasts surrounded by a plagioclase-phlogopite 
matrix with accessory opaques, (b) individual sapphirine grain in close spatial proximately to 

spinel grains surrounded by a plagioclase-phlogopite and (c) a large, heterogenous alunite grain 
comprised of monazite, rutile, and galena grains.  

 

Amphibole in sample 17SIAP09 has Si = 6.25–6.32 cpfu, (Na + K) in the A site = 0.50–

0.54, and XMg = 0.95 – 0.96, so are compositionally classified as pargasite (Figure 4.2). They 

contain negligible Cl (<0.01 apfu) but have an F content of 0.46–0.54 apfu (per 23 oxygens). 

Sapphirine is still a minor volume percentage of the entire sample and is found in clusters in 

association with spinel and phlogopite. These grains have, on average, Fe3+ = 0.22 apfu and Fe2+ 

= 0.14 afpu; slightly lower than sapphirine grains in sample 17SIAP02. Yet they share similar 

grain size and relationships with the same minerals. Matrix plagioclase forms subhedral grains 

~0.2–0.5 mm in diameter and has XCa = 0.99 and is thus anorthite. Some grains show partial 

sericitization (Fig. 4.8a), likely owing to retrograde fluid-mediated alteration. Biotite grains do 

not show any preferred orientation and have compositions Ti = 0.03 apfu and XMg = 0.95. 
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Galena forms anhedral grains that are widely distributed in the matrix and are commonly in close 

spatial association with biotite (Fig. 4.10b). 

 

4.1.2.3 17SIAP04 – Metacarbonate (marble) 

Sample 17SIAP04 is an olivine-bearing marble, comprised mostly of calcite and dolomite 

(~70%), olivine (~20%), and spinel (~5%). Minor magnetite and quartz occur in the matrix, 

alongside chalcopyrite and pyrite. Olivine occurs as euhedral, rounded grains and has XMg = 

0.99–1.00, making it nearly pure forsterite. These grains are often highly fractured with no signs 

of retrogression. Spinel grains are present as singular, rounded dirty brown grains and are 

isotropic (Fig. 4.11a). These spinel grains have XMg = 0.97–0.98 and XFe3+= Fe3+/(Al + Fe3+) = 

0.14–0.18, compositionally classifying them as spinel (sensu stricto) (Figure 4.11). They contain 

no measurable Zn. 

 

Figure 4.11. Plane-polarized light (PPL) photomicrographs of calc-silicate metacarbonate sample 
17SIAP04 showing (a) olivine porphyroblasts surrounded by a calcite-dolomite matrix with 
accessory magnetite, and (b) small, rounded spinel grains within the calcite-dolomite matrix. 
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4.1.2.4 18SIAP04 – Calc-silicate 

Sample 18SIAP04 was collected and analyzed optically, but not via EPMA, as it bears 

petrographic resemblance to sample 17SIAP04, albeit richer in silicate minerals. It contains 

calcite and dolomite (~60%), olivine (~30%), spinel (~8%), and magnetite (~2%). Spinel is 

present as small, euhedral grains that sometimes occur in clusters. 

 

Figure 4.12. Plane-polarized light (PPL) photomicrographs of amphibolite sample 18SIAP04 
showing (a) olivine and spinel grains surrounded by calcite-dolomite matrix, and (b) minor 

spinel and olivine surrounded by calcite associated with magnetite.   
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Table 4.3. Representative mineral compositions from Amethyst Prospect samples. Top rows 
show EPMA-derived weight % oxides, recalculated to estimate Fe2O3 contents. Bottom rows 

show converted cations and anions per formula unit, as determined by AX (Holland, 2009). Spr 
= sapphirine,  Rt = rutile, Dol= dolomite, Ol = olivine
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Sample 
17SIAP02 

High-Mg metasediment   
17SIAP09 

High-Mg metasediment   
17SIAP04 

Marble 

Mineral  Sp Spr Rt Phl Pl  Sp Spr Pl Phl Amph Rt  Cal Dol Ol Sp 

SiO2 0.00 12.64 0.00 40.82 42.39  0.00 12.13 43.42 41.53 44.81 0.00  0.00 0.00 38.21 0.00 
TiO2 0.00 0.00 97.95 0.52 0.00  0.00 0.00 0.00 0.57 0.67 94.36  0.00 0.00 0.12 0.00 
ZnO 0.46 0.00 0.09 0.00 0.00  0.50 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 

Al2O3 66.75 65.02 0.00 15.21 36.74  66.96 65.67 36.87 14.95 15.13 0.00  0.00 0.00 0.00 52.11 
Fe2O3 1.17 2.73 0.00 0.07 0.04  0.42 2.70 0.00 0.02 0.16 0.00  0.00 0.00 0.02 18.51 
FeO  15.01 1.80 0.90 2.64 0.00  15.62 1.50 0.00 2.74 4.49 3.87  0.00 0.08 0.39 0.81 
MnO  0.12 0.05 0.00 0.02 0.00  0.09 0.08 0.00 0.00 0.11 0.00  0.05 0.07 0.12 0.20 
MgO  17.96 19.06 0.00 25.79 0.00  17.51 18.69 0.00 25.78 18.04 0.00  1.20 21.36 59.52 24.70 
CaO  0.00 0.02 0.00 0.00 19.92  0.00 0.00 19.80 0.00 12.12 0.00  55.75 29.73 0.00 0.00 
Na2O 0.00 0.00 0.00 0.93 0.00  0.00 0.06 0.31 0.93 1.84 0.00  0.00 0.00 0.00 0.00 
K2O 0.00 0.00 0.00 8.32 0.02  0.00 0.00 0.02 8.27 0.27 0.00  0.02 0.00 0.00 0.00 
Cl 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.03 0.00 0.00  0.00 0.00 0.00 0.00 
F 0.00 0.00 0.00 2.96 0.00  0.00 0.00 0.00 3.16 1.20 0.00  0.00 0.00 0.00 0.00 

Total  101.47 101.32 98.93 97.27 99.11  101.11 100.83 100.42 97.97 98.84 98.23  57.02 51.24 98.38 96.33 

Si  0.00 1.46 0.00 5.75 1.99  0.00 1.41 2.00 5.81 6.32 0.00  0.00 0.00 0.97 0.00 
Ti  0.00 0.00 1.00 0.05 0.00  0.00 0.00 0.00 0.06 0.07 0.98  0.00 0.00 0.00 0.00 
Zn 0.07 0.00 0.00 0.00 0.00  0.08 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Al  15.82 8.85 0.00 2.53 2.02  15.94 8.97 2.01 2.47 2.51 0.00  0.00 0.00 0.00 13.04 

Fe3+ 0.18 0.24 0.00 0.00 0.00  0.06 0.24 0.00 0.00 0.01 0.00  0.00 0.00 0.00 2.96 
Fe2+ 2.52 0.17 0.00 0.31 0.00  2.64 0.15 0.00 0.32 0.53 0.02  0.00 0.00 0.01 0.14 
Mn  0.02 0.01 0.00 0.00 0.00  0.02 0.01 0.00 0.00 0.01 0.00  0.00 0.00 0.00 0.04 
Mg  5.39 3.28 0.00 5.42 0.00  5.27 3.23 0.00 5.38 3.79 0.00  0.06 1.00 2.02 7.82 
Ca  0.00 0.00 0.00 0.00 1.00  0.00 0.00 0.98 0.00 1.83 0.00  1.94 1.00 0.00 0.00 
Na  0.00 0.00 0.00 0.25 0.00  0.00 0.01 0.02 0.25 0.50 0.00  0.00 0.00 0.00 0.00 
K  0.00 0.00 0.00 1.49 0.00  0.00 0.00 0.00 1.47 0.05 0.00  0.00 0.00 0.00 0.00 
Cl 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.01 0.00 0.00  0.00 0.00 0.00 0.00 
F 0.00 0.00 0.00 1.32 0.00  0.00 0.00 0.00 1.40 0.53 0.00  0.00 0.00 0.00 0.00 

Cation sum  24.00 14.00 1.00 15.81 5.01  24.00 14.00 5.00 15.76 15.64 1.00  2.00 2.00 3.01 24.00 

Oxygen  18 20 2 22 8   18 20 8 22 23 2   3 3 4 18 
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4.2 Bulk-rock Geochemistry 

4.2.1 Harker Diagrams and Chondrite-normalized Rare-Earth Element (REE) Plots 

Bulk rock compositions were obtained from eight samples, as described in chapter 3. 

These comprised 17SIMM01 (amphibolite), 17SIMM02 (garnet-biotite gneiss), 17SIMM04 

(metacarbonate), 17SIAP02 (high-Mg metasediment), 17SIAP04 (metacarbonate), 17SIAP09 

(high-Mg metasediment), 18SIMM01 (garnet-cordierite gneiss), and 18SIMM07 (San Isabel 

granite). These data are given in table 4.4 in terms of weight-percent oxide, with trace element 

contents given in Appendix B. Harker diagrams (Fig. 4.13) were also produced to show 

differences in oxide concentrations relative to each other, and also to typical shale, graywacke, 

and MORB, which represent potential analogues for protoliths for metapelitic, quartzofeldspathic 

gneiss, and amphibolite samples, respectively. Trace-element enrichment or depletion with 

respect to chondritic values, average continental crust (CC), and island-arc tholeiite (IAT) are 

also shown on spider diagrams (Fig. 4.14). 

Table 4.4. Bulk-rock geochemical analyses for eight lithologies from the study area. N.B. LOI = 
loss on ignition. N.B. 17SIMM04 has a notably low total owing to its high Cu, Zn, and Pb 

concentrations. 

Sample SiO2 Al2O3 Fe2O3 

total 

MnO MgO CaO Na2O K2O TiO2 LOI Total 

17SIMM01 46.47 16.66 12.97 0.22 7.08 10.57 2.81 0.75 0.90 0.83 99.36 
17SIMM02 74.33 11.95 3.81 0.10 1.60 3.13 2.42 1.43 0.53 0.75 100.2 
17SIMM04 32.85 17.13 7.46 0.35 25.07 2.94 0.34 0.34 0.79 3.55 90.95 
17SIAP02  29.39 34.41 6.09 0.06 17.31 3.50 0.53 3.16 0.54 3.76 98.76 
17SIAP04  9.38 1.61 2.40 0.13 20.67 31.50 0.01 n.d. 0.02 32.32 98.02 
17SIAP09  29.62 34.09 6.04 0.06 17.43 3.60 0.55 3.38 0.57 3.59 98.93 
18SIMM01 86.39 5.19 4.45 0.08 1.67 0.14 0.08 0.73 0.14 0.79 99.65 
18SIMM07 62.07 13.45 7.90 0.14 1.85 4.34 2.93 3.99 1.47 0.81 99.55 

 

Harker diagrams (Figure 4.13) showing Al2O3 content vs. SiO2 content demonstrates that 

the sapphirine-bearing high-Mg metasediments are atypically aluminous compared to all other 

samples collected from both localities. Both 17SIAP02 and 17SIAP09, which are separate 

lithologies, show remarkable similarity in bulk composition in all major oxides, including Al2O3. 

Such hyper-aluminous bulk-rock compositions are atypical of common protoliths, such as shale 

(pelite) and graywacke, which have values of 17.5 wt. % and 15.5 wt. %, respectively. If the 
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protoliths have acted as closed chemical systems during metamorphism, Al-enrichment may 

have occurred during their pre-metamorphic history, thus “priming” the samples to have bulk 

compositions conducive to sapphirine growth. Example protoliths in this case may include 

bauxitic sediments/laterites, although these are typically restricted to tropical paleolatitudes 

where surface weathering and leaching of mobile components is intense. Alternatively, Al2O3 

may have been concentrated in the metamorphic environment by virtue of percolating fluids 

removing more soluble components, such as alkalis, and leaving behind relatively immobile 

species, such as Al. Metamorphism (or metasomatism) in a fluid-rich environment is certainly a 

possibility, given the large volume proportion of phlogopite in these samples, despite it having a 

component of F in place of OH. All other samples have similar Al2O3 contents between ~11 wt. 

% and ~17 wt. %. 

The CaO content of the samples collected from both localities varies significantly, but is 

strongly tied to lithology. For example, meta-carbonate (i.e. marble) and calc-silicate lithologies 

are rich in CaO due to their high calcite contents, although MgO contents vary over an even 

larger range. Sapphirine-bearing “high-Mg” sediments are notably enriched in Mg, having ~17 

wt. % MgO compared to normal shale (~2 wt.%). Metacarbonate sample 17SIMM04 is even 

more enriched, owing to the presence of abundant dolomite. All samples have very low Na2O 

contents, as evidenced by the general paucity of plagioclase feldspar. 

Aside from sample 17SIMM01 (amphibolite), which contains magnetite, most lithologies 

have relatively low Fe2O3
total contents of ~8.0%. The measured K2O contents show intrinsic 

correlation with the proportion of mica, with high-Mg metasediments having the greatest 

concentrations (~3.4 wt%) owing to their abundance of phlogopite. 
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Figure 4.13. Harker diagram of selected samples vs. shale, greywacke and MORB compositions. 
The High-Mg metasediments (17SIAP09 and 17SIAP02) both are highly aluminous as seen in 
the first graph in column a. Amphibolite has similar wt. % as those of MORB samples. None of 

these samples, with the exception of the amphibolite, are particular similar to greywacke or shale 
compositions.  
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Alongside major element oxide proportions, trace element variation was examined on 

chondrite-normalized REE diagrams. Here, all REE for the high-Mg metasediments (17SIAP02 

and 17SIAP09) are enriched relative to chondrites and typical continental crust, except for Eu. 

The garnet-biotite gneiss (17SIMM02) has similar proportions to both the shale and greywacke 

in enrichment and depletion of REE elements. The metacarbonates (17SIMM04 and 17SIAP04) 

have very different REE signatures when compared to one another. Sample 17SIMM04, which 

contains clinohumite, is surprisingly enriched in La and Ce while being depleted in Nb. Sample 

17SIAP04, another metacarbonate without clinohumite, is slightly enriched with La and Ce 

while being depleted in Eu. 

 

 

Figure 4.14. Chondrite-normalized REE diagrams showing REE concentrations for all major 
lithologies. Shale and greywacke compositions are from Nicoli and Dyck (2018) and MORB 

composition were taken from Sun and McDonough (1989).  
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4.2.2 Trace-Element Discrimination Diagrams 

Trace-element discrimination diagrams can be used to estimate the initial tectonic setting 

of formation of precursor basaltic protoliths for metamafic rocks, such as amphibolite (sample 

17SIMM01). This geodynamic information places critical constraints on the geological evolution 

of a terrane and has shown in many cases to be robust, even for rocks that have undergone high-

grade metamorphism (e.g. Winchester and Floyd, 1976; Floyd and Winchester, 1978; Sheraton, 

1984; Monecke et al., 2002; Payne et al., 2010). 

  

  

Figure 4.15. Trace-element discrimination diagrams showing elemental and oxide ratios for 
mafic magmas that formed in within-plate basalt (WPB), island arc tholeiite (IAT), calc-alkaline 
basalt (CAB), mid-ocean ridge basalt (MORB), ocean island tholeiite (OIT), and ocean-island 

alkaline basalt (OIA) tectonic settings, after Pearce and Cann (1973), Pearce (1984), and 
Meschede (1986). Data for sample 17SIMM01 are shown. 
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Figure 4.15 shows four independent tectonic discrimination diagrams that delimit fields 

for within-plate basalt (WPB), island arc tholeiite (IAT), calc-alkaline basalt (CAB), mid-ocean 

ridge basalt (MORB), ocean island tholeiite (OIT), and ocean-island alkaline basalt (OIA) from 

Pearce and Cann (1973), Pearce (1984), and Meschede (1986). These diagrams variably consider 

major-element oxide contents (e.g. SiO2, MnO, P2O5, TiO2) and trace elements (Zr, Y, Cr, Sr) to 

distinguish a likely environment of formation. Amphibolite sample 17SIMM01 plots in all cases 

in the IAT (or IAB) 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 setting. This 

result fits sensibly into the known geological history of the Colorado Front Range (chapter 2), as 

the Yapavai and Mazatzal orogenies record sequential microcontinent/island arc accretion to the 

southern margin of the Archean Wyoming craton. The occurrence of this amphibolite within the 

Marion Mine in close association with other metasedimentary and metavolcanics rocks indicates 

that this entire lithostratigraphic sequence may have originally accumulated in a forearc basin 

that was incorporated between two colliding continental fragments during Mesoproterozoic plate 

convergence.  
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CHAPTER 5 

U–PB MONAZITE GEOCHRONOLOGY 

Three monazite-bearing samples from the southern Wet Mountains were analyzed via in-

situ U–Pb isotope geochronology to constrain the timing of metamorphism: 17SIAP02 and 

17SIAP09 (high-Mg metasediment), and 17SIMM02 (garnet-biotite gneiss). All standard and 

sample grain analyses were obtained at the USGS Crustal Geophysics and Geochemistry Science 

Center in Denver via the procedures outlined in Chapter 3.5 and all U–Pb isotopic data are given 

in Appendix C. 

All geochronological work was performed on monazite, which is a common accessory 

mineral in metaluminous and peraluminous metapelitic rocks (Spear and Pyle, 2002). Monazite 

preferentially incorporates high concentrations of Th and U (Kohn and Malloy, 2004) while 

having very low initial concentrations of common Pb (Parrish, 1990). Monazite is also extremely 

resistant to U–Th–Pb internal diffusion at temperatures less than 900 °C (Cherniak et al., 2004), 

which can allow successive phases of growth to be recorded in a rock that has undergone 

multiple metamorphic episodes (e.g., Kohn et al., 2005). In addition, unlike zircon, monazite is 

physically and chemically susceptible to breakdown during weathering and erosion, and thus 

detrital grains are not expected in metasediments, although some occurrences have been 

documented in low-grade rocks (Wing et al., 2003). Monazite was absent from meta-igneous 

samples and carbonate-bearing samples in both study areas, meaning that these lithologies could 

not be dated using the same technique. However, given their proximity in the field, ages obtained 

from these metasedimentary units can be expected to be representative of the timing of 

metamorphism of all samples. In addition, all analyses were performed in situ to preserve 

microstructural context to the age of the data obtained. 

Table 5.1. Samples used for geochronological analysis, including the number of monazite grains 
analyzed per sample and the number of analytical spots. 

 

Sample No. of monazite grains and no. of spots 

17SIAP02 12 and 38 
17SIAP09 9 and 38 
17SIMM02 9 and 27 
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5.1 Principles of Radioactive Decay and U–Pb systematics 

Radioactive decay describes the probability that a constituent particle of the nucleus of an 

atom will overcome the potential energy barrier binding it to the nucleus, therefore escaping 

from the atom and creating a new nuclide. In addition, the rate of radioactive decay is 

exponential and independent of varying physical or chemical conditions that may occur in the 

Earth (Rutherford & Soddy, 1902). A ‘parent’ atom is radioactive and initiates radioactive decay, 

ultimately producing a stable ‘daughter’ atom, with several intermediate radioactive nuclides in-

between. The rate of decay of any parent atom is directly proportional to the number of those 

atoms (𝑁) present in a system at any time (𝑡) through the following relationship: 

− 𝑑𝑁𝑑𝑡 ∝ 𝑁 (5.1) 

Variation in the rate of decay of different elements is represented by an associated decay 

constant (𝜆), which is assumed to have remained unchanged over the whole of Earth history: 

− 𝑑𝑁𝑑𝑡 = 𝜆𝑁 (5.2) 

This equation can then be rearranged to relate the number of parent atoms present at any 

time since decay began to the initial number of parent atoms (𝑁0): 𝑁𝑁0 = 𝑒−𝜆𝑡 (5.3) 

If no radiogenic daughter atoms are present at the start of decay (𝑡 = 0), then the total 

number that have been produced by decay (𝐷∗) at any time can be related to 𝑁0 via the following 

relationship: 𝐷∗ = 𝑁0(1 − 𝑒−𝜆𝑡) (5.4) 

Alternatively, if the original number of parent atoms is unknown, 𝐷∗ may then be related 

simply to 𝑁 by rearranging and substituting equation 3.1.3: 𝐷∗ = 𝑁(𝑒𝜆𝑡 − 1) (5.5) 

In the latter case, which is relevant to most geological problems, the total number of 

daughter atoms (𝐷𝑡𝑜𝑡) present in a system is the sum of those initially present (𝐷0) at the start of 

decay and those that have been produced because of the decay process: 
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𝐷𝑡𝑜𝑡 = 𝐷0 + 𝐷∗ (5.6) 

As such, a fundamental relationship exists between the number of parent and daughter 

atoms in a system and the time elapsed since the start of decay: 𝐷𝑡𝑜𝑡 = 𝐷0 + 𝑁(𝑒𝜆𝑡 − 1) (5.7) 

Analysis of a sample (e.g. a single monazite grain) via mass spectrometry allows 

measurement of 𝐷𝑡𝑜𝑡 and 𝑁, whereas 𝐷0 may be assumed or calculated based on the known 

behaviour of these accessory minerals. As the decay constant for any radioactive isotope is 

known, this equation may be solved for 𝑡, calculating an age since decay initiated. 

Uranium has three naturally occurring radioactive isotopes, 238U, 235U and 234U, although 

only 238U and 235U exist in sufficient abundance to be used for geochronology. These two parent 

isotopes ultimately produce the stable daughter isotopes 206Pb and 207Pb through the ‘uranium 

series’ and ‘actinium series’ respectively; 234U exists solely as an intermediate nuclide in the 

uranium series. Although intermediate daughter nuclides exist in these decay schemes, the half-

lives of the parent U isotopes are many orders of magnitude longer than these products (Faure, 

1986). As such, the production rate of each stable Pb isotope is limited by the rate of decay of 

each parent, so U is effectively considered to decay directly to Pb in a state termed secular 

equilibrium. 

The production of each daughter Pb isotope is defined by the following governing 

equations, where concentrations are normalised to 𝑃𝑏204 , the sole non-radiogenic lead isotope 

(Faure, 1986): 

( 𝑃𝑏206𝑃𝑏204 )𝑡 = ( 𝑃𝑏206𝑃𝑏204 )0 + ( 𝑈238𝑃𝑏204 )𝑡 ∙ (𝑒𝜆238𝑡 − 1) (5.8) 

( 𝑃𝑏207𝑃𝑏204 )𝑡 = ( 𝑃𝑏207𝑃𝑏204 )0 + ( 𝑈235𝑃𝑏204 )𝑡 ∙ (𝑒𝜆235𝑡 − 1) (5.9) 

Two independent ages may be obtained by solving these equations for time, both of 

which should be similar within error (concordant) if the analysed grain has remained a closed 

system since radioactive decay began. Where these ages do not agree (are discordant), open-

system conditions are likely to have affected the parent–daughter ratio (e.g. diffusive loss or gain 

of U or Pb), and interpretation must be performed with care. 
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5.2. Results 

5.2.1. Standards 

Monazite standards 3345 and 44069 were analyzed in conjunction with all samples from 

the Wet Mountains. Primary standard 3345 produced a concordant age of 1819 ± 5.9 Ma 

(MSWD = 0.041) from 17 spot analyses, matching within error of its reported age of 1821.0 ± 

0.6 Ma (Stern and Berman, 2001), and secondary standard 44069 produced a concordant age of 

427.3 ± 3.4 Ma (MSWD = 0.041), again from 17 analyses, matching within error of its reported 

age of 424.9 ± 0.4 Ma (Aleinikoff et al., 2006). NIST glass with a known trace element 

composition was also analyzed simultaneously to estimate absolute U and Pb contents in sample 

grains. These results suggest that the isotopic age data obtained from the Wet Mountains samples 

are robust, alongside the ages interpreted from them. Figures 5.1 and 5.2 show the Wetherill 

plots for standards 3345 and 44069, respectively. 

 

 

Figure 5.1. Wetherill plot showing U–Pb monazite spot data for standard 3345. The calculated 
age of this standard was 1819± 5.6 Ma with a MSWD of 0.041.  
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Figure 5.2. Wetherill plot showing U–Pb monazite spot data for standard 44069. 

 

5.2.2 Samples 

5.2.2.1 17SIAP02 – High-Mg metasediment 

Monazite in sample 17SIAP02 occurs exclusively within the matrix as anhedral grains, 

30–60 μm in diameter, and which exhibit no significant internal zonation in backscattered 

electron (BSE) images (Fig. 5.3). Faint zonation in some grains is likely a result of varying U, 

Th, or Y contents (cf. Palin et al., 2014). Thirty-eight spot analyses were obtained from twelve 

different grains throughout the sample, although 15 were discarded due to having poor ablation 

profiles, high degrees of discordance (ages older than the accepted ages of the Earth), or large 

amounts of common lead. Of the remaining 23 spot analyses, 17 lie close to concordia and six 

with various degrees of discordance plot along a single chord with a U–Pb lower-intercept age of 

1346 ± 22 Ma (2σ, MSWD = 1.9) (Fig. 5.4). 
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Figure 5.3. Backscattered electron images of typical monazite grains in sample 17SIAP02 
showing the lack of internal zonation. Red dots indicate LA-ICP-MS spot location. 

 

 

Figure 5.4 Wetherill plot showing U–Pb monazite spot data for 17SIAP02. A) All data, B) 
Cluster of highly concordant data. 
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5.2.2.2 17SIAP09 – High-Mg metasediment 

Monazite in sample 17SIAP09 is generally anhedral to euhedral, 40–60 μm in diameter, 

and mostly exhibits no internal zonation in backscattered electron (BSE) images. Many grains 

show equilibrium microstructures with the main mineral assemblage (cf. monazite within a 

cluster of spinel grains; Fig. 5.5). Some grains show faint core-rim zonation in BSE imagery, 

although spot analyses taken from these bright core domains show identical ages within 

uncertainty with those of duller rims. Thus, despite varying chemistry, all domains grew at the 

same time during metamorphism. Thirty-eight spot analyses were obtained from nine different 

grains throughout the sample, although 11 were discarded due to having poor ablation profiles. 

The remaining data show various degrees of discordance, akin to sample 17SIAP02, with a 

cluster of 13 showing high degrees of concordance. All data considered together (n = 27) can be 

interpreted using a single chord that has a U–Pb lower-intercept age of 1319 ± 24 Ma (2σ, 

MSWD = 3.1) (Fig. 5.6). 

 

     

Figure 5.5. Backscattered electron images of typical monazite grains in sample 17SIAP09. a) 
shows a monazite grain within a spinel aggregate, with all phases exhibiting equilibrium ~120° 

grain boundary intersections and b) shows a rare monazite within internal zoning. Red dots 
indicate LA-ICP-MS spot location. 
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Figure 5.6. Wetherill plot showing U–Pb monazite spot data for 17SIAP09. 

 

5.2.2.3 17SIMM02 – Garnet-biotite gneiss 

Monazite in sample 17SIMM02 occurs exclusively within the matrix – none were found 

as inclusions in garnet. These matrix grains are generally anhedral with occasional ragged edges 

(Fig. 5.7), 20–50 μm in diameter, but exhibit no internal zonation in backscattered electron 

(BSE) images (Fig. 5.7). Twenty-seven spot analyses were obtained from nine different grains 

throughout the sample, although five were discarded due to having poor ablation profiles during 

analysis. All remaining data (n = 22) represent a single concordant population that has a U–Pb 

age of 1346 ± 6.9 Ma (2σ, MSWD = 4.5). 
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Figure 5.7. Backscattered electron images of typical monazite grains in sample 17SIMM02. Left 
shows a monazite grain with slightly ragged edges; right shows a typical grain lacking internal 

zonation. Red dots indicate LA-ICP-MS spot location.  

 

 

Figure 5.8. Wetherill plot showing U–Pb monazite spot data for sample 17SIMM02. 
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CHAPTER 6 

THERMOBAROMETRY 

Constraining the pressure and temperature conditions at which the country rocks around 

the San Isabel granite equilibrated is critical to determining whether the sapphirine-bearing 

assemblages represent regional-scale (orogenic) assemblages or local-scale contact metamorphic 

assemblages that formed in response to magmatic intrusion. This was undertaken using two 

different forms of thermobarometry, with the view that each should provide independent checks 

on calculated P–T conditions, thus providing increased confidence in tectonic interpretations. 

These two techniques comprised (1) conventional thermobarometry, which relies on 

temperature- and/or pressure-sensitive cation distributions between phases with solid solutions in 

an equilibrium relationship with each other, and (2) phase diagram-based analysis/petrological 

modeling. Phase diagrams do not rely intrinsically on the distribution of elements between 

phases in an assemblage, but instead delimit regions of P–T space in which particular 

assemblages may stabilize or reactions take place, thus defining upper and lower limits to the 

stability of observed mineral assemblages. These techniques are discussed in more detail below. 

 

6.1 Conventional Thermobarometry 

Many of the metamorphic rocks collected from the Marion Mine and Amethyst Prospect 

localities have the potential to be analyzed via conventional thermobarometry, although the value 

in doing so is not always immediately apparent. Conventional thermobarometry is classically 

associated with large uncertainties on the order of magnitude of ±50 °C and ± 1 kbar at the 2σ 

level (Hodges and McKenna, 1987; Kohn and Spear, 1991; Powell and Holland, 2008), which 

typically overshadow those achievable via phase diagram-based techniques (section 6.2). Hodges 

and McKenna (1987) suggested that the most significant sources of this uncertainty are 

analytical imprecision and the systematic error associated with experimental calibration 

techniques, although additional uncertainty in calibrations involving Fe–Mg exchange is related 

to the valence state of Fe (i.e. how much Fe is ferric vs. ferrous), which cannot be constrained 

directly via electron-beam techniques, although can be estimated via charge-balance techniques. 

As such, cation exchange and net transfer thermobarometers were not employed in this work. 
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A different type of thermobarometer that has become increasingly common in recent 

years is a single-element concentration thermometer/barometer, which utilizes the measured 

concentration of a chemical component in a single grain, where the amount of that element that 

can substitute into the mineral of interest is either pressure- or temperature-sensitive (cf. 

Auzanneau et al., 2010). Examples of such thermometers include Ti in quartz (Wark and 

Watson, 2006), Ti in zircon and Zr in rutile (Ferry and Watson, 2007), and Ti in biotite (Henry et 

al., 2005). Examples of such barometers include Al in hornblende (Hollister et al., 1987) and Ti 

in phengite (Auzanneau et al., 2010). While many of these chemical components are trace 

elements, the Al-in-hornblende barometer is somewhat unusual, in that the Al content of calcic 

amphibole can represent >10 wt. % of its overall composition (Deer et al., 1993). Of the samples 

analyzed via EPMA to obtain mineral compositions, biotite-bearing metasediments allow for the 

Ti-in-biotite thermometer (Henry et al., 2005) to be applied to constrain minimum estimates of 

peak metamorphic temperatures. Values obtained via this calibration represent minima owing to 

the possibility that the metamorphic assemblages were undersaturated with Ti at the time of 

biotite formation, or else that cation exchange with adjacent matrix phases during cooling from 

peak conditions has allowed compositional equilibration at lower grade P–T conditions. 

The geothermometric expression for the Ti saturation in biotite is as follows: T = {[ln(Ti) 

– a – c(XMg)3]/b}0.333, where a = –2.3594, b = 4.6482 × 10–9 and c = –1.7283 (Henry et al, 

2005). The calibration range for this expression is XMg = 0.275–1.000, Ti = 0.04–0.60 apfu, and 

T = 480–800 °C (Henry et al., 2005). The precision on this thermometer varies based on 

temperature, due to the spacing between isotherms changing from low to high grade. As such, 1-

sigma uncertainty is ± 24 °C at greenschist facies and ± 12 °C at amphibolite facies and above 

(Henry et al., 2005). This calibration was formulated against a range of natural garnet-, 

staurolite-, and sillimanite-bearing samples that had peak metamorphic conditions constrained 

via independent techniques (Henry et al., 2005). 

Representative compositions of biotite in sapphirine-bearing metasediments (17SIAP02 

and 17SIAP09), garnet-biotite gneiss (17SIMM02), and amphibolite (17SIMM01) are given in 

Tables 4.3 and 4.4, and all analyses clustered tightly around these values (i.e. there was no 

significant compositional variation throughout an individual sample). Ti contents and XMg 

values are shown in Figure 6.1 alongside isotherms with a 10 °C interval, as calculated using the 

calibration of Henry et al. (2005), above. The sample data from the southern Wet Mountains 
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shows a range of temperatures, with an average of 597 °C for 17SIAP09 and 17SIAP02 

combined, an average of 666 °C for 17SIMM01, and an average of 625 °C for 17SIMM02. Each 

individual set of data shows moderate clustering, with variation at about the same magnitude as 

the associated uncertainty. 

 

 

Figure 6.1. Ti-in-biotite thermometry (Henry et al., 2005) showing calculated temperatures of 
equilibration for grains in samples 17SIAP02 and 17SIAP09. 

 

The uppermost shaded blue region on Figure 6.1 marks the approximate peak temperature range 

recorded by biotite in 17SIMM02, although the reliability of these data is uncertain, as the biotite 

in amphibolite sample 17SIMM01 may not be Ti-saturated based on the lack of Ti-oxides in the 
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rock matrix. In addition, while those grains in 17SIMM02 (garnet–biotite gneiss) most likely are 

Ti-saturated, they contain F ~0.3 afpu (Table 4.2), which the natural grains used to calibrate this 

thermometer do not. Biotite grains in both sapphirine-bearing high-Mg metasediments are even 

more halogen-enriched (F ~1.3–1.4 apfu; Table 4.2), and so have strong dissimilarity to the 

biotite grains utilized in the Henry et al. (2005) study. The extent to which compositional 

deviations away from the calibration set affects the absolute calculated values for samples 

17SIAP02 and 17SIAP09 is uncertain, as the effects of halogen enrichment on Ti substitution 

mechanisms in biotite is currently unknown, although this may account for the unusually low 

temperatures recorded in these samples compared to those of the garnet–biotite gneiss, which 

closely matches the petrological criteria for effective application of this thermometer. These data 

suggest that rocks from the Marion Mine locality reached at least 675 °C, which is just below the 

wet pelite solidus at intermediate crustal pressures. 

 

 

Figure 6.2. Al-in-hornblende thermobarometry of the San Isabel Granite (Cullers et al., 1992). 
The wet granite solidus and aluminosilicate polymorph transitions are from Spear (1993). 
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A similar single-element concentration barometer that has been applied to the San Isabel 

granite is the Al-in-hornblende magmatic barometer of Hollister et al. (1987). While one sample 

of San Isabel granite was collected from the Marion Mine locality, EPMA compositional 

analysis of magmatic hornblende was not performed, owing to (1) detailed study of this intrusion 

by many previous workers and (2) the metamorphic rocks in the adjacent aureole being the focus 

of this research project. Cullers et al. (1992) applied this calibration to numerous samples 

collected from different parts of the intrusion, which produced an estimate of hornblende 

crystallization of 6.2 ± 0.7 kbar at ~800 °C (Figure 6.2). 

 

6.2 Petrological Modeling 

The phase diagram-based thermobarometry employed in this work involved calculating 

bulk composition-specific phase diagrams, called pseudosections or equilibrium assemblage 

diagrams (EADs), that delimit the stability of phase assemblages as functions of P and T, 

allowing observed mineral assemblages to be compared with model results. A key step in this 

process is determining a bulk composition for a sample, which can be achieved via XRF analysis 

(section 4.2). In contrast to conventional thermobarometry, phase diagram modelling can 

constrain P–T conditions of metamorphism to higher accuracy (± 20–30 °C at 1 S.D.) if rocks are 

well-equilibrated (cf. Palin et al., 2016). Nonetheless, this technique is necessarily affected by 

both systematic and random errors, which mostly relate to (1) uncertainties on the physical 

properties of end-members in thermodynamic datasets and (2) uncertainties associated with the 

formulation of activity–composition (a–x) relations describing the thermodynamic properties of 

solid solution mixing of end-members within one phase (e.g. Evans, 2004; Evans and Bickle, 

2005; Green et al., 2013). 

Pseudosections have the benefit over conventional thermobarometry techniques that in 

that any assemblage can be modeled if a–x relations and end-member thermodynamic data exist. 

Numerous updates to internally consistent thermodynamic databases in the past 25 years (e.g. 

Holland and Powell, 1998, 2011) now allow calculations to be performed in comprehensive 

chemical systems. In addition, continual improvement of a–x relations for minerals that occur in 

metapelitic and metabasic rocks (e.g. White et al., 2014; Green et al., 2016) allows more and 

more realistic phase relations to be calculated for any geodynamical environment. Two samples 
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were subjected to pseudosection modeling based on preliminary calculations and investigation of 

their bulk compositions. For example, gahnite-rich sample 17SIMM04 cannot be modeled 

effectively using this technique, as Zn-bearing a–x relations are not available at the current time. 

Thus, while spinel (sensu lato) could be reproduced on a pseudosection, it would have a Zn-

absent composition. Two samples collected from the San Isabel region that contained phases that 

could be successfully replicated were modeled in this way (17SIMM02 (garnet-biotite gneiss) 

and 17SIAP04 (marble)). 

 

6.2.1 Model Parameters 

 Pseudosection modeling of garnet–biotite gneiss sample 17SIMM02 was performed in 

the 11-component system MnO–Na2O–CaO–K2O–FeOtot–MgO–Al2O3–SiO2–H2O–Ti2O–O2 

(MnNCKFMASHTO) using the petrological modeling program Theriak–Domino (de Capitani 

and Petrakakis, 2010), the internally consistent thermodynamic dataset ds-62 of Holland and 

Powell (2011), updated February 6th, 2012, and a–x relations for garnet, biotite, muscovite, 

epidote, plagioclase–K-feldspar, staurolite, chlorite, ilmenite–hematite, magnetite–spinel, 

orthopyroxene, cordierite, and silicate melt from White et al. (2014). Pure phases included rutile, 

andalusite, sillimanite, kyanite, quartz, and water (H2O). Here, FeOtot is total iron expressed as 

FeO. O is oxygen, which combines with FeO via the equation 2FeO + O = Fe2O3; hence, bulk O 

is identically equal to bulk Fe2O3, while true bulk FeO is given by FeOtot – 2 × O. 

 Pseudosection modeling of calc-silicate sample 17SIAP04 was performed in the 8-

component system CaO–FeOtot–MgO–Al2O3–SiO2–H2O–O2–C (CFMASHOc) using the 

petrological modeling program Theriak–Domino (de Capitani and Petrakakis, 2010), the 

internally consistent thermodynamic dataset ds-62 of Holland and Powell (2011), updated 

February 6th, 2012. The components MnO, Na2O, K2O, and TiO2 were omitted from this model, 

as they comprise negligible proportions of the bulk composition (cf. Table 4.4). The following a–

x relations were considered: garnet, epidote, chlorite, and magnetite–spinel from White et al. 

(2014), olivine, clino- and ortho-amphibole from Green et al. (2016), calcite–dolomite–ankerite 

from Holland and Powell (2011), and a binary H2O–CO2 fluid from Holland and Powell (1998). 

Pure phases included graphite, anorthite, and quartz. 
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6.3 Results 

 Figures 6.3 and 6.4 show calculated pseudosections for samples 17SIAP04 and 

17SIMM02, respectively. Phase equilibria for sample 17SIMM02 were calculated at 550–800 °C 

and 3–10 kbar, which encompasses the range of conditions expected in orogenic belts and high-

temperature metamorphic aureoles around felsic intrusions. The interpreted peak metamorphic 

assemblage of 17SIMM02 is calculated to be stable at P–T conditions of ~680–710 °C and of 

~4.5–6.5 kbar, delimited by the yellow-colored field on Figure 7.4. This P–T range is limited at 

lower pressure by the stabilization of magnetite and cordierite, which were not observed in this 

sample, and at higher pressures by the stabilization of white mica. The lower-temperature limit 

of this field is defined by the appearance of garnet, which is present in the sample. 

 

Figure 6.3. Phase diagram for 17SIMM02 (garnet-biotite gneiss). The red line indicates the 
solidus and the blue indicates the boundary of stability of garnet. Plagioclase and biotite occur in 

all fields. The field highlighted in yellow indicated peak metamorphism. 
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These conditions for peak metamorphism lie along a linear geothermal gradient just over 

35 °C/km, which is typically viewed as representative of metamorphism of the overriding plate 

during collisional orogeny (e.g. England and Thompson, 1984). Geothermal gradients 

significantly lower (e.g. <20 °C/km) typify metamorphism in subduction zones (i.e. the 

descending plate at a convergent margin), whereas those with significantly higher geothermal 

gradients (<60 °C/km) are characteristic of anomalously high heat flow, such as expected 

adjacent to magmatic intrusions. These data appear to support a regional metamorphic origin for 

the metasedimentary units in the San Isabel aureole in the southern Wet Mountains, although this 

conflicts superficially with the lack of regional metamorphic-like foliations in mica-rich units 

and the results of geochronology that show monazite growth – interpreted to date peak 

conditions – at the same time as emplacement and crystallization of the San Isabel granite pluton. 

While the correlation of these ages does not imply causation, temperatures of emplacement of 

the San Isabel granite pluton (~800 °C; Figure 6.2) suggest that some thermal metamorphism 

would be expected in the adjacent country rocks. 

Additional constraints on the temperature of metamorphism in the region were obtained 

via phase diagram construction for metacarbonate sample 17SIAP04. Such calculations are more 

complicated than for 17SIMM02 due to the possibility of having a mixed-component fluid in 

association with the solid assemblage during metamorphism, which is able to change 

composition if metamorphic reactions are internally controlled (Winter, 2010). As such, the 

pressure of metamorphism was fixed at 6 kbar, as determined by Al-in-hornblende barometry on 

the San Isabel granite (Cullers et al., 1992) and the results of thermobarometry performed on 

sample 17SIMM02 (above). This allowed phase equilibria to be constrained with respect to both 

temperature and fluid composition, by having a fluid-composition axis (molar XCO2), as shown 

in Figure 6.4. While the effects of pressure can be investigated simultaneously with temperature 

and fluid composition, phase diagrams with three axes are difficult to graphically represent and 

interpret; hence the need to fix one P, T, or X variable. Equilibria were considered that may 

coexist with a fluid of composition between pure H2O (XCO2 = 0) and a 50:50 molar ratio of 

H2O:CO2 (XCO2 = 0.5). 

 The pseudosection for sample 17SIAP04 displays the assemblage of calcite, dolomite and 

fluid occurring throughout P–T space. Up-temperature, tremolite appears at low XCO2 (<0.12) 



64 

 

at 550 °C, followed up-grade by diopside, olivine, and spinel. Additional (but minor) Mg-

chlorite, zoisite, graphite, quartz, and ankerite are predicted throughout. The peak assemblage of 

olivine, spinel, calcite, and dolomite, highlighted in blue, is stable at very low XCO2 values of 

~0.05–0.10 at ~600–650 °C, but at ~700–720 °C in equilibrium with a more carbon-rich fluid 

(XCO2 > 0.10). 

 

Figure 6.4. Phase diagram for sample 17SIAP04 (metacarbonate) in the NCKFMASHTO 
system. Calcite, dolomite and fluid as present in all areas. The highlighted blue section indicates 
peak metamorphism for this sample. The purple line indicates the introduction of olivine and the 

green line indicates the introduction of spinel. 
 

While the composition of metamorphic fluid in equilibrium with the solid assemblage at 

peak conditions is unconstrained from the mineral assemblage alone, this minimum temperature 

range of ~600–720 °C defined by the stabilization of spinel and olivine together places a similar 

constraint on the thermal conditions within the San Isabel aureole, and overlaps with that suggested 
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for peak metamorphism in sample 17SIMM02. The upper limit to the stability of this assemblage 

is undefined in this phase diagram, although is limited by the temperature of emplacement of the 

San Isabel granite itself (~800 °C; Cullers et al., 1992), which is the likely heat source for contact 

metamorphism of these units. As a result, it can be interpreted that these units are not ultrahigh-

temperature and formed at middle crustal depths of around 18–20 km, assuming a lithostatic 

pressure-to-depth conversion ratio of 1 kbar = 3 km.  
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CHAPTER 7 

DISCUSSION 

 Metamorphic rocks that outcrop in the southern Wet Mountains adjacent to the San Isabel 

granite intrusion are lithologically diverse and – to some extent – enigmatic, based on the 

occurrence of minerals that are often interpreted to represent extreme thermal conditions in the 

continental crust, despite such events not having previously been noted in the region. Integration 

of field observations, laboratory analyses of mineral and bulk-rock compositions, U–Pb isotope 

geochronology, and various forms of thermobarometry allow new light to be shed on their 

petrological history, as well as that of south–central Colorado itself, as discussed below. 

 

7.1 Stabilization of High-Temperature Minerals at Low-Grade Conditions 

Previous study of metamorphic rocks within the Wet Mountains has suggested that the 

entire region represents a tilted crustal section, with relatively shallow (lower-upper crust) 

lithologies exposed in the northwest, which preserve metamorphic P–T conditions of around 

~550 °C and ~5 kbar (Shaw et al., 2005, Jones et al., 2010), and relatively deeper (middle to 

lower crust) lithologies exposed in the southeast (Levine et al., 2013), which reached peak 

metamorphic P–T conditions of ~700 °C and ~6–7 kbar (Levine et al., 2010; Jones et al., 2010; 

this work). While petrological study has been made of rocks from the far southeast corner, 

adjacent to the San Isabel intrusion, no prior thermobarometry has been performed, leading to 

uncertainty about the significance of nominally high-temperature minerals such as sapphirine 

and orthopyroxene in metasedimentary units. If these assemblages represented P–T conditions 

far in excess of the ~700 °C and ~6–7 kbar conditions recorded in Rattlesnake Gulch (Figure 

2.2), this would imply either (a) a significant tectonic discontinuity in between, for example with 

rocks of the southeast corner/San Isabel granite region having been uplifted from much deeper 

(and hotter) levels of the Proterozoic crust, or (b) an extreme and localized thermal anomaly, 

such as provided by emplacement of voluminous magmas. Reliable estimation of the peak P–T 

conditions of metamorphism is thus crucial to determine the metamorphic and structural history 

of this region. 
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Sapphirine has represented a mineral of particular interest in this work, as it has become 

synonymous in recent years with so-called UHT metamorphism (cf. Kelsey, 2014), at least in 

metasedimentary rocks. Nonetheless, it is not only found in at temperatures exceeding 900 °C 

(e.g. Nijland et al., 1998), and a diagnostic indicator of such high-temperature conditions in 

aluminous metasediments where it coexists stably with quartz. While sapphirine has been 

reported from both Marion Mine and Amethyst Prospect localities by numerous workers since 

the 1980s, no studies have identified free silica as well, which is also the case for high-Mg 

metasedimentary units 17SIAP02 and 17SIAP09 discussed herein. Optical inspection and 

subsequent EPMA work confirmed the absence of quartz or any of its polymorphs in both 

samples, making them new candidates that can be added to a short list of examples worldwide 

where sapphirine is documented as being stable at amphibolite-facies conditions (~700 °C and 6 

kbar; Figure 6.3). 

Sapphirine has two naturally occurring end-members that are thought to stabilize at 

different P–T conditions. Detailed crystallographic analysis of sapphirine (X-ray diffraction; 

Kuzel, 1961; McKie, 1963; Fleet, 1967) suggests composition that range from an Mg- and Si-

rich form (Mg2Al4Si2O10)4 to an Al-rich form (Mg7Al18Si3O40), related by the Tschermak’s 

substitution Mg + Si → 2Al (e.g. Vogt, 1947). Along with trace element incorporation, 

sapphirine can thus be represented in terms of mole proportions of (Mg, Fe, Mn, Ni)O, 

(Al,Fe,Cr,V,Ti)2O3, and SiO2, as shown in Figure 7.1, with these two aforementioned end-

members referred to as 2:2:1 and 7:9:3, respectively. A Si-poor and even more Al-rich analogue 

of sapphirine has been synthesized in experiments, but has not been documented in nature, and 

has the theoretical end-member composition Mg6Al20Si2O40 (or 3:5:1; Grew et al., 2008). 

Experimental data obtained for synthetic forms and observations from natural occurrences both 

support the interpretation that the 7:9:3 stoichiometry is a “high-temperature, low-pressure” 

version, while the 2:2:1 stoichiometry is a “high-pressure, low-temperature” version (Higgins et 

al., 1979). In this context, the pressure transition between low and high regimes is around 7 kbar 

(Higgins et al., 1979), although the temperature difference between both “high” and “low” 

temperature run products is less distinct, with the 2:2:1 form stable at ~850–900 °C and the 7:9:3 

form stable above 950 °C. 
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Figure 7.1. Plot of measured sapphirine compositions in terms of SiO2 and Al2O3 wt. % 
contents, compared against data for end-members of stoichiometric sapphirine (see text for 

details). The yellow diamonds are sample 17SIAP02 and blue triangles are sample 17SIAP09.  

 

Sapphirine compositions obtained from samples 17SIAP02 and 17SIAP09 are plotted on 

Figure 7.1  with reference to these ideal end-members, described in terms of wt. % SiO2 and 

Al2O3. All analyses fall close to the 7:9:3 form, but trend towards the 3:5:1 form – the Si-

poor/Al-rich analogue. These compositional data appear to suggest that these grains should be 

stable at granulite-facies conditions (cf. Higgings et al., 1979), although not necessarily UHT 

conditions, as petrological observation shows that these rocks are silica-undersaturated (i.e. no 

quartz is present). This interpretation, however, is at odds with the results of thermobarometry 

presented previously. One possible explanation for this is uncertain valence state of Fe within the 

samples, which is additionally the likely cause of these San Isabel compositional data lying off 

the ideal end-member tie line in Figure 7.1. While an estimate of Fe3+/Fetotal was made here 

based on charge-balance assumptions, highly precise constraints are best obtained via techniques 

such as Mössbauer analysis. Higgins et al. (1979) suggested that even minor Fe3+ substitution for 

Al3+ in octahedral sites can expand sapphirine stability to lower temperatures and higher 

pressures, although the absolute magnitude of this effect is not yet quantified. 
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Other nominally high-grade/granulite-facies minerals observed in the San Isabel aureole 

samples include orthopyroxene, the diagnostic indicator mineral for granulite-facies 

metamorphism in meta-mafic rocks (Frost and Chacko, 1989); corundum, which is often found 

in Al-rich contact metamorphic rocks at temperatures exceeding ~750 °C (Morishita and Arai, 

2001; Feely et al., 2017); and Ti-rich clinohumite, which if OH-dominated is stable at 

temperature above ~800 °C (Smyth et al., 2006), although halogen-rich host rocks are known to 

extend the stability of humite-group minerals to unusually low metamorphic temperatures (<500 

°C) in calcareous lithologies (Ehlers and Hoinkes, 1987; Cook and Bowman, 1994). Other 

typically high-grade minerals, such as spinel, occur in the San Isabel lithologies with substantial 

substitution of minor elements, such as Zn (Table 4.2). Such substitution of minor and trace 

elements into these phases may have accounted for their stability at low-grade conditions (e.g. 

Tajčmanová et al., 2007), although there are still other possibilities. Previous studies have shown 

that highly saline fluids affect the P–T conditions at which metamorphic reactions/mineral 

assemblages occur (e.g. Touret et al., 2016 and references therein), such as suppressing the 

amphibolite-to-granulite facies transition in mafic rocks to low-grade conditions. Highly salinity 

reduces the activity of H2O in a metamorphic fluid, which destabilizes hydrous minerals, such as 

hornblende, which breaks down to form pyroxene at low temperatures (cf. Mogk, 1990). An 

example of highly saline fluid-fluxing forming spinel, corundum, albite/oligoclase and 

sapphirine assemblages during prograde metamorphism at amphibolite-facies conditions was 

documented by Nijland et al. (1998), and samples 17SIAP02 and 17SIAP09 have similar 

assemblages. Thus, fluid composition may have played a critical role in forming these 

petrologically unusual rocks collected from both localities, as discussed further below. 

 

7.2 Spatio-Temporal Relationship Between Magmatism and Metamorphism 

U–Pb age dating of monazite in metasediments from the southern Wet Mountains 

suggests that metamorphism was synchronous with emplacement of the San Isabel granite (1362 

± 7 Ma; Bickford et al., 1989) in both Marion Mine and Amethyst Prospect localities. Monazite 

in sample 17SIMM02 (garnet-biotite gneiss) provided a concordia age of 1346 ± 6 Ma with a 

MSWD of 4.5, and sample 17SIAP02 (sapphirine-bearing high-Mg metasediment) had a 

calculated intercept age of 1346 ± 22 with a MSWD of 1.9. These ages are notably c. 100 Myr 
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younger than those for amphibolites exposed in the central Wet Mountains (e.g. in Rattlesnake 

Gulch; Figure 2.2), which reportedly reached only slightly lower metamorphic peak P–T 

conditions than the rocks examined here (Levine et al., 2013). Given this temporal gap between 

peak metamorphism, but apparent synchronicity with granite emplacement, the rocks collected 

during fieldwork are interpreted to have equilibrated in their final form in a contact metamorphic 

environment, as opposed to preserving pre-intrusion regional metamorphic conditions. As the 

intrusion was emplaced at an approximate depth of 18.6 km, based on the Al-in-hornblende 

barometry (Cullers et al., 1992), hydrothermal fluids would have been released during the final 

stages of crystallization, and ascended and altered the adjacent wall rock. As these fluids 

progressed through the wall rock, monazite grains may have been reset and record the new 

metamorphic age at which they are formed. 

Additional support for this interpretation comes from microstructures preserved in key 

samples, which commonly have granoblastic textures, and mineral compositions. Foliations, if 

present, are weak (e.g. Figure A5) and may represent older relics of regional-scale 

metamorphism that were overprinted and partially destroyed during subsequent contact 

matemorphism. Further evidence of a strong magmatic influence on the metamorphic evolution 

of these samples comes from the atypically high halogen content in phlogopite, clinohumite, and 

amphiboles (Tables 4.1 and 4.2), in which fluorine can reach ~2 wt. %. Fluorine has an average 

concentration in the Earth’s crust of ~625 ppm (Taylor et al., 1964), and is known to play a key 

role in the transportation of ore-forming metals (Heinrich, 2007), as documented in Marion Mine 

samples. The source of fluorine in the metasedimentary and meta-igneous samples presented 

here is uncertain, but likely to be related to the intrusion and crystallization of the San Isabel 

granite itself. Igneous rocks, particularly mid-ocean ridge basalts (MORB) have an average F 

content of 130 ppm, although near-ridge hydrothermal activity can cause this to increase to >400 

ppm (Koga and Rose-Koga, 2018). By contrast, SiO2-saturated intermediate and felsic magmas 

often contain up to 15,000 ppm, and so represent significant reservoirs and sources of halogens 

in the continental crust. However, quartz- and feldspar-rich sedimentary lithologies (e.g. meta-

graywackes) that may represent protoliths for some of the units studied here have an average F 

content of ~480 ppm (Koga and Rose-Koga, 2018). Assuming that halogens act in an immobile 

fashion during metamorphism – which is unlikely (Hammerli and Rubenach, 2018) – 

metamorphic equivalents of these sedimentary precursors would have similar concentrations (i.e. 
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hundreds of ppm), although the wide variety of mineral assemblages in metamorphic rocks at 

different grades complicates estimates of “typical” halogen concentrations. As such, the potential 

F and Cl content of granitic magmas, such as the San Isabel granite, being nearly two orders of 

magnitude greater than probably mafic or sedimentary protoliths for the amphibolite 

(17SIMM01) and high-Mg metasedimentary lithologies (17SIAP02, 17SIAP09) makes granitoid 

magmatism the most likely source of enrichment, further indicating the influence of thermal 

metamorphism on the petrological evolution of these samples. Given the close association of 

different rock types in the Marion Mine that show similar levels of halogen enrichment, it is 

interpreted that each represent a closely layered sequence in outcrop, as illustrated 

diagrammatically in Figure 7.2. 

 

 

Figure 7.2. Schematic cross section through the Marion Mine cliff, representing the co-
occurrence of various metamorphic lithologies. 
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7.3 Tectonic Implications. 

Rocks of the Colorado Front Range, including those within the Wet Mountains, preserve 

widespread structural and metamorphic evidence for two major episodes of crustal deformation 

associated with terrane accretion events. The first is 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 at c. 1.8–1.6 Ga (Bowring 

and Karlstrom, 1990; Condie, 1982). Rocks of the Yavapai province are generally interpreted to 

have formed in an arc-like 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). The second event was a multi-stage deformation event that occurred 

between 1.68 Ga and 1.63 Ga (Shaw et al., 2001), recording suturing of the Mazatzal province 

with the southern margin of Laurentia. While some debate continues about the ages of both 

orogenic events, with some workers arguing there is not a significant (or resolvable) temporal 

break between both orogenies (Jones and Connelly, 2006; Shah and Bell, 2012; Mahan et al., 

2013), this deformation is fairly well constrained to have ceased by around c. 1.6 Ga; over 200 

Myr before metamorphism and magmatism in the Wet Mountains itself (Chapter 2). 

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 independent 

evidence for a period of extended crustal heating unrelated to terrane accretion (Shaw et al., 

1999; Sims and Stein, 2003), which is also documented in the Wet Mountains by the San Isabel 

granite (c. 1.36 Ga), the Oak Creek pluton (c. 1.44 Ga), and the West McCoy Gulch pluton (c. 

1.46 Ga) (Figure 2.2). The cause of this magmatism is still unresolved, although a continental-

scale tectonic event associated with it has been named the Picuris orogeny (Aronoff et al., 2012). 

While the metamorphic rocks in the San Isabel pluton contact aureole have similar ages to that of 

emplacement and crystallization of the magma itself, and so cannot directly constrain the nature 

(if any) or regional-scale deformation during this time, they do provide evidence of tectonism at 

this time. However, in contrast to early hypotheses based on the mineralogy of these samples, the 

thermal conditions do not represent UHT metamorphism, which is associated with specific 

geodynamic environments. Predictive modeling of the thermal evolution of continent–continent 

collision due to conductive heat transfer suggests that geotherms between 25 °C/km and 50 
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°C/km (cf. Fig. 1.1) should be reached in the middle crust at peak metamorphic conditions 

(England and Thompson, 1984), which correlate with those preserved in the Marion Mine and 

Amethyst prospect localities. However, granulite-facies and UHT conditions often record 

geotherms exceeding 100 °C/km (Kelsey and Hand, 2015), and require an additional source of 

heat, such as mantle up-welling through thinning of the crust or the introduction of deeply 

sourced, dry mafic magmas. Although the rocks studied here are slightly younger than those 

representing exposed middle crust in the central Wet Mountains, the lack of clear tectonic 

discontinuities between the southern and central sections indicates that Rattlesnake Gulch and 

the region around the San Isabel intrusion experienced the same tectonothermal evolution, at 

least prior to magmatism. As such, these c. 1.4 Ga ages are interpreted to represent Picuris-

related events that may be associated with crustal thickening and compression, although further 

work in regions of the central USA that expose c 1.4 Ga rocks in better tectonic context may be 

required to solve this problem. 

 

7.4 Future Work 

The data and interpretations presented herein offer detailed insight into the petrology and 

metamorphic evolution of rocks from the southern Wet Mountains, although there remain many 

areas of study that can be expanded upon in the future, which can produce new tectonic 

constraints on the evolution of this part of the Colorado Front Range, or to clarify aspects of this 

work that are unresolved. 

While arguments have been put forward in this study suggesting that the sapphirine-, 

orthopyroxene-, olivine-, and spinel-bearing assemblages formed at unusually low (i.e. 

subsolidus) amphibolite-facies temperatures compared to those typically recorded by other 

occurrences worldwide (cf. Kelsey, 2015), more investigation is needed into how this can be 

possible. Although the thermobarometry performed here is suggested to be reliable – especially 

given independent techniques producing coherent data – there are known chemical components 

in each sample that cannot be accommodated effectively using either conventional 

thermobarometry or inverse petrological modeling. These include Zn in gahnite-bearing sample 

17SIMM04, F and Cl in phlogopite-bearing samples 17SIAP02 and 17SIAP09, and abundant Cu 

and S in pyrite-bearing sample 17SIMM04. One interpretation of these P–T data is that the 
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thermobarometry is unreliable, although alternative explanations exist too. One study that 

documented similar sapphirine- and orthopyroxene-bearing lithologies in Norway at equivalently 

low temperatures (~750 °C; Nijland et al., 1998) ascribed their stability to the presence of highly 

saline fluids during metamorphism. Such an effect could potentially be confirmed (or ruled out) 

in the San Isabel granite aureole units via analysis of fluid inclusions in these metamorphic 

samples; however, care would need to be taken to discriminate fluids that represent ambient 

crustal fluids instead of those released due to crystallization of the San Isabel granite itself, 

which is interpreted here to have provided the heat source for contact metamorphism of these 

units. Alternatively, determination of whether or not the fluids released by the San Isabel granite 

intrusion were hypersaline and/or halogen-enriched, as discussed above, would be best 

investigated by petrological analysis of fluid inclusions within the granite itself. Some studies 

have documented this phenomenon in other A-type granites elsewhere in the world (e.g. Rankin 

et al., 1992), although it is currently unknown whether this is a widespread phenomenon or not. 

A second avenue for further research would be to perform a detailed field-based or 

remote sensing study of the 3D morphology of the San Isabel granite–country rock contacts. This 

area provide a much improved understanding of the spatial extent of the granite and its 

relationships with the surrounding metamorphic aureole; for example, the dense forestation in 

the region inhibits detailed mapping and so it remains unclear as to whether the metamorphic 

rocks documented here are true fragments of country rock, such as roof pendants, or else 

kilometer-scale xenoliths that sank into the magma chamber. Discrimination between these two 

possibilities (or others, if they exist) has implications for interpretation of tectonic 

features/foliations in the metamorphic rocks, as they would be in-situ in the first case, but likely 

mis-oriented in the second case. Nonetheless, it is unlikely that the thermal history and/or P–T 

conditions of metamorphism would differ significantly in either scenario, meaning that the 

results presented herein remain robust.  
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CHAPTER 8 

CONCLUSION 

The Wet Mountains in southern Colorado have undergone regional metamorphism during 

the Paleoproterozoic and Mesoproterozoic. Several sections of this mountain range have also 

undergone contact metamorphism during the same time which resulted in higher temperatures 

being recorded in the area. The metamorphic aureole surrounding the San Isabel granite is a 

prime example of both regional and contact metamorphism. We observe deformational textures 

and partial melting of these rock units along with an assemblage of minerals indicative of higher 

temperature conditions. This includes the crystallization of sapphirine, spinel, corundum, 

clinopyroxene, and clinohumite. Thermodynamic studies presented in this research provides new 

insights into the stability of sapphirine. Based on phase equilibrium modeling, the aureole 

surrounding the intrusion reached an average temperature of ~700 °C at 6–7 kbar, or ~18 – 21 

km depth in the crust. No textures are observed that would indicate crustal-scale thickening or 

metamorphism associated with the Picuris Orogeny, although the coincident ages of magmatism 

and metamorphism in the region with intrusions elsewhere within Colorado suggests that the 

effects of this event were documented here too. Further studies on the San Isabel granite, 

specifically comparing fluid inclusions from both sites, would provide better constraints on the 

source of the Cl and F.  
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Tajčmanová, L., Konopásek, J. and Kosler, J., 2009. Distribution of zinc and its role in the 
stabilization of spinel in high-grade felsic rocks of the Moldanubian domain (Bohemian 
Massif). European Journal of Mineralogy, 21(2), pp.407-418. 

Taylor, R.B., Stoneman, R., Marsh, S., Dersch, J., 1984. An assessment of the mineral resources 
potential of the San Isabel National Forest, south-central Colorado. USGS Bulletin 1638, 
43 pp. 

Taylor, S.R., 1964. Abundance of chemical elements in the continental crust: a new table. 
Geochimica et Cosmochimica Acta, 28, 1273–1285. 

Touret, J.L.R., Santosh, M. and Huizenga, J.M., 2016. High-temperature granulites and 
supercontinents. Geoscience Frontiers, 7(1), pp.101-113. 

Treloar, P.J. and O’Brien, P.J., 1998. What drives metamorphism and metamorphic reactions? 
Geological Society of London, Special Publication, 47, 138–148. 

Tweto, O., 1977. Tectonic map of the Rio Grande rift system in Colorado (No. 77-750). 

Urai, J.L., Means, W.D., Lister, G.S., 1986. Dynamic recrystallization of minerals. Mineral and 
Rock Deformation, 161–199. 

Vogt, T., 1947. Mineral assemblages with sapphirine and kornerupine. Bulletin de la 
Commission Geologique de Finlande, 140, 15-24. 

Wark, D.A. and Watson, E.B., 2006. TitaniQ: a titanium-in-quartz geothermometer. 
Contributions to Mineralogy and Petrology, 152, 743–754. 



84 

 

Weller, O.M., St‐Onge, M.R., Waters, D.J., Rayner, N., Searle, M.P., Chung, S.L., Palin, R.M., 
Lee, Y.H. and Xu, X., 2013. Quantifying Barrovian metamorphism in the Danba 
structural culmination of eastern Tibet. Journal of Metamorphic Geology, 31(9), pp.909-
935. 

Whitmeyer, S.J. and Karlstrom, K.E., 2007. Tectonic model for the Proterozoic growth of North 
America. Geosphere, 3(4), pp.220-259. 

Winchester, J.A. and Floyd, P.A., 1976. Geochemical magma type discrimination: application to 
altered and metamorphosed basic igneous rocks. Earth and Planetary Science Letters, 28, 
459–469. 

Winter, J.D., 2010. Principles of Igneous and Metamorphic Petrology. Pearson Education. 



85 

 

APPENDIX A 

PLANE POLARIZED LIGHT (PPL) FULL THIN SECTION SCANS 

 

Figure A.1. Sample 17SIAP01 – Clinopyroxenite  
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Figure A.2. Sample 17SIAP02- High Mg Metasediment 
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Figure A.3. 17SIAP03- Pyroxene bearing metasediment 
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Figure A.4. 17SIAP04- Calc Silicate 
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Figure A.5. 17SIAP05- Garnet-Biotite Gneiss 
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Figure A.6. 17SIAP06- Amphibolite  
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Figure A.7. 17SIAP07- Sapphirine bearing metasediment  
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Figure A.8. 17SIAP08- Pyroxene-amphibole-corundum schist 



93 

 

 

Figure A.9. 17SIAP09- High Mg Metasediment 
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Figure A.10. 17SIAP10- Amphibolite 
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Figure A.11. 17SIAP11- Spinel bearing metasediment 
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Figure A.12. 17SIMM01- Amphibolite  
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Figure A.13. 17SIMM02- Garnet-biotite gneiss 
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Figure A.14. 17SIMM03- Biotite-cordierite schist 
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Figure A.15. 17SIMM04- Calc Silicate 
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Figure A.16. 17SIMM05- Garnet Biotite Schist 
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Figure A.17. 17SIMM06 Garnet-biotite schist 
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Figure A.18. 17SIMM07 
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Figure A.19. 17SIMM08- Garnet- Biotite Schist 
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Figure A.20. 17SIMM09- Garnet- Biotite Schist 
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Figure A.21. 17SIMM10- Calc Silicate 
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Figure A.22. 17SIMM11- Amphibolite  
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Figure A.23. 18SIAP01- Granite 
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Figure A.24. 18SIAP02- Garnet- Biotite Schist 
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Figure A.25. 18SIAP03- Calc Silicate 
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Figure A.26. 18SIAP04- Calc-Silicate 
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Figure A.27. 18SIDP01 
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Figure A.28. 18SIDP02- Amphibolite  
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Figure A.29. 18SIMM01- Garnet- Biotite Cordierite Gneiss 
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Figure A.30. 18SIMM03- A) Hornblende Vein  and B) San Isabel Granite 
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Figure A.31. 18SIMM04- Pyroxene veins in leucosomic melt 
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Figure A.32. 18SIMM05- Garnet biotite gneiss 
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Figure A.33. 18SIMM07- San Isabel Granite 
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Figure A.34. 18SIMM10- Granite 
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Figure A.35. 18SIUP01- Metasediment 
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Figure A.36. 18SIUP02 Amphibolite  
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Figure A.37. 18SIUP03a- Amphibolite 
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Figure A.38. 18SIUP03b- Amphibolite 
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APPENDIX B 

BULK-ROCK GEOCHEMISTRY 

Table B.1. Bulk-rock geochemical data (wt.%) 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 

17SIMM01-A  Amphibolite 46.47 16.66 12.97 0.22 7.08 10.57 2.81 0.75 0.9 0.1 0.83 99.36 

17SIMM02-A  Grt–Bt schist 74.33 11.95 3.81 0.1 1.6 3.13 2.42 1.43 0.533 0.1 0.75 100.2 

17SIMM04-A  Metacarbonate 32.85 17.13 7.46 0.35 25.07 2.94 0.34 0.34 0.792 0.13 3.55 90.95 
17SIAP02  Spr-Cor-Sp hornfels 29.39 34.41 6.09 0.06 17.31 3.5 0.53 3.16 0.535 0.02 3.76 98.76 
17SIAP04  Marble 9.38 1.61 2.4 0.13 20.67 31.5 0.01 < 0.01 0.021 < 0.01 32.32 98.02 
17SIAP09  Spr-Cor-Sp hornfels 29.62 34.09 6.04 0.06 17.43 3.6 0.55 3.38 0.57 < 0.01 3.59 98.93 

 

Table B.2. Trace element concentration (specific analysis method outlined in table B.3) 

Analyte Symbol   Au Ag As Ba Be Bi Br Cd Co Cr Cs 
Unit Symbol  ppb 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 
17SIMM01-A  Amphibolite < 5 < 0.5 3 406 < 1 2 < 1 < 0.5 46 178 < 0.5 
17SIMM02-A  Grt–Bt schist < 5 < 0.5 < 2 589 2 < 2 < 1 1.2 4 24 < 0.5 

17SIMM04-A  Metacarbonate 681 111 25 52 < 1 24 < 1 23.5 9 30 < 0.5 
17SIAP02  Spr-Cor-Sp hornfels 15 4 26 307 2 < 2 < 1 2.9 < 1 < 1 2.1 
17SIAP04  Marble 243 7.6 31 4 < 1 < 2 < 1 12.4 < 1 < 1 < 0.5 
17SIAP09  Spr-Cor-Sp hornfels 10 2.2 19 285 2 < 2 < 1 3 < 1 41 5.8 
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Table B.2. Continued 

Analyte Symbol   Cu Hf Hg Ir Mo Ni Pb Rb S Sb Sc 
Unit Symbol  ppm ppm ppm ppb ppm ppm ppm ppm % ppm ppm 
Detection Limit   1 0.5 1 5 2 1 5 20 0.001 0.2 0.1 
17SIMM01-A  Amphibolite 3 < 0.5 < 1 < 5 < 2 68 8 < 20 0.007 1.3 43.4 
17SIMM02-A  Grt–Bt schist 80 16.6 < 1 < 5 < 2 14 70 30 0.093 0.6 3.7 
17SIMM04-A  Metacarbonate > 10000 4 < 1 < 5 11 6 > 5000 < 20 2.38 305 10.4 
17SIAP02  Spr-Cor-Sp hornfels 839 37.1 < 1 < 5 < 2 3 4150 130 0.04 7.8 2.3 
17SIAP04  Marble 3140 < 0.5 < 1 < 5 < 2 3 716 < 20 0.38 24.8 0.2 
17SIAP09  Spr-Cor-Sp hornfels 432 39.6 < 1 < 5 < 2 3 3180 70 0.019 4.8 2.7 

 

 

Table B.2. Continued 

Analyte Symbol   Se Sr Ta Th U V W Y Zn Zr La 
Unit Symbol  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
Detection Limit   3 2 1 0.5 0.5 5 3 1 1 2 0.2 
17SIMM01-A  Amphibolite < 3 307 < 1 < 0.5 < 0.5 343 < 3 18 142 36 5 
17SIMM02-A  Grt–Bt schist < 3 240 < 1 11.1 < 0.5 58 < 3 20 360 555 55.7 
17SIMM04-A  Metacarbonate < 3 54 < 1 3.3 1.9 106 52 7 > 10000 192 28.8 
17SIAP02  Spr-Cor-Sp hornfels < 3 141 < 1 43.3 20 < 5 4 243 1280 942 78.3 
17SIAP04  Marble 22 61 < 1 < 0.5 < 0.5 < 5 < 3 7 2080 39 6.4 
17SIAP09  Spr-Cor-Sp hornfels < 3 145 2 36.2 23.6 6 < 3 247 1090 894 56.8 
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Table B.2. Continued 

Analyte Symbol   Se Sr Ta Th U V W Y Zn Zr La 
Unit Symbol  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
Detection Limit   3 2 1 0.5 0.5 5 3 1 1 2 0.2 
17SIMM01-A  Amphibolite < 3 307 < 1 < 0.5 < 0.5 343 < 3 18 142 36 5 
17SIMM02-A  Grt–Bt schist < 3 240 < 1 11.1 < 0.5 58 < 3 20 360 555 55.7 
17SIMM04-A  Metacarbonate < 3 54 < 1 3.3 1.9 106 52 7 > 10000 192 28.8 
17SIAP02  Spr-Cor-Sp hornfels < 3 141 < 1 43.3 20 < 5 4 243 1280 942 78.3 
17SIAP04  Marble 22 61 < 1 < 0.5 < 0.5 < 5 < 3 7 2080 39 6.4 
17SIAP09  Spr-Cor-Sp hornfels < 3 145 2 36.2 23.6 6 < 3 247 1090 894 56.8 

 

Table B.2. Continued 
Analyte Symbol   Ce Nd Sm Eu Tb Yb Lu Mass 
Unit Symbol  ppm ppm ppm ppm ppm ppm ppm g 

Detection Limit   3 5 0.1 0.1 0.5 0.1 0.05  
17SIMM01-A  Amphibolite 6 < 5 2.3 0.3 < 0.5 0.9 < 0.05 1.61 
17SIMM02-A  Grt–Bt schist 117 28 7 1.9 < 0.5 2.5 0.38 1.462 
17SIMM04-A  Metacarbonate 60 < 5 4.2 0.6 < 0.5 0.6 0.08 1.954 
17SIAP02  Spr-Cor-Sp hornfels 295 222 47.8 0.9 7.2 35.1 4.89 1.649 
17SIAP04  Marble 16 < 5 1 < 0.1 < 0.5 0.3 < 0.05 1.435 
17SIAP09  Spr-Cor-Sp hornfels 223 143 39 1.5 8.1 36.4 4.94 1.705 
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Table B.3. Analysis method for each element 
Technique Elements 
FUS-ICP SiO2, Al2O3, Fe2O3, MnO,MgO,CaO Na2O, K2O, TiO2,P2O ,LOI, Be, Sr, V, Y, Zr 

MULT INAA / TD-ICP 
 

Ag 
 

MULT INAA/FUSICP 
 

Ba 

TD-ICP 
 

Bi, Cd, Cu, Mo, Ni, Pb, S, Zn 

INAA 
 

Au, As, Br, Co, Cr, Cs, Hf, Hg, Ir, Rb, Sb, Sc, Se, Ta, Th, U, W, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu, Mass 
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APPENDIX C 

U-PB LA-ICP-MS GEOCHRONOLOGY DATA 

 
Table C.1. U-Pb data and calculated ages for samples 18SIAP02, 

17SIAP02 and 17SIMM02  

 Measured Ratios 
Calculated 

Ages 

Sample Grain 207Pb/235U 
2 
S.D 206Pb/238U 2 S.D. Rho  

207Pb/20

6Pb 
2S.
D. 

17SIAP09 1 2.911 0.11 0.2363 0.0073 0.69019  1414 74 

 1 7.91 0.57 0.2712 0.012 0.8601  2902 78 

 1 6.85 0.73 0.2606 0.0092 0.61873  2700 160 

 2 3.26 0.16 0.2342 0.0094 0.69022  1660 81 

 2 31.9 2.3 0.457 0.019 0.83857  4268 74 

 2 11.6 1.9 0.297 0.021 0.89863  3290 180 

 2 6.29 0.54 0.2627 0.011 0.65126  2592 110 

 3 2.878 0.11 0.2328 0.0083 0.73972  1404 75 

 4 5.25 0.33 0.253 0.0076 0.73417  2342 97 

 4 5.6 0.5 0.2514 0.01 0.77494  2444 100 

 8 10.02 0.61 0.2783 0.011 0.66611  3215 76 

 8 10.25 0.55 0.2831 0.011 0.7955  3240 64 

 10 59.3 3.7 0.655 0.03 0.89426  4625 61 

 10 14.9 6.1 0.308 0.042 0.94183  3000 560 
  



128 

 

 Table C.1. Continued  
 Measured Ratios Calculated Ages 

Sample Grain 207Pb/235U 
2 

S.D 206Pb/238U 2 S.D. Rho  
207U/206U 2S.D. 

17SIAP02 2 3.27 0.18 0.248 0.012 0.66029  1549 81 

 2 3.037 0.1 0.2278 0.0098 0.64971  1511 65 

 4 3.29 0.14 0.2425 0.012 0.57103  1581 76 

 4 3.23 0.12 0.2339 0.012 0.49048  1570 73 

 4 3.1 0.12 0.2368 0.011 0.17451  1541 99 

 4 3.71 0.16 0.2366 0.011 0.34635  1827 83 

 5 3.55 0.18 0.2406 0.01 0.19004  1717 110 

 5 3.2 0.14 0.2436 0.012 0.60109  1519 69 

 9 3.02 0.12 0.2336 0.011 0.6559  1459 71 

 10 2.996 0.089 0.2316 0.0096 0.57538  1507 59 

 10 3.043 0.083 0.2391 0.0089 0.8433  1505 48 

 10 2.977 0.098 0.2322 0.0095 0.62259  1529 66 

 12 4.96 0.45 0.2626 0.01 0.62477  2120 150 

 14 3.17 0.17 0.2354 0.0098 0.60241  1587 85 

 16 2.937 0.1 0.221 0.009 0.71273  1527 55 

 16 3.073 0.084 0.2293 0.0086 0.49215  1534 57 

 17 3.118 0.09 0.2355 0.009 0.001  1540 65 
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 Table C.1. Continued  
 Measured Ratios Calculated Ages 

Sample Grain 207Pb/235U 
2 
S.D 206Pb/238U 2 S.D. Rho  

207U/206U 2S.D. 

17SIMM02 1 2.736 0.11 0.2298 0.0074 0.76013  1333 75 

 1 2.69 0.1 0.2285 0.0073 0.68481  1342 75 

 3 2.777 0.12 0.2295 0.008 0.61673  1402 82 

 4 2.762 0.12 0.2298 0.0071 0.86758  1360 76 

 4 2.788 0.12 0.234 0.0075 0.78669  1352 80 

 4 2.838 0.13 0.2344 0.0079 0.70518  1402 83 

 5 2.725 0.11 0.2284 0.0072 0.45735  1331 76 

 5 2.748 0.12 0.2296 0.0077 0.75358  1367 72 

 6 2.73 0.11 0.2277 0.0078 0.71971  1341 75 

 6 2.761 0.11 0.229 0.0075 0.73571  1380 72 

 7 2.864 0.13 0.2372 0.0082 0.79275  1380 75 

 7 2.783 0.12 0.2299 0.0084 0.73403  1356 79 

 7 2.774 0.11 0.2272 0.0081 0.77759  1389 77 

 10 2.769 0.12 0.2316 0.009 0.78045  1356 78 

 10 2.754 0.11 0.2293 0.0075 0.82027  1352 74 

 10 2.738 0.12 0.235 0.008 0.8704  1308 73 

 12 2.797 0.11 0.2357 0.0086 0.78066  1347 76 
 12 2.732 0.11 0.2317 0.0074 0.49259  1319 75 
 13 2.824 0.11 0.2344 0.008 0.60803  1359 78 
 13 2.854 0.11 0.2328 0.0077 0.62059  1381 76 
 13 2.852 0.12 0.2332 0.007 0.78335  1406 73 
 13 2.824 0.11 0.2344 0.008 0.60803  1359 78 

 

 


