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ABSTRACT

The Mount Rosa complex is a sodic igneous pluton within the ~1.08 Ga Pikes Peak
batholith, a typical A-type granite located in the Colorado Front Range. Diverse lithologies are
associated with emplacement of the complex; these included peraluminous to peralkaline granitic
rocks with several associated minor rock types, such as various dikes and pegmatites. Recent
geologic and geochemical studies of the complex revealed the Mount Rosa Granite to have a
complex petrogenesis within the plutofhis granite is host to complex Ti-bearing mineyals
astrophylite [KsF&*7Ti2SisO26(0H)s] and aenigmatiteNaF&*sTiSisOz2], which are noted to
represent highly peralkaline rocks on the evolutionary path from miaskitic to agpaitic
compositions. Researchers have been studying agpaitic rocks to decipher the magmatic processes
which drive the transition toward the highly evolved melts and rare metal deposits because of their
enrichment of high field strength elements (HFSE). Further understanding of this process may
allow for more efficient, targeted exploration in potentially economic alkaline complexes
Studying the Mount Rosa Granite provides a unique opportunity to observe the transitional agpaitic
stage of melt evolution in a peralkaline granite as the occurrences of complex HFSE-bearing

titanosilicates differ.

The peralkaline Mount Rosa Granite is a widely homogeneous, sodic amphibole granite
with minor amounts of astrophyllite that occurs in radial clusters. The amphibole in the main body
of the Mount Rosa Granite occurs as oikocrysts, enclosing previously formed phenocrysts of
quartz and alkali feldspar, and forming late in the crystallization sequence. The sfikocry
amphibole granite is interpreted to be representative of the majority of the peralkaline melt, in
which saturation of water was reached late in the crystallization sequence prompting late
amphibole formation. At the margins of the Mount Rosa Granite in contact with the Pikes Peak
Granite, more variable textural features are observed over a small area, including pegmatitic
granite, flow banding, and astrophyllite pockets. This texturally heterogeneous region shows areas
of prismatic amphibole granite, where amphibole occurs as prismatic phenocrysts forming due to
water saturation early in the crystallization sequence and is observed as unaligned grains to
strongly aligned grains in flow bands. Type | pegmatites in the area are interpreted esaisesl

grained pegmatitic Mount Rosa Granite which contain observed occurrences of aenigmatite.



Amphibole of three different compositions are identifiedthe Mount Rosa Granite;
katophorite-richterite in a Mount Rosa granitic dike, riebeckite in the pegmatitic granite, and
arfvedsonite in the oikocrystic and prismatic amphibole granites. With increasing alkalinity
[(Na+K)/Al] of the host rock, amphiboles generally transition from katophorite-richterite (sodic-
calcic) to riebeckite and arfvedsonite (sodic) with magmatic differentiation illustrated by the
exchange vector AkCa=Si+(Na, K). In correlating amphibole compositions and textures with
whole rock geochemical data, oikocrystic arfvedsonite occurs in samples with a relatively
consistent alkalinity index of ~1.25. In contrast, prismatic arfvedsonite occurs in samples with a
variable alkalinity index ranging from ~1.15 to 1.35. The alkalinity index of samples, interpreted
to represent the degree of melt differentiation, indicates that local areas of prismatic amphibole
granite crystallized at variable degrees of melt differentiation while oikocrystic amphibole granite
was more homogeneous and consistent in melt evolution. The most alkaline samples were
collected from a discrete melt pocket of prismatic amphibole granite which contains both
astrophyllite and aenigmatite. These melt pockets may be interpreted as the most evolved portions

of the peralkaline melt.

The main body of the Mount Rosa Granite contains minor abundances of astrophyllite and
zircon, a transitional agpaitic mineral assemblage. Discrete pockets and pegmatitic zones of granite
are also host to transitional agpaitic mineral assemblages, yet the abundance of astrophyllite in the
pockets and the occurrence of aenigmatite, a more rare titanosilicate, are interpreted to indicate a
more evolved composition than the majority of the Mount Rosa Granite. The Mount Rosa granitic
dike, viewed as a link between the peraluminous Pikes Peak Granite and the peralkaline Mount

Rosa Granite, hosts the miaskitic mineral assemblage of ilmenite and zircon.

The interpretation of the mineral assemblages, mineral compositional trends, and textural
varieties of granite suggests that the Mount Rosa complex is a composite pluton where rock types
range from less evolved, miaskitic compositions to more evolved, agpaitic compositions. The
granitic dikes in the complex likely form from a miaskitic melt, the least evolved of peralkaline
melt compositions. The large magma chamber of the peralkaline Mount Rosa Granite is proposed
to have been a transitional agpaitic magma with oikocrystic. Subsequent less voluminous pulses
of magma along the margins of the magma chamber are slightly more evolved containing prismatic
amphibole. Thee prismatic amphiboles are subject to magmatic flow differentiation influencing
alignment and accumulation of grains and the formation of residual melt pockets. The localized

iv



melt pockets near the margin of the Mount Rosa Granite magma chamber contain complex
titanosilicates in greater abundances suggesting melt compositions more evolved than the
transitional agpaitic magma in the complex. Despite the occurrence of zircon rather than other
complex zirconosilicates, local astrophyllite pockets are considered to have been formed from
agpaitic melts, the most evolved melts before the formation of complex NYF pegmatites in the

complex.
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CHAPTER 1

INTRODUCTION

The ~1.08 Ga Pikes Peak batholith in the Colorado Front Range is widely recognized as a
typical A-type granite suite composed of several discrete igneous complexes chachdigriz
different sodic or potassic compositions. The youngest of the sodic complexes is the Mount Rosa
complex, which hosts a wide array of lithologies from peraluminous to peralkaline granite, and
minor associated rock types. The Mount Rosa complex is interpreted to have formed from a highly
evolved melt, which resulted in enrichment of rare earth and other high field strength elements,
and the occurrence of complex Ti-bearing silicates typical of agpaitic rocks. Previous investigation
of the Mount Rosa complex demonstrated that petrogenesis of the peralkaline Mount Rosa Granite
is complex to decipher due to irregular lithologic contacts and heterogeneity in granitic textures.
Similarly, inhomogeneous transition zones between less-evolved miaskitic rocks and more-
evolved agpaitic rocks is noted in other agpaitic granites and syenites (e.g., Tamazeght complex
in Morocco, Nechalacho Layered Suite in Canada, Khaldzan Buregtei peralkaline granite massif
in Mongolia). The Mount Rosa Granite presents an expansive natural laboratory to explore the
origins of different granitic textures and Ti-mineralogy to improve our understanding of processes
occurring within this transitional agpaitic zone during melt emplacement and to elucidate the
mechanisms driving formation of interstitial melt pockets and other common heterogeneous

textures.

Agpaitic igneous rocks are host to potentially economic rare metal deposits, including the
Strange Lake peralkaline complex (Canada), the Nechalacho Layer Suite at Th(Cam&kea),
the llimaussag intrusion (Greenland), the Khaldzan Buregtei peralkaline complex (Mongolia), and
the Khibina and Lovozero massifs (Russia). While agpaitic granites and syenites have been a
research topic studied for many years, the mechanisms that drive a magma from a miaskitic to
agpaitic composition is not well-known. Transitional agpaitic rocks are not commonly seen in
outcrop and their presence in literature is sparse. Further understanding of the processes that occur
driving a magma to a more agpaitic composition linked with the textural and geochemical features
observed from a transitional agpaitic rock may prove to be beneficial to more efficient exploration

and feasibility studies of alkaline complexes for economic rare metal deposits.



1.1 OVERVIEW OF PERALKALINE GRANITES

Granites and granitoid rocks are the most abundant rocks in the upper continental crust and
studied for their ability to contain a record of the construction of continental crust, including mantle
contributions and the tectonic setting of emplacement (Bonin, 2007). Granites are classified in
several ways: by mineralogy, based on modal abundances of quartz, alkali feldspar, and
plagioclase (Streckeisen, 1967); based on magmatic sourceas8ehl-, or A-type (Chappell
and White, 1974; Loiselle and Wones, 1979); based on Fe-Ti mineralogy, such as magnetite- or
ilmenite-series (Ishihara, 1977); based on a combination of mineralogy and aluminum saturation
(Barbarin, 1999); using trace element discrimination diagrams to distinguish tectonic setting
(Pearce et al., 1984); or by geochemical characteristics described through major element indices
(Frost et al., 2001). Geochemical classification of granites using major element indices provides
an accurate discrimination of the rocks based on measurable chemical features without being led
by genetic interpretations of tectonic setting or magmatic origin (Frost et al., 200 Bkalir@ty
index [Al; molar (Na+K)/Al] divides granitic rocks into two groups. Rocks with<1l are
considered peraluminous or metaluminous, subdivided based on aluminum saturation index [ASI;
Al/(Ca+Na+K)], whereas rocks witlAl>1 are considered peralkaline (Frost et al., 2001).
Peralkaline granites are commonly classified as A-type granitedMiRRe D Q L ghbkbgebiéti G 3
origin, and are interpreted to have been produced by fractional crystallization of partial melts from
mantle-derived mafic material in an extensional tectonic setting (Loiselle and Wones, 1979). A-
type granites are almost exclusively ferréamhere FeO/(FeO+MgQO) is greater than in
Cordilleran subduction-related granites (Frost et al., 2001). Therefore, a more robust classification

of A-type granites may be ferroan granites (Frost and Frost, 2011).

Peralkaline, ferroan granitoids are commonly suggested to form in intracontinental rift
zone settings, where mantle-derived magmas may have limited crustal contamination (Loiselle and
Wones, 1979; Kramm and Kogarko, 1994; Marks et al., 2003). The widely accepted petrogenetic
pathway involves low-degree melting of a pre-enriched mantle source during extension which
produces an initial alkali or transitional basaltic magma (Kramm and Kogarko, 1994; Frost and
Frost, 2011). During ascent through the continental crust, fractional crystallization moves the
magma toward a more granitic composition and with extensive, long-lived differentiation becomes

increasingly peralkaline (Sgrensen, 1997; Giehl et al., 2013). Crustal assimilation may occur in



variable degrees and will drive the composition of the evolving melt toward a syenitic or granitic
composition (Marks et al., 2003; 2004).

Peralkaline granitoids are interpreted to record evidence for long-lived crystallization
intervals that reach temperatures as low as ~400°C (Marks and Markl, 2003). During the late
magmatic stages of crystallization, exsolution of a fluid phase from the most differentiated residual
melt occurgKogarko, 1974; Sgrensen, 1997). These late-stage fluids are suggested to be enriched
in alkali and incompatible high field strength elements (HFSE), and are proposed to drive
autometasomatism of primary mineral assemblages to form secondary HFSE-enriched mineral
assemblages (Salvi et al., 2000; Chakmouradian and Mitchell, 2002; Marks et al., 2003; Gysi and
Williams-Jones, 2013; Vasyukova and Williams-Jones, 2014

Two main conditions are recognized to produce a peralkaline ferroan magmgs.low
(reduced environment) and lowi2o (relatively dry magma) (Marks and Markl, 2001; Markl et
al., 2001; Markl et al., 2010; Schilling et al., 2011). The reduced nature of the magma inhibits the
crystallization of magnetite and initiates the crystallization of olivine and alkali feldspar, leading
to Fe-enrichment and depletion of Si® the magma (Fenner, 1929; Giehl et al., 2013). Resulting
granitic mineral assemblages are fayalite- and ilmenite-bearing, and ultimately, may kalude
amphibole and aenigmatite where extreme differentiation occurs (Marks and Markl, 2003;
Schilling et al., 2011; Giehl et al., 2013). Very low water activity in a parental magma is mgcessa
to allow the exsolution of an aqueous fluid phase in the late stages of melt evolution (Markl et al.,
2001).

Extensive fractionation over broad crystallization intervals drives the alkalinity of the
residual magma towara peralkaline composition (Marks and Markl, 2001; Giehl et al., 2013).
Early fractionation of plagioclase from the basaltic mantle melt, coupled with crystallization of
aluminous phases (e.g., spinel and clinopyroxene), deplete the melt of Al and allow for
preservation of alkalis in the melt (Markl et al.,, 2001). This fractionation, resembling the
plagioclase effect, increases the alkalinity of the residual melt to moderately alkaline compositions
Further crystallization of alkali feldspar and nepheline is necessary to reach more peralkaline
compositions (Markl et al., 2001; Giehl et al., 2013). The highly differentiated nature of peralkaline

granites and syenites is reflected in fractionation indicators such as Mg/(Mg+Fe) and Ca/(Na+K),



reaching values near zero and concomitant enrichment of incompatible elements, such as halogens,
large ion lithophile elements, and HFSE (Kogarko, 1990; Sgrensen, 1992; Bailey et al., 2001).

Fluorine-rich melts are proposed to be capable of transporting and enriching HFSE which
are typically considered immobile (Rubin et al., 1993; Salvi et al., 2000, Vasyukova and Williams-
Jones, 2014). Elevated concentrations of F and alkalis in a melt promotes the formation of alkali-
fluoride complexes with HFSE, increasing solubility of HFSE in the melt (Collins et al., 1982).
However, the exceptional enrichment of HFSE reported in some peralkaline granites and syenites
is not likely the result of igneous processes alone, but may be attributed to late- to post-magmatic
hydrothermal alteration (Salvi and Williams-Jones, 1990; Salvi et al., 2000; Marks et al., 2003;
Sheard et al., 2012; Gysi and Williams-Jones, 2013). In this scenario, HFSE are transported in
high concentrations as hydroxyl-fluoride species at high temperatures which drives replacement
of primary igneous minerals by fluorite and secondary HFSE-bearing minerals (Salvi et al., 2000
Migdisov et al., 2011).

The enrichment of rare earth elements (REE) and other HFSE in peralkaline melts and
hydrothermal fluids are linked to the formation of REE-bearing mineral deposits, including
deposits associated with magmatic rocks with compositions ranging from alkalic to ultrabasic, and
associated with pegmatites, volcanic deposits, and hydrothermal veins (Long et al., 2010). Rare
earth element-bearing mineral deposits in peralkaline igneous complexes commonly show strong
enrichment of heavy REE and other HFSE (such as Zr, Hf, Nb, Ta, Th, and U), mainly associated
with granitic aplites and pegmatites, and where further enrichment is attributed to hydrothermal
processes (Chakmouradian and Mitchell, 2002; Gysi and Williams-Jones, 2013; Gysi et al., 2016;
Vasyukova et al., 2016; Siegel et al., 2018). Major historic production of REE has been limited to
a few large-scale deposits (e.g., Bayan Obo, China; Mountain Pass, USA; Mount Weld, Australia;
Lovozero, Russia) (Smith et al., 2016). Additional prominent REE deposits that occur in alkaline
rocks are hosted by nepheline syenites (e.g., llimaussaq, Greenland; Lovozero and Khibina,
Russia; Thor Lake, Canada), peralkaline granites (e.g., Strange Lake, Canada; BokamMounta
Alaska), or trachytic volcanic rocks (e.g., Toongi and Brockman, Australia) (Dostal, 2017).
Peralkaline granites enriched in REE are the focus of recent studies to understand the magmatic
and hydrothermal processes that allow extensive enrichment of HFSE, the results of which are
used to aid in exploration and feasibility studies of potential economic prospects (Borst et al., 2016;
2018; Siegel et al., 2018; Andersen et al., 2017; 2018; Chakrabarty et al., 2018).

4



1.2 OVERVIEW OF AGPAITIC ROCKS

Ussing (1912) introduced the term agpaitic to define highly peralkaline rocks with an
alkalinity index greater than 1.2 to describe the Na- and Cl-rich HFSE-bearing nepheline syenites
at the llimaussaq complex, Greenland. The definition of agpaitic rocks has progressed to include
other similarly HFSE-enriched mineral assemblages and quartz-bearing rocks. More recent
petrographic definitions subdivide these highly peralkaline rocks into miaskitic, agpaitic,
transitional agpaitic, and hyperagpaitic based on HFSE-bearing mineralogy (Table 1.1) (Sgrensen,
1997; Le Maitre, 2003; Marks et al., 2011; Marks and Markl, 2017):

l. Miaskitic rocks are characterized by the presence of REE- and HFSE-enrichment
in common accessory minerals, such as the simple Ti- and Zr-bearing minerals
zircon, baddeleyite, titanite, and perovskite.

Il. Agpaiticrocks are characterized by REE- and HFSE-enrichment in rare and more
complex Ti- and Zr-bearing silicates such as eudialyte and aenigmatite (Table 1.1).

1. Transitional agpaiticrocks contain minerals indicative of both miaskitic and
agpaitic varieties.

V. Hyperagpaiticrocks are characterized by high modal abundances of halogen-rich

and water-soluble minerals, such as steenstrupine-(Ce) and villiaumite (Table 1.1).

The term miaskitic can be used to describe both intrusive and extrusive rocks in silica-
undersaturated, silica-saturated, and silica-oversaturated rocks, although peralkaline syenites and
granites are most commonly recognized (Le Maitre, 2003; Marks and Markl, 2017). Agpaitic and
less common hyperagpaitic varieties are the product of the most differentiated peralkaline magmas,
when conditions for formation are reached during final stages of petrogenesis, and thus, are some

of the most halogen- and HFSE-rich igneous rocks (Kogarko, 1990; Sgrensen, 1992).

Highly evolved agpaitic rocks commonly occur as minor constituents in alkaline igneous
complexes as composite intrusions that are dominated by miaskitic igneous rocks, and may be

associated with minor pegmatites and hydrothermal veins. In some cases they are associated with



HFSE-bearing minerals in miaskitic rocks

Zircon
lImenite
Baddeleyite
Titanite
Perovskite

ZrSi0,
FeTiO,
2rO,
CaTiSiG
CaTiO;

Table 1.22 List of minerals typical of miaskti
agpaitic, and hyperagpaitic igneous rocks.

HFSE-bearing minerals in agpaitic rocks

HFSE-bearingnmisen hyperagpaitic rocks

Aenigmatite
Armstrongite
Astrophyllite

Catapleiite
Dalyite
Elpidite
Eudialyte*
Gittinsite
Hilairite
Lamprophyllite
Lorenzenite
Lovozerite
Parakeldyshite
Rinkite*
Vlasovite
Wadeite
Wohlerite*

NayFesTiSigOs

Cazr(Sk0,5)-2H,0
KaFerTi;SigO,4(OH)s

NayZrSizOg- 2H,0

K,ZrSigO15

NayZrSigO15 3H,0
NaysCagFesZr3Si(ShsO79)(0,0H,HO)(CI,OH),
CazrSy0,

NayZrSizOq-3H,0
(SrNa)TpNasTi(Si;07),0,(0H),
Na,Ti,Si;:Oq

NasCaZr(SyO15)(OH);

NayZrSi,O;
(CaREE)Na(NaCa)Ti(SD;),(OF)R
NayZrSi,O11

K,ZrSizOq
Nay,Ca,Zr(Nb,Ti)(Sib07)5(O,F)

Chkalovite
Epididymite
Lormonosovite
Natrophosphate
Natrosilite
Naujakasite
Sorensenite
Steenstrupine-(Ce)
Thermonatrite
Trona
Tugtupite
Ussingite
Villiaumite
Vitusite-(Ce)
Voronkovite
Vuonnemite
Zirsinalite

Na,BeSiOg

Na,Be,SigO15-H,0
NasTi,0(Si07)(POy)
Nay(POy),F-19H0

Na,Si,Os5

Nag(Fe,Mn)Al,SigO56
NayBe,Sn(SkOg),- 2H,0
Naw,CeMn,Fe™,Zr(P0,);Sir 0z 3H,0
Na,COs-H,0

Nag(HCO,)(COy)-2H,0
NaBeAlSi,0..Cl

Na,AlSiz0s0H

NaF

NaCe(PQ),

Nay5(Na,Ca,Ce) Mn,Ca)FesZr;Si,{O0;(OH,0,Cl-H,0
NagNaNb,NasTi(Si,07),(POs),0,(OF)
NasCazr(SiO1g)

*sensu strictc

carbonatite or mafic rocks. Identification of different field relationships between miaskitic and

agpaitic units within alkaline complexes has led to classification of four main types of composite

peralkaline plutons (Figure 1.1; Marks and Markl, 2017):

Agpaitic-dominated (e.g., llimaussaq, Khibina, Lovozero);

Miaskitic-dominated (e.g., Mont Saint-Hilaire, Langesundsfjord);

Miaskitic-dominated rocks with interstitial agpaitic pockets (e.g., Tamazeght,

Pilanesburg);

Agpaitic pegmatites intruding miaskitic host rocks (e.g., Magnet Cove, Burpala).

In these complexes, cross-cutting agpaitic pegmatites and xenoliths in miaskitic

units suggest the existence of an unexposed agpaitic body beneath the surface
(Andersen et al., 2010; Marks and Markl, 2017).

Traditionally, the term agpaitic was limited to nepheline syenites that contained an

abundance of eudialyte group minerals (EGM) (Le Maitre, 2003). In contrast, recent descriptions

of agpaitic rocks have included EGM-free mineral assemblages that contain complex alkali-rich
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Figure 1.12 Common associations within composite alkaline complexes and observe
relationships between miaskitic and agpaitic rocks (modified after Marks and Markl,
Dashes lines indicate potential erosional levels and outcrops.

Ti- and Zr-silicates (Andersen et al., 2017; Marks and Markl, 2017). The main factors inferred to
drive crystallization of these rare complék- and Zr-rich minerals include increased
concentrations of alkalis, halogens, angOHANndersen et al., 2010; Giehl et al., 2013). The

agpaitic mineral assemblages are commonly associated with sodic or volatile-bearing rock-
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forming minerals, including alkali feldspar, nepheline, sodalite, and sodic amphibole or pyroxene
(Serensen, 1997).

The HFSE-bearing minerals defining agpaitic rocks are most commonly formed during
late-magmatic crystallization or in the late-hydrothermal stages of igneous complex formation.
However, there are some instances of crystallization during early-magmatic stages of complex
formation. In cases where agpaitic mineral assemblages appear to be orthomagmatic, the origin of
the extremely Na-, HFSE-, and halogen-rich magma is suggested to be a pre-enriched mantle
source, or extremely low degrees of melting in the mantle (e.g. Marks and Markl, 2015; Mdéller
and Williams-Jones, 2016). Interstitial agpaitic assemblages found in pegmatites and late stages of
crystallization are most common in agpaitic rocks, and suggest the conditions that allowed agpaitic
minerals to form were reached only in the final stages of differentiation (e.g., Schilling et gl., 2009
Estrade et al., 2014; Mdéller and Williams-Jones, 2016). The late-stage magmatic formation of
HFSE-bearing minerals has also been documented to occur in spatially restricted pockets and
interpreted to be a product of a residual melt as a closed system (Schilling et al., 2009).
Hydrothermal alteration and autometasomatism may produce an abundance of secondary mineral
assemblages that include secondary EGMstNa- and Ca-rich Zr-silicates, indicating HFSE
transport in an alkali- and F-rich fluid (e.g. Salvi and Williams-Jones, 1995; Salvi et al., 2000;
Gysi et al., 2016).

Potentially economic rare metal deposits may be hosted in HFSE-rich agpaitic syenites and
granites. These include the llimaussaqg alkaline complex (Greenland), the Red Wine alkaline
complex (Canada), the Thor Lake rare metal deposit (Canada), the Strange Lake plutda)(Cana
and the Khibina and Lovozero massifs (Russia), which are both actively mined (Salvi and
Williams-Jones, 2006; Kogarko et al., 2009; Marks and Markl, 2015; Smith et al., 2016;
Kalashnikov et al., 2016). While traditional depictions of agpaitic rocks were restricted to
peralkaline nepheline syenites, agpaitic granitic rocks and potential rare metal deposits are not
uncommon, including the Strange Lake complex in Quebec, the Khaldzan Buregtei and Khan
Bogd complexes in Mongolia, and the Ambohimirahavavy alkaline comipleiadagascar
(Sgrensen, 1997; Marks and Markl, 2017).

The Strange Lake peralkaline complex is the most well-studied example of an agpaitic

granite and associated pegmatites, containing abundant zircon, vlasovite, and dalyite as early-
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magmatic phases followed by elpidite as a late-magmatic phase, and HFSE-bearing secondary
minerals such as gittingsite, catapleiite, and armstrongite (Birkett et al., 1992; Salvi and Williams-
Jones, 1995). The complex consists of two peralkaline gra@ngebypersolvus, generally
miaskitic granite with late-magmatic phases typical of agpaitic rocks, and a subsolvus, agpaitic
granite host to highly mineralized pegmatites and fine-grained enclaves (Salvi #athgViones

1996; Gysi and Williams-Jones, 2013; Siegel et al., 2018). Rare metal enrichment in the Strange
Lake complex was governed by a combination of igneous and hydrothermal processes, leading to
a large economically interesting REH #\b deposit hosted in the hydrothermally altered
pegmatites and granites (Gysi and Williams-Jones, 2013; Gysi et al., 2016; Siegel et pl., 2018

Two alkaline complexes in Mongolia, Khaldzan Buregtei and Khan Bogd, host rare metal

deposits related to peralkaline granites. The Khaldzan Bairgqugralkaline complex is
predominantly composed of quartz syenite with HFSE-bearing minerals associated with minor,
late granitic phases (Kovalenko et al., 2004). The occurrence of complex HFSE-bearing minerals
(elpidite, gittingsite, aenigmatite, and catapleiite-(Ca)) classify the rare metal peralkaline granit
as agpaitic (Kovalenko et al., 2004; Kempe et al., 2015). HFSE- and REE-bearing minerals are
associated with metasomatized quartz syenite, granite, and pégretis found at the contact
between the two rock types (Kovalenko et al., 2004; Baginski et al., 2016). This contact is a
texturally and compositionally inhomogeneous transition zone containing schlieren-like
pegmatoids and xenoliths of surrounding rock units (Kovalenko et al., 2004). The Khan Bogd
complex is predominantly composed of peralkaline granites that occurs as ring dikes and
associated pegmatites that host much of the late-magmatic zircon and elpidite ore. The rocks are
overprinted by hydrothermal stages that form zircon, armstrongite, and gittingsite (Kynicky et al.,
2011).

The Ambohimirahavavy alkaline complex in Madagascar is a composite pluton

characterized by circular syenitic bodies and two granitic bodies with minor rock types that include
trachytic and phonolitic flows, and dikes of granitic, syenitic, and mafic composition (Estrade et
al., 2014). The peralkaline granite bodies and dikes have been recognized as three distinct granite
types (Estrade et al., 2014): I. homogenous, hypersolvus peralkaline granite with the mineralogy
characteristic of a miaskitic granite; 1. inhomogeneous (aplitic to pegmatéitsitional granite

that exhibits a layered texture with variation in color, grain size, and mineralogical composition;



lIl. subsolvus agpaitic granite containing eudialyte, aegirine, and\a-&nphibole in a layered

texture similar to lujavrites from llimaussag.
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CHAPTER 2

THE PERALKALINE MOUNT ROSA GRANITE: CONTRASTING MINERALOGY AND
GEOCHEMISTRY OBSERVED IN THE MOUNT ROSA GRANITE, PIKES PEAK
BATHOLITH, COLORADO

2.1 INTRODUCTION

Peralkaline granitic rocks (M@+K20>Al>03) can be divided into two groups: (I) the
moderately peralkaline miaskitic group in which rare earth elements (REE) and othaeldigh f
strength elements (HFSE) are hosted in common minerals such as ilmenite, titanite, and zircon,
and (l) the strongly peralkaline agpaitic group in which the HFSE enter into complex silicate
minerals, including aenigmatite, astrophyllite, and members of the eudialyte and rinkite groups
(Table 2.1) (Andersen et al., 2017, Marks and Markl, 2017). Agpaitic rocks are of particular
interest because of the pronounced enrichment of REE and other?Hi$&rticular Zr, Nb, Hf,

Ta, and W? and th& potential for economic production (Kogarko, 1990; Sgrensen, 1992;
Goodenough et al., 2016). Agpaitic bodies that have prospective economic abundances of REE
have been investigated for many years. Important localities include Illimaussaq (Greenland), Red
Wine, Letitia Lake, and Strange Lake (Canada), and two actively mined loc#itibsna and
Lovozero (Russia) (Kalashnikov et al., 2016). In many rare metal deposits hosted in agpaitic and
hyperagpaitic complexes, heavy REE are commonly present in greater concentratiolessh
valuable light REE (Sgrensen, 1992; Smith et al., 2016; Goodenough et al., 2016).

Substantially increased interest in the economic production of REE and other HFSE has
arisen with their increased use in modern technological devices, clean energy, and military
technologies (Long et al., 2010). In 2018, the U.S. Department of the Interior released a list of
MFULWLFDO PLQHUDOVY LGHQWLI\LQJ FRPPRGLWLHY YLHZHG I
(U.S. Department of the Interior, 2018). (K H MFULWLFDO PLQHUDOVT /L
Nb, Ta, Sn, REES) can be greatly enriched in agpaitic rocks and associated pegmatitee(e.g
1300 ppm REE, reaching nearly 1 wt% at the Strange Lake deposit; Long et al., 2010) (Sgrensen,

grny and Ecrit, 2005).

Alkaline complexes generally host miaskitic and agpaitic rocks in composite plutons with
a variety of features, including pegmatites, enclaves, and a transitional agpaitic zone. This

transitional agpaitic stage is observed in limited occurrences and only few studies document
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Table 2.12 Mineral formulas and abbreviations for minerals associated with miaskitic
agpaitic igneous rocks pertinent to this study.

HFSE-bearing minerals in miaskitic rocks

Zircon  ZrSiO, Zm
lImenite  FeTiO; lIm
Titanite  CaTiSIG Tit

HFSE-bearing minerals in agpaitic rocks

Aenigmatite  NayFesTiSigOy Aen
Astrophylite  K3Fe;Ti,;SgO,6(OH)s Ast
Dalyite ~ K,ZrSiO;5 Dal
Eudialyte  Na;sCasFe3Zr3Si(ShsO73)(0,0H,H,0);(CLOH), Eud
Catapleite ~ Na,ZrSkOgy:2H,0 Cat
Elpidite ~ NayZrSigO;s-3H,0 Elp
Gittinsite ~ CaZrSjO, Git
Cryolte  NaNaAlFg Cry

evidence of the complex process driving the evolution of peralkaline rocks from miaskitic to
agpaitic compositions (Chakhmouradian and Mitchell, 1999; Berger et al., 2009; Melluso et al.,
2014, Andersen et al., 2017). Understanding of the processes which drive this transition toward an
agpaitic peralkaline melt and the observable features in the field is beneficial for exploration of
potential economic prospects in peralkaline complexes.

The transition from miaskitic to agpaitic in peralkaline magmatic systems is mainly
dependent on reduced crystallization conditions and a relatively dry magnfa&owl low .+20),
which drive the differentiating magma toward enrichment of Fe, increasing peralkalinity, and
retention of halogens (Kogarko, 1974; Markl et al., 2001; Andersen et al., 2010; Markl et al., 2010;
Marks et al., 2011, Marks and Markl, 2017). The genetic concept of low-degree melting of a pre-
enriched mantle source coupled with extensive differentiation toward a syenitic to granitic
composition is gaining acceptance as a viable mechanism for production of miaskitic to agpaitic
magma compositions (Larsen and Sgrensen, 1987; Frisch and Abdel-Rahman, 1999; Frost and
Frost, 2011).

The Mount Rosa complex in the Pikes Peak batholith includes several diverse
peraluminous to peralkaline rock units, with high concentrations of REE and HF&&bium+

yttrium #luorine (NYF) pegmatites (Gross, 1962; Gross and Heinrich, 1966; Persson, 2017; Smith,
12



2018). Recent studies investigating the textural distribution and mineral chemistry of biotite and
zircon showed that the peralkaline Mount Rosa Granite is mineralogically, geochemically, and
texturally heterogeneous (Persson, 2017; Smith, 2018). In addition, the mineralogy preserved in
pockets within the otherwise relatively homogeneous Mount Rosa Granite includes occurrences
of astrophyllite and aenigmatite, interpreted to be characteristic of transitional agpaitic melts
(Marks et al., 2011; Marks and Markl, 2017).

The aim of this study is to investigate miaskitic and agpaitic mineral assemblages within
in the Mount Rosa Granite to better understand relationships between accessory mineralogy,
mineral chemistry, and granitic textures in the different rock types. Interpreting connections
between mineral textures and accessory mineralogy in overall texturally heterogeneous zones
the Mount Rosa Granite will contribute to our understanding of the magmatic processes that result
in REE-enriched melt compositions and the development of economically relevant agpaitic

granites.

2.2 GEOLOGIC SETTING

The ~1.08 Ga Pikes Peak batholith (Figure 2.1) occurs within the southern Front Range of
Colorado, and extends from ~40 km west of Castle Rock to ~15 km west of Colorado Springs with
~3,100 km of surface exposure (Smith et al., 1999b). The batholith is dominated by the
peraluminous Pikes Peak Granite, a highly potassic fine- to coarse-grained biotite granite, and
contain a wide array of minor rock types such as gabbro, diabase, syenite, fayalite and sodic

amphibole granites, and quartz monzonite (Smith et al., 1999a; 1999Db).

A series of isolated, late-stage intrusive complexes within the Pikes Peak batholith
comprise less than 10% of the total surface exposure and can be distinguished as either potassic or
sodic (Barker et al., 1975; Wobus and Anderson, 1978; Smith et al., 1999b). Potassic plutons
LQFOXGH WKH 5HGVNLQ 6WRFN 'HYLOYV +HDG 3LNHV 3HDN L
Lake George ring complex (Smith et al., 1999a). Sodic plutons include the Tarryall, West Creek,
Sugarloaf, and Spring Creek plutons, the Mount Rosa complex, and a part of the Lake George ring

complex (Smith et al., 1999a).

Early scientists developed age estimates for different components of the Pikes Peak
batholith using various geochronometers, including®&bK #Ar, and U#b (Aldrich et al., 1957;
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Hutchinson, 1959a; 1959b; Giffin and Kulp, 1960; Gross and Heinrich, 1966; Hawley et al., 1966;
Hedge, 1970). A compilation of the published dates (Hutchinson, 1976) suggested an age range of
c. 9804040 Ma for the Pikes Peak batholith and associated plutons. Marshall and DePaolo (1982)
dated a portion of the Pikes Peak Granite in the area southwest of Pikes Peak using a K-Ca

geochronometer, and estimated an age of 1040+32 Ma.

Unruh et al. (1995) conducted zircon U-Pb dating of the potassic plutons using isotope
dilution thermal ionization mass spectrometry (ID-TIMS), with zircon dates from individual
plutons ranging from 1074+3 to 1092+2 Ma, (Guitreau et al., 2016). Unpublished zircon U-Pb data
(from Unruh) indicates possible emplacement ages of c. 1089 Ma for the Pikes Peak Granite,

c. 10704090 Ma for potassic plutons, and c. 167087 Ma for sodic plutons (Smith et al.,
1999b).

The Pikes Peak batholith has been proposed to have originated from extreme fractionation
of alkali basaltic melts from a pre-enriched mantle source formed during extension and crustal
thinning associated with ~1.1 Ga mid-continental rifting (Barker et al., 1975; Wobus and
Hutchinson, 1988, Smith et al., 1999a). Other igneous rock suites related to the same rifting event
include the Red Bluff granitic suite (Llano uplift, Texas; Smith et al., 1997) and Pecos mafic
intrusive complex (New Mexico; DePaulo, 1981; Adams and Keller, 1994). In the Pikes Peak
area, long-lived differentiation of the basalnelts is suggested to have led to separation of mafic
cumulates, which resulted in the large volumes of potassic granitic magma now recognized as the
Pikes Peak Granite (Barker et al., 1975; Smith et al., 1999b). While not exposed, the presence of
a mafic cumulate body at depth has been proposed based on a gravity high in thetteea of
batholith and presence of mafic dikes associated with sodic plutons (Barker et al., 1975).
Structurally, the batholith is composed of three major intrusive centers that acted as the primary
flow structures for the Pikes Peak Granite magma: the Buffalo Park, Lost Park, and Pikes Peak
intrusive centers (Hutchinson, 1960; 1976). While the Pikes Peak batholith has compositions
typical of A-type or ferroan granites (high FeO/(FeO+MgO) anr®/KlaO ratios, and high
concentrations of incompatible trace elements including REEs, Y, Zr, Hf, Nb, Ta; Loiselle and
Wones, 1979), the batholith locally preserves major and trace element characteristics that are more

pronounced than that of average A-type granites (Smith et al., 1999b).
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Later stages of the granitic magma are proposed to have evolved locally, resulting in
discrete late sodic or potassic melt compositions in isolated plutons (Douglass and Smith et al.,
1993; Smith et al., 1999b). NeodymiuinV R W R S Kq) @lat \lvedvee®d the composition of
Colorado crust and the ~1.08 Ga depleted mantle, suggesting that the sodic plutons are a product
of extensive fractionation of mantle-derived magmas with a small component of crustal
contamination (Dougl¥ V DQG 6PLWK 6 PLWK HWndvalues for rocks ,Q FRQ
from the potassic plutons plot within the range of the Colorado crust, suggesting the granites are
influenced by additional partial melting and assimilation of the granodioritic continental crust with
apotential component of secondary crystal fractionation (Douglass and Smith, 1993; Smith et al.,
1999a). Sodic plutons are distinguished from the potassic plutons by the association of minor rock
types, such as mafic dikes, gabbro, and syenite, and by the ferromagnesian mineralogy, where
fayalite and sodic amphibole are present in the sodic complexes and biotite and calcic amphibole
are present in the potassic complexes (Smith et al., 1999b). In addition to being more sodic, the
sodic plutons also have higher F&®gO ratios and lower CaO than the potassic plutons (Smith
et al., 1999a).

2.2.1 GEOLOGY OF THE MOUNT ROSA COMPLEX

The Mount Rosa compleis a sodic pluton that occums the southeastern portion of the

Pikes Peak batholith (Figure 2.1). The complex is composed of diverse rock types ramyging fr
peraluminous to peralkaline granitic rocks, and several associated minor rock types (Figure 2.2).
From oldest to youngest these are peraluminous biotite granite (Pikes Peak Granite) and fayalite-
bearing quartz syenite, dikes of biotite syenogranitic to monzogranitic composition, peralkaline
amphibole granite (Mount Rosa Granite), mafic dikes with compositions that range from diabase
to diorite, and two types of granitic pegmatites (Gross, 1962; Persson, 2017). The Mount Rosa
complex is characterized by a general enrichment in REE, other HFSESs, and other incompatible
elements such as Be, F, and Ta commonly greater than Nb, particularly in associated NYF

pegmatites (Gross, 1962; Gross and Heinrich, 1966).
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Figure 2.2 Geologic map of the Mount Rosa complex (modified after Persson, 2017).

The Mount Rosa Granite, which is the focus of this study, is a Na-rich peralkaline
amphibole granite, largely composed of quartz, perthitic feldspar (albite and microcline), and
arfvedsonite [NaNgF€&**sFe*")SigO22(OH),], with minor amounts of biotite, zircon, astrophyllite,
aenigmatite, fluorite, and F&i oxides. Fluid-mediated alteration textures within the unit,
described by Gross (1962) and Persson (2017), show replacement of microcline and perthitic
feldspars by albite, and alteration of primary astrophyllite to Nb-rutile, Fe-oxide, and clay
minerals. Textural varieties that appear throughout the Mount Rosa Granite (Figure 2.3) include
fine- to coarse-grained granite, near pegmatitic granite, flow textures with relatively aligimsd gra
and isolated pockets (Persson, 2017).

The origin of the Mount Rosa Granite is enigmatic and complex (Persson, 2017; Smith,
2018). Late-stage melts from the Pikes Peak intrusive center are suggested to have focused in the
area of Mount Rosa as the latest of the sodic plutons (Smith et al., 1999b). Although previously

mapped as a separate pluton intruding the previously crystallized Pikes Peak Granite (e.g., Gross
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Figure 2.2 Field photographs presenting the heterogeneity of the Mount Rosa Grar
irregular, wavy contacts between fine-grained Mount Rosa Granite with abundant amphil
that with little amphibole; B) an astrophyllite pocket within the Mount Rosa Granite. Nc
coarse-grained habit of astrophyllite and amphibole and a halo of granite lacking in mafic 1
surrounding; C) coarse-grained Mount Rosa Granite with prismatic amphiboles seeminc
oriented.

and Heinrich, 1965; Barker et al., 1975; Smith et al., 1999b), field mapping by Persson (2017)
suggests the presence of gradual or irregular contacts between the Mount Rosa Granite and the
Pikes Peak Granite. Therefore, the intrusion of the Mount Rosa complex is proposed to have been
a result of fractionation and melt-melt immiscibility processes, in which the main peraluminous
melt, related to the Pikes Peak Granite, and yields a small amount of immiscible peralkaline melt
(Persson, 2017). This consequent melt fraction progresses to form the Mount Rosa Granite and the
pegmatites in the vicinity (Persson, 2017). Evolution of the complex is further complicated by

autometasomatism and subsequent hydrothermal activity.

2.3 PREVIOUS RESEARCH

Previous studies of the Mount Rosa complex have contributed to our understanding of the
magmatic and hydrothermal evolution of the sodic pluton (Persson, 2017; Smith, 2018).

Detailed mapping of field relationships, coupled with whole rock geochemistry, and major
and minor element chemistry of biotite, define a transition from peraluminous to peralkaline
compositions in the Mount Rosa complex and associated Pikes Peak Granite host rocks (Persson,
2017). The Pikes Peak Granite, most representative of the bulk of the Pikes Peak batholith, contains
biotite of a mixed annite-siderophyllite composition with high Fe/(Fe+Mg) ratios and high Al
concentrations, reflecting the peraluminous nature of the granite. In contrast, biotite from the
Mount Rosa Granite has lower Al that reflects a more peralkaline parental melt (Persson, 2017).

Within the Mount Rosa Granite, biotite chemistry was found to be bimodal with respedilto F,
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and Mn (Persson, 2017). The petrogenetic conclusions of this study were that the widely diverse
rock units forming the Mount Rosa complex were likely co-magmatic, evolving from a common

pre-enriched mantle source (Persson, 2017).

A more focused study characterized textural varieties, trace element contents, and
consequent zoning patterns in magmatic and hydrothermal zircon within the different rock units
in the Mount Rosa complex (Smith, 2018he study revealed that samples of the Mount Rosa
Granite host one of two texturally distinct zircon types, late-magmatic sieve zircon and late-
magmatic patchy zircon, which do not co-exist in the same sample (Smith, 2018). Preliminary
observations indicated that samples of the Mount Rosa Granite that hosts sieve zircon have low-
Al biotite and ilmenite, whereas samples that host patchy zircon have high-Aé l@ot
astrophyllite. These data provide a potential correlation between the zircon textures and accessory

mineralogy with heterogeneous melt chemistry (Smith, 2018)

Similar integrated mineral and whole rock geochemistry studies have been conducted on
alkaline igneous complexes elsewhere in the world. A study examining several alkaline igneous
complexes (Kerguelen Island syengjeanite ring complex, Iskou ring complex, Cauro-Bastelica
ring complex, and anorogenic complexes of the Oslo region) provides support for the conclusion
that magma alkalinity may be a control on amphibole major element compositional trends (Giret
et al.,, 1980). For example, rocks with an alkalinity index (4&>0)/Al>03)>0.9 typically
contain amphibole with CaMy<2.5 and Si+Na+K>8. Inversely, rocks with an alkalinity
index<0.9 contain amphibole that is relatively enriched in 8b#+and depleted in Si+Nat
(Giret et al., 1980). The proposed mechanism for the compositional difference is that silica activity
in the melt may control coupled substitution in amphibole (e.g., Aa=Na+Si; Giret et al.,

1980). The transition from silica-undersaturated rocks (i.e., syenite) to silica-saturated rqcks (i.e.
granite) is reflected by the transition of amphibole compositions from calcic to sodic (Giret et al.,
1980; Giambalvo, 1993).

Similar correlations were recognized between amphibole chemistry and whole rock
alkalinity from various locations from the Pikes Peak batholith (Giambalvo, 1993). Ferro-edenitic
amphibole (Ca+ AJ-rich and Si+Na+K-poor) occur in subalkaline granite from the West Creek
pluton and fayalite granite of the Mount Rosa complex. In contrast, ferro-richteritic and

arfvedsonitic amphibole (Ca+ #poor and Si+Na+K-rich) occur in the peralkaline Sugarloaf and
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Mount Rosa plutons (Giambalvo, 1993). Amphibole compositional variations in these rocks were
suggested to be mainly dependent on the bulk composition of the melt and can be related to the
alkalinity index (Giambalvo, 1993; Giret et al., 1980).

2.4 ANALYTICAL TECHNIQUES

The aim of this study is to investigate the occurrence of different granitic textures in the
Mount Rosa Granite and correlate local heterogeneity of accessory mineakagynalicator of
miaskitic and agpaitic mineral assemblages in the Mount Rosa complex. The following analytical
tools were used to characterize the accessory mineralogy, mineral textures, whole rock
geochemistry, and mineral chemistry within the Mount Rosa Granite. Analytical methods used
include SEM-based automated mineralogy, field-emission SEM imaging, micro X-ray

fluorescence analysis, and electron probe micro-analysis.

2.4.1 SEM-BASED AUTOMATED MINERALOGY

From a total of 17 thin sections studied by optical light microscopy, a representative set of
15 samples (Table 2.2) were selected for SEM-based automated mineralogy analysis in the Mineral
and Materials Characterization (MMC) facility at the Colorado School of Mines in Golden,
Colorado. The purpose of automated mineralogy analysis was to obtain mineral species and
textural information on a thin-section scale. In addition, the data were used to quantify the modal
mineral abundances, in particular the presence or absence of simple and complexZFi- and

bearing accessory minerals.

Thin sections were loaded into the TESCAN-VEGA-3 Model LMU VP-SEM platform and
analysis was initiated using the control program TIMA3. Data were collected using four Pulsetor
energy dispersive X-ray (EDX) spectrometers that acquire spectra from each point with a user
defined beam stepping interval, an acceleration voltage of 25 keV, a beam intensity of 15 nA, and
aworking distance of 15 mm. Scanning parameters varied based on the type of analysis and the
desired resolution. All thin sections were scanfew/ D P S L[ trright ih&de®ahly
analyzing points with BSE brightness between 35 and 108#ghlighting zircon location and
distribution. Modal mineralogy analyses were performed at either 5 or 10 pm pixel spacing
depending on the grain g&inf granitic textures. The X-ray spectra acquired at each acquisition

point were compared with spectra held in a look-up table allowing a mineral or phase assignment
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Table 2.2 Mount Rosa Granite sample set considered in this study. Some samples previously
Mount Rosa Granite (Persson, 2017; Smith, 2018) were reevaluated and assigned talyhEoii
Granite. MRG=Mount Rosa Granite

Sample Description TIMA TEIEES e S
PP-MRO3 ﬁgfr;;ttlzrzg ;;i;%?gsl\jgéained ) ) ] i
PP-MRO4 Eﬁs;:i::)eoio&i;seof fine-grained prismati « .

ppamow T TRIIATIIEST

paRs [ITEIEIS o x o
PP-MR14 Altered MRG dike . X y §
PP-MR16 \'/:vii?:g?r?sgymirtizmatic amphibole MRG y ) ) )
PP-MR25 l\DAiI;{eGof albitized prismatic amphibole « . ) )

PP-2016-07 ,\B/:‘;:g‘;lﬁ*(;al;"\t;lg%z:xnstlé descrbed a

PP-2016-08 “B/;‘;:g)elirea;'\t;"(%r;\ggtlnst y descrbed a

PP-2016-09 Ezeéﬂﬁ::;g fpl\r/:i):ﬁ:i; igg)hibole MRG « . ) )

PP-2016-10A Altered MRG X «

wmos SRR ent
KL-MRO4 \/Fv:?:fr:,?ﬂﬁi .‘;”j;“f;lﬁ 221r|?:ibole MRG ) ) ) X
KL-MRO5 Coarse-grained prismatic amphibole MRG X X . "
KL-MRO6 :Tc:ivsvrgztri]ij ;’:r\]rgphibole MRG in astrophylli « y y )
KL-MRO7 Coarse-grained oikocrystic amphibole « < . )

MRG with large astrophyliite clusters
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to be made at each acquisition point. The assignment makes no distinction between mineral species
and amorphous grains of similar composition. Results are output by the TIMA software as a
spreadsheet giving the area percent of each composition in the look-up table. This procedure also
allows a false-color mineral map to be generated with mineral assignments grouped appropriately.

2.4.2 SCANNING ELECTRON MICROSCOPY

All 15 thin sections from the Mount Rosa Granite were imaged in detail using a field
emission SEM in the MMC facility at the Colorado School of Mines. Imaging primarily targeted
textural relationships between minerals and further delineate accessory mineralogy using high-

resolution BSE images.

The FE-SEM used is the TESCAN MIRAS field-emission SEM, fitted with a Bruker
XFlash 6|30 silicon drift detector EDX spectrometer and Bruker Esprit software for compositional
analysis. Standard operating conditions for the SEM used a 15 keV beam acceleration voltage,
with a beam intensity of 11 nA, and the sample at a working distance of 10 mm.

2.4.3 MICRO X-RAY FLUORESCENCE

Billets corresponding to thin sections from the 12 samples chosen for geochemical analysis
(Table 2.2) were analyzed for whole rock geochemistry using micro-X-ray fluorescenbe

spectrometry at the MMC facility at the Colorado School of Mines.

Whole rock geochemistry was calculated from element distribution maps collected of the
thin section billets. Element maps were collected using a Bruker M4 ToixdIe spectrometer
equipped with dual 30 mhsilicon drift energy dispersive detectors. The instrument was equipped
with a Rh X-ray tube with polycapillary optics achieving a spot size of R@5Measurements
were made under vacuum (~20 mbars) at 50 keV andB0O®&ith no primary beam filter. Maps
were produced with a pixel size of 50 um, and a dwell time of 15 ms/pixel. Bulk compositions of
each billet were determined using the Bruker M4 instrument software by integrating all individual
spectra collected within the map area. Quantification of raw count intensities was made using a

fundamental parameters approach, with element concentrations reported as oxide mass percent.
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2.4.4 ELECTRON PROBE MICRO-ANALYSIS

The mineral chemistry of amphibole and biotite from the 12 samples of Mount Rosa
Granite selected was determined by electron probe-micro-analysis (E&tNi#e USGS Denver
Microbeam Laboratory in Colorado. Electron probe micro-analysis, which uses wavelength
dispersive X-ray spectrometers and external standards, provides lower detection limits and higher
precision than unstandardiz&DX analyses, allowing for improved resolution of major, minor,

and some trace elements for use in the calculation of mineral formulae.

Electron probe micro-analysis of amphibole and biotite was performed using a JEOL 8900
instrument operating at 20 keV accelerating voltage, 20 nA beam current (as measured on a
Faraday cup), and a pm defocused beam. Standardization was performed using natural and
synthetic standards: Apatite Wilberforée Tiburon AlbitedNa; MgO4#g; Miyake AnorthiteAl,

Ca; Or-1A Orthoclase (USGS-Menlo #5-168), K; sodalite€]; TiOz Hi; MgCrOs £r;
spessartindVin; synthetic fayalitefe; gahnite (Zn spinefgn; zirconZr. Analyzing crystals

were TAP (F, Na, Mg, Al, Si), LiFH (Cr, Mn, Zn), LiF (Ti, Fe), and PETJ (Cl, K, Ca, Zr)kPea
position count times varied between elementsf{36 sec) with background count times of one

half of counts made on the peak made on each side of the peak. ZAF matrix corrections were
applied to the raw data using the default settings found in Probe for EPMA. Instrument detection
limits in elemental weight percent are as follows® A4, Na®.02, Mg9.006, Al9.01, Si®©.01,

Cl ©.02, K9.01, Cab.01, Ti®H.01, CrH.01, MnH.01, FeDH.02, ZnH.02, ZrH.04.

2.5 RESULTS

The following section summarizes the results of petrography (through optical microscopy,
automated mineralogy, and SEM investigatiamd geochemical analyses of textured granite

(whole rock geochemistry and mineral chemistry of amphibole and biotite).
2.5.1 PETROGRAPHY

A set of 18 thin sections were investigated including previous samples collected:(2014
2016; Persson, 2017) and from new sampling. While previous research encompassed all rock types
within the Mount Rosa complex, the current study focuses on the Mount Rosa Granite in an effort

to represent the textural and mineralogical differences observed in the field. Examples of
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heterogeneity in mineralogy and granitic textures are shown in Figure 2.4. The samples included

in this study are summarized in Table 2.2.
Rock textural varieties

The most evident heterogeneity in the Mount Rosa Granite is related to differences in
granitic texture and grain size defined by major minerals. While the major mineralogy of the Mount
Rosa Granite is homogeneous, the unit varies significantly in grain size and mineral habit. This is
exemplified most prominently by amphibole. While there are several granitic textures observed,
the different textures can be summarized as oikocrystic amphibole granite, prismatic amphibole

granite, and pegmatitic granite.

Quartz

. . K-Feldspar

I Albite

X ¢ B Arfvedsonite

; M Aenigmatite
Astrophyllite

¢] | Biotite

o M M Iimenite

| M Rutile

; M Zircon

: M Fe-oxide

‘ M Fluorite

Figure 2.£ False-colored automated mineralogy maps highlighting different texture
mineralogy in representative samples of the Mount Rosa Granite: A) coarse-grained oil
granite (PP-MRO03); B) pegmatitic granite and aplitic wall zone (KL-MRO03); C) mediamey
prismatic granite with minor biotite and astrophyllite (PP-MR16); D) fine-grained pris
granite (KL-MRO05).
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Oikocrystic amphibole granite is volumetrically dominant, and is medium- to coarse-
grained with oikocrystic amphibole surrounding quartz and feldspar phenocrysts. Amphibole
occurs as relatively large grains (up to 5 mm) and commonly occurs as large single oikocrysts
(Figure 2.5). The oikocrystic habit of amphibole is interpreted to represent late-magmatic growth
enveloping earlier formed felsic minerals and saturation of water in the melt late in the

crystallization sequence (Strong and Taylor, 1984; Mitchell, 1990).

10cm

Figure 2.2 Oikocrystic amphibole granite which is representative of the majority of the |
Rosa Granite: A) field photograph of oikocrystic amphibole granite; B) cut slab of oiko
amphibole granite with amphibole oikocrysts up to 10 mm in size (KL-MRO7). Note the
brown clusters of astrophyllite in the top portion of the slab.

Prismatic amphibole granite is fine- to medium-grained with subhedral amphibole
phenocrysts that occur with feldspar and quartz phenocrysts (Figure 2.6) with rims that partially
enclose adjacent minerals. Prismatic amphilielmterpreted to have crystallized earlier than
oikocrystic amphibole with saturation of water early in the crystallization sequence (Mitchell,
1990), prior to and concurrent with quartz and feldspars. Weak alignment of prismatic amphibole

iSs common.
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Figure 2.6 Prismatic amphibole variety of Mount Rosa Granite: A) cograged prismati
amphibole granite with evidence of amphibole cumulate formation (KL-MRO05); B) fine-g
prismatic amphibole granite where amphibole is randomly oriented; C) slab of pr
amphibole granite with a zone nearly devoid of amphibole and a zone abundant in

amphibole (KL-MRO04).

Areas of granite that have strong preferential alignment of prismatic amphibole are
concentrated near the eastern contact between the Mount Rosa Granite and the Pikes Peak Granite
as schlieren-like flow banding (Figure 2.7). The flow bands have heterogeneous acoassa@ty
assemblages, yet commonly contain high modal abundances of amphibole than other textural

varieties of the Mount Rosa Granite.

Some areas of the Mount Rosa Granite are very coarse-grained, with feldspar phenocrysts
up to 1.5 cm and exhibiting near pegmatitic textures (Figure 2.8). These areas are referred to as

pegmatitic granite and may be similar to the previously documented Type | pegmatitesr@athe
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Figure 2.72 Flow banding in the Mount Rosa Granite: A) field photograph of a flow
of coarse-grained granite surrounded by fine-grained granite. Amphiboles are not d
equally, but are concentrated in clusters and in flow bands; B) field photograph of
grained flow band, where amphibole content varies creating a schlieren-like appear
cut slab of a flow band where relatively oriented amphiboles and astrophyllite clus

prominent features.
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Amphibole in the pegmatitic granite is euhedral to subhedral and medium- to coarse-grained

(generally 0.5 cm, but can reach up to 2 cm long). In some cases, amphibole occurs as a minor
interstitial phase where the predominant mafic mineral is coarse-grained aenigmatite. Zones of
pegmatitic granite are small irreguiasshaped enclaves, typically no more than 20 cm wide. In

some cases, they show pronounced irregular contacts with the surrounding Mount Rosa Granite

Figure 2.& Pegmatitic-textured Mount Rosa Granite: A) sharp contact between peg
granite and fine aplitic granite (PP-MRO06). Aenigmatite is found in both granitic texture
B) hand sample of pegmatitic granite with coarse amphibole; C) gradational contact |
pegmatitic granite and medium-grained oikocrystic amphibole granite with minor astrop
D) area of mingling granitic textures from pegmatitic to oikocrystic to aplitic (not pict
Aenigmatite is most abundant in this sample, as euhedral acicular or tabular grain:
oikocrysts (KL-MRO03).
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(Figure 2.3). A small halo of aplitic granite may occur surrounding enclaves of pegmatitie gra

similar to border zones on typical pegmatites.

Heterogeneity in granitic textures is common near the eastern contact between the Mount
Rosa Granite and the surrounding Pikes Peak Granite. This area has a greater gegigtitic
zones, pockets with abundant astrophyllite, and flow banding containing prismatic amphibole
granite. Astrophyllite pockets (Figure 2.9) range from 2 cm to 30 cm wide, and are filled with
variably-textured Mount Rosa Granite containing abundant astrophyllite and amphibole. The
mineralogy of these pockets varies from amphibole-rich to amphibole-devoid, some biotite-

bearing, some aenigmatite-bearing, and pockets that are pervasively altered to Nb-rutile and

| 10cm_ o

Figure 2.2 Astrophyllite pockets in the Mount Rosa Granite: A) large astrophyllite pocke
cm in width containing astrophyllite and amphibole. Note the zone devoid of mafic m
surrounding the pocket; B) astrophyllite pocket with large amphibole grains; C)
astrophyllite pocket with a zone devoid of mafic minerals surrounding the pocket (KL-N
Pocket has no amphibole, but contains aenigmatite and biotite.

29



ilmenite. However, astrophyllite is ubiquitous. In some cases, there is a halo of granite surrounding
the pockets that lack mafic minerals, segregating it from the adjacent Mount Rosa Granite (Figures
2.9A and C).

Mineralogy

The Mount Rosa Granite is dominated by quartz, perthitic feldspar (varying from more
albite-rich to equal proportions of albite and K-feldspar), and arfvedsonit&éidephibole)
with accessory mineralogy that includes biotite, Fe- and Ti-oxides, astrophyllite, aenigmatite,
zircon, monazite, fluorite, REE-bearing minerals, and columbite. Alteration of primary magmatic
minerals within the Mount Rosa Granite is characterized by minor areas of intense albitization,
replacement of astrophyllitey Nb-rutile, Fe oxides and clays associated with minor zircon and

REE-bearing fluorocarbonate minerals.

The minor and accessory mineralogy is not ubiquitous across the entire unit. Astrophyllite

[K sF€*7Ti2SisO26(0OH)s] occurs throughout the Mount Rosa Granite in low abundances with

10 mm

Figure 2.1 Occurrence of astrophyllite in the Mount Rosa Granite (bronze to orange:
needle-like phyllosilicate mineral): A) astrophyllite- and aenigmatite-bearing flow bandin
a surrounding halo devoid of mafic minerals (KL-MRO06); B) flow band containing astrop
with heavy alteration to Nb-rutile-ilmenite, Fe-oxides, and clay minerals; C) radial astrof
cluster in a coarse-grained oikocrystic amphibole granite.
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Figure 2.1 Photomicrographs and false-colored mineral maps of astrophyllite-bearing
Rosa Granite samples: A) thin section scan of an astrophyllite pocket (KL-MR06); B
colored mineral map of the indicated area (KL-MRO0G6). Mineral legend is the same as ir
2.4. Note the presence of astrophyllite, biotite, and aenigmatite in the pocket; C) thin sec
of radial astrophyllite clusters in a sample of oikocrystic amphibole granite (KL-MRO
photomicrograph of an astrophyllite cluster (KL-MR06).

recurrent ~10 mm clusters (Figures 2.10 and 2.11). Astrophyllite pockets, with or without
arfvedsonite, aenigmatite, and biotite (Figure 2.10A), are common in the vicinity of the irregular

east contact between the Mount Rosa Granite and the Pikes Peak Granite (Figure 2.2).

Aenigmatite [NaFe€*sTiSisO20] most commonly occurs in the pegmatitic granite or within
astrophyllite pockets (Figures 2.12 and 2.13). Zircon is fairly ubiquitous throughout the granite,
and occurs as one of two different textural varieties; note that both textural varieties do not occur
within the same samples. Fluorite is sparsely dispersed throughout the majority of the units in very
small amounts and commonly occurs as fluorite-(Y), fluorite-(Ce), and associated with REE-

bearing fluorocarbonatgsuch as bastnaesite.
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5 mm

Figure 2.12 Occurrence of aenigmatite in the Mount Rosa Granite (faintly reddish-black f
double-chain silicate nearly indistinguishable from arfvesdonite in hand sample): A) oikc
amphibole granite and pegmatitic granite containing aenigmatite and arfvedsonite (KL-MF

medium-grained granite with aenigmatite spindles.

mm

Figure 2.1% Photomicrographs and false-colored mlneral maps of aetitgrhaaring Mount Ros
Granite sample KL-MRO03: A) thin section scan of texturally heterogeneous Mount Rosa
sample; B) automated mineralogy image of the oikocrystic amphibole granite with amphibo
small amount of aenigmatite. Mineral legend is the same as in Figure 2.4; C) photomicro
aenigmatite (reddish black) and amphibole (dark blue), both oikocrystic in habit.
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Zircon textures

Zircon from the Mount Ra@scomplex has been previously described in detail (Smith,
2018). Distribution of zircon in the Mount Rosa Granite is heterogeneous. Zircon on average
comprises ~0.5% of the rock, with a range across the samples from nearly devoid dbzreas
thatconsist of nearly 2% zircon. The appearance of zircon varies from sample to sample with two
types occurring exclusively of each other: sieve zircon and patchy zircon (Smith, 2018).

Sieve zircon occuraslarge (80 to >500 pjneuhedral to subhedral grains (Figure 2.14),
with a high abundance of coarse inclusions that lead to a nearly skeletal internal texture referred
to as a sieve-texture (Xie et al., 2005). Sieve-textured zircons host several inclusion assemblages
that include quartz, feldspaFe-oxide, fluorite, and REE-bearing fluorocarbonate minerals.
Zoning within zircon is weakly defined in BSE images, and may be desasloedcentric zoning,
or slightly irregular zoning focused around inclusions. Concentric growth zoning may be truncated
at the boundaries of inclusions.

Figure 2.1# Sieve zircon in the Mount Rosa Granite in BSE: A) sieve zircon with Fe-oxic
fluorite as inclusions; B) smaller sieve zircon; C) large sieve zircon associated with a lar
of fluorite and REE-bearing fluorocarbonates and smaller inclusions of REE-bearing mir

Patchy zircon occurassubhedral grains (Figure 2.15) that commonly occur as inclusions
in biotite. Patchy zircons are generally smaller (50 to 20D than sieve zircons. Patchy zircon
may be slightly metamict based on the presence of modeFaeigh areas and radial fractures
Zoning (in BSE) is preserved in metamict zircons. In contrast, non-metamict zircons preserve weak
and irregular (patchy) zoning patterns (after Corfu et al., 2003; Gagnevin et al., 2010). Patchy
zircons host fine-grained inclusions of quartz, feldspemxide, ilmenite, monazite, columbite,

xenotime, Th- or Pb-rich inclusions, and more uncommonly, fluorite and REE-bearing
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Figure 2.1%2 Patchy zircon in the Mount Rosa Granite in BSE: A) patchy zircon with inclt
of REE-bearing minerals, fluorite-Y, and arfvedsonite; B) weakly zoned patchy zirco
thorium-rich inclusions; C) slightly metamict patchy zircon with fractures radiating from th
and inclusions of xenotime, monazite, and thorite.

fluorocarbonates. Association with, or inclusions of these more HFSE-bearing minerals is a

defining factor for patchy zircon in the Mount Rosa Granite.

2.5.2 MICRO X-RAY FLUORESCENCE

Twelve samples of Mount Rosa Granite were selected for major and minor element whole
rock analysis. Traditional whole rock geochemistry is not a viable option for the purpose of
obtaining the chemistry of individual Mount Rosa Granite textures, as samples are heterogeneous
and on scales below that of samples typically collected for bulk powder XRF &d8CPe enable
targeting of smaller domains, rock c@RVLWLRQV ZHUH FDOFX®DiotalG IURP
complications with this technique for whole rock compositional data may be due to a nugget effect
of individual minerals in a billet skewing results or due to targeted sampling for particular mineral
assemblages. Results are listed in Table 2.3 and summarized in the Figures 2.16.akd 2.17

comprehensive data table is in the Appendix A.

In major element chemistry of the Mount Rosa Granite (Table 2.3; Figure 2.16), the
guantified samples vary in Si@ontent from 66.15 (coarse-grained oikocrystic amphibole granite)
to 81.75 wt% (aenigmatite-bearing pegmatitic granite). Note that high Si content may be due to a
nugget effect of coarse-grained quartz in the quantified are@®s Abntent varies from 9.93
(aenigmatite-bearing pegmatitic granite) to 14.94 wt% (granitic dike). The alkalinity index, ranges
from 0.96 to 1.34, reaching the minimum alkalinity index to satisfy the original definition of
DIJSDLWLF - 8VVLQJ & R Q F H Q \Wib3ahhpReQfkonRthe&@id DUH U
body of Mount Rosa Granite (less than 0.5 wt%), whi® kKand NaO occur in the 3 to 8 wt%
range. Some areas and pockets may be potassium- or sodium-dominant depending on the extent
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Table 2.3 Whole rock compositional data of different granitic textures and zones of particular interest (i.e., astrophyllite
within the Mount Rosa Granite derived from semi-gyab WDWLYH DQDO\VHV RI FRPSRVLWLRQDO

prismatic amphibole granite | oikocrystic amphibole granite pegmatitic granite granitic dike asggiglt'te
PP-MR16 KL-MR0O5 | KL-MR03_1 KL-MR0O7 PP-MRO6A 2 KL-MR03_3 PP-MR14 KL-MR06_ 2
SiO, 77.34 71.99 77.14 71.74 80.42 81.75 72.07 72.41
AlL,O, 11.65 11.84 12.56 11.20 12.58 9.93 14.94 11.41
Na,0O 4.37 4.48 5.21 3.65 4.45 4.13 5.51 3.45
K,0 5.47 5.03 5.06 5.74 5.84 3.77 6.43 6.46
é CaO 0.17 0.05 0.03 0.10 0.21 0.04 0.60 0.16
§ Fe,0s 1.81 1.67 1.74 2.52 0.77 1.45 1.24 2.37
= MgO nd nd nd nd nd nd nd nd
MnO 0.03 0.04 0.07 0.07 0.01 0.04 0.04 0.05
TiO, 0.09 0.04 0.07 0.06 0.12 0.17 0.15 0.56
Sum 100.9 95.1 101.9 95.1 104.4 101.3 101.0 96.9
Alkalinity 1.26 1.20 1.21 1.26 1.22 1.18 1.19 131
Index
Zr 71 241 10 108 4 59 204 126
Nb 24 19 27 21 23 27 54 31
% Y 80 nd nd 4 51 nd 54 110
Ce 138 100 196 164 93 146 309 237
sum HFSE 314 360 233 297 171 232 622 504

nd (not detected)
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Figure 2.1 Whole rock compositional variety within the different granitic textures of M
Rosa Granite.

of albitization and the accessory minerals present. Total Fe content, quantifie®Dgs&iwges
from 0.62 wt% in a oikocrystic amphibole granite that is near-devoid of amphibole, to 5.19 wt%

in a coarse-grained oikocrystic amphibole granite. MgO is below the detection limit in all samples.

In general, Mount Rosa Granite samples show similar whole rock compositions between
oikocrystic and prismatic amphibole granites (Figure 2.16). Samples with prismatic amphibole
have SiQ from 70.35 to 77.34 wt% and &bz ranging from 11.39 to 12.87 wt%. The majority of
the oikocrystic samples have slightly more $ifdom 71.74 to 77.78 wt% and A&z ranging from
10.61 to 12.73 wt%. The pegmatitic samples are more 1%, 76.0381.75 wt%, and the AD3
content is more erratic, 9.984.75 wt%. All granitt textures are highly peralkaline, yet the

alkalinity index is not strongly connected to granitic and amphibole texture.

Minor to trace elements detected include Zn, Rb, Y, Zr, Nb, and Ce, largely in the range of
10s to 100s of ppm. Incompatible elements Y, Zr, Nb, and Ce are detected in concemrdtmns
100-ppm range reflecting the highly differentiated nature of the peralkaline unit. Total HFSE (Y,
Zr, Nb, Ce) are reported from ~150 ppm in a oikocrystic amphibole granite sample to ~1,900 ppm
in a highly albitized granite rich in large sieve zircons. The only quantified REE (Ce) wasdetec
from 78 ppm (oikocrystic amphibole granite) to 309 ppm (granitic dike). Total HFSE and Ce

generally is the same between different granitic textures (Figure 2.16).

Major element compositions (SiNaO, K20) when plotted on a total alkatiilica (TAS)

diagram confirm the samples of Mount Rosa Granite are alkali granite and granite (Figure 2.17).
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Figure 2.17 Total alkali-silica plot showing the composition of the Mount Rosa Granite
gray shaded region represents chemistry reported from the Red Bluff granitic suite i
shaded in blue is the most evolved stage of Red Bluff granite (Shannon et al., 1997).

However, no clear compositional trend is evident between the Mount Rosa Granite oikocrystic,

prismatic, and pegmatitic varieties.

Gray and blue shaded regions in Figure 2.17 represent the published compositions of the
~1.074.22 Ga Red Bluff granitic suite in west Texas, an A-type granite proposed to originate
from the same rifting event that resulted in magmatism forming the Pikes Peak Batholith (Shannon
et al., 1997; Smith et al., 1997). In the Red BIuff granitic suite, a trend in composition of the
intrusive stages has been defined from an alkaline composition in early stages to subalkaline
compositions in stages 4 and 5 (Shannon et al., 1997). Stage 5 magmas, which were emplaced as
dikes, are geochemically similar to the Mount Rosa Granite and show similar petrographic
characteristics such as sodic amphibole, occurrences of astrophyllite, heterogenous granitic

texture, and evidence of flow banding (Shannon et al., 1997).

2.5.3 ELECTRON PROBE MICRO-ANALYSIS: AMPHIBOLE CHEMISTRY

Amphibole occurs throughout the Mount Rosa Granite as the major mafic mineral, which
distinguishes it from the more biotite-rich Pikes Peak Granite, Windy Point Granite, and fayalite-
bearing quartz syenite in the Mount Rosa complex. Amphibole occurs in the crystallization
sequence early as nearly whole, prismatic phenocrysts, or later as interstitial oikocrystic grains

enclosing quartz and feldspar. Grains chosen for analysis are generally largeP &5 cm,
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allowing for three to four analyses per grain. Table 2.4 summarizes representative amphibole

compositions of each granitic texture. The complete dataset can be found in Appendix B.

Although previously reported to be riebeckite in composition, nearly all analyzed
amphibole in this study from the Mount Rosa Granite are classified as arfvedsonite. In contrast,
amphibole from the pegmatitic samples trend toward a more riebeckite composition. A single
sample from an altered, ilmenite-bearing Mount Rosa granitic dike hosts amphibole that is more

Table 2.4 Representative chemical analyses and stoichiometric calculations of amphibol
different textured granites and areas of interest of the Mount Rosa Granite analyzed by E

prismatic amphibole granite | oikocrystic amphibole granite ng::]iitlc granitic dike ast;c;g%l![lte
PP-MR16 KL-MRO05 PP-MROGA KL-MRO7 KL-MRO03 PP-MR14 KL-MR06
Na,O 7.97 8.04 7.97 7.85 7.18 3.96
K,0 1.02 1.01 1.20 0.83 .18 1.06
CaO 0.12 0.1¢ 0.28 0.16 .81 6.38 0.
Fe total 35.09 35.60 34.82 36.77 35/87 3422 3¢
MgO 0.05 0.01 0.19 0.92 0.42 0.49 0.
° MnO 0.62 0.71 0.93 1.10 1.26 1.00 0.
%3 TiO, 0.69 0.6 0.93 0.55 0.48 147 0.
§ Al,O4 0.87 0.87 0.90 0.89 0.86 2.47 0.
Zn0O 0.35 0.4% 0.30 0.32 0.23 0.p6 0.
210, 0.05 nd 0.02 0.0 0.0p 0.092 0.(C
SiO, 49.65 49.0% 48.96 49.19 4883 46.01 4¢
F 1.18 1.21 1.36 1.14 0.90 0.32 1.
Cl nd 0.02 0.01 nd 0.0 0.09 nd
Total 97.65 97.6Y 97.89 98.83 97165 97.75 9i
Normalized to 16 cations and 23 oxygens
Na| 2.49 2.54 2.53 2.47 1.p8 2.
K 0.21 0.24 0.25 0.17 0.p3 0.
Ca 0.02 0.02 0.05 0.43 1.p4 0.
Fe** 4.22 4.24 4.24 4.43 a7 4.
Fe** (calc) 0.51 0.5( 0.40 0.40 nd 0.62
Li (calc) 0.28 0.1 0.16 0.18 nd 0.37
Al 0.17 0.17 0.17 0.17 0.49 0.
2 Ti 0.08 0.07 0.11 0.97 0.8 0.
° Mg 0.01 0.0 0.05 0.q1 012 0.
Mn 0.08 0.1 0.13 0.15 0.n4 0.
Zn 0.04 0.04 0.04 0.4 0.03 0.
Zr 0.00 nd 0.00 0.0(q 0.4qo 0.(
Si 8.00 8.0( 8.00 8.40 7.68 8.
F 0.60 0.63 0.70 0.58 0.n7 0.
Cl nd 0.00 0.00 nd 0.01 nd
OH (calc) 1.40 1.3] 1.29 1.42 181 1.

nd (not detected)
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katophorite-richterite to riebeckite in composition (Figure 2.18). Prismatic amphibole, which
consistently at near end-member arfvedsonite have very low (<0.1 apfu) and tightly dlustere
Aliy+Ca, while the oikocrystic amphibole have a wider range of compositions@alfrom 0.01

to 0.23 apfu).

0.5
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0.0 riebeckite M4 % prismatic amphibole
9.0 9.2 9.4 9.6 9.8 10.0 10.2 10.4 10.6 10.8 11.0 O oikocrystic amphibole

Si+Na+K © pegmatitic

Figure 2.1& Sodic amphibole discrimination diagram, presenting major composi
differences in Mount Rosa Granite amphibole (modified after Giret et al., 1980).

Peralkaline granites are known for the occurrence of sodic amphibole (Figure 2.19).
Arfvedsonite in the prismatic amphibole granite contains 2Z8 apfu Na. Oikocrystic
arfvedsonite has similar range of Na from 2.34 to 2.63 apfu. Pegmatitic amphibole has less Na
(2.09 to 2.35 apfu) corresponding with laMgbearing aenigmatite grains. Katophorite-richteritic
amphibole in the granitic dike is less sodic by definition, with 1.21 to 1.95 apfu Na.

Amphibole in a peralkaline granités typically Fe-rich (Figure 2.19). Prismatic
arfvedsonite has 3.48.52 apfu F& and 0.299.93 apfu calculated Ee Oikocrystic arfvedsonite
contains similar amounts of #eand Fé*, 3.754.58 apfu and 0.39.76 apfu, respectively. Pegm
atitic arfvedsonite contains 3.8804 apfu F& and less than 0.89 apfu calculated®Fe

Katophorite-richterite is more ferrous with 48090 apfu F& and less than 0.44 apfu calculated
Fe*.

Magnesium is very low in arfvedsonite in the Mount Rosa Granite concurrent with the
highly differentiated and ferroan nature of the rocks (less than 0.QMapf while katophorite-
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Figure 2.1% Compositional variety in amphibole within the Mount Rosa Granite.

richterite is relatively more magnesian, but Mg concentrations are still very low (0.05 to 0.22 apfu).
Calcium is low in arfvedsonite (sodic amphibole), less than 0.23 apfu, and katophorite-réchteriti
(sodicxalcic amphibolejs more calcic with 0.23 to 1.16 apfZinc commonly occurs as a minor

or trace element in peralkaline amphibole, and is present in Mount Rosa arfvedsonite at
concentrations of up to 0.08 apfu and in katophorite-richterite, up to 0.03 apfu. Fluorine is expected
to occur in significant proportions in peralkaline amphibole (Figure 2.19). Prismatic amphibole
contains 0.43 to 0.87 apfu, while oikocrystic amphibole has 0.51 to 1.18 apfu F, and pegmatitic
riebeckite contains less than 0.56 apfu F. Katophorite-richteritic amphibole in the granitic dike has

F content up to 0.19 apfu.

Arfvedsonite in the Mount Rosa Granite, similar to many other peralkaline granites, is
suggested to host Li in considerable amounts (Figure 2.19). The inability to detect Li with EMPA
cawses problems with stoichiometric calculations and can initially result in stoichiometrically
incorrect Si >8.0 apfu (Hawthorne et al., 1993). The calculation of Li in amphibole is dependent
on the excess Si calculated (>8.0 apfu), giving a minimum Li content to allow the mineral formula
to agree with stoichiometric rules. Lithium calculated for arfvedsonite from the Mount Rosa
Granite is less than 0.54 apfu and riebeckite is more Li-rich with up to 0.86 apfu Li. Calculation
of Li was not needed for stoichiometric calculations of katophorite-richterite from the granitic
dike.
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2.5.4 ELECTRON PROBE MICRO-ANALYSIS: BIOTITE CHEMISTRY

Biotite from samples taken throughout the Mount Rosa complex was analyzed in a previous
study (Persson, 2017). These data have been supplemented by additional data ooltbeted
Mount Rosa Granite. In the Mount Rosa Granite, biotite only occurs in minor abundances rather

than the major componeimt which it occurs in the Pikes Peak Granite.

The data presented here are a compilation of the newly collected EPMA analyses of biotite
and select analyses of biotite from the study by Persson (2017). Grains chosen for analysis are
P RU VPDOOHU P LQFOXVLRQV LQ DPSKL

least three to four analyses per grain. Table 2.5 presents representative biotite compositions from

large grains (60&

each of the different granitic textures. The complete dataset can be found in Appendix C.

Table 2.5 Representative chemical analyses and stoichiometric calculations of biotite
different textured granites and areas of interest in the Mount Rosa Granite analyzed by E

prismatic amphibole granite | oikocrystic amphibole granite peggr];i'gtlc granitic dike astrr)ggllz)gltlte
PP-MR16 KL-MRO05 PP-MR03 KL-MRO7 PP-MR14 KL-MR06

K,0 8.60 5.63 8.58 7.48 7.43 8.
Na,O 0.06 0.11 0.05 0.09 0.02 0.
CaO 0.01 0.43 nd 0.12 0.24 0.0:

FeO 38.04 34.50 37.76 38.81 37/58 37
MgO 0.06 0.17 0.06 0.97 0.67 0.

;“:;’ MnO 0.62 0.61 1.03 0.92 0.59 0.
s Zno 0.45 0.4 0.44 0.44 0.33 0.
= TiO, 2.90 2.94 2.36 2.38 3.16 2.
Sio, 37.20 35.18 37.19 36.80 3436 38

Al,O4 6.53 9.1] 6.40 6.96 7.47 6.

[F 1.79 2.23 2.14 171 9 0.07 2.
Cl 0.04 0.01 0.03 0.04 % 0.29 0.
Total 96.31 91.4 96.04 94.82 -% 9224 97

Normalized to 16 cation and 22 oxygen %

K 1.88 1.2 1.89 1755 & 1.67 il |
Nal 0.02 0.0 0.02 0.93 ; 0.01 0.
Ca| 0.00 0.0 nd 0.0 8 0.04 0.0

Fe? 5.44 5.0 5.44 5.98 2 5.54 5
Mg 0.02 0.0 0.01 0.92 0.17 0.
Mn 0.09 0.0 0.15 0.14 0.09 0.
]% Zn 0.06 0.0 0.06 0.06 0. 0.
Ti 0.37 0.3 0.31 0.31 0.42 0.
Si 6.36 6.1 6.41 6.32 6.05 6.

Al 1.32 1.9 1.30 1.35 1.55 1.

F 0.97 1.2 1.16 0.94 0. 1.
Cl 0.01 0.0 0.01 0.01 0.09 0.
OH (calc) 1.02 0.7 0.83 1.05 1.88 0.

nd (not detected)
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The majority of biotite analyses are near annite composition with analyses of biotite from

the Mount Rosa granitic dike being slightly more aluminous and less ferroan compared to biotite

from the prismatic and oikocrystic amphibole granites (Figure 2.20). No biotite was found in the
aenigmatie-bearing pegmatitic granites.
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Figure 2.2¢ Major element compositions of biotite in the Mount Rosa Granite nearing
member annite (modified after Deer et al., 1962).

Major and minor elements in biotite vary between the arfvedsonite-bearing samples and

the katophorite-richterite-bearing samples. Elements which show the most distinct differences are
shown in Figure 2.21 (Ca, Fe/(Fe+Mg), Al, and F). Calcium in biotite from the granitic dike ranges
from 0.03 to 0.13 apfu, and biotite in the arfvedsonite-bearing granites has generally less than 0.03

apfu Ca. Ratios of Fe/(Fe+Mg) correlate with amphibole type well. Samples containing

arfvedsonite hosts strongly ferroan biotite and samples with katophorite-richterite contains

granitic dike + + H+ T+t A HE HEHH- HiH-
prismatic amphibole| ¢ x % e | et x X R
oikocrystic amphibole| GEO0 O @ | DO O@DO W0 @
0.00 0.05 0.10  0.15/0.980 0.990 1.00[1.2 1.6 2.0 0.0 1.0 2.0
Ca apfu Fe/(Fe+Mg) Al apfu F apfu

Figure 2.22 Compositional variety of biotite within textural varieties of the Mount |
Granite. Shaded areas correspond with amphibole type (katophorite-richienpie;

arfvedsoniteblue).
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relatively less ferroan biotite, about 1.00 and about 0.98, respectively. Biotite in arfvedsonite
granites is generally low Al, from 1.25 to 1.46 apfu, while biotite in the katophorite-richterite
granitic dike is slightly more aluminous, from 1.52 to 1.81 apfu. Biotite in the granitic dike has
low F concentrations, less than 0.31 apfu, while biotite in the arfvedsonite-bearing granites can
reach F content from 0.80 to 2.39 apfu.

2.6 DISCUSSION

This study through a detailed characterization of mineral assemblages, textures, and
chemistry aimed to improve our understanding of processes that drivedtedrom a miaskitic
composition toward a more highly differentiated and evolved agpaitic composition. To achieve
this goal, heterogeneous granitic textures from the Mount Rosa Granite were investigated in
conjunction with amphibole and biotite chemistry, accessory mineralogy, and zircon textures.

Integrated and put into context, these trace local melt evolution.

2.6.1 AMPHIBOLE CHEMISTRY ACROSS THE MOUNT ROSA GRANITE

Amphibole in the Mount Rosa Granite ranges from katophorite-richterite in granitic dikes
to near-endmember arfvedsonite in the main Mount Rosa Granite Goayitic dikes in the
Mount Rosa complex have been previously determined to be a compositional link in the trend
between the peraluminous Pikes Peak Granite and the peralkaline Mount Rosa Granite. Elemental
compositional trends and element ratios among the amphibole are discussed in order to determine
how the change in mineral chemistry may be correlated with crystallization of the different textura

varieties.
Mineral chemistry and alkality

The transition from katophorite-richterite to riebeckite and arfvedsonite (Figure 2.18) is
similar to trends reported throughout the Pikes Peak batholith (Giambalvo et al., 1993) and other
alkaline ring complexes, such as Kerguelen Island and i©fteregion (Giret et al., 1980).
Amphibole in the Strange Lake peralkaline complex transitions from katophorite (sodic-calcic) to
leakite (sodic with Li > 0.50 apfu) and arfvedsonite compositions. The katophorite-richterite
composition of amphibole from the Mount Rosa giandike, which has been previously

recognized as a link between the peraluminous Pikes Peak Granite to the peralkaline Mount Rosa
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Granite, would indicate this unit to be the least evolved in this suite of samples, which

predominantly lie on a trajectory to high peralkalinity.

When compared against the alkalinity index ofirthieost rock, the transition from
katophorite-richterite, riebeckitéy arfvedsonite amphibole compositions occurs at an alkalinity
index of 1.20, which corresponds to the original minimum alkalinity index of agpaitic rocks
(Ussing, 1912) (Figure 2.22). The katophorite-richterite-bearing granitic dike sample has an
alkalinity index of 1.19 and the riebeckite-arfvedsonite pegmatitic Mount Rosa Granite has an
alkalinity index of 1.20. However, the alkalinity of rocks containing arfvedsonite is highly
variable, typically between 1.16 and 1.32. Within the arfvedsonite-bearingegréimt oikocrystic
amphibole variety has an alkalinity index of ~1.25, while the prismatic variety has a broader range
of alkalinity index. The variability in the alkalinity index of the host rocks indicate crystallization
of local melts with prismatic amphibole at different stages of melt differentiation. In contrast, the
rocks comprised of oikocrystic amphibole crystallized at a relatively consistent degree of melt

differentiation.
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Compositional trends

With progressive crystallization and fractionation of alkaline magmas, sodic ampisibole
expected to become depleted in Al (Giret et al., 1980), which may be used as a proxy for the degre
of fractionation in a rock (Figure 2.23). The major magmatic trend of both primary igneous and
late oikocrystic amphiboles can be described with the exchange vector Si+(Na,KpaAlith
amphibole compositions becoming more sodic with progressive differentiation (Strong and
Taylor, 1984). Other element trends within amphibole that can be correlated with fractionation

include several major and minor elements, such as Na, Fe, Li (calculated), Ti, and F (Figure 2.23).

Considering the transition from katophorite-richterite to arfvedsonite in the Mount Rosa
rocks, which is characterized by major element trends of increasing Na+Si and decreasing Al+Ca
(Figure 2.18), additional minor element trends include incrdases™, Li, and F in amphibole

from the most evolved rocks. Fluorine is commonly elevated in arfvedsonite, due to enrichment of

2.5 + granitic dike
2 2.0 X prismatic amphibole
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0.0 = £ sqe (after Siegel et al., 2017)
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Figure 2.2% Element concentrations (apfu) in the Mount Rosa Granite amphibole varyin
decreasing Al, a potential indicator of fractionation toward higher alkalinity melts. Green .
represent reported compositional trends in amphibole (katophorite-arfvedsonite-leakite
Strange Lake peralkaline complex (Siegel et al., 2017). No trend is shown®*fdreeause o
elevated F& contents reaching up to 2.1 apfu in Strange Lake amphibole.
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halogens in the evolved melt in the late stages of crystallization. In the Mount Rosa Granite, the
most F-rich arfvedsonitexamples (up to 1.18 apfu F) occur as coarse-grained oikocrysts.
Arfvedsonite in the Red Bluff granitic suite in Texas also show enrichment of F (up to 1.3 apfu)
in the most evolved stages of crystallization and amphibole in the more evolved units of the Strange
Lake alkaline complex contain 0&.2 apfu F. Concurrent with increases in'fFeéi, and F,
titanium content decreases with degree of fractionation in the Mount Rosa Granite, chamging f
0.13-0.18 apfu in katophorite-richterite to 0.05-0.12 apfu in arfvedsonite and <0.1 apfu in

riebeckite where Ti concentrations are near zero.

The incorporation of F& in amphibole at the expense ofFmay be partly attributed to
an exchange of Ca+(Mg,F&=Na+(Al,Fe*) (Siegel et al., 2017) where the*Féecomes more
compatible with the depletion of Ca and increase of Na observed in arfvedsonite (Siegel et al.,
2017). Samples measured in this study that have lowéiFBe: ratios have higher Na/Ca ratios
(Figure 2.24), suggesting a correlation between Na afidifrarfvedsonite in the Mount Rosa
Granite. Amphibole from Strange Lake show a similar broad patterrfbéféchment with more

sodic amphibole, yet F&Fao: values are much lower, because of significadt Freamphibole.
Substitution mechanism f&e** with oxidation

The incorporation of F& in amphibole appears to more likely be related to increased
oxidation of the melt. There is a clear 1:1 trend resulting from substitutionc@fulieq)+ FE**,
and/or Zn, in the C-site for Fe(Figure 2.25) observed in alkaline amphibole from other localities,
such as the Latir volcanic field in New Mexico (Li¥Fe2Fe"; Hawthorne et al., 1993), and the
Strange Lake peralkaline complex (Siegel et al.,, 2017). Compositional trends comparing
amphibole withmdt oxidation state have been previously explained by the operation of exchange
vectors such aBe**+Al=Fe?* 6 L D Q G**=NaHFé&* concurrent with the influence of oxidizing
fluids (Strong and Taylor, 1984). The significant amount of Li calculated in the arfvedsonite
suggests that the exchange vector is more likely 5#=R&e* with additional substitution of
Zn=F¢&* (Hawthorne et al., 1993). Amphibole compositions which correlate well with the 1:1

trendline support this oxidation driven exchange vector (Figure 2.25).
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[2Fe?*=Fe&**+Li+Zn] with a 1:1 trend. Data shown highlighting accompanying A) zircon type
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Biotite chemistry

Biotite is not ubiquitous across the Mount Rosa Granite, but present in small quantities in
some areas. There is no biotite observed in the pegmatitic granite, and biotite only occurs with

aenigmatite in astrophyllite pockets. In the prismatic amphibole granite, Bidtifresen
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occurs as primary grains, while in the oikocrystic amphibole granite, biotite occurs as smaller

inclusions in oikocrystic amphibole.

Granitic dikes with katophorite-richterite amphibole contain biotite which is more Al- and
Carich relative to the granites with arfvedsonite amphibole (Figure .2ZT213 high Al and Ca
biotite is depleted in F and has a lower Fe/(Fe+Mg) ratio, and biotite from the more evolved Mount
Rosa Granite body is more F-rich with higher Fe/(Fe+Mg) ratios. This parallels compositional

change in amphibole.

Zircon textures appear to broadly correlate with the F content of biotite (Figure 2.26). Low
F biotite is found in Mount Rosa granitic dike where zirt®unlescribed as primary magmatic
zircon. Of the two textural types of Mount Rosa Granite zircons, patchy zircon are found in
samples of granite which contain more F-rich biotite (~1.0 apfu F; Figure 2.26). Sieve-textured
zircon are hosted in granite which contain biotite with 1.0-2.5 apfu F (Figure 2.26). The correlation
of F-rich biotite and zircon in the Mont Rosa Granite may indicate the zircon textures may be

related to F-enrichment later in the melt.
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Figure 2.26 Compositional variations in biotite from low F to high F and the relationships
accompanying zircon types. Most F-rich biotite occurs with sieve zircon in oikocrystic ampt
granite.
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2.6.2 CHANGES IN MAJOR MINERAL CHEMISTRY WITH ACCESSORY MINERALOGY

The overarching transition from katophorite-richterite-bearing granite to arfvedsonite-
bearing granite shows broad correlation with the chang@shearing accessory mineralogy and

zircon textures.
Titanium-bearing accessory minerals

Astrophyllite is a more common accessory phase than has been reported previously,
occurring in the majority of the samples from the arfvedsonite-bearing Mount Rosa Granite body
Astrophyllite is also present and abundant in pockets and flow bands, which may contain
aenigmatite. However, aenigmatite is more abundant in riebeckite-bearing pegmatitic granite.
lImenite only occurs as a primary magmatic phase in the Mount Rosa granitic dike, and occurs as
an product of astrophyllite and aenigmatite alteration through the remainder of the Mont Rosa

Granite.

When comparing amphibole textural type and compositional trends Mdbearing
accessory minerals little correlation is present (Figure 2.23). The ilmenite-bearing samfies ar
least evolved, yet the more evolved Mount Rosa Granite shows no clear trend corresponding to
the presence of astrophyllite or aenigmatite. Although, the most peralkaline sample with an
alkalinity index of 1.32 is the only analyzed sample from an astrophyllite pocket (Figuje 2.22

hosting both astrophyllite and aenigmatite.

Titanium is detected as a minor component of both amphibole and biotite (Figure 2.27)
with biotite incorporating mor&i than amphibole. The ilmenite-bearing granite contains Ti-rich
amphibole and biotite, while in the more evolved areas of the Mount Rosa Granite, Ti is relatively
depleted in mafic minerals with the crystallization of astrophyllite and aenigmatite. Mafic minerals
most depleted in Ti are found in samples with no significant Ti-bearing phase (Figure 2.27). This
loss of Ti in biotite and amphibole may result from crystallization of astrophyllite and aenigmatite
(both silicates ideally containingd-10 wt% Ti(Q) depleting the system of Ti. When considering
the whole rock geochemistry, the BiContent in the samples is mostly related to the Ti-bearing
accessory mineralogy, i.e. pockets containing astrophyllite and aenigmatite is Ti-rich and samples
with no Ti-phase are depleted (Figure 2.27).
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Figure 2.27 Relationship between titanium content in both amphibole and biotite al
accompanying TEHDULQJ VLOLFDWHY 6DPSOH-wminErady Wadvéln
abundance (<0.1% by mass) of Ti-bearing minerals in the analyzed sample.

Zircon textures

When considering the appearance and textures of zircon, grains from the Mount Rosa
granitic dike are interpreted to have crystallized in an early and less evolved melt as primary
magmatic zircon (afterward damaged and appearing metamict), followed by patchy and sieve
zircon in the main Mount Rosa Granite body. Interpretation of the zircon textures in conjunction
with amphibole mineral chemistry suggests that patchy zircon occurs in samples with less evolved
amphibole and sieve zircon occurs in samples with more evolved amphibole (Figures 2.24A and
2.25A). Across the Mount Rosa complex, the zircon types can be described by zoning patterns,
inclusions, and appearance including pore spaces and hydrothermal overprints (Table 2.6; Smith,
2018). The appearance of a zircon from the fayalite-bearing quartz syenite, at the contact of the
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Table 2.6 Detailed descriptions of zircon types recognized within the Mount Rosa complex (modified after Smith, 2018).

types of Mount Rosa Granite zircons were investigated thoroughly in this stud

Zircon Type Rock Units Size Inclusions Metamict Zones Description
Pikes Peak Granite 50 to 10t monazite, imenite, quartz Yes
Fayalite-bearing Quartz Type 1A zircons are euhedral with concentric zoning arou
1A- Early Magmatic Zircol 4 S eniteg WR P monazite, xenotime, apatite No small core. Small, euhedral inclusions are rare in these zol
Y but appear abundantly in the metamict zones.
. gh—U—Nb -rich Fe-oxides, quartz, fluorite, K-feldspar, columbit
Type-| Pegmatites WR ! . ) Yes
barite, xenotime
Type 1B zircons have an abundance of large euhedral
1B- Magmatic Sieve i i -0Xi - i i * subhedral pores occupy a considerable amount of
g _ Mount Rosa Granite WR | P Rock forming minerals, Ee oxides, REE-bearing minerals*, No p _ : p)_/_ _
Textured Zircon fluoritexY+Ce volume/surface area in an individual grain. Pore spaces d
and mask any zoning that may be present.
Granitic Dikes WR P Thorite + U, xenotime, apatite, biotite No . .
Type 1C zircons are subhedral to anhedral with a moderz
1C-M ic Patch i i -0Xi = i i * f llinclusi inly i k i
C agmatlc atchy Mount Rosa Granite WR Igock fo_rmlng m|nera_ls, Fe-oxides, REE bearing mlneral_s , Xenc Yes ample arrpupt of smal |ng usions, mainly in weal Iyd.e.ne
Zircon imenite, thoritet U or Pb, fluoritexY+Ce, columbite cores. Zoning is weak and irregular, but subconcentric in ¢
cases.
Mafic Dikes WR P REE-bearing minerals*, imenite, thorite + U, columbite No
Type 2 zircons are interpreted to be magmatic zircons v
hydrothermal overprint textures. These zircons are isolate
. . the wallrock of the type-1I pegmatites with decreasin
2- Walrock Zircon Type-Il Pegmatites WR P None No W type-ll peg s W "9
abundance toward the core. Zoning can be patchy ol
concentric. These zircons are always surrounded by a he
inclusion-free quartz.
Type 3 zircons are interpreted to be hydrothermal zircons
in the interior and core of the type-Il pegmatites. These zir
3- Hydrothermal Zircon Type-Il Pegmatites WR P None No display either concentric zoning or no zoning at all. Thes

zircons cluster together in complex vein networks and a
hosted in quartz and fluorite.

*REE-bearing minerals include mainly bastnasite with minor diear
of parisite and synchysite
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Mount Rosa Granite gives an indication of a secondary process putting primary magmatic zircon
in a state of disequilibrium and reacting to form the patchy texture and HFSE-mineral inclusions
(Figure 2.28).

Zircon of similar appearance has been documented from the granitic Monte Capanne
pluton in the Elba igneous complex (ltaly; Gagnevin et al., 2010) where patchy zoning and porous
cores in zircon are attributed to coupled dissolution-recrystallization processes. The dissolution-
recrystallization process is suggested to occur along an inward-moving reaction front (Geisler et
al., 2007). The dissolution and recrystallization of zircon in the presence of a melt or aqueous fluid
is proposed to occur simultaneously and results in a loss of molar volume producing porosity
(Tomaschek et al, 2003; Geisler et al., 2007). Structural strain of the crystalline zircon due to
incorporation of UTh-Y-Hf enhances the reactivity of grains and the dissolution rate of the
metastable zircon solid solutions (Geisler et al., 2007). A study in the Ambohimirahavavy Alkaline
Complex (Madagascar) described zircon with- and Y-rich inclusions and similar internal
textures to that of the Mount Rosa patchy zircon (Estrade et aD14). The porous texture of
zircon is proposed to be a result of subsolidus remobilization of REE and HFSE by a F-rich fluid

exsolved from the miaskitic granites in the complex (Estrade et al., 2014).

fayalite-bearing
quartz syenite
primary magmatic
euhedral zircon

patchy
texture with
| U-Th-rich
inclusions

20 um

Figure 2.2& Zircon grain near a contact between the Mount Rosa Granite and the f:
bearing quartz syenite: A) the contact is observable in outcrop with3® tin wide pegmatit
zone separating the units; B) a seemingly magmatic zircon from the fayalite-bearing
syenite at this location partly influenced by simultaneous dissolution-recrystallization pr:
and beginning to appear as a patchy zircon.
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2.6.3 GRANITIC TEXTURES THROUGHOUT THE MOUNT ROSA GRANITE

The granitic textures described in this study are based on the appearance of amphibole.
Most of the Mount Rosa Granite can be described as oikocrystic amphibole granite where
anmphibole formed after crystallization of quartz and feldspar phenocrysts. This is a texture
commonly documented in other arfvedsonite-bearing alkaline igneous complexes. Based on
textural relationships, prismatic amphibole would typically be interpreted to have formed earlier
in the crystallization sequence than oikocrystic amphibole, prior to and concurrent with quartz and
feldspar phenocrysts. However, in samples from the granitic body and in smaller dikes, some
mineral compositional trends allude to prismatic amphibole having been crystallized from a more

evolved melt than the majority of the oikocrystic amphibole (Figures 2.22 and 2.24).

Zones of prismatic amphibole are seen in large abundances near the eastetn contac
between the Mount Rosa Granite and Pikes Peak Granite, where much of the noted textural and
mineralogical heterogeneity occurs. In this area, there is an abundance of asteopbgkéts,
pegmatitic granite, and strongly-oriented prismatic amphigaite indicating preservation of
magmatic flow. Several other agpaitic complexes, both granitic and syenitic, document the
presence of locally-developed mineral assemblages and schlieren-like textures rich in pegmatoids.
Studies of the Strange Lake peralkaline complex (Canada) note heterogeneity innitee gra
recognizing flow differentiation to cause locally-concentrated amphiboles and other uncommon
minerals in discontinuoug§ O RJ MR (Salvi and Williams-Jones, 2006). The volatile-rich
peralkaline magma at Strange Lake is noted to have a low viscosity (experimentally calculated;
Vasyukova and Williams-Jones, 2014) and low density (Siegel et al.,, 2018). In a low-density
magma, crystal settling rates can be ~10 times higher than settling rates for a given mineral in a

peraluminous or metaluminous magma (Baker and Vaillancourt, 1995).

Studies of the Nechalacho Layered Suite in Canada mentions a combination of schlieren
textures, compositional segregation, and pegmatitic pockets locally occurring in the neighboring
Grace Lake Granite and Thor Lake Syenite (Moller and Williams-Jones, 2016). The
Ambohimirahavavy Alkaline Complex (Madagascar) hosts miaskitic, transitional agpaitic, and
agpaitic units formed by different degrees of differentiation (Estrade et al., 2014). This transitional
agpaitic granite is recognized by the presence of layered textures varying imooévglogy, and
grain size from aplitic to pegmatitic (Estrade et al., 2014). Studies of the Tamazeght complex
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(Morocco) report field evidence of pockets of agpaitic minerals in different textural settings,
showing the transition from miaskitic to agpaitic happened in different samples at different stages
of differentiation (Schilling et al., 2009). The heterogeneity is suggested to be caused by the
inefficiency of convection and diffusion in the residual crystal mush to homogenize the melt
system and agpaitic mineral assemblages to have crystallized from a locally-developed residual
melt, rather than a separate batch of agpaitic magma (Schilling et al., 2009; Marks and Mark,
2017).

2.6.4 TRANSITION FROM MIASKITIC TO AGPAITIC

The transition from miaskitic to agpaitic in peralkaline igneous rocks can be illustrated by
changes ifi- and Zr-bearing mineral assemblages (Figure; M28ks et al., 2011). In this model,
the presence of complex Ti-bearing silicate minerals, such as astrophyllite and aemiggnagit

as evidence of transitional agpaitic or agpaitic compositions in the Mount Rosa Granite.

Figure 2.22 Qualitative phase diagrat
illustrating the transition from miaskitic
agpaitic with Ti- and Zr-bearing miner:
(modified after Marks et al., 2011).

Aenaenigmatite; Astastrophyllite; Dak
dalyite; Elp=zlpidite; Eudteudialyte; lImz
iImenite; Tit#itanite; Zrn&ircon.

55



While the majority of well-known agpaitic complexes are host to several complex Zr-
bearing silicates, such as eudialyte, catapleiite, elpidite, and gittinsite (e.g., llimaussaq intrusion,
Strange Lake peralkaline complex, Tamazeght complex), in the Mount Rosa Graniteisziteon
only zirconosilicate mineral so far observed, and the only complex agpaitic minerals found are
titanosilicates. This is a fairly unique occurrence where the transition toward an agpaitic

composition is seen solely through the crystallization of compilexinerals.

The majority of the Mount Rosa Granite body is composed of the oikocrystic amphibole
granite with minor amounts of astrophyllite. Oikocrystic sodic amphibole and pyroxene are
common in peralkaline granites and syenites in agpaitic complexes and the presence of
astrophyllite and zircon can indicate a transitional agpaitic composition (Marks et al., 2011).
Aenigmatite in the Mount Rosa Granite only occurs in heterogeneous areas (astrophyllite pockets,
flow-oriented granite, pegmatitic textujed the eastern contact between the Mount Rosa Granite
and the Pikes Peak Granite. This heterogeneous region with both astrophyllite and aenigmatite is
considered to be more evolved, within the agpaitic pockets and pegmatites, despite the lack of
complex zirconosilicates. The textures observed in this more evolved transition zone are similar
to that of transitional agpaitic zones in other complexes, such as Nechalacho Layered Suite (Mdller
and Williams-Jones, 2016), Strange Lake peralkaline complex (Salvi and Williams-Jones, 2006),
Ambohimirahavavy Alkaline Complex (Estrade et al., 2014). Heterogeneous areas such as these
are difficult to interpret because of the potential for flow differentiation, mineral accumulation,
and residual melt pockets. Fluid viscosity is a dominant factor in melt segregation, crystal settling
in a magma chamber, and magma convection (Baker and Vaillancourt, 1995). A peralkaline melt
rich in F and HO is estimated to have a viscosity significantly lower than similarly volatile-rich
peraluminous and metaluminous melts and even lower than that of typical basaltic melts (Baker
and Vaillancourt, 1995). Low viscosity peralkaline magmas promote a higher rate of crystal
settling (~10 times greater than that of a peraluminous magma) and a slightly higherieenvect
velocity, which in conjunction with fractional crystallization can be efficient mechanisms for

generating compositional diversity and mineral accumulation (Baker and Vaillancourt, 1995).

The inhomogeneous zone of the Mount Rosa Granite lies at the contact with the Pikes Peak
Granite where a rheological contrast between co-genetic crystallizing unitgproarote
noncoaxial (velocity gradient) flow (Figure 2)38long the walls of the Mount Rosa magma
chamber (Paterson et al., 1998). Noncoaxial flow prompts flow differentiation and contact-parallel
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magmatic structure#n the case of Mount Rosa, primary prismatic ampleimrmed early in the
crystallization sequence is a likely candidate for flow differentiation and accumulation into flow-
oriented bands (Paterson et al., 1998). Yet, internal processes within a magma chamber can be
highly variable (convection, magma recharge, permeable flow) resulting in more turbulent flow
with spatially and temporally variable magmatic fabrics (Paterson et al., X2&8plex fluid
dynamics of noncoaxial and partial turbulent flow of the low viscosity peralkaline Mount Rosa
granitic magma likely caused the melt pockets, schlieren-like flow bands, and other textural
heterogeneity observed in the unit as well as transitional agpaitic zones in other complexes.

Figure 2.3 lllustration of noncoaxial floy
in a magma chamber. Tabular phenocr
rotate toward parallelism with flow directi
in the low velocity zone near the cont
between two crystallizing units with differe
rheological properties (after Paterson et
1998).

Field relationships within the Mount Rosa Granite and the accompanying interpretation of
accessory mineralogy alludes to the Mount Rosa complex characterized as a Tyggpd-ov
composite alkaline complex (Figure 2.31), a miaskitic-dominatadtransitional-dominated in
this casé pluton with either interstitial agpaitic pockets or cross-cutting agpaitic pegmatites
(Marks and Markl, 2017). The main body of the Mount Rosa Granite represents the dominant
transitional agpaitic unit, while the more evolved heterogeneous region hosts the majority of the
interstitial pockets. While zircon is still a minor constituent, instead of the expected occurrence of
elpidite or eudialyte, the presence of aenigmatite and the increased abundance of #@strophyll
suggests that the pockets occurring in marginal zones may be classified as agpaitic, and more
evolved than the majority of the granitic body. Of the Type | and Type Il pegmatites in the area
which have intruded the Pikes Peak Granite east of the Mount Rosa complex, some instances of
Type | pegmatites are interpreted to be pegmatitic-textured Mount Rosa Granite. Previous

investigations of the pegmatites have reported complex magmatic and hydrothermal zircon, yet no
57



occurrence of other complex Zr-bearing phases (Persson, 2017; Smith, 2018). However, some of
the more complex Type Il pegmatites contain a significant amount of cryolitdaN#s, a water-

soluble alkali- and halogen-rich mineral, which is not commonly recardbgiperagpaitic rock
compositions, but the formation of which is dependent on high alkalinity (Shchekina et al., 2013).
Pegmatites in the Mount Rosa complex could have miaskitic (Type I) or agpaitic (Type Il)

compositions, being related to the Mount Rosa Granite as the parental melt.

Figure 2.32 lllustration of the Mount Rosa complex depicting the features seen in Type
Type IV alkaline complexes (modified from Persson, 2017). Type |l complexes c
interstitial agpaitic pockets in a less evolved unit, while Type IV complexes are rich in m
and/or agpaitic pegmatites cross cutting a less evolved unit. The simple Type | pegme
interpreted to be the pegmatitic-textured Mount Rosa Granite. The mafic dikes are illustri
the petrogenesis and magmatic relationship is still elusive.
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CHAPTER 3
CONCLUSIONS AND OUTLOOK

The mechanisms that drive the transition in melt composition from miaskitic to agpaitic
are complex. To further complicate our understanding of these processes, each locality where
miaskitic and agpaitic rocks have been identified have unique outcrop, mineralogical, and textural
features. The Mount Rosa Granite, where agpaitic rocks occur as restricted patches within a highly
peralkaline, transitional agpaitic granite allow additional insight through characterization of
geochemical patterns and trends that allow interpretations to be made on the physical magmatic

processes leading to the transitional agpaitic phase.

Improved knowledge about processes driving melts toward a more agpaitic compaosition
and the magmatic characteristics and features which can be preserved in outcropcaxaides
in more detailed studies and exploration for economic rare metal deposits, which may be found in
highly peralkaline agpaitic complex intrusions. This study focuses on the Mount Rosa Granite, the
main peralkaline component of the Mount Rosa complex, in which transitional agpaitic mineral
assemblages have been previously seen. Through the combined geochemical techniques and
detailed characterization of field observations and mineralogical features, this study suggests a
description of the petrogenesis of the Mount Rosa Granite as it represents the evolution from a

miaskitic to an agpaitic mineral assemblage.

The Mount Rosa granitic dike is the least evolved rock type considered in this study, as a
noted compositional link between the peraluminous Pikes Peak Granite and the peralkaline Mount
Rosa Granite. The granitic dike hosts ilmenite and zircon, a typical miaskitic mineral assemblage,

and amphibole of katophorite-richterite composition (sodic-calcic).

The main body of the Mount Rosa Granite is a relatively homogeneous unit, containing
small modal abundances of astrophyllite and zircon, recognized as a transitional agpaitic mineral
assemblage. Amphibole in the majority of the Mount Rosa Granite is arfvedsonite (sodic) in
composition and has an oikocrystic habit, suggesting saturation of water in the melt occurred late

in the crystallization sequence.

The most evolved units in the Mount Rosa Granite are found in the heterogeneous marginal

zone at the eastern contact with the Pikes Peak Granite. Here, a combination of flow generated
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amphibole cumulates and turbulent flow creates schlieren-like pegmatitic granite layers and
isolated astrophyllite pockets. Throughout this heterogeneous-textured region, amphibole ranges
from riebeckite to arfvedsonite (sodic) which occurs as amphibole phenocrysts. Early phenocrysts
of amphibole suggest saturation of water in the localized melts early in the crystallization
sequence, prompting formation of amphibole. Mineral assemblages in the pegmatitic granitic
layers and the astrophyllite pockets generally include astrophyllite, aenigmatite, and zircon.
Despite the absence of complex zirconosilicates such as eudialyte and elpidite, the greate
abundance of astrophyllite and occurrences of aenigmatite indicate a more evolved melt

composition compared to the majority of the Mount Rosa Granite.

Classification of samples of Mount Rosa Granite combined with bulk rock compositional
data may provide insight into the degree of local melt differentiation. The alkalinity index, used as
an indicator of melt evolution towaamore peralkaline composition, is relatively consistent for
samples of oikocrystic amphibole granite, suggesting the samples crystallized from melts at a
similar stage of differentiation. Alkalinity index of the samples of prismatic amphibole granite,
found mostly at the margins of the intrusion, is more variable suggesting crystallization at varying
stages of melt differentiation. Concentration of the prismatic amphibole flow zones and more
evolved melt compositions at the eastern margin of the Mount Rosa Granite combined with the
evidence for melts crystallizing at variable stages of differentiation may suggest that influx of more
evolved melts intruded along the magma chamber walls. Flow differentiation of the initial melt
combined with influx of new batches of more evolved melt may produce increasingly agpaitic
mineral assemblages and the wide variety of textures formed in the late melt fractions. Many of
the inhomogeneous textures observed in the Mount Rosa Granite are similar to those reported from
other agpaitic igneous rocks at the transitional agpaitic zone, prior to the highly HFSE-enriched

agpaitic units.

The most recent petrogenetic model for the Mount Rosa complex attributes the formation
of early peraluminous units and later peralkaline units to the separation of a peralkaline melt
fraction from the larger volume of peraluminous Pikes Peak Granite. This peralkaline melt fraction
has been proposed to ultimately form the Mount Rosa Granite and the associated pegmatites in the
area. In the process of determining petrogenesis of the complex, the genesis of the Mount Rosa
Granite has been the most intricate and poorly understood.
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From the insight and conclusions of this study focused on the Mount Rosa Granite, the
initial volume of the peralkaline melt fraction formed the main transitional agpaitic body of the
Mount Rosa Granite. After the separation of the initial melt fraction, influx of smaller volumes of
more evolved peralkaline melt may intrude along the walls of the magma chamber, between the
Mount Rosa Granite and the Pikes Peak Granite. In this more evolved and volatile-rich melt,
viscosity is likely low, allowing for efficient segregation of amphibole phenocrysts into relatively
aligned cumulates along rheological gradient boundaries. Due to likely iterations of melt intrusions
along the wall of the magma chamber, turbulent flow patterns may generate spatially an
temporally variable zones, resulting in residual melt pockets and turbulent schlieren-like flow
banding. The most volatile-rich and most evolved melts are proposed to have been isolated in melt
pockets and layers between flow bands, which may crystallize separate from the surrounding melt
to forming the most differentiated agpaitic pockets and pegmatitic granite layers (Type |

pegmatites) seen in the field.

3.1 OUTLOOK AND FUTURE WORK

While this research sheds light on the transition toward an increasingly agpaitic
composition in the Mount Rosa Granite, the petrogenesis of the Mount Rosa complex overall is
still unclear. Current hypotheses of immiscibility and exsolution of a F-rich fluid are derived from
discussions of other peralkaline complexes, as relationships between different rock types at Mount
Rosa are up for speculation. Isotopic studies sumald and Lu-Hf have been conducted across
the Pikes Peak batholith and provided insight into the formation of sodic and potassic complexes
(DePaolo 1981; Smith et al., 1999a; Guitreau et al., 2016). Such isotopic work on the units in the
Mount Rosa complex specifically could clarify relationships between the Mount Rosa Granite and
fayalite-bearing quartz syenite from the fractionated sodic parental melt and to the initial

peraluminous Pikes Peak batholith magma.

Further investigation of pegmatites, related to REE and HFSE enrichment, is a recurrent
research focus in the Mount Rosa complex and other agpaitic complexes. If the type Il pegmatites
in the Mount Rosa complex are related to the Mount Rosa Granite, elpidite, gittinsite, or other
complex Zr-bearing minerals could be observed suggesting the pegmatites are the most evolved
agpaitic units. Emphasis on the possible occurrence of complex zirconosilicates in type Il

pegmatites and other mineralogical rarities, such as cryolite documented in the area, could provide
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evidence to support or dispute the theory of the Mount Rosa Granite to be the parental melt for the
pegmatites. Fluid inclusion studies of the pegmatites and the proposed parental granite could give
insight into the F-rich fluids which allow for the intense hydrothermal mobilization of Zr and other
HFSE, resulting in the patchy to sieve textured zircon in the Mount Rosa Granite and hydrothermal
zircon in the type Il pegmatites. The mafic dikes found in the Mount Rosa complex are quite
enigmatic and the relationship to the other units is ambiguous. Isotopic studies including the mafic

dikes, may provide insight into the theorized underlying parental mafic magma.

After the recent studies of the Mount Rosa complex, the other major sodic complexes in
the Pikes Peak batholith could be investigated to clarify the emplacement history of the batholith
and its igneous complexes. The Lake George Ring Complex is host to sodic rocks at its center
surrounded by potassic rocks. A recent study provides a radiometric age dates and emplacement
history of the Lake George Ring Complex (Guitreau et al., 2016), yet a recent detailed mapping
and petrological characterization has not been conducted. The Sugarloaf sodic pluton was last
mapped by Beane and Wobus (1999) and is dominated by syenites of different textural variations
from fine to pegmatitic. Reassessing the textural variety in the Sugarloaf syenite, could elucidate

other variations within a sodic pluton, less evolved than the Mont Rosa complex.
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APPENDIX A2 Micro-XRF Whole-rock data

PP-MRO3 MRO6A_1 MRO6A_2 MRO6B_1 MRO6B_2 PP-MR14 PP-MR16 PP-MR25 PP-2016-0€

hoovsle peuiic  CMoee  ONESE  penaie  guieowe P ponle  piemaio
Na,O 5.17 4.45 4.50 4.67 5.23 551 4.37 8.02 L
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (
Al,O4 10.61 12.58 12.52 12.44 14.75 14.94 11.65 12.47 ]
SiO, 66.15 80.42 77.78 77.35 76.03 72.07 77.34 75.62 I
K,0 3.90 5.84 5.95 5.84 7.11 6.43 5.47 0.43 t
CaOo 0.49 0.21 0.22 0.16 0.42 0.60 0.17 0.05 '
TiO, 0.11 0.12 0.23 0.17 0.07 0.15 0.09 0.03 (
MnO, 0.15 0.01 0.05 0.06 0.05 0.04 0.03 0.04 (
Fe,Oq 5.19 0.77 2.24 2.53 1.70 1.24 1.81 1.46 (
Na+K/Al 1.26 1.22 1.25 1.26 1.25 1.19 1.26 0.96 ]
Zn ppm 279 45 92 98 101 62 110 131
Rb ppm 229 175 190 190 230 248 201 16 z
Y ppm 122 51 51 42 70 54 80 116 !
Zr ppm 181 4 7 8 39 204 71 1497 11
Nb ppm 35 23 20 21 28 54 24 21 ¢
Ce ppm 150 93 79 79 169 309 138 280 1
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APPENDIX A2 Micro-XRF Whole-rock data (continued..)

KL-MRO3_1 KL-MR03_3 KL-MR04_1 KL-MR04_2 KL-MRO0S5 KL-MRO06_1 KL-MR06_2 KL-MRO 7

oikocrystic - prismatic prismatic prismatic prismatic astrophyliite oikocrystic

amphibole pegmatitic amphibole amphibole amphibole amphibole pocket amphibole
Na,O 5.21 4.13 4.02 3.65 4.48 3.42 3.45 3.65
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al,O; 12.56 9.93 12.73 11.68 11.84 11.38 11.41 11.20
Sio, 77.14 81.75 74.09 73.39 71.99 70.35 72.41 71.74
K,0 5.06 3.77 6.83 6.44 5.03 6.65 6.46 5.74
CaO 0.03 0.04 0.02 0.02 0.05 0.11 0.16 0.10
TiO, 0.07 0.17 0.01 0.04 0.04 0.09 0.56 0.06
MnO, 0.07 0.04 0.01 0.06 0.04 0.04 0.05 0.07
Fe,0O; 1.74 1.45 0.63 2.04 1.67 1.88 2.37 2.52
Na+K/Al 1.21 1.18 1.28 1.30 1.20 1.34 1.31 1.26
Zn ppm 81 75 44 103 103 103 123 111
Rb ppm 133 121 165 170 192 222 262 166
Y ppm 0 0 10 3 0 58 110 4
Zr ppm 10 59 36 22 241 73 126 108
Nb ppm 27 27 19 20 19 27 31 21
Ce ppm 196 146 170 126 100 104 237 164
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APPENDIX B2 EPMA Amphibole Chemistry

PP-MRO03 PP-MRO6A PP-MR06B
Amph 1 Amph 2 Amph 3 Amph 4 Amph 1 Amph 2 Amph 3 Amph 4 Amph 1 Amph 2 mph 3 Amph 4 Amph 5 Amph
Na,0 8.09 8.09 8.05 7.95 8.10 7.97 8.01 7.92 7.89 7.91 8.15 7.90 7.92
K0 1.01 1.15 1.05 1.09 1.26 1.20 121 1418 1.21 1.20 1.16 1.24 1.16
CaO 0.25 0.14 0.60 0.%8 0.30 0.28 0.29 09.27 0.31 0.28 0.30 0.37 0.37
FeO 34.23 33.83 34.22 33.[76 32.73 33.95 33.70 33.53 33.83 33.56 33.59 33.92 33.30
MgO 0.04 0.03 0.04 0.04 0.28 0.19 0.20 0.15 0.17 0.17 0.29 0.28 0.31
MnO 0.89 0.89 0.91 0.94 0.90 0.93 0.96 .91 0.97 0.95 0.88 0.90 0.96
TiO, 0.53 0.58 0.55 0.57 0.97 0.93 0.97 0.83 1.00 0.95 0.79 0.88 1.00
Al,03 0.82 0.85 0.84 0.82 0.92 0.90 0.90 0.88 0.94 0.90 0.95 0.85 0.88
Zn0O 0.43 0.46 0.42 0.35 0.29 0.30 0.27 g.25 0.28 0.27 0.30 0.24 0.31
Zr0, 0.05 0.05 0.06 0.04 0.05 0.02 0.00 0.03 0.02 0.00 0.04 0.02 0.02
Sio, 49.28 49.40 49.12 49.14 49.66 48.96 49.29 4D.46 49.61 49.78 50.25 49.98 49.87
Li,O 0.42 0.49 0.27 0.43 0.55 0.24 0.35 0.55 0.43 0.56 0.54 0.50 0.56
F 1.45 1.36 1.67 111 1.33 1.36 1.31 1.40 1.25 1.38 1.40 1.34 1.38
Cl 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.02
PP-MR14 PP-MR16 PP-MR25 PP-2016-09
Amph 1 Amph 2 Amph B Amph 1 Amph 2 Amph 3 Amph 1 Amph 2 Amph 3 Amph 1 mphA?2 Amph 3
Na,0 3.89 3.96 5.74 7.97 7.89 7.01 8.18 8.01 8.06 7.70 7.81 7.50
K0 1.07 1.06 0.8 1.02 111 118 1.48 1.48 1.50 1.17 1.15 1.14
CaO 6.31 6.38 2.38 0.12 0.14 0J18 0.06 0.06 D.05 0.38 0.39 0.41
FeO 33.79 34.22 35.50 35.11 34.84 34.21 32.88 33.16 B2.67 34.66 34.75 34.97
MgO 0.79 0.49 0.3p 0.05 0.05 0.05 0.07 0.07 0.07 0.04 0.04 0.04
MnO 0.97 1.00 1.2p 0.62 0.62 0.63 0.97 0.94 0.98 0.87 0.86 0.89
TiO, 1.39 1.47 0.5¢4 0.69 0.62 0.65 0.69 0.59 0.62 0.64 0.62 0.60
Al,05 2.42 2.47 0.98 0.87 0.87 0.B0 0.84 0.81 0.76 0.97 1.08 1.05
Zn0O 0.26 0.26 0.2p 0.35 0.34 0,36 0.64 0.64 D.62 0.34 0.33 0.32
Zro, 0.03 0.02 0.0p 0.05 0.02 0.p5 0.09 0.07 0.03 0.05 0.05 0.06
Sio, 46.38 46.01 49.11 49.65 49.85 49106 49.43 50.25 49.91 49.09 49.39 49.03
Li,O 0.00 0.00 0.5[7 0.44 0.57 0.46 0.49 0.74 0.74 0.33 0.31 0.32
F 0.27 0.32 0.2b 1.18 1.25 1.p3 1.63 1.55 1.59 1.07 1.09 1.07
Cl 0.09 0.09 0.0 0.00 0.01 0.po 0.00 0.00 Q.00 0.01 0.00 0.02

74




APPENDIX B2 EPMA Amphibole Chemistry (continued..)

KL-MRO3 KL-MR0O4
Amph 1 Amph 2 Amph 3 Amph 4 Amph 5 Amph 6 Amph 7 Amph 8 Amph 1 Amph 2 mphA 3 Amph 4 Amph 5 Amph
Na,O 6.76 6.85 7.13 6.95 7.10 6.99 6.87 7.01 7.92 7.92 7.66 7.87 7.67
K0 0.67 0.74 0.77 0.69 0.92 0.68 0.46 0.80 0.98 1.04 1.01 0.89 1.13
CaO 0.70 0.60 0.66 0.78 0.71 0.81 0.00 0.16 0.35 0.24 0.25 0.28 0.23
FeO 36.07 36.35 35.63 35.33 35.07 35.58 36.51 35.63 34.37 34.44 34.83 35.14 34.89
MgO 0.15 0.08 0.17 0.24 0.28 0.28 0.16 Q.16 0.15 0.11 0.05 0.06 0.07
MnO 1.61 1.73 1.48 1.44 1.40 1.43 0.19 0.61 0.95 0.94 0.95 0.97 0.97
TiO, 0.38 0.27 0.54 0.65 0.60 0.67 0.31 0.23 0.57 0.56 0.62 0.62 0.59
Al,03 0.80 0.78 0.91 1.00 0.93 0.99 0.56 0.60 0.89 0.92 0.92 0.89 0.86
ZnO 0.28 0.27 0.28 0.28 0.31 0.30 0.11 g.06 0.32 0.30 0.29 0.31 0.29
Zro, 0.00 0.00 0.02 0.02 0.00 0.02 0.00 0,00 0.04 0.05 0.03 0.02 0.04
SiO, 48.45 48.79 48.57 47.80 48.80 47.73 50.02 49.79 49.32 49.95 49.97 49.48 49.81
Li,O 0.30 0.31 0.19 0.13 0.27 0.00 1.21 1.04 0.39 0.56 0.62 0.37 0.54
F 0.93 0.98 1.01 0.92 0.90 0.86 0.15 0.43 1.26 1.20 1.00 1.16 1.20
Cl 0.02 0.00 0.02 0.01 0.03 0.03 0.00 0.00 0.03 0.01 0.01 0.00 0.01
KL-MRO5 KL-MRO6 KL-MRO7
Amph 1 Amph 2 Amph B Amph 1 Amph 2 Amph 3 Amph 4 Amph 1 Amph 2 Amph 3 mph 4

Na,O 7.97 8.04 8.0 7.96 7.84 7.94 8|03 7.96 7.71 7.93 7.85
K0 1.04 1.05 1.0p 1.22 1.20 1.09 0/24 0.91 1.04 0.96 0.83
CaO 0.10 0.10 0.17 0.10 0.11 0.14 0.03 0.19 0.16 0.18 0.16
FeO 35.02 35.06 35.01 35.19 34.75 34.82 3b5.24 35.47 34.98 35.32 35.54
MgO 0.02 0.01 0.0p 0.04 0.04 0.04 0|04 0.02 0.02 0.02 0.02
MnO 0.70 0.71 0.7p 0.65 0.64 0.65 0|67 1.06 1.13 1.05 1.10
TiO, 0.63 0.60 0.6p 0.53 0.63 0.63 067 0.57 0.55 0.55 0.55
Al,03 0.87 0.87 0.8 0.81 0.86 0.83 0/85 0.87 0.85 0.83 0.89
ZnO 0.42 0.42 0.43 0.34 0.34 0.34 0|35 0.33 0.33 0.33 0.32
Zro, 0.02 0.00 0.04 0.05 0.04 0.05 0Jjoo 0.02 0.04 0.02 0.02
Sio, 49.28 49.05 48.91 49.26 49.55 49.89 49.66 49.49 49.16 49.69 49.19
Li,O 0.36 0.27 0.24 0.31 0.51 0.57 0|66 0.29 0.38 0.39 0.28
F 1.17 1.21 1.3B 1.23 1.12 1.07 1{18 1.14 1.09 1.17 1.14
Cl 0.00 0.02 0.01L 0.01 0.00 0.00 0Jjoo 0.01 0.01 0.00 0.00
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APPENDIX C2 EPMA Biotite Chemistry

PP-MR03 PP-MR16 KL-MRO5 PP-2016-09
Bio 1 Bio 2 Bio 3 Bio 1 Bio 2 Bio 8 Bio 1 Bio P Bio 1 Bio 2 Bio
K0 8.58 8.72 8.6 8.66 8.52 8.60 5.63 475 8.57 8.59
Na,O 0.05 0.05 0.0p 0.02 0.03 0.06 0.11 0.04 0.07 0.10
CaO 0.00 0.01 0.01 0.00 0.04 0{01 0.43 0.64 0.02 0.00
FeO 37.76 37.64 37.17 37.96 37.69 38.04 34.50 34.33 38.15 37.72
MgO 0.06 0.07 0.0[7 0.06 0.07 0.06 0.17 0.21 0.04 0.04
MnO 1.03 1.17 1.26 0.63 0.58 0.62 0.62 0.65 0.76 0.71
ZnO 0.44 0.49 0.47 0.43 0.43 0.45 0.45 Q.48 0.41 0.37
TiO, 2.36 1.48 1.62 2.83 2.84 2.90 2.94 1417 2.26 2.68
Al,O3 6.40 6.91 6.95 6.76 6.67 6.p3 9.11 8.82 6.75 7.10
SiO, 37.19 38.46 37.52 37.69 37.42 37|20 35.18 3p.13 36.84 36.91
F 2.14 2.28 2.20 1.80 1.78 179 2.22 1.91 1.98 1.93
Cl 0.03 0.02 0.04 0.02 0.04 0.p4 0.06 0.03 0.11 0.09
KL-MR06 PP-MR14 KL-MRO7
Bio 1 Bio 2 Bio 3 Bio 1 Bio 2 Bio B Bio 1 Bio 2
K50 8.79 8.73 8.7p 7.43 5.84 5.68 4.42 7.88
Na,O 0.00 0.01 0.0 0.02 0.03 0.02 0.05 0.09
CaO 0.01 0.01 0.01 0.28 0.52 0{56 0.42 0.12
FeQ 37.77 37.16 37.34 37.58 34.49 34.16 36.24 38.31
MgO 0.03 0.03 0.0p 0.67 0.55 0.68 0.52 0.07
MnO 0.46 0.47 0.5p 0.59 0.38 0.44 0.22 0.92
ZnO 0.36 0.38 0.40 0.33 0.35 043 0.22 0.44
TiO, 2.80 3.12 2.80 3.16 2.96 2.99 0.94 2.38
Al>,O3 7.03 6.93 6.75 7.47 8.19 7.88 8.31 6.56
Sio, 37.77 38.00 38.25 34.36 34.77 34|46 36.37 36.30
F 1.97 1.93 2.1y 0.07 0.11 0.85 0.17 1.71
Cl 0.02 0.03 0.08 0.29 0.31 0.p5 0.01 0.04
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