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ABSTRACT 

THE MAGMATIC EVOLUTION OF THE SAN FRANCISCO VOLCANIC FIELD’S 

SUGARLOAF MOUNTAIN, THROUGH U-TH DATING AND COMPOSITIONAL 

ANALYSES 

ALLISON A. HUISA 

Rhyolites are the product of some of the largest eruptions in geologic history and come from 

shallow crustal reservoirs. There is considerable uncertainty as to how these magmas are stored 

and how they are remobilized for eruption. This can be linked to whether these magmas were 

stored in a less crystalline, readily eruptible state or in a more crystalline immobile state that 

becomes eruptible only after the reservoir is recharged by an influx of magma. In this thesis 

study, the storage conditions and magmatic evolution of a small-volume high-silica rhyolite is 

investigated using 230U-238Th dating of zircon and allanite surfaces, allanite geochemical 

analyses, and whole rock major and trace element data.  

Sugarloaf Mountain is the youngest entirely silicic eruption within the San Francisco 

Volcanic Field in northern Arizona and is located at the mouth of San Francisco Mountain’s 

Inner Basin. This lava dome is composed of high silica rhyolite (>75 wt.% SiO2) that contains 

sanidine and accessory minerals such as zircon, allanite, and possibly chevkinite. Its sanidine 

40Ar/39Ar date of 91±2 ka (Morgan et al. 2010) makes Sugarloaf Mountain an appropriate choice 

for 238U-230Th dating and compositional analyses. Precise age dating proved to be possible 

because of Sugarloaf’s zircon exceptionally high UO2 concentrations (0.7-2.3 wt.%). A minor 

population of zircons yields a weighted mean model age of ~95 ka (n=3; MSWD=~4). Most 

zircons yield a substantially younger weighted mean model age of ~75 ka (n =28; MSWD= 1.8 

to 2.0) and a zircon isochron date of 76.5 ±7.3 ka. The allanites yield a range of slightly older 
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weighted mean model ages from 72.6 ± 0.3 ka (n=61; MSWD=1.7) and 79.7 ± 0.2 ka (n=61; 

MSWD=1.4). The uniformity of the zircon and allanite surface ages indicate accessory phase co-

crystallization and suggests that the younger dates are representative of final crystal rim growth. 

A zircon-allanite isochron date of 75.4 ± 1.0 ka therefore represents an eruption age for 

Sugarloaf Mountain, one that is ~15 kyr younger than the sanidine 40Ar/39Ar date provided by 

Morgan et al. (2010).  

Compositional analyses of the allanite rims and interiors provide evidence of disequilibrium 

and chemical fluctuations, indicated by, but not limited to, growth zoning and/or oscillatory 

zoning. Identification of sector zoning in some of the allanite interiors was an unexpected 

outcome of this work and is the first to be recorded for volcanic allanite. Cross-sectional analyses 

of the Sugarloaf allanite interiors to determine chemical melt evolution recorded by covariations 

between La/Nd and MnO/MgO values proved to be difficult because of the unusually low MgO 

values and the finding of sector-dependent elemental partitioning. Use of MnO/FeO instead of 

MnO/MgO as a proxy for differentiation was able to show that allanite interiors have a wider 

range in composition compared to the surfaces, indicating variable melt composition before 

eruption related to magma differentiation and recharge.  

The largely uniform zircon and allanite surface dates and the compositional uniformity of 

the allanite surfaces, together with zircon and allanite growth rates, indicate that the grains were 

immersed in the melt for at least 1.3 kyrs and grew in a single body of magma. The older zircon 

population could further indicate a previous period of warm storage before the younger-aged 

zircon and allanites grew after a ~20 ka period of cold storage. This study was able to provide a 

more precise and younger age for Sugarloaf Mountain, one that aligned with similarly aged 
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eruptions within a ~250 km2 area, and insights into how Sugarloaf magma evolved before 

eruption. 
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CHAPTER 1: INTRODUCTION 

1.1 Magmatic Evolution of Evolved Magmas  

Rhyolites are effusive magmas from shallow crustal reservoirs and the products of some of 

the most well-known voluminous eruptions, such as those associated with calderas in Toba, 

Indonesia, and Long Valley and Yellowstone, U.S.A. Melts mainly originate from the mantle as 

basaltic magmas, and their buoyancy contributes to their rise to the crust. Occasionally these 

basaltic magmas stall in the crust, where they differentiate and may partially melt and assimilate 

the wall rock, resulting in intermediate and siliceous composition melts (Hildreth, 1981). Magma 

reservoir growth could be facilitated by influx of mafic magmas, providing the thermal energy 

needed to prevent a portion of the reservoir’s chamber from solidification (Bachmann and 

Bergantz, 2008). This thermal energy may be especially critical for small-volume high-silica 

rhyolite eruptions, for which thermal masses may be limited. A better understanding of the 

production of one of these magmas and how it is stored and remobilized before eruption is 

possible using investigations of accessory mineral phases. Using U-Th isotope analyses to obtain 

crystallization ages from the surfaces of the accessory minerals to provide temporal constraints 

throughout melt evolution and cross-sectional compositional analyses to determine possible 

chemical fluctuations provides insight into the timescales of magmatic evolution and is the focus 

of this thesis.  

Within the petrologic community, an ongoing debate revolves around the magmatic 

evolution of reservoirs responsible for silicic eruptions. The argument pertains to whether 

magmatic conditions within a reservoir that eventually erupts reflect “warm” (e.g., Barboni et al., 

2016) versus “cold” storage (e.g., Claiborne et al., 2010). These can be described as situations 

where the melt is either kept in a higher temperature, less crystalline, and readily eruptive state, 
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or in a more crystalline state that can only erupt when mobilized by re-heating during an episode 

of magmatic influx. Small-volume high-silica rhyolite can apparently be stored for tens of 

thousands of years, based on the age difference between the oldest zircon cognate crystals they 

contain and the timing of eruption (Simon et al., 2008). However, how such magmas are stored 

for so long and how such magmas are then remobilized remains a question. Zircon grains in 

small-volume rhyolites can undergo recycling within the reservoir (Stelten and Cooper, 2012). 

Many studies (e.g., Charlier et al., 2005; Bacon and Lowenstern, 2005) have examined the 

possibility that ages significantly older than eruption should be interpreted as remobilization of 

young intrusions or crystal mush (Mahood, 1990) rather than the magma residence time of a 

liquid-dominated magma chamber. Periodic rejuvenation of a storage chamber by magmatic 

intrusions over tens of kyrs associated with the protracted regional volcanic activity is possible, 

and temporal constraints and insights into the thermal conditions of the magma chamber before 

eruption might be acquired using age and compositional analyses of individual accessory phase 

grains (Rubin et al., 2017). 

1.2 Purpose of Study 

The San Francisco Volcanic Field (SFVF) is located in northern Arizona. Silicic volcanism is 

associated with its largest volcanic centers: Bill Williams Mountain, Sitgreaves Mountain, 

Kendrick Peak and San Francisco Mountain. Volcanism is youngest in the eastern portion of the 

SFVF, where, in addition to many examples of mafic volcanism (e.g., Sunset Crater), there are 

three late Pleistocene silicic volcanic features: Sugarloaf Mountain, Elden Mountain and O'Leary 

Peak. Sugarloaf Mountain, located at the mouth of San Francisco Mountain’s Inner Basin, is the 

silicic dome of interest for this thesis. It was chosen as the focus of this investigation because of 

the rare finding of co-existing zircon, allanite, and possibly chevkinite within the pumice, and the 
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rhyolite’s relative youth, based on a 40Ar/39Ar age of 91 ±2 ka (Morgan et al., 2010). These 

features make Sugarloaf Mountain an ideal eruption to date using U-Th disequilibrium, which 

reaches secular equilibrium at ~350 kyr.  

Some insight into the magmatic reservoir underlying Sugarloaf Mountain was provided as 

part of the Morgan et al. (2010) report regarding the region’s potential as a geothermal source 

and includes a summary of previous seismic work. According to this report, the seismic results 

of Stauber (1982), who identified a 6-km-wide, low viscosity body at a depth of 9 to 34 km 

below sea level underneath all of San Francisco Mountain, are consistent with a “partially molten 

and/or anomalously hot rock in the mid to lower crust”. This information could suggest that 

“warm” storage conditions are present. 

In this thesis, the crystal cargo and chemical evolution of the Sugarloaf Mountain rhyolite 

were investigated by combining U-Th dating of zircon and allanite surfaces, backscattered 

electron imaging of allanite, allanite geochemical data, and whole-rock major- and trace-element 

data. To learn more about the conditions of magma storage and the magmatic evolution of the 

Sugarloaf rhyolite, U-Th disequilibrium dating can be used to determine when accessory 

minerals like zircon, allanite and chevkinite crystallized. As noted above, crystallization ages 

that predate eruption have been interpreted as evidence of crystal recycling; with periodic 

intervals of magma intrusions, crystals from previous intrusions can be incorporated into the 

melt. Surface dates on accessory minerals sometimes give a variety of crystallization ages, in 

which case the grains could be partly recycled from a semi-solid state and, therefore, only the 

youngest rims in the grain population might be representative of the eruption age (e.g., Tierney et 

al., 2019). For this reason, two possible scenarios could result from dating the surfaces of 

Sugarloaf Mountain accessory phases. The first would be that the accessory phases either grew 
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close to eruption or were in contact with the melt long enough to produce enough new rim 

growth to be detected by ion microprobe analyses. In this case, rim data might lack a range in 

surface ages and corroborate the 91 ka 40Ar/39Ar eruption date for Sugarloaf Mountain. Their 

chemical compositions could indicate whether melts were homogeneous or heterogeneous as the 

accessory phases crystallized before the system was disrupted and erupted. A second scenario 

might be that some or all accessory minerals were isolated in a crystal-dominated state up until 

eruption. Near-eruption-aged growth would have been limited or even precluded and the range of 

surface ages could provide insights into the timescale for assembly of the silicic magma 

reservoir.  

Coupling accessory minerals surface ages with compositional analyses can allow for further 

insight to Sugarloaf’s magmatic evolution. The accessory minerals’ varying saturation 

temperatures and growth rates could make the effects of magma recharge detectable. Zircon 

crystals durability, higher crystallization temperatures and slower growth rate than allanite and 

chevkinite, might enable zircon to retain older crystallization periods and thus be useful in 

detecting older magmatic storage conditions. Resorption and different growth rates can lead to a 

heterogeneous distribution of ages for both zircon and allanite. If there is a mix of zircon and 

allanite ages, it could mean that a certain population of these grains crystallized from a different 

magmatic intrusion and were not incorporated into the melt or not a part of the melt altogether 

prior to eruption. If there is a mix of zircon surface ages but not of allanite surface ages, this 

could have been possible because zircon’s higher saturation temperature could better resist 

resorption, enabling it to better retain evidence of older growth, and its slower growth rate might 

make detection of new rim growth difficult. Allanite, however, could have been incorporated 

back into the melt and crystallized after that same magma remobilization event, providing 
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uniform surface ages. For zircon and allanite to have the same surface ages, both crystals would 

have had to crystallize within the same melt prior to eruption, lacking periodic magma influx 

throughout the reservoir’s evolution, and therefore, maximizing the likelihood of uniform surface 

ages between zircon and allanite.  

For the case of continuous allanite growth, chemical analyses of the allanite grain interiors 

might record a simple differentiation trend as cooling occurs or minor chemical fluctuations if 

differentiation was interrupted by magma recharge. For the case of isolation of allanites in a 

semi-solid state up until eruption, allanite grain interiors may exhibit cycles of crystal resorption 

and renewed growth to a greater extent and chemical analyses might exhibit more evidence of 

inter-grain heterogeneity if crystals formed at different times under different conditions. 

Compositional variations within the melt over time may be recorded by trace and minor element 

ratios in allanite (Vazquez and Reid, 2004). With cooling and differentiation, it is expected for 

La/Nd to decrease and MnO/MgO to increase. Reversals in the trend of differentiation (i.e., 

increase in La/Nd with a decrease in MnO/MgO) could record magma recharge. Recognizing 

these effects could therefore provide insights into Sugarloaf’s thermal evolution history before 

eruption. 

For this study, the surfaces of zircon and allanite grains from five Sugarloaf rhyolitic pumice 

clasts were analyzed using ion microprobe mass spectrometry to obtain U-Th disequilibrium 

ages for these minerals, as described in Reid et al., (1997) and Vazquez and Lidzbarski (2012). 

The 238U-230Th dating technique allowed for rim analyses on the zircons and allanites, and a 

determination of the age of last crystal growth. Additionally, electron microprobe analyses in the 

interiors of the allanite grains provided insight into the evolution of magmatic conditions within 

the magma chamber. This research was guided by the following topics and questions: 
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1. Surface Ages and Composition Analyses 

- Were the surfaces of zircon, allanite, and/or chevkinite crystals growing at a time, 

based on the U-Th dates and their uncertainties, indistinguishable from the 40Ar/39Ar 

age of 91 ± 2 ka from Sugarloaf sanidines provided by Morgan et al. (2010) or do the 

surfaces give a variety of U-Th crystallization ages? Related to this, are the allanite 

surfaces uniform in composition or do they exhibit chemical heterogeneity?  

- Uniform surface ages and compositions could provide insight into the storage 

duration of the Sugarloaf rhyolite in a melt-dominated system prior to eruption. 

Uniform ages accompanied by chemical heterogeneities in the allanite surfaces could 

indicate that the system was more crystal-dominated prior to eruption, in which case 

an episode of enhanced (mafic?) magmatism could have rapidly remobilized the 

system and been the cause of eruption.  

- On the other hand, diverse surface ages could indicate relatively rapid remobilization 

of the reservoir from conditions of cold storage. Since the accessory phases have 

different saturation temperatures (i.e., zircon and allanite/chevkinite), it is also 

possible that the surfaces of one phase (e.g., zircon) were crystallizing when those of 

another (e.g., allanite/chevkinite) were not, and may have been entirely resorbed prior 

to the second crystallization period before eruption. Multiple episodes of magma 

influx over the reservoir’s evolution could have helped to keep the magma reservoir 

from freezing and resulted in a wide range of surface ages for zircon and/or 

allanite/chevkinite grains, if present, as a result of antecrysts being entrained into the 

melt. The diversity of ages could provide insight into the longevity of the silicic 

system. 
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2. Allanite Interior Composition Analyses 

- Do compositional variations in allanite interiors match or differ from the surfaces? Do 

they reveal a record of magma differentiation by crystal fractionation or is the record 

interrupted by episodes of magmatic reversals?  

- How does growth under disequilibrium conditions affect zoning in allanite, a situation 

that might pertain if a reservoir is rapidly remobilized from conditions of cold 

storage?  

 This study reveals that Sugarloaf’s zircon and allanite were co-crystallizing and 

immersed in the same melt long enough for new rim growth prior to eruption. From this result, a 

new eruption age of Sugarloaf, younger than previous reported, was obtained. The record of 

differentiation or magma recharge through cross-sectional analyses of the allanites proved to be 

difficult to delimit due to unforeseen complexities in the compositional variations exhibited by 

the allanite crystals, but an unusual occurrence of sector-zoned volcanic allanite was found, 

indicative of possible disequilibrium allanite growth. 

CHAPTER 2: LITERATURE REVIEW 

2.1 Geology and Petrology of Sugarloaf Mountain 

2.1.1. Regional Geology of Sugarloaf Mountain 

The San Francisco Volcanic Field (SFVF) is located on the southwestern border of the 

Colorado Plateau and extends over an area of ~5000 km2 (Bloomfield and Arculus, 1989) that is 

~100 km across from north to south and ~70 km from west to east (Tanaka et al., 1986) (Fig. 1). 

Basaltic volcanism within the SFVF began about 5.5 Ma ago with the last eruption occurring 

about 935 yrs ago (Ort et al. 2008, Elson et al., 2016). The volcanic field has a compositional 

range from basaltic to rhyolitic and consists of over 600 smaller basaltic vents (Wolfe et al., 
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1987, Ulrich and Bailey, 1987) and large intermediate to silicic centers (San Francisco Mountain, 

Elden Mountain, Dry Lake Hills, O’Leary Peak, Kendrick Peak, Sitgreaves Mountain, Bill 

Williams Mountain, and Howard Mesa). Andesite, dacite, and rhyolite are spread throughout the 

central part of the SFVF, but are concentrated at Kendrick Peak, Sitgreaves Mountain, and San 

Francisco Mountain. 

Across the SFVF, there is a general progression towards younger volcanism from southwest 

to northeast. Sunset Crater, east of San Francisco Mountain, is the youngest eruption, with an age 

of ~1085 CE (Elson et al. 2016). Riggs et al. (2019) state that the rate at which new volcanism 

occurs within the SFVF is about three eruptions per 10,000 yrs, which is low compared to 

volcanic fields that are in subduction zone settings. A suggestion from Fedotov (1981) is that 

small-volume volcanoes occur because the low rates of magma generation and ascent result in 

long periods of time in between eruptions, which causes the existing pathways to cool and new 

pathways for dikes to travel through to be created. Large-volume systems, in contrast, are 

consistently heated by dikes traveling through the same pathways, which creates a type of 

plumbing system that makes it easier to feed a voluminous central volcanic system.  

San Francisco Mountain is a dormant stratovolcano built by eruptions between 0.9 and 0.4 

Ma (McKee et al., 1998, Karátson et al., 2010) and its lavas have silica contents of 56.8-66.6 wt. 

% (Arculus and Gust, 1995; Walker et al., 2006). An erosion scarp, identified as the Inner Basin, 

formed after most of the originally ~80 km3 San Francisco Mountain experienced an ~10% 

volume loss from flank collapse and glacial erosion (Karátson et al., 2010). 

Sugarloaf Mountain is a silicic lava dome located on the northeast border of the Inner Basin 

of the San Francisco Peaks (Fig. 2). It forms a symmetrical hill that rises about 150 m above the 

pre-existing topography and is 1 km in diameter. Assuming the dome is symmetrical and has an 
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even base, a total volume of 0.16 km3 was estimated, solely for the dome and excluding its 

surrounding tephra. Sugarloaf Mountain is the last volcanic feature to form within the Inner 

Basin (Moore and Wolfe, 1987) and is one of several late Pliocene to Pleistocene silicic volcanic 

centers in northern Arizona (Robinson, 1913; Sheridan and Updike, 1975). Four silicic units 

within and around San Francisco Mountain vary in age from 91 ± 2 ka to 271 ± 6 ka (Morgan et 

al., 2010), the youngest date belonging to Sugarloaf Mountain. Strawberry and O’Neill Crater 

have dacitic central domes associated with their eruptions and have respective 39Ar/40Ar and K-

Ar dates of 130 ± 40 ka (Morgan et al., 2010) and 55 ± 14 ka (Moore and Wolfe, 1987). 

Although Sugarloaf Mountain may be similar in age to Strawberry Crater’s dome and an older 

age than O’Neill Crater’s dome, it is the largest youngest entirely silicic eruption within the 

SFVF overall. 

Gravity models across several transects of the eastern SFVF were executed by Morgan et al. 

(2010), which identified possible plutons near and beneath San Francisco Mountain. These 

modeled bodies were consistent with previous seismic studies (Mickus and Durrani, 1996) 

indicating continuous mafic magma influx into the crust that led to the production of 

intermediate and felsic eruptions in the San Francisco Peaks. Interpreted connections of these 

bodies across the various transects, suggests a pluton that crosses beneath San Francisco 

Mountain and Sugarloaf Mountain, measuring ~18 km at its largest width and extends up to ~24 

km into the crust. However, relating these bodies to the topography associated with magmatic 

activity within the SFVF can be problematic because of the two sources for gravity anomalies, 

plutons of Proterozoic and much younger age, which are hard to distinguish from one another.   
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Figure 1 Location Map. Top (from Re et al., 2015): Shows location of San Francisco Volcanic Field on the 
southwestern margin of the Colorado Plateau. Volcanic fields in southwestern US are shaded in red. Bottom 
(adapted from Morgan et al., 2003): San Francisco Volcanic Field is outlined in black. Major silicic volcanic centers 
(Bill Williams Mountain, Howard Mesa, Stigreaves Mountain, Kendrick Peak, San Francisco Mountain and Elden 
Mountain/Dry Lake Hills, O’Leary Peak) are outlined in yellow. 



 

 

11 

 
Figure 2 Location Map of San Francisco Mountain. Left (adapted from Morgan et al., 2003): Same image as the 
lower one in Fig. 1 with black box enclosing San Francisco Mountain. Right: Enlarged figure focusing on San 
Francisco Mountain. Margins of San Francisco Mountain outlined in blue line. Sugarloaf Mountain is outlined in 
red, located at the mouth of the Inner Basin. 
 

2.1.2. Petrology and Geochemistry of Sugarloaf Mountain  

Sugarloaf Mountain is dominated by high-silica rhyolite with ~75 wt% SiO2 (Wolfe et al., 

1987) and contains the following minerals: albite, sanidine, biotite, quartz, zircon, chevkinite, 

and allanite. When compared to other silicic centers within the central part of the SFVF, 

Sugarloaf Mountain is the most silicic volcanic feature. Arculus and Gust (1995) provide 

compositional data for olivine, feldspar, oxides, and biotite phases found within one Sugarloaf 

Mountain sample (3723A) and emphasize their overall enrichment in MnO. For example, 

Sugarloaf’s fayalite crystals have 11 wt.% MnO. Other phases that appear in the groundmass 

include olivine, oxides, and allanite.  

Major, minor and trace elements for Sugarloaf sample 3723A, and major and minor elements 

for Sugarloaf sample 3723B, are presented by Wolfe et al. (1987) and a more extensive data set 

for trace elements in rhyolite 3723A is provided by Arculus and Gust (1995). These data will be 

used for comparison to the major and trace element analyses presented in this thesis. Data for the 

SFVF from Arculus and Gust (1995), Wolfe et al. (1987), and NAVDAT (Western North 
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American Volcanic and Intrusive Rock Database) (Walker et al., 2006) were compiled to have a 

wider base for comparison and a better understanding of the region. 

The positive trend seen in the TAS diagram (Fig 3) reflects magmatic differentiation across 

the SFVF, including mixing between mafic and felsic end members. Complementary Sugarloaf 

samples 3723A and 3723B have ~75 wt.% and have no substantial differences in the remaining 

major elements. These Sugarloaf samples exhibit concentrations and characteristics that are 

notable when compared to other evolved samples in the SFVF. In addition to the highest SiO2 of 

the volcanic field, Sugarloaf rhyolite has the lowest MgO, a large negative Eu anomaly, high Rb 

(263 ppm) and extremely low Sr (1 ppm) concentrations. The Mn-rich character of Sugarloaf 

Mountain minerals is also reflected by an anomalously large whole-rock MnO/MgO ratio when 

compared to other SFVF samples.  

The exceptionally low Sr, Ba (<5 ppm), and Eu (0.02 ppm) concentrations exhibited by the 

Sugarloaf rhyolite, when compared to other silicic lavas within the SFVF, would require extreme 

fractionation of parental basaltic melt (Arculus and Gust 1995) (Fig. 4). Although low Sr 

concentrations can suggest a lack of wall rock interaction (Mahood, 1990), high Rb/Sr ratios 

could be an indication that fractionation cannot solely explain the genesis of the Sugarloaf 

rhyolite because of the incompatible element nature of Rb, and therefore, crustal contamination 

can also be a contributor. Sugarloaf Mountain’s high 87Sr/86Sr initial ratio, 0.70717, is further 
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indication that there is input from old upper crust (Arculus and Gust, 1995).

 

Figure 3. Total alkalis versus silica (TAS) diagram demonstrating the compositional range of San Francisco Volcanic 
Field (data from Arculus and Gust, 1995 and NAVDAT). Symbols identified as “silicic centers” presents data from 
Kendrick and O’Leary Peak. Sugarloaf Mountain rhyolite has the highest SiO2 value in the volcanic field. 
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Figure 4 Harker diagrams showing variations in MnO/MgO, Rb, Ba, and Sr in the San Francisco Volcanic Field. 
Sugarloaf Mountain has extreme MnO/MgO values and trace element concentrations in comparison to the rest of 
the products within the San Francisco Volcanic Field. 
 

2.2 Zircon Chemistry 

Zircon is a common accessory mineral that occurs in metamorphic and sedimentary rocks 

and, more importantly for this study, in igneous rocks. It’s stable atomic structure results in a 

mineral that is durable and resistant to secondary processes throughout geologic time. Zircon is a 

tetragonal orthosilicate and has a chemical composition of ZrSiO4. Its crystal structure is formed 

by SiO4 tetrahedra linking to the ZrO8 dodecahedra on the corner and edges. This relation of 

ZrO8 dodecahedra creating chains and SiO4 tetrahedra connecting the chains by their corners are 

what make zircon such a chemically and mechanically resistant mineral (Finch and Hanchar, 

2003). The zircon chemical structure, ATO4, is adopted by other compounds and is the reason 

zircon has the ability to incorporate trace elements, such as U, Th and REE, in its A and T cation 

sites (Finch and Hanchar, 2003). Zircon’s ability to retain these trace elements along with its 

durability make the use of zircons ideal for geologic evolution studies, as it can be dated and 

analyzed geochemically. 
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 Saturation of zircon in melts depends on the concentration of zirconium in and the 

temperature of a melt. The conditions for zircon saturation have been studied by Watson and 

Harrison (1983) and Boehnke et al. (2013). Zircon is well known for being able to saturate at 

high temperatures in silicic melts and being resistant to reheating events due to the slow 

dissolution rate of Zr (Watson, 1996), such that crystals are able to record more than one growth 

episode. Examples of zircon crystallization temperatures range from ~650 ºC to using in silicic 

magmas (e.g., Vazquez and Reid, 2002; Reid et al., 2011; Wotzlaw et al., 2013; Vazquez et al., 

2014; Rubin et al., 2017). Zircon (micro)phenocrysts can also act as nucleation sites for renewed 

growth and lead to further insight into magmatic evolution. 

2.3 Allanite Chemistry 

Allanite is an accessory mineral that occurs in metamorphic and felsic igneous rocks. 

Within the SFVF, allanite has been found as an accessory phase in some of the rhyolites, 

including Sugarloaf. Allanite was originally referred to as a lanthanon (REE and yttrium)-

bearing member of the epidote group before Ercit (2002) was able to help determine the now-

recognized allanite subgroup. There are three variants, allanite-(Ce), allanite- (La), and allanite-

(Y). Cerium-rich allanite is the most common form of allanite and has been commonly given the 

following chemical formula: (Ce, Ca, Y)2(Al, Fe2+, Fe3+)3(SiO4)3(OH). It is structurally an 

epidote with charge neutralization causing Fe3+ to be replaced by Fe2+ atoms in the same amount 

as Ce atoms replace Ca atoms. This chemical formula demonstrates the various possible end-

members (Ercit, 2002).  

Allanite occurs in the silica-rich Bishop and Toba Tuffs. Previous studies on these tuffs 

provide constraints on saturation temperatures. Fe-Ti oxide analyses are reported by Hildreth 

(1979), who constrained temperatures in early erupted samples from Bishop Tuff that contain 
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euhedral allanite crystals at 720-763 ºC. Chesner and Ettlinger (1989) give an upper limit of 

~800 ºC for allanite crystals from Toba Tuffs and conclude that temperature rather than the 

concentration of light rare earth elements (LREE) plays a critical role in allanite crystallization.  

Allanite composition is sensitive to magmatic differentiation in a magma (Vazquez and 

Reid, 2004) and can be used to establish magmatic evolution before eruption. In allanite, Ca2+ in 

the A(2) site can be substituted by REE3+, Th4+, Sr2+, and possibly Mn2+. Chesner and Ettlinger 

(1989) summarize the M sites in order of their size as M(3) > M(1) > M(2), where M(3) and 

M(1) are occupied by Al3+, Fe3+, Fe2+, M3+, Ti4+ and Mg2+, and M(2) is occupied with Al3+ 

(Dollase, 1971; Exley, 1980). For silicic systems, variations in allanite composition can detect 

recharge or differentiation of the melts within the magma chamber. Chemical changes within 

cross sections of allanite crystals can be seen as resorption boundaries, or as variations in zoning 

depending on which elements are being incorporated. Oscillations in zoning identified within the 

allanite crystals, as in the Vazquez and Reid (2004) study, requires heterogeneous conditions of 

crystallization, regardless of the crystallinity-saturation state of the magma and can help with 

interpreting changes between heterogenous and homogenous storage conditions.  

Vazquez and Reid (2004) propose that MnO/MgO and La/Nd, which vary by a factor of ~2 

in the Young Toba Tuff, are two ratios in allanites that are helpful for interpreting magmatic 

differentiation. MnO/MgO in silicic magmas typically increases with fractionation of main 

ferromagnesian silicates. La/Nd also increases except when fractionating assemblages include 

large quantities of allanite and/or chevkinite, which are rich in LREE and have high La/Nd 

(Miller and Mittlefehldt, 1982). If proportions of allanite or chevkinite fractionation are small, no 

detectable change in La/Nd is expected. With increasing fractionation, the composition of 

allanite will progressively increase in MnO/MgO and decrease in La/Nd, in tandem with these 



 

 

17 

ratios in the melt (Vazquez and Reid 2004). If the opposite trend is found (i.e., a decrease in 

MnO/MgO and an increase in La/Nd), it will indicate that the allanites experienced a recharge 

event.  

2.4 Chevkinite Chemistry 

Within the SFVF, chevkinite has been found within the groundmass in some rhyolites 

(Arculus and Gust, 1995). In the case that chevkinite crystals are found within the Sugarloaf 

rhyolite, the following research has been done. Chevkinite is a rare-earth titanosilicate and has 

the general formula of A4BC2D2O8(Z2O7)2, where A can contain Ce, Ca, La, Nd, Pr; B contains 

Fe2+; C can contain Al, Ti, Fe3+, Mg; D contains Ti, rare Mg2+ and Fe2+; and Z contains Al, Si 

(McDowell, 1979). Chevkinite is more enriched in LREE than HREE (Macdonald et al., 2002) 

and differs from allanite in that it is Ti-rich, Fe-poor, and anhydrous.  

Chevkinite can occur as phenocrysts in silicic rocks with >65% wt. SiO2 (Novak and 

Mahood, 1986; Scaillet and MacDonald, 2001; Macdonald et al., 2002). Chevkinite 

crystallization can occur at a lower temperature than zircon saturation (Izett and Wilcox, 1968; 

Vazquez et al., 2009). Robinson and Miller (1999) provide a BSE image of allanite rims on 

chevkinite from a study of the Aztec Wash pluton. This occurrence suggests may chevkinite 

saturation occurs at high temperatures than allanite saturation, however, this reaction could 

alternatively have something to do with evolution in melt hydration given that allanite is hydrous 

and chevkinite is anhydrous. Vazquez et al. (2014) state that chevkinite is stable in metaluminous 

rhyolite at temperatures typically higher than 760 ºC (Izett and Wilcox, 1968, Vazquez et al., 

2009) and peralkaline silicic magmas yield Fe-Ti oxide and two pyroxene temperatures between 

~700 and 1000 ºC (Novak and Mahood, 1986, Scaillet and Macdonald, 2003, Troll et al., 2003). 

McDowell (1978) estimated that chevkinite crystallization occurred in granite at 700-750 ºC and 
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in tuff at 710-905 ºC. The ranges presented above provide confidence that chevkinite has higher 

crystallization temperatures than allanite. Vazquez et al. (2014) point out chevkinite shares the 

same ionic porosity, high Th concentrations, and Th/U fractionation as allanite.  

2.5 U-Th Geochronology  

In magmatic systems, the U-decay series can be affected by partial melting and mineral 

crystallization, producing disequilibrium between parent and daughter nuclides within the 

phases. The system returns to equilibrium through the decay or in-growth of the daughter 

nuclide. Applications of disequilibria in the U-series decay system can provide information about 

magma accumulation and the timing and duration of magmatic events (Cooper and Reid, 2008 

Schmitt, 2011) by obtaining model ages of accessory phases (e.g., Vazquez and Reid, 2002, 

Vazquez and Reid, 2004, Vazquez and Lidzbarski, 2012, and Szymanowski et al., 2017).  

The 238U-206Pb decay chain involves several intermediate daughters, one of which is 

230Th. Zircon, allanite, and chevkinite are accessory minerals that have served as 

geochronometers through 238U-230Th dating because zircon preferentially concentrates U over 

Th, and allanite and chevkinite preferentially concentrate Th over U. The 230Th isotope has a 

half-life of 75,400 years and can take about five half-lives to reach secular equilibrium after 

which the decay rate of the daughter nuclide (230Th) equals that of the parent (238U). This 

condition of secular equilibrium is disrupted when magmas crystallize because U and Th are 

fractionated between melts and crystals, and especially zircon, allanite, and chevkinite, which 

have high U-Th fractionation. This fractionation makes possible the use of U-Th disequilibrium 

as chronometers possible, to better define crystallization time-scales and, under favorable 

conditions, can differentiate different crystal populations formed over periods of 10,000 years, 

which is ideal for this study. The activity ratios for analyzed minerals can be plotted on an 
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isochron diagram with axes of 230Th/232Th vs 238U/232Th and used to visualize U-Th 

disequilibrium because 232Th can be used as a tracer for initial 230Th. Model ages representing the 

time since the disequilibrium was generated can be obtained by correcting the activity ratios for 

an initial 230Th (Cooper and Reid, 2008). 

U-Th isotopic analyses of zircon, allanite, and chevkinite have provided dates used for 

interpretations of magmatic crystallization and storage timescales in large- (e.g., Vazquez and 

Reid 2004; Vazquez et al., 2014, Szymanowski et al., 2017) and small-scale silicic magmatic 

systems (e.g., Reid et al., 1997; Vazquez and Reid, 2002; Bacon and Lowenstern, 2005). 

Because of their contrasting stabilities, dating of different accessory minerals has been used to 

evaluate whether magmatic reservoirs undergo a protracted state of crystallization and melt 

differentiation versus being at conditions where the magma is very crystalline and only eruptible 

immediately after being remobilized by magmatic influx. Comparing the distributions of 

crystallization ages of zircon, allanite, and/or chevkinite surfaces in the Sugarloaf rhyolite helps 

explain the storage conditions for these minerals at the onset of eruption and answers whether 

these minerals stopped crystallizing well before eruption, or whether they crystallized right 

before eruption. 

2.5.1. Zircon U-Th Geochronology 

Zircon concentrates U and Th, with a preference for U, making it ideal for 238U-230Th 

disequilibrium dating (Reid et al., 1997). The reason for U-Th fractionation is that Th4+ ionic 

radius is ~4% larger than U4+ which makes it a more difficult cation to accommodate in the 

zircon lattice. U and Th in zircon and whole rock have a negative relation as temperature is 

reduced, and therefore as zircon Th/U is reduced, the amount of U and Th in whole rock ratio 

increases (Kirkland et al., 2015). The amount of disequilibrium between 238U-230Th in zircon can 
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be measured by correcting for initial 230Th to provide a record of crystallization periods that can 

be indicative of magma accumulation, storage, and maximum residency times (Schmitt, 2011).    

Zircon’s durability creates complexity because recycling of zircon may mean that certain 

grains could record conditions or compositions that are not related to the magma of interest. 

Miller et al. (2007) distinguish the possible types of zircons that contribute to these 

complications as the following: inherited zircon (originated in different magma system and 

substantially older ages or compositionally different than the majority of the grains in the 

sample), antecrysts (crystallized from earlier magma intrusion and later incorporated into the 

melt), xenocrysts (similar to inherited zircon but specifically coming from wall rock), and 

autocrysts (zircons from a specific pulse or increment of magma). Being aware of these potential 

sources of zircons is important for getting a representative age for crystals that crystallized in the 

same melt as that of the sample.  

Claiborne et al. (2010) provide an example of “cold” storage, and how using U-Th dating 

and compositional analysis of zircon interiors from Mount St. Helens, a stratovolcano in 

Washington, United States, allowed for a new conclusion about its magmatic storage conditions 

and thermochemical evolution. The volcano has been erupting over a span of 300 kyrs. Previous 

studies had suggested that the melts responsible for the Mt. St. Helens eruptions did not 

experience a period of storage and differentiation, but rather erupted very soon after generation, 

which is uncharacteristic of silicic magmatic reservoirs (Zellmer et al., 2005). U-Th spot 

analyses on zircons from four of the Mt. St. Helens eruptions provide a better understanding of 

the magmatic storage conditions by revealing age populations much older than the eruption age. 

This is indicative of cooling, crystallization, and “cold” storage until eruption was triggered by 

the intrusion of a less evolved magma.  
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2.5.2. Allanite and Chevkinite U-Th Geochronology 

U-Th dating of allanite, like zircon, can provide information about magmatic evolution. 

Allanite’s strong preference for Th and high U-Th fractionation make it suitable for 238U-230Th 

disequilibrium dating if the initial 230Th/232Th ratio is known or can be confidently estimated. 

Pairing allanite disequilibria with that of zircon, when same-aged, will provide a more precise 

isochron U-Th date by decreasing the uncertainty on the slope of the isochron, as a result of 

allanite’s extremely low U/Th compared to that of zircon.  

Existing studies involving U-series dating of allanite are limited. Vazquez and Reid 

(2004) used ion microprobe U-Th dating and compositional analyses of Young Toba Tuff 

allanite to interpret the zoning present in the grains and better understand magma storage 

conditions before eruption. Their analytical approach provided insight into the relative roles of 

two possible processes in magmatic evolution: cooling and solidification versus magma 

accumulation and heterogeneity development due to intrusions of less evolved magmas. Electron 

microprobe spot analyses, along a transect of the grain, paired with age dating provided insight 

to its reservoir’s magmatic conditions over a time period of ~150,000 yrs. Vazquez and Reid 

(2004) conclude that the allanites exhibit possible episodic dissolution, as a result of melt being 

frequently disrupted by mixing with less evolved magmas, which caused oscillatory zoning and 

irregular boundaries in the grains. Age distributions showed that these disruptions occurred 

within ~35,000 yrs prior to eruption.  

Vazquez and Lidzbarski (2012) present a study addressing the need for absolute ages on 

the stratigraphy of the Wilson Creek Formation, which surrounds Mono Lake in eastern 

California, to get an accurate paleoclimate record. Alteration, open system conditions, 

uncertainties in radiocarbon reservoirs and xenocrysts made dating this deposit using 14C and 
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40Ar/39Ar analyses difficult. 238U-230Th dating of rims on allanite and zircon crystals from 

juvenile pumice pyroclasts in interbedded Mono Craters tephra was done to capture the age of 

last mineral growth and therefore probable eruption. Dating of crystal interiors helped 

differentiate xenocrysts and/or antecrysts from phenocrysts and to determine when crystallization 

happened within the chamber. With this approach, they were able to resolve that most of the 

crystallization occurred within <10 ka before eruption in addition to placing absolute limits on 

paleoclimate, paleomagnetic and volcanic records.  

Like allanite, chevkinite concentrates U and Th, with a preference in Th, making it 

suitable for 238U-230Th disequilibrium dating. The small range in U/Th observed in chevkinite 

makes it difficult to obtain a precise age on an isochron diagram except when it is paired with a 

mineral that has a higher U/Th (e.g., zircon). Vazquez et al. (2014) combined the use of ion 

microprobe U-Th dating of chevkinite and zircon from La Primavera and Yellowstone calderas 

to provide insight into how the composition of rhyolitic magma changes over time. To resolve 

the relation between absolute ages and the reservoirs’ chemical evolutions, 238U-230Th dates for 

chevkinites were compared to the K-Ar and 40Ar/39Ar dates previously obtained from sanidine. 

Results for both locations revealed protracted crystallization periods, but La Primavera 

chevkinite yielded a period of crystallization closer to eruption than the Yellowstone chevkinite. 

A two-orders-of-magnitude difference in U/Th between chevkinite and zircon enabled Vazquez 

et al. (2014) to obtain isochron ages with 5% precision for the eruption of La Primavera rhyolite. 

The whole rock compositions lie on their respective chevkinite-zircon isochrons indicating the 

minerals crystallized in the same melt as that of their respective whole rock. For La Primavera, 

the chevkinite-zircon isochrons were those of crystallization ages which suggests there was a 

brief period of crystallization prior to eruption. Yellowstone chevkinite crystals yield 
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crystallization ages similar to those of their coexisting zircon crystals, from which it was 

determined that the Yellowstone rhyolites exhibited protracted magmatic histories that range up 

to ~200 kyrs before eruption. When coupled with major and minor element analyses, La 

Primavera and Yellowstone chevkinites exhibit a consistent increase in degrees of differentiation 

and/or peralkalinity before eruption.



 

CHAPTER 3: METHODS 

3.1 Sugarloaf Mountain Rhyolitic Pumice Sample Selection 

To better understand the duration and conditions of the rhyolitic pumice from Sugarloaf 

Mountain, 13 rhyolitic pumice samples were collected from a pumice quarry that is excavating 

material from the base of Sugarloaf Mountain. These samples resided at the bottom of a freshly 

mined slope and were intermixed with other pyroclastic material (Fig. 5). These samples are 

relatively large, weighing up to 1-2 kg, and likely to have been deposited closer to the vent. Out 

of the 13 samples collected, five samples that exhibited mineralogical homogeneity (A20H01, 

A20H02, A20H03, A20H04, and A20H09), were selected for this study, and areas that showed 

weathering were avoided. These samples are minimally vesicular and were large enough to yield 

30-50 grains of zircon and allanite/chevkinite each and for a split for whole rock geochemical 

analysis. Thin sections of these samples were analyzed using a petrographic microscope to 

confirm their mineralogical homogeneity and to obtain a more detailed petrologic description of 

the minerals present within the samples. 

 

Figure 5 Location map for collected samples. Left (adapted from Google Maps): Sugarloaf Mountain is encircled by 
blue line and the pumice quarry is on the upper right corner. Black square focuses on the location of where 
samples were collected; GPS coordinates: 35.3673684, -111.6078892. Right: Photograph within the pumice quarry. 
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Red arrow demonstrates rubble at the bottom of slopes caused by mining. Samples were selected from similar 
piles at throughout the mine at similar elevations. 
 

3.2 Zircon and Allanite/Chevkinite Mineral Preparation 

For each sample, a portion was individually crushed. A mortar and pestle were used to 

have better control of the force applied and to preserve the grain size of zircon, allanite, and 

possible chevkinite. Mesh sizes of 65,180, 355, and 700 microns were used to isolate two grain 

size ranges of interest, 355-700 microns (for allanite), and 65-180 microns (mainly for zircon). 

The two size fractions for each of the five samples were continuously washed with water until 

the water appeared clear. The samples were then dried in an oven at 60℃. 

Heavy liquid mineral separation techniques were used to separate zircon, allanite, and 

any possible chevkinite grains from the rest of the sample. Methylene iodine was diluted to a 

density of 3.1 g/mL to allow for the possibility of glass adhering to the zircon, allanite, and 

possible chevkinite grain, reducing their effective density. A neodymium magnet was used to 

further separate minerals that were not of interest. 

Glass adhering on the grains needed to be removed to minimize contamination during 

analyses. The grains were put into a teflon beaker and washed in concentrated hydrofluoric acid 

at room temperature for 5 minutes in an ultrasonicator. The hydrofluoric acid was removed with 

a pipette and the grains were then rinsed with 1N HCl and ultrasonicated for one minute. A 

second rinse with 1N HCl for an additional 5 minutes was done to remove any salts formed by 

glass dissolution. The HCl was removed with a pipette and the grains were rinsed with acetone 

and ultrasonicated for 1 minute, repeating this step three times. Under optical observation, the 

allanite and zircon grains did not appear to have any physical alteration after acid treatment 

besides the removal of the adhering glass, and clean flat surfaces were exposed. 
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Zircon, allanite and possible chevkinite grains were isolated using an optical microscope. 

Differentiating allanite and chevkinite from one another and from other mafic phases proved to 

be difficult. For this reason, epoxy mounts were made of grains showing different dark colors 

and crystallographic shapes and sequentially polished using 1000, 800, and 600 grit sandpaper 

followed by 6, 3, and 1-micron diamond paper. The different groups of grains were then 

analyzed by energy-dispersive X-ray spectroscopy on the scanning electron microscope (SEM) 

in the Imaging Histology Core Facility at Northern Arizona University to identify the 

allanite/chevkinite group and therefore the color and shapes of grains to separate through optical 

observations.  

3.3 Zircon and Allanite Ion Microprobe Analyses 

Zircon and allanite geochronology by ion microprobe analyses can be used to date 

mineral crystallization and to delimit eruption ages. To determine surface crystallization ages of 

the zircon and allanite grains from the Sugarloaf Mountain rhyolitic samples, grains separated 

from the five samples using an optical microscope were placed into indium mounts at the 

Stanford-USGS SHRIMP-RG (Sensitive High-Resolution Ion Microprobe-Reverse Geometry) 

Lab, with their unpolished surfaces exposed. 

A total of 94 unknown grains (31 zircon and 63 allanite grains) were analyzed using the 

Stanford-USGS SHRIMP-RG to obtain 238U-232Th-230Th isotope compositions. Zircon and 

allanite were analyzed under the same conditions. The ion microprobe used a 15-25 nA primary 

beam of O-
2 with a 10 kV accelerating voltage, focused on a ~30 µm diameter spot. A mass 

resolution of 8000-9000 (10% peak height) was used to account for potential interferences, with 

the energy selection slit set to sample secondary ions at a >40 eV offset. Allanite analyses 

measured intensities of 232Th+, 232Th12C+, 232Th16O+, 238U16O+, and the background was set at a 



 

 

27 

mass of 246.03. The ratios, 254/238, 254/248, 248/254, and 254/196 are derived from raw count 

data using SQUID2 software (Ludwig, 2009) and corrected for background and 25 ns electron 

multiplier collector deadtime.  

To calculate the Th/U relative sensitivity factor (RSF), the zircon and allanite standards 

were run at intervals within each session. RSF for U/Th were determined by repeatedly 

measuring an ~1.1 Ga allanite crystal (ARN-1) from Arendal, Norway that has ~3.1 wt.% ThO2. 

Three separate mounts of unknowns were run with the Arendal standard. For the first allanite 

session, four Arendal standards were analyzed and yielded a RSF of 1.088 ± 0.024, for the 

second session, six standards yielded a RSF of 1.100 ± 0.021, and for the third session, seven 

standards yielded a RSF of 1.129 ± 0016. For the first zircon session, 13 Early Bishop Tuff 

standards were analyzed and yielded a relative U/Th sensitivity factor (RSF) of 0.866 ± 0.006 

and for the second session, six standards yielded a RSF of 0.868 ± 0.008. About a dozen Rio 

Salado La Primavera zircon surfaces were analyzed as an internal secondary standard. 

Mixture modeling of slopes defined by two-point mineral-whole rock isochrons, 

corresponding to individual model ages, was performed using Isoplot 3.7 (Ludwig, 2012). Zircon 

and allanite spot analyses were treated as separate data sets. Mixture modeling was performed to 

identify possible single populations of zircon and allanite, and these populations were used to 

cull analyses for calculation of the mineral isochron ages. Possible reasons for more than one 

population include the presence of xenocrysts and antecrysts, with the additional complication 

that more than one autocryst age population with similar ages might not be recognized. Being 

able to identify these populations made it possible to determine average model ages and to 

separate them to further analyze how each population affected the different isochron dates 

obtained mineral (i.e., zircon, and zircon-allanite). The zircon and zircon-allanite isochron 



 

 

28 

diagrams were created using IsoplotR (Vermeesch, 2008) with (238U/232Th) and (230Th/232Th) 

activity ratios plotted with 2σ errors. 

3.4 Geochemical Analysis 

Sample cleaning 

 In preparation for geochemical analysis, the five rhyolitic pumice samples used in this 

study were continuously washed with tap water until the water appeared clear, before being 

individually ultrasonicated to remove possible debris on the within the pumice. The samples 

were then placed in an oven at 60℃ to dry. 

Whole Rock 

Major element contents for the five samples in this study, along with the USGS standard 

AGV-2), were obtained by X-ray fluorescence (XRF) analyses on a ThermoARL Advant’XP+ 

automated sequential wavelength spectrometer at the Washington State University 

GeoAnalytical Lab. Trace element concentrations (REEs and Ba, Th, Nb, Y, Hf, Ta, U, Pb, Rb, 

Cs, Sr, Sc, Zr) were obtained on an Agilent 7700 inductively coupled plasma-mass spectrometry 

(ICP-MS) at the Washington State University GeoAnalytical Lab. ICP-MS precision at this 

facility is typically better than 5% for REEs and 10% for the other trace elements 

(https://environment.wsu.edu/facilities/geoanalytical-lab/technical-notes/icp-ms-method/). 

Allanite Electron Microprobe Analyses 

To get a better understanding of the compositional heterogeneity recorded by Sugarloaf 

allanites, the JEOL JXA-8530F electron microprobe at the Arizona State University Eyring 

Materials Center was used for wavelength dispersive compositional analysis on 26 unpolished 

allanite surfaces and 35 allanite grains for the interiors of epoxy-mounted grains. The number of 

spot analyses per grain varied, 2 for surfaces and up to 7 for interiors. The electron microprobe 
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technique provided a quantitative elemental analysis from regions smaller than 1𝜇𝑚. The high-

resolution imaging allowed by the electron microprobe (3 nm) facilitates the placement of the 

spot analyses by providing control over which surface is best for data collection. 

In preparation for surface compositional analyses, the allanite grains were mounted with 

the purpose of exposing the flat grain surfaces at the epoxy mount surface. Once the surface 

analyses were collected, the epoxy mount was polished to expose the interior of the grains within 

the mount using sandpaper and polishing pads with diamond slurry to a final polish of 0.25 µm 

diamond grit. This allowed for analytical transects to be placed along the interiors of grains to 

obtain compositional cross-sections. The Eyring Materials Center’s electron microprobe has five 

wavelength-dispersive spectrometers and is operated with a 20 kV accelerating voltage, a 40 nA 

probe current and a 4 µm probe diameter. X-rays were measured with LIF, LIFH, and PETJ, and 

TAP crystals. Count times on the peaks were 60 seconds and 15 seconds on each background. 

The calibration standards that were used were synthetic REE and Y orthophosphates, synthetic 

zircon for Zr, niobium metal for Nb, synthetic thorite for Th and Si, wollastonite for Ca, 

hornblende for Al, augite for Mg, rutile for Ti, FeO for Fe, and rhodonite for Mn. Detection 

limits were 0.01 wt% for Ca, Si, Al, Mg, and Ti; 0.02 wt% for Sm, Fe, and Mn; 0.04 wt% for Y, 

Zr, Nb, and Pr; 0.05 wt% for Gd; 0.06 wt% for Nd, 0.07 wt% for Th; 0.08 wt% for Ce; and 0.09 

wt% for La.
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CHAPTER 4: RESULTS 

4.1 Petrologic Observations 

The overall texture of the Sugarloaf rhyolitic pumice is porphyritic. The rhyolite contains 

alkali and plagioclase feldspar, quartz, olivine, biotite, oxide, allanite, and zircon crystals. In all 

five samples, alkali and plagioclase feldspar phenocrysts are subhedral to anhedral, quartz grains 

are euhedral to anhedral, olivine grains are anhedral, biotite is anhedral or fragmented, and 

allanite grains are subhedral to anhedral. Zircon crystals are subhedral with some flat surfaces 

(Fig. 6a). In addition, several textures were identified within the sample set. Sample A20H09 

contains a glomerophyre (100 microns) composed of quartz and plagioclase surrounded by a 

feldspathic (?) reaction rim (Fig. 6b). A few quartz grains in the other four Sugarloaf samples 

also have the same type of reaction rim as the glomerophyre. Arculus and Gust (1995) identified 

some quartz phenocrysts with feldspathic reaction rims within some SFVF rhyolites. Quartz 

crystals in the five samples exhibit evidence of resorption, fracturing, and alteration along 

fractures.  The majority of the olivine grains are fractured and/or resorbed (Fig. 6c). The 

plagioclase feldspar grains tend to be less altered than the K-feldspar crystals and approximately 

half of the grains exhibit albite twinning. Zircon grains are <180 micrometers and can be found 

in quartz crystals and the groundmass. Biotite exhibits platy shapes and occurs as inclusions 

within quartz and plagioclase crystals. Allanite range in size up to ~300 micrometers. They 

exhibit slight rim zoning optically, where the interior zone is more red-brown in color than the 

rim (Fig. 6d). Chevkinite phenocrysts were not found and could not confidently be identified 

within the groundmass of the Sugarloaf rhyolitic pumice.  

The groundmass of the Sugarloaf rhyolitic pumice is composed of feldspar, quartz, oxides, 

zircon and clear glass, and flow textures can be seen in certain parts of the thin sections (Fig. 7). 
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Of all the glass throughout the thin section, <5% is devitrified. Arculus and Gust (1995) mention 

the presence of allanite and chevkinite in the groundmass of some of the rhyolites within the 

SFVF and, although there are small grains that have brown pleochroism within the groundmass, 

they could not be confidently identified in this study as either allanite or chevkinite based on 

petrographic observations.  
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Figure 6. Thin section photomicrographs of various phases in Sugarloaf Mountain rhyolitic pumice taken in cross-
polarized light (left) and plane-polarized light (right). The feature of interest is in the center of the image.  5a: A 
~25-micron zircon inclusion (10x magnification). 5b: An ~100-micron quartz and feldspar glomerophyre 
surrounded by a feldspathic reaction rim (10x magnification). 5c: A ~100-micron fractured and altered olivine (4x 
magnification). 5d: A ~40-micron allanite grain(?) (10x magnification). 
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Figure 7 Same photomicrograph showing porphyritic and flow textures in Sugarloaf Mountain thin section. Cross-
polarized light (left) and plane-polarized light (right) (4x magnification). 
 

4.2 Whole Rock Analyses 

The five pumice samples investigated in this study have 75.6 to 75.9 wt.% SiO2 

(normalized to 100% anhydrous; Table 1), similar to the 75.1 wt.% SiO2 concentration for 

sample 3723A reported by Arculus and Gust (1995). The SiO2 content classify the Sugarloaf 

Mountain pumice as a high-silica rhyolite, but the low concentrations of Mg and Ca (averages of 

0.01 and 0.37 wt.%, respectively) are unusual in comparison to other high-silica rhyolites 

reported in the literature. 

Trace element contents (Table 2) were determined to examine compositional uniformity 

within the sample set itself and in comparison, to sample 3723A (Arculus and Gust, 1995) (Fig. 

8). The average rare earth element (REE) contents of the five samples result in a light REE-

enriched, relative to middle and heavy REE, a negative Eu-anomaly, and have a similar REE 

pattern to sample 3723A. Additional trace element concentrations of this study’s samples, 

normalized to primitive mantle, are compared to Sugarloaf Mountain sample 3723A (data of 

Arculus and Gust, 1995) in a multielement variation diagram (Fig. 9). Trace element patterns for 
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the five new samples are similar to one another, and to sample 3723A where the same elements 

are reported. The Sugarloaf Mountain rhyolitic pumice also exhibits an incompatible element 

pattern similar to other high-silica rhyolites (Macdonald et al., 1987; Mahood and Halliday, 

1988): low concentrations of Sr and Ba, high concentrations of Nb and U, and strong negative Eu 

anomalies. Concentrations for Ba, Sr, and Rb for the samples in this study and sample 3723A 

show little intersample variation in concentrations (Fig. 9). The exception is sample A20H01, 

which, although low in Sr and Ba, has a Sr concentration of 13 ppm, 3-6 times higher than the 

others, and a Ba concentration of 21 ppm, 4-6 times higher than the others. 

Uranium and thorium concentrations determined by ICPMS allow for the calculation of 

238U/232Th activity ratios – or (238U)/(232Th) - using the following decay 

constants: 𝜆232𝑇ℎ=4.9475 x10-11 year-1 and 𝜆238𝑈=1.55125 x10-10 year-1. Whole-rock U 

concentrations are ~15 ppm and Th concentrations range from ~29 to ~31 ppm. These values 

yield whole-rock (238U)/(232Th) from 1.52 to 1.61, and an average value of 1.57. Sample 3723A 

(Arculus and Gust, 1995) gives a (238U)/(232Th) of 1.56, within the range of values determined in 

this study.  

Table 1 Major Element Compositions of Sugarloaf Rhyolite Pumices (in ppm; Based on 

XRF analyses) 

Samples A20H01 A20H02 A20H03 A20H04 A20H09 

SiO2 75.74 75.79 75.94 75.91 75.69 

TiO2 0.04 0.03 0.02 0.02 0.02 

Al2O3 13.71 13.74 13.68 13.71 14.00 

FeO* 0.84 0.78 0.74 0.76 0.78 

MnO 0.09 0.09 0.09 0.09 0.09 

MgO 0.04 0.02 0.00 0.01 0.01 

CaO 0.42 0.38 0.37 0.37 0.36 

Na2O 4.87 4.88 4.89 4.84 4.70 

K2O 4.24 4.29 4.26 4.27 4.33 

P2O5 0.03 0.02 0.02 0.01 0.01 

Total 100.00 100.00 100.00 100.00 100.00 
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Table 2 Compositions of Sugarloaf Rhyolite Pumices (in ppm; based on ICP-MS analyses) 

Sample A20H01 A20H02 A20H03 A20H04 A20H09 

La ppm 8.92 7.88 7.98 7.37 8.26 

Ce ppm 21.37 21.32 20.13 18.37 19.97 

Pr ppm 2.93 2.79 2.83 2.73 2.92 

Nd ppm 11.90 11.36 11.59 11.37 11.81 

Sm ppm 4.89 4.63 4.73 4.75 4.81 

Eu ppm 0.04 0.01 0.01 0.02 0.03 

Gd ppm 5.82 5.68 5.71 5.96 5.78 

Tb ppm 1.20 1.20 1.22 1.24 1.24 

Dy ppm 7.78 7.72 7.89 8.04 7.85 

Ho ppm 1.65 1.65 1.66 1.70 1.66 

Er ppm 5.05 5.00 5.15 5.12 5.13 

Tm ppm 0.91 0.92 0.90 0.94 0.92 

Yb ppm 6.32 6.32 6.38 6.56 6.40 

Lu ppm 1.01 1.02 1.01 1.03 1.05 

Ba ppm 13 4 2 2 2 

Th ppm 29.38 29.95 30.22 29.10 30.71 

Nb ppm 130.42 131.52 130.15 131.74 134.52 

Y ppm 63.34 62.41 63.04 65.57 63.27 

Hf ppm 6.12 6.18 6.24 6.23 6.57 

Ta ppm 17.40 17.72 17.64 17.78 18.24 

U ppm 15.27 15.40 15.49 15.46 15.42 

Pb ppm 52.62 53.64 53.20 53.09 54.82 

Rb ppm 270.8 271.9 266.0 268.1 261.2 

Cs ppm 9.89 9.74 9.78 9.59 9.57 

Sr ppm 21 5 3 3 5 

Sc ppm 5.0 5.0 4.7 5.0 5.3 

Zr ppm 89 85 83 84 87 
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Figure 8. Rare earth element concentrations for the five Sugarloaf Mountain samples in this study (solid lines). REE 
concentration of sample 3723A (Arculus and Gust, 1995) shown for comparison (dashed line). Sample 3723A has a 
lower Dy concentration than the samples used in this study. 

 
Figure 9. Multi-element variation diagram for the five Sugarloaf Mountain samples, in this study. Sample 3723A 
(Arculus and Gust, 1995) shown for comparison. Sample 1 has larger Ba and Sr concentrations. 
 

4.3 Zircon and Allanite 238U/232Th and 230Th/232Th Analyses 

Surface spot analyses (n=37) on 31 zircons yielded UO2 concentrations of 0.7-2.3 wt.% 

(Appendix A). These values are exceptionally high in comparison to zircons from the Bishop 
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Tuff and the Youngest Toba Tuff (YTT), which have < 0.18 wt.% (Reid et al., 2011; Tierney et 

al., 2019). Two of the zircon surfaces analyzed have (238U)/(232Th) and (230Th)/(232Th) values 

within error of secular equilibrium, possibly xenocrysts, and are excluded from further 

interpretation because of their uncertain age. The remaining Sugarloaf zircon surfaces exhibit a 

large range of (238U)/(232Th) values from 5.60 to 11.01, and a range of (230Th)/(232Th) values 

from 3.55 to 6.81. For comparison, the YTT zircon (238U)/(232Th) values, 2.36 to 7.38, are 

generally lower than those of the Sugarloaf zircons. Consequently, the Sugarloaf zircon surfaces 

show disequilibrium, with (230Th)/(238U) of 0.48 to 0.58 (~31% to 37% depletion in 230Th). Three 

spot analyses lie above the linear array defined by 90% of the zircon data. These do not have 

distinct (238U)/(232Th) or (230Th)/(232Th) values when compared to the rest of the zircon data. 

Surface spot analyses (n=63) on 63 allanites (Appendix B) have 232Th secondary ion 

beam intensities similar to the co-analyzed Arendal standard and therefore are estimated to have 

similarly high ThO2
 concentrations of 2.0-4.0 wt.%. These ThO2 values are exceptionally high 

compared to allanite from Long Valley and YTT rhyolites, which have <1.2 wt.% (Heumann et 

al., 2002) and 1-2 wt.% (Vazquez and Reid, 2004), respectively. The Sugarloaf allanite surfaces 

have a range of (238U)/(232Th) values from 0.025 to 0.051 and (230Th)/(232Th) values from 0.74 to 

0.82. All allanite crystals show 230Th/238U disequilibria, with 230Th/238U activity ratios of ~19 to 

~33. The Sugarloaf allanite analyses have higher (238U)/(232Th) values than the allanite analyses 

from the YTT, which range from 0.007 to 0.019 (Vazquez and Reid, 2004), and the amount of 

U/Th fractionation from the melt that occurred in the Sugarloaf allanites is higher. Allanite spot 

analysis M5-22.1 has a distinct larger value of (238U/232Th), 0.05, that falls outside of the rest of 

the linear array defined by the allanite data and is therefore excluded from further interpretation.  

4.4 Chemical Compositions of Allanite Surfaces and Interiors 
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Electron microprobe analyses were obtained on the surfaces and interiors of 35 allanite 

grains: two surface analyses per grain and a variable number of interior analyses per grain. Of 

the grains analyzed, ten have corresponding rim and interior analyses. The results for the 

surfaces are reported in Appendix C. Back-scattered electron (BSE) images of the interiors 

(Appendix D) were used to guide locations for compositional analyses of the allanite interiors, 

which are reported in Appendix E. In addition to growth and/or oscillatory zoning, evidence of 

sector zoning made placement of the intended grain traverses problematic. The two surface 

analyses obtained on each grain have been averaged and plotted as a single point in graphs, as no 

significant variations are present between the two analyses. When compared to the YTT allanites 

(Chesner and Ettlinger, 1989), the Sugarloaf allanite crystals have similar chemical features, 

such as an average total of 97.0 wt.%, which implies an average water content of no more than 

3.0 wt.%, and La and Ce concentrations of 4.3 wt.% and 9.8 wt.%, respectively. Deer (1962) 

reported estimates of 1.08-3.33% water contents in allanite, which encompasses the apparent 

value for Sugarloaf allanite.  

All surface compositions fall within the range of those of the interiors. Most of the data 

cluster in a range of 0.07 to 0.14 for MnO/FeO and 0.9 to 1.35 for La/Nd. Parts of the interiors of 

grains 10 and 2 have distinctly higher La/Nd and lower MnO/FeO ratios. Exclusive of these, data 

for both rims and interiors exhibit two subparallel clusters in various plots of compositional 

ratios such as Ce/Ca vs. Ce and La/Nd vs. MnO/FeO (Fig. 10). A La/Nd value of 1.1 divides 

these two clusters. Allanite surfaces are approximately evenly divided between those having 

La/Nd values less than 1.1 and those with values greater than this. The majority of the interior 

spot analyses have La/Nd ratios larger than 1.1. It is important to note that there is no single 
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grain that has all spot analyses above or below 1.1, and no specific BSE-light or BSE-dark zone 

corresponds to a value larger than or less than 1.1. 

 
Figure 10. Ce/Ca vs. Ce and La/Nd vs. MnO/FeO for allanite surface and interior values of the Sugarloaf rhyolitic 
pumice. Graphs show the rims and interiors exhibiting two subparallel clusters, separated by a black line. 
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CHAPTER 5: INTERPRETATIONS 

In this chapter, I investigate model and isochron dates for Sugarloaf zircon and allanite 

grains. I also report zircon saturation temperatures and identify differentiation or recharge trends 

based on the chemical compositions of allanite surface and interiors and BSE imaging. This 

allows me to place a more accurate timeframe on Sugarloaf Mountain’s eruption age, gain 

further insight to the thermal evolution of its small-volume, shallow magmatic reservoir before 

eruption, and ultimately provide a better understanding of its storage conditions  

5.1 Model Ages and Mixture Modeling of Zircon and Allanite Surface Dates  

Model ages for zircon and allanite surfaces were calculated using their 230Th/232Th and 

238U/232Th activities, and estimates for these activities in the corresponding melts, as described in 

Reid et al. (1997) and Vazquez and Reid (2004). Boehnke et al. (2016) provide evidence from 

various whole rock and glass data that most magmas from which zircon crystallize are within 

15% (1𝜎) of secular equilibrium. In this section, several scenarios were investigated to assess 

how assumptions about melt (238U)/(232Th) and (230Th)/(232Th) values affect zircon model ages. 

 Zircon mixture modeling (Sambridge and Compston, 1994) was performed using 

Isoplot’s “Unmix Ages” function (Ludwig, 2012). Isochron slopes calculated for each scenario 

were used, allowing for the identification of more than one age population among analyses that 

yield ages within error of each other. This helped determine which data best represent the zircon 

surfaces that crystallized from a melt similar to that of the whole rocks and provides the ability to 

obtain an accurate isochron age for a single age population. For Sugarloaf, it is easy to identify a 

small group of outliers from the population that contains most of the data, but it is much more 

difficult to identify whether there are more than one population with similar ages. 
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 As a magma evolves, its melt composition changes, and U/Th variations can occur when 

a U-Th-bearing phase or phases crystallize. To allow for a reasonable deviation in the melt 

composition from that of the whole rock, a variety of scenarios (Table 3) were used for mixture 

modeling of the zircon model ages. Three scenarios assume secular equilibrium between 

(230Th)/(232Th) and (238U)/(232Th) in the melt and use the average value for the whole rocks (1.57) 

and a lower (1.5) and upper (1.6) boundary of this value. Four additional scenarios assume 

(230Th)/(232Th) values 15% lower and 15% higher than the two limits on (238U)/(232Th), based on 

the results of Boehnke et al. (2016). 

Table 3 Mixture Modeling Scenarios 

Scenario (238U)/(232Th) (230Th)/(232Th) Assumptions 

1 1.5 1.5 Secular Equilibrium 

2 1.57 1.57 Secular Equilibrium 

3 1.6 1.6 Secular Equilibrium 

4 1.5 1.275 15% 230Th depletion 

5 1.6 1.36 15% 230Th depletion 

6 1.5 1.725 15% 230Th excess 

7 1.6 1.84 15% 230Th excess 

 

Mixture modeling and weighted average dates were obtained for the populations 

identified in each of the seven scenarios. This allowed for a better understanding of the possible 

age distribution of zircon populations and their uncertainties. 

5.1.1. Zircon Model Ages 

On the isochron diagram, a small number of the Sugarloaf zircon surface analyses lie 

above the (238U)/(232Th) - (230Th)/(232Th) array defined by the majority of the analyses. The 
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specific spot analyses that, based on mixture modeling, make up the older population varied from 

3-5 surfaces. For all scenarios, if the older population is not excluded, the mean zircon model age 

is 81 ± 16 ka with a mean square weighted deviation (MSWD) of 4.1 (n=37). 

The spot analyses considered to be a part of each zircon population for the case of growth 

from a melt with (238U)/(232Th) and (230Th)/(232Th) in secular equilibrium (Scenarios 1, 2 and 3) 

differ slightly from the cases with (230Th)/(232Th) 15% lower than secular equilibrium (Scenarios 

4 and 5) and one case with (230Th)/(232Th) 15% higher than secular equilibrium (Scenario 7). For 

Scenarios 1, 2, 3 and 7, the older population consists of three zircon surfaces (M2-3.1, M2-7.1, 

M2-7.2, and M3-5.1). Scenario 4 includes an additional surface analysis (M1-1.3) within the 

older population, whereas Scenarios 5 and 6 do not include spot M3-5.1 and M2-7.2 within it. 

There are two scenarios (Scenario 4 and 7) where multiple analyses on one of the five zircon 

surfaces (M1-1 and M2-7) belong to the older and younger populations. 

Table 4 shows the dates for the older population. Assuming crystallization from a melt in 

secular equilibrium yields, within uncertainty, nearly identical dates in the range of 95 to 96 ka. 

Assuming disequilibrium yields ~10 kyr older dates and ~5 kyr younger dates. 
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Table 4 Older Zircon Population Weighted Averages 

Scenario Age (ka) 
Uncertainty 

(ka) (2σ) 
MSWD Probability 

Spot 

Analyses 

Included 

1 95.9 2.9 4.0 0 

M2-3.1, M2-

7.1, M2-7.2, 

M3-5.1 

2 94.9 2.9 3.7 0 

M2-3.1, M2-

7.1, M2-7.2, 

M3-5.1 

3 95.1 2.9 3.6 0 

M2-3.1, M2-

7.1, M2-7.2, 

M3-5.1 

4 102.8 2.2 5.9 0 

M1-1.3, M2-

3.1, M2-7.1, 

M2-7.2, M3-

5.1 

5 104.9 3.7 3.7 0 
M2-3.1, M2-

7.1, M2-7.2 

6 90.8 2.5 4.1 0 

M2-3.1, M2-

7.1, M2-7.2, 

M3-5.1 

7 87.1 2.5 3.9 0 
M2-3.1, M2-

7.1, M3-5.1 

 

The weighted average dates for the younger zircon surface population vary from 71.1 ± 

0.7 ka (n=28; MSWD =1.8) to 75.2 ± 0.7 ka (n=28; MSWD=2.0), when 238U-230Th equilibrium 

in the melt is assumed (Scenarios 1, 2 and 3) (Table 5). A 15% 230Th-deficit in the melt 

(scenarios 4 and 5) yields weighted mean dates within error of each other but older than the 

equilibrium scenarios by ~7 ka. A 15% 230Th-excess in the melt (scenarios 6 and 7) yields 

weighted average dates nearly within error of each other and younger than the equilibrium 

scenarios by up to ~7 ka.  Population density diagrams for the younger population do not show a 

normal age distribution for all scenarios and MSWDs for the model dates are higher than 

expected for a single age population. This could indicate that there is more than one population 
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within the younger population. The statistical differences between the two populations identified 

by mixture modeling are small and the distribution of dates might reflect the duration of rim 

growth instead. Additionally, Boehnke et al. (2016) estimate that assuming a single value for 

(U/Th) melt, when dealing with zircons that have a wide range in (U/Th), can result in an 

underestimate of the age uncertainties by up to a factor of three. Increasing the uncertainties on 

the model dates would reduce the MSWD values. 

Table 5 Younger Zircon Population Weighted Averages 

Scenario 

# of Zircons (# 

of Surface Spot 

Analysis) 

Age 

(ka) 

Uncertainty 

(ka) (2σ) 
MSWD Probability 

Spot Analyses 

Excluded 

1 28 (33) 75.2 0.7 2.0 0.002 
M2-3.1, M2-7.1, 

M2-7.2, M3-5.1 

2 28 (33) 71.1 0.7 1.9 0 
M2-3.1, M2-7.1, 

M2-7.2, M3-5.1 

3 28 (33) 74.4 0.6 1.8 0.004 
M2-3.1, M2-7.1, 

M2-7.2, M3-5.1 

4 27 (32) 80.9 1.0 4.0 0 

M1-1.3, M2-3.1, 

M2-7.1, M2-7.2, 

M3-5.1 

5 29 (34) 81.8 0.7 2.0 0.001 
M2-3.1, M2-7.1, 

M2-7.2 

6 28 (33) 70.4 0.7 2.2 0 
M2-3.1, M2-7.1, 

M2-7.2, M3-5.1 

7 28 (34) 68.2 0.8 2.9 0 
M2-3.1, M2-7.1, 

M3-5.1 

 

5.1.2. Allanite Model Ages 

Phases that prefer Th over U, such as allanite, have (230Th)/(232Th) values more similar to 

those of the melt than does zircon and require more caution when changing the input parameter 
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for the initial 230Th/232Th (Boehnke et al., 2016). In this study, applying 15% range in the 

(230Th)/(232Th) values caused the model ages to differ by ~50%. For that reason, mixture 

modelling was only used to identify outliers from the main allanite age population and only for 

the cases of secular equilibrium in the melt (scenarios 1 to 3). Spot analyses M4A-6.1 and M5A-

22.1 were identified as outliers this way. These two spot analyses yield older dates of ~89 ka 

compared to the rest of the dates and are not considered part of the main allanite population. The 

remaining 61 allanite surface analyses yield weighted average dates that vary from 72.6 ± 0.3 ka 

and 79.7 ± 0.2 ka over the three secular equilibrium scenarios. These dates are broadly similar to 

the weighted average model dates for the main zircon surface population, when crystallization of 

zircon from a melt in secular equilibrium is similarly assumed.   

Table 6 Allanite Population Weighted Averages 

Scenario Age (ka) 
Uncertainty (ka) 

(2σ) 
MSWD Probability 

1 72.61 0.27 1.7 0.001 

2 77.63 0.24 1.4 0.030 

3 79.74 0.23 1.4 0.031 

 

5.2 Zircon Isochron Dates 

The results of mixture modelling of zircon surface model ages make it possible to refine 

zircon and zircon-allanite isochron age estimates for Sugarloaf Mountain by focusing on 

probable single-aged populations. Isochron dates for the younger zircon population, as identified 

by mixture modeling, were obtained using Isoplot (Table 6). An isochron date of 76.5 ± 7.3 ka is 

obtained (Fig. 11) after excluding the four older zircon surface dates that were identified for the 

cases that assume 238U-230Th secular equilibrium in the melt (Scenarios 1, 2, and 3). Statistically 
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identical isochron dates are obtained when other outliers identified by mixture modelling are 

excluded (Table 7).   

Table 7 Zircon Isochron Dates 

Scenario 

# of Zircons 

(# of Surface 

Spot 

Analysis) 

Age (ka) MSWD Probability 
Spot Analysis 

Excluded 

1, 2, 3, and 

6 
28 (33) 76.5 ± 7.3 1.9 0.0027 

M2-3.1, M2-

7.1, M2-7.2, 

M3-5.1 

4 27 (32) 76.9 ± 7.5 1.9 0.0023 

M1-1.3, M2-

3.1, M2-7.1, 

M2-7.2, M3-

5.1 

5 29 (34) 76.7 ± 7.5 1.9 0.0011 
M2-3.1, M2-

7.1, M2-7.2 

7 28 (34) 76.9 ± 8.3 2.3 0 
M2-3.1, M2-

7.2, M3-5.1 
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5.3 Zircon-Allanite Isochron Dates 

Isochron dates were also obtained by pooling isotopic data for allanite and zircon 

surfaces exclusive of the outliers identified by mixture modeling of the model ages. Excluded are 

between three and five older zircon surfaces and the two outliers identified for allanite. The 

isochron dates are statistically identical at 75.5 to 75.7 ka, within their uncertainties of ≤1.1 ka 

Age = 76.50 ±7.34 ka (n=33)
MSWD = 1.9, p(� 2) = 0.0027
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Figure 11. 238U-230Th isochron diagram for the unpolished surfaces of zircon from Sugarloaf Mountain rhyolitic 
pumice. Each ellipse represents one spot analysis and its 2𝝈 uncertainty. Unfilled ellipses represent the spot 
analyses that appear to belong to the older population (i.e., possible antecrysts) whereas the apparently similarly 
aged zircon surfaces are shown in green. 
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(Table 7). An initial (230Th)/(232Th) ratio for the melt responsible for zircon and allanite surfaces 

is estimated to be 1.56 from these isochrons, at the equipoint, where the isochron crosses the 

equiline. This value is statistically identical to the average (238U)/(232Th) whole rock value of 

1.57, implying possible secular 238U-232Th equilibrium in the melt. This result leads to a 

preferred isochron age for the Sugarloaf rhyolite of 75.4 ± 1.0 ka (Fig. 12), since the same four 

zircon analyses are excluded in all cases that assume secular equilibrium in the melt at the time 

of zircon crystallization. 

Table 8 Zircon-Allanite Isochron 

Scenario 

# of 

Zircons (# 

of Surface 

Spot 

Analysis); 

# of 

Allanites 

# of 

Zircons (# 

of Surface 

Spot 

Analysis) 

Age (ka) MSWD Probability 
Spot Analysis 

Excluded 

1, 2, 3, and 

6 
28 (33); 61 28 (33) 75.4 ± 1.0 1.9 0.0027 

M2-3.1, M2-

7.1, M2-7.2, 

M3-5.1 

4 27 (32); 61 27 (32) 75.4 ± 1.0 1.9 0.0023 

M1-1.3, M2-

3.1, M2-7.1, 

M2-7.2, M3-5.1 

5 29 (34); 61 29 (34) 75.5 ± 1.0 1.9 0.0011 
M2-3.1, M2-

7.1, M2-7.2 

7 28 (34); 61 28 (34) 75.7 ± 1.1 2.3 0 
M2-3.1, M2-

7.2, M3-5.1 
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Figure 12. 238U-230Th isochron diagram showing data for unpolished surfaces of allanite and zircon crystals from 
Sugarloaf Mountain rhyolitic pumice. Each ellipse represents one spot analyses and its 2𝝈 uncertainty. Unfilled 
ellipses represent the spot analyses that appear to belong to the older population (i.e., possible antecrysts) 
whereas the apparently similarly aged zircon surfaces are shown in green. 
 

5.4 Zircon Saturation Temperatures 

The attainment of zircon saturation in melts can be used to determine the temperature at 

which the zircons begin to crystallize. The solubility model developed by Watson and Harrison 

(1983) made the relation between zircon saturation, melt composition (including Zr content), and 

temperature quantifiable. To use this solubility model, the ideal sample is a volcanic rock with 

no alteration and with few phenocrysts, as the goal is a whole rock proxy as close to the melt 

composition as possible (Claiborne et al., 2006). Whole-rock compositions are used here to 
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calculate zircon saturation temperatures with confidence, as melt composition is similar to that of 

the whole rock when the amount of phenocrysts in volcanic rocks is no more than 10-15% 

(Claiborne et al., 2006), a range within which Sugarloaf rhyolite falls. All five samples are nearly 

compositionally homogeneous with the exception of sample A20H01, which might have 

experienced less crystal fractionation due to its slightly higher Sr and Ba concentrations. A melt 

composition parameter, M (defined as (Na+K+2*Ca)/(Al*Si)), of 1.79, for Sugarloaf, is 

determined using the five samples in this study. The average Zr in the five whole rock samples in 

this study is ~85 ±8 ppm (1 s.d.).  

Based on the zircon saturation model of Watson and Harrison (1983), the zircon 

saturation temperatures for melts represented by the five whole rock samples in this study range 

from ~726°C to ~745°C, averaging 738°C. Quantifying the zircon saturation range provides 

insight to the temperatures at which zircon began to crystallize.  

5.5 Effects of Sector Zoning on Sugarloaf Allanite Compositions 

Zoning patterns, such as oscillatory, patchy, growth, and sector zoning, will occur when 

there is disequilibrium crystallization and when chemical changes in the magma causes changes 

in mineral compositions. An unexpected result of my investigation of the Sugarloaf allanites is 

the observation that sector zoning is present within several grains (Fig. 13) and occurs along with 

growth and oscillatory zoning (Fig. 13a). As a result, interpretations about the magmatic changes 

recorded by allanite are limited by the difficulty of positioning the allanite traverses to obtain a 

cross section within an individual sector and the lack of a way to clearly identify the 

crystallographic orientation of the grain. In addition, no detailed study on sector zoning in 

volcanic allanite was found for comparison. 
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Figure 13 Back scattered electron images of Sugarloaf allanite grains. Several Sugarloaf allanites show some 
combination of sector, oscillatory and growth zoning. 12a: Sector-zoned core surrounded by oscillatorily-zoned 
overgrowth. 12b: Sector-zoned grain with oscillatory zoning visible in one of the BSE-dark sectors. 12c: Sector-
zoned grain where the exposed face is mostly one sector with oscillatory zoning. 12d: Sector-zoned grain, with 
patchy growth zoning in the interior. 
 

5.5.1. Allanite Surfaces and Sector Zoning 

The allanite surfaces are not uniform in composition despite the evidence from U-Th 

disequilibrium dating that the majority grew at essentially the same time. Mixture modeling of 

the data for the surfaces of the allanite crystals show two distinguishable, and approximately 

evenly divided, clusters when elements such as La, Nd, and Fe are considered (Appendix F), and 

less distinguishable for Mn and Al. The allanite surfaces have two separate clusters in Fe 

concentrations: approximately two-thirds of the rims cluster at 13.9 wt.% and the remaining third 

clustering at 13.5 wt.% (Fig. 14). Lanthanum has two definite populations, with ~60% of the 
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surface at a higher value, clustering around 4.4 wt.% and the remaining ~40% of the surfaces 

cluster around 4.0 wt.% (Fig. 14a). The opposite tendency is true for Nd, with the larger fraction 

of the surface (~60%) clustering at the lower value of around 3.6 wt. % and the remaining ~40% 

of the surfaces clustering around 3.8 wt.% (Fig. 14b). Consequently, rare earth element 

fractionation also occurs, with similar proportions in two clusters of La/Nd at 1.2 (~60%) and 1.0 

(~40%) (Fig. 14e). This corresponds to most of the allanites preferring La over Nd (Fig. 14e). 

Manganese and aluminum do not appear to vary between surfaces, even though Mn, like Fe, 

seem to cluster in two populations. Most (90%) of the allanite surfaces cluster at ~7.1 wt.% Al 

and all cluster at ~1.5 wt. % for Mn (Fig. 15). 

The face-dependent element partitioning that accompanies formation of sector zoning 

leads to different compositions in the different sectors. Sector zoning is thus a possible 

explanation for the clustering of Fe, La, and Nd contents in the allanite surfaces and the 

separation of La/Nd values into two sets of values, results that are unexpected for differentiation 

(cf. Vazquez and Reid, 2004). Magnesium and Al concentrations in the allanite surfaces lack a 

large range and do not definitively cluster in two groups, suggesting that these elements might 

not be affected by sector zoning. However, when Mn is compared to Fe, it is observed that those 

surfaces with higher Fe also tend to have higher Mn (averages of 1.55 versus 1.45 wt.%). As a 

result, surfaces that fall into the two La/Nd groups have MnO/FeO values that overlap. This 

sector-independence of MnO/FeO could provide a proxy for differentiation or magma recharge 

and will require sector specific analyses, as discussed below.  



 

 

53 

 
Figure 14. Allanite surface compositional analyses. Fe concentration exhibit two clusters in concentration values. 
La, Nd, Mn, and Al concentration, and La/Nd values appear to have either strong (13a, 13b, and 13e) or weak (13c 
and 13d) correlations with Fe. 
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Figure 15. Results of mixture modelling of allanite surface compositions using Isoplot. Mixture modeling of 
aluminum concentrations reveal a largely invariant population. Modeling of Mn did not identify two distinct 
populations even though Mn, like Fe, seems to cluster in two populations. 
 

5.5.2. Allanite Interiors and Sector Zoning 

The allanite interior compositions span a much larger range than the allanite surface 

compositions. The interiors do not exhibit the same pronounced clustering that the surfaces do 

and only slightly exhibit two poorly defined clusters when plotted on the Ce/Ca vs. Ce and 

La/Nd vs. MnO/FeO graphs (Fig. 10). The data scatter could reflect the combined effects of 

differentiation, oscillatory zoning, and sector zoning.  

BSE images obtained for the interiors of each of the grains were examined and the 

contrasting grey-scale intensities between sets of sectors (BSE-light vs. BSE-dark sector) were 

compared to spot analyses of chemical compositions. BSE-light sector zones in the Sugarloaf 

allanite tend to be Fe- and La-rich and Al- and Nd-deficient. Consequently, BSE-dark sectors in 

the interiors of the majority of the allanite grains have lower Fe and lower La/Nd concentrations 
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(Fig. 16). Because the allanite interiors trends have the same La/Nd and Fe correlations as the 

allanite surfaces, the sector-dependence of these element might provide insight into their 

incorporation during growth of the interiors. 

 
Figure 16. Plots focusing on comparing La/Nd and Al/Fe between different sectors in a Sugarloaf allanite (grain 
9#2). Numbered circles represent where the spot analyses were taken along the sectioned allanite. White circles 
represent three locations in different sectors of the interior of this grain. Darker and lighter shaded box bands on 
the graphs represent the locations of BSE-dark and BSE-light regions, respectively. Symbols and their colors 
provide additional information about the relative concentrations of Fe (stars) and La (diamonds). La/Nd and Al/Fe 
values are anti-correlated between the sectors BSE-dark sectors having lower La/Nd and higher Al/Fe. 
 

5.6 Growth Zoning in Sugarloaf Allanite Interiors 

Compositional trends within allanite could be a proxy for the relative roles of melt 

differentiation and magma recharge that accompanied evolution of the Sugarloaf rhyolite. Cross-

section analyses were attempted on 35 Sugarloaf allanite crystals. Interpreting the compositional 

trends along the cross sections proved challenging because of the interplay between sector 

zoning, and growth and/or oscillatory zoning. When transects were chosen for determining the 

extent of growth zoning and oscillatory zoning in the interiors of the grains, sector zoning within 
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the allanite grains was not expected and this, in turn, makes interpreting differentiation versus 

magma recharge difficult. 

Vazquez and Reid (2004) found that magmatic differentiation in the YTT is recorded in 

allanite as an inverse relation between decreasing La/Nd and increasing MnO/MgO. However, 

Sugarloaf allanite grains have much lower MgO compared to MnO (average MgO and MnO 

concentrations of 0.03 and 1.88 wt.%, respectively) compared to the YTT values (average 

concentrations of 0.68 and 0.93 wt.%, respectively). MnO/MgO values for Sugarloaf and YTT 

range from ~17 to ~900 and ~0.15 to ~1.5, respectively. In addition to the large difference 

between MnO/MgO values, the extremely low MgO contents in Sugarloaf allanites make the 

uncertainties in MnO/MgO ratios too large for them to be a reliable proxy for differentiation, 

even when analytical uncertainties are considered. 

As an alternative differentiation proxy to MnO/MgO, MnO/Fe2+O could be used as a 

differentiation proxy since Fe2+, like Mg, can exchange with Mn in the M3-site of Sugarloaf 

allanite-(Ce). Using the same approach as Chesner and Ettlinger (1989), the cation site 

allocations were calculated based on 8 total cations, adjusting Fe2+ and Fe3+ until a total negative 

charge of 25 was reached (Appendix C, E). The amount of Fe2+ was quantified as ~60% of 

FeOtotal in allanite and therefore FeO can be used in place of Fe2+O. The average Sugarloaf 

Mountain MnO/FeO ratios (0.107) is more similar to that of the YTT (0.062). A negative trend 

defined by decreasing La/Nd and increasing MnO/FeO (Fig. 17) for allanite from Sugarloaf 

rhyolite is observed. This resembles the La/Nd vs. MnO/MgO allanite differentiation trend in the 

YTT (Vazquez and Reid, 2004), although the lower MnO/FeO values scatter more than 

MgO/MgO. 
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Figure 17(Left) Graph demonstrating differentiation covariation between decreasing La/Nd and increasing 
MnO/MgO in allanite interiors from Youngest Toba Tuff. The trend is interpreted to represent magmatic 
differentiation. From Vazquez and Reid (2004). (Right) Allanite spot analyses from Sugarloaf allanite produce 
a similar trend when MnO/FeO is substituted for MnO/MgO that is interpreted to be due to magmatic 
differentiation. Allanite surfaces (black crosses) have a smaller range in MnO/FeO, whereas the interiors (grey 
squares) have a much larger range, indicating a greater variability in differentiation and likely magma 
recharge before eruption. 
 

5.6.1. Growth Zoning within Sugarloaf Allanite Interiors 

Variations in BSE intensities on grains, whether they be sector zone-specific or on 

allanite cross-sections that do not exhibit sector zoning, were targeted for further evaluation in 

hopes of getting a better idea of the extent to which differentiation and/or magma recharge 

occurred as the allanites grew. The Fe- and La-rich and Al- and Nd-deficient compositions that 

characterize BSE-light zones of Sugarloaf allanites crystals does not apply to the changes in BSE 

intensity within the growth zones of an individual sector and in grains that lack sector zoning. 

The La/Nd values had the same trend as those for sector zones with BSE-light bands having 

higher values than their adjacent BSE-dark zones within a growth zone of an individual sector 

and in grains that lack sector zoning, but Al/Fe did not. BSE-darker bands, within growth zones 

and in grains that lack sector zoning, have higher Fe values instead of lower Fe, as seen in BSE-

dark sector zones (Fig 18). This lack of definitive correlation could have been specific to 
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oscillations within growth zones and relative to the sectors rimward progression. Although 

La/Nd and Al/Fe showed no definitive correlation between BSE-grey scale intensity, there is still 

evidence that allanite compositions evolved based on MnO/FeO.  

An attempt to use La/Nd and Al/Fe ratios to determine differentiation on the oscillatory 

zones within sectors resulted in inconclusive results but MnO/FeO was also investigated as a 

proxy for differentiation. Rimward progression throughout the growth zone of each sector, a 

similar characteristic seen with the BSE-light and -dark zones and the relation between La/Nd 

and Al/Fe, is seen with FeO. The FeO concentration, whether it be in a BSE-light or BSE-dark 

sector, does not have a specific rimward trend of decreasing or increasing concentration. This 

inconsistent rimward trend could be explained by disequilibrium crystallization, which could 

have led to face-dependent element partitioning. The allanite surfaces have a limited 

intermediate range of MnO/FeO values, ~0.10 to ~0.12 (Fig. 17). The scatter to higher and lower 

values of MnO/FeO for allanite interiors relative to surfaces appears to indicate that the interiors 

experienced periods of greater differentiation and record recharge before final rim growth. 

Growth zones within a single sector exhibit decreasing La/Nd and increasing MnO/FeO trends 

(Fig. 19, 20). A general rim-ward increase in MnO/FeO is observed throughout the interiors of 

grains that do not exhibit sector zoning. BSE-dark regions or bands throughout the cross-sections 

that exhibit an increase in La/Nd and a decrease in MnO/FeO could indicate a period of recharge. 

Regardless of which sector is being analyzed, however, the BSE-dark zones found within the 

respective sectors exhibit higher Mn and have lower FeO and therefore higher MnO/FeO, 

consistent with greater overall differentiation. To obtain a more detailed analysis of the 

compositional evolution of the Sugarloaf allanite crystals and the melts responsible for them, 

more closely-spaced cross-sectional spot analyses that are restricted to individual sectors will 



 

 

59 

need to be done.

 

Figure 18 Plots demonstrating how Al behaves in BSE-dark zones and BSE-dark bands. Numbered circles 
represent where the spot analyses were taken across the sectioned allanite. Circles represent spot analyses 
taken within the allanite; white circles representing spot analyses from darker BSE regions. (a) There is Al-
enrichment in BSE-dark sectors. BSE-dark bands within a growth zone of a sector (b) and within grains that 
lack sector zoning (c) record Fe-enrichment. 
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Figure 19 Numbered circles represent where the spot analyses were taken across the sectioned allanite. White 
circles represent a rimward transect across the darker BSE zone in the allanite interior (identified by the shaded 
band in the plots). La/Nd decreases as MnO/FeO increases rimward 

 

 
Figure 20 Plots focusing on comparing La/Nd and MnO/FeO within an individual sector of a Sugarloaf allanite (grain 
2#3). Numbered circles represent where the spot analyses were taken across the sectioned grain. White circles 
represent spots analyses taken within a BSE-darker sector, which has lower concentrations of La and Fe. A single 
red circle represents a spot analysis taken within a BSE-lighter sector, which has a higher concentration of La and 
Fe. Symbols and their colors as described for 15. Dark shaded box in the plots calls out the section through the 
BSE-dark region. Within that sector, MnO/FeO decreases increases and La/Nd decreases. 
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Chapter 6: DISCUSSION AND CONCLUSIONS 

6.1 Comparison of Zircon and Allanite Dates to 40Ar/39Ar Dates 

The 238U-230Th zircon model ages (~71 to ~75 ka; secular equilibrium) and the zircon-

allanite isochron date (75.4 ± 1.0 ka) obtained in this study are decidedly younger than the 

eruption age proposed for Sugarloaf rhyolite based on 40Ar/39Ar dating by Morgan et al. (2010), 

which is in turn significantly younger than a K-Ar date of 220 ± 20 ka that preceded it (Damon 

and Leventhal, 1974). For Sugarloaf, an age spectrum date of 91 ± 2 ka and an inverse isochron 

date of 93 ±16 ka was obtained (Morgan et al., 2010) (Fig. 21). The more precise date is based 

on the youngest of 12 steps in the age spectrum and is assigned as the maximum eruption age. 

The inverse isochron age, 93 ± 16 ka, is what the authors expected to see given the mixture of 

the ages derived from Ar released during the step-heating process but was not used as the 

representative eruption age because of its MSWD value of 19 and its larger uncertainty.  

The heterogeneity in step-heating results has been explained as some combination of 

limited control of temperature during step-heating, xenocryst contamination, and grain alteration 

(Morgan et al., 2010). Xenocryst contaminants or grain alteration could make the 40Ar/39Ar date 

older or younger, respectively, than the eruption age. The same factors could explain the older 

dates provided by Morgan et al. (2010) compared to those for zircon and allanite in this study. 

The use of 238U-230Th disequilibrium dating of zircon and allanite age surfaces in this 

thesis is advantageous because it allows for the identification of xenocrysts and possible 

antecrysts, and the exclusion of these grains from the overall age determinations. Out of 31 

zircons analyzed, two grains have model ages within error of 238U-230Th secular equilibrium, 

making them possible xenocrysts. Mixture modeling showed that up to five surface analyses 

(representing four grains) are older than the main population of surface dates, and this population 
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is likely to represent antecrysts. These antecrysts could have crystallized from a ~95 ka intrusion 

and been extracted by the Sugarloaf rhyolite from a rigid melt-poor-mush. The uniformity of 

90% of the zircon surface ages, based on model and isochron ages, along with the concordance 

of the zircon dates with the allanite-zircon isochron ages, contributes to confidence in a date of 

75.4 ± 1.0 ka for most of the zircon and allanite surfaces. The surface dates are taken to be 

representative of the timing of zircon and allanite rim growth and, if this growth occurred close 

to the time of eruption, the surface ages date the timing of eruption. 

Within the SFVF, several volcanic features, such as SP Crater, Strawberry Crater, Doney 

Mountain, and mafic products near Saddle Crater, yield ages similar to my new eruption age for 

Sugarloaf Mountain. These volcanoes are located ~40 km north (SP Crater), ~25 km north-east 

(Strawberry Crater and Doney Mountain), and ~30 km east (Saddle Crater) of Sugarloaf 

Mountain. Fenton and Niedermann (2014) provide an average cosmogenic 3He and 21Ne date of 

70 ± 7 ka for SP Crater, and two 3He ages of 66 ± 3 ka and 68 ± 3 ka for Doney Mountain. The 

NAVDAT database provides ages for Strawberry Crater and basalt near Saddle Crater of ~50 ka 

and ~60 ka, respectively. The broad similarity of ages over a ~250 km2 area northwest of the San 

Francisco Peaks could indicate a period of regional basaltic and silicic activity from ~76 to 50 

ka. 
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Figure 2140Ar/39Ar age spectrum (left) and inverse isochron (right) for sanidines from the Sugarloaf Mountain 
rhyolite (from Morgan et al., 2010). 
 

6.2 Sector-Zoned Sugarloaf Allanite 
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Sector zoning of the Sugarloaf allanites was an important finding of this study, one that 

affected the overall approach planned for detection of the differentiation history of the melt. 

Acquiring a better understanding of how element partitioning takes place on allanite surfaces 

was needed as it is apparent that values for Fe contents and La/Nd are sector-dependent. 

A literature review showed that, even though allanite is a member of the same mineral 

group, mention of sector zoning in epidote was more common than that in allanite. This could be 

due to epidote being a more common phases in metamorphic and igneous rocks than allanite. 

There are only a few documented studies of sector zoning in allanite, including that of Pan and 

Fleet (1991), who observed sector zoning in a metamorphosed allanite, and Cliff et al. (2015), 

who provided an SEM image of sector zoning in an allanite porphyroblast. Yoshizawa (1984) 

presents a detailed study of epidote sector zoning occurring in epidote-bearing schist from 

central Shikoku, Japan and determined that sector-zoned epidote crystals formed because of the 

absence of interface equilibrium, which was previously thought to be present at conditions of 

regional metamorphism. 

No references to sector zoning in allanite in volcanic rocks were found and discussion of 

sector zoning in volcanic epidote is scarce. One example of epidote in a volcanic rock is 

provided by Choo (2002), where the epidote reportedly formed as a result of hydrothermal 

alteration of rhyodacitic tuff. 

A more helpful and determinative approach to better understand sector zoning within 

Sugarloaf allanite is to incorporate the discussion of sector zones in epidote as alternating 

between Fe3+-rich sector(s) and Al-rich sector(s). For example, Dowty (1976) provides an 

example of an epidote from a Triassic diabase (Shannon, 1924) that exhibited hourglass zoning, 

with an Fe3+-rich sector, {101}, and an Al-rich sector, {111}. Choo (2002) provides data that 
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also support an Fe3+-rich sector and an Al-rich sector. This sector-dependence of Fe3+ is similar 

to that found for the Sugarloaf allanite sectors, since Fe3+ is proportional to total Fe.  

A characteristic to note is that Choo (2002) mentions that sector zoning with a maximum 

sector width of 20-40 microns is rarely found in epidote, but Cliff et al. (2015) show a BSE 

image of a sector-zoned metamorphic allanite crystal with a width of ~100 microns. This larger 

sector width of ~100 microns can also be seen in the Sugarloaf allanite where the widths can be 

>100 microns (Fig. 13c). Choo (2002) also provides a summary of suggestions for how sector 

zoning occurs within hydrothermal epidote such as “surface energies and surface growth features 

on individual faces (Watson and Liang, 1995; Henry et al., 1999), adsorption and desorption of 

cations into partially completed sites on growth surfaces (Dowty 1976), and site characteristics 

and their ability to accommodate a cation (Shearer and Larsen, 1994)”.  

One of the Sugarloaf allanite grains exhibits a similar characteristic as seen on the BSE 

image of the sector-zoned epidote from Choo (2002). The BSE image shows oscillatory zoning 

occurring on the outside of the margins of the sector zones, similarly to that exhibited by 

Sugarloaf allanite (Fig. 22); this relation is considered rare in epidote and likewise is likely to be 
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rare for volcanic allanite.

 

Figure 22(Left) BSE images of an epidote from Choo (2002). (a) Shows epidote sector zoning and weak oscillatory 
zoning at the margin of the sector zoning. (b) Enlarged image focusing on the oscillatory zoning at the margin of 
the sector. From Choo (2002). (Right) Sugarloaf allanite shows sector zoned core surrounded by new growth that 
exhibits oscillatory zoning. Inset focuses on the oscillatory zoning at the margin of the sector. Dashed white lines 
emphasize transitions between BSE-dark and –light bands. 
 

6.3 Magmatic Conditions of Sugarloaf Mountain 

Arculus and Gust (1995) derived magmatic temperatures of ~650-~950°C from Fe-Ti 

oxide thermometry for silicic samples within the SFVF (dacite, trachyte, and rhyolite). The 

average zircon saturation temperature value of ~740°C for Sugarloaf Mountain is in the lower 

part of this range. O’Leary rhyolite is most similar in composition to Sugarloaf and yielded an 

Fe-Ti oxide temperature of ~820°C. The Young Toba Tuff (73-77 wt. % SiO2; Chesner, 1998) 

yields zircon saturation temperatures of ~725°C to ~760°C (Reid and Vazquez, 2017), similar to 

those from Sugarloaf Mountain when calculated using the calibration of Watson and Harrison 

(1983). Glass Mountain, associated with the Long Valley caldera in central California is, like 

Grain 2#0
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Sugarloaf Mountain, an extreme magmatic differentiate composed of high-silica rhyolites (76.8-

77.9 wt. SiO2; Metz and Mahood, 1995). The younger Glass Mountain rhyolites have zircon 

saturation temperatures of 740-775°C (Simon and Reid, 2005). Comparing these examples to 

Sugarloaf Mountain rhyolite demonstrates that Sugarloaf Mountain’s average zircon saturation 

temperature value of ~740°C is typical for a high-silica rhyolite. 

Zircon has a growth rate of 10-13-10-18 cm/s (Watson, 1996; Zhang and Xu, 2016). If an 

intermediate growth rate of 10-15 cm/s is applied, zircon would have required ~3 kyrs to grow ~1 

µm. Allanite has an estimated growth rate of 10-14 cm/s (Vazquez and Lidzbarski, 2012) and 

would require ~300 yrs to grow ~1 µm. An estimated 4 µm of the accessory phase surfaces were 

sputtered by the ion microprobe during the analyses (Tierney et al., 2019). The uniformity of the 

zircon and allanite surface ages, suggests that the rims of these phases crystallized together in a 

melt-dominated environment for at least 1.3 kyrs, which is a long period at “warm” storage 

conditions. This provides insight into the role of “cold” versus “warm” storage for the Sugarloaf 

rhyolite. The surfaces of the older zircon population yield crystallization ages of 95 to 96 ka 

(Table 4). These grains could representat zircon crystals that crystallized earlier in the system, 

experienced “cold” storage conditions, and were then remobilized during the last eruption period, 

but were not immersed in the melt long enough for new growth.  

Kinetic effects can cause growth rates to vary and could be directly related to sector 

zoning and the partitioning of elements like Mn, Fe, La, and Nd, with different values in 

different sectors. For example, the interpretation made by Choo (2002) stating that the epidote 

formed under rapid growth conditions, causing homogeneous equilibrium to not be maintained 

between the sectors, could also explain the sector zoning occurring within the Sugarloaf allanite 

grains and its relation to the sector dependence of Mn/Fe. A lack of MnO/FeO variability in the 
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allanite surfaces contrasts with fluctuating MnO/FeO values within individual allanite sectors. 

This ratio may, in turn, be a proxy for the effects of differentiation or magma recharge.  

The three zoning features (i.e., sector zoning, oscillatory zoning, and growth zoning) of 

the allanite grains are indicative of varying equilibrium conditions as the melt evolved. The 

wider range of MnO/FeO values along a differentiation trend in the allanite interiors compared to 

the surfaces could indicate that the allanite interiors experienced periods of differentiation and 

magma recharge before eruption. The allanite surfaces do not exhibit compositional 

heterogeneity, suggesting that the crystals lack characteristics of late-stage mixing and 

experienced rim growth under the same conditions in a melt-dominated system.  

  Halliday et al. (1991) state that extreme differentiates like the Glass Mountain, La 

Primavera, and Yellowstone rhyolites could not have been single-handedly produced through 

partial melting of the crust but must have been produced through Rayleigh fractional 

crystallization that involved large amounts of cumulates. Even though Sugarloaf Mountain does 

not have Sr contents as low as Glass Mountain and La Primavera rhyolites, it does have the 

extreme Rb-enrichment and Sr-depletion of the Yellowstone rhyolites, which have a wider range 

in Sr values (Sugarloaf average Rb: 268 ppm, average Sr: 7 ppm) (Fig. 23).  

 Sugarloaf rhyolite’s similar characteristics to other extreme differentiates suggests that 

the crystal-dominated portions of the magma chamber could have been voluminous at the time of 

eruption. Specifically, the parental magma chamber of Sugarloaf Mountain might be related to 

the 6-km wide low viscosity body described by Stauber (1982) that underlies San Francisco 

Mountain and lies at a depth of 9 to 34 km below sea level, consisting of more silicic melt than 

its host rock at a lower depth. The Sugarloaf rhyolite has a 30-fold higher Rb content than San 

Francisco Mountain basalts (~7 ppm). Assuming differentiation of the Sugarloaf rhyolite form a 
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parental basalt and that Rb is perfectly incompatible during melt differentiation, the volume of 

the crystal mush would have been at least ~30 times larger than the volume of Sugarloaf rhyolite 

or ~5km3. 

 
Figure 23 Rb versus Sr plot showing rhyolites and associated basalts from western North America. The composition 
of Sugarloaf rhyolite is shown by the orange ellipse. Adapted from Halliday et al. 1991 
 

6.4 Conclusions 

The focus of this study was to get insights into the storage conditions of Sugarloaf 

Mountain’s crystal-poor, high-silica rhyolite and to better understand how the magma evolved. 

The zircon and allanite surface ages provided uniform model ages, and together give a zircon-

allanite isochron age of 75.4 ± 1.0 ka. This date is recommended as a more accurate eruption age 

than the 40Ar/39Ar date by Morgan et al. (2010) of 91 ± 2 ka. The discovery of sector zoning in 

the Sugarloaf allanites proved to make it challenging to interpret the chemical evolution of the 

Sugarloaf Mountain rhyolite. The plan to use La/Nd and Al/Fe as a way to identify sector-zone 
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specific characteristics resulted in inconclusive results because Al did not always reflect the 

expected correlation between an increase or decrease in Fe. It was found that other 

characteristics can be helpful in providing insight into what occurred before eruption. The 

allanite surface and interior chemical analyses define a differentiation trend of decreasing La/Nd 

and increasing MnO/FeO values, with the interiors recording differentiation and magma recharge 

prior to eruption.  

Sugarloaf Mountain’s high-silica rhyolite may have initially been kept in a more 

crystalline state, as indicated by the ~95 ka zircon population. If a more crystal-rich magma 

reservoir was remobilized before eruption, the majority of the older zircon population 

experienced renewed rim growth, which is represented by the younger ~75 ka zircon surfaces. 

The uniformity of zircon and allanite surface dates show that the grains were in contact with the 

melt long enough to produce a few micrometers of new and compositionally uniform rim 

growth, and therefore likely for at least 1.3 kyr. This rim growth time frame suggests a period of 

warm storage. The uniformity of the allanite surface compositions favors final crystal growth 

from a melt-dominated domain, rather than in melt-poor and more chemically diverse pockets.  

Future studies should include dating the interiors of zircon and allanite and further 

compositional analyses of the allanite interiors. Dating the cores of the allanite grains can reveal 

the onset and duration of crystallization periods relative to coexisting zircon. Core ages from the 

allanites will also place a time constraint on the chemical evolution of Sugarloaf Mountain. 

Strategically placed spot analyses along sector and growth zones may better characterize 

chemical fluctuations within these zones and further identify periods of differentiation and 

magma in oscillatory zones. 
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APPENDIX 1 

APPENDIX A. 238U/232Th and 230Th/232Th activity ratios and model ages of Sugarloaf 2 

Mountain zircon surfaces spot analyses 3 

Table A 1238U/232Th and 230Th/232Th activity ratios and model ages of Sugarloaf Mountain zircon 4 

surfaces spot 5 

Sample Mount Crystal # 
(238U)/ 

(232Th) 
1 s.e. 

(230Th)/ 

(232Th) 
1 s.e. 

Model 

age (ka) 
+1𝜎 -1𝜎 UO2 

M1-1.1 1 1 8.39 0.05 5.01 0.05 76.56 2.00 1.97 2.036 

M1-1.2 1 1 5.74 0.04 3.55 0.05 70.35 2.52 2.46 1.68 

M1-1.3 1 1 5.60 0.14 3.76 0.23 85.46 15.26 13.39 1.49 

M1-2.1 1 2 8.19 0.20 7.98 0.41 377.62 - 125.39 0.02 

M1-3.1 1 3 10.73 0.24 6.11 0.13 74.60 4.25 4.09 1.30 

M1-3.2 1 3 11.01 0.22 6.14 0.06 72.27 2.75 2.68 1.08 

M2-1.1 2 1 10.36 0.24 5.89 0.12 91.68 5.26 5.01 1.41 

M2-2.1 2 2 9.03 0.14 5.17 0.05 93.12 3.31 3.21 1.25 

M2-3.1 2 3 10.08 0.28 6.81 0.17 129.12 11.41 10.33 1.01 

M2-4.1 2 4 10.38 0.18 5.79 0.13 88.61 4.74 4.55 1.06 

M2-5.1 2 5 8.06 0.18 4.88 0.16 103.62 8.61 7.98 1.54 

M2-6.1 2 6 7.72 0.08 4.65 0.05 102.94 3.26 3.16 2.13 

M2-7.1 2 7 8.60 0.14 5.56 0.09 118.94 6.31 5.97 1.42 

M2-7.2 2 7 8.25 0.07 5.52 0.10 128.63 5.83 5.53 1.15 

M2-8.1 2 8 10.52 0.18 6.21 0.09 98.48 4.37 4.21 1.01 

M2-9.1 2 9 8.45 0.08 5.02 0.05 99.82 2.87 2.79 1.55 

M2-10.1 2 10 8.91 0.08 5.08 0.07 92.25 2.83 2.76 1.16 

M2-11.1 2 11 10.25 0.16 5.79 0.06 90.58 3.08 3.00 0.70 

M2-12.1 2 12 7.52 0.19 4.74 0.12 113.31 9.17 8.46 1.39 

M2-13.1 2 13 9.74 0.09 5.59 0.09 93.40 3.41 3.31 1.50 

M2-14.1 2 14 8.50 0.08 5.01 0.06 98.20 2.84 2.77 1.59 

M2-15.1 2 15 8.94 0.10 5.46 0.17 105.43 7.28 6.82 2.04 

M2-16.1 2 16 8.86 0.18 5.41 0.08 105.17 5.52 5.25 2.00 

M2-17.1 2 17 9.20 0.08 5.22 0.08 91.35 3.22 3.13 1.79 

M2-18.1 2 18 9.95 0.09 5.76 0.07 94.75 2.70 2.64 1.60 
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Table A1 238U/232Th and 230Th/232Th activity ratios and model ages of Sugarloaf Mountain zircon surfaces spot 7 

(Continued)  8 

Sample Mount Crystal # 

(238U)/ 

(232Th) 
1 s.e. 

(230Th)/ 

(232Th) 
1 s.e. 

Model 

age (ka) 
+1𝜎 -1𝜎 UO2 

M3-1.1 3 1 10.12 0.09 5.96 0.05 98.10 2.24 2.20 1.46 

M3-1.2 3 1 8.91 0.08 5.16 0.04 95.14 2.28 2.23 1.52 

M3-2.1 3 2 7.28 0.15 4.38 0.07 103.10 5.72 5.43 2.16 

M3-3.1 3 3 8.25 0.12 4.80 0.12 96.18 5.66 5.38 1.75 

M3-4.1 3 4 8.80 0.15 5.14 0.08 96.79 4.53 4.35 - 

M3-5.1 3 5 9.25 0.14 5.95 0.25 117.10 11.58 10.46 2.3 

M3-6.1 3 6 14.49 0.52 13.97 0.58 349.84 - 98.63 0.79 

M3-7.1 3 7 8.11 0.11 4.78 0.08 98.41 4.24 4.08 2.00 

M3-8.1 3 8 9.13 0.15 5.21 0.08 92.49 4.00 3.86 - 

M3-9.1 3 9 8.29 0.09 4.84 0.08 96.51 3.79 3.66 0.16 

M3-9.2 3 9 8.83 0.09 5.31 0.04 102.09 2.51 2.45 1.68 

M3-10.1 3 10 8.75 0.14 5.33 0.06 104.89 4.12 3.97 1.24 

M3-11.1 3 11 7.74 0.08 4.93 0.10 115.74 5.67 5.39 1.20 

M3-12.1 3 12 10.54 0.11 5.80 0.06 86.36 2.33 2.29 2.04 

  9 
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APPENDIX B. 238U/232Th and 230Th/232Th activity ratios and model ages of Sugarloaf 10 

Mountain allanite surfaces spot analyses 11 

Table A 2 238U/232Th and 230Th/232Th activity ratios and model ages of Sugarloaf Mountain 12 

allanite surfaces spot analyses 13 

Sample Mount Crystal # 
(238U)/ 
(232Th) 

1 s.e. 
(230Th)/ 
(232Th) 

1 s.e. 
Model 

age (ka) 
+1𝜎 -1𝜎 

M3A-1.1 3 1 0.03 0.00 0.78 0.01 78.34 1.64 1.62 

M3A-2.1 3 2 0.03 0.00 0.78 0.01 79.14 1.48 1.46 

M3A-3.1 3 3 0.04 0.00 0.80 0.02 76.41 2.32 2.28 

M3A-4.1 3 4 0.03 0.00 0.80 0.01 75.72 1.70 1.67 

M3A-5.1 3 5 0.03 0.00 0.78 0.01 78.02 1.47 1.45 

M3A-6.1 3 6 0.03 0.00 0.75 0.02 83.01 2.63 2.56 

M3A-7.1 3 7 0.03 0.00 0.78 0.01 78.48 1.55 1.52 

M3A-8.1 3 8 0.03 0.00 0.78 0.01 79.16 1.54 1.52 

M3A-9.1 3 9 0.03 0.00 0.80 0.01 76.51 1.44 1.42 

M3A-10.1 3 10 0.04 0.00 0.79 0.01 77.34 1.48 1.46 

M3A-11.1 3 11 0.03 0.00 0.79 0.01 76.29 1.49 1.47 

M4A-1.1 4 1 0.03 0.00 0.77 0.01 79.71 1.49 1.47 

M4A-2.1 4 2 0.03 0.00 0.79 0.01 77.15 1.60 1.57 

M4A-3.1 4 3 0.03 0.00 0.78 0.01 78.92 2.35 2.30 

M4A-4.1 4 4 0.03 0.00 0.78 0.01 77.79 2.19 2.15 

M4A-5.1 4 5 0.03 0.00 0.79 0.01 76.62 1.61 1.59 

M4A-6.1 4 6 0.04 0.00 0.70 0.02 91.59 3.35 3.25 

M4A-7.1 4 7 0.03 0.00 0.80 0.01 75.32 1.51 1.49 

M4A-8.1 4 8 0.03 0.00 0.79 0.01 77.27 1.50 1.48 

M4A-9.1 4 9 0.03 0.00 0.79 0.01 77.67 1.54 1.52 

M4A-10.1 4 10 0.03 0.00 0.75 0.02 82.39 2.74 2.67 

M4A-11.1 4 11 0.03 0.00 0.77 0.01 79.52 1.59 1.57 

M4A-12.1 4 12 0.03 0.00 0.77 0.01 79.55 1.61 1.59 

M4A-13.1 4 13 0.04 0.00 0.81 0.01 74.85 1.53 1.51 

M4A-14.1 4 14 0.04 0.00 0.77 0.01 80.59 1.65 1.63 

M4A-15.1 4 15 0.03 0.00 0.78 0.01 78.93 1.57 1.54 

M4A-16.1 4 16 0.03 0.00 0.81 0.01 73.32 1.96 1.93 

14 
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Table A2 238U/232Th and 230Th/232Th activity ratios and model ages of Sugarloaf Mountain allanite surfaces 15 

spot analyses (Continued) 16 

Sample Mount Crystal # 
(238U)/ 
(232Th) 

1 s.e. 
(230Th)/ 
(232Th) 

1 s.e. 
Model 

age (ka) 
+1𝜎 -1𝜎 

M4A-17.1 4 17 0.03 0.00 0.76 0.02 81.12 2.42 2.37 

M4A-18.1 4 18 0.03 0.00 0.80 0.01 75.79 1.51 1.49 

M4A-19.1 4 19 0.03 0.00 0.78 0.01 78.18 1.52 1.50 

M4A-20.1 4 20 0.03 0.00 0.77 0.01 80.17 1.60 1.57 

M4A-21.1 4 21 0.03 0.00 0.79 0.01 77.35 1.45 1.43 

M4A-22.1 4 22 0.03 0.00 0.80 0.01 75.47 1.48 1.46 

M4A-23.1 4 23 0.03 0.00 0.79 0.01 76.29 1.53 1.51 

M4A-24.1 4 24 0.04 0.00 0.77 0.01 79.87 1.56 1.53 

M4A-25.1 4 25 0.03 0.00 0.80 0.02 75.39 2.45 2.40 

M4A-26.1 4 26 0.03 0.00 0.80 0.01 74.99 1.44 1.42 

M5A-1.1 5 1 0.04 0.00 0.79 0.01 78.12 1.54 1.52 

M5A-2.1 5 2 0.03 0.00 0.80 0.01 76.34 2.14 2.10 

M5A-3.1 5 3 0.03 0.00 0.79 0.01 77.47 1.54 1.51 

M5A-4.1 5 4 0.03 0.00 0.77 0.01 79.20 1.60 1.57 

M5A-5.1 5 5 0.03 0.00 0.79 0.01 77.32 1.48 1.46 

M5A-6.1 5 6 0.03 0.00 0.79 0.01 76.63 1.51 1.49 

M5A-7.1 5 7 0.03 0.00 0.79 0.01 76.79 1.55 1.53 

M5A-8.1 5 8 0.03 0.00 0.78 0.01 78.81 1.55 1.52 

M5A-9.1 5 9 0.03 0.00 0.80 0.01 75.91 1.51 1.49 

M5A-10.1 5 10 0.03 0.00 0.78 0.01 79.19 1.40 1.39 

M5A-11.1 5 11 0.04 0.00 0.79 0.01 78.19 2.14 2.10 

M5A-12.1 5 12 0.04 0.00 0.77 0.01 80.86 1.95 1.92 

M5A-13.1 5 13 0.03 0.00 0.77 0.01 80.58 1.51 1.49 

M5A-14.1 5 14 0.03 0.00 0.78 0.01 78.86 2.10 2.06 

M5A-15.1 5 15 0.03 0.00 0.79 0.01 76.66 1.59 1.57 

M5A-16.1 5 16 0.03 0.00 0.79 0.01 77.07 1.44 1.42 

M5A-17.1 5 17 0.03 0.00 0.77 0.01 79.14 1.53 1.51 

17 
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Table A2 238U/232Th and 230Th/232Th activity ratios and model ages of Sugarloaf Mountain allanite surfaces spot 18 

analyses (Continued) 19 

Sample Mount Crystal # 
(238U)/ 
(232Th) 

1 s.e. 
(230Th)/ 
(232Th) 

1 s.e. 
Model 

age (ka) 
+1𝜎 -1𝜎 

M5A-19.1 5 19 0.03 0.00 0.78 0.01 78.08 1.45 1.43 

M5A-20.1 5 20 0.03 0.00 0.79 0.01 77.71 1.49 1.47 

M5A-21.1 5 21 0.04 0.00 0.81 0.01 74.91 1.39 1.37 

M5A-22.1 5 22 0.05 0.00 0.75 0.02 84.52 3.66 3.54 

M5A-23.1 5 23 0.03 0.00 0.76 0.01 81.04 2.10 2.06 

M5A-24.1 5 24 0.03 0.00 0.82 0.01 73.22 1.55 1.53 

M5A-25.1 5 25 0.03 0.00 0.80 0.01 75.11 1.52 1.50 

M5A-26.1 5 26 0.03 0.00 0.79 0.01 77.46 1.43 1.41 

  20 
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APPENDIX C. Compositions of allanite surfaces from Sugarloaf Rhyolite 21 

Allanite compositional data obtained by electron microprobe analyses. Black line separates compositional data 22 

from cation site allocations. To estimate the Fe2+/Fe3+ ratio, structural formulas were calculated based on a sum 23 

of 8 cations, and cation charges to balance a total negative charge was adjusted of 25 (Armbruster et al., 2006). 24 

Table A 3 Compositions of Sugarloaf Mountain allanite surfaces 25 
Sample 1#3-1 1#3-2 1#4-1 1#4-2 2#4-1 2#4-2 2#5-1 2#5-2 

SiO2 29.42 29.07 29.08 29.36 29.05 28.27 30.35 30.53 

Al2O3 13.26 13.26 13.09 13.11 13.56 13.05 14.77 13.77 

TiO2 0.63 0.63 0.62 0.61 0.57 0.62 0.53 0.62 

FeO 11.68 11.35 11.04 11.38 11.07 10.54 12.31 12.74 

Fe2O3 6.39 6.76 7.66 7.36 7.50 8.01 5.60 5.71 

MgO 0.03 0.03 0.03 0.02 0.03 0.02 0.03 0.03 

MnO 1.83 1.79 2.00 2.02 2.17 1.90 2.05 2.14 

CaO 8.49 8.49 8.51 8.48 8.17 8.27 8.27 8.10 

ThO2 2.80 2.91 2.71 2.69 2.35 2.03 2.39 2.22 

Y2O3 0.43 0.45 0.44 0.45 0.44 0.34 0.47 0.51 

La2O3 4.77 4.72 4.92 5.14 4.63 4.86 4.52 4.62 

Ce2O3 11.13 11.41 11.18 11.12 11.38 11.75 11.29 11.14 

Pr2O3 1.20 1.22 1.11 1.12 1.19 1.20 1.11 1.21 

Nd2O3 4.45 4.30 4.15 4.20 4.57 4.66 4.44 4.56 

Sm2O3 0.82 0.85 0.74 0.74 0.87 0.82 0.81 0.92 

Gd2O3 0.14 0.19 0.12 0.13 0.26 0.20 0.15 0.28 

TOTAL 96.85 96.75 96.63 97.16 97.07 95.71 98.56 98.53 

La/Nd 1.07 1.09 1.18 1.22 1.01 1.04 1.01 1.01 

MnO/FeO 0.11 0.10 0.11 0.11 0.12 0.11 0.12 0.12 

Al/Fe 0.52 0.52 0.50 0.50 0.52 0.50 0.58 0.52 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.95 2.92 2.92 2.93 2.90 2.88 2.95 2.99 

Al 1.57 1.57 1.55 1.54 1.60 1.56 1.69 1.59 

Ti 0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.05 

Fe2+ 0.98 0.95 0.93 0.95 0.92 0.90 1.00 1.04 

Fe3+ 0.48 0.51 0.58 0.55 0.56 0.61 0.41 0.42 

Mg 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

Mn 0.16 0.15 0.17 0.17 0.18 0.16 0.17 0.18 

Ca 0.91 0.91 0.91 0.91 0.87 0.90 0.86 0.85 

Th 0.06 0.07 0.06 0.06 0.05 0.05 0.05 0.05 

Y 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 

La 0.18 0.17 0.18 0.19 0.17 0.18 0.16 0.17 

Ce 0.41 0.42 0.41 0.41 0.42 0.44 0.40 0.40 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.16 0.15 0.15 0.15 0.16 0.17 0.15 0.16 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 

∑ cation charge 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A3 Compositions of Sugarloaf Mountain allanite surfaces (Continued) 27 

Sample 2#6-1 2#6-2 2#7-1 2#7-2 3#2-1 3#2-2 3#3-1 3#3-2 3#4-1 3#4-2 

SiO2 29.50 29.64 29.80 29.00 32.29 32.57 32.70 31.20 30.49 29.99 

Al2O3 13.16 13.12 13.24 13.60 13.55 13.60 13.98 14.21 13.44 13.47 

TiO2 0.58 0.65 0.67 0.61 0.69 0.68 0.65 0.57 0.60 0.63 

FeO 11.86 12.05 12.22 11.23 14.49 14.84 14.92 13.15 12.71 12.16 

Fe2O3 6.78 6.59 5.86 6.73 3.63 3.14 2.71 4.70 5.17 5.83 

MgO 0.04 0.03 0.02 0.02 0.04 0.03 0.03 0.04 0.02 0.03 

MnO 1.84 1.92 1.87 1.86 1.85 1.90 2.00 2.03 1.85 1.80 

CaO 8.19 8.21 8.41 8.45 8.49 8.48 8.40 8.36 8.54 8.59 

ThO2 2.34 2.50 2.86 2.74 2.64 2.62 2.81 2.45 2.82 2.94 

Y2O3 0.42 0.37 0.35 0.44 0.36 0.35 0.37 0.39 0.36 0.35 

La2O3 5.33 5.29 4.70 4.62 4.96 5.02 5.19 5.02 4.61 4.66 

Ce2O3 12.01 11.72 11.35 10.94 11.53 11.01 11.43 11.57 11.22 11.66 

Pr2O3 1.24 1.15 1.17 1.20 1.09 1.11 1.13 1.13 1.18 1.15 

Nd2O3 4.37 4.37 4.47 4.49 4.08 4.08 4.11 4.33 4.35 4.48 

Sm2O3 0.79 0.80 0.81 0.86 0.73 0.75 0.77 0.75 0.80 0.81 

Gd2O3 0.18 0.15 0.16 0.20 0.17 0.10 0.10 0.19 0.20 0.20 

TOTAL 97.94 97.96 97.39 96.27 100.17 99.93 101.05 99.70 97.77 98.16 

La/Nd 1.21 1.20 1.05 1.02 1.21 1.22 1.26 1.15 1.05 1.03 

MnO/FeO 0.10 0.11 0.11 0.11 0.10 0.11 0.12 0.12 0.11 0.10 

Al/Fe 0.50 0.50 0.52 0.54 0.52 0.52 0.55 0.55 0.53 0.53 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.94 2.95 2.97 2.92 3.10 3.12 3.11 3.02 3.01 2.97 

Al 1.55 1.54 1.56 1.61 1.53 1.54 1.57 1.62 1.56 1.57 

Ti 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.05 

Fe2+ 0.99 1.00 1.02 0.94 1.16 1.19 1.19 1.06 1.05 1.01 

Fe3+ 0.51 0.49 0.44 0.51 0.26 0.23 0.19 0.34 0.38 0.43 

Mg 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 

Mn 0.16 0.16 0.16 0.16 0.15 0.15 0.16 0.17 0.15 0.15 

Ca 0.87 0.87 0.90 0.91 0.87 0.87 0.86 0.87 0.90 0.91 

Th 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.06 0.07 

Y 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

La 0.20 0.19 0.17 0.17 0.18 0.18 0.18 0.18 0.17 0.17 

Ce 0.44 0.43 0.41 0.40 0.40 0.39 0.40 0.41 0.41 0.42 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.16 0.16 0.16 0.16 0.14 0.14 0.14 0.15 0.15 0.16 

Sm 0.03 0.03 0.03 0.03 0.02 0.02 0.03 0.03 0.03 0.03 

Gd 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A3 Compositions of Sugarloaf Mountain allanite surfaces (Continued) 29 

Sample 4#1-1 4#1-2 4#3-1 4#3-2 4#5-1 4#5-2 5#4-1 5#4-2 6#1-1 6#1-2 

SiO2 29.51 30.54 30.79 30.89 27.35 28.03 30.28 30.29 30.49 30.60 

Al2O3 13.28 13.47 14.13 14.06 12.91 13.02 13.52 13.67 13.42 13.47 

TiO2 0.66 0.67 0.65 0.66 0.66 0.67 0.60 0.65 0.61 0.63 

FeO 11.47 12.56 12.60 12.64 9.54 9.59 12.40 12.38 12.89 12.79 

Fe2O3 7.00 5.89 5.73 5.77 9.08 9.15 5.77 5.65 5.05 5.19 

MgO 0.03 0.03 0.03 0.05 0.03 0.03 0.04 0.03 0.03 0.03 

MnO 1.99 1.91 1.93 1.90 1.90 1.88 1.85 1.88 1.82 1.86 

CaO 8.55 8.58 8.63 8.66 8.46 8.40 8.49 8.55 8.51 8.44 

ThO2 2.75 2.83 2.69 2.80 2.80 2.65 2.82 2.93 2.97 2.71 

Y2O3 0.47 0.40 0.46 0.41 0.37 0.35 0.42 0.40 0.38 0.38 

La2O3 5.06 5.29 4.95 4.84 5.08 5.09 4.70 4.66 4.66 4.84 

Ce2O3 11.26 11.71 11.05 10.96 11.19 11.27 11.36 11.22 11.52 11.70 

Pr2O3 1.10 1.16 1.10 1.15 1.14 1.17 1.22 1.17 1.18 1.23 

Nd2O3 4.21 4.26 4.32 4.22 4.15 4.20 4.48 4.43 4.49 4.53 

Sm2O3 0.74 0.72 0.78 0.76 0.78 0.75 0.82 0.80 0.79 0.84 

Gd2O3 0.10 0.10 0.21 0.13 0.14 0.16 0.14 0.16 0.19 0.15 

TOTAL 97.49 99.45 99.43 99.35 94.64 95.48 98.36 98.29 98.48 98.78 

La/Nd 1.19 1.24 1.14 1.14 1.22 1.21 1.04 1.05 1.03 1.06 

MnO/FeO 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.10 0.11 

Al/Fe 0.51 0.51 0.54 0.54 0.50 0.50 0.52 0.53 0.52 0.53 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.93 2.98 2.98 2.99 2.82 2.86 2.98 2.98 3.00 3.00 

Al 1.56 1.55 1.61 1.60 1.57 1.56 1.57 1.58 1.56 1.56 

Ti 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.05 0.05 

Fe2+ 0.95 1.02 1.02 1.02 0.82 0.82 1.02 1.02 1.06 1.05 

Fe3+ 0.52 0.43 0.42 0.42 0.70 0.70 0.43 0.42 0.37 0.38 

Mg 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 

Mn 0.17 0.16 0.16 0.16 0.17 0.16 0.15 0.16 0.15 0.15 

Ca 0.91 0.90 0.89 0.90 0.93 0.92 0.90 0.90 0.90 0.89 

Th 0.06 0.06 0.06 0.06 0.07 0.06 0.06 0.07 0.07 0.06 

Y 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

La 0.19 0.19 0.18 0.17 0.19 0.19 0.17 0.17 0.17 0.18 

Ce 0.41 0.42 0.39 0.39 0.42 0.42 0.41 0.40 0.42 0.42 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.15 0.15 0.15 0.15 0.15 0.15 0.16 0.16 0.16 0.16 

Sm 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A3 Compositions of Sugarloaf Mountain allanite surfaces (Continued) 31 

Sample 6#4-1 6#4-2 7#5-1 7#5-2 8#2-1 8#2-2 8#3-1 8#3-2 8#5-1 8#5-2 

SiO2 30.29 30.61 30.01 30.05 30.19 29.73 29.67 29.55 29.79 29.44 

Al2O3 13.50 13.44 13.54 13.63 13.17 13.53 13.13 13.19 13.26 13.16 

TiO2 0.67 0.68 0.61 0.60 0.70 0.67 0.67 0.64 0.66 0.68 

FeO 12.28 12.62 12.14 12.26 12.26 11.68 11.72 11.69 11.89 11.46 

Fe2O3 6.19 5.79 5.80 5.75 6.45 6.97 6.85 6.82 6.65 7.13 

MgO 0.05 0.02 0.03 0.02 0.02 0.03 0.03 0.02 0.03 0.04 

MnO 1.95 1.96 1.87 1.84 1.92 1.99 2.00 1.98 1.98 2.00 

CaO 8.49 8.59 8.55 8.53 8.57 8.52 8.45 8.46 8.47 8.47 

ThO2 2.76 2.72 2.92 2.83 2.57 2.70 2.58 2.70 2.79 2.72 

Y2O3 0.37 0.42 0.37 0.31 0.46 0.41 0.36 0.41 0.42 0.42 

La2O3 5.14 4.93 4.65 4.88 5.07 5.25 5.16 5.15 5.18 5.08 

Ce2O3 11.30 11.29 11.17 11.02 11.50 11.50 11.48 11.46 11.26 11.42 

Pr2O3 1.16 1.08 1.21 1.17 1.13 1.11 1.13 1.17 1.08 1.15 

Nd2O3 4.12 4.19 4.51 4.51 4.17 4.22 4.23 4.16 4.11 4.23 

Sm2O3 0.75 0.74 0.84 0.86 0.76 0.76 0.74 0.77 0.76 0.74 

Gd2O3 0.15 0.12 0.19 0.18 0.20 0.18 0.11 0.09 0.16 0.11 

TOTAL 98.55 98.60 97.82 97.83 98.49 98.63 97.55 97.52 97.78 97.52 

La/Nd 1.24 1.17 1.03 1.08 1.21 1.24 1.21 1.23 1.25 1.19 

MnO/FeO 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 

Al/Fe 0.51 0.51 0.53 0.53 0.50 0.51 0.50 0.50 0.50 0.50 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.97 3.00 2.97 2.97 2.97 2.93 2.95 2.94 2.95 2.93 

Al 1.56 1.55 1.58 1.59 1.53 1.57 1.54 1.55 1.55 1.54 

Ti 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.05 

Fe2+ 1.01 1.03 1.01 1.01 1.01 0.96 0.97 0.97 0.99 0.95 

Fe3+ 0.46 0.43 0.43 0.43 0.48 0.52 0.51 0.51 0.50 0.53 

Mg 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

Mn 0.16 0.16 0.16 0.15 0.16 0.17 0.17 0.17 0.17 0.17 

Ca 0.89 0.90 0.91 0.90 0.90 0.90 0.90 0.90 0.90 0.90 

Th 0.06 0.06 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.06 

Y 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

La 0.19 0.18 0.17 0.18 0.18 0.19 0.19 0.19 0.19 0.19 

Ce 0.41 0.40 0.40 0.40 0.41 0.41 0.42 0.42 0.41 0.42 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.14 0.15 0.16 0.16 0.15 0.15 0.15 0.15 0.15 0.15 

Sm 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A3 Compositions of Sugarloaf Mountain allanite surfaces (Continued) 33 

Sample 9#4-1 9#4-2 9#5-1 9#5-2 9#6-1 9#6-2 10#1-1 10#1-2 10#2-1 10#2-2 

SiO2 30.26 30.25 29.91 30.10 29.70 29.37 29.47 29.42 30.10 30.04 

Al2O3 13.46 13.44 13.34 13.28 13.48 13.43 13.50 13.39 13.79 13.63 

TiO2 0.63 0.64 0.68 0.68 0.62 0.63 0.61 0.64 0.64 0.67 

FeO 12.30 12.20 12.31 17.92 11.84 11.54 11.45 11.49 12.07 11.94 

Fe2O3 6.26 6.20 6.20 6.50 6.16 6.51 7.04 7.07 6.29 6.59 

MgO 0.02 0.03 0.02 0.04 0.03 0.03 0.03 0.02 0.04 0.04 

MnO 1.96 1.94 2.00 2.00 1.88 1.87 2.02 1.96 1.98 1.93 

CaO 8.53 8.58 8.48 8.49 8.53 8.50 8.44 8.51 8.47 8.58 

ThO2 2.78 2.74 2.72 2.63 2.88 2.89 2.79 2.71 2.73 2.73 

Y2O3 0.35 0.39 0.41 0.31 0.38 0.41 0.35 0.44 0.36 0.43 

La2O3 5.10 5.24 5.13 5.30 4.59 4.83 5.36 5.09 5.06 5.09 

Ce2O3 11.37 11.52 11.43 11.62 11.28 11.37 11.27 11.26 11.28 11.31 

Pr2O3 1.17 1.08 1.17 1.14 1.15 1.21 1.17 1.07 1.10 1.11 

Nd2O3 4.16 4.14 4.23 4.18 4.41 4.59 4.27 4.15 4.32 4.29 

Sm2O3 0.74 0.77 0.73 0.73 0.82 0.80 0.78 0.74 0.78 0.76 

Gd2O3 0.14 0.14 0.18 0.15 0.19 0.20 0.15 0.14 0.12 0.11 

TOTAL 98.60 98.60 98.28 98.53 97.29 97.60 97.97 97.39 98.54 98.57 

La/Nd 1.22 1.26 1.21 1.26 1.04 1.05 1.25 1.22 1.16 1.18 

MnO/FeO 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 

Al/Fe 0.51 0.51 0.51 0.50 0.53 0.53 0.52 0.51 0.53 0.52 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.97 2.97 2.95 2.79 2.96 2.93 2.92 2.93 2.95 2.95 

Al 1.56 1.56 1.55 1.45 1.58 1.58 1.58 1.57 1.59 1.58 

Ti 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Fe2+ 1.01 1.00 1.02 1.39 0.99 0.96 0.95 0.96 0.99 0.98 

Fe3+ 0.46 0.46 0.46 0.45 0.46 0.49 0.53 0.53 0.46 0.49 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 

Mn 0.16 0.16 0.17 0.16 0.16 0.16 0.17 0.16 0.16 0.16 

Ca 0.90 0.90 0.90 0.84 0.91 0.91 0.90 0.91 0.89 0.90 

Th 0.06 0.06 0.06 0.06 0.07 0.07 0.06 0.06 0.06 0.06 

Y 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

La 0.18 0.19 0.19 0.18 0.17 0.18 0.20 0.19 0.18 0.18 

Ce 0.41 0.41 0.41 0.39 0.41 0.42 0.41 0.41 0.41 0.41 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.15 0.15 0.15 0.14 0.16 0.16 0.15 0.15 0.15 0.15 

Sm 0.03 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A3 Compositions of Sugarloaf Mountain allanite surfaces (Continued) 35 

Sample 10#3-1 10#3-2 10#8-1 10#8-2 

SiO2 28.60 28.94 29.54 28.84 

Al2O3 13.52 13.52 13.30 13.20 

TiO2 0.60 0.63 0.66 0.67 

FeO 10.70 11.23 11.65 11.10 

Fe2O3 7.48 6.81 7.05 7.63 

MgO 0.03 0.03 0.02 0.03 

MnO 1.90 1.89 1.95 1.85 

CaO 8.49 8.42 8.49 8.44 

ThO2 2.88 2.93 2.58 2.71 

Y2O3 0.42 0.46 0.44 0.43 

La2O3 4.70 4.64 5.12 5.05 

Ce2O3 11.14 11.37 11.37 11.41 

Pr2O3 1.11 1.18 1.13 1.13 

Nd2O3 4.32 4.52 4.19 4.05 

Sm2O3 0.81 0.83 0.73 0.73 

Gd2O3 0.18 0.16 0.07 0.15 

TOTAL 96.07 96.87 97.56 96.71 

La/Nd 1.08 1.02 1.21 1.24 

MnO/FeO 0.11 0.11 0.11 0.10 

Al/Fe 0.53 0.53 0.50 0.50 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.89 2.91 2.93 2.90 

Al 1.61 1.60 1.56 1.56 

Ti 0.05 0.05 0.05 0.05 

Fe2+ 0.90 0.94 0.97 0.93 

Fe3+ 0.57 0.51 0.53 0.58 

Mg 0.00 0.00 0.00 0.00 

Mn 0.16 0.16 0.16 0.16 

Ca 0.92 0.91 0.90 0.91 

Th 0.07 0.07 0.06 0.06 

Y 0.02 0.02 0.02 0.02 

La 0.18 0.17 0.19 0.19 

Ce 0.41 0.42 0.41 0.42 

Pr 0.04 0.04 0.04 0.04 

Nd 0.16 0.16 0.15 0.15 

Sm 0.03 0.03 0.02 0.03 

Gd 0.01 0.01 0.00 0.01 

∑ cation charge 25.00 25.00 25.00 25.00 

 36 
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APPENDIX D. Back-scattered electron images of Sugarloaf allanite interiors  38 

Back-scattered electron images of Sugarloaf rhyolite allanites. White circles represent location of 39 

spot analyses on the allanite interiors. Spot locations correspond to composition concentrations 40 

in Appendix B.  41 

Figure A 1 BSE images of allanite interiors from Sugarloaf Allanite 42 
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Figure A1 BSE images of allanite interiors from Sugarloaf Allanite (Continued) 44 
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 46 

Figure A1 BSE images of allanite interiors from Sugarloaf Allanite (Continued) 47 

 48 

 49 
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Figure A1 BSE images of allanite interiors from Sugarloaf Allanite (Continued) 51 

 52 
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Figure A1 BSE images of allanite interiors from Sugarloaf Allanite (Continued) 56 
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Figure A1 BSE images of allanite interiors from Sugarloaf Allanite (Continued) 61 
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APPENDIX E. Compositions of allanite interiors from Sugarloaf Rhyolite 64 

Allanite compositional data obtained by electron microprobe analyses. Black line separates compositional 65 

data from cation site allocations. To estimate the Fe2+/Fe3+ ratio, structural formulas were calculated 66 

based on a sum of 8 cations, and cation charges to balance a total negative charge was adjusted of 25 67 

(Armbruster et al., 2006). 68 

Table A 4 Compositions of Sugarloaf Mountain allanite Interiors 69 
Sample 1#3-1 1#3-2 1#3-3 1#3-4 1#3-5 1#3-6 

SiO2 29.19 29.28 29.47 29.18 28.76 28.85 

Al2O3 13.16 13.42 13.38 13.20 12.59 12.99 

TiO2 0.66 0.60 0.57 0.60 0.74 0.57 

FeO 11.27 11.41 11.82 10.98 11.40 11.24 

Fe2O3 7.14 6.81 6.81 7.12 7.14 6.98 

MgO 0.03 0.01 0.03 0.04 0.02 0.03 

MnO 1.89 2.09 2.16 1.57 1.75 1.73 

CaO 8.52 8.27 8.11 8.81 8.33 8.35 

ThO2 2.50 2.05 2.32 1.97 2.54 2.49 

Y2O3 0.40 0.58 0.55 0.45 0.48 0.39 

La2O3 5.26 4.74 4.54 5.07 5.48 5.49 

Ce2O3 11.12 11.19 11.21 11.70 11.61 11.93 

Pr2O3 1.07 1.16 1.21 1.14 1.12 1.18 

Nd2O3 4.05 4.55 4.49 4.44 4.13 4.40 

Sm2O3 0.82 0.98 0.95 0.82 0.79 0.82 

Gd2O3 0.18 0.32 0.26 0.14 0.15 0.10 

TOTAL 97.26 97.47 97.87 97.22 97.03 97.53 

La/Nd 1.29 1.04 1.01 1.14 1.32 1.24 

MnO/FeO 0.11 0.12 0.12 0.09 0.10 0.10 

Al/Fe 1.05 1.08 1.07 1.07 1.00 1.04 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.93 2.93 2.94 2.93 2.92 2.92 

Al 1.56 1.58 1.57 1.56 1.51 1.55 

Ti 0.05 0.05 0.04 0.05 0.06 0.04 

Fe2+ 0.95 0.95 0.98 0.92 0.97 0.95 

Fe3+ 0.54 0.51 0.51 0.54 0.55 0.53 

Mg 0.00 0.00 0.00 0.01 0.00 0.00 

Mn 0.16 0.18 0.18 0.13 0.15 0.15 

Ca 0.92 0.89 0.87 0.95 0.91 0.90 

Th 0.06 0.05 0.05 0.04 0.06 0.06 

Y 0.02 0.03 0.03 0.02 0.03 0.02 

La 0.19 0.18 0.17 0.19 0.21 0.20 

Ce 0.41 0.41 0.41 0.43 0.43 0.44 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.15 0.16 0.16 0.16 0.15 0.16 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.01 0.01 0.01 0.00 0.00 0.00 

∑ cation charge 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite interiors (Continued) 71 

Sample 2#0-1 2#0-2 2#0-3 2#0-4 2#0-5 2#0-6 2#0-7 2#0-8 

SiO2 29.07 28.83 29.47 29.88 29.34 29.31 30.12 29.20 

Al2O3 13.22 13.38 13.98 13.95 13.23 13.18 12.89 12.83 

TiO2 0.53 0.54 0.78 1.22 1.25 1.34 1.36 0.72 

FeO 11.37 11.15 10.45 9.44 9.28 9.43 11.21 11.37 

Fe2O3 7.07 7.35 7.43 7.93 8.75 8.60 6.85 7.27 

MgO 0.01 0.02 0.09 0.30 0.38 0.38 0.24 0.04 

MnO 2.30 2.26 0.73 0.48 0.52 0.56 0.70 1.87 

CaO 7.98 7.95 9.62 10.30 9.75 9.65 9.51 8.50 

ThO2 2.30 2.37 0.67 0.52 0.77 0.68 0.98 2.57 

Y2O3 0.46 0.51 0.32 0.22 0.14 0.16 0.25 0.46 

La2O3 4.63 4.44 5.96 6.47 7.16 7.14 6.47 5.20 

Ce2O3 11.27 11.24 12.29 12.26 12.36 12.16 12.27 11.52 

Pr2O3 1.27 1.18 1.14 1.06 1.07 0.98 1.06 1.16 

Nd2O3 4.71 4.29 3.83 3.48 3.12 3.44 3.57 3.99 

Sm2O3 0.86 0.86 0.66 0.51 0.43 0.44 0.55 0.77 

Gd2O3 0.14 0.23 0.15 0.02 -0.04 0.00 0.05 0.13 

TOTAL 97.19 96.61 97.56 98.04 97.51 97.46 98.08 97.62 

La/Nd 0.98 1.03 1.55 1.85 2.28 2.06 1.80 1.30 

MnO/FeO 0.13 0.13 0.04 0.03 0.03 0.03 0.04 0.10 

Al/Fe 1.05 1.06 1.15 1.19 1.09 1.08 1.05 1.01 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.93 2.91 2.91 2.92 2.91 2.91 2.97 2.93 

Al 1.57 1.59 1.63 1.61 1.54 1.54 1.50 1.52 

Ti 0.04 0.04 0.06 0.09 0.09 0.10 0.10 0.05 

Fe2+ 0.96 0.94 0.86 0.77 0.77 0.78 0.92 0.95 

Fe3+ 0.54 0.56 0.55 0.58 0.65 0.64 0.51 0.55 

Mg 0.00 0.00 0.01 0.04 0.06 0.06 0.04 0.01 

Mn 0.20 0.19 0.06 0.04 0.04 0.05 0.06 0.16 

Ca 0.86 0.86 1.02 1.08 1.04 1.03 1.00 0.91 

Th 0.05 0.05 0.01 0.01 0.02 0.02 0.02 0.06 

Y 0.02 0.03 0.02 0.01 0.01 0.01 0.01 0.02 

La 0.17 0.17 0.22 0.23 0.26 0.26 0.24 0.19 

Ce 0.42 0.42 0.44 0.44 0.45 0.44 0.44 0.42 

Pr 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.17 0.15 0.13 0.12 0.11 0.12 0.13 0.14 

Sm 0.03 0.03 0.02 0.02 0.01 0.01 0.02 0.03 

Gd 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 73 

Sample 2#1-1 2#1-2 2#1-3 2#1-4 2#1-5 2#3-1 2#3-2 2#3-3 2#3-4 2#3-5 2#3-6 2#3-7 

SiO2 29.49 29.28 29.97 29.78 29.03 29.72 29.18 29.57 28.91 29.77 29.66 29.47 

Al2O3 12.68 13.27 13.07 13.30 12.82 13.26 13.38 13.16 13.28 13.07 12.95 12.67 

TiO2 0.61 0.65 0.63 0.59 0.71 0.52 0.58 0.57 0.58 0.57 0.57 0.70 

FeO 11.80 11.35 11.77 11.94 11.63 11.28 11.31 11.64 10.70 11.69 11.44 11.61 

Fe2O3 6.72 6.69 6.17 6.28 6.84 7.26 6.94 6.71 7.52 6.59 6.96 7.04 

MgO 0.02 0.03 0.05 0.04 0.02 0.02 0.03 0.04 0.03 0.02 0.04 0.03 

MnO 1.79 1.64 1.63 2.07 1.75 2.32 1.95 2.20 1.77 1.87 1.78 1.92 

CaO 8.47 8.67 8.77 8.22 8.34 8.13 8.44 8.18 8.69 8.63 8.69 8.55 

ThO2 2.53 2.24 1.92 2.37 2.65 2.44 1.95 2.57 2.16 2.31 2.20 2.77 

Y2O3 0.43 0.36 0.44 0.47 0.43 0.43 0.35 0.47 0.42 0.50 0.56 0.47 

La2O3 5.33 5.20 5.21 4.68 5.30 4.47 4.74 4.72 4.94 4.97 5.21 5.41 

Ce2O3 11.74 11.60 11.74 11.47 11.75 11.43 11.79 11.59 11.49 11.45 11.61 11.23 

Pr2O3 1.15 1.17 1.15 1.13 1.11 1.20 1.21 1.24 1.23 1.13 1.20 1.15 

Nd2O3 4.38 4.43 4.34 4.68 4.26 4.54 4.52 4.51 4.47 4.48 4.26 4.05 

Sm2O3 0.77 0.83 0.87 0.92 0.81 0.88 0.88 0.88 0.86 0.85 0.82 0.75 

Gd2O3 0.17 0.22 0.21 0.27 0.15 0.22 0.18 0.19 0.18 0.18 0.18 0.13 

TOTAL 98.08 97.64 97.92 98.22 97.59 98.13 97.43 98.25 97.23 98.08 98.13 97.95 

La/Nd 1.21 1.17 1.19 0.99 1.24 0.98 1.04 1.04 1.10 1.10 1.22 1.33 

MnO/FeO 0.10 0.09 0.09 0.12 0.10 0.13 0.11 0.12 0.10 0.11 0.10 0.11 

Al/Fe 1.00 1.08 1.06 1.07 1.02 1.05 1.07 1.05 1.07 1.05 1.03 1.00 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.96 2.93 2.98 2.96 2.93 2.96 2.92 2.95 2.91 2.96 2.96 2.95 

Al 1.50 1.57 1.53 1.56 1.52 1.56 1.58 1.55 1.57 1.53 1.52 1.49 

Ti 0.05 0.05 0.05 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.05 

Fe2+ 0.99 0.95 0.98 0.99 0.98 0.94 0.95 0.97 0.90 0.97 0.95 0.97 

Fe3+ 0.51 0.50 0.46 0.47 0.52 0.54 0.52 0.50 0.57 0.49 0.52 0.53 

Mg 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 

Mn 0.15 0.14 0.14 0.17 0.15 0.20 0.17 0.19 0.15 0.16 0.15 0.16 

Ca 0.91 0.93 0.93 0.88 0.90 0.87 0.91 0.87 0.94 0.92 0.93 0.92 

Th 0.06 0.05 0.04 0.05 0.06 0.06 0.04 0.06 0.05 0.05 0.05 0.06 

Y 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03 

La 0.20 0.19 0.19 0.17 0.20 0.16 0.17 0.17 0.18 0.18 0.19 0.20 

Ce 0.43 0.43 0.43 0.42 0.43 0.42 0.43 0.42 0.42 0.42 0.42 0.41 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.16 0.16 0.15 0.17 0.15 0.16 0.16 0.16 0.16 0.16 0.15 0.14 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 75 

Sample 2#6-1 2#6-2 2#6-3 2#6-4 2#6-5 2#7-1 2#7-2 2#7-3 2#7-4 2#7-5 2#7-6 

SiO2 29.50 29.19 29.52 29.29 29.11 29.67 29.74 29.69 29.55 29.72 29.60 

Al2O3 13.19 13.44 12.95 12.73 12.69 12.48 12.57 12.84 12.74 13.14 13.08 

TiO2 0.63 0.66 0.58 0.67 0.73 0.64 0.75 0.72 0.73 0.53 0.52 

FeO 11.11 10.79 11.84 11.63 11.45 12.03 12.07 11.85 11.93 11.66 11.80 

Fe2O3 7.07 7.46 6.30 6.68 7.00 6.31 6.55 6.46 6.44 6.34 6.54 

MgO 0.05 0.03 0.04 0.05 0.05 0.01 0.04 0.01 0.03 0.00 0.02 

MnO 1.54 1.65 1.61 1.72 1.74 1.93 1.94 1.89 1.93 1.76 1.91 

CaO 8.92 8.82 8.50 8.43 8.48 8.48 8.46 8.66 8.44 8.68 8.33 

ThO2 1.95 1.57 2.39 2.49 2.67 2.70 2.89 2.68 2.87 1.95 2.17 

Y2O3 0.53 0.31 0.39 0.46 0.43 0.42 0.41 0.42 0.50 0.46 0.49 

La2O3 5.10 5.22 5.18 5.47 5.24 5.21 5.24 5.10 4.69 4.78 4.92 

Ce2O3 11.71 11.90 12.01 11.63 11.45 11.39 11.47 11.10 11.01 11.62 11.71 

Pr2O3 1.21 1.18 1.19 1.15 1.19 1.10 1.08 1.13 1.12 1.22 1.21 

Nd2O3 4.38 4.43 4.28 4.28 4.31 4.15 3.97 4.08 4.24 4.39 4.27 

Sm2O3 0.85 0.82 0.84 0.82 0.82 0.74 0.73 0.75 0.82 0.82 0.86 

Gd2O3 0.19 0.18 0.23 0.13 0.15 0.11 0.10 0.12 0.20 0.20 0.19 

TOTAL 97.93 97.65 97.85 97.63 97.50 97.37 97.99 97.50 97.24 97.27 97.61 

La/Nd 1.16 1.17 1.20 1.27 1.21 1.25 1.31 1.24 1.10 1.08 1.15 

MnO/FeO 0.09 0.09 0.09 0.10 0.10 0.11 0.11 0.11 0.11 0.10 0.11 

Al/Fe 1.06 1.08 1.04 1.02 1.01 0.99 0.99 1.02 1.01 1.07 1.04 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.94 2.91 2.96 2.95 2.93 2.99 2.97 2.97 2.97 2.97 2.96 

Al 1.55 1.58 1.53 1.51 1.51 1.48 1.48 1.51 1.51 1.55 1.54 

Ti 0.05 0.05 0.04 0.05 0.06 0.05 0.06 0.05 0.06 0.04 0.04 

Fe2+ 0.93 0.90 0.99 0.98 0.97 1.01 1.01 0.99 1.00 0.98 0.99 

Fe3+ 0.53 0.56 0.48 0.51 0.53 0.48 0.49 0.49 0.49 0.48 0.49 

Mg 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 

Mn 0.13 0.14 0.14 0.15 0.15 0.16 0.16 0.16 0.16 0.15 0.16 

Ca 0.95 0.94 0.91 0.91 0.92 0.91 0.91 0.93 0.91 0.93 0.89 

Th 0.04 0.04 0.05 0.06 0.06 0.06 0.07 0.06 0.07 0.04 0.05 

Y 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.03 

La 0.19 0.19 0.19 0.20 0.19 0.19 0.19 0.19 0.17 0.18 0.18 

Ce 0.43 0.43 0.44 0.43 0.42 0.42 0.42 0.41 0.40 0.43 0.43 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.16 0.16 0.15 0.15 0.16 0.15 0.14 0.15 0.15 0.16 0.15 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 77 

Sample 3#2-1 3#2-2 3#2-3 3#2-4 3#4-1 3#4-2 3#4-3 3#4-4 3#4-5 3#4-6 

SiO2 29.28 29.22 29.50 29.29 29.73 29.78 29.51 29.62 29.25 29.14 

Al2O3 12.83 12.80 13.30 13.27 12.73 13.05 13.08 13.19 12.90 12.81 

TiO2 0.72 0.60 0.59 0.58 0.75 0.79 0.73 0.65 0.72 0.62 

FeO 11.48 11.67 11.24 11.69 11.87 11.75 11.79 11.80 11.81 11.76 

Fe2O3 6.62 7.50 6.90 6.94 6.25 6.40 5.97 6.02 6.35 6.60 

MgO 0.03 0.05 0.01 0.03 0.05 0.05 0.04 0.03 0.04 0.02 

MnO 1.87 1.96 2.13 2.18 1.88 1.86 1.76 1.67 1.72 1.81 

CaO 8.45 8.38 8.28 8.15 8.62 8.70 8.63 8.66 8.33 8.26 

ThO2 2.94 2.48 2.48 2.47 2.77 2.64 2.96 2.49 2.44 2.54 

Y2O3 0.53 0.55 0.58 0.49 0.42 0.44 0.44 0.37 0.39 0.40 

La2O3 4.61 5.06 4.56 4.68 4.96 5.14 4.69 4.88 5.22 5.25 

Ce2O3 11.07 11.20 10.92 11.22 11.25 11.06 11.03 11.27 11.83 11.74 

Pr2O3 1.21 1.16 1.16 1.19 1.14 1.05 1.10 1.18 1.18 1.17 

Nd2O3 4.47 4.17 4.59 4.36 4.00 4.16 4.30 4.37 4.39 4.44 

Sm2O3 0.92 0.86 0.90 0.89 0.78 0.84 0.87 0.87 0.80 0.81 

Gd2O3 0.26 0.26 0.28 0.20 0.12 0.21 0.17 0.20 0.18 0.17 

TOTAL 97.30 97.94 97.41 97.61 97.32 97.92 97.08 97.27 97.55 97.52 

La/Nd 1.03 1.21 0.99 1.07 1.23 1.23 1.09 1.11 1.18 1.18 

MnO/FeO 0.11 0.11 0.12 0.12 0.11 0.11 0.10 0.10 0.10 0.10 

Al/Fe 1.02 1.01 1.05 1.06 1.03 1.05 1.07 1.08 1.04 1.02 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.95 2.92 2.95 2.93 2.98 2.96 2.97 2.97 2.95 2.94 

Al 1.52 1.51 1.57 1.56 1.50 1.53 1.55 1.56 1.53 1.52 

Ti 0.05 0.05 0.04 0.04 0.06 0.06 0.06 0.05 0.05 0.05 

Fe2+ 0.97 0.98 0.94 0.98 1.00 0.98 0.99 0.99 0.99 0.99 

Fe3+ 0.50 0.56 0.52 0.52 0.47 0.48 0.45 0.45 0.48 0.50 

Mg 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00 

Mn 0.16 0.17 0.18 0.18 0.16 0.16 0.15 0.14 0.15 0.15 

Ca 0.91 0.90 0.89 0.87 0.93 0.93 0.93 0.93 0.90 0.89 

Th 0.07 0.06 0.06 0.06 0.06 0.06 0.07 0.06 0.06 0.06 

Y 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 

La 0.17 0.19 0.17 0.17 0.18 0.19 0.17 0.18 0.19 0.20 

Ce 0.41 0.41 0.40 0.41 0.41 0.40 0.41 0.41 0.44 0.43 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.16 0.15 0.16 0.16 0.14 0.15 0.15 0.16 0.16 0.16 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 79 

Sample 3#7-1 3#7-2 3#7-3 3#7-4 3#7-5 3#7-6 4#2-1 4#2-2 4#2-3 4#2-4 4#2-5 

SiO2 29.35 30.05 29.59 29.37 29.36 29.33 29.68 29.70 29.50 29.53 29.11 

Al2O3 13.26 13.16 13.36 12.79 13.33 13.06 13.19 13.25 13.25 13.27 12.93 

TiO2 0.56 0.65 0.67 0.85 0.71 0.66 0.57 0.55 0.59 0.60 0.60 

FeO 11.40 12.33 11.49 11.95 11.61 11.53 11.58 11.67 11.67 11.72 11.51 

Fe2O3 6.60 6.01 6.73 6.34 6.81 6.60 6.51 6.68 6.68 6.54 6.92 

MgO 0.02 0.02 0.07 0.09 0.05 0.07 0.04 0.02 0.02 0.04 0.02 

MnO 1.90 2.00 1.58 1.45 1.83 1.48 2.05 2.12 2.18 2.08 1.74 

CaO 8.47 8.31 8.66 8.43 8.30 8.51 8.38 8.28 8.19 8.22 8.45 

ThO2 2.15 2.26 2.11 2.52 2.12 1.91 2.11 1.93 2.38 2.45 2.68 

Y2O3 0.40 0.64 0.56 0.64 0.71 0.53 0.36 0.45 0.41 0.43 0.48 

La2O3 4.85 4.37 4.86 5.11 4.47 5.20 4.78 4.82 4.66 4.55 5.30 

Ce2O3 11.27 10.50 11.18 11.30 10.92 11.55 11.97 11.63 11.55 11.23 11.48 

Pr2O3 1.19 1.17 1.12 1.14 1.17 1.18 1.22 1.22 1.26 1.10 1.17 

Nd2O3 4.41 4.56 4.50 4.51 4.53 4.28 4.37 4.61 4.50 4.44 4.34 

Sm2O3 0.85 0.99 0.96 0.90 0.99 0.89 0.86 0.94 0.88 0.86 0.82 

Gd2O3 0.13 0.38 0.33 0.31 0.31 0.29 0.17 0.20 0.20 0.23 0.12 

TOTAL 96.81 97.42 97.77 97.70 97.22 97.07 97.83 98.06 97.93 97.30 97.67 

La/Nd 1.09 0.95 1.07 1.13 0.98 1.21 1.09 1.04 1.03 1.02 1.21 

MnO/FeO 0.11 0.11 0.09 0.08 0.10 0.08 0.12 0.12 0.12 0.12 0.10 

Al/Fe 1.08 1.05 1.07 1.02 1.06 1.05 1.07 1.06 1.06 1.06 1.03 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.95 2.99 2.95 2.95 2.94 2.95 2.96 2.96 2.95 2.96 2.93 

Al 1.57 1.54 1.57 1.51 1.57 1.55 1.55 1.55 1.56 1.57 1.53 

Ti 0.04 0.05 0.05 0.06 0.05 0.05 0.04 0.04 0.04 0.05 0.05 

Fe2+ 0.96 1.03 0.96 1.00 0.97 0.97 0.97 0.97 0.97 0.98 0.97 

Fe3+ 0.50 0.45 0.50 0.48 0.51 0.50 0.49 0.50 0.50 0.49 0.52 

Mg 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 

Mn 0.16 0.17 0.13 0.12 0.15 0.13 0.17 0.18 0.18 0.18 0.15 

Ca 0.91 0.89 0.92 0.91 0.89 0.92 0.90 0.88 0.88 0.88 0.91 

Th 0.05 0.05 0.05 0.06 0.05 0.04 0.05 0.04 0.05 0.06 0.06 

Y 0.02 0.03 0.03 0.03 0.04 0.03 0.02 0.02 0.02 0.02 0.03 

La 0.18 0.16 0.18 0.19 0.16 0.19 0.18 0.18 0.17 0.17 0.20 

Ce 0.41 0.38 0.41 0.42 0.40 0.43 0.44 0.42 0.42 0.41 0.42 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04 

Nd 0.16 0.16 0.16 0.16 0.16 0.15 0.16 0.16 0.16 0.16 0.16 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 81 

Sample 4#5-1 4#5-2 4#5-3 4#5-4 4#5-5 4#5-6 4#8-1 4#8-2 4#8-3 4#8-4 4#8-5 4#8-6 

SiO2 29.80 29.77 29.38 29.60 29.44 29.50 29.03 30.22 29.90 29.74 29.40 29.87 

Al2O3 13.21 13.40 12.84 13.48 13.15 13.13 13.10 13.22 13.20 13.29 12.70 13.09 

TiO2 0.63 0.75 0.78 0.65 0.67 0.85 0.61 0.58 0.61 0.64 0.73 0.64 

FeO 11.98 11.89 11.98 11.36 11.54 11.56 11.26 11.87 12.07 11.43 11.86 11.90 

Fe2O3 6.38 6.66 6.48 6.77 6.96 7.06 7.21 6.09 6.27 6.61 6.71 6.30 

MgO 0.04 0.06 0.07 0.03 0.04 0.07 0.05 0.03 0.04 0.04 0.04 0.03 

MnO 2.15 1.65 1.34 1.37 1.68 1.60 1.68 1.68 2.09 1.62 1.82 1.81 

CaO 8.17 8.50 8.51 8.96 8.59 8.69 8.42 8.86 8.21 8.85 8.33 8.57 

ThO2 2.47 1.95 2.46 1.64 2.18 2.35 2.58 1.85 2.38 1.82 2.50 2.29 

Y2O3 0.57 0.72 0.52 0.54 0.58 0.62 0.43 0.48 0.50 0.44 0.40 0.39 

La2O3 4.49 4.55 5.49 5.09 5.23 4.76 5.26 4.85 4.70 5.08 5.28 5.35 

Ce2O3 11.21 10.53 11.04 11.43 10.98 10.85 11.91 11.74 11.56 12.01 11.89 11.56 

Pr2O3 1.12 1.16 1.16 1.17 1.09 1.10 1.19 1.20 1.22 1.18 1.15 1.16 

Nd2O3 4.51 4.58 4.49 4.48 4.05 4.28 4.37 4.31 4.64 4.44 4.41 4.25 

Sm2O3 0.93 1.10 0.90 0.97 0.91 0.95 0.85 0.85 0.88 0.85 0.81 0.81 

Gd2O3 0.28 0.44 0.30 0.35 0.26 0.39 0.21 0.16 0.17 0.19 0.18 0.16 

TOTAL 97.97 97.70 97.73 97.88 97.34 97.75 98.17 98.00 98.44 98.22 98.19 98.16 

La/Nd 0.99 0.99 1.22 1.13 1.28 1.11 1.20 1.12 1.01 1.14 1.19 1.25 

MnO/FeO 0.12 0.09 0.08 0.08 0.09 0.09 0.09 0.10 0.12 0.09 0.10 0.10 

Al/Fe 1.05 1.06 1.02 1.09 1.04 1.03 1.04 1.07 1.05 1.08 1.00 1.05 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.97 2.95 2.95 2.94 2.94 2.94 2.91 2.99 2.97 2.95 2.95 2.97 

Al 1.55 1.57 1.52 1.58 1.55 1.54 1.55 1.54 1.54 1.55 1.50 1.53 

Ti 0.05 0.06 0.06 0.05 0.05 0.06 0.05 0.04 0.05 0.05 0.06 0.05 

Fe2+ 1.00 0.99 1.01 0.94 0.97 0.96 0.94 0.98 1.00 0.95 0.99 0.99 

Fe3+ 0.48 0.50 0.49 0.51 0.52 0.53 0.54 0.45 0.47 0.49 0.51 0.47 

Mg 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 

Mn 0.18 0.14 0.11 0.12 0.14 0.13 0.14 0.14 0.18 0.14 0.15 0.15 

Ca 0.87 0.90 0.92 0.95 0.92 0.93 0.91 0.94 0.87 0.94 0.89 0.91 

Th 0.06 0.04 0.06 0.04 0.05 0.05 0.06 0.04 0.05 0.04 0.06 0.05 

Y 0.03 0.04 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.02 0.02 0.02 

La 0.16 0.17 0.20 0.19 0.19 0.17 0.19 0.18 0.17 0.19 0.20 0.20 

Ce 0.41 0.38 0.41 0.42 0.40 0.40 0.44 0.43 0.42 0.44 0.44 0.42 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.16 0.16 0.16 0.16 0.14 0.15 0.16 0.15 0.16 0.16 0.16 0.15 

Sm 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 83 

Sample 5#1-1 5#1-2 5#1-3 5#1-4 5#1-5 5#1-6 5#8-1 5#8-2 5#8-3 5#8-4 5#8-5 

SiO2 29.13 30.00 29.27 29.59 29.42 29.11 29.96 30.17 29.80 29.84 29.66 

Al2O3 13.16 12.85 12.86 13.35 12.88 13.01 12.36 12.99 13.15 13.11 12.74 

TiO2 0.60 0.65 0.66 0.66 0.85 0.70 0.68 0.62 0.58 0.60 0.66 

FeO 11.25 11.70 11.53 10.99 11.30 11.32 12.53 11.93 12.01 11.64 11.63 

Fe2O3 7.19 6.70 7.00 7.33 7.46 6.84 6.10 6.01 6.19 6.43 6.90 

MgO 0.05 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 

MnO 1.70 1.73 1.57 1.65 1.77 1.77 1.88 1.75 2.19 1.70 1.95 

CaO 8.43 8.78 8.61 9.01 8.87 8.64 8.31 8.79 8.20 8.76 8.63 

ThO2 2.19 1.73 2.44 1.82 2.51 2.93 2.60 2.03 2.51 2.02 2.70 

Y2O3 0.40 0.41 0.51 0.43 0.43 0.44 0.39 0.44 0.49 0.40 0.49 

La2O3 5.35 5.22 5.38 5.25 5.02 4.74 5.15 5.08 4.51 5.10 5.30 

Ce2O3 11.85 11.88 11.81 11.58 11.10 11.37 11.55 11.76 11.35 11.87 11.37 

Pr2O3 1.17 1.18 1.19 1.19 1.10 1.20 1.21 1.20 1.16 1.18 1.14 

Nd2O3 4.43 4.44 4.33 4.47 4.17 4.37 4.41 4.25 4.72 4.48 4.10 

Sm2O3 0.80 0.86 0.85 0.87 0.77 0.87 0.81 0.84 0.89 0.83 0.76 

Gd2O3 0.17 0.19 0.21 0.20 0.18 0.24 0.18 0.17 0.25 0.18 0.11 

TOTAL 97.88 98.36 98.26 98.43 97.87 97.58 98.15 98.06 98.01 98.16 98.16 

La/Nd 1.20 1.17 1.23 1.17 1.20 1.08 1.16 1.19 0.95 1.13 1.29 

MnO/FeO 0.10 0.10 0.09 0.09 0.10 0.10 0.10 0.10 0.12 0.10 0.11 

Al/Fe 1.05 1.02 1.02 1.07 1.01 1.05 0.97 1.06 1.05 1.06 1.01 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.92 2.98 2.93 2.93 2.93 2.93 3.00 3.00 2.97 2.97 2.96 

Al 1.55 1.50 1.52 1.56 1.51 1.54 1.46 1.52 1.55 1.54 1.50 

Ti 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.04 0.04 0.05 

Fe2+ 0.94 0.97 0.96 0.91 0.94 0.95 1.05 0.99 1.00 0.97 0.97 

Fe3+ 0.54 0.50 0.53 0.55 0.56 0.52 0.46 0.45 0.46 0.48 0.52 

Mg 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

Mn 0.14 0.15 0.13 0.14 0.15 0.15 0.16 0.15 0.18 0.14 0.16 

Ca 0.91 0.93 0.92 0.96 0.95 0.93 0.89 0.94 0.88 0.93 0.92 

Th 0.05 0.04 0.06 0.04 0.06 0.07 0.06 0.05 0.06 0.05 0.06 

Y 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.03 

La 0.20 0.19 0.20 0.19 0.18 0.18 0.19 0.19 0.17 0.19 0.19 

Ce 0.43 0.43 0.43 0.42 0.40 0.42 0.42 0.43 0.41 0.43 0.42 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.16 0.16 0.15 0.16 0.15 0.16 0.16 0.15 0.17 0.16 0.15 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 85 

Sample 5#9-1 5#9-2 5#9-3 5#9-4 5#9-5 5#9-6 6#1-1 6#1-2 6#1-3 6#1-4 6#1-5 6#1-6 6#1-7 6#1-8 

SiO2 28.99 29.32 29.43 29.76 29.57 29.54 29.41 29.43 29.37 29.33 29.44 29.50 29.54 29.89 

Al2O3 13.33 12.26 12.49 13.18 13.22 13.53 12.72 12.55 12.78 12.72 12.92 12.77 12.84 12.86 

TiO2 0.64 0.73 0.74 0.65 0.62 0.55 0.59 0.66 0.57 0.66 0.77 0.80 0.81 0.67 

FeO 11.12 11.63 11.86 11.24 11.86 11.77 11.93 12.04 11.70 11.82 11.81 11.80 11.61 12.00 

Fe2O3 7.47 7.27 6.80 7.13 6.68 6.55 6.26 6.21 6.56 6.36 6.33 6.39 7.11 6.51 

MgO 0.03 0.04 0.04 0.04 0.02 0.02 0.03 0.04 0.03 0.03 0.02 0.03 0.02 0.01 

MnO 2.19 1.71 1.80 1.63 2.15 2.17 1.74 1.82 1.65 1.67 1.79 1.84 1.87 1.94 

CaO 8.17 8.56 8.34 8.97 8.15 8.14 8.31 8.25 8.44 8.44 8.56 8.58 8.73 8.57 

ThO2 2.35 2.53 2.32 1.84 2.40 2.54 2.46 2.55 2.22 2.50 2.71 2.61 2.72 2.49 

Y2O3 0.52 0.61 0.33 0.36 0.59 0.46 0.41 0.37 0.47 0.50 0.53 0.52 0.45 0.38 

La2O3 4.60 5.28 5.28 5.19 4.55 4.65 5.14 5.29 5.16 5.17 4.88 4.82 5.24 5.29 

Ce2O3 10.99 11.45 11.72 11.74 11.49 11.13 11.91 11.79 12.01 11.73 11.01 10.94 10.93 11.32 

Pr2O3 1.22 1.12 1.20 1.22 1.16 1.14 1.15 1.21 1.20 1.16 1.17 1.11 1.12 1.17 

Nd2O3 4.48 4.25 4.33 4.36 4.58 4.53 4.35 4.23 4.31 4.32 4.27 4.21 4.02 3.94 

Sm2O3 0.89 0.85 0.80 0.82 0.90 0.91 0.80 0.77 0.83 0.79 0.83 0.81 0.72 0.76 

Gd2O3 0.28 0.20 0.18 0.16 0.22 0.20 0.13 0.09 0.15 0.20 0.19 0.23 0.11 0.13 

TOTAL 97.29 97.82 97.64 98.30 98.14 97.82 97.33 97.30 97.45 97.41 97.23 96.96 97.85 97.94 

La/Nd 1.02 1.24 1.21 1.18 0.99 1.02 1.18 1.24 1.19 1.19 1.14 1.14 1.30 1.34 

MnO/FeO 0.12 0.09 0.10 0.09 0.12 0.12 0.10 0.10 0.09 0.10 0.10 0.11 0.10 0.11 

Al/Fe 1.05 0.95 0.98 1.05 1.04 1.08 1.02 1.00 1.02 1.02 1.04 1.03 1.00 1.01 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.91 2.95 2.96 2.95 2.95 2.94 2.97 2.97 2.96 2.96 2.96 2.97 2.95 2.98 

Al 1.58 1.45 1.48 1.54 1.55 1.59 1.51 1.49 1.52 1.51 1.53 1.51 1.51 1.51 

Ti 0.05 0.06 0.06 0.05 0.05 0.04 0.04 0.05 0.04 0.05 0.06 0.06 0.06 0.05 

Fe2+ 0.93 0.98 1.00 0.93 0.99 0.98 1.01 1.02 0.99 1.00 0.99 0.99 0.97 1.00 

Fe3+ 0.56 0.55 0.51 0.53 0.50 0.49 0.48 0.47 0.50 0.48 0.48 0.48 0.53 0.49 

Mg 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 

Mn 0.19 0.15 0.15 0.14 0.18 0.18 0.15 0.16 0.14 0.14 0.15 0.16 0.16 0.16 

Ca 0.88 0.92 0.90 0.95 0.87 0.87 0.90 0.89 0.91 0.91 0.92 0.92 0.93 0.91 

Th 0.05 0.06 0.05 0.04 0.05 0.06 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.06 

Y 0.03 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.02 0.02 

La 0.17 0.20 0.20 0.19 0.17 0.17 0.19 0.20 0.19 0.19 0.18 0.18 0.19 0.19 

Ce 0.40 0.42 0.43 0.43 0.42 0.41 0.44 0.44 0.44 0.43 0.41 0.40 0.40 0.41 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.16 0.15 0.16 0.15 0.16 0.16 0.16 0.15 0.16 0.16 0.15 0.15 0.14 0.14 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 

Gd 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 87 

Sample 6#2-1 6#2-2 6#2-3 6#2-4 6#2-5 6#2-6 6#2-7 6#7-1 6#7-2 6#7-3 6#7-4 6#7-5 6#7-6 6#7-7 

SiO2 29.95 30.23 29.93 30.07 30.03 29.86 29.89 29.73 29.65 29.63 29.37 29.32 29.14 29.91 

Al2O3 12.80 13.08 12.74 13.19 13.07 13.18 12.97 13.34 13.34 13.34 13.42 13.35 13.22 13.02 

TiO2 0.75 0.70 0.70 0.61 0.75 0.63 0.60 0.61 0.68 0.78 0.70 0.74 0.72 0.66 

FeO 12.07 12.29 12.33 12.21 12.25 12.22 12.14 11.84 11.47 11.73 11.28 11.18 11.18 11.47 

Fe2O3 6.22 5.78 5.79 5.96 5.98 5.56 5.74 6.34 6.42 6.59 6.71 6.91 7.00 6.73 

MgO 0.04 0.04 0.04 0.05 0.02 0.01 0.04 0.05 0.04 0.04 0.04 0.04 0.08 0.02 

MnO 1.85 1.72 1.63 2.02 1.83 1.87 1.84 2.01 1.52 1.78 1.33 1.39 1.33 1.57 

CaO 8.66 8.60 8.57 8.24 8.66 8.56 8.51 8.28 8.86 8.50 8.92 8.91 8.73 9.07 

ThO2 2.79 2.09 2.61 2.29 2.82 3.04 2.98 2.35 1.93 1.88 1.78 1.65 1.97 1.79 

Y2O3 0.47 0.39 0.37 0.48 0.45 0.40 0.41 0.44 0.47 0.64 0.55 0.63 0.73 0.61 

La2O3 5.29 5.04 5.17 4.74 4.92 4.69 4.82 4.56 5.12 4.71 5.24 4.97 4.99 4.90 

Ce2O3 11.28 11.97 11.42 11.46 11.19 11.23 11.09 11.46 11.67 10.78 11.35 11.40 11.35 11.37 

Pr2O3 1.06 1.17 1.15 1.22 1.17 1.14 1.18 1.15 1.20 1.17 1.16 1.14 1.15 1.18 

Nd2O3 4.04 4.41 4.38 4.41 4.19 4.41 4.52 4.41 4.31 4.55 4.57 4.42 4.32 4.44 

Sm2O3 0.76 0.84 0.83 0.90 0.85 0.87 0.82 0.91 0.89 1.03 0.96 0.98 0.96 0.93 

Gd2O3 0.12 0.19 0.20 0.23 0.17 0.18 0.18 0.25 0.25 0.39 0.30 0.37 0.41 0.26 

TOTAL 98.13 98.55 97.86 98.09 98.34 97.84 97.76 97.74 97.83 97.54 97.67 97.41 97.27 97.94 

La/Nd 1.30 1.14 1.17 1.07 1.17 1.06 1.06 1.03 1.18 1.03 1.14 1.12 1.15 1.10 

MnO/FeO 0.10 0.10 0.09 0.11 0.10 0.11 0.11 0.11 0.09 0.10 0.08 0.08 0.08 0.09 

Al/Fe 1.02 1.05 1.02 1.06 1.04 1.08 1.06 1.07 1.09 1.06 1.09 1.08 1.07 1.05 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.98 2.99 2.99 2.99 2.98 2.98 2.99 2.96 2.95 2.95 2.93 2.93 2.92 2.97 

Al 1.50 1.53 1.50 1.54 1.53 1.55 1.53 1.57 1.57 1.56 1.58 1.57 1.56 1.52 

Ti 0.06 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.05 0.06 0.05 0.06 0.05 0.05 

Fe2+ 1.00 1.02 1.03 1.01 1.02 1.02 1.02 0.99 0.95 0.98 0.94 0.93 0.94 0.95 

Fe3+ 0.47 0.43 0.44 0.45 0.45 0.42 0.43 0.48 0.48 0.49 0.50 0.52 0.53 0.50 

Mg 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 

Mn 0.16 0.14 0.14 0.17 0.15 0.16 0.16 0.17 0.13 0.15 0.11 0.12 0.11 0.13 

Ca 0.92 0.91 0.92 0.88 0.92 0.92 0.91 0.88 0.94 0.91 0.95 0.95 0.94 0.96 

Th 0.06 0.05 0.06 0.05 0.06 0.07 0.07 0.05 0.04 0.04 0.04 0.04 0.04 0.04 

Y 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.04 0.03 

La 0.19 0.18 0.19 0.17 0.18 0.17 0.18 0.17 0.19 0.17 0.19 0.18 0.18 0.18 

Ce 0.41 0.43 0.42 0.42 0.41 0.41 0.41 0.42 0.43 0.39 0.41 0.42 0.42 0.41 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.14 0.16 0.16 0.16 0.15 0.16 0.16 0.16 0.15 0.16 0.16 0.16 0.15 0.16 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 

Gd 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 89 

Sample 6#8-1 6#8-2 6#8-3 6#8-4 6#8-5 6#8-6 6#8-7 7#1-1 7#1-2 7#1-3 7#1-4 7#1-5 

SiO2 28.89 29.47 29.74 29.78 29.57 29.64 29.67 29.75 29.47 29.68 29.29 29.73 

Al2O3 13.07 12.93 12.91 12.59 12.66 12.70 13.01 13.18 13.37 13.14 12.73 12.68 

TiO2 0.72 0.84 0.79 0.76 0.68 0.63 0.54 0.68 0.63 0.71 0.75 0.60 

FeO 11.12 11.48 12.11 12.42 12.04 12.00 11.97 11.84 11.67 11.39 11.79 12.08 

Fe2O3 7.18 6.87 5.94 5.93 6.24 6.27 6.36 6.70 6.73 7.07 6.74 6.04 

MgO 0.03 0.03 0.04 0.04 0.04 0.04 0.03 0.05 0.04 0.02 0.05 0.03 

MnO 1.86 1.83 1.81 1.74 1.71 1.69 2.27 2.02 2.07 1.60 1.73 1.82 

CaO 8.54 8.76 8.56 8.35 8.36 8.48 8.02 8.28 8.21 8.93 8.35 8.36 

ThO2 2.82 2.62 2.84 2.70 2.35 2.64 2.40 2.26 2.56 1.70 2.54 2.37 

Y2O3 0.46 0.47 0.51 0.39 0.42 0.51 0.49 0.46 0.58 0.46 0.43 0.41 

La2O3 5.10 5.01 4.53 5.31 5.40 5.10 4.50 5.02 4.56 5.30 5.20 5.42 

Ce2O3 11.14 11.49 10.77 11.75 11.99 11.61 11.34 11.43 11.36 11.48 11.71 11.99 

Pr2O3 1.17 1.14 1.15 1.17 1.16 1.13 1.16 1.22 1.22 1.16 1.20 1.15 

Nd2O3 4.10 4.08 4.49 4.40 4.05 4.34 4.54 4.47 4.35 4.23 4.35 4.26 

Sm2O3 0.78 0.76 0.85 0.77 0.79 0.83 0.89 0.87 0.91 0.89 0.83 0.81 

Gd2O3 0.13 0.13 0.26 0.13 0.15 0.12 0.16 0.21 0.23 0.21 0.19 0.12 

TOTAL 97.11 97.91 97.31 98.23 97.62 97.73 97.34 98.43 97.95 97.95 97.87 97.86 

La/Nd 1.24 1.22 1.00 1.20 1.33 1.17 0.99 1.12 1.04 1.24 1.19 1.27 

MnO/FeO 0.11 0.10 0.10 0.10 0.10 0.10 0.13 0.11 0.12 0.09 0.10 0.10 

Al/Fe 1.05 1.03 1.04 1.00 1.01 1.01 1.04 1.04 1.06 1.04 1.00 1.02 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.91 2.94 2.98 2.98 2.97 2.97 2.98 2.95 2.94 2.95 2.94 2.98 

Al 1.55 1.52 1.52 1.49 1.50 1.50 1.54 1.54 1.57 1.54 1.51 1.50 

Ti 0.05 0.06 0.06 0.06 0.05 0.05 0.04 0.05 0.05 0.05 0.06 0.05 

Fe2+ 0.94 0.96 1.01 1.04 1.01 1.01 1.00 0.98 0.97 0.95 0.99 1.01 

Fe3+ 0.54 0.52 0.45 0.45 0.47 0.47 0.48 0.50 0.50 0.53 0.51 0.46 

Mg 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 

Mn 0.16 0.15 0.15 0.15 0.15 0.14 0.19 0.17 0.17 0.13 0.15 0.15 

Ca 0.92 0.94 0.92 0.90 0.90 0.91 0.86 0.88 0.88 0.95 0.90 0.90 

Th 0.06 0.06 0.06 0.06 0.05 0.06 0.05 0.05 0.06 0.04 0.06 0.05 

Y 0.02 0.02 0.03 0.02 0.02 0.03 0.03 0.02 0.03 0.02 0.02 0.02 

La 0.19 0.18 0.17 0.20 0.20 0.19 0.17 0.18 0.17 0.19 0.19 0.20 

Ce 0.41 0.42 0.39 0.43 0.44 0.43 0.42 0.42 0.41 0.42 0.43 0.44 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.15 0.15 0.16 0.16 0.15 0.16 0.16 0.16 0.15 0.15 0.16 0.15 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 91 

Sample 7#3-1 7#3-2 7#3-3 7#3-4 7#3-5 7#3-6 7#3-7 7#8-1 7#8-2 7#8-3 7#8-4 7#8-5 7#8-6 7#8-7 

SiO2 29.49 29.04 29.22 29.18 29.77 29.93 29.47 30.03 29.98 30.07 29.93 29.85 30.00 29.60 

Al2O3 12.94 12.87 13.25 13.25 13.02 12.88 13.20 13.16 13.15 13.17 13.13 13.18 13.12 12.60 

TiO2 0.68 0.72 0.59 0.56 0.62 0.60 0.54 0.53 0.52 0.52 0.59 0.54 0.63 0.56 

FeO 11.65 11.26 11.23 11.44 12.02 11.82 11.63 12.25 12.11 12.34 12.28 12.10 11.67 11.98 

Fe2O3 6.64 7.07 6.98 6.85 6.24 6.36 6.36 6.09 6.25 5.99 6.21 6.00 6.46 6.41 

MgO 0.03 0.05 0.02 0.02 0.03 0.01 0.05 0.02 0.03 0.02 0.01 0.03 0.03 0.02 

MnO 1.89 1.85 1.84 2.24 2.13 1.75 2.12 2.35 2.36 2.24 2.22 2.16 1.49 1.77 

CaO 8.54 8.51 8.57 8.10 8.20 8.74 8.13 8.01 8.03 8.11 8.10 8.15 8.99 8.44 

ThO2 2.69 2.79 2.35 2.51 2.32 1.67 2.23 2.27 2.41 2.27 2.38 2.60 1.78 2.55 

Y2O3 0.44 0.43 0.43 0.45 0.41 0.41 0.43 0.47 0.50 0.44 0.59 0.48 0.64 0.50 

La2O3 4.96 5.06 4.90 4.51 4.65 5.03 4.79 4.47 4.71 4.78 4.35 4.57 5.00 5.25 

Ce2O3 11.24 11.24 11.45 11.13 11.16 11.62 11.59 11.33 11.09 11.41 11.14 11.14 11.48 11.37 

Pr2O3 1.11 1.13 1.16 1.17 1.19 1.19 1.19 1.20 1.20 1.22 1.17 1.19 1.19 1.18 

Nd2O3 3.91 4.10 4.39 4.48 4.37 4.37 4.56 4.47 4.50 4.45 4.57 4.46 4.42 4.27 

Sm2O3 0.76 0.75 0.88 0.89 0.89 0.80 0.86 0.87 0.91 0.88 0.94 0.91 0.98 0.85 

Gd2O3 0.14 0.14 0.19 0.22 0.25 0.17 0.15 0.13 0.19 0.21 0.28 0.25 0.32 0.15 

TOTAL 97.11 97.01 97.43 97.00 97.27 97.35 97.30 97.66 97.94 98.10 97.88 97.63 98.19 97.50 

La/Nd 1.26 1.23 1.11 1.00 1.06 1.14 1.04 0.99 1.04 1.07 0.95 1.02 1.12 1.22 

MnO/FeO 0.11 0.10 0.10 0.13 0.12 0.10 0.12 0.13 0.13 0.13 0.12 0.12 0.09 0.10 

Al/Fe 1.03 1.03 1.07 1.06 1.04 1.03 1.07 1.04 1.05 1.05 1.04 1.06 1.06 1.00 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.96 2.93 2.93 2.94 2.98 2.99 2.96 2.99 2.98 2.99 2.98 2.98 2.97 2.98 

Al 1.53 1.53 1.57 1.57 1.54 1.52 1.56 1.54 1.54 1.54 1.54 1.55 1.53 1.49 

Ti 0.05 0.05 0.04 0.04 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.04 

Fe2+ 0.98 0.95 0.94 0.96 1.01 0.99 0.98 1.02 1.01 1.03 1.02 1.01 0.97 1.01 

Fe3+ 0.50 0.54 0.53 0.52 0.47 0.48 0.48 0.46 0.47 0.45 0.47 0.45 0.48 0.49 

Mg 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mn 0.16 0.16 0.16 0.19 0.18 0.15 0.18 0.20 0.20 0.19 0.19 0.18 0.13 0.15 

Ca 0.92 0.92 0.92 0.87 0.88 0.94 0.87 0.85 0.86 0.86 0.86 0.87 0.95 0.91 

Th 0.06 0.06 0.05 0.06 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.06 0.04 0.06 

Y 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.03 0.03 0.03 0.03 

La 0.18 0.19 0.18 0.17 0.17 0.19 0.18 0.16 0.17 0.18 0.16 0.17 0.18 0.19 

Ce 0.41 0.42 0.42 0.41 0.41 0.42 0.43 0.41 0.40 0.42 0.41 0.41 0.42 0.42 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.14 0.15 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.15 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 93 

Sample 7#9-1 7#9-2 7#9-3 7#9-4 8#1-1 8#1-2 8#1-3 8#1-4 8#1-5 8#1-6 

SiO2 29.40 29.68 30.09 29.73 29.94 29.69 29.79 29.64 29.33 29.20 

Al2O3 12.59 13.02 13.18 12.77 13.40 13.14 13.08 13.04 12.76 12.52 

TiO2 0.66 0.60 0.65 0.61 0.52 0.54 0.57 0.58 0.55 0.65 

FeO 11.85 11.70 11.86 12.15 12.19 12.14 11.45 11.35 11.64 11.53 

Fe2O3 6.60 6.14 6.12 6.06 5.90 6.32 6.86 6.84 6.94 7.32 

MgO 0.03 0.01 0.04 0.02 0.03 0.01 0.02 0.02 0.03 0.04 

MnO 1.70 1.61 1.61 1.71 2.14 2.25 1.77 1.73 1.64 1.71 

CaO 8.45 8.75 8.83 8.42 8.15 8.02 8.80 8.81 8.50 8.50 

ThO2 2.59 1.87 1.86 2.36 2.33 2.59 1.86 1.97 2.42 2.71 

Y2O3 0.50 0.43 0.39 0.50 0.43 0.45 0.39 0.52 0.56 0.54 

La2O3 5.22 5.28 5.07 5.19 4.90 4.45 5.14 5.27 5.19 5.28 

Ce2O3 11.69 11.77 11.92 11.64 11.54 11.07 11.86 11.71 11.78 11.54 

Pr2O3 1.25 1.17 1.21 1.17 1.26 1.23 1.22 1.17 1.14 1.13 

Nd2O3 4.28 4.32 4.43 4.37 4.52 4.62 4.49 4.37 4.47 4.25 

Sm2O3 0.79 0.84 0.88 0.84 0.86 0.88 0.82 0.80 0.83 0.78 

Gd2O3 0.15 0.14 0.22 0.17 0.18 0.19 0.14 0.16 0.16 0.16 

TOTAL 97.76 97.34 98.36 97.71 98.31 97.58 98.25 97.98 97.93 97.86 

La/Nd 1.21 1.21 1.14 1.18 1.08 0.96 1.14 1.20 1.15 1.23 

MnO/FeO 0.10 0.09 0.09 0.10 0.12 0.13 0.10 0.10 0.09 0.09 

Al/Fe 1.00 1.07 1.07 1.02 1.08 1.04 1.05 1.05 1.01 0.97 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.96 2.97 2.98 2.98 2.97 2.97 2.96 2.95 2.94 2.94 

Al 1.49 1.54 1.54 1.51 1.57 1.55 1.53 1.53 1.51 1.48 

Ti 0.05 0.05 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.05 

Fe2+ 1.00 0.98 0.98 1.02 1.01 1.02 0.95 0.95 0.98 0.97 

Fe3+ 0.50 0.46 0.46 0.46 0.44 0.48 0.51 0.51 0.52 0.55 

Mg 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

Mn 0.14 0.14 0.14 0.15 0.18 0.19 0.15 0.15 0.14 0.15 

Ca 0.91 0.94 0.94 0.91 0.87 0.86 0.94 0.94 0.91 0.92 

Th 0.06 0.04 0.04 0.05 0.05 0.06 0.04 0.04 0.06 0.06 

Y 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.03 0.03 

La 0.19 0.19 0.19 0.19 0.18 0.16 0.19 0.19 0.19 0.20 

Ce 0.43 0.43 0.43 0.43 0.42 0.41 0.43 0.43 0.43 0.42 

Pr 0.05 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.04 0.04 

Nd 0.15 0.15 0.16 0.16 0.16 0.17 0.16 0.16 0.16 0.15 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 95 

Sample 8#7-1 8#7-2 8#7-3 8#7-4 8#7-5 8#7-6 8#8-1 8#8-2 8#8-3 8#8-4 8#8-5 8#8-6 

SiO2 29.51 29.23 29.38 29.27 29.21 29.65 29.99 29.97 29.81 29.89 29.61 29.62 

Al2O3 12.98 13.04 13.21 13.16 12.87 12.96 12.71 12.68 12.31 13.24 12.42 12.46 

TiO2 0.75 0.66 0.65 0.76 0.84 0.72 0.73 0.75 0.81 0.65 0.73 0.68 

FeO 11.75 11.51 11.75 11.70 11.33 11.92 12.21 12.29 12.34 12.50 12.30 12.39 

Fe2O3 6.46 6.89 6.63 6.49 7.18 6.30 6.01 6.15 6.27 5.54 6.18 5.60 

MgO 0.03 0.04 0.02 0.04 0.02 0.03 0.04 0.02 0.03 0.06 0.04 0.03 

MnO 1.90 1.66 1.63 1.84 1.81 1.90 1.78 1.86 1.84 1.76 1.77 1.79 

CaO 8.56 8.49 8.87 8.41 8.72 8.49 8.63 8.53 8.49 8.16 8.26 8.24 

ThO2 2.86 2.52 1.64 2.91 2.59 2.71 2.69 2.52 2.80 2.34 2.58 2.64 

Y2O3 0.40 0.40 0.44 0.50 0.43 0.41 0.41 0.44 0.48 0.65 0.45 0.36 

La2O3 4.93 5.17 5.21 4.62 5.11 4.93 5.16 5.36 4.91 4.54 5.23 5.15 

Ce2O3 11.11 11.74 11.76 11.25 11.24 11.40 10.92 11.17 11.02 10.63 11.69 11.74 

Pr2O3 1.13 1.16 1.16 1.13 1.15 1.12 1.06 1.11 1.12 1.13 1.11 1.17 

Nd2O3 3.94 4.34 4.32 4.41 3.95 4.10 4.26 4.00 4.06 4.41 4.45 4.49 

Sm2O3 0.77 0.81 0.80 0.84 0.78 0.78 0.74 0.72 0.79 0.97 0.80 0.78 

Gd2O3 0.14 0.17 0.17 0.25 0.23 0.14 0.16 0.14 0.17 0.35 0.19 0.14 

TOTAL 97.22 97.81 97.64 97.59 97.46 97.56 97.49 97.71 97.26 96.82 97.83 97.27 

La/Nd 1.24 1.19 1.20 1.04 1.28 1.20 1.20 1.33 1.20 1.03 1.17 1.14 

MnO/FeO 0.11 0.09 0.09 0.11 0.10 0.11 0.10 0.10 0.10 0.10 0.10 0.10 

Al/Fe 1.04 1.04 1.05 1.06 1.02 1.04 1.02 1.00 0.96 1.07 0.98 1.01 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.96 2.93 2.93 2.94 2.93 2.97 3.00 2.99 3.00 3.00 2.98 2.99 

Al 1.53 1.54 1.55 1.56 1.52 1.53 1.50 1.49 1.46 1.56 1.47 1.48 

Ti 0.06 0.05 0.05 0.06 0.06 0.05 0.06 0.06 0.06 0.05 0.06 0.05 

Fe2+ 0.99 0.97 0.98 0.98 0.95 1.00 1.02 1.03 1.04 1.05 1.04 1.05 

Fe3+ 0.49 0.52 0.50 0.49 0.54 0.47 0.45 0.46 0.47 0.42 0.47 0.43 

Mg 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.00 

Mn 0.16 0.14 0.14 0.16 0.15 0.16 0.15 0.16 0.16 0.15 0.15 0.15 

Ca 0.92 0.91 0.95 0.90 0.94 0.91 0.92 0.91 0.91 0.88 0.89 0.89 

Th 0.07 0.06 0.04 0.07 0.06 0.06 0.06 0.06 0.06 0.05 0.06 0.06 

Y 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02 

La 0.18 0.19 0.19 0.17 0.19 0.18 0.19 0.20 0.18 0.17 0.19 0.19 

Ce 0.41 0.43 0.43 0.41 0.41 0.42 0.40 0.41 0.41 0.39 0.43 0.43 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.14 0.16 0.15 0.16 0.14 0.15 0.15 0.14 0.15 0.16 0.16 0.16 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 

Gd 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 97 

Sample 8#9-1 8#9-2 8#9-3 8#9-4 8#9-5 8#9-6 8#9-7 8#9-8 
8#11-

1 
8#11-

2 
8#11-

3 
8#11-

4 
8#11-

5 

SiO2 29.73 29.63 29.51 29.68 29.53 29.58 29.63 29.40 29.41 29.61 29.45 29.39 29.60 

Al2O3 13.22 13.03 13.18 13.21 13.48 13.23 12.86 12.68 12.61 13.32 12.97 13.25 12.96 

TiO2 0.59 0.61 0.59 0.62 0.58 0.62 0.70 0.63 0.72 0.64 0.74 0.73 0.71 

FeO 11.75 11.74 11.67 11.79 11.74 11.36 11.89 11.75 12.17 11.23 11.52 11.55 11.67 

Fe2O3 6.61 6.56 6.64 6.44 6.68 6.64 6.30 6.90 6.23 7.05 6.83 6.73 6.69 

MgO 0.04 0.04 0.04 0.05 0.02 0.03 0.04 0.04 0.02 0.04 0.04 0.04 0.03 

MnO 2.15 2.05 2.06 2.13 2.07 1.62 1.68 1.86 1.72 1.77 1.84 1.82 1.93 

CaO 8.24 8.31 8.26 8.21 8.22 8.82 8.54 8.31 8.26 8.75 8.63 8.60 8.63 

ThO2 2.37 2.28 2.48 2.37 2.50 2.03 2.28 2.45 2.37 1.82 2.62 2.99 2.81 

Y2O3 0.46 0.50 0.43 0.48 0.40 0.44 0.36 0.37 0.42 0.40 0.41 0.43 0.59 

La2O3 4.79 4.80 4.38 4.69 4.64 5.16 5.26 5.32 5.30 4.95 5.10 4.69 4.78 

Ce2O3 11.31 11.18 11.35 11.24 11.20 11.86 11.69 11.86 11.79 11.65 11.50 11.12 10.91 

Pr2O3 1.25 1.19 1.16 1.12 1.18 1.21 1.16 1.13 1.15 1.26 1.12 1.13 1.13 

Nd2O3 4.55 4.40 4.54 4.42 4.59 4.41 4.44 4.33 4.24 4.39 4.18 4.38 4.14 

Sm2O3 0.88 0.86 0.88 0.90 0.91 0.86 0.80 0.80 0.81 0.81 0.78 0.85 0.84 

Gd2O3 0.22 0.21 0.20 0.19 0.24 0.20 0.18 0.09 0.16 0.17 0.13 0.20 0.19 

TOTAL 98.15 97.39 97.37 97.53 97.98 98.04 97.81 97.90 97.37 97.85 97.85 97.90 97.61 

La/Nd 1.05 1.08 0.96 1.06 1.01 1.16 1.18 1.22 1.24 1.12 1.21 1.07 1.15 

MnO/FeO 0.12 0.12 0.12 0.12 0.12 0.09 0.10 0.10 0.10 0.10 0.10 0.10 0.11 

Al/Fe 1.05 1.04 1.05 1.06 1.07 1.08 1.03 1.00 1.00 1.07 1.03 1.06 1.03 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.96 2.97 2.96 2.96 2.94 2.95 2.97 2.95 2.97 2.94 2.94 2.93 2.96 

Al 1.55 1.54 1.56 1.56 1.58 1.55 1.52 1.50 1.50 1.56 1.53 1.56 1.53 

Ti 0.04 0.05 0.04 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.05 

Fe2+ 0.98 0.98 0.98 0.98 0.98 0.95 1.00 0.99 1.03 0.93 0.96 0.96 0.98 

Fe3+ 0.49 0.49 0.50 0.48 0.50 0.50 0.47 0.52 0.47 0.53 0.51 0.51 0.50 

Mg 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.00 

Mn 0.18 0.17 0.17 0.18 0.17 0.14 0.14 0.16 0.15 0.15 0.16 0.15 0.16 

Ca 0.88 0.89 0.89 0.88 0.88 0.94 0.92 0.89 0.89 0.93 0.92 0.92 0.92 

Th 0.05 0.05 0.06 0.05 0.06 0.05 0.05 0.06 0.05 0.04 0.06 0.07 0.06 

Y 0.02 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 

La 0.18 0.18 0.16 0.17 0.17 0.19 0.19 0.20 0.20 0.18 0.19 0.17 0.18 

Ce 0.41 0.41 0.42 0.41 0.41 0.43 0.43 0.44 0.44 0.42 0.42 0.41 0.40 

Pr 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 

Nd 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.15 0.16 0.15 0.16 0.15 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 99 

Sample 9#2-1 9#2-2 9#2-3 9#2-4 9#2-5 9#3-1 9#3-2 9#3-3 9#3-4 9#3-5 9#3-6 9#3-7 

SiO2 29.62 29.92 29.17 29.29 29.80 29.38 29.22 29.59 29.29 29.28 29.58 30.21 

Al2O3 12.58 13.01 12.34 12.25 12.76 12.91 12.87 13.21 12.92 12.84 13.35 13.21 

TiO2 0.78 0.56 0.65 0.85 0.59 0.57 0.72 0.81 0.83 0.90 0.74 0.62 

FeO 12.03 12.17 11.51 11.83 11.76 11.31 11.53 11.54 11.89 11.65 11.55 12.71 

Fe2O3 6.66 6.19 7.35 7.07 6.51 6.68 6.72 6.54 6.49 6.84 6.70 5.49 

MgO 0.02 0.03 0.03 0.02 0.02 0.02 0.06 0.07 0.08 0.08 0.07 0.05 

MnO 1.88 2.30 1.88 1.85 1.88 1.69 1.37 1.27 1.51 1.45 1.49 1.96 

CaO 8.50 8.06 8.41 8.48 8.60 8.70 8.54 8.86 8.26 8.53 8.63 8.06 

ThO2 2.81 2.44 2.66 2.74 2.19 1.80 1.69 1.61 2.18 2.02 1.73 2.24 

Y2O3 0.45 0.52 0.42 0.44 0.47 0.43 0.57 0.63 0.56 0.51 0.62 0.58 

La2O3 5.22 4.58 5.50 4.99 4.81 5.15 5.26 4.86 4.90 5.28 5.12 4.82 

Ce2O3 11.08 10.98 11.24 11.42 11.51 11.82 11.52 11.37 11.58 11.48 11.02 10.97 

Pr2O3 1.18 1.21 1.16 1.07 1.15 1.19 1.16 1.16 1.18 1.13 1.14 1.14 

Nd2O3 4.05 4.56 4.03 3.98 4.36 4.24 4.44 4.56 4.63 4.21 4.30 4.34 

Sm2O3 0.77 0.85 0.71 0.74 0.83 0.81 0.93 1.00 0.97 0.88 0.95 0.96 

Gd2O3 0.13 0.20 0.15 0.12 0.17 0.15 0.27 0.40 0.37 0.31 0.41 0.31 

TOTAL 97.78 97.59 97.20 97.14 97.43 96.84 96.89 97.47 97.66 97.39 97.39 97.65 

La/Nd 1.28 1.00 1.36 1.25 1.10 1.21 1.18 1.06 1.05 1.25 1.19 1.11 

MnO/FeO 0.10 0.13 0.10 0.10 0.11 0.10 0.08 0.07 0.09 0.08 0.08 0.11 

Al/Fe 0.98 1.03 0.96 0.95 1.02 1.05 1.03 1.07 1.03 1.02 1.07 1.05 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.97 2.99 2.95 2.96 2.98 2.96 2.95 2.95 2.94 2.94 2.95 3.01 

Al 1.48 1.53 1.47 1.46 1.51 1.53 1.53 1.55 1.53 1.52 1.57 1.55 

Ti 0.06 0.04 0.05 0.06 0.04 0.04 0.05 0.06 0.06 0.07 0.06 0.05 

Fe2+ 1.01 1.02 0.97 1.00 0.98 0.95 0.97 0.96 1.00 0.98 0.96 1.06 

Fe3+ 0.50 0.47 0.56 0.54 0.49 0.51 0.51 0.49 0.49 0.52 0.50 0.41 

Mg 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 

Mn 0.16 0.19 0.16 0.16 0.16 0.14 0.12 0.11 0.13 0.12 0.13 0.17 

Ca 0.91 0.86 0.91 0.92 0.92 0.94 0.92 0.95 0.89 0.92 0.92 0.86 

Th 0.06 0.06 0.06 0.06 0.05 0.04 0.04 0.04 0.05 0.05 0.04 0.05 

Y 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 

La 0.19 0.17 0.21 0.19 0.18 0.19 0.20 0.18 0.18 0.20 0.19 0.18 

Ce 0.41 0.40 0.42 0.42 0.42 0.44 0.43 0.42 0.43 0.42 0.40 0.40 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.14 0.16 0.15 0.14 0.16 0.15 0.16 0.16 0.17 0.15 0.15 0.15 

Sm 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 101 

Sample 9#6-1 9#6-2 9#6-3 9#6-4 9#6-5 9#6-6 9#6-7 9#6-8 
10#1-

1 
10#1-

2 
10#1-

3 
10#1-

4 
10#1-

5 
10#1-

6 

SiO2 29.13 28.54 30.09 28.99 29.16 28.97 29.35 29.19 29.45 29.76 29.64 29.76 29.08 28.91 

Al2O3 13.28 13.37 12.83 12.69 13.11 12.57 13.26 13.09 12.84 13.24 13.18 13.17 13.30 12.73 

TiO2 0.55 0.57 0.58 0.63 0.59 0.75 0.57 0.58 0.66 0.61 0.61 0.62 0.61 0.66 

FeO 11.16 10.92 11.95 11.13 10.91 11.41 11.24 11.47 11.86 11.32 11.82 11.90 10.73 11.11 

Fe2O3 7.07 7.61 6.07 7.57 7.43 7.18 6.90 6.94 6.52 7.10 6.60 6.32 7.40 7.32 

MgO 0.03 0.00 0.02 0.02 0.02 0.03 0.00 0.03 0.03 0.03 0.03 0.02 0.04 0.02 

MnO 2.06 2.22 1.72 1.95 1.72 1.85 1.67 2.22 1.87 1.68 2.20 1.79 1.68 1.80 

CaO 8.31 8.04 8.79 8.54 8.75 8.48 8.70 8.05 8.32 8.87 8.20 8.57 8.81 8.20 

ThO2 2.19 2.48 1.98 2.73 1.72 2.79 1.63 2.37 2.48 1.81 2.56 2.39 1.91 2.67 

Y2O3 0.46 0.53 0.50 0.43 0.42 0.49 0.44 0.57 0.38 0.44 0.44 0.41 0.44 0.41 

La2O3 4.50 4.60 5.12 5.18 5.08 4.63 4.91 4.56 5.16 5.05 4.76 5.01 5.05 5.03 

Ce2O3 11.09 11.26 11.72 11.27 11.45 10.76 12.08 11.16 11.73 11.64 11.12 11.42 11.55 11.70 

Pr2O3 1.17 1.19 1.20 1.10 1.14 1.12 1.17 1.14 1.18 1.18 1.21 1.22 1.21 1.20 

Nd2O3 4.56 4.39 4.25 3.88 4.28 4.34 4.47 4.20 4.21 4.29 4.47 4.55 4.34 4.22 

Sm2O3 0.88 0.88 0.80 0.73 0.86 0.86 0.84 0.88 0.82 0.84 0.86 0.88 0.88 0.80 

Gd2O3 0.20 0.29 0.18 0.12 0.15 0.18 0.15 0.30 0.12 0.25 0.24 0.22 0.16 0.19 

TOTAL 96.64 96.86 97.79 96.96 96.78 96.40 97.39 96.74 97.65 98.11 97.93 98.23 97.17 96.96 

La/Nd 0.98 1.04 1.20 1.33 1.18 1.06 1.09 1.08 1.22 1.17 1.06 1.09 1.16 1.19 

MnO/FeO 0.12 0.12 0.10 0.11 0.10 0.10 0.10 0.13 0.11 0.09 0.12 0.10 0.10 0.10 

Al/Fe 1.07 1.06 1.04 1.00 1.05 0.99 1.07 1.04 1.02 1.05 1.05 1.06 1.08 1.01 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.93 2.88 3.00 2.93 2.93 2.94 2.94 2.94 2.96 2.95 2.96 2.96 2.92 2.94 

Al 1.58 1.59 1.51 1.51 1.55 1.50 1.56 1.56 1.52 1.55 1.55 1.54 1.57 1.52 

Ti 0.04 0.04 0.04 0.05 0.04 0.06 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 

Fe2+ 0.94 0.92 1.00 0.94 0.92 0.97 0.94 0.97 1.00 0.94 0.99 0.99 0.90 0.94 

Fe3+ 0.54 0.58 0.46 0.58 0.56 0.55 0.52 0.53 0.49 0.53 0.50 0.47 0.56 0.56 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 

Mn 0.18 0.19 0.15 0.17 0.15 0.16 0.14 0.19 0.16 0.14 0.19 0.15 0.14 0.16 

Ca 0.90 0.87 0.94 0.92 0.94 0.92 0.93 0.87 0.89 0.94 0.88 0.91 0.95 0.89 

Th 0.05 0.06 0.04 0.06 0.04 0.06 0.04 0.05 0.06 0.04 0.06 0.05 0.04 0.06 

Y 0.02 0.03 0.03 0.02 0.02 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 

La 0.17 0.17 0.19 0.19 0.19 0.17 0.18 0.17 0.19 0.18 0.18 0.18 0.19 0.19 

Ce 0.41 0.42 0.43 0.42 0.42 0.40 0.44 0.41 0.43 0.42 0.41 0.42 0.42 0.43 

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nd 0.16 0.16 0.15 0.14 0.15 0.16 0.16 0.15 0.15 0.15 0.16 0.16 0.16 0.15 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 103 

Sample 10#3-1 10#3-2 10#3-3 10#3-4 10#3-5 10#4-1 10#4-2 10#4-3 10#4-4 10#4-5 10#4-6 10#4-7 

SiO2 30.02 29.60 29.56 29.36 29.16 28.85 29.62 30.02 29.97 30.06 29.42 29.42 

Al2O3 13.08 13.26 13.19 12.91 12.59 13.20 12.69 13.08 13.45 13.25 13.19 12.94 

TiO2 0.77 0.63 0.73 0.59 0.70 0.58 0.70 1.44 1.32 1.34 0.85 0.55 

FeO 12.05 11.89 12.02 11.78 11.76 11.30 11.79 10.23 10.47 10.27 11.33 11.79 

Fe2O3 5.88 6.24 5.73 6.32 6.70 7.16 6.69 7.85 7.24 7.70 6.48 6.25 

MgO 0.04 0.03 0.03 0.04 0.04 0.01 0.03 0.30 0.25 0.28 0.15 0.03 

MnO 1.84 2.18 1.73 1.64 1.81 2.19 1.94 0.58 0.60 0.59 1.22 1.62 

CaO 8.74 8.10 8.54 8.38 8.22 8.00 8.53 10.03 9.82 9.96 8.61 8.44 

ThO2 2.67 2.30 2.94 2.34 2.48 2.25 2.59 0.79 0.65 0.62 1.46 2.29 

Y2O3 0.45 0.45 0.45 0.42 0.43 0.52 0.45 0.16 0.27 0.23 0.35 0.45 

La2O3 4.84 4.69 4.68 5.28 5.19 4.50 4.99 6.45 6.58 6.39 5.85 5.22 

Ce2O3 10.90 11.22 10.99 11.58 11.89 11.24 11.19 11.94 12.22 11.98 11.85 11.89 

Pr2O3 1.07 1.19 1.15 1.14 1.22 1.22 1.15 0.95 1.03 1.08 1.12 1.18 

Nd2O3 4.03 4.47 4.39 4.43 4.26 4.49 4.05 3.47 3.69 3.49 4.31 4.14 

Sm2O3 0.77 0.90 0.90 0.81 0.81 0.89 0.74 0.49 0.57 0.52 0.82 0.80 

Gd2O3 0.20 0.21 0.24 0.16 0.22 0.25 0.11 0.01 0.10 0.06 0.23 0.15 

TOTAL 97.35 97.37 97.25 97.20 97.48 96.64 97.26 97.77 98.23 97.81 97.23 97.15 

La/Nd 1.20 1.04 1.06 1.18 1.21 1.00 1.23 1.85 1.77 1.82 1.35 1.25 

MnO/FeO 0.11 0.12 0.10 0.09 0.10 0.12 0.11 0.03 0.04 0.03 0.07 0.09 

Al/Fe 1.06 1.07 1.08 1.04 1.00 1.05 1.00 1.07 1.12 1.09 1.08 1.05 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.99 2.96 2.97 2.96 2.95 2.92 2.97 2.95 2.94 2.95 2.95 2.96 

Al 1.54 1.56 1.56 1.53 1.50 1.57 1.50 1.51 1.56 1.53 1.56 1.54 

Ti 0.06 0.05 0.05 0.04 0.05 0.04 0.05 0.11 0.10 0.10 0.06 0.04 

Fe2+ 1.00 1.00 1.01 0.99 0.99 0.96 0.99 0.84 0.86 0.84 0.95 0.99 

Fe3+ 0.44 0.47 0.43 0.48 0.51 0.54 0.51 0.58 0.53 0.57 0.49 0.47 

Mg 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.04 0.04 0.04 0.02 0.01 

Mn 0.16 0.18 0.15 0.14 0.15 0.19 0.17 0.05 0.05 0.05 0.10 0.14 

Ca 0.93 0.87 0.92 0.91 0.89 0.87 0.92 1.06 1.03 1.05 0.93 0.91 

Th 0.06 0.05 0.07 0.05 0.06 0.05 0.06 0.02 0.01 0.01 0.03 0.05 

Y 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.01 0.01 0.01 0.02 0.02 

La 0.18 0.17 0.17 0.20 0.19 0.17 0.18 0.23 0.24 0.23 0.22 0.19 

Ce 0.40 0.41 0.40 0.43 0.44 0.42 0.41 0.43 0.44 0.43 0.44 0.44 

Pr 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.03 0.04 0.04 0.04 0.04 

Nd 0.14 0.16 0.16 0.16 0.15 0.16 0.14 0.12 0.13 0.12 0.15 0.15 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.03 

Gd 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 

∑ cation 
charge 

25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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Table A4 Compositions of Sugarloaf Mountain allanite Interiors (Continued) 105 

Sample 10#6-1 10#6-2 10#6-3 10#6-4 10#6-5 10#6-6 10#6-7 

SiO2 29.62 29.50 29.61 29.59 29.40 29.44 29.34 

Al2O3 13.31 13.15 13.07 13.02 13.05 12.62 12.39 

TiO2 0.55 0.52 0.57 0.61 0.55 0.66 0.64 

FeO 11.49 11.70 11.44 11.16 11.78 11.69 11.85 

Fe2O3 6.56 6.76 6.71 7.01 6.76 6.68 6.51 

MgO 0.01 0.03 0.02 0.02 0.02 0.02 0.04 

MnO 1.79 2.27 1.76 2.22 1.89 1.85 1.83 

CaO 8.65 8.10 8.69 8.20 8.66 8.49 8.31 

ThO2 2.00 2.67 1.86 2.43 2.00 2.40 2.59 

Y2O3 0.41 0.54 0.40 0.55 0.43 0.47 0.51 

La2O3 5.07 4.35 5.19 4.65 4.98 5.09 5.20 

Ce2O3 11.78 11.16 11.72 11.03 11.32 11.84 11.74 

Pr2O3 1.26 1.17 1.24 1.17 1.24 1.13 1.19 

Nd2O3 4.35 4.37 4.24 4.40 4.38 4.23 4.30 

Sm2O3 0.81 0.90 0.83 0.87 0.88 0.79 0.79 

Gd2O3 0.15 0.19 0.14 0.23 0.19 0.11 0.15 

TOTAL 97.83 97.39 97.49 97.15 97.55 97.51 97.36 

La/Nd 1.16 0.99 1.21 1.05 1.13 1.20 1.20 

MnO/FeO 0.10 0.13 0.10 0.12 0.11 0.10 0.10 

Al/Fe 1.08 1.04 1.05 1.03 1.05 1.00 0.99 

Normalized ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 ∑=8 

Si 2.95 2.96 2.96 2.97 2.94 2.96 2.97 

Al 1.56 1.55 1.54 1.54 1.54 1.50 1.48 

Ti 0.04 0.04 0.04 0.05 0.04 0.05 0.05 

Fe2+ 0.96 0.98 0.96 0.94 0.98 0.98 1.00 

Fe3+ 0.49 0.51 0.50 0.53 0.51 0.51 0.50 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

Mn 0.15 0.19 0.15 0.19 0.16 0.16 0.16 

Ca 0.92 0.87 0.93 0.88 0.93 0.92 0.90 

Th 0.05 0.06 0.04 0.06 0.05 0.05 0.06 

Y 0.02 0.03 0.02 0.03 0.02 0.03 0.03 

La 0.19 0.16 0.19 0.17 0.18 0.19 0.19 

Ce 0.43 0.41 0.43 0.41 0.41 0.44 0.43 

Pr 0.05 0.04 0.05 0.04 0.05 0.04 0.04 

Nd 0.15 0.16 0.15 0.16 0.16 0.15 0.16 

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Gd 0.01 0.01 0.00 0.01 0.01 0.00 0.01 

∑ cation charge 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
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APPENDIX F. Composition Mixture Modeling of allanite surfaces from Sugarloaf 107 

Mountain 108 

Figure A 2 Population density diagram for compositions of allanite surfaces and corresponding 109 

plots 110 
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Figure A2 Population density diagram for compositions of allanite surfaces and corresponding plots. (Continued)112 
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Figure A2 Population density diagram for compositions of allanite surfaces and corresponding plots. (Continued)114 
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Figure A2 Population density diagram for compositions of allanite surfaces and corresponding plots. (Continued)116 
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Figure A2 Population density diagram for compositions of allanite surfaces and corresponding plots. (Continued)118 
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