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ABSTRACT 
Niobium-yttrium-fluorine (NYF) pegmatites comprise a subset of the rare-

element pegmatite class. Because of their composition and geochemistry, these 

pegmatites are commonly associated with A-type magmatism in extensional 

environments. NYF pegmatites exposed in the Nordland area of the Norwegian 

Caledonides have been proposed to be coeval, and genetically related to their 1.7 Ga 

A-type Tysfjord granitic-gneiss host. A geochronological study, using U-Pb Isotope

Dilution Thermal Ionization Mass Spectrometry (ID-TIMS) and Electron-Probe Micro-

Analysis (EPMA) total U-Th-Pb techniques applied to zircon, fergusonite and

xenotime provide ages of 400 Ma. Petrographic analysis by optical and back-

scattered electron (BSE) imaging shows evidence of fergusonite dissolution and

growth of xenotime halos around apatite occurring in a fluorine-rich siliceous-melt,

and allanite and zircon display primary growth textures attributed to pegmatite

emplacement with no evidence of metamorphic overprint. Based on the textural

evidence it is proposed that the geochronological data represents the age of primary

pegmatite crystallization.

This study concludes crystallization of NYF pegmatites through partial melting 

of their host during late pro-grade metamorphism associated with Caledonian nappe 

emplacement. Partial melting was likely aided by H2O, made available through local 

metamorphism, and fluorine, also released by metamorphism of the host. A 

Caledonian-aged emplacement and crystallization of NYF pegmatites in Nordland 

challenges the existing model that these pegmatites were part of the host Tysfjord 

Granite magmatic event. Furthermore, it suggests that the primary model for NYF-

pegmatite emplacement that ties them to anorogenic tectonic environments and 

associated with A-type magmatism may not be appropriate for all cases. 
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CHAPTER 1 

INTRODUCTION 

The rare-element family of granitic pegmatites is distinguished by the 

concentration of rare elements, including Y, Th, U, and the rare earth elements 

(REEs). These pegmatites were recognized as a distinct class in the 1970’s, when a 

genetic nomenclature scheme for pegmatites was first proposed (Ginsburg et al., 

1979). Rare element pegmatites attract the attention of petrologists and society due 

to their geochemical and textural complexity as well as their economic value (Ercit, 

2005). Several researchers have described mineralogical, textural and compositional 

properties of RE-pegmatites (Hanson, 1980; London, 1987; Cerny, 1992), particularly 

the lithium-cesium-tantalum (LCT) sub-group. However, comprehensive petrogenetic 

models for the second, less common, niobium-yttrium-fluorine (NYF) sub-class are 

not well developed (Cerny, 1991). 

 

The NYF-pegmatites constitute a subgroup of the rare-element pegmatite 

group that is broadly considered to include pegmatites enriched in rare earth and high 

field strength elements and depleted in rare alkali metals relative to LCT bearing 

counterparts (Cerny, 1991). Modern consensus on the petrogenesis of NYF 

pegmatites is centered on differentiation from metaluminous to peraluminous granites 

in extensional settings due to many examples having a peralkaline geochemical 

signature (Cerny and Ercit, 2005). However, NYF-pegmatites may also be found 

within orogenic belts, and may be spatially and temporally related to LCT 

counterparts; as such, more comprehensive models should also consider their 

occurrence in collisional tectonic regimes (Camacho et al., 2014; Raade et al., 2007). 

 

A suite of pegmatites in the Tysfjord Region of Northern Norway were 

emplaced into Proterozoic orthogneiss (Andresen et al., 2007). These pegmatites 

were classified as NYF-type based on their Nb, Y, F, and REE-bearing mineral 

assemblages (Schluter, et al., 2009; Miyawaki et al., 2013). Foslie (1941) proposed a 

genetic association between the pegmatites and their Proterozoic host based on the 

alkaline geochemical signature of the pegmatite. However, a limited, unpublished 

dataset of U-Pb ages for some rare-element phases, including allanite, fergusonite, 
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thorite and uraninite, collected at the Stetind pegmatite locality, suggested an  ~400 

Ma age of crystallization (Hetherington, pers. comm.), which is during the Caledonian 

orogeny (McKerrow and Niocaill, 2000). If the NYF-pegmatites were primarily 

emplaced and crystallized during the Caledonian Orogeny, particularly in the absence 

of LCT-type pegmatites, it is necessary to perform a broader evaluation of the 

possible tectonic settings for the production of the magmas that are subsequently 

emplacement and crystallize as NYF-pegmatites. This study will test the 

exclusiveness of an anorogenic association with NYF-pegmatites by better 

constraining the age and magmatic origin of the NYF-pegmatites in the Tysfjord 

region, Nordland, Northern Norway. Specifically, the hypothesis that these pegmatites 

are temporally unrelated to Proterozoic anorogenic magmatism, and rather have their 

origin in magmatism related to collisional tectonism will be tested. Because many 

models for petrogenesis of NYF-pegmatites conclude that the magmatism is related 

to anorogenic processes, a goal of this study of the Tysfjord pegmatites is to 

determine whether such pegmatites may originate in environments other than those 

of extensional tectonics.  
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CHAPTER 2 

BACKGROUND 

Classification of Pegmatites: 

The most commonly used classification scheme for pegmatites was 

developed by Cerny (1991) and later revised by Cerny and Ercit (2005). The scheme 

combines depth of emplacement, minor element abundances, metamorphic regime, 

and relation to granitic host (Table 2.1). The scheme recognizes five major groups of 

pegmatites, but due to the constant accumulation of new research, this classification 

scheme has been challenged and revised. However, it serves as a useful general 

framework for understanding large-scale variations in pegmatite bodies. 

 

Table 2.1 Generalized classification scheme for pegmatites after Cerny and Ercit (2005). 

Class Abundant Minor 

Elements 

Metamorphic Regime Relationship to Felsic 

Intrusive Rocks 

Abyssal REE, Y, Nb, Zr, Y, Ti, Th, 

B, Be 

Low-high P granulite 

facies 

~4-9 kbar 

~700-800 ⁰C 

None 

Muscovite None High P Barrovian 

amphibolite facies 

5-8 kbar 

~650-580 ⁰C 

None – marginal and 

exterior 

Muscovite – Rare-

element 

REE, Be, Y, Ti, U, Th, 

Nb-Ta, Li, Be, Nb 

Moderate-high P, T 

amphibolite facies 

3-7 kbar 

~650-520 ⁰C 

Interior to exterior 

Rare-element NYF-type: REE, Be, Y, U, 

Tb, Nb>Ta, F 

NYF-type: Variable, mostly 

shallow, postdating 

regional events affecting 

host 

NYF-type: Interior to 

marginal 

 

 LCT-type: Li, Rb, Cs, Be, 

Ga, Sm, Hf, Nb<Ta, B, P, 

F 

LCT-type: Low P 

amphibolite – upper 

greenschist facies 

~2-4 kbar 

~650-450 ⁰C 

LCT-type: Usually exterior 

Miarolitic REE, Y, Ti, U, Th, Zr, Nb, 

F, Li, Be, B, Ta 

Variable, either very low P 

or low P amphibolite-

greenschist facies 

Usually marginal to 

exterior 
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The Rare-element class generally refers to pegmatites within variable, but 

generally low P metamorphic environments, found spatially associated with a granitic 

body. This class is subdivided in two families known as the LCT (Li-Cs-Ta) and NYF 

(Nb-Y-F) types (London and Cerny, 2008). These families are considered distinct due 

to differences in their minor element abundances, with LCT pegmatites being rich in 

Li, Rb, Cs, Be, Ga, Nb, Ta, Sm, Hf, B, P, and F, while NYF pegmatites are enriched in 

Y, REE, Ti, U, Th, Zr, Nb, Ta, F. While not all of these elements may necessarily be 

present, an indicator that is commonly used to distinguish between the two families is 

that LCT pegmatites contain Nb<Ta, whereas NYF pegmatites have Nb>Ta; also, 

NYF pegmatites are starkly lacking in B and P (London, 2005). 

Origins of LCT vs. NYF Pegmatites: 

The rare-element pegmatite types are distinguished from each other based on 

distinct geochemical signatures, which are often interpreted as products of 

contrasting sources or tectonic setting of emplacement. Assignments are made 

assuming that pegmatites have been derived by separation from plutonic igneous 

parents, and that the difference in rare-element abundances between the LCT and 

NYF families is contingent on differences in the parent plutons from which the 

pegmatitic magmas were derived (Cerny and Ercit, 2005). 

 

In this petrogenetic scheme, NYF-type pegmatites are thought to acquire their 

geochemical signature via fractionation metaluminous A- type granites (Cerny and 

Ercit, 2005). These magmas are proposed to be generated by partial melting of 

depleted crust or mantle, and the process is typically described as having occurred 

during anorogenic and/or rifting processes (Martin and De Vito, 2005). 

 

LCT-type pegmatites, on the other hand, are thought to develop their 

geochemical signature in the late-stages of S-type granite formation (Cerny and Ercit, 

2005). The peraluminous nature of the parental magma has been argued to favor 

orogenic magmatism related to subduction or collision (Martin and De Vito, 2005). 
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Study Area and Samples: 

Over 30 samples of pegmatite were collected from localities in the Tysfjord 

region of Nordland, Northern Norway (Figure 2.1) (Husdal pers. comm.), with a 

majority of them from the Stetind, Hundholmen and Hakonhals localities that are 

accessible after quarrying for quartz and feldspar (Muller et al., 2013). Around 10 

samples were collected from each pegmatite locality, and were chosen based on 

mineralogical and textural complexity. All three pegmatites are hosted by the Tysfjord 

granitic gneiss (Figure 2.2). These pegmatites occur within the Tysfjord sub-parallel to 

foliation, and are each several meters thick. Most of the pegmatites in the Tysfjord 

have massive quartz cores, which have been quarried. 

 
Figure 2.1 A- Norway with Nordland in purple, B- Nordland with counties of interest in purple, C- 
Pegmatite sample localities within the Tysfjord region. 
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The Tysfjord Gneiss Granite 

The Tysfjord Gneiss is a Proterozoic (1798 ± 5 Ma (U-Pb), Rehnstrom et al., 

2007) coarse-grained biotite-rich gneiss (Andresen and Tull, 1986) that is exposed 

over approximately 200 km2. It was described by Foslie (1941) as a gneissic 

microcline granite with hastingsite and fluorite. It forms a salient boundary with 

Caledonian nappes in the Rombak group, where it occurs conformably with the other 

Precambrian basement granite and mafic gneisses (Andresen and Tull, 1986). 

Gneissic foliation has been observed throughout the Tysfjord gneiss, where it 

generally intensifies towards its contact with the Caledonian cover (Andresen and 

Tull, 1986). 

 

The Tysfjord Granite Gneiss hosts several quartz-feldspar pegmatitic lenses 

(Figure 2.2) that measure up to 20 m in thickness, have a sub-horizontal orientation 

and extend laterally for many tens of meters. The pegmatites are dominated by 65-90 

cm thick bands of quartz and feldspar (Husdal, pers. comm.). Thinner, dark colored 

bands of biotite and rare-element mineralized zones oriented parallel to the host-rock 

contact occur along the outer zones of some of the pegmatites.  
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Figure 2.2 Generalized map of the Tysfjord region. Tysfjord gneiss is shown as hatched grey. 
Pegmatites within the Tysfjord region are numbered. (1) Tiltvika, (2) Stetind, (3) Hundholmen, (4) 
Håkonhals, (5) Karlsøy, (6) Lagmannsvik, (7) Elveneset, (8) Hellemobotn, (9) Kråkmo / Tennvassaksla, 
(10) Tennvatn. Map edited from Husdal (per. comm.). Localities from which samples are being utilized 
for this study are marked in red. 
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CHAPTER 3 

RESEARCH GOALS 

Elucidating the nature of NYF pegmatite formation 
The overarching goal of this study is to understand the dominant and over-

arching tectonic environment(s) during the period of NYF pegmatite emplacement in 

the Tysfjord region, and if possible, to determine the source of the magmas. Several 

hypotheses have been formulated that will be tested. 

Hypothesis 1 

The current assumption is that Tysfjord Gneiss Granite and the pegmatites 

found within are cogenetic (Foslie, 1941). It is proposed that the minerals to be dated 

using ID-TIMS U-Pb will reflect crystallization ages, so if their dates are coeval with 

the age of the Tysfjord Gneiss Granite (e.g. ~1800 Ma), near contemporaneous 

crystallization may have occurred.  

 

The only published model for the origin of the NYF pegmatites in the Tysfjord 

granite is that they are late-stage magmatic products derived from the same melt as 

their host. Although models for the origins of the pegmatites are poorly developed, it 

has been suggested that because of their geochemical similarities to their A-type 

granite host (namely, enrichment in high field strength elements), anorogenic 

processes may have contributed to the formation of the pegmatites (Martin and De 

Vito, 2005). If the Proterozoic age of the rocks is confirmed, an initial Hf isotopic ratio 

similar to that of the Tysfjord granite is expected. Foliation from subsequent tectonism 

(i.e. the Caledonian fabrics exhibited in the Tysfjord granite) should cross-cut the 

contact between the pegmatites and their host rock. 

 

A deformation texture study of mineral bands may provide insight into the 

relationship between the pegmatite lenses and their foliated host. Scanning electron 

microscopy (SEM) aided petrography will be used to describe grain scale textures in 

order to determine whether the samples have been metamorphosed. 
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Hypothesis 2 

The Tysfjord Gneiss Granite and the NYF-pegmatites are cogenetic, but 

during Caledonian orogenesis, the targeted geochronometer minerals were reset to 

reflect a metamorphic age rather than a crystallization age. 

 

If this hypothesis is correct, crystallization ages would reflect the age of 

Caledonian metamorphism (~400 Ma), but evidence of the older crystallization would 

be preserved in the initial Hf ratio, which may reflect the age of the Tysfjord granite. 

Foliation and deformation textures in the pegmatite would reflect those of the regional 

deformation in the Tysfjord granite.  

 

This hypothesis necessitates a metamorphic grade that is high enough to 

exceed closure temperatures for the geochronometers, and that the same minerals in 

the gneiss have also been reset (Dodson, 1973; Cliff, 1985).  

Hypothesis 3 

The pegmatites in this study formed during the Caledonian through partial 

melting of the Tysfjord Gneiss Granite, and hence would have an “A-type” granitic 

source, but formed during more recent orogenesis. The U-Pb ID-TIMS and Hf isotope 

data would be comparable to those described in hypothesis 2. However, it is 

proposed that deformation in the Tysfjord granite predates the age of the pegmatites, 

and therefore would not cut the pegmatite contacts. 

 

If TIMS analysis returns a date of ~400 Ma and Hf isotopes result in an initial 

ratio near that of the Tysfjord granite, an important step will be to assess the role of 

fluorine in the partial melting of an “A-type” granite (Dolejs and Baker, 2004). 

Questions of particular significance would include whether fluorine aided partial 

melting, or whether it would leave the system leaving a relatively F depleted protolith. 

If the latter is true, partial melting may not be a viable mechanism for the formation of 

these pegmatites. 

Hypothesis 4 

The pegmatites hosted by the Tysfjord Gneiss Granite formed as a magmatic 

product in the Caledonian, and that they are not petrogenetically related to their host. 

If ID-TIMS U-Pb dates give an age of ~400 Ma, and Hf initial isotope ratios are 
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dissimilar to that of the Tysfjord granite, this hypothesis would be the most probable. 

For this hypothesis to be correct, we would also expect to see a lack of foliation in the 

pegmatite.  

Development of accessory mineral geochronometers 
The analysis of U-Pb isotopes has been applied to a number of phases, including 

monazite (e.g. Cottle et al., 2009a; Cottle et al., 2009b; Horstwood et al., 2003; Kohn 

and Vervoort, 2008), xenotime (e.g. Cottle et al., 2009a; Cottle et al., 2009b; 

Horstwood et al., 2003), rutile (e.g. Koojiman et al., 2010; Vry and Baker, 2006), 

titanite (e.g. Li et al., 2010; Simonetti et al., 2006; Storey et al., 2006), allanite (e.g. 

Gregory et al., 2007; McFarlane and McCulloch, 2007), apatite (e.g. Willigers et al., 

2002), thorite (e.g. Cottle et al., 2009b; Cottle et al., 2009c) and uraninite (Chambers 

et al., 2008). In highly evolved magmatic systems with high rare-element and high-

field strength element abundances, a range of phases that may be targeted for U-Pb 

analysis may be available. Another characteristic of high field strength elements 

(HFSE)-rich pegmatites is the presence of minerals with high Th/U ratios, and Th-rich 

minerals may be significantly more abundant than zircon and other U-bearing phases. 

Recently, studies have attempted to exploit these Th-richer minerals for dating with 

variable levels of success (McFarlane, pers. comm., Janots et al., 2006). 

 

The availability of a suite of U, Th and U-Th-bearing phases in the silicate, oxide, 

and phosphate mineral groups in the Stetind, Hundholmen and Hakonhals 

pegmatites provides an opportunity to test the applicability of isotopic geochronology 

to non-traditional phases, as well as the internal consistency of data for different 

phases that may have crystallized simultaneously. 

 

The occurrence of these exotic phases is geospatially and geologically restricted, 

but their presence is also strongly correlated with the occurrence of ore deposits with 

potentially valuable reserves of strategic metals. As such, the development of robust 

analytical protocols designed to improve the geologic, geochronologic and 

petrogenetic analysis of these rocks and minerals may have applications to resource 

exploration and exploitation, as well as contributing towards a broader understanding 

of pegmatite petrology and evolution. 
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CHAPTER 4 

METHODS 

Sample Preparation and Phase Identification 

Meso- to macro-textures including mineral distribution and anisotropy were 

described in hand samples from which polished thick-sections were prepared using 

standard grinding and diamond-paste polishing slurries and pastes. 

Scanning Electron Microscopy 

Thick sections were optically scanned then coated with carbon for scanning-

electron microscope (SEM) assisted petrography. Back-scattered electron (BSE) 

images of samples were collection on a Hitachi S/N-4300 SEM in College of Arts & 

Sciences Microscopy at Texas Tech University. Mineral identification was aided by 

Energy Dispersive Spectrometry (EDS) of phases using an EDAX EDS detector 

supported by the Genesis software package. The majority of electron microscopy was 

conducted with an electron beam accelerated through 15 kV to ensure ionization of 

REEs, transition series metals and other high-field strength elements for EDS 

analysis. 

Electron-Probe Micro-Analysis 

Mineral compositions were determined by electron-probe micro-analysis 

(EPMA) using the Cameca SX-50 electron microprobe at the University of 

Massachusetts (Amherst), operating in the wavelength dispersive mode. The 

microprobe was equipped with four crystal spectrometers and operating software 

supplied by Cameca. Individual spot analyses were made using a focused electron 

beam with a beam diameter of 2µm, the accelerating voltage was 15kV, and the 

beam-current was 15 nA. A combination of well-characterized natural and synthetic 

standards was used for calibration, and the Cameca PAP correction procedure was 

used for all data reduction. The analytical errors for Y, the REE, and other heavy 

elements (Th, U, Ta, Nb, etc.) depend on the absolute abundances of each element. 

Relative 1- errors are estimated to be < 0.5 % at the > 10 wt.% level, 15 % at the 10 

wt.% level, 10-20% at the 0.2 to 1 wt.% level, and 20-40% at the < 0.1 wt.% 
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level.  For concentrations below 0.1 wt.%, the analytical precision for the actinides is 

approximately 10% higher. 

Trace element concentrations (Th, U, and Pb) in xenotime grains were 

measured on the Cameca SX100 Ultrachron electron microprobe at the University of 

Massachusetts (Amherst) using the methodology described by Hetherington et al 

(2008). The microprobe is equipped with five crystal spectrometers, and optimized for 

trace element analysis. The microprobe was operated in the integrated mode using a 

focused electron beam with a beam diameter of 1-2 µm, an accelerating voltage of 

15kV, and a beam-current of 200 nA. The methods used for analyzing, evaluating 

and reporting chronological data for xenotime follow those of described in (Jercinovic 

and Williams, 2005; Mahan et al., 2006; Williams et al., 2006).  

Background intensities of Y-Lα, Th-Mα, U-Mβ, Pb-Mα and K-Kβ were evaluated 

for compositionally homogenous domains based on regression of spectrometer step 

scans. Corrections were made for Th Mγ on UMβ and ThM3-M4 on UMβ in xenotime. 

Interference corrections were made prior to ZAF (PAP)-type corrections via 

application of overlap intensities calibrated from interference standards (Jercinovic 

and Williams, 2005). 

The method of calculating ages and errors follows (Williams et al., 2006). For 

each homogenous compositional domain, at least five integrated trace element 

analyses were obtained. Weighted mean compositions of Th, U and Pb were 

calculated based on the analytical uncertainties from counting statistics for each 

analysis. A single date for that domain was then calculated from the weighted mean 

compositions and the age equation of (Montel et al., 1996). This method assumes 

negligible common Pb, as well as no post-crystallization Pb loss or gain, and no 

common Pb correction is utilized in this method. The 2σ error reported here, 

calculated by propagating the analytical uncertainty on trace element compositions 

through the age equation, represents short-term analytical precision (Williams et al., 

2006). Uncertainty associated with the background regression may increase the total 

error by 50-100%. Data for multiple age domains are displayed graphically in the form 

of normal distribution curves. Data from consistency standards for each analytical 

session are also reported (Appendix F). 
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Isotope Dilution-Thermal Ionization Mass Spectrometry (ID-TIMS) 

ID-TIMS geochronology was performed on allanite, fergusonite, and zircon 

grains from the Stetind and Hakonhals pegmatites. All ID-TIMS analytical work and 

sample preparation was done at Texas A&M University (Williams Radiogenetic 

Isotope Laboratory). 

Fergusonite and Allanite 

Fragments of samples ST-02, ST-05, ST-09, and ST-10 were dis-aggregated 

using a rock hammer and pestle and mortar. Minerals matching the properties of 

fergusonite and allanite crystals were picked and placed on carbon tape attached to 

standard SEM sample holders. Individual grains were imaged and compositionally 

characterized by SEM and EDS to confirm their identity and evaluate their suitability 

for ID-TIMS; grains with significant evidence of intergrowths, inclusions, or significant 

cracking and fractures, and therefore potentially more susceptible to Pb-loss were 

rejected from further analysis.  

Grains identified as suitable for ID-TIMS were removed from the carbon tape 

and placed in petri dishes with ethanol (Table 4.1). Samples were imaged on an 

optical microscope (Appendix A), and then placed in 200 µl Parrish-style Teflon 

capsules with 100 µl HF and 20 µl HNO3, and a 205Pb-233U spike for dissolution in an 

eighteen-position Parr-style high pressure dissolution vessel (See Appendix B). 

Table 4.1 Fergusonite and allanite samples from the Stetind pegmatite, analyzed via TIMS at Texas 
A&M University. 

 

 

 

 

 

 

 

Allanite and fergusonite grains that were not fully dissolved in the bomb after 

24 hours were then placed in acid (3.1 M HCl) and left overnight on a hot plate for 

further dissolution. Allanite grains dissolved in the HCl solutions, but fragments of the 

List of Samples 

Sample Name Allanite grains 

analyzed (#) 

Fergusonite 

grains 

analyzed (#) 

ST-02 5 1 

ST-05 0 7 

ST-09 0 6 

ST-10 3 0 
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fergusonite grains were still not fully dissolved. Nitric acid was added to the 

fergusonite solution for dissolution in aqua regia, which successfully completed the 

dissolution process.  

 

Sample solutions were passed through ion-exchange chromatography resins 

to separate U and Pb isotopes from the solution (Appendix C). The U and Pb cuts 

were caught in beakers containing phosphoric acid and dried. The products, small 

samples of phosphoric acid and either U or Pb, were then loaded into a rhenium 

filament, dried, and then vaporized and run through a Thermo Scientific Triton 

thermal ionization mass spectrometer (See Appendix B). 

 

Zircon 

Zircon crystals were disaggregated from samples ST-02 and ST-09, as well as 

from a third sample collected at the Håkonhals pegmatite locality (HA-01). Zircon 

fragments were placed in silica crucibles and thermally annealed in a furnace at 850 

⁰C for 48 hours (Mattinson, 2005). 

Following thermal annealing, crystals were further broken down into millimeter 

diameter fragments by pestle and mortar. Five fragments were picked for each 

sample, based on their lack of visible inclusions (Appendix A). From these 5 

fragments, 3 from each sample were placed in individual Teflon cups with a solution 

of 1ml 29M HF and 100 µl 14M nitric acid in a Savillex beaker overnight, and placed 

on a hot-plate at 90 °C for approximately 6 hours. 

Chemical abrasion was then performed in order to remove domains affected 

by Pb loss. The remaining solids were abraded in a Parr pressure dissolution vessel 

in 100 µl HF and 20 µl HNO3 at 180 ⁰C for 10 hours. The abrasion solution was 

recovered and set aside for chromatography and analysis. Some zircon fragments 

were dissolved completely at this stage. Remaining post-abrasion solids were put in 1 

ml aqua regia on a hot plate for 48 hours to dissolve insoluble fluoride residue left 

from chemical abrasion. This solution was also saved for analysis. 

All solutions were converted to acid (3.1 M HCl). Ion exchange 

chromatography was used to separate U and Pb from solutions (Appendix C), which 
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were caught in beakers containing phosphoric acid. Solutions were then dried the 

mounted on rhenium filaments for analysis on a Thermo Scientific Triton thermal 

ionization mass spectrometer. This process was repeated for zircons following 

chemical abrasion (following Mattinson, 2005) and total dissolution. 

LA ICP-MS 

Several large crystals of zircon were identified in hand-samples, and three 

zircon megacrysts were selected for trace element analysis by laser ablation at the 

Texas Tech GeoAnalytical Laboratory. These megacrysts included two samples from 

the Stetind Pegmatite (ST-02 and ST-09) and one sample from the Hakonhals 

Pegmatite (HA-01). Preliminary experiments suggest that the degree of 

metamictization in zircon samples is extremely high, and the destruction of the 

crystallographic lattice so extensive, that in their original state they were inappropriate 

for laser ablation techniques (Cottle, pers. comm.). In addition, SEM-assisted 

petrography shows that grains have a very high abundance of inclusions, the majority 

of which are fluorite. Therefore, zircon was separated and treated to a modified 

thermal annealing and acid leaching procedure, as described by Romanoski (2012). 

This process included heating in a furnace at 850⁰C for 48 hours. 

An additional step of leaching in aqua regia was implemented with the intent 

of dissolving fluorite inclusions. Zircon grains were placed in a solution of HCl and 

nitric acid for 5 hours at 90 °C. Grains were left in acid for two days at ambient 

temperature. They were then heated again to 90 °C for several hours. They were 

then washed with deionized 18 mΩ water. The fragments were cast in a 1-inch 

diameter epoxy grain mount and polished using diamond pastes and suspensions to 

expose internal grain surfaces.  

The polished surfaces of the zircon were imaged via BSE to identify evidence of 

compositional zoning and the presence of inclusions. Based on these images, LA-

ICP-MS micro-analysis was conducted to determine the abundance of selected trace 

elements including Th, U and the REEs. Trace element measurements were 

determined using an Agilent 7500 CS inductively coupled plasma spectrometer, with 

a New Wave 213 nm solid-state laser and a dual-volume sample cell. The carrier gas 

was He and the laser spot size was 40 µm. The laser was operated with a fluence of 
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between 8 and 12 J/cm2 at 5 Hz; background (laser off) signal was collected for 34 s 

and the total acquisition time for 80 s. Data were reduced using the Excel-based 

GLITTER software and NIST-610 glass was used as a bracketing and calibration 

standard. The data was internally normalized using a stoichiometric value of 32.00 

wt.% for SiO2.  
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CHAPTER 5 

SAMPLE DESCRIPTION AND PETROGRAPHY 

Hundholmen Pegmatite 

Seventeen samples from the abandoned quarry at Hundholmen (68°8'48''N, 

16°15'56''E, Figure 2.2) are available and were mineralogically described by Husdal 

(pers. comm.), who concluded that they contain fluocerite-(Ce), bastnisite-(Ce), 

allanite, gadolinite-(Y), synchysite-(Y), columbite-(Fe), fergusonite-(Y), yttrofluorite, 

fluorite, thorite, and arsenopyrite. This pegmatite is also the type locality for 

hundholmenite [(Y,REE,Ca,Na)15(Al,Fe3+)Cax(As3+)1-x (Si,As5+)Si6B3(O,F)48], a vicanite 

group mineral (Raade et al., 2007). 

Sample HU-01 contains three dominant mineralized zones, which appear as 

bands (Figure 5.1). This sample is predominantly composed of albite and bastnäsite 

((Ce,La,Y)CO3F), separated by a thin band of Ca-plagioclase (Figure 5.1A and B). 

Bastnäsite in this sample is observed as both bastnäsite-(Ce) (Ce,La(CO3)F) and 

bastnäsite-(Nd) (Nd(CO3)F). Bastnäsite-(Nd) appears in BSE as the lower BSE-

intensity phase, exhibiting a comb texture which terminates into bastnäsite-(Ce) 

(Figure 5.1 B and C). Ca-plagioclase in sample HU-01 contains inclusions of allanite 

and fergusonite, which are observed as subhedral, high BSE-intensity phases in BSE 

images (Figure 5.1 A and B). 
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Figure 5.1 Images of sample HU-01. A. Thin section scan of sample. B. BSE image showing mineral 
banding and comb texture of bastnasite (Bas). C. A second banding texture of Ca-plagioclase and albite. 
Rock-forming mineral abbreviations from Whitley and Evans (2010). 

 
Sample HU-02 exhibits a banded mineral assemblage from intergrown albite 

and fluorite to allanite with interstitial albite. This transition is observed in plane light 

as a change in color from grey to brown-black (Figure 5.2A). At the zone of transition 

between these two assemblages is a large thalenite (Y3Si3O10(OH)) crystal. This 

crystal is shown in Figure 5.2B as a high-BSE intensity phase, and is surrounded by 

lower-BSE intensity minerals such as albite and fluorite. 

 

Bas 

Ca-Pl 

Ab 

Bas 

Ca-Pl 

Ab 
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Figure 5.2 Sample HU-02. A. Thin section scan of HU-02. B. BSE image showing large thalenite crystal 
and surrounding minerals. C. Allanite crystals in albite.  

 

The allanite in this sample occurs as subhedral grains with brighter BSE-

intensity rims, reflecting higher Th-REE content towards rims (Figure 5.2C). The 

center of the crystals contain inclusions of K-feldspar. 

Sample HU-04 from the Hundholmen pegmatite can be observed in Figure 

5.3, is composed of light colored, grey-white K-feldspar and albite. K-feldspar 

appears in plane polarized light as white anhedral grains within grey albite (Figure 

5.3A). Running along the length of the sample is a black band, which is primarily 

composed of allanite and thorite. 

Thalenite 

Allanite 

Ab 

Ab + Fl 
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Figure 5.3 Images of sample HU-04. A. Thin section scan of thin section showing banded nature of 
mineralization. B. BSE image of allanite band across sample. C. Smaller band and surrounding material. 

 

Allanite appears in BSE as a medium intensity, elongate phase, whereas 

thorite has a smaller grain-size, higher-intensity in the BSE images, and euhedral 

form (Figure 5.3B). Allanite is observed in some areas as having an orientation 

parallel to the length of the band (Figure 5.3B). In other areas, it does not seem to 

have any specific orientation (Figure 5.3C). 

Stetind Pegmatite 
The Stetind Pegmatite is the northeastern most (68⁰10015.2000N 

16⁰33010.6500E, Figure 2.2) of the pegmatites in this study. Ten samples were 

collected from the abandoned feldspar and quartz quarry located on the southwestern 

slopes of Mt. Stetind. The samples are relatively small (<15 cm long), and 

Allanite 

Allanite Ab 

Ab 



 Texas Tech University, Georgene Aaroe, August 2017 

21 

petrographic work shows that they contain significant abundances of fluorite, allanite 

and U-bearing minerals (Figure 5.4). 

 
Figure 5.4 Characteristic hand sample from the Stetind Pegmatite. Light areas are predominantly fluorite, 
and dark areas include zircon, uraninite, and epidote. 

 
Sample ST-01 is dominated by a large zircon surrounded by yttrium-fluorite 

(Figure 5.5A), both of which contain inclusion assemblages. Dominant inclusions in 

the groundmass include bastnäsite-(Ce) and bastnäsite-(Y). Bastnäsite-(Ce) is not 

elongated and has a relatively low backscattered intensity, whereas bastnasite-(Y) is 

generally elongate with a higher backscattered intensity (Figure 5.5B). Bastnäsite 

often has inclusions of both rounded and euhedral uraninite (Figure 5.5C). 
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Figure 5.5 Back-scattered electron images of sample ST-01. A. Large area composite BSE map of the 
sample thin section. B. Inclusions in feldspar. C. Rounded to euhedral uraninite grains in zircon (see part 
B). D. Vein and inclusions in zircon. E. Higher magnification view of high atomic Z inclusion phases, 
including uraninite and thorite (See 5.5D). F. Highly elongate grains of bastnasite, some of which have 
dendritic grain boundaries. G. Veins of yttrium-fluorite, thorite, and monazite in zircon. H. Dendritic 
inclusions in zircon.  

 
Zircon crystals are large (~1cm across) with subhedral grain boundaries. The 

zircon is cut by a vein of thalenite (Y3Si3O10(OH)) (Figure 5.5D and G). The zircon 

also contains a variety of inclusions that include yttrium-fluorite, thorite, and uraninite. 

Yttrium-fluorite is the low-BSE intensity inclusion, whereas thorite appears as large, 

medium BSE-intensity rounded crystals. Uraninite is the highest BSE-intensity phase, 

which appears as both rounded and euhedral grains (Figure 5.5E). Elongate, 

dendritic-shaped inclusions are present throughout the zircon crystal, and were 

identified as thorite and uraninite (Figure 5.5F). Veins of yttrium-fluorite, thorite, and 

monazite also cut through the zircon (Figure 5.5G).  

 

Sample ST-02 (Figure 5.6) is a large, inclusion-rich zircon crystal surrounded 

by yttrium-fluorite and Na-plagioclase (Figure 5.6A). The yttrium-fluorite groundmass 

has many inclusions of monazite (medium BSE-intensity) and allanite (lower BSE-

intensity) (Figure 5.6B). There are also small inclusions of euhedral uraninite. 
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Figure 5.6 Back-scattered electron images of sample ST-02. A. Large area composite BSE map of 
sample (thin section). B. Groundmass with inclusions. C. Rim between groundmass and zircon crystal. 
D. Vein crosscutting zircon crystal. E. Inclusions in zircon. F. Yttrium fluorite reaction rim. 

 
The zircon megacryst in this sample is rimmed by epidote, which itself is 

surrounded by a rind of yttrium-fluorite inter-grown with Na-plagioclase (Figure 5.6C). 

The zircon is heavily fractured and the cracks have been infilled by epidote that has a 

REE-rich composition (Figure 5.6D). 

The zircon also has an inclusion assemblage that consists of larger, low BSE 

intensity phase that were identified by EDS as Na-plagioclase (Figure 5.6C), and 

smaller, higher BSE intensity allanite, which also occurs as ~5 µm wide veins (Figure 

5.6E). These veins also contain K-feldspar and euhedral thorite. Fluorite also occurs 
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in the sample and is overgrown by a yttrium-fluorite rim with a texture that may 

represent sorption of the original fluorite prior to over-growth (Figure 5.6F). 

Sample ST-05 contains three mineralogical domains (Figure 5.7). The first is 

an area of yttrium-fluorite, which has inclusions of sub- to euhedral thalénite-(Y) 

crosscut by allanite (Figure 5.7A and B).  

 
Figure 5.7 Back-scattered electron images of sample ST-05. A. Large area composite BSE map of 
sample (thin section). B. Multiphase inclusions within groundmass. C. Smaller inclusions within 
heterogeneous zone of sample. D. Magnified view of inclusions in C.  

 
The second is a “speckled” domain, which dominates most of the sample 

(Figure 5.7C). This area is composed of intergrown allanite and fergusonite. 

Inclusions in this region include rounded fergusonite crystals, which have wavy rims 
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of cayalsite-(Y), and euhedral cubic-shaped fergusonite, which are surrounded by 

rounded rims of allanite (Figure 5.7D). Lastly, there is a domain of Na-plagioclase, 

which has few inclusions and appears as a low BSE intensity area at the bottom of 

the sample (Figure 5.7A). 

Sample ST-09 is composed of a large (~2 cm across) zircon crystal 

surrounded by Na-plagioclase (Figure 5.8). This zircon has many inclusions, the most 

abundant of which is Na-plagioclase. It is observed under BSE as a low-intensity 

phase present throughout the crystal (Figure 5.8A and B). 

 
Figure 5.8 Back-scattered electron images of sample ST-09. A. Large area composite BSE map of 
sample (thin section). B. Zircon crystal and inclusions. C. Close-up of inclusions in zircon. D. High 
intensity phase in zircon. E. Uraninite and Allanite in quartz. F. Garnet at the contact of Na-Plagioclase 
and fergusonite. G. Inclusions in garnet. 

 

Zr 
Zr 

Ur 
Fergusonite 

Fergusonite 

Gt 

Na-Pl 

Gt 
Zr 

Allanite 

Zr 

Na-Pl 



 Texas Tech University, Georgene Aaroe, August 2017 

26 

Another abundant phase in the zircon is fergusonite, which appears as a high 

intensity phase relative to zircon (Figure 5.8A and D). Fergusonite in this sample 

contains inclusions of quartz, allanite, and uraninite. The uraninite is euhedral to 

subhedral and has a high BSE intensity, whereas allanite appears as medium BSE 

intensity rounded grains in the quartz (Figure 5.8E). Almandine garnet is found at the 

contact of the fergusonite and Na-plagioclase (Figure 5.8F). The almandine has 

inclusions of K-feldspar and epidote (Figure 5.8G). The zircon also contains small 

(~10um), cubic uraninite inclusions (Figure 5.8C). 

Sample ST-10 is composed of a zircon megacryst surrounded by yttrium 

fluorite (Figure 5.9). The groundmass is filled with inclusions of allanite-(Y), which 

appear as high BSE intensity rounded grains in the low BSE intensity yttrium fluorite 

(Figure 5.9A and B). 

The zircon megacryst has both large (millimeters) and small (micrometers) 

inclusions and intergrowths. Large intergrowths both along the edge of the crystal and 

within include allanite-(Y), allanite-(Ce), and thorite. Thorite intergrowths host 

inclusions of uraninite, which appear as the higher BSE-intensity cubic-form grains in 

BSE images (Figure 5.9B). Some of the thorite grains atr zoned and have medium 

BSE-intensity domains (Figure 5.9B). Allanite-(Ce) intergrowths contain rounded 

inclusions of thorite (Figure 5.9C). Micrometer sized inclusions in zircon are shown in 

Figure 5.9D.  
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Figure 5.9 Back-scattered electron images of sample ST-10. A. Large area composite BSE map of 
sample (thin section). B. Large thorite crystal with inclusions of uraninite. C. A large allanite-(Y) crystal in 
contact with zircon D. Zircon crystal and its inclusions. 

 

Håkonhals Pegmatite 

The Håkonhals Quarry in Finnøy near Hamarøy is the most southwestern of 

the sample localities and was quarried for quartz (Figures 2.1 and 2.2) (Lindahl and 

Nilsson, 2008). Five samples from the locality are available, and minerals present 

include zircon, allanite, monazite, gadolinite, yttrofluorite, and beryl (Husdal, 2008). 
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CHAPTER 6 

RESULTS 
 

Geochronology: Electron-Probe Micro-Analysis 
Nine grains from the Stetind Pegmatite of xenotime in halos surrounding 

apatite were analysed by the modified SX-100 Cameca Ultrachron electron-probe 

micro-analyser at the University of Massachusetts, Amherst (Figure 6.1). 

Compositionally homogenous domains were identified in element distribution maps 

for each grain, and a background and a minimum of 6 spot-analyses were collected in 

a grouping around the background acquisition point (Figure 6.1).  

 

 
Figure 6.1 Back-scattered electron images of apatite with xenotime halos. The placement of EPMA 
background (red) and individual spot analyses (white and yellow) were located based on X-ray 
compositional mapping of the textures. A. ST-Xenotime 1. B. ST-Xenotime 2. C. ST-Xenotime 3. D. ST-
Xenotime 4. 

 
Trace element data and calculated ages can be found in Tables 6.1 and 6.2. 

Calculated ages are presented on a histogram (Figure 6.2). The calculated weighted 

mean age for the xenotime population is 385 ± 12 Ma. 
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Table 6.1 Trace element concentrations and Th-U-Total Pb ages obtained by electron-probe 
microanalysis of Stetind Pegmatite Xenotime coronas. 

 
Table 6.2 Dates calculated from electron-probe data for Stetind Pegmatite grains. 

Calculated Ages 
Sample ID Calculated 

Date (Ma) 
2 Sigma 

Error 
MSWD 95% Error Number of 

Analyses 
ST-Xenotime 1 - Domain 1 401 6.7 0.5 6 8 
ST-Xenotime 1 - Domain 2 417 4.5 3.9 11 8 
ST-Xenotime 2 - Domain 1 375 3.0 2 5 8 
ST-Xenotime 2 - Domain 2 394 7.2 1.1 9 7 
ST-Xenotime 3 - Domain 1 367 4.8 3.3 11 7 
ST-Xenotime 3 - Domain 2 370 8.8 2.0 15 7 
ST-Xenotime 4 - Domain 1 395 7.1 1.8 13 5 
ST-Xenotime 4 - Domain 2 394 7.1 1.3 10 9 
ST-Xenotime 4 - Domain 3 416 6.9 2.1 12 9 

 

Trace element concentrations (ppm) 

 Y 2 U 2 Th 2 Pb 2 N 

ST-Xenotime 1 - Domain 1 367826 1242 4131 42 4862 34 328 14 8 

ST-Xenotime 1 - Domain 2 364746 1318 6666 48 7133 40 535 16 8 

ST-Xenotime 2 - Domain 1 361136 1222 9926 52 10925 48 719 14 8 

ST-Xenotime 2 - Domain 2 364682 1318 4150 46 5217 36 328 16 7 

ST-Xenotime 3 - Domain 1 357995 1536 6953 58 7815 50 506 18 7 

ST-Xenotime 3 - Domain 2 364403 1560 3840 52 4603 42 300 18 7 

ST-Xenotime 4 - Domain 1 344294 1176 6228 46 7507 40 508 14 5 

ST-Xenotime 4 - Domain 2 346492 1114 3599 40 4947 32 293 14 9 

ST-Xenotime 4 - Domain 3 351196 1126 3689 38 4821 32 309 14 9 
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Figure 6.2 Histogram of xenotime ultrachron data. Blue= Tysfjord Grain 1; Orange= Tysfjord Grain 2; 
Green= Tysfjord Grain 3; Purple= Tysfjord Grain 4. 
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Geochronology: ID-TIMS 
The complete ID-TIMS dataset is presented in Appendix D, with summary 

information presented in Tables 6.3 to 6.9. Analyses of zircon, fergusonite, and 

allanite fragments from the Stetind Pegmatite, and zircon fragments from the 

Håkonhals pegmatite are documented in Tables 6.3 to 6.9 and Figures 6.3 to 6.11. 

The dataset for the Stetind Pegmatite was sufficient to calculate dates for individual 

aliquots, which cluster around 400 Ma. However, the data from the Håkonhals 

Pegmatite is poorer in quality, with analyses showing significant scatter attributable to 

high error in the TIMS results, and only two fragments (HA-01-01 and HA-01-03) had 

data deemed appropriate for construction of individual Concordia diagrams. However, 

a combined discordia age for all fragments was found at 453 Ma. 

ST-02 

Three zircon aliquots from ST-02 were treated to chemical abrasion following 

the procedure described by Mattinson (2005). One zircon fragment was not leached, 

and subjected only to an aqua regia bath. Individual leachates from each step were 

prepared for TIMS analysis, and the ratios of U and Pb isotopes were used to plot 

Concordia diagrams and calculate Discordia ages (Table 6.3; Figure 6.3). 
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Table 6.3 U-Pb Isotopic Data for ST-02 Zircon 

TIMS U-Pb Results - ST-02 Zircon 

Treatment Step 

Radiogenic Isotope Ratios Isotopic Ages 

208Pb 207Pb   207Pb  206Pb   corr. 207Pb  207Pb  206Pb  

206Pb 206Pb % err 235U % err 238U % err coef. 206Pb ±  235U ±  238U ±  

ST-02-01 

Hot Plate Leach - - - - - - - - - - - - - - 

Chemical Abrasion 0.0607 0.0548 0.1911 0.7198 0.5701 0.0953 0.4677 0.9512 403.65 4.28 550.55 2.42 586.70 2.62 

Aqua Regia 0.0668 0.0547 0.1983 0.9343 0.4333 0.1239 0.2690 0.9471 400.47 4.44 669.90 2.13 752.71 1.91 

Total Dissolution - - - - - - - - - - - - - - 

ST-02-02 

Hot Plate Leach 0.1728 0.0547 0.1352 0.4007 1.2370 0.0531 1.1958 0.9944 400.21 3.03 342.16 3.59 333.68 3.89 

Chemical Abrasion 0.0637 0.0548 0.2129 0.5593 0.8023 0.0740 0.7259 0.9661 405.98 4.77 451.05 2.92 459.94 3.22 

Aqua Regia 0.0637 0.0550 0.3487 0.5345 0.5287 0.0705 0.1925 0.9577 410.96 7.80 434.77 1.87 439.28 0.82 

ST-02-03 

Hot Plate Leach 0.2042 0.0546 0.4314 0.3368 1.6772 0.0447 1.5975 0.9665 396.76 9.67 294.73 4.29 282.01 4.41 

Chemical Abrasion 0.1164 0.0548 0.2048 0.4541 0.4703 0.0601 0.3299 0.9283 403.88 4.59 380.13 1.49 376.24 1.21 

Aqua Regia 0.0269 0.0548 0.2150 0.4750 0.5022 0.0628 0.3763 0.9196 405.71 4.81 394.61 1.64 392.72 1.43 

Total Dissolution 0.1363 0.0549 0.2278 47.9977 5.9518 6.3432 5.9416 0.9993 407.32 5.10 3951.64 59.20 12852.69 330.86 

ST-02-04 

Chemical Abrasion 0.1655 0.0545 0.6720 0.0711 21.5797 0.0095 21.5681 0.9995 390.30 15.07 69.70 14.54 60.71 13.01 

Aqua Regia 0.1733 0.0548 0.3246 0.4630 1.6034 0.0613 1.5479 0.9794 404.00 7.27 386.34 5.15 383.39 5.76 
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Figure 6.3 Concordia diagrams for ST-02 zircon aliquots. (A) ST-02 aliquot 1, (B) ST-02 aliquot 2, (C) 
ST-02 aliquot 3, and (D) ST-02 aliquot 4. 

 
All four zircon aliquots from ST-02 produce Concordia intercept ages from 404 

to 410 Ma. A composite Concordia diagram was then constructed for the entire ST-02 

megacryst (Figure 6.4). This diagram excludes TIMS analyses that resulted in high 

error (much above 10% 2-sigma error) in order to remove uncertainty and ensure a 

more accurate discordia age. Analyses removed from this Concordia were ST-02 

Aliquot 3 Total Dissolution, and ST-02 Aliquot 4 Chemical Abrasion. This composite 

diagram produced an upper intercept age of 402.8 ± 1.6 Ma. 
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Figure 6.4 Concordia diagram for ST-02 zircon fragments. 

ST-02 allanite fragments were not thermally annealed or acid-leached, and 

completely dissolved during a single acidification step. The solutes were subjected to 

resin column chemistry and the product mounted on Rh filaments. Four fragments of 

allanite from ST-02 were processed, analyzed and did not give interpretable U-Pb 

isotopic ratios (Table 6.4). The analysis of ST-02-01 and ST-02-02 gave extremely 

high errors, and are unsuitable for presenting on a Concordia diagram. The 

calculated 207Pb/235U and 206Pb/238U ages for ST-02-03 and ST-02-04 are insufficient 

to construct a Concordia plot, but it is noted that some individual dates range from 

378.09 Ma ± 41.6 (206Pb/238U) to 394 Ma ± 47.2 (206Pb/238U). 
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Table 6.4 Isotopic data for ST-02 allanite. 

TIMS U-Pb Results - ST-02 Allanite 

Sample ID 

Radiogenic Isotope Ratios Isotopic Ages 

208Pb 207Pb   207Pb   206Pb   corr. 207Pb   207Pb   206Pb   

206Pb 206Pb % err 235U % err 238U % err coef. 206Pb ±  235U ±  238U ±  

ST-02-All01 0.5329 0.1453 845.2883 6.4949 873.9930 0.3242 222.5881 0.2542 2291.53 14537.19 2045.20 7690.32 1809.99 3512.59 

ST-02-All02 0.7758 0.0718 20.9729 0.0288 117.4949 0.0029 115.5570 0.9839 980.35 427.06 28.83 33.39 18.72 21.58 

ST-02-All03 0.7901 0.0518 4.4194 0.4512 13.1703 0.0632 12.3089 0.9420 275.86 101.23 378.09 41.58 394.98 47.16 

ST-02-All04 0.7697 0.0554 6.4102 0.4705 6.9011 0.0615 1.4141 0.4372 430.31 142.87 391.56 22.42 385.03 5.29 

 

ST-05 

Seven fergusonite fragments from ST-05 were analyzed and produced interpretable isotopic ratios (Table 6.5). Fragments 

were not thermally annealed or acid-leached, but the dissolution products were subjected to column chemistry. The measured ratios 

were used to calculate isotopic dates (Table 6.5) and a Concordia diagram was constructed (Figure 6.5) and yielded an upper 

intercept age of 406.8 ± 9.0 Ma. 
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Table 6.5 Isotopic data for ST-05 fergusonite. 

TIMS U-Pb Results - ST-05 Fergusonite 

Sample ID 

Radiogenic Isotope Ratios Isotopic Ages 

208Pb 207Pb   207Pb   206Pb   corr. 207Pb   207Pb   206Pb   

206Pb 206Pb % err 235U % err 238U % err coef. 206Pb ±  235U ±  238U ±  

ST-05-Ferg01 0.0279 0.0547 0.0943 0.2971 2.8723 0.0394 2.8587 0.9995 401.06 2.11 264.17 6.68 248.99 6.98 

ST-05-Ferg02 0.0306 0.0547 0.0651 0.3844 1.1406 0.0509 1.1074 0.9988 401.64 1.46 330.24 3.22 320.20 3.46 

ST-05-Ferg03 0.0434 0.0543 0.1617 0.3605 2.0896 0.0481 2.0666 0.9970 385.31 3.63 312.60 5.62 302.94 6.11 

ST-05-Ferg04 0.0326 0.0549 0.0562 0.3940 1.3891 0.0521 1.3628 0.9993 406.57 1.26 337.29 3.99 327.32 4.35 

ST-05-Ferg05 0.0347 0.0549 0.2135 0.4940 0.5325 0.0652 0.4053 0.9319 408.93 4.78 407.63 1.79 407.40 1.60 

ST-05-Ferg06 0.0289 0.0548 0.2406 0.4513 10.0082 0.0598 10.0021 0.9997 402.65 5.39 378.21 31.60 374.23 36.36 

ST-05-Ferg07 0.0000 0.0549 0.1902 0.4937 0.3779 0.0652 0.1906 0.9926 407.42 4.25 407.43 1.27 407.43 0.75 
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Figure 6.5 Concordia diagram for ST-05 fergusonite. 

 
A second Concordia was constructed, which excluded ST-05 fergusonite Grain 

6 (Figure 6.6). This grain analysis had much higher error than the other grains (10% 2-

sigma error). This second Concordia was constructed in to reduce uncertainty and 

further refine a precise Concordia age. However, this plot produced the same age with 

very similar error (407 ± 12 Ma). 
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Figure 6.6 Concordia diagram for ST-05 fergusonite, excluding points with high error. 

 

ST-09 

Four zircon fragments from ST-09 were analyzed via TIMS for U-Pb isotope 

ratios (Table 6.6). ST-09-01, 02, and 03 were subjected to stepwise dissolution-

chemical abrasion. As with sample ST-02, aliquot 4 was only subjected to chemical 

abrasion, followed by total dissolution. 
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Table 6.6 Isotopic data for ST-09 zircon. 

 
 

 
TIMS U-Pb Results - ST-09 Zircon 

Treatment Step 

Radiogenic Isotope Ratios Isotopic Ages 

208Pb 207Pb   207Pb  206Pb   corr. 207Pb  207Pb  206Pb  

206Pb 206Pb % err 235U % err 238U % err coef. 206Pb ±  235U ±  238U ±  

ST-09-01 

Hot Plate Leach 0.0770 0.0547 1.5016 0.0444 12.6520 0.0059 12.5700 0.9929 400.58 33.61 44.07 5.46 37.79 4.72 

Chemical Abrasion 0.0955 0.0549 0.2082 1.1100 5.0787 0.1466 5.0667 0.9992 408.00 4.66 758.17 27.13 882.15 41.77 

Aqua Regia 0.1724 0.0549 0.2494 4.4638 9.1380 0.5896 9.1304 0.9996 408.63 5.58 1724.27 75.80 2987.70 218.30 

ST-09-02 

Hot Plate Leach 0.0106 0.0544 0.6037 0.0355 8.4160 0.0047 8.3928 0.9974 388.06 13.54 35.39 2.93 30.40 2.54 

Chemical Abrasion 0.0121 0.0549 0.1801 0.8376 19.7647 0.1107 19.7622 1.0000 407.11 4.03 617.84 91.48 676.86 126.96 

Aqua Regia 0.0120 0.0548 0.1971 2.4694 1.3457 0.3270 1.3064 0.9894 403.18 4.41 1263.12 9.73 1823.59 20.75 

Total Dissolution 0.0132 0.0548 0.1853 1.6670 149.6714 0.2207 149.6711 1.0000 403.17 4.15 996.05 949.91 1285.66 1744.41 

ST-09-03 

Hot Plate Leach 0.1093 0.0546 0.1682 0.1093 3.5377 0.0145 3.5233 0.9989 394.14 3.77 105.30 3.54 92.97 3.25 

Chemical Abrasion 0.0576 0.0544 0.2085 1.0687 1.9354 0.1425 1.9058 0.9942 387.08 4.68 738.08 10.15 858.85 15.32 

Aqua Regia 0.1339 0.0546 0.1862 1.9143 0.5060 0.2542 0.3893 0.9465 396.74 4.17 1086.08 3.37 1460.02 5.09 

Total Dissolution 0.1381 0.0547 0.1682 30.6780 1.9720 4.0696 1.9467 0.9964 398.88 3.77 3508.78 19.39 10464.22 100.74 

ST-09-04 

Chemical Abrasion 0.0143 0.0550 2.6550 0.0653 28.2908 0.0086 28.1818 0.9956 413.49 59.30 64.19 17.60 55.21 15.46 

Aqua Regia 0.0162 0.0548 0.2474 0.8484 2.0034 0.1123 1.9675 0.9924 404.69 5.54 623.77 9.34 685.81 12.80 
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Based on the isotope ratios measured via TIMS, isotopic dates were 

calculated (Table 6.6) and Concordia diagrams for each aliquot were constructed 

(Figure 6.7). Three of the aliquots from ST-09 produced intercept ages between 404 

and 408 Ma (Aliquots 1, 2, and 4, Figure 6.7). Aliquot 3 produced a discordia age of 

386 Ma. The individual calculated isotope dates for this aliquot had relatively low error 

(± 10) but the discordia age had high error (± 36 Ma) compared to the other aliquot 

ages (± 2.7-6.2 Ma).  

 

 
Figure 6.7 Concordia diagrams for ST-09 zircon fragments. (A) ST-09 aliquot 1, (B) ST-09 aliquot 2, (C) 
ST-09 aliquot 3, and (D) ST-09 aliquot 4. 

 
A composite diagram for the ST-09 zircon megacryst was constructed (Figure 

6.8). For this plot, several points with high error (much over ± 10 Ma on age 

calculations) were excluded. The resultant upper intercept age of 397 Ma (± 14 Ma), 

is slightly lower than the whole zircon megacryst age for ST-02 (407 Ma), however, 

these ages are within error of one another. 
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Figure 6.8 Composite Concordia diagram for ST-09 zircon. 

 

Six fergusonite fragments from ST-09 were and analyzed by TIMS. Measured 

isotopic ratios and calculated ages can be found in Table 6.7. A Concordia diagram 

was constructed for fergusonite fragments from ST-09 (Figure 6.9). The upper 

intercept age is 405.5 ± 6.6 Ma. 
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Table 6.7 Isotopic data for ST-09 fergusonite. 

TIMS U-Pb Results - ST-09 Fergusonite 

Sample ID 

Radiogenic Isotope Ratios Isotopic Ages 

208Pb 207Pb   207Pb  206Pb   corr. 207Pb  207Pb  206Pb  

206Pb 206Pb % err 235U % err 238U % err coef. 206Pb ±  235U ±  238U ±  

ST-09-Ferg01 0.0413 0.0549 0.2005 0.4847 0.4874 0.0641 0.3627 0.9303 406.72 4.49 401.31 1.62 400.37 1.41 

ST-09-Ferg02 0.0293 0.0548 0.2631 0.4862 0.4241 0.0644 0.2164 0.8579 402.09 5.89 402.29 1.41 402.33 0.84 

ST-09-Ferg03 0.0680 0.0560 0.2414 1.1312 0.4924 0.1465 0.3214 0.9083 451.90 5.36 768.30 2.65 881.48 2.65 

ST-09-Ferg04 0.0344 0.0548 0.1867 0.4730 0.5716 0.0626 0.4738 0.9533 402.58 4.18 393.23 1.86 391.64 1.80 

ST-09-Ferg05 0.0387 0.0546 0.2343 0.4682 0.4589 0.0622 0.2733 0.9183 396.00 5.25 389.97 1.49 388.95 1.03 

ST-09-Ferg06 0.0399 0.0548 0.2031 0.4496 1.0706 0.0595 1.0193 0.9823 403.79 4.55 377.03 3.37 372.69 3.69 
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Figure 6.9 Concordia diagram for ST-09 fergusonite. 

 

ST-10 

Three fragments of allanite from ST-10 were analyzed via TIMS. Measured 

isotopic ratios and calculated ages can be found in Table 6.8. ST-10-01 did not run 

properly and no U-Pb ratios could be measured. 

HA-01 

Three zircon fragments (HA-01-01, 02, and 03) from HA-01 were treated to 

chemical abrasion and HF dissolution following Mattinson (2005), and a  fourth  was  

subjected to chemical abrasion and an aqua regia bath and isotopic ratios collected 

via TIMS (Table 6.9). Solutions from each aliquot were run after each abrasion acid-

leach step, and results were used to calculate isotopic ages (Table 6.9). No total 

dissolution step was analyzed, as the aqua regia bath caused complete dissolution of 

fragments, and is considered the effective “total dissolution” analysis for these grains.



 Texas Tech University, Georgene Aaroe, August 2017 

44 

 

Table 6.8 Isotopic data for ST-10 allanite. 

TIMS U-Pb Results - ST-10 Allanite 

Sample ID 

Radiogenic Isotope Ratios Isotopic Ages 

208Pb 207Pb   207Pb  206Pb   corr. 207Pb  207Pb  206Pb  

206Pb 206Pb % err 235U % err 238U % err coef. 206Pb ±  235U ±  238U ±  

ST-10-All01 - - - - - - - - - - - - - - 

ST-10-All02 0.7494 0.0605 2.8878 1.6808 4.0906 0.2016 2.8513 0.7083 619.92 62.32 1001.28 26.04 1184.13 30.84 

ST-10-All03 0.8069 0.0586 1.6551 2.4041 1.8997 0.2977 0.5208 0.5765 551.30 36.13 1243.81 13.62 1679.76 7.70 

               
 

Table 6.9 Isotopic data for HA-01 zircon. 

TIMS U-Pb Results - HA-01 Zircon 

Treatment Step 

Radiogenic Isotope Ratios Isotopic Ages 
208Pb 207Pb   207Pb   206Pb   corr. 207Pb   207Pb   206Pb   
206Pb 206Pb % err 235U % err 238U % err coef. 206Pb ±  235U ±  238U ±  

HA-01-01 
Hot Plate Leach 0.0954 0.0563 5.5885 0.2857 19.7754 0.0368 19.0514 0.9592 462.54 123.84 255.14 44.62 233.14 43.61 
Chemical Abrasion 0.0681 0.0561 0.2314 1.1315 0.4741 0.1463 0.3041 0.9145 456.31 5.13 768.45 2.56 880.07 2.50 
Aqua Regia 0.1167 0.0548 0.2269 0.5107 0.4402 0.0676 0.2572 0.9205 404.89 5.08 418.90 1.51 421.44 1.05 

HA-01-02 
Hot Plate Leach 0.0741 0.0562 0.2251 0.1784 12.3466 0.0230 12.3402 0.9998 458.58 4.99 166.67 18.98 146.83 17.90 

Chemical Abrasion 0.0587 0.0565 0.3805 0.1736 87.5022 0.0223 87.5009 1.0000 473.15 8.42 162.55 131.44 142.02 122.83 
Total Dissolution 0.0867 0.0567 0.4810 56.8004 1.2476 7.2623 1.0896 0.9241 480.88 10.63 4119.40 12.45 13612.88 61.74 
HA-01-02 

Hot Plate Leach 0.0699 0.0561 0.2685 0.1452 15.9732 0.0188 15.9681 0.9999 456.27 5.95 137.70 20.57 119.92 18.96 
Chemical Abrasion 0.0478 0.0562 0.2259 1.3726 0.5945 0.1773 0.4712 0.9361 458.59 5.01 877.28 3.49 1052.05 4.57 
Aqua Regia 0.0484 0.0562 0.2302 1.2106 0.4619 0.1561 0.2840 0.9186 461.47 5.10 805.47 2.57 935.32 2.47 
HA-01-02 

Chemical Abrasion 0.0923 0.0565 0.2808 0.8049 0.6293 0.1032 0.4779 0.9070 473.52 6.21 599.57 2.85 633.43 2.88 
Aqua Regia 0.0816 0.0571 0.2753 0.9489 12.6871 0.1206 12.6803 0.9998 494.41 6.07 677.51 62.72 733.88 87.95 
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Concordia diagrams were constructed for HA-01 zircon aliquots 1 and 3 

(Figure 6.10). Construction of a Concordia diagram with reasonable probability of fit 

and error was impossible for aliquots 2 and 4. In Aliquot 2, this seems likely due to an 

error in measurement during the total dissolution step (Table 6.9). However, very high 

error in the previous steps also makes a two point isochron impossible. For Aliquot 4, 

this was probably due to very high 2-sigma error during the analysis of the aqua regia 

leach, and there only being 2 points to form an isochron. The Concordia that were 

constructed, though high in uncertainty, had upper intercept ages around 450 Ma. 

 

Figure 6.10 HA-01 zircon aliquot Concordia diagrams. (A) HA-01-01, and 
(B) HA-01-03. 
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A composite Concordia for the HA-01 zircon megacryst was constructed 

(Figure 6.11). Several points were omitted due to large error (HA-01 Aliquot 1 Hot 

Plate Leach, HA-01 Aliquot 2 Chemical Abrasion, HA-01 Aliquot 2 Total Dissolution, 

and HA-01 Aliquot 4 Aqua Regia Leach). This resulted in an upper intercept age of 

453 Ma (± 26 Ma). 

 

 
Figure 6.11. HA-01 composite Concordia. 

 

LA-ICP-MS data 
Trace element data was collected for zircon megacrysts from ST-02, ST-09, 

and HA-01 (Figure 6.12).  
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Figure 6.12 Grain mount with megacrysts for LA-ICP-MS. 

 

Analysis spots on each megacryst, for trace elements (Appendix E) were 

located based on whole-crystal back-scattered electron images (Figure 6.13). Table 

6.10 summarizes U, Th, and Pb concentrations found via LA-ICP-MS. Laser data 

confirmed that U, Th, and Pb concentrations are high in zircon used in this study. 
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Figure 6.13 Laser spots on ST-02, ST-09, and HA-01 zircon megacrysts. 

 
 
Table 6.10 Average U, Th, and Pb concentrations (ppm) detected via LA-ICP-MS. 

Sample 
ID 

Total Average 
Pb 

Average 
Error 

Total Average 
Th 

Average 
Error 

Total 
Average U 

Average 
Error 

HA-01 2044 0.108 16614 0.04 22890 5.12 
ST-02 1605 0.116 798 0.0342 20905 5.31 
ST-09 6500 0.1416 808 0.0508 79917 6.60 

 
The other purpose of collecting laser data was to gain petrogenetic 

information. Rare earth element trends in all three samples can be seen in Figure 

6.14. 
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Figure 6.14 REE plots for laser spots collected from ST-02, ST-09, and HA-01 megacrysts. 

 
All three zircon samples show a relative enrichment in heavy rare earth 

elements (HREE) compared to chondrites, with a positive Ce anomaly and a negative 

Eu anomaly. These trends are consistent with an unaltered, igneous zircon (Hoskin 

and Schaltegger, 2003). 
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CHAPTER 7 

DISCUSSION 
The collection of isotope and compositional data by ID-TIMS and Ultrachron 

EPMA, as well as petrographic observations, places constraints on the age of 

crystallization of NYF-type pegmatites in Northern Norway. Moreover, the data, in 

conjunction with rock and mineral textures and field relationships, challenge the 

model that NYF-pegmatites of the Tysfjord region of Norway are contemporaneous 

with crystallization of the host Tysfjord gneiss. The data also demonstrates the 

applicability of some unconventional minerals in geochronological studies. 

ID-TIMS Data 

Zircon Data Quality 

The zircon data collected via TIMS generally produced U/Pb series isotope 

ratios with low 2-sigma error (under 10%). Concordia diagrams constructed for each 

fragment produce upper intercept ages with minimal error (between 1-14 Ma). These 

Concordia diagrams show spread along the discordias, from upper intercepts in the 

Paleozoic to lower intercepts near present. The upper intercept ages of these 

Concordias support the hypothesis that Northern Norway NYF pegmatites crystallized 

in the Paleozoic. Spread along the Discordia line towards the present is most likely 

due to lead loss and gain in the zircon megacrysts. 

Coffinite [U(SiO4)1-x(OH)4x] is isostructural with zircon and substitution between 

the end-members occurs by simple substitution (Frondel, 1953). Compositions across 

the solid-solution have been synthesized (Zamyatin et al., 2013), but it is uncommon 

to find zircon with particularly high U abundances, particularly in geologically older 

rocks. Measured U-abundance in the Stetind and Hakohals pegmatite zircon range 

between 20906 and 79917 ppm (Table 6.10), which are far above the high-end of 

reported abundances of U in zircon (10’s to 1000’s of ppm) for intermediate to felsic 

rocks (Hoskin and Schaltegger, 2003).  

Uranium and Thorium undergo radioactive decay causing metamictization, 

which is destruction of the zircon crystallographic lattice. This metamictization causes 

development of amorphous domains around the fission track, volume increases, and 

may result in crack development along which Pb may diffuse (Cocherie et al., 2001). 
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The metamict domains are particularly susceptible ion diffusion, and in the event of 

fluid infiltration, may result in the advective loss of radiogenic Pb from the zircon, 

disturbing the predicted trend of 206Pb/238U and 207Pb/235U ratios that define the line of 

discordia on a Concordia diagram. Silver and Deutsch (1963) first noted that high U 

zircons were more prone to Pb loss, and although this has been challenged (e.g. 

Schärer & Allègre 1982), laboratory experiments using IR spectroscopy, X-ray 

diffraction, and compositional analysis confirm the trend (Woodhead et al., 1991).  

Petrographic observation of the zircon megacrysts from Tysfjord shows that 

grains are brown and sub-vitreous, and X-ray diffraction patterns show evidence for 

the presence of amorphous components, which are indicators that the crystals are 

metamict and are susceptible to Pb loss. X-ray diffraction patterns of an aliquot of 

zircon powder from the analyzed megacrysts show broad diffraction peaks, and broad 

humps in the background that indicate low crystallinity (Figure 7.1). After thermal 

treatment of the powder, the diffraction peaks become narrower, increase in intensity, 

and the amorphous domains in the background have disappeared, indicating an 

increase in crystallinity and the annealing of metamict domains (Nasdala et al., 2002; 

Palenik et al., 2003). The observations made on powdered zircon may be 

extrapolated to the megacryst fragments that were thermally annealed. 
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Figure 7.1 X-Ray Diffraction (XRD) pattern of a powdered fragment of a zircon megacryst from the 
Stetind Pegmatite locality (blue), and a pattern of the same powder after thermal annealing at 850°C for 
4 hours (red). Both patterns present raw counts and an uncorrected background. The blue pattern 
expresses significantly higher background intensities, lower peak intensities, and peak broadening, 
which are all indicators of metamictization of zircon. 

After thermal annealing, the fragments were subjected to acid-baths. In the 

chemical-abrasion process (Mattinson, 2003), the acid-leaching step dissolves 

second phase particles and domains of zircon that did not thermally anneal, and may 

have been glassy and have lost Pb. The goal of the acid-treatment step during 

chemical abrasion is to remove zircon domains that may have experienced Pb loss or 

U gain, and drive the outcome of the isotope-dilution TIMS analysis towards 

Concordia. In contrast, the methodology applied in this study was to recover the 

leachate for each acid-leaching step, subject the leachate to column chemistry, and 

analyze for U-Pb ratios. Leaching steps conducted with weaker acids are designed to 

target amorphous domains in the zircon, and those that may have already 

experienced Pb loss.  

The accumulation of several leachate U-Pb analyses, as well as the analysis 

of the final zircon total-dissolution step, enables the construction of a single 

Concordia plot from which an upper-intercept age may be calculated. This projection 
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to the upper intercept of a line of best-fit may reduce the MSWD value and provide a 

statistically better date. However, interpretation of the data used to plot the line of 

Discordia, particularly in this case, is based on the presumption that the zircon 

fragments all have the same age of crystallization and have experienced the same 

geologic history, including events that may have contributed to Pb loss. 

Another phenomenon observed in high U zircon is reverse discordance, or 

discordance above the Concordia. The cause of reverse discordance is most 

commonly attributed to the redistribution of radiogenic Pb within the zircon grain, from 

higher to lower U domains within the crystal (Mattinson et al., 1996), or the addition of 

excess U to the analyzed material, which may occur during interaction between zircon 

and a fluid. Back-scattered electron images show no evidence of compositional 

zoning in the megacrysts, and there is little compositional variability in the trace 

element date, which may also contribute to variance in uranium abundance across a 

grain. Therefore, loss of Pb and disturbance of U/Pb ratios is attributed to 

metamictization. 

Concordia Ages 

Multiple fragments from zircon megacrysts from the Stetind and Håkonhals 

pegmatites were analyzed via TIMS. Silver & Deutsch (1963) and Schärer & Allègre 

(1982) demonstrated that U-Pb analyses of multiple fragments from a single zircon 

could be combined to produce a single radiometric date for zircon crystallization. The 

method was applied here because the fragments were separated from single 

megacrysts and there is no textural evidence that individual fragments experienced 

different geologic histories or Pb-loss at different moments in geologic time, it is 

proposed that the data for individual fragments may be combined on a single 

composite Concordia diagram (Figures 6.4, 6.8, and 6.11). Each figure represents all 

leaching steps for each fragment from a single megacryst. The isochron encapsulates 

a wide array of U-Pb ratios, and the isochron of best fit reduces the error in Concordia 

intercept ages. 

The composite ages from ST-02 and ST-09, have upper intercept ages of 403 

± 1.6 and 397 ± 14 Ma, respectively. The ST-09 age is within error of the ST-02 age, 

although the error on that age is much smaller. Fergusonite samples from Stetind 
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samples ST-05 and ST-09 both had upper intercept ages of 405 Ma, which agrees 

with the zircon Concordia ages (Figures 6.4 and 6.11).  

In contrast, the HA-01 zircon fragments gave a composite age with an upper 

intercept age of 458 Ma, which is notably older than the Stetind samples. No 

fergusonite grains were recovered for analysis from the Häkonhals sample. 

Allanite 

The allanite samples analyzed by TIMS did not produce viable results, due to 

extremely high error in measured U/Pb ratios. One explanation for the paucity of 

quality analytical results was that Ca was not appropriately separated during resin 

chemistry. The method used on allanite was the same as that used for zircon 

(Appendix C). However, allanite, unlike zircon, may contain significant and variable 

amounts of Ca, which may complex with Pb during the chemical separation process. 

The presence of Ca within the solution analyzed may have resulted in erroneous 

measurements of Pb within the spectrometer. Likely, a refined method for resin 

chemistry with allanite would have to be developed to isolate U and Pb for TIMS 

analysis. This will likely need to include trial-and-error experimentation in a laboratory. 

Ultrachron Data 

Xenotime grains analyzed by EMPA Ultrachron are texturally equivalent and 

are attributed to a reaction between a late stage magmatic-hydrothermal fluid that 

involved apatite and fergusonite, the former as a source of PO4 and the latter as a 

source for Y; the fate of Nb in the system has not been identified. Individual xenotime 

grains are compositionally homogenous, and an inter-grain comparison also shows 

little scatter between grains, which may be used to argue that the xenotime coronas 

around apatite developed in a single event.  

If the xenotime, based on the textural and compositional evidence, are 

interpreted to have grown during a single event, a weighted mean age of 385 Ma ± 12 

Ma (2σ) may be calculated for all domains. This age is about almost 20 Ma younger 

than that of fergusonite and zircon U-Pb TIMS ages. However, the Ultrachron ages 

are heterogenous, showing distinct peaks (Figure 6.2). Peak overlap showed distinct 

age populations at 370 Ma, 395 Ma, and 420 Ma. Individual grains produced different 

ages, with ST-Xenotime 1 having the oldest age of 417 Ma, and ST-Xenotime 2 
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having the youngest (375 Ma). In some cases, distinct ages were produced within 

different areas of the same grain (Table 6.2). For example, ST-Xenotime 1 had ages 

of 401 Ma (Area 1) and 417 (Area 2). These distinct age domains may be explained 

by Pb loss or gain. EPMA Ultrachron assumes no Pb loss or gain, and the older and 

younger age domains may represent areas that underwent some degree of Pb loss or 

gain. This would suggest that the most accurate xenotime crystallization age is 

approximately 395 Ma. This age is consistent with fergusonite and zircon TIMS dates 

for the Stetind Pegmatite. Fergusonite and xenotime corona ages overlap in ST-

Xenotime 1 and 4, where the fergusonite age of ~405 Ma falls between the older and 

younger xenotime corona ages. 

Integration of Traditional with Non-Traditional Chronometers 

Protocols for the analysis of U-(Th)-Pb have been developed for a variety of 

accessory phase minerals including monazite (e.g. Cottle et al., 2009a; Cottle et al., 

2009b; Horstwood et al., 2003; Kohn and Vervoort, 2008), xenotime (e.g. Cottle et al., 

2009a; Cottle et al., 2009b; Horstwood et al., 2003), rutile (e.g. Koojiman et al., 2010; 

Vry and Baker, 2006), titanite (e.g. Li et al., 2010; Simonetti et al., 2006; Storey et al., 

2006), allanite (e.g. Gregory et al., 2007; McFarlane and McCulloch, 2007), apatite 

(e.g. Willigers et al., 2002), thorite (e.g. Cottle et al., 2009b; Cottle et al., 2009c) and 

uraninite (Chambers et al., 2008). The most common method for their analysis is LA-

ICPMS, which demonstrates the versatility of the technique. However, it also 

demonstrates the versatility of the isotope system, which in this study was exploited 

through the IC-TIMS analysis of fergusonite. 

U-Pb geochronology has been applied to a range of oxide minerals as a 

pathway to understanding geologic processes, particularly in the general field of ore-

geology... Several studies have targeted columbite ((Fe,Mn)(Ta,Nb)2O6), which has 

been described in pegmatites, carbonatites, and ore deposits (Che et al., 2015; Deng 

et al., 2013; Kim et al., 2016). Fergusonite is the yttrium-equivalent, and is both less 

common and less well studied. However, it is the more commonly present end-

member in NYF-pegmatites). 
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Fergusonite analyzed in this study produced U/Pb isotope ages with very low 

2-sigma error (often below 10%). Fergusonite ratios plot along the Concordia for ST-

05 and ST-09, tightly constricting an upper intercept age of 405 Ma. 

The utility of fergusonite as a geochronometer in this study cannot be 

overstated. Because of the minerals distinct morphology and color (brown-red, 

vitreous, and angular) it was relatively easy to hand-pick from broken rock. It was not 

treated to thermal annealing or stepwise dissolution, but rather was just dissolved and 

subjected to resin chemistry. Data of high statistical quality was collected, resulting in 

geologically meaningful Concordia ages, which support those collected from zircon 

megacrysts and the xenotime halos around apatite. 

In complex, highly evolved igneous systems, it may be challenging to extract 

meaning from a zircon age alone because high U abundances in zircon contribute to 

metamitization and Pb loss. The application of other chronometers may be a useful 

tool for interpreting the ages produced through zircon U-Pb analysis. In this study, 

fergusonite Concordia ages mirrored that of zircon ages, bolstering the significance of 

the zircon data. Moreover, the xenotime halos around the apatite, which are also 

~400 Ma, are coupled with a simultaneous dissolution of fergusonite and interpreted 

to have occurred during igneous processes. As such, the convergence of the different 

geochronological data, with igneous processes promote the conclusion that the ~400 

Ma age represent a primary crystallization age. 

Significance of Ages 
Stepwise dissolution of mineral fragments, especially zircon, has been 

demonstrated to be a useful strategy for collecting meaningful age data from targeted 

grains that may have experienced variable Pb loss, because they may be treated 

collectively to construct a single array (e.g. Kramers et al., 2001). The strategy is 

underpinned by the improved statistical certainty for Concordia intercept ages that 

ideally are pinned by a concordant date for the final, complete dissolution stage. The 

approach has similarities to the strategy employed by Mattinson (2001) who 

developed the so-called chemical abrasion technique that aims to remove domains 

affected by radiation damage, and thereby avoid their incorporation into a U-Pb date. 

Following these procedures, TIMS results show strong evidence for a U-Pb 

radiometric age of approximately 400 Ma for Stetind pegmatite zircon and fergusonite 
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grains. The fact that zircon and fergusonite ages are the same, suggests both 

minerals were functioning as isotopically closed systems around the same time.  

EMPA data collected on xenotime from the Stetind Pegmatite gives a mean age of 

385 Ma. Textural analysis suggests xenotime formation in a late magmatic system, 

with input by fergusonite and apatite. This microprobe date further supports a slightly 

older magmatic age of 400 Ma for fergusonite and zircon. 

Geochronology of Pegmatite Formation in Northern Norway 

The NYF pegmatites of this study are hosted by the Tysfjord Gneiss. The 

Tysfjord Gneiss was emplaced as a metaluminous granitic pluton at 1798 ± 5 Ma 

(Rehnstrom et al., 2007). The U-Pb age provided by Rehnstrom, et al. does not align 

with regional Proterozoic magmatic episodes, but may be interpreted as a late 

product of protracted localized crust-building that spanned a period from 1.86 Ga to 

as late as 1.73 Ga (Corfu, 2004).  

While work on the Tysfjord Gneiss itself is limited, geochemically and 

geotemporally similar plutons in the region have been suggested to have formed 

through partial melting of earlier Proterozoic (1.8 Ga) mangerites. Granitic plutons 

hosting pegmatites were described as “fluid-rich, minimum melt granites and 

pegmatites” (Corfu, 2004), and the pegmatites were proposed to have formed within 

millions of years of their host due to partial hydration. 

Pegmatitic lenses and dikes within plutonic gabbros emplaced during the 1.86 

to 1.73 Ga magmatic event were dated by U-Pb to fall within this timeframe, within the 

millions of years following the emplacement of their hosts (Corfu, 2004). However, U-

Pb ages on pegmatites hosted by the felsic to intermediate plutons of this time period 

are lacking. 

In contrast to Corfu’s study of the pluton suite in which the Tysfjord Gneiss 

was emplaced, Ihlen and Muller (2009) evaluated NYF pegmatites hosted by 

metamorphosed granites in the Baltic Shield of Southern Norway. The host rocks in 

this study are similar to the Tysfjord Gneiss, in that they were emplaced in the Meso- 

to Paleo Proterozoic and later deformed. The pegmatites of Ihlen and Muller’s study 

are mineralogically and geochemically similar to those hosted by the Tysfjord Gneiss, 

containing Nb, Y, REE, Th and U rich minerals. Their study yielded U-Pb ages 



 Texas Tech University, Georgene Aaroe, August 2017 

58 

younger than Sveconorwegian metamorphism (1.06 to 1.12 Ga) and 

contemporaneous with late orogenic granitic emplacement (1.0 to 0.9 Ga). 

The two aforementioned studies provide two explanations for the pegmatite 

emplacement: 

1. Pegmatites formed anatectically following peak local metamorphism or 

magmatism, which may be coeval with but not cogenetic with granitic plutons, 

or 

2. Pegmatites are cogenetic with granitic plutonism, though not coeval – those 

formed from the plutonic body, either through later hydration or anatexis. 

The Devonian crystallization ages for pegmatites hosted in the Tysfjord Gneiss 

introduce a third possibility: that these pegmatites are not coeval with the Tysfjord 

Gneiss’s emplacement at 1.8 Ga, and because they lack of any metamorphic fabric, 

suggests that pegmatite formation must have occurred after the youngest 

deformation of the pluton, which is known to be related to the Caledonian Orogeny.  

Eastward of the Tysfjord Gneiss are allochthonous nappes emplaced early 

during the Caledonian orogenic cycle, which lie over the Precambrian basement 

(Andresen and Tull, 1986). Gneissic fabrics and foliation in the Tysfjord gneiss are 

interpreted as products of Caledonian nappe emplacement, and are dated as forming 

after 410 Ma. Biotite whole rock geochronology was performed on the Tysfjord 

gneiss, and produced isochron ages of 367 and 347 Ma (Andreson and Tull, 1986). 

These ages were interpreted as cooling ages produced as biotite passed through its 

closure temperature (around 350 °C) during late Caledonian uplift of the basement.  

These dates would suggest that peak metamorphism and the formation of 

fabrics in the Tysfjord gneiss, triggered by Caledonia nappe emplacement, were 

nearly concurrent with or just prior to the Stetind pegmatite formation, with pegmatitic 

minerals crystallizing before basement uplift and cooling through the biotite closure 

temperature. This suggests the third explanation for pegmatite formation in 

Norwegian basement plutons – pegmatites (possibly) cogenetic with the host pluton, 

but not coeval. Rather, this body formed later, just after nappe emplacement. Most 
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likely, the pegmatite formed through partial melting of the Tysfjord, aided by fluorine 

supplied internally. 

The Hakonhals zircon megacryst age of 458 Ma is significantly older than that 

of the Stetind Pegmatite mineral suite. Petrographic inspection of this sample has not 

completed, and no other reliable mineral U-Pb ages have been produced. While this 

age may be a reliable crystallization age for this pegmatite, not enough information is 

known about this sample to reliably conclude that there may be an older generation of 

Paleozoic pegmatites that may have been emplaced during earlier Caledonian 

activity. 

Pegmatite Formation 

 The origin of pegmatites and models describing their formation have been 

debated and developed by many researchers (Thomas et al., 2012). Today, the most 

commonly accepted model that describes many pegmatites is that they are the 

product of igneous processes; however, it is occasionally argued that a purely 

hydrothermal origin is applicable in some examples. (Rickers et al., 2006). While most 

pegmatites have bulk compositions that are equivalent to typical granites, many 

pegmatites possess textural and chemical features that distinguish them from typical 

granitic rocks. They include: 

(1) Large grain size. One of the hallmarks of pegmatites is exceptionally large 

crystals. While large crystals are normally associated with slow cooling, 

experimental models (London, 2012) have shown that pegmatites must form at 

fairly low temperatures, requiring high rates of crystallization. 

(2) Internal layering and mineral anisotropy. Large crystal growth is not the only 

distinct textural feature of pegmatites. Most pegmatites are found with directional 

layering. This layering is usually seen as concentric zonation from the outside of 

the pegmatitic unit inward (Duke et al., 1988) (Figure 7.2). Each zone is typified 

by specific texture and mineralogy. In general, crystals tend to grow from the 

outsides inward, perpendicular to layering. 

(3) Concentration of rare elements. Much of the data available on pegmatites stems 

from economic interest in the rare-element pegmatite type (Cerny and Ercit, 

1989). While not a requisite feature of pegmatites, a large proportion of 
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pegmatites do contain rare element rich mineralization, and therefore this feature 

must be considered when forming a model for pegmatite genesis. 

 

Figure 7.2. Sketch of typical pegmatite zonation. 

Not all pegmatites contain all of these features, but all pegmatites are characterized 

by the presence of at least one of these characteristics. A robust model for pegmatite 

petrogenesis will be able to account for the possibility of each of these. 

Overview of Classic Models 

 Several models have been proposed to explain the formation of pegmatites. 

These models stem from both studies of natural pegmatite occurrences and 

experimentally derived data. To understand the relative roles of pegmatite forming 

processes, it is necessary to review some of the commonly proposed models and 

their strengths and weaknesses.  

The Hydrothermal Model: 
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 The idea of precipitation of pegmatitic minerals from an entirely aqueous 

phaseis a historical model (Reitan, 1965; Roedder, 1981), but is no longer supported 

by more recent research that favors models with an igneous origin. Evidence in favor 

of igneous petrogenesis is largely based on the fact that most pegmatites plot near 

the granite minimum or eutectic (Norton, 1966). The primary argument against a 

purely aqueous origin includes the inability of an aqueous solution (H2O-CO2-NaCl) to 

carry solutes that would be necessary to form a granitic solid (London, 2011b). In 

addition, the expected hydrothermal alteration of host rocks is absent. 

 Schmidt and Thomas (1990) demonstrated that a purely H2O-CO2-NaCl 

system is improbable, and fluid inclusions have an abundance of alkali carbonates 

and bicarbonates. These components can increase the solubility of SiO2 by several 

orders of magnitude (Balitsky et al., 2002), making purely hydrothermal pegmatite 

formation slightly more possible. However, most geologists have found models 

including silicate melt much more convincing. 

Igneous Fractional Crystallization and later Peritectic Reactions: 

 Cameron et al. (1949) concluded that the distinctive layering observed in 

pegmatitic bodies was a product of fractional crystallization from the walls inward in a 

magma chamber. This model explained replacement bodies as either a product of 

peritectic reactions recrystallizing primary minerals or as products of hydrothermal 

alteration. This model relies on a lowering of melt viscosity and its consequent 

increasing of ion diffusivity as the primary driver for inward coarsening of crystals 

(Jahns, 1953; London, 2014). Hydrothermal activity in this model plays a minor role in 

pegmatite formation. 

Crystallization of a Water Saturated Silicate Liquid: 

 Jahns and Burnham (1969) proposed a model for pegmatite formation driven 

by crystallization of a silicate melt through an interface with an aqueous fluid. Jahns 

(1953) acknowledged that crystallization at low temperature required rapid 

crystallization driven by increased diffusivity (and low viscosity). Jahns and Burnham 

(1969) observed negligible amounts of flux rich minerals in pegmatites, and therefore 

concluded that a viscous granitic melt must have been present. To reconcile the large 
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grain size of pegmatites with their mostly granitic composition, Jahns and Burnham 

proposed a model that required early melt saturation of H2O, and the creation of an 

aqueous phase as a diffusing agent. In their model, Jahns and Burham (1969) 

proposed an exsolved aqueous phase as the primary driver of diffusion and lowered 

viscosity, and as the necessary process in forming the large crystal size found in 

pegmatites.  

 The model constructed by Jahns and Burham (1969) is one of the most widely 

accepted theories on how pegmatites form, mostly because of its basis in 

experimental data. A fundamental issue to the validity of the Jahns and Burham 

model relates to the solubility of non-volatiles within a supercritical fluid. While 

solubility in a simple H2O-CO2-NaCl system may be low, recent studies of fluid 

inclusions have shown that late-stage pegmatitic fluids are much more complex, 

allowing for increased solubility of aluminosilicates (e.g. Veskler, 2004).  

Crystallization from a Hydrous Silicate Gel: 

 To further resolve the issue of SiO2 solubility and mass transport in pegmatite 

formation, Brotzen (1959) suggested a model in which a hydrous silicate gel aids in 

crystallization. This model is based on the premise that such a gel would suppress 

convection, allowing diffusion of only aqueous species reducing nucleation (Thomas 

et al., 2012). One universal aspect of pegmatite morphology is a coarse quartz core. 

Crystallization from a silicate gel is an attractive explanation for how silica mass 

transport may take place at high enough rates to form such cores. Thomas and 

Davidson (2008) have found gel inclusions within graphic albite and quartz crystals, 

lending some credence to such a gel being present in the pegmatite forming system. 

 London (2009) criticized the importance placed on silicate gels in pegmatite 

formation, arguing that gels form a framework that inhibit diffusivity of 

aluminosilicates, thereby requiring extremely long periods time to form large crystals 

as seen in pegmatites, which are acknowledged to cool over much short time periods. 

It is clear that silicate gels do exist in some pegmatitic systems, but the necessity or 

efficiency of such a gel in pegmatite forming process is still debated. 

Crystallization from Flux-Rich Silicate Fluids: 
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 Fluxing agents have long been recognized as being important factors for 

reducing melt viscosity. The lowering of viscosity results in increased rates of element 

diffusion and suppression of crystal nucleation, thereby increasing crystal growth 

rates. London (2009) recognized the theoretical efficiency of flux-rich fluids, but could 

not resolve this model with the fact that most pegmatites in nature are relatively low in 

flux-rich minerals. Thomas and Davidson (2012a) recognized several “structural 

modifiers” including  CO2, (HCO3)−, (CO3)2−, (SO4)2−, (PO4)3−, H3BO3, F, Cl, Li, Na, K, 

Rb, Cs, and Be as being present in tens of percents within pegmatite melt inclusions, 

which conflicts with London’s criticism. 

Liquidus Undercooling and Crystal Zone Refinement: 

London (2009) proposed a model of pegmatite formation through which none 

of the above mechanisms played a substantial role. This model involves liquidus 

undercooling as a mechanism for rapid crystal growth and very low nucleation rates. 

In this model, the pegmatite forming system has an initially haplogranite composition 

that is H2O undersaturated (London, 2014). London constrained the pegmatite-

forming environment to about 7-9 km depth of emplacement, intruding at around 

700°C and quickly dropping to 450°C. This temperature falls well below the accepted 

700°C liquidus calculated for the composition of most pegmatites. 

In London’s (2014) model, the boundary between the crystallizing front and 

the residual melt is sharply defined (Figure 7.3). Incompatible components build up 

along this boundary layer within a viscous fluid via compositional zone refinement, 

preventing back diffusion into the crystallizing layer. As the final melt is consumed, 

the boundary layer fluid itself crystallizes as a concentration of incompatible 

elements. 

Two issues regarding London’s model (London, 2014) are the ability of a 

boundary layer to prevent diffusion along the crystallizing front (Thomas et al., 2009). 

It is possible that a residual melt may act as a composition buffer, homogenizing the 

composition of the melt back to the haplogranite composition. The model also uses 

far-field chemical diffusion as a mechanism for concentrating elements. This 

mechanism suggests that there is a far-field “signaling”, in which distal areas of the 

crystallizing system may sense crystallization elsewhere, and across scales that are 
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incompatible with current understanding of chemical gradients in igneous systems 

(Thomas et al., 2009). 

 

Figure 7.3. Model of a crystal growth front as described by London (2012). Colored circles 

represent atoms of various elements, with varying atomic radii. 

Melt-Melt Immiscibility: 

Thomas, Davidson, and Beurlen (2012) proposed a model involving the 

separation of immiscible melts. This model is based on melt/fluid inclusion studies by 

Thomas et al. (2009) and Thomas and Davidson (2012a). These studies found that in 

some inclusions, pegmatite water concentrations can be as high as 50%, while in 

other inclusions water concentrations are low and abundances of other fluxing agents 

are much higher. These studies suggest that there are two distinct melt compositions- 

one which is metaluminous with low H2O, and one that is alkaline and water rich.  
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This model is weakened by the lack of definition regarding what constitutes a 

“melt inclusion” versus a “fluid inclusion”, and whether it can be shown that all the 

inclusions represent a primary magmatic feature. However, fluid and melt inclusion 

studies in pegmatitic systems are slowly gaining ground, and the above-mentioned 

studies may be useful as a basis for future studies on pegmatite petrogenesis. 

All the models for pegmatite petrogenesis have strengths as well as inherent 

weaknesses. One modern conclusion that is generally agreed upon is that purely 

hydrothermal models are unreasonable. A magmatic origin for pegmatites is now 

widely accepted, but the specific processes are still debated. 

One of the fundamental necessities for resolving the pegmatite problem is the 

need for additional experimental data. The Jahns and Burnham (1969) model has 

been widely accepted for decades on the basis of experimental studies, and no later 

experiments refuted the basic model, despite uncertainty over the role and solubility 

of aluminosilicates in aqueous fluid systems.  

One approach to validating the Jahns and Burham model would be ascertain 

melt compositions and relate them to melt inclusion studies. Integrated studies of melt 

and fluid inclusion studies are few, but they may have the capacity to resolve 

questions of pegmatite petrogenesis. However, without a more refined understanding 

of what fluid and “melt” inclusions are and represent in pegmatitic minerals, it is hard 

to draw meaning from them. 

Formation of the Stetind Pegmatite & Implications for NYF Pegmatite 
Emplacement 

The Stetind Pegmatite may be considered within the framework of the 

different models for pegmatite formation because it contains many of the classic 

characteristics of a pegmatite- large grain size, mineral anisotropy, and concentration 

of rare elements. This pegmatite is an example of a NYF pegmatite, containing Nb, Y, 

and F rich minerals. A more significant challenge is reconciling the relationship 

between the source, the timing and the geo-tectonic models for its emplacement, 

because much of the accumulated data appears to contradict classic models and 

interpretations. 
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The crystallization ages of the pegmatites post-date the host by ~1.3 billion 

years, and textural evidence would suggest that they were emplaced after the peak of 

mid-Scandian metamorphism and deformation. Therefore, the two NYF pegmatites in 

the Tysfjord Gneiss studied in this contribution did not form via fractional 

crystallization aided by peritectic reactions from the primary host-rock. Fractional 

crystallization from an unidentified distal Scandian igneous complex remains one 

possibility, but it is noted that there is very little evidence for such magmatism on the 

regional scale. 

Emplacement as a water-saturated melt in a simple system that lacks fluxing 

agents is also not compatible with the observed mineral assemblages. The 

abundance of fluorine in the pegmatite, as well as the complexity of the mineral 

assemblages and abundance of rare-elements, may have suppressed nucleation 

rates and increased diffusivity promoting the characteristic pegmatite textures. 

However, the mineralogy of the pegmatites suggests that, in addition to H2O, F was 

important and may have contributed both to magma formation, movement, as well as 

modulating and contributing to reaction sequences during crystallization – see both 

mineralogy, and dissolution of fergusonite and growth of xenotime textures. 

Immiscibility between a flux-rich melt and an aqueous solution also seems 

unlikely, in part because of the absence of a recognized parental magmatic system 

from which the high-temperature magma could have evolved and escaped prior to 

crossing a solvus. Preliminary experimental results indicated solvus T-P conditions in 

a multi-component H2O rich system at 770 C and 100 MPa (Veksler, 2004). 

However, flux-rich melts could potentially become immiscible at lower T-P conditions. 

Even if the magma was produced locally, metamorphic conditions in the Tysfjord 

Region during the Scandian have been proposed to be no higher than upper 

amphibolite facies (Andresen and Tull, 1986), and therefore whilst high enough to 

produce partial melts, unlikely to produce a magma with a temperature above the 

melt-aqueous solution solvus. 

On the other hand, the availability and production of H2O and F during 

prograde metamorphism, may have aided partial melting of the source rock. Fosli 

(1941), made a petrogenetic link between the Tysfjord Granite Gneiss and the rare 
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element-rich pegmatites that it hosts. In particular, the ubiquitous occurrence of 

fluorite and F-bearing minerals in the host gneiss and their ubiquity of fluorite and 

rare-element fluoride phases, including yttro-fluorite, bastnäsite and thalénite was 

noted. However, the geochronological results that indicate primary crystallization 

during the Scandian phase of the Caledonian orogeny is inconsistent with a coeval 

emplacement. However, it does not rule out partial melting of the Tysfjord Gneiss 

during Scandian times.  

The isotopic data collected in this study does not permit calculation of a model 

age for when the pegmatite forming material left the mantle. However, the 

observation that the discordance in the zircon data define a line between ~405 and 

recent Pb-loss, and the interpretation of the xenotime-growth texture to be an igneous 

reaction is used to argue that the pegmatites are Scandian in age and the collected 

geochronological data are do not reflect a metamorphic re-setting of the 

chronometers in an older unit that was coeval with the host Tysfjord Gneiss. 

The compositional correlation between the Tysfjord Gneiss and the rare 

element pegmatites, coupled with the igneous textures and 405 Ma pegmatite age 

suggests a model that involves the orogenically induced partial melting of the Tysfjord 

Gneiss, There is no evidence that the mantle was involved with partial melting and 

magma generation, which in turn suggests that the crust may have been overly 

thickened in the Tysfjord Region promoting elevated temperatures, aided by the 

fluxing potential of F and H2O. 
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CHAPTER 8 

 CONCLUSIONS 
The Stetind Pegmatite is an NYF pegmatite, one of many hosted by the 

Tysfjord Gneiss (1.8 Ga) in Northern Norway. ID-TIMS analysis of zircon and 

fergusonite from the Stetind Pegmatite produced dates of ~405 Ma. Electron-probe 

micro-analysis total U-Th-Pb dating of xenotime coronas on apatite provide dates 

within 2σ error. These ages are interpreted as crystallization ages, formed through 

partial melting of the Tysfjord Gneiss after early Caledonian nappe emplacement. 

Compositional similarities between the host gneiss and pegmatites, such as the 

presence of high field strength element enriched minerals, is a strong indicator that 

the origins of the pegmatite magmas was partial melting of the gneiss, likely aided by 

fluorine-bearing hydrothermal fluids produced during metamorphism of the Tysfjord 

Gneiss. An additional contributing source of fluids may have been the enveloping 

pelitic nappes. Crystallization was completed before late Caledonian uplift and 

cooling. 

 

Zircon megacrysts from Stetind used for geochronology were extremely U rich 

and metamict. A before-and-after XRD experiment on another megacryst from Stetind 

showed the utility of thermal annealing in repairing the crystal lattice. Thermal 

annealing was applied to all zircon megacrysts before being analyzed. They were 

then subjected to chemical abrasion and stepwise dissolution as described by 

Mattinson (2003), and each leachate step was chemically separated and analyzed via 

TIMS. This process yielded statistically strong data in high U grains, which are usually 

problematic. 

 

This study also shows the utility of fergusonite as a geochronometer via TIMS. 

High quality U-Pb ages were produced by analysis of fergusonite, with no thermal 

annealing or further treatment steps necessary. This data was supported by zircon U-

Pb ages. EMPA Ultrachron data produced age ranges that encompassed both the 

zircon and fergusonite isochron ages. 
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Much is still to be explored regarding the formation of the Stetind Pegmatite, 

pegmatites of Norway and her plutons, and NYF pegmatites in general. A robust 

zircon laser-ablation dataset was produced during the course of this study to better 

constrain U and Th abundances in zircon megacrysts. However, this data can be 

explored further, especially in order to understand the crystallization history of this 

pegmatite. 

 

The EMPA Ultrachron dataset is also a rich source of information. A further 

investigation of age discrepancies between areas on the same xenotime corona, 

which appear the same by observation, could provide enlightening information on 

late-magmatic processes. An investigation on age differences from grain to grain, 

plus the addition of more grains, may give a better “whole-rock” age for xenotime, or 

may show a trend of protracted growth within crystal and on the rock scale. 
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APPENDIX A 

Photos of Grain Fragments for ID-TIMS 
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APPENDIX B 
Texas A&M U-Pb Zircon Procedures 
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APPENDIX C 
Texas A&M U-Pb Column Procedure 
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APPENDIX D 
ID-TIMS Dataset 
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APPENDIX E 
Laser Ablation Trace Element Dataset 
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