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Abstract 

 

This thesis investigates a regional-scale heavy rare earth element (HREE) mineralisation style 

that appears as several structurally-controlled orebodies distributed from the Halls Creek 

Orogen to the Tanami Region, in an area labelled the North Australian HREE+Y (NAHREY) 

mineral field. The ore minerals consist only of xenotime [(Y,HREE)PO4] and minor florencite 

[LREEAl3(PO4)2(OH)6], and occur mainly near a regional unconformity between the Archean 

metasedimentary rocks of the Browns Range Metamorphics (BRM) and overlying 

Paleoproterozoic Birrindudu Group sandstones in northwest of the Tanami Region. 

 

The BRM are medium- to coarse-grained arkosic metasandstones that host the bulk of the 

HREE mineralisation in the NAHREY mineral field. The BRM consists mainly of detrital 

quartz and feldspars with minor granitic lithic fragments. Isotopic data acquired from detrital 

zircons from the BRM and intruding felsic igneous rocks yielded a well-defined age of ca. 3.2 

to ca. 3.0 Ga, with relatively radiogenic εHf values (εHf = –1.7 to +5.1), indicating derivation 

from a Mesoarchean granitic basement of juvenile origin, and deposition in a continental rift 

basin setting. The sedimentation is constrained to between the ca. 3.0 Ga age of the source 

rocks and ca. 2.5 Ga age of the felsic igneous bodies that cross-cut the BRM. The ca. 2.5 Ga 

zircons from the felsic igneous rocks have εHf model ages comparable to those of the ca 3.2 to 

ca. 3.0 Ga detrital and inherited zircons (ca. 3.4 to ca. 3.1 Ga), consistent with formation via 

partial melting of the BRM, or the Mesoarchean granitic basement. The unconformably-

overlying Gardiner Sandstone of the Birrindudu Group contains detrital zircons of ca 2.6 to ca 

1.8 Ga age with no trace of Mesoarchean age, which discounts a significant contribution from 

the underlying BRM. 

 

A detailed paragenetic study of the mineralisation revealed; (1) a pre-ore stage displaying 

mostly a greenschist-facies overprint, with the detrital/metamorphic minerals including quartz 

(several generations), alkali feldspar, plagioclase, and coarse-grained muscovite aligned in the 

pre-mineralisation foliation; (2) syn-ore quartz and white mica alteration associated with a 

complex multi-stage mineralisation of the ore minerals, primarily in breccias and veins; (3) a 

post-ore stage characterised by several generations of quartz, hematite, barite, anhydrite and 

pyrite veining and brecciation. Isotopic dating of xenotime ore from across the NAHREY 

mineral field constrained the main stage of ore formation to between ca. 1.65 Ga and ca. 1.60 
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Ga, which is significantly younger that the pre-ore muscovite 40Ar/39Ar age of ca. 1.72 Ga that 

corresponds to a regional metamorphism. The ca. 1.65-1.60 Ga timeframe does not correlate 

to any local magmatism or orogeny but was coincident with the collision of the North 

Australian Craton with the Arunta Inlier and Laurentia and subsequent initiation of the Isan 

and Liebig Orogenies. Far field stresses from these craton-scale events potentially acted as 

drivers of large-scale fluid flow and fault (re)activation that led to the HREE ore formation.  

 

Ore petrography indicates multiple stages of xenotime and florencite crystallisation and re-

crystallisation. Early xenotime (up to 1 mm), coexisting with early florencite, appears in 

breccias (breccia-hosted) and mineralised quartz veins (vein-type). Late xenotime (<100 µm) 

occurs largely as pyramid-shaped overgrowths on the pre-existing xenotime and coexists with 

late florencite that mainly replaces early xenotime and also appears as narrow rims on early 

florencite. Compared with early xenotime, the late xenotime overgrowths are richer in the 

HREE and more depleted in P and LREE, owing to crystallisation of late florencite. Moreover, 

early florencite has a nearly pure florencite composition whereas the late florencite is defined 

by a broad chemistry including components of svanbergite, goyazite and woodhouseite. Both 

xenotime and florencite incorporated quantities of trace elements via a number of substitution 

mechanisms. High U content of xenotime and composition of early florencite potentially 

support a genetic association between the HREE mineralisation and the coeval U deposits of 

northern Australia that formed across the same basin.  

 

Samples of the BRM are variably depleted in HREE compared to sedimentary protoliths, and 

also have unradiogenic Nd isotope compositions that are comparable to the orebodies, but quite 

distinct from the igneous rocks or other sedimentary rocks (Birrindudu Group) from across the 

North Australian Craton. These observations demonstrated that the ore metals were derived 

directly from the BRM. Moreover, investigation of a large number (ca. 550) of primary fluid 

inclusions from both mineralised and barren quartz veins, revealed three types of hydrothermal 

fluids available only in the mineralised samples including type I low salinity H2O-NaCl (largely 

<5 wt.% salinity; consistent with meteoric water), type II medium salinity H2O-NaCl (12-18 

wt.% salinity) and type III high salinity H2O-CaCl2-NaCl (up to 25 wt.% salinity). The trapping 

temperature and pressure during the ore formation was between 100 to 250 °C and between 0.4 

and 1.6 Kbar, respectively. Trace element analysis detected Y, Ce and Cl only in the type III 

fluid inclusions, which indicates that transportation of ore metals was (at least partly) by Cl 

complexes in the type III fluid. The P required for phosphate ore mineral formation was likely 
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transported by the type I fluid. Moreover, mineralised quartz samples returned δ18Ofluid values 

in the range defined by the BRM (δ18Ofluid = +1.8 to +5.2‰) and the Birrindudu Group 

sandstones (δ18Ofluid = +8‰).  

 

Combining whole-rock, fluid inclusion and isotopic data, an ore genesis model is developed 

that suggests mixing of at least two hydrothermal fluids, one (type III) leached HREE+Y from 

the BRM and moved upward along fault structures in the vicinity of the regional unconformity, 

and there mixed with another down-flowing P-bearing fluid (represented potentially by the 

type I fluid inclusions) originated from the Birrindudu Group sandstones. Leaching of ore 

metals was greatly enhanced by halogen (Cl, F) complexes. Introduction of P during fluid 

mixing/dilution and an increase in pH as recorded by the syn-ore muscovite alteration, resulted 

in HREE deposition.  

 

Globally, the closest analogue to the NAHREY ore deposits is the Maw Zone, which formed 

in a very similar geological setting in the Athabasca Basin, Canada. Collectively, this style of 

REE mineralisation is unlike any other known REE ore style, and is herein labelled 

“Unconformity-Related REE deposit”. There is great potential for further unconformity-related 

REE deposits to be found in intercontinental basins in close proximity to regional 

unconformities between Archean basement rocks and overlying Proterozoic sedimentary 

sequences.  
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Thesis subject 

 

This thesis investigates the poorly-understood, recently-discovered heavy rare earth element 

(HREE) mineralisation distributed within a vast area of ~300 km in length, from the Halls 

Creek Orogen to the Tanami Region of north-western Australia (Fig. 1-1). The HREE 

mineralisation occurs as numerous structurally-controlled deposits/prospects of variable grade 

and tonnage, consisting exclusively of xenotime [(YHREE)PO4] and minor florencite 

[LREEAl3(PO4)2(OH)6], hosted by the metasedimentary/sedimentary rocks of the Browns 

Range Metamorphics (BRM) and Birrindudu Group sandstones of the Tanami Region, and the 

Red Rock Basin of the Halls Creek Orogen.  

 

The primary focus of the research work is on the HREE deposits/prospects hosted by the BRM, 

and particularly on the Wolverine, being the largest deposit with a total mineral resource of 

4.97 Mt @ 0.86% total rare earth oxide. Compared with the major known REE orebodies 

worldwide (Smith et al., 2016 and the references therein, Fig. 1-2), Wolverine can be 

considered to be of low grade (e.g., ca. 5-6 wt. % REE2O3 at Bayan Obo; ca. 9 wt. % REE2O3 

at Mountain Pass; Mariano and Mariano, 2012) and low tonnage (e.g., Mountain Pass, with ca. 

16.7 Mt of resources, Mt. Weld, with ca. 23.9 Mt of resources; Weng et al., 2013, 2015), 

following the classification outlined in Laznicka (1999). Nonetheless, Wolverine is 

significantly enriched in HREE (84 % of the total resource); which are of high value and high 

demand (Goodenough et al., 2017).  
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Fig. 1-1: Simplified geological map of northern Australia showing the distribution of the HREE 

mineralisation in northern Australia.  

 

 
Fig. 1-2: Grade versus tonnage of major REE deposits (Jaireth et al., 2014).Note that Wolverine orebody 

has a comparably low grade and tonnage.  
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Significance 

 

The rare earth elements (REE), also known as the lanthanides (Ln), are commonly divided into 

light and heavy REEs (LREE and HREE, respectively). Classification of these elements into 

light and heavy is somewhat inconsistent, but the most commonly-used approach, employed in 

this thesis, considers La to Gd, whose orthophosphates assume a monoclinic structure, as 

LREE. Subsequently, Tb to Lu characterised with orthophosphates that display a tetragonal 

zircon-type structure, are considered as HREE (Ni et al., 1995). Furthermore, yttrium (Y) is 

also often regarded as one of the HREE, due to its very similar geochemical characteristics to 

Ho (Connelly et al., 2005). 

 

Owing to their unusual physical and chemical properties such as unique magnetic and optical 

properties (Table 1-1), the REE are used in a wide range of applications ranging from everyday 

household items to cutting-edge technologies. Also branded as the “green elements”, the REE 

are a major component of the green energy technologies such as hybrid electric vehicles, wind 

power, low energy light bulbs and biofuels. Reportedly, battery alloys, magnets, polishing 

powder, auto-catalysts, phosphors, fluid cracking catalysts and metallurgy are the major 

applications that require REE. Despite this enormous economic and political interest, the bulk 

of the REE production derives from a single deposit (Bayan Obo REE-Nb-Fe deposit, China), 

causing geopolitical insecurity in the global REE market. Moreover, overwhelming majority 

of the known REE occurrences are enriched in LREE (La-Gd), resulting in a marked increase 

in the price of the HREE (Tb-Lu plus Y) compared with their light counterparts. In particular, 

dysprosium (Dy) faces the highest supply risk in the near future (e.g., Hatch et al., 2012; 

Goodenough et al., 2017). To ensure a steady production of REE, further understanding of REE 

mineralisation in different geological settings is essential.   
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Table 1-1: Major physical and chemical properties of the REE as well as scandium and yttrium 

Element Symbol 
Atomic 
number 

Atomic 
weight 

Density 
(gr/cm3) 

Melting 
point (°C) 

Boiling 
point (°C) 

Crustal 
abundance 

Vicker’s 
hardness 

Crystal 
structure 

Scandium Sc 21 44.9 2.98 1541 2832 8 85 Hexagonal 
Yttrium Y 39 88.9 4.46 1522 3337 30 38 Hexagonal 
Lanthanium La 57 138.9 6.14 918 3469 30 37 Hexagonal 
Cerium Ce 58 140.1 8.16 789 3257 60 24 Cubic 
Praseodymium Pr 59 140.9 6.77 931 3127 7 37 Hexagonal 
Neodymium Nd 60 144.2 7 1021 3127 25 35 Hexagonal 
Promethium Pm 61 145 7.26 1042 3000 4.5*10-20 n.a. Hexagonal 
Samarium Sm 62 150.3 7.52 1074 1900 5 45 Rhombohedral 
Europium Eu 63 151.9 5.24 822 1597 1 17 Cubic 
Gadolinium Gd 64 157.2 7.9 1313 3233 4 57 Hexagonal  
Terbium Tb 65 158.9 8.23 1356 3041 0.7 46 Hexagonal 
Dysprosium Dy 66 162.5 8.55 1412 2562 3.5 42 Hexagonal 
Holmium Ho 67 164.9 8.79 1474 2720 0.8 42 Hexagonal 
Erbium Er 68 167.2 9.06 1529 2510 2.3 44 Hexagonal 
Thulium Tm 69 168.9 9.32 1545 1727 0.3 48 Hexagonal 
Ytterbium Yb 70 173 6.96 819 1466 2.2 21 Cubic 
Lutetium Lu 71 174.9 9.84 1663 3315 4.4 77 Hexagonal 

Data are from Gupta and Krishnamurthy (2005).  
 

Comprehensive reviews on the characteristics of the major US, European and Australian REE 

occurrences are provided in Long et al. (2010), Goodenough et al. (2016) and Jaireth et al. 

(2014), respectively. Briefly, a commonly-used approach divides natural REE occurrences into 

“primary” deposits occurred mainly through magmatic processes and hydrothermal fluid 

mobilisation and precipitation, and “secondary” deposits formed chiefly by processes that 

move or concentrate REE from, or in, the original place of formation via sedimentary 

concentration or weathering (Walters et al., 2010).  

 

Globally, the great majority of the well-studied REE deposits (e.g., Bayan Obo, China, Yang 

et al., 2009; Maoniuping, China, Xie et al., 2009; Mountain Pass, United States, Castor, 2008; 

Mount Weld, Australia, Lottermoser, 1990; Strange Lake, Canada, Gysi and Williams-Jones, 

2013; Nechalacho, Canada, Sheard et al., 2012), are genetically and spatially associated with 

magmatic rocks, particularly carbonatites and alkaline/peralkaline rocks (Figs. 1-3, 1-4). 

Moreover, many so-called “vein-type” REE deposits are suggested to be linked to magmatic 

activity (e.g., Nolans Bore, Australia, Anenburg et al., 2018; Snowbird, USA, Samson et al., 

2004). Hence, REE deposits of indisputable hydrothermal origin, with no links to magmatism, 

appear to be very rare in geological record (e.g., Maw Zone HREE prospect, Athabasca Basin, 

Rabiei et al., 2017), although experimental studies demonstrated that aqueous transportation 

and deposition of REE to economically significant levels is feasible under specific 

hydrothermal conditions (Migdisov et al., 2009, 2011; Loges et al., 2013; Migdisov and 

Williams-Jones, 2014; Timofeev et al., 2015, 2017). Moreover, a vast majority of the currently-
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exploited REE deposits are LREE-enriched with only few small occurrences enriched in HREE 

minerals (Lofdal Carbonatite, Namibia, Wall et al., 2008; Songwe Hill Carbonatite, Malawi, 

Broom-Fendley, 2017; Music Valley Gneiss, USA, McKinney, 2015). As documented in this 

thesis, the REE mineralisation in northern Australia is remarkably rich in the HREE and also 

displays evidence for an exclusively hydrothermal origin with no apparent relationship with 

magmatism of any type. Thus, this thesis can provide implications for further discovery of the 

economically significant HREE enriched orebodies formed under hydrothermal conditions 

using approaches unlike those currently employed for exploration of REE deposits associated 

with magmatism. 

 

This thesis aims primarily to: 

 

(1) Delineate the depositional timing and origin of the BRM (prime host to the ore) 

(2) Detail the mineral paragenesis and alterations associated with the ore and host rocks  

(3) Determine the age of mineralisation in context of local and regional geological history 

(4) Investigate ore mineral chemistry 

(5) Provide constraints on the conditions (P-T) of ore deposition 

(6) Define the geological processes responsible for mineralisation 

(7) Describe the ore style 

(8) Develop implications for exploration purposes   

 

 
Fig. 1-3: Global distribution of major primary REE deposits (Walters et al., 2010). 
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Fig. 1-4: Distribution of major primary REE deposits in Australia (Jaireth et al., 2014). 

 

 

Previous study of the Browns Range  

 

Exploration and mining 

 

Uranium and HREE anomalies were first identified in the Browns Range in the 1970s, when a 

number of companies, including Esso Australia, Peachiney Australia, Alcoa, Cultus Pacific 

Uranex JV and Denison, searched the area primarily for unconformity-related uranium 

mineralisation. These HREE anomalies were, however, considered economically insignificant. 

Later, PNC Exploration (Power Reactor and Nuclear Fuel Development Corporation) explored 

the Browns Range between 1987 and 1991, and conducted geophysical surveys, geological 

mapping, rock chip assays, petrological analysis and drilling. Despite finding traces of 

xenotime veins in the outcrops, exploration ceased and again the Browns Range was concluded 

to be infertile for mineralisation. Limited outcrop exposure and difficulty of access meant that 

very limited subsequent exploration was conducted in the area until mid-2000s, when Northern 
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Minerals Ltd recognised the potential for HREE mineralisation and embarked on regional-scale 

exploration work including geophysical surveys, geological mapping and drilling. Northern 

Minerals Ltd have since identified and named numerous HREE deposits and prospects and now 

hold exploration and mining leases in and outside of the Browns Range. Northern Minerals Ltd 

commenced mining operations for HREE at Wolverine and the nearby Gambit deposits in 

2017, aiming for a full scale production of 585,000 tons per annum through a combination of 

open pit and underground mining operations. 

 

Research 

 

Very little geological research has been conducted on the Browns Range area to date. The first 

stratigraphic column that considered the Browns Range as part of the Tanami Region was 

published by Blake et al. (1979); this stratigraphy has since been refined on the basis of new 

observations and geochronological data (Page et al., 1995; Cross and Crispe, 2007). The term 

Browns Range Metamorphics (BRM), used in this thesis to describe the Archean 

metasedimentary rocks lying exclusively on the western margin of the Browns Range Dome 

(BRD), was adopted from Blake et al. (2000). Geochronological data for the Browns Range 

Dome are limited to U-Pb zircon dating from a sample of the BRD granite collected from the 

southern margin of the Dome within the Northern Territory (Page et al., 1995; Cross and 

Crispe, 2007). These papers identified zircon age populations of ca. 3.15 to ca. 3.04 Ga, ca. 

2.67 to ca. 2.44 Ga and ca. 1.99 to ca. 1.87 Ga. Cross and Crispe (2007) interpreted the youngest 

age to be the crystallisation age of the BRD granite, and the Archean-aged zircons to be 

inherited material from the basement. This has led to the conclusion that the BRD includes 

rock units of both Archean and Paleoproterozoic age. In more recent years, the regional 

geology of the Browns Range was broadly discussed in reports published by Northern Territory 

Geological Survey (NTGS) and Geological Survey of Western Australia (GSWA) (e.g., Blake 

et al., 2000; Hendrickx et al., 2000; Crispe and Vandenberg, 2004), but little new data was 

presented in these publications. 

 

Vallini et al. (2007) studied xenotime occurrence at Boulder Ridge, about 40 km south of the 

BRD, and reported a wide range of ages from 1639 Ma to 1564 Ma. The first and yet the only 

thesis, an honours thesis, on the Browns Range was produced by O’Reilly in 2012 from the 

University of Adelaide. This thesis mainly investigated the mineralogy and petrography of the 
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HREE mineralisation. The major results of this thesis were published in a paper in “Lithos” in 

2013 by Cook et al. (2013). Moreover, Morin-Ka et al. (2016) published results of U-Pb dating 

of xenotime ore from Wolverine (1646 ± 5 Ma) and also from John Galt (1619 ± 9 Ma) hosted 

in the Halls Creek Orogen. Most recently, Richter et al. (2018) presented fluid inclusion 

assemblages of the mineralised hydrothermal quartz veins, and suggested a low P environment 

for the ore formation. 

 

Thesis structure 

 

This thesis presents a series of five independent result chapters (Chapters 2-6), bracketed by an 

“Introduction” (Chapter 1) and a “Conclusion” (Chapter 7), with the intention that each result 

chapter will be published in an internationally well-recognised Earth Science journal. 

Subsequently, each result chapter is presented in a format similar to a published paper, causing 

some inevitable repetition, particularly in text sections such as Introduction and Geological 

Setting and Analytical techniques. Nonetheless, each chapter presents a separate body of work 

that discusses new geological aspects using a variety of analytical techniques and approaches. 

At the time to submission, Chapters 2 and 4 had already been published in “Australian Journal 

of Earth Sciences” and “Economic Geology”, respectively. The remaining chapters (Chapters 

3, 5 and 6) will also be submitted shortly. These paper-based result chapters are followed by a 

“Conclusion” that combines and summarises major findings presented in the five result 

chapters (Chapters 2-6). The final section of this thesis is the “Appendices” which includes a 

complete list of datasets as well as accessory information and documents.   

 

Chapter outlines 

 

A brief outline of the content of each of the “result” chapters is provided below:  

 

Chapter 2: Provenance, tectonic setting and source of Archean metasedimentary rocks of the 

Browns Range Metamorphics, Tanami Region, Western Australia.  

 

This chapter characterises the Archean metasedimentary rocks of the BRM that host bulk of 

the HREE mineralisation, using whole-rock geochemical and petrological data combined with 

U-Pb age and Lu-Hf isotope data derived from the BRM and cross-cutting felsic igneous rocks. 
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These data are used to evaluate the age and nature of the sediment source rock, the timing and 

tectonic setting of deposition, and post-depositional alteration and weathering. 

 

Chapter 3: Age, geological setting and paragenesis of heavy rare earth element mineralisation 

of the Tanami and Halls Creek Regions, Western Australia.  

 

This chapter documents the mineral assemblage, paragenetic relationships and geological 

setting of the HREE mineralisation, complimented with a comprehensive U-Pb age dataset of 

xenotime ore from a number of HREE deposits/prospects. These data are then employed to 

evaluate possible driving forces of the HREE mineralisation, and potential genetic associations 

with other ore deposits of northern Australia. 

 

Chapter 4: Unconformity-Related Rare Earth Element deposits: A regional-scale hydrothermal 

mineralization type of northern Australia.  

 

Combining ore petrology, mineral chemistry, geochronology, and Sm-Nd isotope analysis of a 

number of HREE deposits/prospects, this chapter defines a comprehensive ore genesis model 

that describes the source/s of the ore metals and the mechanisms whereby the HREE were 

leached, transported and deposited. These information are also used to determine vectors for 

further exploration of this type of ore mineralisation.  

 

Chapter 5: Paragenesis and chemistry of the xenotime and florencite from heavy rare earth 

element mineralisation of the Browns Range, Western Australia.  

 

This chapter details petrographic studies and geochemical data for different generations of 

xenotime and florencite from a number of the HREE deposits/prospects. These data are used 

to investigate the composition and distribution of trace elements between xenotime and 

florencite formed under hydrothermal conditions, and to provide constraints on the physico-

chemical conditions of formation of different generations of these REE phosphate minerals. 

 

Chapter 6: Fluid inclusion and stable isotope constraints on the heavy rare earth element 

mineralisation in the Browns Range Dome, Tanami Region, Western Australia.  
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To gain further insights into the P-T conditions and nature of ore-forming hydrothermal fluids 

responsible for HREE mineralisation, this chapter presents a detailed fluid inclusion study 

incorporating fluid inclusion petrography, microthermometry, laser Raman spectroscopy 

analysis and trace element microanalysis. Furthermore, oxygen isotope compositions of ore-

related minerals and surrounding host rocks are discussed to define the origin of the ore-bearing 

hydrothermal fluids. 
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Abstract 

 

This study combines U–Pb age and Lu–Hf isotope data for magmatic and detrital zircons, with 

whole-rock geochemistry of the Browns Range Metamorphics (BRM), Western Australia. The 

BRM are medium- to coarse-grained metasandstones that consist of angular to sub-rounded 

detrital quartz and feldspars with minor granitic lithic fragments. The sequence has undergone 

partial to extensive quartz-muscovite alteration, and has been intruded by mafic/ultramafic, 

syenitic and pegmatitic intrusive rock units. 

 

Uranium–Pb and Lu–Hf isotopic data on detrital zircons from the metasandstones and intruding 

granitic rocks yield a well-defined age of ca. 3.2 to ca. 3.0 Ga for all samples, with relatively 

radiogenic εHf values (εHf = –1.7 to 5.1) indicating derivation from Mesoarchean granite 

basement of juvenile origin. This is consistent with geochemical and petrological data that 

support deposition from a granitic source in a continental rift basin setting. The timing of 

sediment deposition is constrained between the ca. 3.0 Ga age of the source rocks and ca. 2.5 

Ga age of the granitic intrusive bodies that cross-cut the metasedimentary rocks. The ca. 2.5 

Ga zircons from the intrusive rocks have εHf model ages of ca. 3.4 to ca. 3.1 Ga, which is 

consistent with formation via partial melting of the BRM, or the Mesoarchean granite 

basement. Zircons of the Gardiner Sandstone that unconformably overlies the BRM return 

detrital ages of ca. 2.6 to ca. 1.8 Ga with no trace of ca. 3.1 Ga zircons, which discounts a 

significant contribution from the underlying BRM.    

 

The Mesoarchean age and isotopic signatures of the BRM zircons are shared by some zircon 

records from the Pine Creek Orogen, and the Pilbara, Yilgarn and Gawler cratons. Collectively, 

these records indicate that juvenile Mesoarchean crust is a more significant component of 

Australian cratons than is currently recognised. This work also further demonstrates that 

detrital minerals in Paleoproterozoic/Archean sedimentary rocks are archives to study the early 

crustal record of Earth.  

 

Keywords: U–Pb dating, Lu–Hf isotope, Mesoarchean, Browns Range Metamorphics, 

Western Australia, Tanami, zircon, arkose, North Australia Craton, HREE 
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Introduction 

 

Archean cratons are of interest to understanding the formation and evolution of the earliest 

crust on Earth. The West Australian Craton, comprising Yilgarn and Pilbara cratons, has a well-

established and extensively studied Archean rock record (e.g., Nebel-Jacobsen et al., 2010; 

Kemp et al., 2015). By contrast, the neighbouring North Australian Craton contains only rare 

and spatially disconnected exposures of Archean rocks. Metasedimentary rocks of the Browns 

Range Metamorphics (as per Blake et al., 2000), herein abbreviated as BRM, represent one of 

these rare Archean cratonic nuclei within the North Australian Craton. Although these 

metasedimentary rocks host several recently discovered heavy rare earth element (HREE) 

deposits (Cook et al., 2013), they have received little previous study due to their geographic 

isolation.   

 

Detrital minerals from ancient sedimentary sequences can preserve isotopic and geochemical 

signatures of their primary source rock, despite concealment or destruction of the source rocks 

over geological time. This is particularly relevant for understanding the early Earth, as studies 

of Archean and Hadean detrital zircons from the Jack Hills meta-conglomerate of the Yilgarn 

Craton demonstrate (Kemp et al., 2010). Accordingly, analysis of the BRM provides important 

insights into the early geological history of the North Australian Craton, as well as informing 

on the possible source and genesis of the HREE mineralisation (Cook et al., 2013; Nazari-

Dehkordi et al., 2016).  

 

This paper combines bulk-rock geochemical and petrographic analysis, with U–Pb age and Lu–

Hf isotope data for zircons from the BRM and the cross-cutting intrusive rocks. These data are 

used to evaluate the age and nature of the sediment source rock, the timing and tectonic setting 

of deposition, and post-depositional alteration and weathering (e.g., Cullers, 2000; Griffin et 

al., 2004; Thomas, 2011). We show that the BRM were sourced from juvenile Mesoarchean 

crust, and therefore provide new insights into a poorly understood period of evolution of the 

Northern Australian Craton.  
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Geological setting 

 

The Browns Range Dome (BRD) is an east-west trending ovoid-shaped structure measuring 

~60 km by ~30 km, situated in the northwest of the Tanami Region of the North Australian 

Craton (Fig. 2-1). Geological understanding of the BRD is lacking due to limited previous 

study, which in part is due to the remoteness of the area and difficulty of access. Interpretations 

of large-scale geological and geophysical surveys suggest that the core of the BRD is a 1-3 km 

thick, largely granitic body (herein labelled BRD granite; Fig. 2-1) that has been cut by 

numerous mainly east-west trending faults. Variable magnetic anomalies within this granitic 

unit were interpreted to represent multiple intrusions of varying composition (Hendrickx et al., 

2000), although there have been few field studies to substantiate these interpretations. 

Enveloping the BRD granite and occupying the outer margins of the dome are Paleoproterozoic 

sedimentary rocks of the Pargee Sandstone and the Birrindudu Group to the east and north, a 

package of undifferentiated sedimentary rocks of unknown age to the south, and the 

metasedimentary rocks of the BRM to the west (Fig. 2-1). 

 

Geochronological data for the Browns Range Dome is limited to U–Pb zircon dating from a 

sample of the BRD granite collected from the southern margin of the dome within the Northern 

Territory (Page et al., 1995; Cross and Crispe, 2007). These authors found zircon age 

populations of ca. 3.15 to 3.04 Ga, ca. 2.67 to 2.44 Ga and ca. 1.99 to 1.87 Ga. Cross and Crispe 

(2007) interpreted the youngest age to be the crystallisation age of the BRD granite, and the 

Archean-aged zircons to be inherited material from the basement. This has led to the conclusion 

that the BRD includes rock units of both Archean and Paleoproterozoic age. Nevertheless, the 

timing of deposition of the BRM has remained poorly resolved prior to the present study.  

 

The metasedimentary rocks that occupy the Western Australian segment of the BRD (Fig. 2-

1), are the focus of this paper. The BRM outcrop over an area of ~100 km2 (Fig. 2-1) within 

Western Australia and consist mainly of metasedimentary rocks that experienced regional 

metamorphism, mostly of greenschist facies, but locally up to amphibolite grade. The 

metasedimentary rocks are mainly metasandstones occasionally containing interbedded 

medium- to coarse-grained conglomerates, and less common calc-silicate rocks and banded 

iron formations, although the limited field exposure and metamorphism preclude detailed 

stratigraphic descriptions of the sequence. The BRM have been cut by numerous granitic, 
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syenitic and pegmatitic intrusions measuring 10s to 100s of metres in dimension, and mafic-

ultramafic intrusions (Blake et al., 1979; Page et al., 1995; Hendrickx et al., 2000). The 

occurrence of the mafic-ultramafic intrusions is inferred mainly from geophysics, but has been 

confirmed by limited exploration drilling. These rocks are dominated by a secondary alteration 

assemblage including tremolite, chlorite, ± sericite, ± titanite, which is consistent with 

metamorphism of mid- to upper-greenschist facies.  

 

The BRM are unconformably overlain by a thick sequence of low-grade Paleoproterozoic 

marine sedimentary rocks with rare volcanic units (Fig. 2-1; Crispe et al., 2007; Bagas et al., 

2008). These include the ca. 1864 Ma Dead Bullock Formation, and overlying turbiditic rocks 

of the Killi Killi Formation, both of which form the Tanami Group (Crispe et al., 2007). Crispe 

et al. (2007) infers that the Tanami Group is unconformably overlain by the coarse-grained 

sandstones and felsic volcanic rocks of the 1825 and 1815 Ma Ware Group, although the 

contact is not exposed. Both the Tanami Group and Ware Group were intruded by extensive 

granitic magmatism (Birthday, Frederick and Grimwade suites, indicated in Fig. 2-1B as 

“undifferentiated granites”) spanning the period ca. 1825 to ca. 1790 Ma (Smith, 2001). This 

age range also corresponds to the ca. 1790 Ma gold mineralisation within the Tanami Region 

(Bagas et al., 2007). These granite suites have been suggested to be derived from melting of 

upper continental crust in a syn-collisional tectonic setting that resulted from collision between 

the Tanami Region to the north and the Arunta Orogen to the south (Bagas et al., 2010). The 

Mount Charles Formation (ca. 1800 Ma; Crispe et al., 2007), which consists of basalts and 

intercalated clastic sedimentary rocks, post-dates Ware Group sedimentation. All of these rock 

sequences are overlain by relatively flat-lying sedimentary rocks of the Pargee Sandstone and 

Birrindudu Group, probably deposited in the interval of 1.78 to 1.64 Ga (Crispe et al., 2007). 

The Birrindudu Group consists of three units including the basal Gardiner Sandstone, the fine-

grained and calcareous Talbot Well Formation, and Coomarie Sandstone (Blake et al., 1975). 

The broadly domed and unconformable contact between the Gardiner Sandstone and the BRM 

is well exposed, and forms a prominent topographic feature at the western margin of the Dome.   
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Fig. 2-1: Geological maps of the Tanami Region and Browns Range. (A) The location of the Tanami 

Region and the Browns Range Dome in Northern Australia; (B) simplified geological map of the 

Tanami Region (modified after Bagas et al., 2008); (C) simplified geological map of the western margin 

of the Browns Range Dome within Western Australia (after Hendrickx et al., 2000) showing the location 

of analysed samples; and (D) simplified stratigraphic column of the Tanami Region (after Crispe et al., 

2007). Note that the undifferentiated granites shown in Fig. 2-1B have been divided into three suites 

including Birthday, Frederick and Grimwade suites. BRM, Browns Range Metamorphics; BRD, 

Browns Range Dome.  
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The BRM host a number of economically-significant HREE deposits (Cook et al., 2013). The 

largest of these deposits, the Wolverine deposit, contains xenotime and minor florencite 

mineralisation in hydrothermal lodes within massive arkosic metasedimentary rocks. Steeply 

dipping mineralisation is associated with silicification at major fault junctions, and occurs 

mostly as: (1) high grade, low tonnage lodes with large (>10 m long and 1 m wide) veins and 

chaotic breccias of massive xenotime (± quartz, ± hematite, ± sericite); and (2) low grade, 

probably higher tonnage disseminated mm-scale xenotime–quartz veins and crackle breccias 

in which xenotime grains occur in a number of morphological types (Nazari-Dehkordi et al., 

2016). Cook et al. (2013) reports that xenotime hosted by the BRM is more enriched by 3-7% 

total REE than other occurrences in the world. 

 

Sampling and analytical techniques 

 

Sampling 

 

The location of the samples analysed in this study is shown in Fig. 2-1C with details in Table 

2-1. Sampling was focussed in the northern portion of the field area, although from field 

observations it appears that the general sedimentary characteristics of the metasedimentary 

rocks do not vary significantly throughout the district. To best avoid surface weathering, the 

majority of the samples were taken from core samples drilled in the vicinity of REE orebodies. 

The cores were carefully described for petrographic, structural and sedimentary features, as 

well as occurrence of cross-cutting intrusive rocks and veins. To evaluate the nature and 

intensity of the alteration associated with the mineralisation, the samples were taken both 

proximal to and distal from the mineralisation.  

 

Twelve samples of BRM that are least affected by weathering and hydrothermal alteration were 

analysed for bulk rock geochemistry, and nine samples, including five BRM samples, three 

felsic intrusive rocks and one sample of the Gardiner Sandstone, were processed for zircon U–

Pb dating and Lu–Hf isotope analysis. All zircon analysis was conducted at the Advanced 

Analytical Centre at James Cook University, Townsville.  
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Table 2-1: Sample locations  

No. Rock type Drill core Depth (m) Easting Northing Analysis 
A2-2 BRM BRAD0002 46.9 492231.3 7909977 WR 
A2-3 BRM BRAD0002 51.3 492231.3 7909977 WR 
A2-16 BRM BRAD0002 138.2 492231.3 7909977 WR 
A2-25 BRM BRAD0002 187.5 492231.3 7909977 WR 
W5-1 BRM BRWT0332W5 441.2 493508.1 7915069 WR, Zircon U-Pb 
W5-2 BRM BRWT0332W5 487.6 493508.1 7915069 WR 
W5-13 BRM BRWT0332W5 550.7 493508.1 7915069 WR 
W324-5 BRM BRWT0324 409.5 493541.2 7914984 WR 
W324-7 BRM BRWT0324 441.6 493541.2 7914984 WR, Zircon U-Pb and Lu-Hf 
NM1 BRM Outcrop Surface 494489 7912111 WR, Zircon U-Pb and Lu-Hf 
W16-4 BRM BRWD0016 103.5 493599.5 7914773 WR, Zircon U-Pb and Lu-Hf 
G5-5 BRM BRGD0005 98.1 493098.1 7913652 WR, Zircon U-Pb and Lu-Hf 
2ENM1 Intrusive  Outcrop Surface 496643 7912590 Zircon U-Pb and Lu-Hf 
M1 Intrusive  Outcrop Surface 493458 7903099 Zircon U-Pb and Lu-Hf 
N1 Intrusive  Outcrop Surface 492576 7910925 Zircon U-Pb and Lu-Hf 
C1 Sedimentary  Outcrop Surface 489642 7904606 Zircon U-Pb 

WR: Whole-rock geochemistry 

 

 

Analytical techniques  

 

All of the collected samples were lightly brushed and washed in an ultrasonic bath to remove 

any contamination from drilling mud. Thin sections of representative samples were prepared 

for textural characterisation and mineralogical identification using petrographic and scanning 

electron microscopy (SEM) techniques. The modal composition of the samples was determined 

using the classic Gazzi-Dickinson point-counting method on a petrographic microscope 

(Dickinson, 1970). 

 

Whole-rock geochemistry 

 

Twelve samples of the least altered metasedimentary rocks with no trace of HREE 

mineralisation were analysed for major and trace element composition by Bureau Veritas 

Laboratories in Vancouver, Canada. Approximately 100 mg of finely milled powder of each 

sample was fused to glass using lithium metaborate/tetraborate flux. The fused discs were then 

digested in nitric acid and analysed for major elements by ICP-OES. A full suite of trace 

elements were analysed using the 1:1:1 Aqua Regia Ultratrace ICP-MS procedure, which 

utilises 1:1:1 HCl:HNO3:H2O combination to achieve ultra-low detection limits. Sample 

preparation and analytical procedures are as outlined in Jarvis and Jarvis (1995) and Pearce et 
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al. (1999). Briefly, the procedure starts with the addition of 4 ml HF and 1 ml HNO3 (SPA, 

ROMIL Cambridge) to 100 mg of powdered sample within a Teflon vial which is then sealed 

and left on a hot plate at 150 °C for 48 h. Followed by a two-step addition of 1 ml HNO3 into 

the moist residue, the insoluble fluoride species convert into soluble nitrate species. Moreover, 

an internal standard combined with 2.5 ml HNO3 are supplemented, following which the 

mixture is diluted to 50 ml, generating a final concentration of 20 ppb Re and Rh. The internal 

standard is, then, used to compensate for any analytical drift and matrix suppression effects. 

The relative analytical uncertainty on these data is <1% for elements that are substantially 

above their detection limits, including 0.005 wt.% for most major elements, ∼4 ppm for 

transition metals and <1 ppm for most lithophile trace elements.  

 

Uranium-Pb zircon dating 

 

Nine samples, including five metasedimentary samples from the BRM, three felsic intrusive 

rocks and one sample of the Gardiner Sandstone, were processed for zircon dating. The samples 

were crushed and milled down to a <500 µm grain size, washed to remove the clay fraction 

and separated by combination of heavy liquid density separation and magnetic separation. All 

the zircon grains were handpicked and mounted in epoxy along with GJ-1, FC-1 and Temora-

2 zircon standards. Epoxy mounts were polished and carbon-coated. Cathodoluminescence 

(CL) images of zircon grains were obtained by a JEOL-JSM5410LV scanning electron 

microprobe equipped with a Robinson CL detector at Advanced Analytical Centre (AAC) at 

James Cook University (JCU). Uranium-Pb dating of zircon was conducted by laser ablation 

ICP-MS using the setup described by Tucker et al. (2013). The setup couples a GeoLas pro 193 

nm ArF laser ablation system with a Bruker (formally Varian) 820-MS ICP-MS. The ICP-MS 

was tuned to ensure approximately equal sensitivity of U, Th and Pb to minimize isotope 

fractionation due to matrix effect. Analytes collected were 29Si, 90Zr, 202Hg, 204Pb, 206Pb, 207Pb, 
208Pb, 232Th, 235U and 238U. For quantification of U and Th concentration in zircon samples, 

NIST-SRM-612 reference glass was analysed at the beginning, middle and end of every 

analytical session, with 29Si used as the internal standard assuming perfect zircon 

stoichiometry. Zircon analysis was carried out with a beam diameter of 32 µm and beam energy 

density on the sample of 6 J/cm2. Selection of analytical sample spots was guided by CL 

images. All data reduction was carried out using the GLITTER software (Van Achterbergh et 

al., 2001). All time-resolved single isotope signals from standards and samples were filtered 

for signal spikes or perturbations related to inclusions and fractures. Subsequently, the most 
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stable and representative ratios were selected taking into account possible mixing of different 

age domains and zoning. Zircon standard GJ-1 was used as the primary reference standard 

(Jackson et al., 2004). Secondary zircon standards FC-1 and Temora-2 returned ages of 1098 

± 11 Ma, (MSWD: 1.01) and 416 ± 7 Ma, (MSWD: 1.0), which compare well with the 

published values of 1111 Ma for FC-1 (Orihashi et al., 2008) and 416.8 Ma for Temora-2 

(Black et al., 2004). A conservative 20 % discordance threshold was used for the populations 

containing more than two concordant or near concordant ages, as the cut-off limit. For the 

populations with less than two concordant or near concordant ages, the upper intercept age of 

the entire array of Pb loss was considered.     

 

Zircon Hf isotopic analyses 

 

In situ Hf isotope analyses of zircons were conducted at the Advanced Analytical Centre at 

James Cook University, using a GeoLas 193-nm ArF Excimer laser ablation system connected 

to a Thermo-Scientific Neptune multicollector ICP-MS, following the set-up outlined in 

Naeraa et al. (2012) and Kemp et al. (2009). Most analyses were obtained using a beam 

diameter of 32 µm and a 5 Hz repetition rate. The isotope ratios were derived from a 60s 

ablation period, comprising 60 cycles of 1s integration time. Data were normalised to 
179Hf/177Hf = 0.7325, using an exponential correction for mass bias. Interference of 176Lu on 
176Hf is corrected using the Hf mass bias factor and by measuring the intensity of the 

interference-free 175Lu isotope and using 176Lu/175Lu = 0.02669 (De Bievre and Taylor, 1993; 

Griffin et al., 2004) to calculate 176Lu/177Hf. The accuracy and external reproducibility were 

verified by repeated analyses of the standard zircons FC-1 and Mud Tank Zircon, which yielded 
176Hf/177Hf ratios of 0.282159 ± 10 (2σ) (n = 19) and 0.282505 ± 9 (2σ) (n = 26), respectively. 

These ratios are in good agreement with published data of 0.282174 ± 12 (2σ) (FC-1) and 

0.282499 ± 18 (2σ) (Mud Tank Zircon). The measured 176Lu/177Hf ratios of the zircons were 

used to calculate initial 176Hf/177Hf ratios. These age corrections are very small, and the typical 

uncertainty on a single analysis of 176Lu/177Hf (+1%) contributes an uncertainty of <0.05 εHf 

units. 176Hf/177Hf initial values were calculated using the 176Lu decay constant of Soderlund et 

al. (2004). DM (176Lu/177Hf = 0.0384, 176Hf/177Hf = 0.28325; Griffin et al., 2004) parameters 

were used for model age calculations. CHUR isotopic ratios of 176Lu/177Hf = 0.0336 and 
176Hf/177Hf = 0.282785 were used (Bouvier et al., 2008).  
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Petrography 

 

Metasedimentary rocks of the BRM 

 

The BRM are mainly composed of light-coloured weakly to strongly foliated metasedimentary 

rocks (Fig. 2-2A) with fine hematite-stained reddish interlayers (Fig. 2-2B). The 

metasedimentary rocks are mainly coarse-grained (>1.5 mm grains) with intermittent fine-

grained intervals (usually <0.5 mm grains, Fig. 2-2C) and local conglomerate layers (Fig. 2-

2D). The coarse-grained samples tend to be mineralogically and texturally immature to sub-

mature, being composed primarily of angular to sub-angular monocrystalline and 

polycrystalline detrital quartz (40–80 vol%) and angular alkali feldspar (20–60 vol%; mostly 

orthoclase) grains, with accessory zircon and rutile. The finer grained units have a similar 

mineralogy and grain morphology to the coarse samples, but tend to be dominated by 

monocrystalline quartz. The samples are deficient in Ca–Fe–Mg phases, such as amphibole, 

chlorite or epidote. 

 

Lithic fragments that comprise a minor (<10 vol%) component of some samples (Fig. 2-2E) 

tend to be rounded to sub-rounded granitic clasts that range from a few mm to several cm in 

size. These granitic clasts are composed mainly of interlocking quartz and alkali feldspar, and 

also contain rare small (<50 µm) grains of fractured zircon. No sedimentary, metamorphic and 

volcanic fragments were observed. Isotopic analysis of zircons from the granite clasts was not 

attempted here, due to the small size of the clasts (Fig. 2-2E) and their zircons.  
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Fig. 2-2: Drill core photographs of the BRM. (A) White metasandstone displaying well-developed 

foliation; (B) foliated red metasandstone containing detrital quartz and feldspar (white) partially 

replaced by clay minerals and sericite (green); (C) medium-grained metasandstone with coarse-grained 

interlayers (black pen markings); (D) conglomerate, and; (E) granitic lithic fragment within arkosic 

metasediment. CG, coarse-grained; FG, fine-grained; LF, lithic fragment.  

 

Occasional thin (~30 cm thickness) and discontinuous conglomeritic units occur throughout 

the sequence. The conglomerates are poorly sorted and are predominantly composed of angular 

to sub-angular pebbles of quartz and granite clasts (~5 cm in size), which are supported by a 

matrix of fine- to coarse-grained metasandstone. These granite clasts have a similar texture and 

mineralogy to the lithic fragments. The conglomerates constitute a minor lithofacies, and are 

not further discussed here. 

 

Considering the lithological and mineralogical variations observed, the suggested average 

(sedimentary) modal composition of the BRM is 65 vol% quartz, 30 vol% feldspar and 5 vol% 

lithic fragments, which is consistent with a classification of feldspathoquartzose arkose to sub-

arkose (Pettijohn, 1975; Fig. 2-3). 
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Fig. 2-3: Quartz–Feldspar–Lithic (QFL) ternary diagram for the BRM (after Pettijohn, 1975).  

 

Secondary alteration minerals include clays (illite-sericite and minor kaolinite), muscovite, and 

occasionally albite, hematite, and pyrite. The clay and muscovite are observed to replace alkali 

feldspar (Figs. 2-4A-B); this alteration style is pervasive throughout the region, but tends to be 

most intense in close proximity to zones of HREE mineralisation. In addition, trace quantities 

of authigenic florencite [REEAl3(PO4)2(OH)6] were identified as clusters of tiny (<5 µm) grains 

enclosed within the clay minerals (Fig. 2-4C) in some samples. The florencite tends to form 

cubic shaped grains with a skeletal texture in which a narrow rim of the original grain remains 

(Fig. 2-4D). The nature of this alteration is partly due to weathering (e.g., clay formation), and 

partly due to hydrothermal alteration related to HREE mineralisation (quartz-muscovite 

alteration). 

 

The mineral assemblage of the metasedimentary rocks is stable over a wide range of pressure 

and temperature conditions, and is not a good indicator of the metamorphic grade. However, 

the well-developed schistose foliation combined with tangential, concavo convex and sutured 

contacts between the grains (Fig. 2-4E) and deformation features observed in the grains (e.g., 

undulose extinction in quartz; Fig. 2-4F) are interpreted to have formed during greenschist-

facies metamorphism (Harwood and Miller, 1990). This metamorphism is tentatively 

correlated to the Tanami Event that caused a regional greenschist-facies metamorphism (ca. 

1830 Ma; Crispe et al., 2007).  
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Fig. 2-4: Petrography of the BRM. Back-scattered electron (A–D) and cross-polarised transmitted-light 

microscopic (E–F) images of samples of the BRM. (A) Alkali feldspar partly replaced by muscovite; 

(B) alkali feldspar altered to clay and muscovite; (C) fine authigenic florencite enclosed in clay; (D) 

fine skeletal florencite within clay; (E) sutured contacts between quartz grains; and (F) undulose 

extinction in quartz grain. Mus = muscovite; KF = alkali feldspar; Q = quartz; Flr = florencite.  
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Intrusive rocks cutting the BRM 

 

Intrusive rocks cutting the BRM are variable in dimension, ranging from a few centimetres in 

thickness as observed in the drill core, to large exposure measuring 100s of metres across. 

These rocks are mainly equigranular weakly-foliated granite, syenite and pegmatite bodies. 

The samples analysed here are syenitic with a dominant mineral assemblage of quartz, alkali 

feldspar (microcline and orthoclase), albitic plagioclase, muscovite, minor pyroxene (augite) 

and/or amphibole (actinolite), and accessory zircon.  

 

Gardiner Sandstone of the Birrindudu Group  

 

The Gardiner Sandstone unconformably overlies the BRM, and is characterised by medium-

grained sub-lithic to lithic arenite and quartz arenite, with subordinate shale and siltstone units. 

A thin conglomerate unit is commonly found at the base of the sequence (Blake et al., 1979). 

The sample analysed here is a red, moderately well-sorted sandstone that was collected from a 

massive outcrop in the southwest of the field area near the unconformity with the underlying 

BRM (Fig. 2-1). This sample largely consists of fine- to medium-grained sub-angular to sub-

rounded quartz grains and minor sedimentary and metasedimentary lithic fragments.  

 

Results 

 

Major and trace element geochemistry 

 

The major and trace element compositions of unmineralised BRM samples are given in Table 

2-2. The metasedimentary rocks are rich in SiO2 (72–94 wt%), have variable Al2O3 (4.1–19.6 

wt%) and K2O (1.3–7.5 wt%) and have low content of MgO (0.05–0.77 wt%), CaO (<0.07 

wt%), Fe2O3 (<1.4 wt%), Na2O (<0.21 wt%) and TiO2 (<0.22 wt%). Therefore, the 

metasedimentary rocks are characterised by very high K2O/Na2O and Al2O3/TiO2. Most major 

elements are positively correlated with Al2O3 and negatively correlated with SiO2 (Fig. 2-5). 

The LOI (0.7–3 wt%) is positively correlated to Al2O3, but shows no trend against K2O/N2O 

and Al2O3/TiO2.  
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Table 2-2: Major (wt.%) and trace element (ppm) concentrations of the BRM 

 A2-2 A2-3 A2-16 A2-25 W5-1 W5-2 W5-13 W324-5 W324-7 NM1 W16-4 G5-5 
SiO2 88 83 86 88 88 91 87 94 90 72 77 78 
Al2O3 8.5 11.5 7.4 6 8.2 5.5 7.1 4.1 6.7 19.6 16.6 13.6 
TiO2 0.06 0.16 0.15 0.04 0.10 0.07 0.06 0.06 0.06 0.22 0.11 0.15 
Fe2O3 0.7 0.8 0.4 1.4 0.9 0.8 0.5 0.5 0.5 1.4 0.8 0.3 
MnO 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
MgO 0.40 0.77 0.05 0.08 0.37 0.40 0.19 0.25 0.26 0.34 0.31 0.26 
CaO 0.02 0.02 0.01 0.03 0.02 0.03 0.02 0.02 0.02 0.07 0.04 0.05 
Na2O 0.02 0.02 0.15 0.10 0.04 0.02 0.09 0.01 0.01 0.04 0.11 0.21 
K2O 2.2 3.8 5.9 4.3 2.6 1.7 4.4 1.3 2.1 5.7 4.9 7.5 
P2O5 0.02 0.04 0.04 0.02 0.02 0.05 0.03 0.04 0.02 0.12 0.08 0.10 
LOI 2.2 2.1 0.7 1 1.7 1.4 1 0.9 1.3 3.0 2.6 1.5 
K2O/Na2O 112 189 39 43 66 86 49 127 207 143 44 36 
Al2O3/TiO2 142 72 49 150 82 79 118 68 112 89 151 91 
CIA 0.4 0.5 0.9 1 0.5 0.5 0.7 0.5 0.4 0.4 0.4 0.6 
ICV 77 73 53 55 73 74 59 74 75 75 75 61 
             
Ba 21 61 465 655 84 645 459 37 25 158 78 855 
Sc 1.0 2.0 2.0 0.5 2.0 5.0 0.5 2.0 1.0 5.0 1.5 3.0 
Cs 1.5 1.9 0.8 1.2 1.3 0.5 0.9 0.4 0.3 2.5 2.2 1.8 
Ga 9.7 17.1 3.7 3.3 9.7 7.1 6.1 5.4 7.1 22.6 20 19 
Hf 2.7 3.6 2.4 2.2 2.6 1.9 2.5 1.4 2.6 5.2 6.2 5.5 
Nb 1.9 5.4 2.6 1.8 3.3 2.3 1.7 1.7 2.0 6.1 5.2 4.9 
Rb 56 102 143 109 69 27 95 24 27 170 176 160 
Sr 17 87 61 70 28 145 53 54 55 175 147 197 
Ta 0.3 0.5 0.3 0.3 0.4 0.3 0.2 0.2 0.2 1.0 0.5 0.6 
Th 25 41 24 19 25 22 25 12 27 103 87 47 
U 2.1 2.1 2.2 2.5 1.3 2.0 0.7 1.6 1.0 1.0 1.8 4.5 
V 14 19 6.0 6.0 9.0 16 6.0 13 6.0 20 17 14 
Mo 0.08 0.03 0.06 0.07 0.06 0.07 0.08 0.09 0.05 1.6 5.7 5.4 
Cu 1.6 1.2 1.1 5.5 0.6 139 0.8 18.5 0.5 15.6 5.0 20.5 
Pb 0.8 1.2 1.5 3.2 1.3 1.3 1.3 0.9 1.0 42 6.5 40 
Zn 2.4 2.0 0.9 3.0 1.0 0.8 0.4 0.5 0.4 13.4 7.6 13 
Ni 2.7 1.7 0.7 0.9 0.8 2.9 1.9 2.6 0.6 3.2 2.9 4.5 
Co 2.0 0.6 0.3 0.8 0.3 1.5 1.2 3.1 0.2 5.7 5.8 3.1 
Mn 25 13 38 60 26 21 28 28 23 34 25 31 
As 0.1 1.0 3.2 1.1 0.4 6.4 2.3 2.5 1.3 9.5 10 9.6 
Cr 2.4 2.6 2.5 5.7 2.6 2.0 2.0 2.8 2.5 5.6 3.7 2.8 
Li 0.4 0.2 0.3 0.2 0.6 0.3 0.1 0.3 0.2 0.2 0.3 0.4 
F 343 202 46 50 129 174 87 122 126 101 95 125 
Zr 93 123 85 73 92 81 82 40 84 151 180 170 
Y 15 23.3 10.3 8.4 12 6.8 17.3 20.1 5.4 3.11 14.1 16.03 
             
La 27.3 85.0 32.2 36.2 25.3 42.8 29.8 51.9 32.8 70.1 51.4 51.4 
Ce 47.9 152.1 55.0 61.0 42.9 81.8 50.3 103 58.8 130.1 107.7 103.7 
Pr 4.33 15.9 5.51 6.61 4.03 8.41 4.77 10.7 6.41 12.8 9.87 9.88 
Nd 14.1 57.7 18.9 21.9 12.4 30.6 15.9 35.1 24.6 45.5 33.1 34.6 
Sm 2.50 8.96 2.78 2.88 2.39 4.44 2.61 5.37 3.44 5.59 4.81 5.58 
Eu 0.34 0.62 0.30 0.25 0.24 0.30 0.42 0.43 0.25 0.28 0.38 0.37 
Gd 2.42 4.00 1.91 1.90 2.02 1.60 2.86 3.12 1.32 1.55 2.26 2.62 
Tb 0.38 0.63 0.30 0.26 0.34 0.21 0.49 0.53 0.16 0.11 0.36 0.43 
Dy 2.29 3.65 1.50 1.20 1.80 1.00 2.61 3.15 0.88 0.50 1.90 2.41 
Ho 0.50 0.77 0.35 0.29 0.40 0.24 0.59 0.67 0.19 0.11 0.48 0.54 
Er 1.52 2.15 1.07 0.87 1.10 0.75 1.75 2.01 0.59 0.33 1.41 1.61 
Tm 0.24 0.30 0.17 0.15 0.17 0.13 0.27 0.29 0.11 0.07 0.20 0.25 
Yb 1.45 2.08 1.16 1.06 1.17 1.00 1.69 1.90 0.90 0.50 1.30 1.56 
Lu 0.22 0.31 0.17 0.15 0.17 0.14 0.25 0.28 0.13 0.06 0.19 0.23 
(Gd/Yb)N 1.3 1.6 1.3 1.4 1.4 1.3 1.4 1.3 1.2 2.5 1.4 1.4 
(La/Sm)N 6.9 6 7.3 7.9 6.6 6 7.2 6.1 6 7.9 6.7 5.8 

Major elements are normalised to 100% on a LOI-free basis. CIA: Chemical Index of Alteration = 
100[mol. Al2O3/(Al2O3+CaO*+Na2O+K2O] where CaO* is the silicate fraction of CaO (Nesbitt and 
Young, 1982). ICV: Index of Compositional Variability = [mol. 
(CaO+K2O+Na2O+Fe2O3+MgO+MnO+TiO2)/Al2O3] (Cox et al., 1995).  
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Fig. 2-5: Scatterplots of selected major and trace elements against SiO2 (wt%) for the BRM.  

 

 

Most trace elements are negatively correlated with SiO2 (Fig. 2-5), indicating a degree of 

elemental dilution with increasing quartz content. Rubidium and Ba positively correlate to 

K2O, whereas the concentrations of the transition elements (e.g., Cr, Co, Ni, V) are low in all 

samples. Chondrite-normalised REE patterns have relative enrichment in LREE and variable 

depletions in HREE (Fig. 2-6) that are broadly comparable to PAAS (Taylor and McLennan, 

1985). The samples have strong negative europium anomalies with Eu/Eu* ranging from 0.32 

to 0.46. The HREE vary by approximately an order of magnitude and extend to very low 

concentrations, which may be related to the HREE mineralisation hosted by the BRM.  
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Fig. 2-6: Chondrite-normalised REE patterns for samples of the BRM compared to PAAS (post-

Archean Australian shale). Data for chondrite and PAAS are from McDonough and Sun (1995) and 

Taylor and McLennan (1985), respectively.  

 

 

Zircon geochronology 

 

All U–Pb isotope data and calculated ages are presented in the Appendix 2-1. 

 

Detrital zircons of the Browns Range Metamorphics 

 

Zircon grains recovered from five arkosic metasedimentary samples (NM1, W5-1, W324-7, 

W16-4, G5-5) that all share similar petrographical features. The zircons are generally euhedral 

to subhedral and range from 50 to 200 µm in length with length/width ratios of about 1:1 to 

1:3. In cathodoluminescence (CL) images, most grains exhibit well-defined concentric 

oscillatory zoning (Fig. 2-7A) with some grains showing dark internal zoning (Fig. 2-7B). 

Several zircon grains have narrow bright or dark discontinuous rims (typically <10 µm) that 

truncate internal zones (Figs. 2-7C-D). The samples also contain highly fractured, CL dark 

metamict grains that were not used for subsequent analysis. Instead, inclusion- and fracture-

free zircon domains were targeted for U-Pb dating. Most of the zircon analyses produced 

discordant ages; these were characterised by relatively high Th and Th/U (0.8 to 3.8) compared 

to those of concordant or near concordant ages (Th/U = 0.4 to 1.5) (Fig. 2-8). Nonetheless, the 
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upper intercept ages obtained from all samples fall within the same broad range. However, due 

to the rarity of concordant analyses of similar age combined with a poorly-defined concordia 

trend, these upper-intercept ages tend to have relatively large MSWD values.  

 

 
Fig. 2-7: Cathodoluminescence images of the zircons from samples of the BRM (A–B), intrusive rocks 

(E–G), and the Gardiner Sandstone (H). (A) Zircon with bright oscillatory zoning; (B) zircon with dark 

oscillatory zoning; (C) zircon with an oscillatory zoned core surrounded by narrow dark rim; (D) zircon 

with an oscillatory zoned core with bright rim; (E, F) zircon grains with bright oscillatory zoning; (G) 

elongate zircon grain with oscillatory zoning; and (H) rounded zircons with bright oscillatory zoning. 

Note that the intrusive rocks contain zircons of two age populations including ca. 3.2 to ca. 3.0 Ga 

zircons (E, F), which are of similar size to the ca. 3.2 to ca. 3.0 Ga detrital zircons recovered from the 

metasedimentary rocks (A–D), and the ca. 2.5 Ga zircons (G), which are comparatively elongate.  
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Fig. 2-8: Uranium–Pb discordance versus (A) Th, (B) Th/U ratio, and (C) 207Pb/206Pb age (Ma) for the 

zircon grains from the BRM, intrusive rocks and the Gardiner Sandstone. Note the broad increase of Th 

content and Th/U ratio with discordance for all samples. See Appendix 2-1 for discordance calculation 

methods.  
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Zircon grains of concordant and near concordant ages from sample NM1 define a single 

coherent upper intercept age of 3123 ± 10 Ma (MSWD = 0.9; Fig. 2-9A). The datasets for 

samples W5-1, W324-7, W16-4, and G5-5 yielded poorly constrained upper intercept ages of 

3090 ± 10 Ma (MSWD = 3.1), 3146 ± 16 Ma (MSWD = 3.7), 3026 ± 11 Ma (MSWD = 3.3), 

and 3061 ± 10 Ma (MSWD = 4.4), respectively (Figs. 2-9B-E). These ages are also consistent 

with most of the calculated 207Pb/206Pb ages (Fig. 2-8; see Appendix 2-1). Collectively, the 

detrital zircons from all samples returned ages within a relatively restricted range of ca. 3.2 to 

ca. 3.0 Ga. The lower intercept ages calculated for the metasedimentary rocks vary from ca. 

450 to ca. 40 Ma. 

 

 
Fig. 2-9: Uranium–Pb concordia diagrams for zircon analyses from five BRM samples: (A) sample 

NM1, (B) sample W5-1, (C) sample W324-2, (D) sample W16-4, and (E) sample G5-5. Three intrusive 

rock samples: (F) sample 2ENM1, (G) sample M1, (H) sample N1) and one sample of the Gardiner 

Sandstone (I) sample C1. Ages provided are upper and lower intercept ages.  
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Zircons from felsic intrusive rock samples 

 

High zircon yields were recovered from all three of the processed felsic intrusive samples. Most 

grains share similar morphology, size and internal zoning characteristics, including a subhedral 

tabular habit of ~100 µm length, with a typical length/width ratio of about 1:3. All of these 

grains have oscillatory internal zoning in CL images (Figs. 2-7E-F), which is typical of 

magmatic zircons (Grant et al., 2009). Some of the zircon grains exhibit narrow bright or dark 

discontinuous rims that are usually <5 µm width (Figs. 2-7F-G). A few grains are notably larger 

(>400 µm in length) than the bulk of the grains with a typical length/width ratio of about 1:5 

(Fig. 2-7G). These large grains display oscillatory zoning, and have a subhedral habit. As with 

the metasedimentary samples, we targeted the most pristine and inclusion free zircon domains 

for U–Pb isotopic dating.  

 

Uranium–Pb data for 38 zircon grains analysed from sample 2ENM1 define two distinct arrays 

on a conventional concordia plot (Fig. 2-9F), again with discordant analysis generally 

extending to higher Th, U and Th/U (Fig. 2-8). The concordant and near concordant analyses 

of the steepest array project to an upper concordia intercept at 3103 ± 16 Ma (MSWD = 3.3). 

These zircons have Th/U ratios from 0.3 to 1.1 (mean = 0.5). The second array intercepts 

concordia at a younger age of 2522 ± 19 Ma (MSWD = 0.9), and have Th/U ratio ranges from 

0.4 to 0.8. The ca. 3.1 Ga and ca. 2.5 Ga zircon can be distinguished based on morphological 

characteristics, as the ca. 2.5 Ga zircons tend to be larger (>400 µm in length) and more 

elongate (width/length ratio of 1:4 and 1:5) compared to the ca. 3.1 Ga zircons (width/length 

ratio of 1:1 to 1:3).  

 

As with sample 2ENM1, zircon analyses from granite samples M1 (n = 23) and N1 (n = 24) 

each define two age arrays with variable Pb loss, with upper intercepts ages of 3036 ± 12 Ma 

(MSWD = 4.0) and 2501 ± 11 Ma (MSWD = 0.52) for M1 (Fig. 2-9G), and 3083 ± 14 Ma 

(MSWD = 3.7) and 2515 ± 10 Ma (MSWD = 0.57) for N1 (Fig. 2-9H). In both samples, the 

ca. 2.5 Ga zircons tend to be relatively large and elongate compared to the ca. 3.1 Ga zircons. 

Th/U ratios of all zircons range from 0.3 to 1.6. Lower intercept ages for age populations from 

both intrusive rock samples intersect concordia at between ca. 550 and ca. 50 Ma.  
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Detrital zircon of Gardiner Sandstone 

 

Zircon grains separated from the Gardiner Sandstone sample (C1) are clear and colourless, 

approx. 100 µm in size, and tend to be rounded to sub-rounded in form (Fig. 2-7H). CL imaging 

shows oscillatory internal zoning typical of magmatic zircon. Some of the grains were 

identified to be metamict and highly fractured, and contain micro-inclusions, all of which were 

accordingly avoided during subsequent analysis.  

 

Most of the 59 zircon analyses returned discordant ages that are consistent with Pb loss (Fig. 

2-9I; see Appendix 2-1). The ages range between ca. 2.6 Ga to ca. 1.8 Ga, with a major cluster 

at ca. 2.0–ca. 1.8 Ga, and individual concordant ages at ca. 2.6 Ga, ca. 2.5 Ga, and ca. 2.2 Ga 

(Fig. 2-9I). The ca. 2.6 Ga, ca. 2.5 Ga, and ca. 2.2 Ga zircons are present in minor quantities, 

however these zircons seem to have relatively lower U and Th contents compared to those of 

the ca. 2.0–ca. 1.8 Ga zircons. Nonetheless, the Th/U ratio is within the same range for all the 

populations, varying from 0.3 to 0.9.  

 

Zircon Lu-Hf isotopes 

 

Most zircon grains recovered from the metasedimentary and intrusive rocks produced highly 

discordant ages, which may not provide reliable information on the Hf isotope compositions 

(Zeh et al., 2010; Guitreau and Blichert-Toft, 2014). Hafnium isotope analyses were, therefore, 

targeted to zircon grains that produced concordant or near concordant (<20% discordance) 

ages. In total, 31 zircons from 3 metasedimentary rocks and 3 intrusive samples were analysed 

for their Hf isotope composition with results presented in Fig. 2-10 and Table 2-3. The initial 
176Hf/177Hf and 176Lu/177Hf ratios for zircon from the metasedimentary rocks are between 

0.280755–0.280836, and 0.000692–0.004748, respectively. These values are in the same range 

as the ca. 3.2 to ca. 3.0 Ga zircons from the intrusive samples (initial 176Hf/177Hf = 0.280742–

0.280941, 176Lu/177Hf = 0.000561–0.001992). Collectively, the ca. 3.2 to ca. 3.0 Ga zircons 

give initial εHf of -7.1 to 5.1, although this range of values is largely an artefact of the input 
207Pb/206Pb ages used for each zircon, which are – to varying extents – affected by Pb loss (Fig. 

2-10). The zircon grains that produced concordant ages returned εHf values of –1.7 to 5.1, 

which are interpreted to be the primary values for the ca. 3.2 to ca. 3.0 Ga zircon grains prior 

to Pb loss. The ca. 2.5 Ga zircons of the intrusive rocks generated initial 176Hf/177Hf ratios of 
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0.280793–0.280984 and 176Lu/177Hf of 0.000574–0.001512, with the concordant zircons giving 

εHf of –13.7 to –5.8.  

 

 
Fig. 2-10: εHf versus 207Pb/206Pb age (Ga) of zircon from the BRM and cross-cutting intrusive rocks. 

Note the influence of Pb loss on apparent εHf, which is broadly consistent with isotopic evolution of 

upper crustal rocks with 176Lu/177Hf ratio of 0.0093 (Amelin et al., 1999).  

 

 
Table 2-3: Zircon Lu-Hf isotopic data for the BRM and intrusive rocks  

 Rock type  207Pb 
206Pb age (Ma) 

176Hf 
177Hf 2σ 

176Lu 
177Hf 2σ 

176Hf (i) 
177Hf εHf 

 
2σ T

DM 
NM1_1 BRM  3129 0.280803 0.000019 0.000797 0.000319 0.280755 -0.3 0.7 3377 
NM1_2 BRM 3025 0.280826 0.000015 0.000726 0.000173 0.280783 -1.8 0.5 3341 
NM1_3 BRM 3123 0.280828 0.000017 0.000819 0.000047 0.280779 0.4 0.6 3346 
NM1_5 BRM 3121 0.280839 0.000015 0.000841 0.000058 0.280788 0.7 0.5 3333 
NM1_12 BRM 3107 0.280836 0.000019 0.000822 0.000233 0.280787 0.3 0.7 3334 
NM1_14 BRM 3012 0.280835 0.000017 0.000823 0.000184 0.280787 -1.9 0.6 3336 
NM1_18 BRM 3112 0.280866 0.000019 0.000818 0.000112 0.280817 1.5 0.7 3295 
NM1_28 BRM 3122 0.280861 0.000021 0.000869 0.000211 0.280809 1.4 0.7 3306 
NM1_32 BRM 3010 0.280803 0.000021 0.000692 0.000161 0.280762 -2.8 0.7 3368 
NM1_44 BRM 3133 0.280888 0.000019 0.000870 0.000542 0.280836 2.7 0.7 3269 
W324-7_2 BRM 3120 0.280871 0.000022 0.000870 0.000211 0.280809 1.4 0.7 3306 
W16-4_15 BRM 3024 0.280910 0.000024 0.002535 0.000826 0.280763 -2.5 0.9 3385 
W16-4_19 BRM 3011 0.281031 0.000025 0.004748 0.000776 0.280756 -3.1 0.9 3421 
2ENM1_14 Intrusive 3202 0.280881 0.000024 0.001992 0.000834 0.280758 1.5 0.9 3377 
2ENM1_18 Intrusive 3094 0.280829 0.000024 0.001008 0.000867 0.280769 -0.6 0.9 3360 
2ENM1_27 Intrusive 3102 0.280863 0.000023 0.001512 0.000850 0.280773 -0.3 0.8 3359 
2ENM1_38 Intrusive 2413 0.280952 0.000025 0.001172 0.000868 0.280898 -12.0 0.9 3208 
M1_07 Intrusive 3058 0.280939 0.000024 0.000991 0.000867 0.280881 2.5 0.9 3211 
M1_09 Intrusive 3141 0.280884 0.000024 0.001379 0.000855 0.280800 1.6 0.9 3319 
M1_12 Intrusive 3106 0.280957 0.000021 0.000574 0.000883 0.280922 5.1 0.8 3153 
M1_13 Intrusive 2552 0.281020 0.000024 0.000765 0.000890 0.280983 -5.8 0.9 3083 
M1_20 Intrusive 3082 0.280968 0.000024 0.000606 0.000881 0.280932 4.9 0.9 3141 
M1_21 Intrusive 3077 0.280805 0.000022 0.000944 0.000869 0.280749 -1.7 0.8 3387 
M1_24 Intrusive 2514 0.280966 0.000024 0.000679 0.000878 0.280933 -8.4 0.9 3149 
N1_06 Intrusive 2403 0.280920 0.000024 0.001362 0.000888 0.280858 -13.7 0.9 3267 
N1_07 Intrusive 3090 0.280857 0.000022 0.001635 0.000846 0.280760 -1.1 0.8 3378 
N1_16 Intrusive 2515 0.280985 0.000024 0.000836 0.000873 0.280945 -8.0 0.9 3136 
N1_17 Intrusive 3083 0.281006 0.000024 0.001265 0.000858 0.280931 4.9 0.9 3142 
N1_24 Intrusive 2586 0.280905 0.000021 0.000657 0.000879 0.280872 -8.9 0.8 3229 
N1_27 Intrusive 2499 0.280881 0.000024 0.001410 0.000854 0.280813 -13.0 0.9 3325 
N1_29 Intrusive 3105 0.280784 0.000022 0.000696 0.000877 0.280743 -1.3 0.8 3393 
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Discussion 

 

The original volume of the sedimentary package now preserved as the BRM remains unknown 

due, in part, to blanketing by younger cover sequences, incomplete drill core coverage, and the 

presence of intervening crustal-scale faults. Nonetheless, given the outcropping surface area of 

at least 100 km2 (Fig. 2-1C) and an estimated thickness of 0.5–3 km (Hendrickx et al., 2000), 

a minimum volume for the BRM of 50 to 300 km3 is calculated. Given this substantial volume, 

the BRM may provide crucial insights into the early geological history of the poorly understood 

North Australian Craton. However, to apply our petrographic, geochemical and 

geochronological data to accurately understand the geological origins of the BRM, we first 

need to distinguish the role that post depositional processes, such as hydrothermal activity, may 

have had on altering rock compositions.  

 

Effect of post-depositional alteration 

 

Petrographic analysis of the BRM reveals a relatively simple mineralogy dominated by detrital 

quartz and K-feldspar, with the latter being altered to muscovite and clay to variable extents 

(Fig. 2-4A-B). Our geochemical data can be employed to further evaluate the effects of this 

alteration. Our samples define two distinct trends in bulk-rock SiO2–K2O–Al2O3 compositions 

on a ternary diagram (Fig. 2-11), which are consistent with the mineralogy of quartz plus 

mainly K-feldspar (four samples), and quartz plus muscovite (8 samples). These trends are 

consistent with mineral modal analysis from thin section observations. Fig. 2-11 is also useful 

for demonstrating the variable quartz contents of the rocks, as is also evident from the variable 

bulk-rock SiO2 contents (Fig. 2-5), particularly for the muscovite-bearing rocks. Based on 

geochemical and textural observations, we interpret the quartz–muscovite assemblage with 

variable degrees of associated silicification to be a result of post-depositional hydrothermal 

alteration of the metasedimentary rocks. This is consistent with the core-logging observations 

that silicification tends to be most intense adjacent to the HREE orebodies and major fault 

structures that cut the metasedimentary rocks.  
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Fig. 2-11: BRM bulk-rock ternary diagrams: (A) SiO2–K2O–Al2O3 diagram showing the data locating 

near SiO2 apex, (B) SiO2–K2O–Al2O3 (>70%–>30%–>30%) diagram with most data points falling 

along two broad arrays corresponding to quartz–muscovite and quartz–alkali feldspar assemblages. AF, 

alkali feldspar; Mus, muscovite.  

 

 

Uranium–Pb discordia in zircon  

 

Most of the zircons analysed in this study produced highly discordant ages, with lower intercept 

ages mainly falling between ca. 150 and 40 Ma, and from ca. 550 to ca. 400 Ma. Similar lower 

intercept ages reported from zircons of the Tanami Region (Bagas et el., 2010), have been 

interpreted to be due to isotopic disturbance related to Alice Springs Orogeny (450-300 Ma; 

Raimondo et al., 2011), or modern weathering (e.g., Cross and Crispe, 2007). Likewise, 

radiogenic Pb loss reported from hydrothermal xenotime of the Kimberley Basin (Lan and 

Chen, 2012), and zircon and monazite of the Arunta Inlier (Harts Range; Hand et al., 1999; 

Mount Peake Gabbro; Beyer et al., 2016) have also been attributed to the Alice Springs 

Orogeny. Accordingly, we regard our lower intercept ages to be due to the combined effects of 

the Alice Springs Orogeny and/or modern weathering. Our upper intercept ages are interpreted 

to be representative of the crystallisation age of the zircons, as discussed below. 

 

Uranium–Pb discordance in zircon is commonly attributed to Pb loss during alteration of 

zircon, although Pidgeon et al. (2017) suggest that in some cases zircons may undergo Th 

and/or U uptake during weathering or alteration, leading to elevated Th/U. Our analyses show 
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a broad correlation between Th, U, Th/U and degree of discordance (Figs. 2-8A-B), although 

values for Th, U and Th/U are all within the range reported for igneous zircon (Hoskin and 

Schaltegger, 2003). We also observe that 207Pb/206Pb ages remain undisturbed up to about 30% 

of U–Pb discordance (Fig. 2-8C), but then become disturbed at greater discordance levels. 

Based on these observations, we suggest that the discordance observed in the zircons is due 

both to Th and U uptake during weathering (as per Pidgeon et al., 2017), and Pb loss, with 

zircon domains with the highest Th and U experiencing greater Pb loss (and hence greater 

discordance) due to higher levels of radiation damage. 

 

Provenance characteristics 

 

Despite the hydrothermal overprint, the mineralogy and petrography of the metasedimentary 

rocks can be used to determine the nature of the depositional environment and source of the 

sediments. Application of the Quartz–Feldspar–Lithic (QFL) triangular diagram scheme of 

Dickinson et al. (1983) indicates that the BRM were likely derived from cratonic interiors 

and/or transitional continental blocks (Fig. 2-12A). Petrographic features such as the medium 

to coarse grain size, poor sorting and immature nature of the detritus indicate a short transport 

distance and relatively rapid burial for the metasedimentary rocks (Nesbitt and Young, 1982). 

 

 
Fig. 2-12: Provenance characteristics of the BRM: (A) QFL diagram after Dickinson et al. (1983); and 

(B) correlation between CIA and ICV weathering indices, suggesting a granite source terrane for the 

BRM (after Cox et al., 1995; Potter et al., 2005). 
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The index of compositional variability (ICV; see Cox et al., 1995; Potter et al., 2005) and the 

chemical index of alteration (CIA; see Nesbitt and Young, 1982), are both useful measures of 

sediment source compositions, while also incorporating the degree of weathering/alteration. 

On a plot of CIA versus ICV (Fig. 2-12B) all BRM samples fall on the weathering/alteration 

trend of granite (or direct erosional products such as arkose), suggesting a felsic source of 

granitic composition. The most altered samples of quartz–muscovite assemblage tend to plot 

towards high CIA and low ICV, but still lie on the granite array. We regard this array of 

compositions to be due to hydrothermal alteration of the samples, rather than weathering, as 

outlined above. Moreover, the general REE characteristics (e.g., LREE enrichment and 

negative Eu anomalies; Taylor and McLennan, 1985; Fig. 2-6), and the low content of the 

transition elements (e.g., Cr, Co and Ni) of the BRM are typical of continental-derived silicic 

rocks, such as granite. These geochemical criteria are also consistent with the predominance of 

coarse alkali feldspar as a major detrital phase and the common occurrence of granitic clasts 

(Fig. 2-2E) in the metasedimentary rocks.  

 

Emplacement age and origin of the intrusive rocks 

 

The three felsic intrusive bodies analysed returned two age populations of ca. 3.2 to ca. 3.0 Ga, 

and ca. 2.5 Ga. Although all zircons have oscillatory internal zoning characteristic of a 

magmatic source (Grant et al., 2009), the ca. 2.5 Ga zircon grains tend to be markedly larger 

(Fig. 2-7G) than the ca. 3.2 to ca. 3.0 Ga zircons (Figs. 2-7E-F). We interpret the ca. 2.5 Ga 

(the weighted mean age: 2511 ± 24 Ma, MSWD: 2.7) zircons to record the igneous 

crystallisation of the intrusive rocks cutting the BRM. This age broadly corresponds to the ca. 

2.67 Ga to ca. 2.44 Ga age determined for a sample of the BRD granite collected from the 

Northern Territory (Cross and Crispe, 2007), and may indicate that there is a regional-scale 

magmatic activity at ca. 2.5 Ga. More broadly, this age also corresponds to emplacement of 

granitic plutons within the Tanami Region (2514 ± 3 Ma Billabong Complex; Page et al., 1995) 

and the Pine Creek Orogen (2527-2510 Ma Kukalak Gneiss, 2520 Ma Nanambu Complex, and 

the 2545-2521 Ma Rum Jungle Complex; Hollis et al., 2009). 

 

The ca. 3.2 to ca. 3.0 Ga zircons of the intrusive rocks share very similar morphology and size 

to those recovered from the BRM (Fig. 2-7). Moreover, they have comparable TDM ages (TDM 

= ca. 3.4–ca. 3.1 Ga) and initial 176Hf/177Hf and 176Lu/177Hf ratios to the ca. 3.2 to ca. 3.0 Ga 
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detrital zircons of the BRM (Table 2-3). Such similarities suggest that the ca. 3.2 to ca. 3.0 Ga 

zircons of the intrusive rocks are detrital, and derive from the BRM. Additionally, similar TDM 

model ages calculated for the ca. 2.5 Ga zircons of the intrusive rocks to the ca. 3.2 to ca. 3.0 

Ga detrital zircons demonstrate that the intrusive rocks formed during the partial melting of the 

BRM or the Mesoarchean granite basement from which the BRM were derived.  

 

Timing of deposition of the metasedimentary rocks 

 

The similarity in size, shape and internal structure, suggests a common source for all the ca. 

3.2 to ca. 3.0 Ga zircons analysed from the metasedimentary and intrusive rocks. This age is 

consistent with the ca. 3.15 to ca. 3.04 Ga age reported by Cross and Crispe (2007) for inherited 

zircons from a sample of the BRD granite from the southern margin of the Browns Range 

Dome. Most of the ca. 3.2 to ca. 3.0 Ga zircons have oscillatory or planar zoning features 

consistent with a magmatic origin (Grant et al., 2009).  

 

Owing to the effects of Pb loss for many of the analysed zircons, our zircon crystallisation ages 

for individual samples were obtained by upper intercepts to concordia and, hence, are relatively 

poorly constrained. Nevertheless, we can assume our youngest detrital age of 3026 ± 11 Ma 

for sample W16-4 to be the maximum depositional age of the metasedimentary rocks of the 

BRM. The minimum depositional age of the BRM can be constrained by the age of the intrusive 

rocks (ca. 2.5 Ga) that cross-cut the metasedimentary rocks. The common emplacement of ca. 

2.5 Ga magmatic rocks suggests a major shift in the tectonics of the region, which may have 

been responsible for termination of sedimentation forming the BRM. Regardless, the 

geochronological data confirm that these metasedimentary rocks were deposited in the time 

period between ca. 3.0 Ga and ca. 2.5 Ga. Based on global geological events during this time 

period, we speculate that the sedimentation may have been synchronous with the rifting of the 

Pilbara Craton leading to the deposition of the Fortescue Group (e.g., Blake et al., 2004) and 

major global magmatism (Jia et al., 2016, and the references therein) that occurred at ca. 2.8 to 

ca. 2.7 Ga.   

 

Dating of zircons from Gardiner Sandstone, which unconformable overlies the BRM, produced 

a wide range of detrital ages from ca. 2.6 to ca. 1.8 Ga (Fig. 2-9I). These ages are comparable 

to the zircon ages reported from another sample of the Gardiner Sandstone analysed by Cross 
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and Crispe (2007). Although these detrital zircons are likely to derive from the recycling of the 

underlying Tanami Group (Cross and Crispe, 2007), the ultimate source of the zircons is 

interpreted to be linked to extensive granite magmatism in the Tanami Region at ca. 1.8 Ga 

(Smith, 2001) and ca. 2.5 Ga (e.g., Billabong Complex; Page et al., 1995). The minimum 

depositional age of the Gardiner Sandstone can be inferred from diagenetic xenotime growth 

(ca. 1.63 Ga; Vallini et al., 2007) in the west of the Tanami Group. In this case, the 

unconformity between the BRM and Gardiner Sandstone represents a hiatus of at least 800 Ma.  

 

Of note is the lack of the 3.2 to 3.0 Ga zircons in the Gardiner Sandstone, which rules out any 

source contribution from the BRM. This suggests that the drainage systems supplying sediment 

for the Gardiner Sandstone did not drain from exposures of the BRM, or that the BRM were 

not exposed at the time of deposition of the Gardiner Sandstone. 

 

Tectonic setting of deposition of the BRM 

 

Inferences on tectonic settings based solely on whole-rock geochemistry of the sedimentary 

rocks have been shown to be inconsistent with the known geology of the ancient terrains, and 

hence cannot be reliably applied to Archean-derived sedimentary rocks (Armstrong-Altrin and 

Verma, 2005; Ryan and Williams, 2007). Instead we use analysis of detrital zircon populations, 

which has been successfully used to constrain the tectonic setting of the sedimentary rocks 

(e.g., Cawood et al., 2012). This approach discriminates three major tectonic settings 

(convergent, collisional, and extensional), and is more effective when the depositional age of 

the sedimentary rocks is well constrained. The convergent and collisional settings include 

sedimentary rocks indicated by a wide spectrum of detrital ages due to syn-depositional 

magmatism and variability of the source rocks. By contrast, sedimentary rocks of the 

extensional settings (e.g., rift basins) are characterised by limited age populations, a lack of a 

syn-depositional magmatic activity, and proximity to the source rocks (Cawood et al., 2003).  

 

The observation that the BRM contain detrital zircons all of ca. 3.2 to ca. 3.0 Ga age suggests 

derivation from – and deposition close to – a single source terrain. The proximal deposition to 

the source can also be inferred from the immature and poorly sorted nature of the 

metasedimentary rocks. Based on these data, we suggest that the metasedimentary rocks were 

likely deposited within a continental rift basin with uplifted rift flanks of Mesoarchean granite 
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basement that restricted the sediment source region to the rift flanks. This is consistent with 

current models for other Archean sedimentary sequences that propose that locally derived 

sediments were deposited in rift basins (e.g., the Barren Basin, Yilgarn Craton, Spaggiari et al., 

2014; Fortescue Group, Pilbara Craton, Blake et al., 2004).  

 

Comparison with Australian Archean cratons 

 

The time-period ca. 3.2 to ca. 3.0 Ga is not recognised as a major crust-forming episode in 

Australia (Huston et al., 2012), yet zircons (mostly of detrital origin) of this age have been 

reported from most of the Australian’s Archean cratons (Fig. 2-13). Detrital zircons of ca. 3.1 

Ga age form components of sedimentary rocks of the Tanami Region (e.g., Killi Killi 

Formation, Mount Charles Formation and Pargee Sandstone; Cross and Crispe, 2007), and the 

Pine Creek Orogen (e.g., Cahill Formation, Nourlangie Schist, Crater Formation; Hollis et al., 

2010, 2014). Together with our newly-identified ca. 3.2 to ca. 3.0 Ga granitic source for the 

BRM, these records indicate that there were significant volumes of Mesoarchean continental 

crust within the North Australian Craton that has since been eroded and/or buried, and/or 

dismembered by tectonism. The similarity in εHf of the ca. 3.1 Ga zircons of the Crater 

Formation (εHf = –3 to +1; Hollis et al., 2010) and those of the BRM (εHf = –1.7 to 5.1), 

further supports a common crustal origin (Fig. 2-13). The ca. 2.5 Ga magmatic zircons from 

intrusive rocks cross-cutting the BRM have similar TDM ages to the ca. 3.2 to ca. 3.0 Ga detrital 

zircons of the BRM (TDM = ca. 3.4–ca. 3.1 Ga). Likewise, Hf and O isotopic data reported from 

several ca. 2.5 Ga intrusive units of the Pine Creek Orogen (e.g., Kukalak Gneiss, Nanambu 

Complex and Rum Jungle Complex) are characterised by non-radiogenic Hf and enriched δ18O 

zircon values (εHf of up to ~–7 and δ18O > 6.5‰; Beyer et al., 2013). Collectively, these 

records are consistent with derivation of the ca. 2.5 Ga magmatism in North Australian Craton 

via partial melting of the Mesoarchean crust, or the sediments sourced from this crust (e.g., 

BRM).  

 

The oldest detrital zircons (ca. 4.4 to ca. 3.3 Ga) from the Mt Narryer and Jack Hills 

metasedimentary sequences of the Yilgarn Craton predate the age of the BRM source and are 

not considered further here. Younger detrital zircons (ca. 2.6 Ga) from Jack Hills (Fig. 2-13) 

have relatively non-radiogenic Hf (εHf = –8 to –16) and are explained by an evolution line of 

ca. 4.5 Ga mafic crust with 176Lu/177Hf ratio of 0.025 (Kemp et al., 2010). Collectively, these 
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isotopic data do not support a common history or origin for the Mt Narryer and Jack Hills 

metasedimentary rocks, and the BRM. The Murchison Domain of the Yilgarn Craton 

comprises ca. 2.9–ca. 2.6 Ga volcano-sedimentary rocks whose Hf isotopic data indicate input 

from both depleted mantle and older crust. The ca. 2.9 Ga zircons (εHf values = –5 to +2), have 

TDM ages of ca. 3.3 to ca. 3.1 Ga, whereas the ca. 2.8 to ca. 2.6 Ga zircons vary in εHf from –

13 to +4, giving TDM ages of ca. 3.8 to 3.7 Ga, ca. 3.1 Ga and ca. 2.9 Ga (Ivanic et al., 2012). 

The isotopic data from the Murchison Domain, therefore, are consistent with the involvement 

of an early Archean (ca. 3.8 to ca. 3.7 Ga) felsic source, as well as recycling of the Mesoarchean 

(ca. 3.3 to ca. 3.1 Ga) felsic crust. Juvenile Mesoarchean magmatism (ca. 3.2 to ca. 3.1 Ga) 

was also inferred from the detrital zircon record of the northern portion of the Eastern 

Goldfields Province (Griffin et al., 2004). These data indicate the occurrence of significant, but 

poorly recognised, Mesoarchean mantle-derived magmatism within the Yilgarn Craton, which 

may be genetically related to that of the BRM.  

 

Major crust forming events of the Pilbara Craton at ca. 3.6 Ga and ca. 3.4 Ga (Kemp et al., 

2015) both predate the age of the source rocks to the BRM. Nevertheless, the Pilbara also 

experienced a major ca. 3.2 Ga rifting event that divided the Pilbara Supergroup (Hickman and 

Van Kranendonk, 2012) into the Karratha, Kurrana and the East Pilbara terranes (Van 

Kranendonk et al., 2010), all of which were reassembled during the ca. 3.07 Ga Prinsep 

Orogeny and ca. 2.9 Ga Mosquito Creek Orogeny (Smithies et al., 2005). The ca. 3.2 Ga rifting 

event led to the deposition of extensive sedimentary (Croydon Group and Dixon Island 

Formation; Kiyokawa et al., 2002; Smithies et al., 2001), and volcanic sequences, such as the 

Regal Formation basalts with εNd values of +1.4 to +3.6 (Smithies et al., 2007). Similar results 

(εNd = +2 to +3; Smithies et al., 2005) were reported from the ca. 3.1 Ga Whundo Group and 

coeval granitic rocks of the Railway Supersuite of the Sholl Terrane. These data indicate 

extensive mantle-derived magmatism and sedimentation occurred within the Pilbara Craton 

from ca. 3.2 to ca. 3.1 Ga. 
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Fig. 2-13: Compilation of the Hf isotope compositions versus age (Ga) of zircons from Australian 

Archean cratons, as well as the dataset from the BRM (this study). The data are from Belousova et al. 

(2009; Gawler Craton), Kemp et al. (2015; Pilbara Craton), Amelin et al. (1999), Kemp et al. (2010), 

Bell et al. (2011) (Jack Hills, Yilgarn Craton), Nebel-Jacobsen et al. (2010; Mt Narryer, Yilgarn Craton), 

Ivanic et al. (2012; Murchison Domain, Yilgarn Craton), Hollis et al. (2010, 2014) and Beyer et al. 

(2013) (Pine Creek Orogen). DM, CHUR and 176Lu decay constant values are from Griffin et al. (2004), 

Bouvier et al., (2008), and Soderlund et al. (2004), respectively. Note that the black lines indicate the 

isotopic evolutionary trends, showing the maximum and minimum TDM model ages calculated for the 

ca. 2.5 Ga magmatic and ca. 3.2 to ca. 3.0 Ga detrital zircons, using an upper crustal 176Lu/177Hf ratio 

of 0.0093 (Amelin et al., 1999).  

 

 

Within the Gawler Craton of South Australia lies the ca. 3.1 Ga Cooyerdoo Granite that has 

whole-rock εNd values of –1 to +1, and TDM model ages of ca. 3.4 Ga to ca. 3.2 Ga (Fraser et 

al., 2010). Comparable isotopic results were obtained from ca. 3.2 Ga detrital zircons of the 

Olympic Domain (εHf values of up to +4, TDM = ca. 3.5 Ga to ca. 3.1 Ga; Belousova et al., 

2009), which also fall within the εHf evolution band defined by the BRM zircons (Fig. 2-13). 

Like the BRM, the Gawler Craton also experienced widespread magmatism at ca. 2.5 Ga, at 

least some of which (Lake Gilles leucogranite) was generated from melting of a ca. 3.2 Ga 

source (Fraser et al., 2010). 

 

Collectively, there are significant records of ca. 3.2 to ca. 3.0 Ga crust formation in all four of 

Australia’s Archean cratonic blocks. In some cases, these records are only preserved as detrital 
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zircons in relatively mature sediments, but magmatic rocks of this age are preserved, and the 

BRM represents erosional products of significant volumes of Mesoarchean granite. The 

Mesoarchean magmatic record in all cratons includes a significant juvenile mantle-derived 

component. The commonality of these records does tempt correlation between the cratons, 

however, we are currently unable to further evaluate the relationships between these crustal 

blocks in the absence of Mesoarchean plate reconstructions.  

 

Implications for the Archean crustal evolution  

 

Recent studies based on a global compilation of isotopic data from detrital and magmatic 

zircons indicate major episodes of continental crust formation at ca. 4.2, ca. 3.6, ca. 2.7 and ca. 

1.8 Ga (Belousova et al., 2010; Hawkesworth et al., 2010). Early Archean (>3.4 Ga) zircons 

tend to have chondritic to sub-chondritic Hf isotope compositions (Naeraa et al., 2012; Kemp 

et al., 2015), suggesting a limited contribution from a depleted mantle source. In contrast, a 

major portion of the younger (>3.0 Ga) zircon record has radiogenic Hf isotopic signatures 

(Hawkesworth and Kemp, 2006; Griffin et al., 2014), consistent with at least partial derivation 

from a depleted mantle source. These results, combined with a significant increase in the δ18O 

values of some >3.2 Ga zircons (Dhuime et al., 2012; Van Kranendonk et al., 2015) are 

interpreted to be indicative of the onset of the plate tectonic regime at around 3.0 Ga. Thus, the 

Mesoarchean period represents a transition in the tectonic style from crustal growth dominated 

by the formation (and remelting) of volcanic plateaus over hot, upwelling and/or overturning 

mantle to tectonics driven by subduction-related arc magmatism and horizontal terrane 

accretion (Naeraa et al., 2012; Griffin et al., 2014; Kemp et al., 2015; Van Kranendonk et al., 

2015).   

 

Our new data, combined with other records of Mesoarchean crustal evolution in Australia 

(outlined above) and elsewhere (South Africa; Zeh et al., 2009; Zeh et al., 2011; Greenland; 

Naeraa et al., 2012; Szilas et al., 2016; India; Lancaster et al., 2014; Santosh et al., 2014) point 

to a significant episode of juvenile magmatism during the Mesoarchean that in part appears to 

be tapping depleted mantle domains. This observation is contrary to the suggestion of Griffin 

et al. (2014) that there was limited juvenile magmatism at ca. 3.0 Ga, but is consistent with 

proposal that this time period marks the onset of subduction-driven plate tectonics (Dhuime et 

al., 2012). 
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Conclusions 

 

The major findings of this study include:   

 

(1) The BRM are mineralogically and texturally immature to sub-mature, meta-arkosic 

rocks with minor quantities of granitic lithic fragments. These rocks are consistent with 

derivation from a proximal granitic source in a continental rift basin setting. 

(2) Five BRM samples and three granitic intrusive samples yielded a dominant detrital and 

inherited zircon component age of ca. 3.2 to 3.0 Ga, indicating the presence (or former 

presence) of Mesoarchean crystalline basement in the North Australian Craton. The age 

of emplacement of the granites is interpreted to be ca. 2.5 Ga, which constrains the 

depositional age of the BRM to between ca. 3.0 Ga and ca. 2.5 Ga.  

(3) The TDM model ages calculated for the ca. 3.1 Ga (εHf = –1.7 to 5.1) and ca. 2.5 Ga 

(εHf = –13.7 to –5.8) zircon grains suggest derivation from juvenile crust between ca. 

3.4 Ga to ca. 3.1 Ga. We suggest that Mesoarchean crust may have been a more 

significant component of the North Australian Craton than is currently recognised. 
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Abstract 

 

Metasedimentary-rock hosted heavy rare earth element (HREE) mineralisation occurs as 

numerous orebodies distributed across a large district of the northern Australia. Most orebodies 

are located in the northwest Tanami Region close to a regional unconformity between Archean 

metasedimentary rocks of the Browns Range Metamorphics (BRM) and overlying Proterozoic 

Birrindudu Group sandstones. The orebodies consist predominantly of quartz, xenotime and 

minor florencite, and occur along steeply-dipping structures within a stockwork of 

hydrothermal veins and breccias. 

 

Paragenetic stages of the mineralisation include: (1) a pre-ore stage of a greenschist-facies 

overprint of detrital minerals including quartz (several generations), alkali feldspar, 

plagioclase, and muscovite aligned in the pre-mineralisation foliation; (2) syn-ore quartz and 

white mica alteration associated with a multi-stage mineralisation of the ore minerals, primarily 

in breccias and veins; (3) a post-ore stage of veining and brecciation forming several 

generations of quartz, plus hematite, barite, anhydrite and pyrite.  

 

In-situ U-Pb dating of xenotime from several deposits/prospects yielded an age range for 

mineralisation of 1.65 to 1.60 Ga; this timeframe lacks local magmatism or orogeny, and is 

significantly younger that the ca. 1.72 Ga 40Ar/39Ar age of the pre-ore muscovite. The HREE 

mineralisation, however, coincided with distal continental collision events including the 

initiation of the Isan Orogeny and Liebig Orogeny along eastern and southern margins of the 

Craton. Far field stresses from these events are invoked as drivers of large-scale fluid flow and 

fault (re)activation in the region. We propose that ore formation was achieved via fluid leaching 

of REE from the BRM, followed by fluid mixing in fault zones, especially in the vicinity of 

the unconformity between the BRM and overlying Birrindudu Group sandstones. There is 

significant potential for discovery of further orebodies of this style, especially in the vicinity 

of regional unconformities, in intercontinental sedimentary basins.  

 

Keywords: Rare earth elements, xenotime, unconformity, isotopic dating, Tanami Region, 

Halls Creek Orogen  
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Introduction 

 

Rapid development in high-technology applications such as permanent magnets and renewable 

energy technologies has promptly increased the demand for rare earth elements (REE). 

Currently, most of the world’s REE supplies come from a single orebody, the Bayan Obo REE-

Nb-Fe deposit, China; this restricted source represents a potential geopolitical instability in 

ongoing global REE supply. Furthermore, both heavy (H) and light (L) REE are sought after 

commodities, yet most known REE resources across the world, including at Bayan Obo, are 

rich in LREE. These issues have led to much higher price for HREE relative to LREE. The 

HREE, particularly Dy, are anticipated to have the highest supply risk in the near future (e.g., 

Goodenough et al., 2018). Accordingly, there is a strong incentive for discovery and 

understanding of REE orebodies, particularly those rich in HREE. 

 

Elevated concentrations of the REE have been documented from a variety of geological settings 

(e.g., magmatic, sedimentary, metamorphic). However, the production of REE has traditionally 

been dominated by deposits associated with peralkaline silicate magmas and carbonatite-

associated complexes (e.g., Chakhmouradian and Zaitsev, 2012; Goodenough et al., 2018), or 

supergene enrichment environments. Although reported from across the globe, these unusual 

alkaline or peralkaline rocks are rather minor in the geological rock record, and so to address 

the current shortage in the REE production, a range of other geological environments where 

REE can be concentrated into exploitable orebodies are being examined. Newly discovered 

HREE mineralisation in north-western Australia defines a poorly understood vein and breccia 

ore style with ore metals contained predominantly in xenotime [(Y,HREE)PO4] and minor 

florencite [LREEAl3(PO4)2(OH)6] (Cook et al., 2013; Nazari-Dehkordi et al., 2018). The 

mineralisation is hosted by the metasedimentary rocks in the Tanami Region, and the Halls 

Creek Orogen (Fig. 3-1), in an area known as the North Australian HREE+Y (NAHREY) 

mineral field (Nazari-Dehkordi et al., 2018). Currently defined mineral resources for the 

NAHREY mineral field are ca. 9 Mt at 0.63% total rare earth oxides (TREO). Wolverine is the 

largest known deposit, with a total mineral resource of 4.97 Mt at 0.86% TREO (Northern 

Mineral, 2015). The recognition and characterisation of this style of mineralisation has 

significant implications for further discovery of HREE, particularly in the North Australian 

Craton, with widespread Precambrian metasedimentary rocks of potentially suitable age and 

geochemistry.  
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Fig. 3-1: Simplified geological map of Australia showing the three major Australian Cratons (A); (B) 

Simplified geological map of the North Australian Craton. 

 

 

In such remote locations where geological relationships are only broadly known, knowledge 

of the temporal development of mineralisation can greatly aid understanding of the geological 

history of the district and the processes responsible for ore deposit formation. Xenotime can 

form over a broad range of geological conditions and is a very useful U-Pb chronometer for 

dating geological processes ranging from diagenesis (e.g., Vallini et al., 2002), low-grade 

through to high-grade metamorphism (e.g., Dawson et al., 2003; Sheppard et al., 2007), to 

hydrothermal mineralisation (e.g., Brown et al., 2002; Aleinikoff et al., 2016). In this paper, 

we present U-Pb geochronology of ore-related xenotime together with paragenetic 

relationships from a number of HREE deposits/prospects to understand the genesis and 

temporal evolution of the NAHREY mineral field. We show that the HREE mineralisation has 

typical vein-type geometries with a spatial relationship with sub-vertical faults and regional 
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unconformities. Mineralisation across the field developed in the same time period, and possibly 

due to similar geological processes, to the unconformity-related uranium deposits of the Pine 

Creek Orogen in the Northern Territory.  

 

Geological setting 

 

The HREE deposits/prospects of the NAHREY mineral field occur within two domains, the 

Tanami Region and the Halls Creek Orogen (Fig. 3-1). A summary of the characteristics and 

location of all the deposits and prospects is provided in Table 3-1, and Figs. 3-2 and 3-3. Most 

of the deposits/prospects are named after fictional characters of the iconic “X-Men” comic 

book series of Marvel Comics. Wolverine, Area 5, Banshee, Cyclops, Gambit and West Gambit 

are classified as deposits, as they each have >0.1 Mt of ore grading at greater than 0.2% TREO, 

and all are located within the Browns Range Dome (BRD) of the Tanami Region, as described 

below. Numerous other prospects have been identified within both the Tanami and the Halls 

Creek Orogen; many of these have potential to be significant HREE resources, but are currently 

awaiting further exploration work. This study investigates four of the known deposits 

(Wolverine, Area 5, Banshee and Cyclops) as well as the Dazzler, Longshot, Boulder Ridge 

and John Galt prospects, although the Wolverine deposit is the main focus of study.  

 

 
Fig. 3-2: Simplified geological map of the Tanami Region (A) (modified after Bagas et al., 2008); (B) 

Geological map of the western margin of the Browns Range Dome (after Hendrickx et al., 2000) 

showing the location of the HREE deposits/prospects; (C) Simplified stratigraphic column of the 

Tanami Region (after Crispe et al., 2007). 
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Table 3-1: Characteristics of the main HREE deposits/prospects in northern Australia  

 Longitude Latitude Host Proximity to 
unconformity 

Resource 
(Mt) 

TREO 
(%) 

HREE 
(%) 

Ore  Age 
(Ga) 

Other 
  strike  

Deposit           
Wolverine 128.9403 -18.8595 BRM Distal 4.97 0.86 89 WNW 1.65-1.50  
Area 5 128.9249 -18.9024 BRM Distal 1.52 0.29 69 260°-320° 1.60 Florencite-rich 
Cyclops 128.903 -18.9518 BRM Proximal 0.33 0.27 70 WSW 1.63  
Banshee  128.9289 -18.9552 BRM Distal 1.66 0.21 87 90°-110° 1.82-1.70 U-rich 
Gambit 128.9442 -18.8681 BRM Distal 0.11 1.13 96 85°-115° n.a.  
West Gambit 128.9355 -18.8692 BRM Distal 0.39 1.07 89 80°-90° n.a.  
Prospect           
Dazzler 128.9082 -18.9741 BRM Proximal n.a. n.a. n.a. WSW 1.65-1.62  
Iceman 128.9122 -18.9775 BRM Proximal n.a. n.a. n.a. WSW 1.65-1.62  
Longshot 128.8198 -18.9424 BG Distal n.a. n.a. n.a. NNW 1.64  
Boulder Ridge 129.2552 -19.8283 BG Distal n.a. n.a. n.a. NNW 1.62-1.55  
John Galt 128.2252 -17.2962 RRB Distal n.a. n.a. 94 NNW 1.62-1.57  
Area 5 North 128.9276 -18.8978 BRM Distal n.a. n.a. n.a. n.a. n.a. Florencite-rich 
Banshee South 128.9292 -18.9582 BRM Distal n.a. n.a. n.a. NNW n.a.  
Nightcrawler 128.9295 -18.8926 BRM Distal n.a. n.a. n.a. E-W n.a.  
Mystique 128.9373 -18.9648 BRM Distal n.a. n.a. n.a. n.a. n.a.  
Rogue 128.9618 -19.0095 BRM Proximal n.a. n.a. n.a. WNW n.a.  
Havok 128.9288 -18.8607 BRM Distal n.a. n.a. n.a. n.a. n.a.  
Polaris 128.923 -18.8719 BRM Distal n.a. n.a. n.a. n.a. n.a.  
Rockslider 128.935 -18.9708 BRM Distal n.a. n.a. n.a. WNW n.a.  
Sabretooth 128.9512 -18.9201 BRM Distal n.a. n.a. n.a. E-W n.a.  
Sway 128.9415 -18.964 BRM Distal n.a. n.a. n.a. E-W n.a  

BRM = Browns Range Metamorphics, BG = Birrindudu Group sandstones, RRB = Red Rock Basin, 

n.a. = Not available. Based on the lateral distance to the regional unconformity, the deposits/prospects 

are classified as “proximal” (within 50 m of the unconformity) and “distal”. Coordinate system WGS84.  

 

 

Tanami Region 

 

The Browns Range Dome (BRD) is an east-west trending ovoid-shaped structure measuring 

ca. 60 km by ca. 30 km, situated in the northwest of the Tanami Region (Fig. 3-2). It is cored 

by a 1 to 3 km thick, largely granitic body, herein named the BRD granite (Hendrickx et al., 

2000), of ca. 1.87 Ga age that also includes abundant detrital zircons of ages peaking at ca. 3.1 

Ga and ca. 2.5 Ga (Page et al., 1995; Cross and Crispe, 2007). Archean metasedimentary and 

minor mafic rocks of the Browns Range Metamorphics (BRM) occupy the western section of 

the dome (Nazari-Dehkordi et al., 2017), and are overlain by Paleoproterozoic sedimentary 

rocks of the Pargee Sandstone to the south, and the Birrindudu Group to the north, west and 

south-west (Fig. 3-2). 

 

The BRM crops out over an area of ca. 100 km2 (Fig. 3-2) and consists mainly of a sequence 

of greenschist facies (but locally up to amphibolite grade) arkosic metasandstones locally 

interbedded with medium- to coarse-grained conglomerates and semi-pelitic schists, and less 

common calc-silicate rocks and banded iron formations. Limited field exposure and 

deformation have so far precluded detailed stratigraphic descriptions of the sequence. Nazari-
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Dehkordi et al. (2017) constrained the timing of deposition of the BRM to between ca. 3.0 Ga 

and ca. 2.5 Ga, based on the age of the detrital zircons in the BRM, and the emplacement timing 

of the small (10s to 100s of m) cross-cutting granitic, syenitic and pegmatitic intrusions. 

 

Unconformably overlying the BRM are a thick sequence of Paleoproterozoic sedimentary 

rocks with rare volcanic units (Fig. 3-2), which have been described in detail by Bagas et al. 

(2008) and Crispe et al. (2007). The oldest Paleoproterozoic unit of the Tanami Region is the 

ca. 1.86 to ca. 1.84 Ga Tanami Group, which is unconformably overlain by the ca. 1.83 to ca. 

1.81 Ga Ware Group, and then the Mount Charles Formation (ca. 1.80 Ga; Crispe et al., 2007). 

These units were deformed, domed and then intruded by extensive ca. 1.83 to ca. 1.79 Ga 

granitoids (Smith, 2001), which was also synchronous with gold mineralisation of the region 

(Bagas et al., 2007). These rock sequences are in turn unconformably overlain by shallow-

dipping sedimentary rocks of the Pargee Sandstone and Birrindudu Group, which were 

deposited between ca. 1.78 to ca. 1.64 Ga (Crispe et al., 2007). The ca. 6 km thick Birrindudu 

Group consists of three conformable units including the basal Gardiner Sandstone, the fine-

grained calcareous Talbot Well Formation, and Coomarie Sandstone (Blake et al., 1975). 

 

The Gardiner Sandstone, occupying a vast area of the Tanami Region (Fig. 3-2), was deposited 

within a shallow marine to intertidal environments on a stable continental margin (Clark and 

Blockley, 1960). The Gardiner Sandstone is weakly metamorphosed and mildly deformed, and 

unconformably rests on the underlying deeply weathered and metamorphosed rocks of the 

BRM, Tanami Group, Ware Group and Pargee Sandstone (Crispe and Vandenberg, 2005). It 

forms the outer margins of the BRD, with gentle (5 to 25º) westerly dips in the west in the 

vicinity of the HREE mineralisation, and easterly dips in the east of the dome. The depositional 

age of the Gardiner Sandstone, and generally the Birrindudu Group, is constrained by the 

youngest detrital zircon age of ca. 1.7 Ga (Crispe and Vandenberg, 2005; Nazari-Dehkordi et 

al., 2017) and the ca. 1.64 Ga age of the xenotime overgrowing detrital zircons of the Gardiner 

Sandstone of the Birrindudu Group at the Killi Killi Hills (Vallini et al., 2007, see Fig. 3-2). In 

the study area, the Gardiner Sandstone directly lies on the Mesoarchean-derived BRM, leaving 

a sedimentation hiatus of ca. 800 m.y. (Nazari-Dehkordi et al., 2017).  
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Halls Creek Orogen 

 

The Halls Creek Orogen (Fig. 3-3), located immediately west of the Tanami Region, is a north-

northeast trending orogenic belt unconformably overlain by the Kimberley, Speewah and Carr-

Boyd Basins to the west and northwest, by the Victoria, Birrindudu, Ord and Osmond Basins 

to the east and southeast, and by the Canning and Louisa Basins to the south. The Halls Creek 

Orogen records ca. 130 m.y. of sedimentation, deformation, metamorphism and magmatism, 

from ca. 1.92 Ga to ca. 1.79 Ga that culminated in the collision of the Kimberley Craton with 

the North Australian Craton (Page et al., 2001).  

 

The Orogen consists of three distinct metamorphic zones including Eastern, Central and 

Western Zones, of which the Western and Central Zones correspond to proximal and distal 

parts of the Kimberley Craton, respectively. The Eastern Zone reflects the passive margin of 

the North Australian Craton. Different aspects of these zones are discussed in detail in Tyler et 

al. (1995) and Page et al. (2001). During the ca. 1.87-1.85 Ga Hooper Orogeny, metamorphic 

sequences of the Western Zone were deformed, and the Central Zone (an island arc) was 

accreted onto the eastern margin of the Kimberley Craton (Sheppard et al., 1999). These rock 

units were intruded by syn-orogenic intrusions associated with the ca. 1.84-1.81 Ga Halls Creek 

Orogeny, during which the North Australian Craton (Halls Creek Group of the Eastern Zone) 

collided with the Kimberley Craton (Sheppard et al., 1999). The orogenic rocks were 

subsequently unconformably overlain by rocks of the ca. 1.83 to 1.79 Ga Speewah Group and 

Kimberley Basin, which are broadly equivalent to the ca.1.80 Ga Red Rock Basin (Tyler et al., 

1995; Page et al., 2001) that hosts the John Galt HREE prospect. The poorly-studied Red Rock 

Basin largely comprises fine- to coarse-grained quartz-rich sandstones with interlayers of 

pebbly sandstone and conglomerate (Blake et al., 2000). The Red Rock Basin shows, possibly 

structurally-controlled, rapid lateral variation and fining to the east, and is bounded by the 

prominent Angelo–Halls Creek–Osmond Fault System (Sheppard et al., 1999). To the east the 

Red Rock Basin is unconformably overlain by Paleoproterozoic Osmond Basin and the poorly-

exposed Birrindudu Group sandstones (Hancock and Rutland, 1984). 
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Fig. 3-3: (A) Simplified geological map and (B) stratigraphic column of the Halls Creek Orogen with 

the location of the John Galt HREE prospect (modified after Tyler et al., 1995, and Page et al., 2001).  

 

 

Analytical methods 

 

Sampling and petrography 

 

During a program of fieldwork, ore samples were collected from surface outcrops and drill 

cores acquired by Northern Minerals Ltd. Although sampling focussed in and around the 

Wolverine deposit, representative samples of most of the deposits/prospects were collected. 

The samples were lightly brushed and washed in an ultrasonic bath to remove any 

contamination from drilling mud or soil. Representative samples were then prepared as thin 

sections for petrographic studies using conventional optical microscopy and scanning electron 

microscopy.  

 

Whole rock geochemistry analyses 

 

On the order of 12,000 diamond core and drill chip samples were analysed for REE and selected 

major and minor elements as part of mineral exploration and resource definition work by 
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Northern Minerals Ltd. All analytical work was completed by Intertek-Genalysis Mineral 

Services. The samples were dried, crushed, split and pulverised. To ensure complete 

dissolution of refractory minerals (e.g., xenotime), a 0.25 g aliquot of each sample was fused 

with 2 g of Na2O2 within a nickel crucible by heating to 700 °C for at least 30 minutes. Once 

cooled, the quenched glass was dissolved with 2 ml of HCl. The final solution, containing no 

solid deposits indicating a complete dissolution of the sample, was then diluted to 500 ml with 

deionised water. The final solution was then analysed by inductively coupled plasma mass 

spectrometry (ICP-MS). Further analytical information are provided in Meisel et al. (2002). 

The assay data can be provided by the authors on request. 

 

Three dimensional orebody modelling  

 

The Leapfrog Geo three-dimensional modelling software was used to visualize the ore 

geometry and the grade distribution at Wolverine deposit. Assay data from core samples of 

approx. 300 individual drill holes were imported and projected into the 3D model. The ore 

grade (wt.% TREO) was modelled as four shells of >0.25 (high grade), 0.25-0.15, 0.15-0.10 

and <0.10 (low grade). To avoid artificial oscillations, the reconstructed shape of each shell 

was considered the best-fit smooth pattern connecting the corresponding grades through the 

drill cores. The distribution of the ore grades was used to aid the structural interpretations.  

 

Electron probe microanalysis 

 

Backscattered electron (BSE) imaging and mineral identification and characterisation of 

samples was undertaken using a JEOL-JXA8200 super probe, housed at the Advanced 

Analytical Centre (AAC), James Cook University (JCU). Quantitative major element analysis 

of pre- and syn-ore white mica was conducted by wavelength dispersive spectrometry (WDS) 

from carbon-coated polished thin sections using a 20 nA beam defocused to 5 µm, and 

accelerating voltage of 15 kV. The elements measured were Na, Fe, Ca, Si, K, Al, Mn, Cl, Mg, 

Ti and F. Natural and synthetic standards were used for calibration and the Armstrong-CITZAF 

(phi-rho-Z) matrix correction procedure (Armstrong, 1991) was applied to all analyses. Further 

information on the analytical conditions are presented in Appendix 3-1. 
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In-situ xenotime U-Pb isotope geochronology 

 

In-situ laser ablation (LA) ICP-MS U-Pb dating of xenotime was conducted at the AAC, JCU, 

using a GeoLas Pro 193 nm excimer laser, and a Bruker (formally Varian) 820-MS ICP-MS. 

The ICP-MS was tuned to ensure approximately equal sensitivity of U, Th and Pb (e.g., see 

Pettke et al., 2012) to minimize isotope fractionation due to matrix effects. Further details of 

the instrumental and analytical set-up are available in Spandler et al. (2016). Analytes collected 

were 31P, 89Y, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U and 238U. The standards used for calibration 

include z6413 (primary), MG-1 (secondary) and BS-1 (secondary) xenotime (Fletcher et al., 

2004). All analyses were undertaken using a 24 µm beam diameter, and laser energy density 

on the sample of 6 J/cm2, and data reduction was carried out using the GLITTER software (Van 

Achterbergh et al., 2001). All time-resolved single isotope signals from standards and samples 

were filtered for signal spikes or perturbations related to inclusions and fractures. 

Subsequently, the most stable and representative ratios were selected taking into account 

possible mixing of different age domains and zoning. The accuracy of the technique is 

demonstrated via analysis of secondary standards MG-1 and BS-1; these returned ages of 492 

± 3 Ma, and 506 ± 5 Ma, respectively, which compare well with the published values of 490.1 

± 0.6 Ma for MG-1 and 508.8 ± 0.6 Ma for BS-1 (Fletcher et al., 2004). 

 
40Ar-39Ar geochronology 

  

Five samples of foliation-aligned pre-ore muscovite were selected from both well-mineralised 

and weakly-mineralised samples of metasedimentary rocks of the Wolverine and Area 5 

deposits. Further information on the source locations of these samples are provided in 

Appendix 3-2. The samples were crushed and sieved to 60 to 80 mesh (0.25 to 0.17 mm) and 

then white mica flakes were carefully hand-picked to achieve about 95% purity. After cleaning 

in an ultrasonic ethanol bath, the grain separate underwent subsequent handpicking under a 

binocular microscope to achieve >99% purity mineral separate. 40Ar/39Ar analyses were 

performed at the Argon Geochronology Laboratory of the University of Michigan using a 

continuous laser for step-heating and a VG 1200S noble gas mass spectrometer equipped with 

a Daly detector operated in analog mode using the methods outlined in Streepey et al. (2000) 

and Keane et al. (2006). Samples were wrapped in aluminium foil, loaded into an aluminium 

tube, then sealed into a quartz bottle and irradiated for 10.83 h at the McMaster Nuclear reactor. 
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Neutron flux gradients were monitored with the MMhb-1 standard using an age of 520.4 Ma 

(Samson and Alexander, 1987). Following irradiation, 1 to 4 grains from each packet were 

loaded onto a copper disc that was placed into a gas extraction line. An Ar-ion laser, defocused 

to allow uniform heating, was used to heat the grains on the sample disc. Heating steps were 

performed for 30 to 60 s with a minimum power of 40 mW for the first step and a maximum 

power of 2000 mW for the last step. Isotopic ratios were measured on a MAP-215 mass 

spectrometer following the procedure described by Meert et al. (1994) and Busch et al. (1996). 

More details of the 40Ar/39Ar step-heating measurements are reported in Appendix 3-3. 

 

Results 

 

Geometry and geological setting of the Wolverine deposit 

 

All of the examined HREE deposits/prospects have a spatial and an apparent kinematic 

relationship with faults and, in many cases, lithological boundaries. The structural relationships 

with mineralisation is best expressed by the Wolverine deposit, which lies along a WNW-

striking fault at an intersection with a cross-cutting W-E trending fault (Fig. 3-4A). Long and 

cross sections (Figs. 3-4B-C) reveal Wolverine to be a typical vein-type orebody sitting within 

the steeply (~75° N) dipping WNW-striking fault. The orebody has a strike length of over 400 

m and remains open to a depth of ca. 550 metres, and has no significant lateral or vertical ore 

metal zonation. The orebody appears to have developed either by dilation at this fault junction 

or by dilation due to bending along the WNW-striking fault, and the tabular, steep-plunging 

nature of the main ore zone suggests a strike-slip fault movement component contributed to the 

dilatancy. The displacement on the fault is as yet unknown, as there are few markers in the wall 

rocks. High-grade ore is defined by a stockwork of thick (up to 1 m) veins and breccia, 

surrounded by a halo of lower grade rock with thinner, broader spaced veins and less developed 

brecciation. A significant feature is the occurrence of discontinuities in the orebody, potentially 

recording post-ore multi-stage doming of the BRD, accompanied by the development of low-

grade ore into the host rock. These low-grade zones are inferred to represent minor post-ore 

remobilisation, either as a product of supergene processes, or as silica-rich fault zones infilled 

by HREE-poor veins late in the overall hydrothermal history. 
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Fig. 3-4: Plan view (A) and long (B) and cross (C) sections of the Wolverine orebody represented by 

TREO grade shells. See Figure 2B for location of the Wolverine deposit. Note that plane view (A) 

displays the surface expression of the orebody that reaches the surface only in one area (see B, C). 

 

 

Geological setting of the other HREE deposits/prospects 

 

Despite their wide distribution, other BRM-hosted deposits/prospects predominantly occur 

near, or on, the unconformity with the overlying Gardiner Sandstone (e.g., Iceman, Dazzler, 

and Cyclops). These other deposits/prospects are dominated by hydrothermal mineralised veins 

and breccias that developed alongside major faults (Fig. 3-2); hence, they have many structural 

similarities with Wolverine. Mineralisation tends to be developed along steeply-dipping W- to 

SW-striking structures, or along the unconformity surface itself. The Area 5 deposit is 

distinguished by its high content of LREE compared to other deposits/prospects, as outlined 

below. Mineralisation at Area 5 occurs at an intersection of sub-vertical fault zones with 

prominent W and NW strikes, alongside which the orebody appears as discontinuous pods.  

 

The Banshee deposit (Fig. 3-2) is also distinct from other BRM-hosted deposits/prospects in 

geochemistry and age (see below), and so is discussed separately here. Banshee lies within a 

topographic low in the landscape, whereas Wolverine and other deposits/prospects studied here 

are located along low ridges, or topographic highs. The mineralisation at Banshee is 

characterised largely by E-W striking hydrothermal breccias and laminated veins that cut the 

BRM, and dip steeply (65°-85°) to the north. The mineralised zones vary in width from less 

than one metre up to 10 m, but terminate at depths of 50 to 120 metres where the BRM is 

underlain by a package of quartz-chlorite schist of possible sedimentary origin. Airborne 
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magnetic surveys show an approx. 2 km by 1.2 km ovoid-shaped anomaly directly beneath the 

Banshee deposit. This anomaly is tentatively interpreted to be an igneous intrusion.  

 

Prospects hosted by the Gardiner Sandstone of the Birrindudu Group (Longshot, Boulder 

Ridge) also demonstrate close association with faults and regional unconformities. Longshot 

lies to the west of the BRD (Fig. 3-2A) at a location that is between 200 to 1200 m above the 

unconformity surface with the underlying BRM, as suggested by the available structural and 

geophysical data. Mineralisation at Longshot occurs within irregular hydrothermal quartz-

cemented veins and breccias developed along mostly NNW-striking fault structures that 

extends outwards and upwards from the BRD, thus showing structural and potentially genetic 

relationships with the BRM-hosted deposits/prospects. Similarly, xenotime-quartz vein 

mineralisation at Boulder Ridge, located approx. 40 km south of the BRD, occurs near the 

unconformity with underlying metasedimentary rocks of the Tanami Group.  

 

John Galt is currently the only recognised xenotime mineralisation outside of the Tanami 

Region; it is hosted by the metasedimentary rocks of the Red Rock Basin adjacent to an 

unconformity with older metamorphic rocks of the Halls Creek Orogen (Fig. 3-3). 

Mineralisation crops out as networks of quartz-xenotime veins along major N-S oriented faults 

and, most distinctively, along a ca. 100 metre high ENE-trending escarpment. Preliminary 

drilling results along the escarpment confirm that the main orebody continues to a depth of at 

least 100 m and likely to much deeper levels, as found in the Brown Range. John Galt is 

particularly rich in HREE (averaging 94% of TREO; see Table 3-1), which, together with 

reports of other mineralisation occurrences in the region, suggest this area is especially 

prospective for further exploration.  

 

Bulk ore geochemistry 

 

Ore minerals at all the deposits/prospects are limited to xenotime and florencite only (see 

below), yet there are notable variations in the geochemistry of the ore elements (REE+Y), as 

well as P and U between different deposits/prospects. In particular, we examine the 

compositional variants from the three largest and most diverse deposits Wolverine, Area 5 and 

Banshee. Bulk ore geochemistry of Wolverine is characterised by positive correlations between 

Ce (and LREE), Y (and HREE), U and P (Figs. 3-5A-C), as may be expected for an ore mineral 
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assemblage consisting of xenotime as the host of HREE, Y (and U), and florencite as the host 

of LREE. Area 5 and Banshee are comparatively poorer in P (Figs. 3-5A-B). Ore from Banshee 

extends to high U contents, and shows a broad negative correlation with Ce (Fig. 3-5D), 

indicating florencite is a relatively minor ore mineral and does not host most of the U. Although 

there is a poor relationship between U and P (Fig. 3-5E) at Banshee, we have found no other 

U-bearing minerals (e.g., uraninite), so U is likely primarily hosted in xenotime. Ore from Area 

5 also shows an overall positive relationship between Ce, Y, U and P, although less well defined 

than at Wolverine. However, Area 5 ore extends to higher LREE contents than the other 

deposits (Fig. 3-5A), which is indicative of the relative dominance of LREE-rich florencite 

compared with HREE+Y-rich xenotime.  

 

 
Fig. 3-5: Scatterplots of P, Y, Ce and U for whole-rock assay data from the Wolverine, Area 5 and 

Banshee deposits.  

 

 

We also use bulk-rock geochemistry data from the Wolverine deposit to examine alteration of 

major (i.e., none ore) elements within the host rock during mineralisation. Al-Si-K systematics 

(Fig. 3-6A) reveals a relatively broad compositional range for the unmineralised BRM, 

consistent with the occurrence of quartz, alkali feldspar (predominantly K-feldspar) and 
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muscovite in various proportions, which is in agreement with petrographic observations 

(Nazari-Dehkordi et al., 2017), and likely represents protolith variations. Some highly 

aluminous samples represent kaolinite rich alteration zones. Quite distinct from the non-

mineralised rocks, almost all the bulk ore samples lie on, or close to, the muscovite (white 

mica) and quartz tie-line, with much of the quartz as a key vein constituent with the ore 

minerals. This conversion of a range of original bulk compositions to a very specific muscovite-

quartz composition is a typical indicator of large metasomatic fluid fluxes (Korzhinskii, 1970), 

suggestive of association of the mineralisation with a muscovite alteration. Ore formation is 

also associated with some Fe enrichment in the form of hematite (Fig. 3-6B) as found in some 

breccias and veins (see below). Nevertheless, overall most ore samples do not have elevated 

Fe contents compared to the host BRM samples.  

 

 
Fig. 3-6: (A) Whole-rock Al versus K; and (B) Al-Fe-K ternary plot for the core samples (n = ca. 8300) 

from the Wolverine Deposit. Compositions and tie lines between quartz (Qtz) and k-feldspar (KF), and 

quartz and muscovite-illite (Mus) are shown.  

 

 

Ore mineral assemblage and paragenesis 

 

A mineral paragenetic sequence was established on the basis of field observations and 

microscope petrographic studies. Although this paragenetic sequence is based mainly on the 

samples collected from Wolverine, available field, petrographic, geochemical and isotopic data 

from across the NAHREY mineral field indicate remarkable consistency among the 
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mineralisation occurrences. The minerals associated with the orebody and the host 

metasedimentary rocks can be divided into three general categories: (1) detrital and 

metamorphic assemblages, which reflect mainly a greenschist-facies overprint on the 

predominantly meta-arkosic host rocks; (2) hydrothermal minerals related to the mineralisation 

event(s), and; (3) hydrothermal minerals that formed after the mineralisation event(s) (Fig. 3-

7).  

 

 
Fig. 3-7: Three-stage mineral paragenesis associated the HREE mineralisation and the host 

metasedimentary rocks. See text for details.  

 

 

Stage 1: Pre-mineralisation alteration stage   

 

The BRM consists of detrital phases including quartz and feldspar of variable morphology and 

size, and also detrital zircon. However, subsequent metamorphic and hydrothermal overprints 
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led to a nearly complete obliteration of the original grain textures and morphology (Nazari-

Dehkordi et al., 2017). The first recognisable post-sedimentation mineral/structural paragenesis 

in the BRM is a locally well-developed schistose foliation associated with the recrystallisation 

of detrital quartz (Q1) into poly-crystalline quartz patches (Q2) that have undulose extinction 

and tangential, concavo-convex or sutured contacts between grains (Fig. 3-8A). These features 

are interpreted to be the result of deformation and greenschist-grade metamorphism related to 

the regional Tanami event at ca. 1.83 Ga (Crispe et al., 2007). 

 

The pre-mineralisation alteration stage also includes a sericite + muscovite (M1) alteration 

assemblage that replaced detrital alkali feldspar of the BRM (Fig. 3-8B). The white mica 

alteration manifests as platy coarse muscovite grains of up to 0.5 mm in length, aligned in the 

metamorphic foliation (Fig. 3-8B). This foliation-parallel assemblage occurs most prominently 

with mineralisation, but is traceable for several metres away from the orebodies. Additionally, 

hematite (H1) may occur as interlayers with sericite and larger muscovite grains (Fig. 3-8C), 

but is absent where overprinted by later alteration stages. 

 

 
Fig. 3-8: Back-scattered electron and cross-polarised transmitted-light microscopic images of samples 

of the BRM. (A) A primarily large detrital quartz (Q1) recrystallised into a polycrystalline quartz (Q2); 

(B) Course-grained muscovite aligned in the pre-ore foliation; (C) Interlayer of hematite and pre-ore 

course-grained muscovite; (D) Syn-ore quartz alteration appearing as cavity-filled (Q3a) and fine-

grained (Q3b) in breccia; (E) Regrowth of a detrital quartz during quartz-white mica alteration; (F) Tiny 

authigenic florencite enclosed in clay. Q = quartz; M = muscovite; H = hematite; Flr = florencite.  
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Stage 2: Syn-mineralisation alteration, veining and breccia 

  

Syn-mineralisation alteration consists dominantly of fine-grained quartz and muscovite-

sericite-illite (white mica, M2) that also contains minor hematite (H2) developed mainly in the 

fault zones. The quartz appears as cavity- and fracture-filled quartz (Q3a), which typically 

displays radial extinction, cemented by finer grained quartz (Q3b) (Fig. 3-8D), and also as 

quartz replacing pre-existing detrital quartz (Q2) (Fig. 3-8E). This fine-grained association is 

more intense adjacent to the HREE mineralisation and related faults, and is characterised in 

part by overprinting and replacement of the earlier-formed, foliation-parallel assemblages 

described above (Fig. 3-8B). 

 

The syn-ore alteration event was succeeded by the earliest phase of the ore mineralisation, 

herein called “breccia-hosted” mineralisation. The breccia system is characterised by a set of 

chaotic and mosaic breccias occurring along steeply dipping major faults of usually a few 

meters width. The chaotic breccias tend to occupy a narrow (~1 m) core of the mineralised 

zone and are composed primarily of small rounded to sub-rounded clasts of the 

metasedimentary rocks of variable size (rarely >3 cm), with no traces of earlier mineralisation. 

The breccia matrix is largely composed of ore minerals and associated syn-ore quartz-white 

mica alterations. Chaotic breccias are enveloped by mosaic breccias, which consist mainly of 

medium to large (2 mm to >20 cm) clasts of metasedimentary rocks that display fitted-fabric 

texture. The mosaic breccias tend to occupy wider intervals (up to 4 m in width) of the 

mineralisation zones, and host ore of variable grade, depending on the relative volume of the 

breccia matrix. 

 

The breccia-hosted mineralisation (Figs. 3-9A-C) is dominated by xenotime (X1) and minor 

florencite, which occur in the breccia matrix, as well as in fractures, cavities, and also within 

quartz-white mica alteration assemblages. Morphologically, X1 appears as clusters or as 

individual crystals (Fig. 3-10A) of dominantly anhedral grains that range in size from a few 

µm to over 200 µm. X1 also appears as pyramid-shaped overgrowths on detrital zircon (Fig. 

3-10B). Xenotime (X1), particularly as coarser grains, is partially replaced by late florencite 

(Fig. 3-10C). 
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Fig. 3-9: Hand specimen photos of ore from various HREE deposits/prospects. (A) Sample B1 from 

Banshee; (B-E) Samples W5-7, W5-2B, W7-3B, W2; (F) Sample I1 from Iceman; (G) Sample BR1 

from Boulder Ridge; (H) Sample C2 from Cyclops; (I) Sample J1 from John Galt. X = xenotime; Q = 

quartz.  
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Fig. 3-10: Back-scattered electron microscopic images of ore minerals from Wolverine deposit. (A) 

Euhedral to anhedral fine-grained breccia-hosted xenotime and associated florencite; (B) Xenotime 

overgrowing detrital zircons; (C) Breccia-hosted xenotime almost entirely replaced by florencite; (D) 

Course-grained xenotime cross-cutting breccia-hosted xenotime; (E) Vein-type pyramid-shaped 

xenotime ore (F) Florencite and xenotime distributed within a mineralised hydrothermal quartz vein; 

(G) Co-genetic xenotime and florencite; (H) Late fine-grained xenotime in the matrix of a breccia 

containing mineralised clasts; (I) Late pyramid-shaped xenotime overgrowing earlier fine-grained 

xenotime.  

 

 

Stage 3: Vein-type mineralisation  

 

The breccia-hosted mineralisation and adjacent hosting rock are crosscut by hydrothermal 

veins (Figs. 3-9B-C), which in the most intense cases have formed crackle breccias in which 

the angular clasts of the metasedimentary rocks (themselves commonly already brecciated) are 
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arranged in a jigsaw puzzle pattern with no major displacement. The hydrothermal veins vary 

from a few mm up to 20 cm in width and are composed of quartz (Q4) and xenotime (X2). Q4 

includes multiple quartz types. Q4a is colourless and transparent quartz that pre-dates xenotime 

(X2) (Fig. 3-11A), and likely marks the onset of the hydrothermal event associated with the 

“vein-type” mineralisation stage. X2 + Q4b veins overprint Q4a (Fig. 3-11A), and consist 

primarily of colourless quartz veins of usually ~1 cm in width, which are in turn cut by smoky 

Q4c veins that have a vuggy texture (Fig. 3-11B). In places the primary X2 veins were reopened 

(Fig. 3-11C) or broken and offset (Fig. 3-11D) due to repeated fracturing and minor fault 

displacement of the host rocks. 

 

Xenotime (X2) occurs as blade- or pyramid-shaped grains ranging in size from 50 µm to 1000 

µm (Fig. 3-10D). X2 is usually fractured and pitted, and displays subtle zoning in BSE images, 

(Fig. 3-10E). Euhedral equant florencite grains (~1 to ~30 µm) occur within Q4 (Fig. 10F) or 

X2 (Fig. 3-10G) and are interpreted to be co-genetic to Q4 + X2 veins. Typically, large 

florencite grains demonstrate a subtle oscillatory zoning in BSE, in which the rim appears to 

be brighter than the core zone (Fig. 3-10F).    

 

 
Fig. 3-11: Hydrothermal veins associated with the HREE mineralisation. (A) Quartz-xenotime vein 

cross-cutting a pre-existing quartz vein; (B) Quartz-xenotime vein being cut by a smoky quartz vein; 

(C) Smoky quartz vein cutting a quartz-xenotime vein; (D) Minor fault dislocations of a quartz-

xenotime vein; (E) Multiple generations of late milky quartz veins; (F) Late breccia containing milky 

quartz in the matrix. Q = quartz; X = xenotime.  
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Stage 4: Late-stage mineralisation  

 

The youngest xenotime mineralisation event is represented by fine-grained euhedral xenotime 

(X3a) that dominantly occurs in breccias (Fig. 3-9E) containing mineralised and non-

mineralised clasts (Fig. 3-10H), and pyramid-shaped xenotime overgrowths (X3b) on the pre-

existing xenotime (Fig. 3-10I). These are termed “late-stage” mineralisation. X3 grains rarely 

exceed 30 µm in size and show no evidence for co-genetic florencite or quartz, although they 

are occasionally replaced by secondary florencite. 

 

Stage 5: Late hydrothermal phases 

  

Post-dating the breccia-hosted and vein-type mineralisation and their associated alteration are 

veins containing quartz (Q5), barite, anhydrite, pyrite and hematite (H3). These veins (up to 10 

cm in width) display vuggy and drusy textures, and are distinguished by a characteristic milky 

colour. They are composed primarily of several generations of large (1-5 cm in size) intergrown 

quartz (Fig. 3-11E). Occasionally, Q5 veins manifest as breccias (Fig. 3-11F) alongside 

previously mineralised major faults and fractures that may therefore contain mineralised clasts.  

 

The final hydrothermal event of the paragenetic sequence is the partial replacement of pre- and 

syn-ore white mica by clays and clusters of tiny (<5 µm) authigenic florencite grains that tend 

to have cubic forms with a skeletal texture in which only a narrow rim of the original grain 

remains (Fig. 3-8F).  

 

White mica composition 

 

A complete list of major element analyses of the pre- (M1) and syn-ore (M2) white mica are 

presented in Appendix 3-4. Both mica types have relatively low FeO, MnO and TiO2 contents 

and conform well to the muscovite [KAl2(Si3Al)O10(OH,F)2] to alumino-celadonite 

[K(Mg,Fe2+)(Al)[Si4O10](OH)2] solid solution system (Rieder et al., 1999), and hence have 

phengitic compositions (Figs. 3-12A-B). The pre-ore mica has relatively low Si (Si a.p.f.u = 

3.1 to 3.3) and K+Na a.p.f.u. close to 1, as is typical for natural muscovite. The syn-ore white 

mica extends to more phengitic compositions with higher Si contents (3.3 to 3.5 a.p.f.u.) and 

lower Al (2.2 to 2.5 a.p.f.u.) (Fig. 3-12A), and is K deficient, with K+Na a.p.f.u. between 0.75 
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and 0.88 (Fig. 3-12B). This interlayer deficiency is typical of illite series micas (Rieder et al., 

1999) and may be due to pyrophyllite-type exchange of Si + vacancy = Aliv + (K+Na) 

(Rosenberg, 2002). Most notably, the syn-ore mica is significantly richer in F (up to 0.5 wt.%) 

and Cl (up to 0.09 wt.%) than the pre-ore muscovite (F = <0.06 wt.%; Cl = <0.02 wt.%) (Fig. 

3-12C). 

 

 
Fig. 3-12: Chemical composition of the pre- and syn-ore muscovite. (A) Aluminum (atoms-per-

formula-unit; a.p.f.u.) versus Si (a.p.f.u.); (B) Si (a.p.f.u.) versus K+Na (a.p.f.u.); (C) F (wt.%) versus 

Cl (wt.%). Note, syn-ore muscovite is relatively enriched in F and Cl.  

 

 

Geochronology 

 
40Ar-39Ar geochronology of white mica 

 
40Ar/39Ar dating results of four white mica-bearing samples from Wolverine and one sample 

from Area 5 are presented in Table 3-2. The quoted uncertainties in the ages incorporate 

uncertainties in the peak signals, system blanks, spectrometer mass discrimination, reactor 

corrections and J values. Superficial 40Ar loss observed in the samples had no major impact on 

the validity of the ages and Ar release spectra are relatively flat in all samples. The sample 

from Area 5 yielded a 40Ar/39Ar total gas age of 1727 ± 9 Ma, which is in the range of the ages 

of three samples from Wolverine (1712 ± 8 Ma, 1714 ± 9 Ma, 1719 ± 9 Ma). The final 

Wolverine sample returned a slightly older age of 1746 ± 9 Ma. 
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Table 3-2: Ar-Ar data for pre-ore muscovite from the Wolverine and Area 5 deposits 

 No. Prospect/deposit Drill core Depth (m) Easting Northing Total gas age 
1 A2-22 Area 5 BRAD0002 159.1 492231.3 7909977 1727 ± 9 
2 W5-4 Wolverine BRWT0332W5 503.2 493508.1 7915069 1746 ± 9 
3 W5-6 Wolverine BRWT0332W5 505.2 493508.1 7915069 1714 ± 9 
4 W5-8 Wolverine BRWT0332W5 510.6 493508.1 7915069 1712 ± 8 
5 W324-2 Wolverine BRWT0324 372.9 493541.1 7914983 1719 ± 9 

 

 

Uranium-Pb geochronology of xenotime 

 

Sixteen samples from nine deposits/prospects were selected for U-Pb dating, with relevant hand 

specimen images shown in Fig. 3-9. Uranium-Pb concordia diagrams, calculated ages and 

isotope data for the samples are provided in Figure 3-13 and Appendix 3-5. Sample location 

information is provided in Appendix 3-2.  

 

Xenotime from Banshee (sample B1) returned the oldest ages in this study, including several 

concordant analyses between ca. 1800 Ma and 1860 Ma that collectively gave a weighted mean 

age of 1821 ± 19 Ma (MSWD = 0.6) (Fig. 3-13A). Banshee also returned one slightly younger 

concordant age of ca. 1700 Ma from a xenotime overgrowth on a detrital clast. Uranium-Pb 

ages for various stages of xenotime from all other deposits and prospects examined are between 

ca. 1650 Ma and ca. 1510 Ma (Figs. 3-13, 3-14). Breccia-hosted xenotime (X1) dated from 

Wolverine, Cyclops, Dazzler, Iceman and Longshot yielded concordant ages between ca. 1650 

Ma to ca. 1620 Ma. Assuming a single age event, these data produce a weighted mean age of 

1645 ± 18 Ma (MSWD = 2.1). The vein-type xenotime (X2) present in most deposits/prospects 

returned mainly concordant, but slightly younger ages at ca. 1620 Ma, albeit with some overlap 

within uncertainty of the breccia-hosted xenotime age. Nevertheless, given the textural 

observation of vein xenotime forming after the breccia xenotime, we are confident that we can 

treat the vein xenotime analyses as a separate younger event. The weighted mean of the vein 

xenotime data is 1616 ± 4 Ma (MSWD = 1.1). Multiple younger ages were generated from 

xenotime (X3) overgrowths from Wolverine, Boulder Ridge and John Galt that extend from 

ca. 1600 Ma to ca. 1510 Ma (Fig. 3-13). Many of these analyses, particularly for John Galt, are 

discordant, likely due to Pb loss, so for John Galt the upper intercept is taken to be the 

crystallisation age. The lower intercept ages tend to be between ca. 300 to ca. 500 Ma, which 

is similar to lower intercept ages found for detrital zircons from the BRM (Nazari-Dehkordi et 
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al., 2017), and is attributed to disturbance during the Alice Springs Orogeny (450-300 Ma; 

Raimondo et al., 2011). 

 

 
Fig. 3-13: Tera-Wasserburg concordia diagrams for U-Pb isotope analysis of ore xenotime. Grey 

coloured analyses are discordant and were excluded from age calculations. Note, colour coding refers 

to different generations of xenotime defined by the paragenetic relationships. Red = breccia-hosted; 

Blue = vein-type, Green = late overgrowths.  
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Discussion 

 

Mineralisation style 

 

Field observations and core log datasets indicate remarkable similarities between different 

HREE deposits/prospects across the NAHREY mineral field. All of the deposits/prospects have 

a similar ore mineralogy composed entirely of xenotime and florencite, and all are associated 

with an intense syn-ore quartz and white mica alteration. Mineralisation is clearly of 

hydrothermal origin and mainly occurs along steeply dipping faults and major structures of 

variable orientation and close to regional unconformities, in most cases between the BRM and 

overlying Birrindudu Group sandstones. Although some deposits appear to be distant from the 

unconformity, a reconstruction of the timing of the ore formation shows significantly close 

occurrence to the unconformity. For example, assuming a shallow dipping (5°) Birrindudu 

Group, the Wolverine orebody, now almost 2 km away from the unconformity, formed nearly 

170 m underneath the unconformity. We propose that the ore-hosting structures acted as fluid 

pathways that witnessed large fluid fluxes, alongside which a breccia core of high grade ore is 

surrounded commonly by a halo of lower grade ore, as is typical of vein-type mineralisation. 

In such systems, orebodies sharing similar geological setting, ore-associated alteration and 

mineralogy, emplacement age and structural controls can be considered as discrete parts of a 

larger hydrothermal system with a common fluid source. In particular, structural correlation of 

most of the deposits/prospects of the Tanami Region with the BRD supports a large 

hydrothermal mineralising system. The variability in size of the HREE deposits/prospects is 

likely linked to fluid flux, which, at least in part, relates to the dilatency and permeability of 

each individual fault system. For example, the largest known deposit, Wolverine, is located at 

the conjunction of two major faults (Fig. 3-4), where sufficient space accommodation allowed 

large fluxes (and mixing, see below) of fluids. 

 

The HREE mineralisation in the NAHREY mineral field is accommodated completely within 

metasedimentary rocks with no apparent link to magmatism or surficial process, and hence is 

unlike other REE ore styles (Nazari-Dehkordi et al., 2018). The simple ore mineralogy of 

NAHREY deposits also contrasts with the complex ore mineralogy of most other REE deposits 

(e.g., Weng et al., 2015). Although the HREE deposits/prospects studied here are restricted to 

northern Australia, the HREE mineralisation of the Maw Zone, Canada is directly comparable 
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to the NAHREY mineralisation. The Maw zone consists of hydrothermal xenotime hosted 

within brecciated sandstones close to the Archean-Proterozoic unconformity in the Athabasca 

Basin (Rabiei et al., 2017). Anomalous REE concentrations associated with hydrothermal 

alteration near regional unconformities have also been reported from the McArthur Basin of 

northern Australia, and the Athabasca and Thelon Basins of Canada (Fayek and Kyser, 1997; 

Davis et al., 2011; Orth et al., 2014). Xenotime- and florencite-rich quartz veins also occur 

within altered metasedimentary rocks of the sub-polar Urals (Repina, 2010). Accordingly, 

these reports indicate that there may be a global distribution for this particular ore style.  

 

 
Fig. 3-14: Time plot of xenotime U-Pb ages for nine HREE deposits/prospects dated here, as well as 

from the literature (1 = Morin-Ka et al., 2016; 2 = Vallini et al., 2007). Note, the main stage of the 

HREE mineralisation across the NAHREY mineral field was between 1.65 Ga and 1.60 Ga.  

 

 

Temporal evolution of mineralisation and relationship to regional-scale tectonics 

 

Collectively, the ages of hydrothermal xenotime from nine HREE deposits/prospects in the 

Tanami Region and the Halls Creek Orogen span a range of ca. 300 m.y, from ca. 1800 Ma to 

ca. 1500 Ma (Fig. 3-14). This age range is interpreted to reflect multiple episodes of xenotime 
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growth, and probably dissolution and regrowth, during both regional metamorphism and 

hydrothermal alteration. 

 

The Tanami Event (ca. 1820 Ma) 

 

The earliest phase of xenotime mineralisation recorded only at Banshee is 1821 ± 19 Ma (Fig. 

3-13A), which corresponds well to xenotime age data from Au deposits of the Pine Creek 

Orogen (Mount Todd: 1819 ± 9 Ma, Sener, 2004) and Tanami Region (Callie: 1803 ± 19 Ma, 

Cross et al., 2005). This age also coincides with the ca. 1820 to ca. 1835 Ma Tanami Orogeny 

(Bagas et al., 2007) that was responsible for regional metamorphism of greenschist facies to 

locally amphibolite facies conditions, and was broadly synchronous with widespread 

compressional deformation across a large part of central Australia (e.g., Bagas, 2004). This 

timeframe was also associated with extensive Au mineralisation in the Tanami Region (Bagas 

et al., 2007; Huston et al., 2007), the sedimentation of the Mount Charles Formation (Crispe et 

al., 2007), and with intrusion of the Birthday, Grimwade and Frederick granitic Suites (Huston 

et al., 2007). We speculate that fault (re)activation and fluid flow in the BRM during the 

Tanami Orogeny led to the formation of the Banshee deposit. In this case, mineralisation may 

have been localised by fluid reduction during interaction with the chloritic schist below the 

BRM, as discussed below.  

 

1720-1700 Ma stage 

 

The Banshee deposit also records a single xenotime age of 1706 ± 34 Ma (Fig. 3-13A), which 

is comparable to the xenotime ages reported from Pine Creek Orogen (Union Reefs Au deposit: 

1701 ± 13 Ma, Sener, 2004) and Kimberley Basin (Pentecost Sandstone: 1704 ± 14 Ma, Warton 

Sandstone: 1704 ± 7 Ma, McNaughton et al., 1999). These ages are in agreement with our pre-

ore muscovite 40Ar/39Ar age of ca. 1720 Ma reported for Wolverine and Area 5, and are also 

comparable to numerous 40Ar/39Ar ages for the Tanami Region (e.g., Dead Bullock Formation: 

ca. 1718 Ma, Li et al., 2014), and Halls Creek Orogen (e.g., Mabel Downs Tonalite: ca. 1705 

Ma, Bodorkos and Reddy, 2004). Generally, ca. 1720 Ma is interpreted to correlate with the 

Strangways Orogeny (Fraser, 2002), which was a major tectonic event in the eastern part of 

the Arunta Orogeny associated with pervasive high-grade metamorphism, west-directed 

thrusting and hydrothermal fluid circulation (Maidment et al., 2005). At Banshee, we suggest 
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that this age records mobilisation and recrystallization of the ca. 1820 Ma stage of xenotime 

mineralisation during a regional scale metamorphism.  

 

Main HREE mineralisation stage (1650-1600 Ma) 

 

The major REE mineralisation event producing the breccia ore is constrained to 1645 ± 18 Ma 

for most of the studied deposits/prospects, including Wolverine (Fig. 3-14). This age is 

indistinguishable from a previously-reported age on Wolverine (1646 ± 5 Ma) by Morin-Ka et 

al. (2016), and is also within error of the age of the Killi Killi Hills xenotime hosted within the 

Birrindudu Group sandstones (1633 ± 4 Ma, but up to 1639 Ma, Vallini et al., 2007). A well-

constrained xenotime age of 1616 ± 4 Ma (Fig. 3-14) is also inferred for the vein-type HREE 

mineralisation at Wolverine and several other deposits/prospects (Area 5, Iceman, Dazzler, 

Boulder Ridge). This age also compares well to the age previously reported from John Galt 

(1619 ± 9 Ma, Morin-Ka et al., 2016), suggesting that the hydrothermal activity responsible for 

vein formation was a regional scale event that extended from Halls Creek Orogen to the Tanami 

Region. The younger age for vein-type xenotime compared to breccia-hosted xenotime also 

conforms to petrographic observations that quartz-xenotime veins cross-cut the pre-existing 

breccia-hosted xenotime (Figs. 3-9B-D).  

 

The period around 1650 Ma that records the bulk of the HREE mineralisation represents a time 

of complex geological activity in the North Australian Craton. Within this timeframe, the 

Mount Isa Inlier, lying on the eastern margin of the North Australian Craton, underwent major 

sedimentation (e.g., Soldiers Cap Group, Young Australia Group, Mount Albert Group, Foster 

and Austin, 2008; Mount Isa Group and McNamara Group; Page et al., 2000), magmatism 

(e.g., the 1670-1650 Ma Sybella Batholith and Ernest Henry Diorite, Page et al., 2000) and 

base metal mineralisation (Dugald River, Cannington, Mount Isa, Hilton-George Fisher, and 

McArthur River deposits all formed between 1665 to 1640; Page et al., 2000). These ages are 

broadly correlated to the ca. 1650 Ma assembly of the North Australian Craton and Laurentia 

(Pisarevsky et al., 2014), both of which subsequently underwent crustal extension at ca. 1640 

Ma and re-assembly at ca. 1620 Ma during the Isan Orogeny (Gibson et al., 2017). 

Concurrently, collision of the Arunta Inlier with the Warumpi Province along the southern 

margin of the North Australian Craton during the Liebig Orogeny caused significant 

magmatism (1644 Ma Kakalyi Gneiss, Wyborn et al., 1998; and 1635 Ma Andrew Young 

Igneous Complex, Young et al., 1995) and metamorphism (e.g., ca. 1640-1635 Ma Yaya 
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Metamorphic Complex, Scrimgeour et al., 2005; ca. 1615 Ma Iwupataka Metamorphic 

Complex, Zhao and Bennett, 1995).  

 

The broadly coeval collisions of the North Australian Craton with the Arunta Inlier to the south 

and Laurentia to the east caused abrupt changes in the apparent polar wander path of the North 

Australia Craton at ca. 1650 Ma and ca. 1640 Ma (Idnurm, 2000). Although distal from these 

tectonic and magmatic events, we suggest that associated far-field effects caused faulting and 

large-scale fluid flow in the northern Tanami and Halls Creek zones, which provided suitable 

conditions for formation of HREE mineralisation. A similar suggestion has been proposed for 

the base metal (e.g., Gibson et al., 2017), and uranium (e.g., ca. 1680 Ma Jabiluka and ca. 1640 

Ma Nabarlek, Polito et al., 2005) deposits of the North Australia Craton. 

 

Post ore stages (1600 -1500 Ma) 

 

The latest phase of the HREE mineralisation, from ca. 1600 Ma to ca. 1500 Ma (Fig. 3-14), 

relates primarily to xenotime overgrowths on pre-existing xenotime. Two age populations of 

the xenotime from Killi Killi Hills within the Birrindudu Group sandstones (1602 ± 5 Ma and 

1564 ± 8, Vallini et al., 2007), also fall into this ca. 100 m.y. timespan. The xenotime 

overgrowths likely formed by the relatively minor dissolution and subsequent overgrowth of 

earlier xenotime during a series of deformation/fluid events that postdate the main 

mineralisation stage. The 1600-1500 Ma timespan of the late xenotime overgrowths 

corresponds well to far field tectonic events including the crustal shortening associated with 

the Isan Orogeny in the North Australian Craton that continued until ca. 1500 Ma (Gibson et 

al., 2017), and the Chewings Orogeny in the Arunta Inlier (ca. 1600-1525 Ma, Collins et al., 

1995; Vallini et al., 2007). These major tectonic events resulted in substantial magmatism and 

metamorphism in both the Arunta Inlier (Zhao and Bennett, 1995 and references therein) and 

the Mount Isa Inlier (Page and Sun, 1998 and references therein). We suggest that further 

reworking of the North Australian Craton during the Isan Orogeny and the Chewings Orogeny 

was likely responsible for the formation of this younger generation of xenotime.  

 

Implications of a prolonged temporal evolution  

 

The total geochronological dataset implies that evolution of mineralisation in the NAHREY 

mineral field was a prolonged and multi-stage process extending from ca. 1800 Ma, down to 
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ca. 1500 Ma (Fig. 3-14). Such long-lived episodic growth of REE-bearing minerals have been 

reported from REE deposits worldwide (ca. 1520 Ma to ca. 350 Ma for the Nolans Bore REE 

deposit, Huston et al., 2016; ca. 1370 Ma to ca. 900 Ma for the Gifford Creek Carbonatite 

Complex, Zi et al., 2017; ca. 1300 Ma to ca. 400 Ma for the Bayan Obo deposit, Song et al., 

2018). Similarly, U deposits tend to undergo intermittent stages of mineralisation and 

remobilisation over timespans of several 100 m.y. to over 1 b.y. (ca. 1590 Ma to ca. 500 Ma 

Olympic Dam, Cherry et al., 2018; ca. 1680 Ma to ca. 800 Ma Jabiluka, Polito et al., 2005; ca. 

1740 Ma to ca. 1470 Ma Mary Kathleen, Oliver et al., 1999; ca. 1590 Ma to ca. 850 Ma 

Athabasca Basin, Alexandre et al., 2009). Such common features between REE and U deposits 

suggest that radiogenic isotopic systems were sporadically disturbed, with the age of 

disturbance at least partly controlled by radiogenic heat production and mineral recrystallistion, 

resulting in development of complex orebodies involving several stages of mineralisation (see 

also Huston et al., 2016). In this case, REE and U ore minerals may be especially effective as 

recorders of post formation thermo-tectonic events due to their susceptibility to hydrothermal 

recrystallisation and an inherent high level of radiogenic heat production due to their high U 

and Th contents. 

 

Towards an ore genesis model 

 

Traditionally, alkaline and peralkaline igneous complexes have been linked with REE 

enrichment processes (e.g., Strange Lake, Salvi and Williams-Jones, 2006; Thor Lake, Sheard 

et al., 2012). Indeed, mid Paleoproterozoic (1870 to 1790 Ma) igneous rocks are a major 

component of the Tanami Region (Smith, 2001), and Browns Range Dome (Page et al., 1995; 

Cross and Crispe, 2007), prompting Cook et al. (2013) to suggest a magmatic source for the 

HREE mineralisation. However, the age dataset reported here demonstrates that the main stage 

(ca. 1650 to ca. 1600 Ma) of the HREE mineralisation in the NAHREY mineral field was not 

coincident with any local or regional magmatic activity. Magmatic rocks of coeval age are 

limited only to the Mount Isa Inlier well to the east, and the Arunta Inlier far to the south (Fig. 

3-15). Furthermore, the unradiogenic Nd isotopic composition of the orebodies is inconsistent 

with that of any igneous rocks from across the North Australian Craton (Nazari-Dehkordi et 

al., 2018). 

 

The geological relationships of the ore and petrographic textures of the ore minerals and 

associated quartz veins all suggest a hydrothermal origin for the HREE mineralisation. Indeed, 
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the mineralisation setting of the NAHREY mineral field is remarkably similar to that of 

unconformity-related U deposits of the Athabasca Basin and the Pine Creek Orogen; both ore 

styles are structurally controlled and are associated with regional unconformities between 

Paleoproterozoic sedimentary packages and underlying Archean basement dominated by 

metasedimentary rocks (e.g., Richard et al., 2016). Much of the U mineralisation in the 

Athabasca Basin and Pine Creek Orogen formed between 1620 and 1590 Ma (Polito et al., 

2005; Alexandre et al., 2009), which is broadly comparable with the main stage (ca. 1650-1600 

Ma) of the HREE mineralisation presented here (Fig. 3-14). There are also similarities in ore–

related alteration styles, with intense muscovite-illite alteration zones intimately associated 

with many unconformity-related U deposits (e.g., Alexandre et al., 2005). In contrast, the ore 

mineral assemblage associated with unconformity-related U deposits usually contains 

abundant chlorite but is more depleted in quartz.   

 

 
Fig. 3-15: Time-space plot of the 1.9-1.5 Ga events in the North Australian Craton. Data sources are 

Gibson et al. (2017) for the Mount Isa Inlier; Mercadier et al. (2013) for the Pine Creek Orogen; 

Scrimgeour et al. (2005) for the Arunta Inlier; Bagas et al. (2008) for the Tanami Region; Sheppard et 

al. (1999) for the Halls Creek Orogen, and Lan and Chen (2012) for the Kimberley Craton.  
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Given these similarities in geological setting, aspects of ore genesis models for unconformity-

related U deposits are likely to be applicable for mineralisation in the NAHREY mineral field. 

The most accepted genetic models for the unconformity-related U deposits involve mixing of 

an oxidizing basinal fluid with a reducing fluid, with U being sourced either from the overlying 

sandstones (e.g., Kyser et al., 2000) or the underlying basement (e.g., Richard et al., 2010). 

Similarly, we suggest that mineralisation in the NAHREY mineral field was produced by 

mixing of hydrothermal fluids along sub-vertical faults near the regional unconformity between 

the underlying Archean basement rocks (mainly the BRM) and overlying Proterozoic 

sandstones. Fluid mixing not only conforms to the structural and geological setting, but is 

considered essential to explain the concentration of REE phosphate minerals in the ore zones. 

Xenotime has extremely low solubility in hydrothermal fluids (Gysi et al., 2015; Migdisov et 

al., 2016), so hydrothermal transport of REE+Y and P to the site of mineralisation requires 

separate fluids. Nazari-Dehkordi et al. (2018) presented compelling Nd isotope evidence that 

REE+Y were sourced from the Archean basement (BRM) in acidic, highly-saline fluids. Such 

fluid compositions may be effective at transporting REE+Y (e.g., Migdisov et al., 2016) and 

are entirely consistent with the formation of halogen-rich syn-ore white mica (Fig. 3-12C) 

alteration replacing K-Feldspar (Fig. 3-6) in the ore zones.  

 

The phosphorus for ore mineral formation is proposed to have been leached from the overlying 

apatite-bearing Birrindudu Group sandstones. Detrital apatite in the Birrindudu Group 

sandstones originated from the ca. 1.83 to ca. 1.79 Ga granites in the Tanami Region (Crispe 

et al., 2007). Phosphate dissolution was likely driven via low-pH meteoric fluids circulating 

through the Birrindudu Group sandstones, as has been reported for other sandstone units (e.g., 

Morton, 1986).  The bulk of the HREE mineralisation (at 1.65-1.60 Ga) formed in fault zones 

where upwelling BRM-derived REE+Y-bearing fluid mixed with P-bearing fluid derived from 

the Birrindudu Group sandstones. Mixing of fluids of varying salinity is also consistent with 

the compositions of fluid inclusions trapped within ore associated quartz (Nazari-Dehkordi et 

al., in prep.). Temperatures of ore formation are expected to be between 150 and 350 °C 

(Nazari-Dehkordi et al., 2018) based on alteration mineral assemblages and fluid inclusion data 

(Richter et al., 2018; Nazari-Dehkordi et al., in prep.). These temperature conditions are 

consistent with the preservation of primary Ar of the pre-ore muscovite (indicating T <420 ºC; 

Harrison et al., 2009), and the formation of K-deficient syn-ore mica (Fig. 3-12B), which is 

only expected to be stable below 400 ºC (Rosenberg, 2002). Under these conditions xenotime 

(and florencite) solubility in fluids is extremely low, so fluid mixing would result in very 
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efficient precipitation of ore minerals in fault zones. HREE (+Y) are considered to be the most 

insoluble of the REE (e.g., Williams-Jones et al., 2012), and hence would have been most easily 

lost from the reacting fluid. In this case, it is likely that some portion of LREE remained 

dissolved in the fluids to be transported out of the ore zone.  

 

The Area 5 orebody formed during the main stage of the REE mineralisation, but is distinct 

from other deposits/prosects as it is dominated by florencite, with subordinate xenotime, and 

hence, is relatively LREE rich (Fig. 3-5A). We propose that this LREE favour of Area 5 may 

reflect more comprehensive precipitation of the dissolved load of REE from the fluids or, more 

likely, that Area 5 formed from hydrothermal fluids that had already seen partial and 

preferential HREE depletion via prior xenotime precipitation. A similar process was proposed 

by Williams-Jones et al. (2015) to explain HREE and LREE rich zones of the Lofdal HREE 

deposit in Namibia. In this case, Area 5 can be considered to be ‘distal’ to the other HREE-rich 

orebodies (e.g., Wolverine), in terms of evolution of the hydrothermal system.   

 

The Banshee deposit is also distinct from other orebodies of the NAHREY mineral field, as it  

is relatively U rich and LREE poor (Fig. 3-5), and it formed at ca. 1.82 Ga, nearly 200 m.y., 

earlier than the main HREE mineralisation episode (Fig. 3-14). This time corresponds to a 

period of granitic magmatism in the Tanami Region (Fig. 3-15). Mineralisation is hosted in the 

BRM close to the contact with underlying package of quartz-chlorite schists. For Banshee, we 

speculate that ore formation may have been driven by magmatism, or magmatic-derived fluids, 

with the high U signature obtained via interaction of oxidized U6+-bearing brines with the 

reductant agents such as Fe2+ bearing chlorite in the basement schists. This very process of 

reacting oxidised fluids with chlorite is widely considered to be a crucial mechanism for ore 

formation in unconformity-related U deposits (e.g., Fayek and Kyser, 1997; Alexandre et al., 

2005).   

 

Exploration implications 

 

Identification of the ore-associated structures has significant implications for exploration, 

particularly for structurally-controlled regional-scale orebody occurrences, such as in the 

NAHREY mineral field. The ore-bearing structures distributed within and around the BRD are 

of variable strike, suggesting that the HREE mineralisation was associated with major faulting 
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and/or reactivating of older faults in the basement. Conjugate fracture sets, especially involving 

E-W striking structures tend to be favoured site for mineralisation (e.g. Wolverine). These 

structures are typical of the dome-related structures (Cooper et al., 2006), so we suggest that 

doming of the BRD may have provided suitable structural architecture for the HREE 

mineralisation. Hence, the dome-related structures, particularly E-W trending faults, can be 

considered as potential exploration targets for the discovery of further HREE orebodies.     

 

The spatial and genetic association between regional unconformity structures and 

mineralisation in the NAHREY field raises the potential for further HREE mineralisation to be 

found associated with other regional unconformities within intercontinental sedimentary 

basins. Indeed, a number of the HREE deposits/prospects studied here (Cyclops and Dazzler; 

see Fig. 3-2B) are hosted directly along the unconformity structure. As mineralisation requires 

a source of P, overlying sedimentary units rich in phosphate could also be considered as 

potential exploration targets for mineralisation. Source rocks for ore metals need not be 

particularly REE-rich (see Nazari-Dehkordi et al., 2018), but should be depleted in P and Ca 

to avoid fluorite and/or apatite saturation that would serve to greatly restrict REE mobility. 

 

The strong association of U with HREE (Fig. 3-5) has proved very useful for exploration using 

remotely sensed radiometric surveys. Here, we recognise ore-associated white mica alteration 

compositions (phengite-illite; Fig. 3-12) that are quite distinct from the pre-ore metamorphic 

muscovite of the region. This distinctive ore-associated mica is potentially well resolved by 

hyperspectral remote sensing techniques (Van der Meer et al., 2012), meaning hyperspectral 

mapping combined with regional radiometric surveys has great potential to be an effective 

regional-scale exploration tool.  

 

Conclusion 

 

Major findings of this study include: 

 

(1) HREE mineralisation in the NAHREY mineral field is of hydrothermal origin. Ore 

formation was a multi-stage process that primarily occurred between 1.65-1.60 Ga, with 

several subsequent episodes of xenotime growth and regrowth. 
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(2) Ore formation is not related to any local or regional magmatism, but coincided with the 

initiation of the Isan and Liebig Orogenies to the west and south, respectively. Far field 

stresses from these events are the potential drivers of large-scale fluid flow leading to 

the ore formation. 

(3) We propose an ore genesis model that involves mixing of discrete hydrothermal fluids 

that separately carried REE+Y and P from the BRM and the overlying Birrindudu 

Group sandstones, respectively. Ore formation is best developed at fault intersections 

and along the unconformity surface where fluid mixing was facilitated. 
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Abstract 

 

Rare earth element (REE) orebodies are typically associated with alkaline igneous rocks or 

develop as placer or laterite deposits. Here, we describe an economically-important heavy 

(H)REE mineralization type that is entirely hydrothermal in origin with no demonstrable links 

to magmatism. The mineralization occurs as numerous xenotime-rich vein and breccia 

orebodies across a large area of northern Australia, but particularly close to a regional 

unconformity between Archean metasedimentary rocks of the Browns Range Metamorphics 

(BRM) and overlying Proterozoic sandstones of the Birrindudu Group. The deposits formed at 

1.65-1.61 Ga along steeply-dipping faults; there is no known local igneous activity at this time.  

 

Depletion of HREE in the BRM, together with the similar non-radiogenic Nd isotope 

composition of the orebodies and the BRM, indicate that ore metals were leached directly from 

the BRM. We propose an ore genesis model that involves fluid leaching HREE from the BRM 

and subsequently mixing with P-bearing acidic fluid from the overlying sandstones in fault 

zones near the unconformity. The union of P and HREE via fluid mixing in a low Ca 

environment triggered extensive xenotime precipitation. 

 

This mineralization is unlike that of any other class of REE ore deposit but has a similar setting 

to unconformity-related U deposits of Australia and Canada, so we assign it the label 

“unconformity-related REE”. Further discoveries of this REE mineralization type are expected 

near regional unconformities within Proterozoic intracontinental sedimentary basins across the 

globe. 

 

Keywords: Rare earth element, unconformity, hydrothermal, xenotime, florencite, Browns 

Range, Western Australia 
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Introduction 

 

The supply of rare earth elements (REE) is essential to delivering clean energy technologies 

and other modern technological applications, yet almost all of the world’s REE production is 

currently sourced from just a few ore deposits (mainly Bayan Obo, China; Weng et al., 2015). 

As a result, many of the REEs, particularly the heavy (H)REE, are considered to be metals of 

critical supply risk (e.g., Hatch, 2012; Goodenough et al., 2017). Recent efforts to redress this 

supply risk have identified REE resources from across the globe; of which >95% of known 

REE resources are directly hosted within alkaline magmatic rocks and carbonatites, or have 

genetic links with magmatic rocks (e.g., laterite, skarns, IOCG deposits, Weng et al., 2015). 

Less than 3% of REE global resources are in placer-type deposits. Exploration efforts, 

therefore, tend to focus on magmatic systems, with carbonatites, peralkaline silicate intrusions 

and pegmatites considered to be the most prospective targets. However, these rock-types are 

relatively rare in the rock record, so discovery of alternative geological environments for REE 

mineralization would greatly benefit future resource security.   

 

Hydrothermal processes can mobilize and redistribute REE at the deposit scale (Gysi et al., 

2015; Migdisov et al., 2016) and there is potential for REE orebodies to form via purely 

hydrothermal processes (Migdisov et al., 2016). Across the globe, there are a number of vein 

and breccia style REE orebodies (e.g., Steenkampskraal, Hoidas Lake, Nolans Bore, Gallinas, 

Olserum-Djupedal) with inferred hydrothermal origins, but almost all of these deposits have 

demonstrable links with magmatism (Williams Jones et al., 2000; Harmer and Nex, 2016; 

Anenburg et al., 2018). Indeed, Anenburg et al. (2018) suggest that many REE vein deposits, 

such as Nolans Bore and Hoidas Lake, are direct products of wall-rock reaction with 

carbonatitic rocks, rather than of hydrothermal activity. Therefore, with the exception of placer 

and supergene deposits, there are very few reported examples of economically-significant REE 

mineralization without links to magmatism. One such deposit is the Maw Zone, which consists 

of hydrothermal xenotime mineralization hosted within brecciated sandstones of the Athabasca 

Basin, Canada (Quirt et al., 1991; Rabiei et al., 2017). The Maw zone, however, is a relatively 

small mineral resource and it is unclear whether it is unique, or an example of a regional (or 

globally) significant mineralization style for which other deposits are yet to be discovered. 
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In this paper, we describe HREE+Y mineralization that occurs as numerous structurally-

controlled deposits and prospects across a large part of the North Australian Craton; an area 

henceforth labelled the North Australian HREE+Y (NAHREY) mineral field. Combining ore 

petrology, mineral chemistry, geochronology, and Sm-Nd isotope analysis of a number of these 

deposits, we show that this mineralization type has no genetic link to magmatism, but rather 

represents hydrothermal mineralization that formed via REE leaching from the 

metasedimentary host rocks under conditions somewhat akin to those proposed for mid 

Proterozoic unconformity-related U deposits of Australia and Canada, and that proposed for 

the Maw Zone (Rabiei et al., 2017). The recognition of this regionally significant HREE+Y 

mineralization type expands current definitions of REE ore formation settings, which in turn 

may lead to alternative exploration strategies for delineating new REE resources.  

 

Geological Setting 

 

The North Australian HREE+Y (NAHREY) mineral field extends over a distance of ca. 300 

km from the John Galt REE Deposit in the east Kimberley of Western Australia, through to the 

Killi Killi Hills in the Tanami Region (Fig. 4-1A; Vallini et al., 2007). Most of the known 

mineralization, which consists of around 20 deposits and prospects (Fig. 4-1), is centered on 

the western side of the ~60 × ~30 km Browns Range Dome in the northwest of the Tanami 

Region (Cook et al., 2013). The Wolverine Deposit is the largest of these orebodies, and is the 

main focus of this study, although it shares fundamental characteristics with all the other 

deposits and prospects (e.g., Iceman, Cyclops, Boulder Ridge, John Galt; Fig. 4-1). Wolverine 

occurs as a near vertical ore lens at the intersection of two steeply dipping faults and has a 

strike length of over 400 m and extends from the surface to over 550 m depth. The total mineral 

resource of 4.97 Mt at 0.86% total rare earth oxide (Northern Minerals, 2015), represents a 

significant resource, particularly considering the high contents of HREE and Y (Fig. 4-2), rare 

metals that are among the most critical with respect to supply risk (Goodenough et al., 2017).    
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Fig. 4-1: Known distribution of the hydrothermal unconformity-related HREE+Y mineralization in 

northern Australia (A); (B) A simplified geological map of the Browns Range Dome (BRD); and (C) 

Geological map of the western section of the Browns Range Dome (BRD) with the locations of HREE 

deposits and prospects indicated. For more detail, see Crispe et al. (2007) and Nazari-Dehkordi et al. 

(2017). Note, the mafic/ultramafic bodies are largely inferred from regional magnetic imagery.  
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Fig. 4-2: REE charactersitics of the BRM. (A) Chondrite-normalized REE+Y profiles for the Browns 

Range Metamorphics (BRM), average Australian Archean Granite (from Champion and Smithies, 

2007) and bulk ore from the Wolverine Deposit. The chondrite values are from Taylor and McLennan 

(1985). (B) La/Dy versus Dy/Yb of BRM, average bulk ore from the Wolverine Deposit and granitoids 

from Archean cratons across the globe (n = 256). Note, the REE depletion signature of the BRM is quite 

distinct from the REE signature of Archean granitoids (which is partly controlled by garnet in the 

source) but does mirror the REE signature of the Wolverine ore, and is consistent with the results of 

experimental leaching of REE from sedimentary rocks (Ohr et al., 1994). Archean granitoid data are 

from the GeoRoc Database (accessed May 2018).  
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Mineralization within and around the Browns Range Dome is spatially associated with the 

regional unconformity between the Brown Range Metamorphics (BRM) that hosts most of the 

mineralization (e.g., Wolverine, Iceman and Cyclops), and the overlying Paleoproterozoic 

Gardiner Sandstone of the 6 km-thick Birrindudu Group (Fig. 4-1). The BRM crop out over an 

area of ~100 km2 and consist of a package of immature quartz-feldspar meta-arkosic 

sandstones, with minor interbedded conglomerates and semi-pelitic schists. The BRM 

represent clastic detritus deposited between 3.1 and 2.5 Ga from erosion of Mesoarchean 

granitic source (Nazari-Dehkordi et al., 2017). These rocks experienced greenschist 

metamorphism at ca. 1.83 Ga (Crispe et al., 2007), and are relatively depleted in Na, Ca and P 

(Appendix 4-1). The chondrite-normalized REE profiles are characterized by distinct HREE+Y 

depletion that is unlike that of other clastic sedimentary rocks (McLennan, 1989) or Archean 

granites (Fig. 4-2). Intruding the BRM is the ca. 1.88 Ga Browns Range Dome granite (Cross 

and Crispe, 2007), minor ca. 2.5 Ga granitic to pegmatitic intrusions (Nazari-Dehkordi et al., 

2017), and a sequence of mafic-ultramafic rocks that were affected by regional metamorphism, 

and hence predate the ca. 1.83 Ga metamorphic activity. Some mineralization extends into the 

overlying unmetamorphosed ca. 1.66 to 1.64 Ga Gardiner Sandstone (e.g., at Killi Killi Hills; 

Vallini et al., 2007), implying that mineralization post-dated cooling and exhumation of the 

BRM. There is thus no evidence of magmatic activity in the local region after ca. 1.8 Ga.  

  

Mineralization Style 

 

The style of mineralization across the NAHREY field is remarkably uniform, consisting of 

planar orebodies of quartz-xenotime-(Y) veins and breccias hosted in steeply-dipping fault 

zones (Fig. 4-3; Cook et al., 2013). The highest-grade mineralization occurs as chaotic to 

mosaic breccias with altered and rounded clasts of BRM (<0.1 m) set within a xenotime-(Y)-

rich matrix. These breccia zones are commonly cross-cut and mantled by crackle breccias with 

networks of crustiform to comb-textured quartz-xenotime veins (Fig. 4-3B). The ore 

mineralogy is relatively simple, consisting only of xenotime-(Y) with subordinate florencite-

(Ce) [LREEAl3(PO4)2(OH)6]. This simple mineralogy is rather distinctive, as other REE 

deposits generally consist of highly complex REE mineral assemblages (Weng et al., 2015). 

The major mineral assemblages associated with the mineralization and host metasedimentary 

rocks include; (1) a pre-ore detrital and metamorphic assemblage, including quartz (several 

generations), alkali feldspar and coarse-grained muscovite aligned in a pre-mineralization 
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foliation (Fig. 4-4A); this assemblage reflects mainly a greenschist-facies overprint on the 

predominantly meta-arkosic host rocks; (2) a syn-ore hydrothermal mineral assemblage 

consisting of xenotime-(Y), florencite-(Ce), quartz and fine-grained hydrothermal muscovite 

(Fig. 4-4A). The ore minerals are subhedral to euhedral, and are morphologically distinct from 

the highly pitted and corroded REE phosphates that occur as fine accessory grains in the host 

BRM (Fig. 4-4B). Hematite is locally abundant in fault zone breccias and veins associated with 

mineralization, but largely predates or postdates xenotime-(Y) formation. Of note, carbonate 

minerals are completely absent, and the syn-ore fine-grained muscovite is distinctly enriched 

in F (up to 0.5 wt. %, Fig. 4-4C) compared to the pre-ore muscovite (Appendix 4-2).   

 

 
Fig. 4-3: Ore-associated hydrothermal breccias developed along a major fault structure near the 

Wolverine Deposit (A). Note the clasts of Browns Range Metamorphic (BRM) within a vein quartz 

matrix; (B) Core sample of pink xenotime-(Y) (Xnt) + quartz (Qtz) crackle veins in the BRM 

(Wolverine Deposit). The xenotime-(Y) occurs between the quartz and host rock in these veins; (C) Cut 

surface of a core sample of a mineralized breccia (Wolverine Deposit) consisting of silicified clasts of 

BRM within a xenotime matrix (salmon color).  Note the post-ore hematite (Hem) vein to the bottom 

left of the image.  
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We have assessed mineralization processes using bulk-rock geochemical data from the 

Wolverine Deposit (Fig. 4-5). These data were collected as part of Northern Minerals Ltd 

mineral exploration and resource definition work (see Appendix 4-1). Examination of the three 

most abundant components (K2O, Al2O3, SiO2) reveals that most of the BRM (host rocks to 

the ore) have compositions that are consistent with a mineralogy dominated by quartz, alkali-

feldspar (predominantly K-feldspar) and muscovite in variable proportions, which is in 

agreement with petrographic observations (Nazari-Dehkordi et al., 2017). However, almost all 

of the bulk ore samples (Fig. 4-5) fall fairly sharply around the tie line between muscovite and 

quartz, with quartz being a key vein constituent with xenotime-(Y). These data are consistent 

with wholesale conversion of K-feldspar to muscovite in alteration zones associated with ore, 

which, together with the simple REE mineralogy, is a classic indicator of large metasomatic 

fluid fluxes (Korzhinskii, 1970). 

 

 
Fig. 4-4: Backscattered electron image of the xenotime-(Y) ore assemblage, with two generations of 

muscovite (Mus) (A). (B) Backscattered electron image of a highly pitted and corroded primary 

xenotime grain from the BRM. The nature of these grains is consistent with reaction and partial 

dissolution by hydrothermal fluids. (C) Fluorine (wt.%) versus Si (atoms-per-formula-unit; a.p.f.u.) 

diagram for pre- and syn-ore muscovite. Note, syn-ore muscovite is relatively enriched in F.  
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Fig. 4-5: Whole-rock Al (wt.%) versus K (wt.%) for the core samples (n = ca. 8300) from the Wolverine 

Deposit. The samples are color-coded according to ore grade, with blue samples representing 

unmineralized BRM host rock. Qtz = quartz, KF = K-feldspar, Mus = muscovite. Note, most of the ore 

samples plot along the Qtz+Mus tie-line.  

 
 

Timing of Mineralization 

 

Previous U-Pb age dating of primary xenotime-(Y) from a number of occurrences across the 

NAHREY mineral field has yielded mineralization ages of between 1.65 and 1.61 Ga (Vallini 

et al., 2007; Morin-Ka et al., 2016). To further constrain the timing of the HREE mineralization, 

we have conducted U-Pb dating of ore xenotime-(Y) from samples of the Wolverine (samples 

W5-5 and W5-3), Cyclops (sample C2), and Boulder Ridge (sample BR1) orebodies. The 

analyses were conducted using laser ablation ICP-MS, with calibration against well-

characterized xenotime-(Y) standards, as outlined in Appendix 4-3. All samples returned 

concordant ages between 1.64 Ga to 1.60 Ga, with a clustering around ca. 1.62 Ga (Fig. 4-6). 

These results are consistent with the previous dating results of Vallini et al. (2007) and Morin-

Ka et al. (2016) and indicate a relatively short time frame of xenotime-(Y) mineralization 

across the region. The mineralization age postdates known magmatism in the region but is close 

in age to the deposition of the Gardiner Sandstone of the Birrindudu Group (Vallini et al., 

2007).  
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Sm-Nd Isotopes 

 

Samarium-Nd isotope data can effectively trace the source of metals for REE deposits, with 

most large deposits having clear affinities with mantle sources (Smith et al., 2016). We have 

determined the Nd isotope composition of xenotime-(Y) ore from several deposits/prospects 

across the region via conventional bulk-rock isotope analysis and by in situ microanalysis of 

xenotime-(Y) (by TIMS and laser ablation multi-collector ICP-MS, respectively; see Appendix 

4-4 for analytical methods). Values of εNd calculated to the approximate age of mineralization 

(1.62 Ga) are between -12 to -16 for the bulk ore, and between -12 and -27 for in situ xenotime-

(Y) (Fig. 4-7; Appendix 4-4). The relatively large range of εNd values, even at the individual 

sample scale, is an artefact of micro-scale Sm/Nd zoning within the xenotime-(Y) crystals that 

returns highly variable analytical signals during laser ablation sampling (see Appendix 4-4 for 

more details). Nevertheless, the range of in-situ values broadly agrees with the bulk ore values. 

For comparison, the BRM that host the mineralization have εNd(1.62 Ga) values of -15 and -23, 

and give a model age (TDM) of 3.0 to 3.2 Ga (with the exception of sample G5-5 that is 

characterized by relatively high 147Sm/144Nd likely owing to late stage LREE mobilization), 

which is entirely consistent with the Mesoarchean age and Lu-Hf isotope signature of detrital 

zircons from these rocks (Nazari-Dehkordi et al., 2017), as well as the evolved Nd and Pb 

isotopic signature of the Browns Range Dome overall (Champion, 2013; D. Huston, pers. 

comm.). The commonality of Nd isotope signatures of the HREE+Y ore and the BRM is even 

more apparent when compared to other potential REE sources in the region (Fig. 4-7). The 

Birrindudu Group sandstones that unconformably overlie the BRM have εNd(1.62 Ga) values 

between +1 and -5 (Champion, 2013), reflecting a more juvenile source for these sedimentary 

rocks. Mafic igneous rocks of the North Australia Craton provide constraints on the mantle 

εNd(1.62 Ga) signature of between +5 and -5 (Champion, 2013).  

 



118 
 

 
Fig. 4-6: Tera-Wasserburg plots of in situ U-Pb dating of xenotime-(Y) from ore samples from 

Wolverine (A-B), Cyclops (C), and Boulder Ridge (D). See Figure 4-1 for deposit/prospect locations. 

Unfilled ellipses were excluded from the age calculations. Note that the age of all samples is between 

ca. 1640 and ca. 1600 Ma.  

 

 

Discussion 

 

The mineralization of the NAHREY mineral field is unlike that of any known REE ore deposit, 

with the exception of the Maw Zone of Canada (see below; Rabiei et al., 2017). Whereas most 

other REE deposits are hosted in - or associated with - magmatic rocks, the NAHREY 

mineralization is of regional extent; it is structurally controlled and is hosted in 

metasedimentary rocks. The ore occurs as veins and breccias, and the ore mineralogy is 

relatively simple, being dominated by xenotime-(Y) and quartz, with an intense muscovite 

halo. The mineralization has clear hydrothermal affinity, despite the fact that REE+Y are 

regarded as relatively immobile under most hydrothermal conditions (e.g., Williams-Jones et 

al., 2012; Migdisov et al., 2016). Our ore genesis model for this enigmatic REE mineralization 

style attempts to reconcile these issues.   
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Fig. 4-7: εNd values (t = 1.62 Ga) of HREE+Y orebodies and the host rock units. BG = Birrindudu 

Group, NAC = North Australian Craton. Data for NAC mantle-derived rocks and BG are from 

Champion (2013). Deposit/prospect abbreviations; WV = Wolverine, IC = Iceman, CY = Cyclops, BR 

= Boulder Ridge, JG = John Galt. See Figure 4-1 for deposit/prospect locations.  

 

 

Source of REE for ore formation 

 

The timing of ore formation (1.61 to 1.65 Ga) in the NAHREY mineral field does not correlate 

with any known magmatic activity in the wider region, and the orebodies have highly non-

radiogenic Nd isotope compositions that are inconsistent with the REE originating from the 

overlying sedimentary rocks, or from mantle or juvenile igneous sources. The Nd isotope 

signatures do, however, match those of the hosting BRM (Fig. 4-7), identifying these 

metasedimentary rocks as the only plausible source of the ore metals. This premise is supported 

by the distinctive signature of HREE+Y depletion of the BRM that is not shared by granitic or 

sedimentary protoliths but does mirror the REE enrichment signature of the ore (Fig. 4-2). We 

discount fluid leaching of REE from zircon, as our previous study of zircons from the BRM 

(Nazari-Dehkordi et al., 2017) found no evidence of zircon dissolution or modification at ca. 

1.62 Ma (i.e., the timing of mineralization). Garnet is an important HREE sink, but garnet does 

not occur in the BRM, and the REE depletion signature is inconsistent with a garnet source 

(Fig. 4-2B). Instead, we propose that REE+Y were leached from accessory REE-bearing 
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phosphates (apatite, monazite-(Ce) or xenotime-(Y)) from the BRM by acidic fluids. A similar 

process has been proposed for hydrothermal mobility of REE in environments of unconformity 

U deposits (Gaboreau et al., 2007), and is consistent with the results of experimental leaching 

of sedimentary rocks by acidic fluids (Ohr et al., 1994).  

 

As well as acidic conditions, hydrothermal transport of REE requires complexation with 

species such as Cl-, F-, CO32- and SO42- (e.g., Migdisov et al., 2016; Zhou et al., 2016). The ore 

mineral paragenesis at Browns Range is free of carbonate or sulphate but does include F-rich 

hydrothermal muscovite (Fig. 4-4) and Cl-bearing fluid inclusions hosted in quartz (Richter et 

al., 2018; Nazari-Dehkordi et al., in prep). Therefore, REE leaching of the BRM was likely 

caused by percolation of low pH saline (Cl, ±F) fluids. The source of these fluids (and halogens) 

may be the metamorphic basement rocks, or basinal brines, both of which can contain 

appreciable halogen contents (e.g., Chae et al., 2007; Kharaka and Hanor, 2014).  

 

Under most conditions hydrothermal fluids preferentially mobilize LREE over HREE+Y 

(Migdisov et al., 2016). This, together with the LREE rich nature of the BRM, conflicts with 

the observed depletion trend of the BRM (Fig. 4-2) and HREE+Y rich nature of the ore. We 

suspect that the Al-rich, Ca-poor BRM favoured florencite (LREE-Al phosphate) stability, 

which is supported by the presence of secondary florencite in the BRM (Nazari-Dehkordi et 

al., 2017) and in other analogous metasedimentary units, such as those around unconformity U 

deposits (e.g., Gaboreau et al., 2007). Drawing on the proposed phase relationships of Ohr et 

al. (1994) and Doroshkevich et al. (2009), we suggest that REE phosphate dissolution is 

coupled to hydrothermal formation of florencite according to the generalized reaction [1]:  

  
YPO4   +   CePO4  +  3KAlSi3O8  +  6H(F,Cl) (aq)   =   CeAl3(PO4)2  +  9SiO2  +  3K(F,Cl) (aq)  +  Y(F,Cl)3 (aq)   [1] 

xenotime monazite      K-feldspar     florencite        quartz  

 

Where ‘Ce’ represents LREE, and ‘Y’ represents HREE+Y. The proposed reaction is 

speculative, as there is currently no experimental or thermodynamic data on florencite stability. 

Nonetheless, progress of this reaction would be consistent with the presence of highly corroded 

and pitted accessory REE phosphates found within the BRM (i.e., the remnants of the 

dissolution reaction; Fig. 4-4B), and can explain the preferential mobility of HREE+Y and, 

hence, the observed depletion trend in the BRM. 
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After dissolution of REE+Y from the basement metasedimentary rocks, the percolating 

hydrothermal fluids then migrated into fault structures where REE+Y phosphate minerals were 

precipitated in the vicinity of regional unconformities. In the following section we evaluate the 

processes responsible for ore mineral deposition.  

 

A model for ore genesis  

 

In many respects, the setting of the mineralization in the NAHREY mineral field is similar to 

that of the unconformity-related U deposits of northern Australia and the Athabasca Basin, 

Canada; both ore types are structurally controlled, are hosted in Precambrian metasedimentary 

sequences, and are found in close proximity to regional unconformities (Cuney, 2009). 

Formation of unconformity-related U deposits involves redox-driven U mineral precipitation 

due to mixing or reaction of fluid(s) at or near the unconformity (Cuney, 2009); however, the 

solubilities of HREE and Y in hydrothermal fluids are unlikely to be strongly affected by redox 

reactions (Migdisov et al., 2016), so another mechanism is required to precipitate ore grade 

levels of xenotime-(Y).  

 

The ore minerals across the NAHREY mineral field are exclusively phosphates, indicating that 

P also plays an important role in ore formation. Phosphorous has low solubility in hydrothermal 

fluids and is considered to be effective in binding with soluble REE to drive mineral 

precipitation (Williams-Jones et al., 2012; Gysi et al., 2015; Migdisov et al., 2016). The BRM 

has a low phosphate content so the required P likely originated from a different source to that 

of HREE, and also was likely transported in an acidic environment under which P is highly 

soluble, possibly as H3PO4 (Gysi et al., 2015). We propose that P was supplied from Birrindudu 

Group sandstones that lie above unconformity, as this unit is reported to contain Fe-stained 

phosphate (Vallini et al., 2007) and detrital apatite, derived mainly from apatite-rich ~1.83 Ga 

granites in the Tanami Region (Crispe et al., 2007). Phosphate dissolution was likely driven 

via low-pH meteoric fluids circulating through the Birrindudu Group sandstones, as has been 

reported for other sandstone units (e.g., Morton, 1986).   
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H3PO4–bearing fluids derived from the Birrindudu Group migrated down into fault structures 

in the vicinity of the regional unconformity, and there mixed with up-flowing saline HREE+Y–

bearing fluids from the BRM (Fig. 4-8). Mixing of the fluids converted detrital K-feldspar and 

other minerals into F–bearing muscovite, and produced highly insoluble REE phosphates, 

mainly xenotime-(Y). The reaction [2] can be generalized as follows: 

 
Y(F,Cl)3 (aq) + HCl (aq) + H3PO4 (aq) + 3KAlSi3O8    =    KAl3Si3O10(F)2 + YPO4 + 6SiO2 + 2H2O(aq) + 2KCl (aq)  [2] 

(BRM)       (BRM)       (BG)  K-Feldspar  muscovite      xenotime quartz      

 

(where ‘Y’ represents HREE+Y, BRM = Browns Range Metamorphics, and BG = Birrindudu 

Group). Based on the limited syn-ore thermal overprint and the fluid inclusion data of Richter 

et al. (2018), we estimate the temperature of ore formation to have been between 150 and 350 

°C. These temperatures are consistent with expected geothermal gradients to the base of the 

Birrindudu Group (~6 kms) and with hydrothermal temperatures proposed for unconformity U 

deposits that form in similar geological settings (Derome et al., 2005). This model not only 

produces the observed simple ore assemblage of quartz, F-rich muscovite and xenotime-(Y), 

but also provides a connection between ore genesis, fault structures and the regional 

unconformity, and hence also an association with unconformity-related U mineralization 

models. Ore mineral precipitation was largely driven by the extremely low solubility of the 

REE in the presence of P, and neutralization of acidic fluids (e.g., see Gysi et al. 2015) through 

conversion of K-feldspar to muscovite. The source fluids were not likely highly enriched in 

REE, so we expect the fault systems that host mineralization were witness to very high fluid 

fluxes, which would be consistent with the generation of a very simple metasomatic 

assemblage in the altered ore hosts. The distinctive HREE-Y rich nature of the ore may be due 

to prior LREE depletion from the fluid by florencite precipitation, as outlined above. 

Alternatively, REE fractionation may have occurred at the site of ore formation due to the lower 

solubility of HREE+Y compared to LREE (see Migdisov et al., 2016). In this case, the LREE 

remained soluble during fluid mixing, and were subsequently transported (with Cl) out of the 

mineralization zones. A similar ore genesis process has been proposed for the xenotime-(Y) 

rich Lofdal deposit in Namibia (Williams-Jones et al., 2015). 
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Fig. 4-8: An ore genesis model for the HREE ore formation. Three-dimensional cartoon of the Browns 

Range Dome illustrating the mixing of fluids leading to ore formation along fault zones in the vicinity 

of the regional unconformity between the BRM and the Birrindudu Group sandstones. Wolverine, the 

largest known deposit, developed at the intersection of two steeply dipping faults.  

 

 

Tectonic drivers of mineralization 

 

The formation of the NAHREY mineral field at 1.65-1.61 Ga was not associated with any 

local-scale magmatism or orogeny, but coincided with an abrupt change in the apparent polar 

wandering path of northern Australia (Idnurm, 2000), which has been ascribed to major 

continental collision events involving the North Australian Craton (Pisarevsky et al., 2014). 

This time period corresponds to the initiation of the Isan Orogeny (Gibson et al., 2017) and 

accretion of the Warumpi Province (i.e., Liebig Orogeny: Scrimgeour et al., 2005) along the 

eastern and southern margins of the North Australian Craton, respectively. In these areas, 

records of the collisional events include high-grade metamorphism and deformation, and mafic 

to felsic magmatism (e.g., Andrew Young and Papunya Igneous Complexes in the Arunta 

regions; Young et al., 1995). This time period also saw the formation of the Nabarlek U deposit 

in the Pine Creek Orogen (Polito et al., 2004), as well as large stratiform Pb-Zn-Ag orebodies 

in the McArthur River (HYC) and Mount Isa (Hilton-George Fisher, Mount Isa, Cannington) 

districts (Large et al., 2005).  

 

There is little evidence to suggest that this tectonothermal activity extended throughout the 

interior of the North Australian Craton (including the Browns Range area) at this time (Fraser 

et al., 2012; Li et al., 2014). Therefore, we propose that far-field effects of these distal orogenic 
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events caused faulting and/or fault reactivation and doming in the Browns Range area, which 

initiated fluid circulation within the upper crust leading to REE mineralization. Similar tectonic 

and geological conditions have been proposed for unconformity-related U deposits that formed 

during the same broad time period (Cui et al., 2012). 

 

Global correlatives and implications for exploration 

 

The regional extent and large number of deposits/prospects within the NAHREY mineral field 

provides encouragement that hydrothermal REE mineralization of similar style may occur 

elsewhere in northern Australia, and the world. Indeed, the Maw Zone deposit of Canada shares 

many of the distinctive features of the NAHREY mineralization. The Maw Zone consists of 

hydrothermal xenotime-(Y) mineralization within brecciated sandstone close to the Archean-

Proterozoic unconformity of the Athabasca Basin (Rabiei et al., 2017). The fluid mixing ore 

genesis model proposed by Rabiei et al. (2017) for the Maw Zone is similar to that proposed 

here, and hence may describe an essential process for formation of this type of REE deposit. 

Collectively, this mineralization style is unlike other established REE ore types, and 

accordingly is labelled Unconformity-Related. 

 

Exploration for Unconformity-Related REE mineralization would require a very different 

approach than that taken for other types of REE ore deposits. Unlike other REE ore deposits, 

an association with magmatism is not required; rather, the key ingredients for ore formation 

appear to be fault structures close to regional unconformities within intercontinental 

sedimentary basins. Metasedimentary rocks that supply the REE need not be especially REE 

rich but do need to be Ca and P depleted to avoid fluorite and apatite saturation during 

hydrothermal fluid flow. Meeting these criteria are arkosic sediments derived from granitic 

sources (such as the BRM). Mineral deposition is achieved by mixing low pH saline fluids 

carrying REE, with acidic fluids carrying P, so overlying sedimentary units rich in phosphate 

could be considered as potential indicators for exploration of hydrothermal REE 

mineralization. Other prospective areas include the McArthur Basin of northern Australia, and 

the Athabasca and Thelon Basins of Canada, all of which host significant unconformity-related 

U deposits, and are noted to contain anomalous levels of REE phosphates in hydrothermally 

altered rocks (Quirt et al., 1991; Fayek and Kyser, 1997; Gaboreau et al., 2007; Davis et al., 

2011; Orth et al., 2014; Rabiei et al., 2017).  
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Abstract 

 

This study investigates the paragenesis and ore mineral chemistry of xenotime [(Y,HREE)PO4] 

and florencite [LREEAl3(PO4)2(OH)6] from heavy rare earth element (HREE) 

deposits/prospects of the northwest Tanami and Hall Creek regions of Western Australia. 

Multiple stages of xenotime formation are recognised: (1) Early xenotime (up to 1 mm) in 

breccias (breccia-hosted) and in quartz-xenotime veins (vein-type); (2) Late xenotime (<100 

µm) occurs largely as pyramid-shaped overgrowths on the pre-existing xenotime. Similarly, 

florencite formed in several stages including: (1) Early florencite (~20 µm), coexisting with 

early xenotime, is enclosed by early xenotime and occurs within mineralised quartz veins; and 

(2) Late florencite that largely replaces early xenotime and also appears as narrow rims on early 

florencite. 

 

Analysis of a number of the HREE deposits/prospects characterised xenotime with elevated U 

content, and marked Eu anomaly inherited from the Browns Range Metamorphics (source 

rocks). Late xenotime is richer in HREE and depleted in P compared with the early xenotime, 

owing to the formation of the coexisting late florencite. Moreover, early florencite has a nearly 

pure florencite composition similar to that of the unconformity-related U deposits, whereas late 

florencite sits on the florencite-svanbergite compositional spectrum. We indicate that the high 

U content of xenotime and composition of early florencite potentially support a genetic 

association between the HREE mineralisation and the coeval U deposits of northern Australia 

that formed across the same basin.  

 

Keywords: xenotime, florencite, APS minerals, mineral chemistry, hydrothermal, 

unconformity, Tanami Region, Halls Creek Orogen 
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Introduction 

 

Rare earth element (REE) rich minerals are accessory components of most rocks of the 

continental crust. Due to their affinity to incorporate a range of trace elements and radiogenic 

isotopes (Nd, Sr, U, Th, Pb), REE-rich minerals can provide important information on the 

nature and timing of geological events, including igneous crystallisation, metamorphism, and 

hydrothermal alteration (e.g., Engi, 2017). In rare cases where REE-rich minerals are 

sufficiently concentrated to form REE orebodies, these minerals may provide crucial 

information on the age and processes of ore formation (e.g., Andreoli et al., 1994; Harlov et 

al., 2002; Schoneveld et al., 2015). Phosphates are arguably the most important of REE-

minerals, with monazite and apatite being a focus of research in recent years (e.g., Williams, 

2001; Ehlers and Farley, 2003; Krenn et al., 2008; Chu et al., 2009; Patino Douce et al., 2011; 

Harlov et al., 2011; Slezak et al., 2018). By comparison, xenotime [(Y,HREE)PO4] and 

florencite [LREEAl3(PO4)2(OH)6] have received much less attention.  

 

Xenotime is often the primary HREE+Y host in crustal rocks. It is stable over a broad range of 

P-T conditions, and can form in a range of geological environments (igneous, metamorphic, 

diagenetic and hydrothermal; Rasmussen, 1996; McNaughton and Rasmussen, 2017). 

Xenotime is also considered a reliable mineral for U-Pb geochronology (Spear and Pyle, 2002), 

but is often overlooked due to its low modal abundance and frequent fine grainsize (typically 

<10 µm), which hinders in situ analysis. For these reasons, there are relatively few 

comprehensive studies of xenotime geochemistry, and of these most have been published in 

the last few years (e.g., Aleinikoff et al., 2015; Zi et al., 2015; McNaughton and Rasmussen, 

2017).  

 

Florencite is the LREE+P end-member of the aluminium phosphate-sulfate (APS) mineral 

group [AB3(XO4)2(OH)6], where A = LREE, Sr, Ca, Th; B = Al, Fe3+; X = P, S, Si (e.g., Bayliss 

et al., 2010). Florencite is found as an accessory phase in a range of near-surface geological 

environments (e.g., sedimentary, diagenetic), but may also be formed under hydrothermal and 

metamorphic conditions (Nagy et al., 2002; Hikov et al., 2010), and is likely to be more 

widespread than currently recognised (Rasmussen, 1996). Florencite crystal chemistry allows 

for solid solution with other APS end-member components (florencite-goyazite-svanbergite-

woodhouseite; e.g., Nagy et al., 2002; Bayliss et al., 2010), which can be employed as sensitive 
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monitors of the physicochemical conditions of formation, such as ƒO2 and pH (e.g., Dill, 2001; 

Gaboreau et al., 2005, 2007; Adlakha and Hattori, 2015). Nonetheless, conditions of florencite 

stability and occurrence are currently not well understood, with most available information 

coming from clay assemblages associated with sandstones of northern Australia and Canada 

(e.g., Rasmussen, 1996; Gaboreau et al., 2005).  

 

The northern Tanami and Halls Creek regions of central Australia are host to HREE+Y 

mineralised veins and breccias that consist primarily of hydrothermal xenotime and florencite, 

plus quartz (Cook et al., 2013; Nazari-Dehkordi et al., 2018). This mineralisation district is 

known as the North Australian HREE+Y (NAHREY) mineral field (Nazari-Dehkordi et al., 

2018). The HREE+Y mineralisation reaches grades of economic significance, with the largest 

deposit, the Wolverine deposit, containing a total mineral resource of 4.97 Mt at 0.86% total 

rare earth oxides. Mineralisation is hosted with Archean metasedimentary rocks in close 

proximity to regional-scale unconformities, and hence are known as unconformity-related REE 

ore deposits (Nazari-Dehkordi et al., 2018). In this paper, we combine detailed petrographic 

studies and geochemical data for various different generations of xenotime and florencite from 

several deposits/prospects from across the NAHREY mineral field. These data allow us to 

evaluate the composition and distribution of trace elements between xenotime and florencite 

formed under hydrothermal conditions, and hence contributes to understanding of the 

conditions of formation of these REE phosphate minerals.   

 

Geological setting and mineralisation 

 

The NAHREY mineral field encompasses a relatively vast area that extends ca. 300 km from 

the Halls Creek Orogen (Red Rock Basin) to the Tanami Region (Fig. 5-1A). Detailed 

geological descriptions of the Tanami Region and Halls Creek Orogen are presented elsewhere 

(e.g., Crispe et al., 2007; Bagas et al., 2008; Nazari-Dehkordi et al., 2017 for the Tanami 

Region, and Griffin et al., 2000; Page et al., 2001; Ahmad and Munson, 2013, for the Halls 

Creek Orogen). Here we present a brief overview of the geology of these regions, with 

particular reference to the HREE+Y mineralisation.  
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Fig. 5-1: Geological maps of the Tanami Region and Halls Creek Orogen. (A) Distribution of the 

hydrothermal HREE mineralisation in the NAHREY mineral field, northern Australia; (B) Simplified 

geological map of the Tanami Region; (C) Geological map of the western section of the Browns Range 

Dome (BRD) with the locations of HREE deposits/prospects indicated; (D) Simplified geological map 

of the Hall Creek Orogen.  

 

 

Tanami Region 

 

Situated in the northwest of the Tanami Region (Fig. 5-1B), the Browns Range Dome is an 

east-west trending ovoid-shaped structure measuring ca. 60 km by ca. 30 km, cored by the 1 to 

3 km thick, ca. 1.87 Ga Browns Range Dome granite (Page et al., 1995; Hendrickx et al., 2000; 

Cross and Crispe, 2007). The western section of the Dome comprises Archean 

metasedimentary rocks (mainly immature quartz arkose) of the Browns Range Metamorphics 

(BRM) (Fig. 5-1C), that was crosscut by small ca. 2.5 Ga granitic, syenitic and pegmatitic 

intrusions (Nazari-Dehkordi et al., 2017). These rocks experienced regional metamorphism, 

mostly of greenschist facies, at ca. 1.8 Ga.   
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Unconformably overlying the BRM are sedimentary sequences including the ca. 1.78 to ca. 

1.64 Ga Pargee Sandstone and Birrindudu Group (Crispe et al., 2007; Vallini et al., 2007), and 

the <1.8 Ga Tanami Group and Ware Group (Smith, 2001). Of most significance here is the 

Gardiner Sandstone of the Birrindudu Group, as this unit overlies the BRM along the western 

margin of the Browns Range Dome in close proximity to most of the HREE mineralisation 

(Fig. 5-1). 

 

Most of the known mineralisation occurrences (including deposits having >0.1 Mt of ore 

grading at > 0.2% TREO, and prospects) of the NAHREY mineral field are hosted by the BRM 

(Fig. 5-1). Each of these deposits and prospects have been individually named after characters 

of the X-men comic series. In all cases, the mineralisation is characterised by a simple ore 

mineralogy of xenotime and florencite, and consists primarily of quartz-xenotime veins and 

breccias accommodated in sub-vertical faults, surrounded by a halo of low grade ore extended 

into the host rock. The largest deposit, Wolverine, is a steeply (~75° N) dipping planar orebody, 

up to 5 m wide, that extends over 400 m in strike length and from the surface to at least 550 

metres in depth. The orebody lies within a WNW-striking fault in association with an 

intersecting N-E trending fault. Most other deposits/prospects (e.g., Iceman and Cyclops, and 

including Boulder Ridge, 40 km SE of the Browns Range Dome; Fig. 5-1) occur close to, or 

within, the unconformity with the overlying Birrindudu Group sandstones, and are developed 

along dominantly steeply-dipping W- to SW-striking structures with limited surface exposure. 

All of these deposits/prospects are rich in xenotime, with only subordinate florencite. The Area 

5 orebody (Fig. 5-1) is compositionally distinct, as it is dominated by florencite with only minor 

amounts of xenotime. This orebody occurs at an intersection of sub-vertical fault zones with 

prominent WNW and NE strikes, alongside which the orebody appears as discontinuous pods.  

 

Geochronological studies conducted on primary xenotime indicate that the HREE+Y 

mineralisation throughout the NAHREY mineral field formed between ca. 1.65 to ca. 1.60 Ga 

(Vallini et al., 2007; Morin-Ka et al., 2016; Nazari-Dehkordi et al., 2018). This time period 

postdates all known magmatic and metamorphic events in the region (Nazari-Dehkordi et al., 

2018). 
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Halls Creek Orogen 

 

Bounding the Tanami Region to the northwest is the north-northeast trending Halls Creek 

Orogen (Fig. 5-1D), which consists of three distinct metamorphic zones including Eastern, 

Central and Western Zones (Tyler et al., 1995). During the ca. 1.87-1.85 Ga Hooper Orogeny, 

metamorphic sequences of the Western Zone were deformed, due to the accretion of the Central 

Zone island arc terrane onto the eastern margin of the Kimberley Craton (Sheppard et al., 1999). 

Subsequent collision of the North Australian Craton (Halls Creek Group of the Eastern Zone) 

with the Kimberley Craton, and associated intrusive magmatism is marked by the ca. 1.84 to 

1.81 Ga Halls Creek Orogeny (Sheppard et al., 1999). All Zones were later unconformably 

overlain by the Speewah Group and the Kimberley Basin, which are broadly equivalent to the 

ca. 1.80 Ga Red Rock Basin (Griffin et al., 2000; Page et al., 2001). The Red Rock Basin is 

host to the John Galt HREE+Y mineralisation but to date has received very little study. The 

Red Rock Basin is bounded by the prominent Angelo–Halls Creek–Osmond Fault System 

(Sheppard et al., 1999) and is composed of a sequence of fine- to coarse-grained quartz-rich 

sandstones with interlayers of pebbly sandstone, conglomerate and basaltic lavas (Blake et al., 

2000). 

 

To date, only one xenotime-rich HREE+Y orebody, known as John Galt, has been identified 

within the Halls Creek Orogen. John Galt consists of steeply-dipping quartz-xenotime veins 

that crop out along major N-S oriented faults and, most distinctively, along a ~100 metre high 

ENE-trending escarpment. Mineralisation extends to at least 100 m depth, based on limited 

exploration drilling. The mineralised structure cuts metasedimentary rocks of the Red Rock 

Basin, and appears to extend into the metamorphic rocks of the Central and, potentially, 

Western Zones that underlie the unconformity. The timing of mineralisation at John Galt is 

similar to other areas of the NAHREY mineral field, being ca. 1.62 Ga (Morin-Ka et al., 2016; 

Nazari-Dehkordi et al., 2018).   
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Analytical methods 

 

Sampling and petrography 

 

Drill core and outcrop samples of most of the deposits/prospects were collected, although 

sampling efforts focussed in and around the Wolverine deposit. Prior to analysis, the samples 

were lightly brushed and washed in an ultrasonic bath to remove any loose soil or 

contamination from drilling mud. Thin sections of representative samples were examined using 

conventional optical microscopy and electron microscopy (backscattered electron imaging; 

BSE) to identify the ore mineral assemblages and characterise textural relationships among the 

ore minerals and the host rock. A complete list of the sample locations and information is 

provided in Appendix 5-1. 

 

Electron probe microanalysis 

 

Wavelength dispersive spectrometry (WDS) analyses of florencite were performed using 

JEOL-JXA8200 superprobe at the Advanced Analytical Centre (AAC) at James Cook 

University (JCU), using a 20 nÅ electron beam defocused to 3 µm, and accelerating voltage of 

15 kV. Florencite analyses were made on polished thin sections prepared from ore samples of 

Wolverine and Area 5 deposits. Back-scattered electron (BSE) images were obtained prior to 

the quantitative analysis to identify compositional variations or assess internal zonings of ore 

minerals. The elements measured in a single analysis were P, Fe, Gd, F, Ca, Y, Nd, Sm, Al, 

Th, Si, Ce, Pr, Cl, La, S and Sr. WDS analysis of xenotime were not completed owing to the 

complications of multiple WDS peak overlaps associated with HREE; instead xenotime 

analyses were conducted by LA-ICP-MS, as outlined below. Further information on the 

analytical conditions are presented in Appendix 5-2.  

 

Laser ablation ICP-MS analysis 

 

The composition of xenotime was obtained using laser ablation inductively-coupled plasma 

mass spectroscopy (LA-ICP-MS) at the AAC, JCU, using a GeoLas 193-nm ArF Excimer laser 

ablation system coupled with a Bruker (formally Varian) 820-MS ICP MS. Ablation was 

conducted in a custom-build large volume cell as described by Fricker et al. (2011) using high-
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purity He as the carrier gas, which was subsequently mixed with Ar prior to introduction into 

the ICP-MS. The ICP-MS was tuned for maximum sensitivity under robust plasma conditions 

(Th/U sensitivity ratio ~1; e.g., Pettke, 2008) and maintaining oxide production rates 

(monitored by ThO/Th) to below 0.4%. For spot analyses, the laser fluence was set to 6 J/cm2 

at the sample site with laser repetition rate and beam diameter set to 10 Hz and 60 μm, 

respectively. These conditions provide excellent analyte sensitivity with controlled ablation, 

which results in smooth time-integrated analytical signals. Bracketing analyses of NIST-SRM-

612 and NIST-SRM-610 glasses were used for external standardisation, employing the 

elemental reference values of Spandler et al. (2011). Internal standardisation was completed by 

summing all elements as oxides to 100%. This approach introduces an additional degree of 

uncertainty to the data, as P (a major element) is poorly determined by LA-ICP-MS. 

Nonetheless, our calculated Y and HREE contents are comparable to reported Y and HREE 

contents of xenotime from several HREE deposits/prospects by Cook et al. (2013). Data 

reduction was carried out using the GLITTER software (Van Achterbergh et al., 2001).  

 

Result 

 

Ore petrography and paragenesis 

 

The mineralisation of the NAHREY mineral field is characterised by a simple ore mineralogy 

of xenotime and florencite only, with no trace of carbonates (e.g., bastnaesite) or any other 

REE-bearing minerals (e.g., monazite). A mineral paragenetic sequence was developed based 

mainly on the samples collected from Wolverine, as this is the largest and most 

comprehensively sampled deposit in the NAHREY mineral field. Nevertheless, available field 

data, sample petrography and geochemical and isotopic data illustrate remarkable similarities 

among different deposits/prospects. Collectively, three major mineral assemblages are 

associated with the mineralisation and the host metasedimentary rocks:  

 

(1) A pre-ore detrital and metamorphic assemblage, including quartz (several generations), 

alkali feldspar, hematite and coarse-grained muscovite aligned in pre-mineralisation foliation. 

The pre-ore assemblage chiefly reflects a greenschist-facies overprint on the predominantly 

arkosic host rocks, resulting in locally well-developed schistose foliation, which is expected to 

have formed during the widespread ca. 1.83 Ga Tanami Event (Crispe et al., 2007).  
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(2) A syn-ore hydrothermal mineral assemblage consisting predominantly of xenotime, 

florencite, and an association of fine-grained, cavity-filled and/or cemented quartz and 

muscovite-sericite-illite assemblages, entirely enclosing the ore minerals. The intensity of the 

quartz-muscovite alteration is greatest in close proximity to the HREE+Y mineralisation, but 

does extend for several metres into the surrounding BRM in some cases. 

 

Multiple stages of xenotime and florencite formation are recognised based on petrographic 

examinations of ore samples from across the NAHREY mineral field. The earliest stages of the 

HREE mineralisation are represented by xenotime formed in highly brecciated zones and 

quartz-xenotime veins, herein referred to as “breccia-hosted” (Figs. 5-2A-B), and “vein-type” 

(Fig. 5-2C) mineralisation, respectively. These early stages of xenotime (early xenotime) were 

subsequently overgrown by euhedral pyramid-shaped xenotime (late xenotime; Fig. 5-2D). 

Similarly, the occurrence of florencite can be classified into (early) syn-ore and (late) post-ore 

parageneses. The early florencite appears as equant euhedral crystals in the breccias (Fig. 5-

2B) and as disseminations in the quartz-xenotime veins (Fig. 5-2E). These crystals show no 

signs of replacement and are interpreted to have co-crystallised with early xenotime. 

Occasionally, the early florencite, particularly the coarser grains in the mineralised veins, 

shows a zonation in BSE imaging of a darker core and a brighter rim (Fig. 5-2E). The rims are 

here considered as late florencite that postdate the early florencite core. Florencite replacing 

early stage xenotime, characterised by irregular resorbed boundaries between the two minerals, 

is also considered as late florencite (Fig. 5-2F).   

 

(3) A post-ore mineral assemblage consisting mainly of quartz (multiple generations), hematite, 

barite and anhydrite within veins, varying in size from fine- to coarse-grained (up to 5 cm in 

size), that cross-cut the early stage of xenotime mineralisation (breccia-hosted and vein-type). 

In places post-ore quartz veins form a wide range of breccias mostly alongside previously 

mineralised major faults and fractures. 
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Fig. 5-2: Backscattered electron images of the ore mineral assemblage. (A) Breccia-hosted (Bx) 

xenotime; (B) Breccia-hosted xenotime and associated early florencite (Flr); (C) Hydrothermal quartz-

xenotime vein cross-cutting breccia-hosted xenotime; (D) Late pyramid-shaped xenotime overgrowths; 

(E) Late rim-type florencite overgrowths on early florencite; (F) Late florencite replacing xenotime.  

 

 

Composition of xenotime and florencite 

 

The LA-ICP-MS data of xenotime are presented in Appendix 5-3 and Figure 5-3. Average 

composition of xenotime of various generation from different HREE deposits/prospects is also 

presented in Table 5-1. All xenotime samples are highly enriched in HREE from Gd to Lu, 

depleted in La, Ce, and Pr, and have distinct negative Eu anomalies (between 0.34 and 0.6) 

(Fig. 5-3A). The REE patterns illustrate a relatively wide concentration range for LREE, and 

comparatively limited variation for the HREE. Late overgrowth xenotime tends to be richer in 

HREE and more depleted in LREE and P compared with the early (breccia-hosted and vein-

type) xenotime (Figs. 5-3B-C, and Fig. 5-4A-D). Analyses of xenotime from Iceman and 

Boulder Ridge have a relatively flat LREE pattern, from La to Pr (Fig. 5-3A) and variable 

apparent Al concentrations, owing primarily to the presence of tiny LREE-dominated florencite 

that could not be avoided during analysis.  
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Calcium and Fe contents of xenotime are generally within the range of 1000 to 2000 ppm, and 

20 to 2500 ppm, respectively, although xenotime from Iceman and Wolverine has Fe contents 

covering a wide range from ca. 100 ppm up to ca. 28000 ppm (Fig. 5-4E). Similarly, Wolverine 

and Iceman xenotime have significant variation in Sc content (up to ca. 2000 ppm; Figs. 5-4C-

D), whereas other deposits/prospects have comparatively low Sc (mean = 300 ppm). Silicon 

contents are mostly below detection limits (ca. 0.3 wt.%), with only a limited number of 

analyses from Boulder Ridge and Iceman containing higher values (up to 0.6 wt.%). All 

deposits/prospects have low contents of Th (mean = 50 ppm) and Zr (mean = 50 ppm), whereas 

U content is relatively high with values reaching 6000 ppm (mean = 3000 ppm). In general, 

xenotime from Iceman contains the highest amounts of trace elements, whereas those of John 

Galt and Cyclops have the least variation and contain the lowest contents of these elements.   
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Fig. 5-3: REE characteristics of xenotime. (A) Chondrite-normalized REE patterns for xenotime from 

different deposits/prospects; (B) Chondrite-normalized REE patterns for different generations of 

xenotime. Note that breccia-hosted and vein-type xenotime have comparable patterns, whereas late 

xenotime is richer in HREE and more depleted in LREE; (C) HREE/LREE versus Eu/Eu* plot for 

xenotime. Note that most of the xenotime samples share a similar Eu anomaly with the source rocks 

(BRM). Chondrite normalization values are form McDonough and Sun (1995).  
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Table 5-1: Average composition of xenotime from different HREE deposits/prospects 

Deposit Wolverine  Boulder Ridge  Cyclops  Iceman  John Galt 
Number n = 19 n = 100 n = 19  n = 8 n = 1  n = 15  n = 3 n = 11  n = 16 
Paragenesis Breccia Vein-type Overgrowth  Vein-type Overgrowth  Breccia  Breccia Vein-type  Overgrowth 
(ppm)              
Al 315 230 374  1244 1999  551  172 427  51 
Si 3730 3376 3094  3678 2823  3566  4174 3355  3159 
P 135269 130955 127051  132162 119226  127354  132084 128444  113220 
Ca 1039 1008 1187  1386 1580  831  1710 1861  156 
Sc 164 243 1432  619 534  180  1398 1411  344 
Ti 101 20 11  21 2  15  39 62  2 
Mn 15 13 8  10 14  4  9 8  4 
Fe 10308 8464 4608  905 321  243  2273 8389  30 
Sr 4 6 11  25 401  4  18 14  7 
Zr 26 18 25  247 179  75  133 162  13 
Nb 1 0 0  0 0  0  0 0  0 
Sb 3 3 1  1 0  0  1 2  0 
Ba 4 5 4  4 46  15  3 4  4 
La 7 12 7  23 352  8  22 18  10 
Ce 210 326 136  61 703  208  60 51  50 
Pr 175 257 113  18 100  140  21 21  60 
Nd 3269 4420 2410  601 956  2261  676 700  1755 
Sm 10227 11030 7182  7208 7197  8377  7446 7461  5578 
Eu 2461 2503 1586  3628 3462  2049  3476 3369  1646 
Gd 26641 26728 19304  32873 32412  20933  29544 29185  13635 
Tb 6473 6482 5271  6708 6579  5824  6631 6486  4337 
Dy 47062 47205 44313  44972 45594  45004  47518 47871  40967 
Ho 10337 10297 10951  10010 10232  9934  11172 11299  10445 
Er 27783 28084 34657  27467 28315  26526  33173 33639  29465 
Tm 4115 4239 6127  4114 4276  3881  5394 5538  4266 
Yb 26041 27482 45191  26188 27541  24025  37229 38510  26604 
Lu 3269 3433 5970  3310 3320  2937  4784 4885  3261 
Hf 6 6 6  11 10  7  7 7  5 
W 16 10 11  7 7  14  11 11  7 
Pb 4 4 19  12 81  1  26 27  3 
Th 24 39 141  53 28  70  34 30  20 
U 1841 1426 1548  3291 3022  1969  5056 5257  2858 
Eu/Eu* 0.46 0.45 0.41  0.72 0.69  0.47  0.72 0.70  0.58 
              
Al 0.00 0.00 0.00  0.01 0.02  0.00  0.00 0.00  0.00 
Si 0.03 0.03 0.02  0.03 0.02  0.03  0.03 0.03  0.03 
P 0.93 0.92 0.91  0.93 0.89  0.93  0.92 0.90  0.89 
Ca 0.01 0.01 0.01  0.01 0.01  0.00  0.01 0.01  0.00 
Sc 0.00 0.00 0.01  0.00 0.00  0.00  0.01 0.01  0.00 
Mn 0.00 0.00 0.00  0.00 0.00  0.00  0.00 0.00  0.00 
Fe 0.04 0.03 0.02  0.00 0.00  0.00  0.01 0.03  0.00 
Y 0.82 0.83 0.84  0.83 0.88  0.86  0.82 0.83  0.93 
Zr 0.00 0.00 0.00  0.00 0.00  0.00  0.00 0.00  0.00 
La 0.00 0.00 0.00  0.00 0.00  0.00  0.00 0.00  0.00 
Ce 0.00 0.00 0.00  0.00 0.00  0.00  0.00 0.00  0.00 
Pr 0.00 0.00 0.00  0.00 0.00  0.00  0.00 0.00  0.00 
Nd 0.00 0.01 0.00  0.00 0.00  0.00  0.00 0.00  0.00 
Sm 0.01 0.02 0.01  0.01 0.01  0.01  0.01 0.01  0.01 
Eu 0.00 0.00 0.00  0.01 0.01  0.00  0.00 0.00  0.00 
Gd 0.04 0.04 0.03  0.05 0.05  0.03  0.04 0.04  0.02 
Tb 0.01 0.01 0.01  0.01 0.01  0.01  0.01 0.01  0.01 
Dy 0.06 0.06 0.06  0.06 0.06  0.06  0.06 0.06  0.06 
Ho 0.01 0.01 0.01  0.01 0.01  0.01  0.01 0.01  0.02 
Er 0.04 0.04 0.05  0.04 0.04  0.04  0.04 0.04  0.04 
Tm 0.01 0.01 0.01  0.01 0.01  0.01  0.01 0.01  0.01 
Yb 0.03 0.03 0.06  0.03 0.04  0.03  0.05 0.05  0.04 
Lu 0.00 0.00 0.01  0.00 0.00  0.00  0.01 0.01  0.00 
Th 0.00 0.00 0.00  0.00 0.00  0.00  0.00 0.00  0.00 
U 0.00 0.00 0.00  0.00 0.00  0.00  0.00 0.00  0.00 
              
Total 2.04 2.05 2.06  2.04 2.07  2.04  2.05 2.06  2.06 
REE site 0.95 0.94 0.93  0.96 0.91  0.96  0.95 0.93  0.92 
P site 1.04 1.06 1.09  1.06 1.12  1.07  1.07 1.08  1.14 

*Y = 33.9 wt.% (Cook et al., 2013) 

**Formulae on basis of 4 a.p.f.u. 
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Fig. 5-4: Scatterplots of element compositions of xenotime from different deposits/prospects. 

 

 

Representative electron probe data of florencite from Wolverine and Area 5 are shown in 

Tables 5-2 and 5-3, respectively, with the full dataset available in Appendix 5-4. The analytical 

results returned relatively low totals (between 80 to 90 wt.%) for the analyses, which is for the 

most part consistent with the expected ca. 10.5 wt.% structurally-bound H2O (Roberts et al., 

1990). Florencite from Wolverine generally returned lower totals (between 80 to 85 wt.%) that 

cannot be ascribed entirely due to H2O, but may reflect deficiency of cations in the REE site 

(see Appendix 5-4) due either to the presence of carbon in the crystal structure (undetectable 

by microprobe) or to radiation damage induced by actinides (Mordberg, 2004; Gaboreau et al., 

2007). 

 

Florencite from the Wolverine and Area 5 deposits (Fig. 5-5A) contains wt.% levels of Ce (ca. 

10 wt.% Ce2O3), Nd (ca. 6.5 wt.% Nd2O3) and La (ca. 5 wt.% La2O3), and hence can be 

classified as florencite-(Ce) (Fig. 5-5A). Early florencite is the relatively enriched in Pr, Nd, 

Sm, Gd, whereas the late florencite from the same deposit has markedly higher contents of La 

and Ce (Fig. 5-5B). The early florencite has a limited compositional range characterised by 

relatively high P2O5 (ca. 22-24 wt.%), and low SrO (ca. 0.9-2.9 wt.%) and SO3 (ca. 0.4-1.9 
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wt.%), and so is close to the end member composition of florencite. In contrast, the late 

florencite has a wider compositional range with overall lower P2O5 (ca. 21-26 wt.%), and 

higher SrO (ca. 1.7-6.0 wt.%) and SO3 (ca. 1.4-5.1 wt.%). The Th content is generally low 

(<0.4 wt.% ThO), whereas CaO content varies from ca. 0.8 wt.% in early florencite to ca. 1.2 

wt.% in late florencite. There is no systematic relationship in SiO2 content, although early 

florencite tends to have greater variability in SiO2, reaching up to 2.7 wt.%, compared to ~1.8 

wt.% for late florencite. Although bulk of the analyses have FeO <1.5 wt.% (0.15 a.p.f.u.) and 

Al2O3 >30 wt.% (3 a.p.f.u.), a number of analyses of early florencite from Area 5 and late 

florencite from Wolverine, have FeO values that reach 9 wt.% and are conversely depleted in 

Al2O3 (27 wt.%). Major element chemistry of both generations of florencite is consistent 

largely with a florencite composition with components of Sr- (svanbergite 

[SrAl3(SO4)(PO4)(OH)6] and goyazite [SrAl3(PO4)2(OH)5H2O]) and Ca- (woodhouseite 

[CaAl3(SO4)(PO4)(OH)6]) end members of the APS mineral group (Fig. 5-5C).  
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Table 5-2: Representative electron probe micro-analytical data for florencite from Wolverine 

 W1 W2 W3 W4 W5 W6 W7 W8 W9  W33 W39 W43 W46 W48 W57 W63 W64 W67 W77 
 Wolverine (early)  Wolverine (late) 
CaO 0.86 0.90 0.91 0.89 0.99 1.12 1.24 0.99 0.99  0.99 0.95 0.99 1.05 0.94 1.11 1.35 1.49 1.25 1.03 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 4.16 3.27 3.77 3.50 3.49 3.47 3.54 3.72 3.73  4.68 4.81 4.58 4.65 3.91 3.55 3.84 4.16 3.53 3.98 
Ce2O3 8.49 8.01 8.57 8.47 8.42 8.23 7.95 9.64 9.52  12.51 11.19 11.31 10.68 9.69 8.83 7.66 8.15 8.70 8.66 
Nd2O3 7.73 8.37 7.78 6.95 7.25 6.34 6.94 7.33 7.49  5.92 5.48 5.86 5.29 5.75 6.41 4.59 3.02 4.91 5.36 
Pr2O3 1.61 1.52 1.57 1.49 1.63 1.60 1.63 1.91 1.64  1.71 1.39 1.82 1.50 1.41 1.17 1.36 1.14 1.57 1.30 
Sm2O3 1.08 0.93 1.01 0.98 1.11 1.01 0.93 0.74 0.87  0.83 0.98 0.64 0.69 0.79 0.72 0.52 0.24 0.53 0.82 
Gd2O3 0.18 0.14 0.15 0.17 0.31 0.09 0.16 0.13 0.00  0.01 0.32 0.18 0.26 0.21 0.11 0.24 0.07 0.24 0.00 
ThO2 0.00 0.06 0.00 0.08 0.00 0.00 0.12 0.00 0.04  0.01 0.03 0.00 0.00 0.11 0.39 0.31 0.21 0.03 0.21 
SrO 1.32 1.38 1.31 1.34 1.37 1.40 1.50 0.89 1.01  1.87 2.11 2.24 1.92 2.55 4.15 5.40 6.02 4.12 4.69 
FeO 0.09 0.32 0.38 0.12 0.13 0.47 0.33 0.75 0.19  0.62 0.11 0.10 1.17 0.95 1.80 0.69 1.89 1.05 1.00 
SiO2 0.40 0.08 0.92 2.07 0.95 2.07 0.52 0.09 0.56  0.07 0.25 0.00 0.24 0.61 0.13 0.67 0.99 1.79 0.00 
Al2O3 30.82 30.44 30.17 30.44 30.61 29.27 31.76 30.56 28.72  31.15 30.93 30.97 30.49 30.50 30.52 30.63 30.75 30.32 30.76 
P2O5 25.88 25.30 25.74 24.97 25.30 25.02 25.31 25.43 26.07  25.80 25.67 26.08 25.41 24.62 23.58 21.89 21.28 23.29 23.20 
SO3 0.90 0.89 0.77 0.88 0.71 0.91 0.80 0.74 0.74  1.70 2.09 1.75 1.81 2.07 2.85 4.05 5.14 3.02 3.47 
F 0.18 0.00 0.18 0.49 0.00 0.35 0.00 0.44 0.02  0.62 0.60 0.35 0.82 0.72 0.56 0.64 0.83 0.43 0.40 
Cl 0.04 0.02 0.00 0.01 0.03 0.01 0.03 0.00 0.01  0.01 0.03 0.03 0.03 0.01 0.07 0.09 0.05 0.04 0.03 
Total  83.74 81.64 83.24 82.85 82.30 81.36 82.76 83.35 81.58  88.49 86.95 86.91 86.00 84.86 85.94 83.91 85.42 84.81 84.90 
                     
Ca 0.08 0.09 0.08 0.08 0.09 0.11 0.11 0.09 0.09  0.09 0.09 0.09 0.10 0.09 0.10 0.13 0.14 0.12 0.10 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.13 0.11 0.12 0.11 0.11 0.11 0.11 0.12 0.12  0.15 0.15 0.14 0.15 0.13 0.11 0.13 0.13 0.11 0.13 
Ce 0.27 0.26 0.27 0.27 0.27 0.26 0.25 0.30 0.31  0.39 0.35 0.35 0.34 0.31 0.28 0.25 0.26 0.28 0.28 
Nd 0.24 0.26 0.24 0.21 0.22 0.20 0.21 0.23 0.24  0.18 0.17 0.18 0.16 0.18 0.20 0.15 0.09 0.15 0.17 
Pr 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.05  0.05 0.04 0.06 0.05 0.04 0.04 0.04 0.04 0.05 0.04 
Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03  0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 
Gd 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00  0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 
Sr 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.04 0.05  0.09 0.10 0.11 0.10 0.13 0.21 0.28 0.30 0.21 0.24 
∑REE 0.88 0.87 0.86 0.82 0.85 0.83 0.83 0.86 0.89  0.97 0.94 0.96 0.93 0.91 0.97 1.02 0.97 0.95 0.98 
Fe 0.01 0.02 0.03 0.01 0.01 0.03 0.02 0.05 0.01  0.04 0.01 0.01 0.08 0.07 0.13 0.05 0.14 0.08 0.07 
Al 3.13 3.15 3.08 3.10 3.13 3.02 3.19 3.11 3.01  3.09 3.11 3.11 3.09 3.12 3.12 3.21 3.16 3.09 3.18 
∑Al 3.14 3.17 3.11 3.11 3.14 3.05 3.21 3.16 3.02  3.13 3.12 3.12 3.17 3.19 3.25 3.26 3.3 3.17 3.25 
Si 0.03 0.01 0.08 0.18 0.08 0.18 0.04 0.01 0.05  0.01 0.02 0.00 0.02 0.05 0.01 0.06 0.09 0.15 0.00 
P 1.89 1.88 1.89 1.83 1.86 1.85 1.83 1.86 1.96  1.84 1.86 1.88 1.85 1.81 1.73 1.65 1.57 1.71 1.72 
S 0.06 0.06 0.05 0.06 0.05 0.06 0.05 0.05 0.05  0.11 0.13 0.11 0.12 0.14 0.19 0.27 0.34 0.20 0.23 
∑P 1.98 1.95 2.02 2.07 1.99 2.09 1.92 1.92 2.06  1.96 2.01 1.99 1.99 2.00 1.93 1.98 2.00 2.06 1.95 
F 0.05 0.00 0.05 0.13 0.00 0.10 0.00 0.12 0.01  0.16 0.16 0.09 0.22 0.20 0.15 0.18 0.23 0.12 0.11 
Cl 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 
OH 5.94 6.00 5.95 5.86 6.00 5.90 6.00 5.88 5.99  5.83 5.83 5.90 5.77 5.80 5.84 5.81 5.76 5.88 5.89 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00  6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                     
Flr 0.78 0.76 0.76 0.73 0.74 0.70 0.72 0.78 0.79  0.81 0.78 0.78 0.77 0.73 0.68 0.61 0.56 0.65 0.66 
Wdh 0.13 0.14 0.13 0.14 0.14 0.16 0.18 0.14 0.13  0.11 0.12 0.11 0.14 0.13 0.13 0.14 0.17 0.15 0.12 
Svb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.05 0.04 0.03 0.03 0.06 0.14 0.22 0.26 0.12 0.18 
Gyz 0.13 0.15 0.16 0.15 0.16 0.19 0.17 0.12 0.17  0.06 0.09 0.10 0.11 0.11 0.11 0.08 0.07 0.12 0.09 
Hut 0.02 0.01 0.04 0.09 0.04 0.09 0.02 0.01 0.03  0.01 0.01 0.00 0.01 0.03 0.01 0.04 0.05 0.08 0.00 
                     
Early florencite (Wolverine) = [REE(0.70), Th(0.0005), Ca(0.08), Sr(0.06)][Al(3.11), Fe(0.02)][(P(1.87), S(0.04), Si(0.05))O4][(OH)6] 
Late florencite (Wolverine) = [REE(0.66), Th(0.0015), Ca(0.15), Sr(0.09)][Al(3.11), Fe(0.07)][(P(1.80), S(0.15), Si(0.02))O4][(OH)6] 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 

**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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Table 5-3: Representative electron probe micro-analytical data for florencite from Area 5 

 A1 A2 A3 A4 A7  A13 A14 A19 A20 A22 A23 A24 A26 A29 A34 A51 A54 A55 A86 
 Area 5 (late)  Area 5 (early) 
CaO 1.86 1.31 0.91 1.75 1.37  0.57 0.64 0.73 0.76 0.70 0.77 0.92 0.61 0.65 0.67 0.55 0.47 0.39 0.61 
Y2O3 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 6.03 8.61 9.87 7.16 7.54  6.06 5.91 5.65 6.09 6.25 6.03 4.75 5.82 6.37 5.87 5.76 5.91 6.90 4.70 
Ce2O3 10.02 11.59 12.19 10.92 10.91  10.50 10.39 10.87 10.53 10.15 9.91 10.56 11.03 10.77 9.88 10.50 10.76 10.98 9.34 
Nd2O3 2.78 2.97 2.10 3.00 2.52  7.49 6.70 7.06 7.21 6.72 6.44 6.66 6.97 7.58 8.03 7.53 7.61 7.01 7.38 
Pr2O3 1.03 1.03 0.93 1.08 0.89  1.48 1.39 1.48 1.33 1.56 1.40 1.47 1.50 1.54 1.44 1.43 1.53 1.36 1.50 
Sm2O3 0.00 0.13 0.00 0.16 0.04  0.93 0.85 1.01 0.85 0.96 0.84 0.90 1.02 0.75 0.94 0.89 0.87 0.71 0.79 
Gd2O3 0.11 0.00 0.00 0.08 0.00  0.06 0.00 0.21 0.02 0.00 0.16 0.14 0.13 0.06 0.21 0.27 0.04 0.08 0.05 
ThO2 0.01 0.06 0.05 0.00 0.01  0.00 0.00 0.05 0.01 0.00 0.00 0.10 0.02 0.16 0.00 0.00 0.00 0.00 0.14 
SrO 4.80 2.59 3.18 3.58 4.45  1.95 2.12 2.24 2.20 2.40 2.72 2.10 1.38 1.72 1.96 1.80 1.51 1.52 1.69 
FeO 1.18 1.00 1.00 0.91 0.86  1.30 2.57 1.10 0.79 1.81 0.96 3.96 3.05 0.41 0.64 0.52 1.13 0.37 6.97 
SiO2 0.00 0.15 0.03 0.00 0.08  0.00 0.00 0.00 0.00 0.00 0.04 0.03 0.00 0.18 0.00 0.00 0.00 0.00 0.06 
Al2O3 31.69 30.48 31.42 32.08 31.88  31.72 30.83 32.03 31.39 30.96 31.41 31.18 30.39 32.50 32.14 31.87 31.24 31.49 29.86 
P2O5 24.28 24.89 24.01 24.42 23.94  25.98 25.43 25.74 25.76 25.77 25.82 24.83 25.78 26.12 26.03 26.04 25.99 26.15 24.26 
SO3 4.70 3.11 3.00 3.55 4.29  1.33 1.44 1.54 1.47 1.38 1.72 1.85 1.00 1.05 1.22 1.12 0.95 0.83 1.34 
F 0.34 0.41 0.11 0.45 0.37  0.00 0.91 0.39 0.28 0.22 0.16 0.23 0.49 0.44 0.22 0.17 0.05 0.40 0.31 
Cl 0.02 0.03 0.00 0.01 0.03  0.05 0.03 0.04 0.03 0.06 0.02 0.02 0.02 0.04 0.04 0.01 0.02 0.00 0.04 
Total  88.85 88.37 88.80 89.14 89.18  89.42 89.22 90.15 88.71 88.94 88.42 89.70 89.20 90.33 89.29 88.45 88.08 88.18 89.04 
                     
Ca 0.17 0.12 0.08 0.15 0.12  0.05 0.06 0.06 0.07 0.06 0.07 0.08 0.05 0.06 0.06 0.05 0.04 0.03 0.05 
Y 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.18 0.27 0.30 0.21 0.23  0.18 0.18 0.17 0.19 0.19 0.18 0.14 0.18 0.19 0.18 0.18 0.18 0.21 0.14 
Ce 0.30 0.36 0.36 0.33 0.33  0.31 0.32 0.33 0.32 0.31 0.30 0.32 0.33 0.32 0.30 0.32 0.33 0.34 0.28 
Nd 0.08 0.09 0.06 0.09 0.07  0.22 0.20 0.21 0.21 0.20 0.19 0.19 0.21 0.22 0.24 0.22 0.23 0.21 0.22 
Pr 0.03 0.03 0.03 0.03 0.03  0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.05 0.05 0.04 0.04 0.05 0.04 0.04 
Sm 0.00 0.00 0.00 0.00 0.00  0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.02 0.03 0.03 0.02 0.02 0.02 
Gd 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.23 0.13 0.15 0.17 0.21  0.09 0.10 0.11 0.11 0.12 0.13 0.10 0.07 0.08 0.09 0.09 0.07 0.07 0.08 
∑REE 0.99 1.00 0.98 0.98 0.99  0.92 0.92 0.96 0.96 0.96 0.93 0.9 0.92 0.94 0.95 0.94 0.92 0.92 0.83 
Fe 0.08 0.07 0.07 0.06 0.06  0.09 0.18 0.08 0.05 0.13 0.07 0.27 0.21 0.03 0.04 0.04 0.08 0.03 0.48 
Al 3.10 3.02 3.01 3.08 3.08  3.02 3.01 3.09 3.07 3.02 3.08 3.01 2.96 3.12 3.12 3.13 3.07 3.11 2.89 
∑Al 3.18 3.09 3.08 3.14 3.14  3.11 3.19 3.17 3.12 3.15 3.15 3.28 3.17 3.15 3.16 3.17 3.15 3.14 3.37 
Si 0.00 0.01 0.00 0.00 0.01  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
P 1.70 1.77 1.65 1.68 1.66  1.78 1.78 1.79 1.81 1.81 1.82 1.72 1.80 1.80 1.82 1.84 1.83 1.86 1.69 
S 0.29 0.20 0.18 0.22 0.26  0.08 0.09 0.09 0.09 0.09 0.11 0.11 0.06 0.06 0.08 0.07 0.06 0.05 0.08 
∑P 1.99 1.98 1.83 1.9 1.93  1.86 1.87 1.88 1.90 1.90 1.93 1.83 1.86 1.87 1.9 1.91 1.89 1.91 1.78 
F 0.09 0.11 0.03 0.12 0.10  0.00 0.24 0.10 0.07 0.06 0.04 0.06 0.13 0.11 0.06 0.04 0.01 0.10 0.08 
Cl 0.00 0.00 0.00 0.00 0.00  0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
OH 5.91 5.88 5.97 5.88 5.90  5.99 5.76 5.89 5.92 5.93 5.95 5.94 5.87 5.88 5.94 5.95 5.98 5.90 5.91 
∑OH 6.00 6.00 6.00 6.00 6.00  6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                     
Flr 0.61 0.76 0.76 0.67 0.67  0.81 0.80 0.81 0.80 0.80 0.76 0.77 0.84 0.83 0.82 0.83 0.84 0.85 0.78 
Wdh 0.19 0.13 0.09 0.16 0.13  0.08 0.10 0.08 0.09 0.08 0.10 0.13 0.09 0.09 0.08 0.08 0.07 0.06 0.13 
Svb 0.14 0.10 0.17 0.12 0.19  0.07 0.07 0.09 0.06 0.07 0.06 0.08 0.04 0.06 0.07 0.06 0.05 0.05 0.06 
Gyz 0.11 0.04 0.00 0.06 0.03  0.05 0.07 0.05 0.07 0.08 0.10 0.07 0.06 0.04 0.05 0.06 0.05 0.05 0.10 
Hut 0.00 0.01 0.00 0.00 0.01  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
                     
Early florencite (Area 5) = [REE(0.77), Th(0.0005), Ca(0.06), Sr(0.09)][Al(3.08), Fe(0.07)][(P(1.82), S(0.07), Si(0.01))O4][(OH)6] 
Late florencite (Area 5) = [REE(0.69), Th(0.0004), Ca(0.11), Sr(0.16)][Al(3.06), Fe(0.06)][(P(1.68), S(0.21), Si(0.01))O4][(OH)6] 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 

**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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Fig. 5-5: Electron probe data for florencite from Area 5 and Wolverine. (A) Ce-La-Nd ternary plot; (B) 

Partial (La to Gd) chondrite-normalized REE patterns; (C) P+LREE versus Sr+S plot. Note that both 

early and late florencite analyses contain components of goyazite, svanbergite, woodhouseite 

compositions. Chondrite normalization values are form McDonough and Sun (1995).  

 

 



150 
 

Discussion 

 

Compositional evolution of the HREE+Y mineralisation 

 

The mineralisation in the NAHREY mineral field is of hydrothermal origin (Nazari-Dehkordi 

et al., 2018), and hence the ore minerals can reveal significant information about the ore-

forming hydrothermal fluids and potentially the source rocks. Incorporation of the REE (and 

Y) into REE-bearing phases varies with REE ionic radii, and depends on temperature, redox 

conditions and fluid composition (Bau, 1991; Bau and Moller, 1992), as well as whether there 

are co-crystallising phases with the ability to preferentially fractionate the REE. Such features 

need to be taken into consideration here because the HREE+Y mineralisation contains two 

coexisting REE phases with distinct preferences for various REE groups (HREE-rich xenotime 

and LREE-rich florencite).  

 

A recent geochemical and isotopic study by Nazari-Dehkordi et al. (2018) showed that the 

REE+Y for xenotime mineralisation derived from the host rocks (BRM), illustrating that the 

ore minerals likely inherited compositional features from the BRM. Indeed, the negative Eu 

anomalies of xenotime are similar to those of the BRM (Fig. 5-3C, Nazari-Dehkordi et al., 

2017). Therefore, we do not ascribe the negative Eu anomalies to redox conditions of ore 

formation (e.g., Bau, 1991; Bau and Moller, 1992), rather the Eu anomalies were inherited 

directly from the REE source rock. Xenotime analyses from John Galt, Boulder Ridge and 

Iceman have higher Eu anomalies, but these prospects are either not hosted by the BRM (John 

Galt, Boulder Ridge) or only partly hosted by the BRM (Iceman).  

 

The trace element data reveal a fairly similar composition for both breccia-hosted and vein-

type xenotime, which represent the earliest stage of the HREE mineralisation. The late 

xenotime overgrowths are comparatively richer in the HREE (Fig. 5-3B, Fig. 5-4A) and more 

depleted in P and LREE, which we interpret to be an effect of co-precipitation of late florencite, 

which preferentially sequesters LREE and P. The relative enrichment in HREE in this xenotime 

reflects residual enrichment after repartitioning of LREE and P in florencite. Moreover, the 

dataset, particularly from Wolverine, indicates higher Th and Ca in the late xenotime 

overgrowth compared with early (breccia-hosted and vein-type) xenotime (Fig. 5-4F), while 

other major and trace elements remain in a relatively comparable range. As discussed in detail 



151 
 

later, preferential incorporation of these elements into the late xenotime overgrowth is 

consistent with relatively low Th and Ca concentrations in the coexisting late florencite. 

 

Mechanisms of element substitution in xenotime 

 

Our mineral compositional dataset indicates that non-REE trace elements (e.g., Fe, Sc, U, Th, 

Zr, and Ca) can be present in xenotime. Incorporation of these elements into the xenotime 

structure is possible through a number of charge-balanced substitution mechanisms involving 

exchange of both REE3+ and P5+. 

 

The resolution of the laser ablation ICP-MS data does not allow for precise evaluation of 

element substitution mechanisms, but does provide general trends between various trace 

elements that allow qualitative assessment of how elements are incorporated in the NAHREY 

xenotime. Zircon is isostructural with xenotime and follows Zr4+ + Si4+ = REE3+ + P5+ exchange 

(Spear and Pyle, 2002). However, xenotime has low Zr content (ca. 50 ppm), ruling out a 

significant zircon type substitution. The distinct positive relationship between Th, U and Ca 

(Fig. 5-4F) is consistent with the cheralite type (U, Th)4+ + Ca2+ = 2(REE, Y)3+ substitution 

mechanism (Spear and Pyle, 2002). This substitution has also been reported from several other 

xenotime occurrences (e.g., Forster, 1998; Ondrejka et al., 2007). However, the relatively low 

Th, U, and Ca values are consistent only with a very minor cheralite component in the 

NAHREY xenotime. Uranium and Sc both display a positive relationship with HREE, and an 

inverse correlation with LREE (Figs. 5-4A-D), further demonstrating preferential 

incorporation of elements with comparable atomic radius to that of HREE in xenotime (Van 

Emden et al., 1997; Franz et al., 1996). In contrast, Fe content shows no demonstrable 

relationship with REE (Fig. 5-4E), potentially ruling out simple Fe3+ for REE3+ exchange as a 

significant constituent in xenotime. The Fe data are discussed in more detail below.  

 

From our dataset we identified variable amounts of Si in xenotime. Although not common, 

percentage levels of Si have also been documented in xenotime of variable origin (magmatic: 

Ondrejka et al., 2007; Hetherington et al., 2008, diagenetic: Kositcin et al., 2003, hydrothermal: 

Lan et al., 2013). Apart from a zircon type substitution, Si can be incorporated in xenotime via 

thorite (ThSiO4) and coffinite (USiO4) substitution mechanisms. In particular, the thorite-

coffinite substitution is likely to be most important in the Ca depleted, hence cheralite-free, 
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xenotime of John Galt and Cyclops. Nevertheless, in general, the concentrations of U, Th are 

very low indicating that thorite and coffinite components are present at very low levels.  

 

Despite the similar characteristics and timing of formation of these HREE deposits/prospects, 

the extent to which xenotime incorporated trace elements is variable. In particular, xenotime 

from John Galt has the lowest contents of most trace elements, and also has the lowest of REE 

and P concentrations. This distinct chemistry potentially suggests that the hydrothermal fluids 

responsible for the formation of the John Galt ore in Halls Creek Orogen had significantly 

different composition compared to those in the Tanami Region. Among the deposits/prospects 

hosted in the Tanami Region, Cyclops (hosted by BRM) and Boulder Ridge (hosted by the 

Birrindudu Group sandstones) show restricted elemental variation, and contain low trace 

element contents (e.g., Fe, Sc). In contrast, xenotime analyses from Wolverine and Iceman, 

both hosted by the BRM, show the largest variation in trace element content. A number of 

analyses from Wolverine and Iceman contain very high Fe (up to 2.5 wt.%) values, which are 

consistent with the high Fe values reported by Cook et al. (2013) for xenotime from the HREE 

deposits/prospects hosted by BRM. However, incorporation of more than 1 wt.% of Fe 

structurally bound in xenotime is very rare (e.g., Kositcin et al., 2003), and is ascribed largely 

to Fe-rich mineral inclusions (e.g., Forster, 2006). Hence such high Fe values documented in 

xenotime are unlikely to represent any exchange mechanism. Instead, all the high Fe values 

observed in xenotime analyses have time-resolved analytical signals consistent with micro 

inclusions. These inclusions are potentially hematite that, to some extent and largely within 

shear zones, appears to be associated with the ore formation. Nazari-Dehkordi et al. (2018) 

also, based on whole-rock geochemistry of the host rocks at Wolverine, demonstrated that ore 

formation was associated with some Fe enrichment in the form of hematite. These data 

illustrate that the ore-forming hydrothermal fluids contained oxidised Fe. Iron enrichment 

mainly in breccia-hosted and vein-type (early stage) xenotime from Wolverine, the largest 

deposit in the NAHREY mineral field, also suggests that ore forming hydrothermal fluids were 

relatively oxidising.  

 

Mechanisms of element substitution in florencite  

 

Early florencite generations generally have fairly uniform compositions, although early 

florencite from Wolverine has somewhat lower LREE, Sr and S contents compared with the 
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early florencite from Area 5 (Fig. 5-6). The higher degree of compositional variability of the 

late florencite may reflect differing conditions of ore mineral precipitation, with the late 

florencite forming from different fluids and possibly under different conditions than that of the 

early mineralisation. These aspects are discussed in more detail below.  

 

Overall the range of chemical compositions recorded in both the early and late florencite 

conforms well to a coupled substitution of Sr (+Ca) + S for LREE + P (Figs. 5-6A-F; Scott, 

1987; Jambor, 1999; Dill, 2001), which represents a compositional spectrum from the 

florencite [LREEAl3(PO4)2(OH)6] end-member to the svanbergite/woodhouseite 

[(Sr,Ca)Al3(SO4)(PO4)(OH)6] end-members. We note that the Sr content of the late florencite 

reaches up to 6 wt.% SrO, which is distinctly higher than other florencite occurrences (Eastern 

Alps = 0.67 wt.%; Nagy et al., 2002; Witwatersrand Basin = 1.82 wt.%; Rasmussen and 

Muhling, 2009), but is closer to those associated with the unconformity-related U deposits 

(McArthur Basin = 2.3 wt.%; Gaboreau et al., 2005; Athabasca Basin = 5 wt.%; Gaboreau et 

al., 2007). The Sr-poor florencite occurrences are associated with phases that have a strong 

preference for Sr (Eastern Alps = apatite; Witwatersrand Basin = epidote, calcite, titanite), 

whereas these other phases are minor or absent from unconformity-related U deposits. 

Consequently, we consider the relatively high Sr contents of our florencite to reflect the lack 

of any coexisting mineral with a strong affinity for Sr (e.g., Ca-bearing minerals). 

 

The well-defined inverse relationship between Al and Fe (Fig. 5-6G) is consistent with Fe3+ 

substitution for Al. However, some analyses of early florencite from Area 5, and late florencite 

from Wolverine have high Fe contents that would require an additional substitution 

mechanism, possibly Fe3+ for LREE. The appreciable levels of Si and Th are not accounted for 

by the standard florencite-svanbergite substitutions, and there is little evidence for a cheralite-

type (Th4++Ca2+ = 2REE3+) substitution (Fig. 5-6H), as Ca is likely incorporated via a 

woodhouseite (Ca+S for LREE+P) substitution. Instead, we do observe a broad negative 

correlation between Th + Si and LREE + P (Fig. 5-6I), which supports a huttonite-type 

(Th4++Si4+ = P5++REE3+) substitution mechanism. Incorporation of Th, and by analogy U, by 

this mechanism raises the potential to use florencite for U-Th-Pb geochronology. 
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Fig. 5-6: Scatterplots of element compositions of florencite from Area 5 and Wolverine. 

 

 

Comparison with unconformity-related APS minerals 

 

Most available mineral chemistry data for florencite and other APS minerals come from 

unconformity-related U mineralisation settings (e.g., Athabasca Basin, Canada: Wilson, 1984; 

Quirt et al., 1991; Lorilleux et al., 2003; Gaboreau et al., 2007, and McArthur Basin, northern 

Australia: Beaufort et al., 2005; Gaboreau et al., 2005). The early and late florencite from the 

Wolverine and Area 5 deposits sit within the compositional field defined by the APS minerals 

associated with the U ore deposits of the Athabasca Basin, Canada, and McArthur Basin, 
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northern Australia (Fig. 5-7A). Such compositional trend potentially indicates a close 

association between the HREE mineralisation in the NAHREY mineral field and 

unconformity-related U deposits. The composition of the APS minerals can be also used as an 

indicator of ƒO2-pH conditions during mineral formation (Kister et al., 2005, 2006). The Sr-S-

rich APS minerals (e.g., svanbergite-rich) are stabilized by relatively low pH and high ƒO2 

conditions, where sulphate is the dominate form of S, whereas LREE-P-rich APS mineral 

compositions (e.g., florencite-rich) are favoured by relatively high pH and low ƒO2 conditions 

(Komninou and Sverjensky, 1996; Gaboreau et al., 2005). Therefore, P/S versus LREE can be 

used as a guide to conditions of APS formation (Fig. 5-7B). The early florencite, with close to 

end-member florencite composition, formed with the early xenotime mineralisation at 

relatively high pH and possibly low ƒO2. These conditions fit with the findings of Nazari-

Dehkordi et al. (2018) that the ore formation occurred via neutralisation of ore-bearing fluids 

and formation of a widespread muscovite alteration. Moreover, near-svanbergite mineral 

composition of late florencite demonstrates a more oxidised (higher ƒO2) and/or low pH 

environment, which is consistent with the occurrence of oxidised sulphate minerals (barite and 

anhydrite) which appear late in the overall paragenetic sequence. Influx of SO32--bearing fluids 

is suggested to be the source of S for the late florencite and sulphate minerals. Evaporate 

horizons of the Paleo-Mesoproterozoic sedimentary rocks overlying the Birrindudu Group 

sandstones (Ahmad and Munson, 2013) may be the potential source of S.  

 

 

 
Fig. 5-7: (A) Plot of Sr, S, and LREE, and; (B) Plot of LREE versus P/S for florencite from Area 5 and 

Wolverine. Compositional fields of APS minerals associated with the unconformity-related U deposits 

of Australia and Canada are also shown for comparison (Data are from Gaboreau et al., 2005, 2007).  
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Xenotime formation environment 

 

Several publications have attempted to provide insights into xenotime formation environment 

using Th and U contents of xenotime from a range of geological settings, including igneous, 

metamorphic hydrothermal and diagenetic (Aleinikoff et al., 2015; Zi et al., 2015; McNaughton 

and Rasmussen, 2017). Our xenotime trace element dataset allows for testing of the 

applicability of using xenotime geochemistry to define formation environments as suggested 

by McNaughton and Rasmussen (2017). 

  

All of our xenotime are of hydrothermal origin (Cook et al., 2013; Nazari-Dehkordi et al., 

2018), yet our dataset shows variable U and U/Th values that span most of the formation 

environment fields as defined by McNaughton and Rasmussen (2017) (Fig. 5-8). The majority 

of data points do not fall within the defined field for hydrothermal xenotime, but rather conform 

most closely to the U-low diagenetic field. These results indicate that geochemistry of xenotime 

alone is unlikely to provide definitive information on the geological setting of formation. As 

outlined above, the composition of xenotime is governed by many factors, not the least of 

which is the control of coexisting REE-bearing, or other, accessory phases (xenotime with 

florencite in this case). Many accessory minerals have a strong preference for Th over U (e.g., 

monazite; Stepanov et al., 2012), or vice versa, so crystallisation of even trace levels of these 

phases will strongly influence the U and Th uptake by any co-crystallising xenotime (e.g., , 

Bea, 1996; Aubert et al., 2001). We therefore urge caution in using the trace element 

compositions of xenotime to classify the geological environment of formation.  
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Fig. 5-8: Uranium (ppm) versus U/Th for xenotime from different HREE deposits/prospects. 

Compositional fields for xenotime of various origin are from McNaughton and Rasmussen (2017). The 

Killi Killi Hills xenotime data points are from Vallini et al. (2007). Note, all xenotime presented here 

is hydrothermal in origin, yet the compositional data span all of field of environment of formation.  

 

 

Conclusion 

 

The major findings of this study include: 

 

(1) Ore petrography and paragenesis studies show a multistage ore mineral formation of 

xenotime and florencite throughout the NAHREY mineral field.  

(2) Xenotime displays marked Eu anomalies that were directly inherited from the 

metasedimentary source rocks for the HREE. Compared with early xenotime, the late 

xenotime overgrowths are richer in the HREE and more depleted in P and LREE, owing 

to co-crystallisation of late florencite. 

(3) Xenotime contains variable, but generally low, amounts of trace elements, particularly 

U, Th, Si and Ca. Incorporation of these elements into the xenotime structure occurred 

mainly via cheralite and, to a lesser extent, thorite/coffinite substitutions. Moreover, 

Sc3+, and possibly Fe3+ were incorporated in xenotime in exchange for REE3+. 

(4) Late florencite that largely replaces early xenotime or overgrows early florencite, has 

variable compositions that accord with the florencite-svanbergite/woodhouseite-type 

[(Sr2+,Ca2+)  + S6+  = P5+ + LREE3+] and huttonite-type (Th4+ + Si4+ = P5+ + LREE3+) 

substitution mechanism.  
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(5) High concentration of U in xenotime along with comparable chemical composition of 

early florencite to that of APS minerals associated with the unconformity-related U 

deposits of northern Australia provide support for a genetic association between the two 

mineralisation styles. 

(6) Hydrothermal xenotime can vary significantly in U and U/Th contents, so these 

parameters may not be effective for distinguishing the environment of xenotime 

formation. 
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Abstract 

 

This study reports on fluid inclusion and oxygen isotope compositions of mineralised and 

barren hydrothermal quartz veins and hosting metasedimentary rocks associated with the heavy 

rare earth element (HREE) mineralisation in the Browns Range Dome of the Tanami Region, 

Western Australia. The HREE mineralisation consists largely of quartz and xenotime-bearing 

hydrothermal veins and breccias that occurs along sub-vertical faults within Archean to 

Paleoproterozoic metasedimentary rocks. Analysis of nearly 550 primary fluid inclusions in 

quartz identified three types of hydrothermal fluids; type I low salinity H2O-NaCl (largely <5 

wt.% NaCl; consistent with meteoric water); type II medium salinity H2O-NaCl (12-18 wt.% 

NaCl), and; type III high salinity H2O-CaCl2-NaCl (up to 25 wt.% NaCl). Quartz from a vein 

that is barren of mineralisation contains only type I low salinity H2O-NaCl fluid inclusions, 

whereas the mineralised quartz samples contain all three types of fluid inclusions with 

homogenisation temperatures varying over a relatively wide range from 100 to 250 °C.   

 

The Raman analyses of the fluid inclusions confirmed their hydrous composition with no 

hydrocarbon or CO2 species identified. Limited LA-ICP-MS analysis found detectable Y, Ce, 

U and Cl only in the type III fluid inclusions, which indicates that transport of ore metals was 

(at least partly) by Cl complexes in the type III fluid. The δ18Ofluid values calculated from quartz 

from mineralised samples are in the range defined by the Archean metasedimentary host rocks 

of the Browns Range Metamorphics (δ18Ofluid = +1.8 to +5.2‰) and the Paleoproterozoic 

Birrindudu Group sandstones (δ18Ofluid = +8‰) that unconformably overly the Browns Range 

Metamorphics. Collectively, our fluid inclusion and oxygen isotope data, together with other 

field, mineralogical and geochemical data, support an ore genesis model involving mixing of 

distinct hydrothermal fluids in fault zones and along unconformity surfaces in, and around, the 

Browns Range Dome; one fluid type (likely type I) potentially carried P from the Birrindudu 

Group sandstones, and one fluid type (type III) carried HREE+Y derived from 

metasedimentary rocks of the Browns Range Metamorphics. The trapping temperature and 

pressure during the fluid mixing was between 100 to 250 °C and between 0.4 and 1.6 Kbar. 

 

Keywords: Fluid inclusion, stable isotope, hydrothermal, xenotime, unconformity 
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Introduction 

 

The rare earth elements (REE) have been traditionally considered to be relatively immobile in 

hydrothermal fluids. However, recent studies have determined a hybrid magmatic-

hydrothermal origin for a number of deposits that were originally regarded to be solely of 

magmatic origin (Salvi and Williams-Jones, 1996; Sheard et al., 2012). Experimental work has 

also demonstrated that solubilities of REE can be relatively high in certain hydrothermal 

environments, which raises the possibility of formation of REE deposits via purely 

hydrothermal processes (Migdisov et al., 2009; Williams-Jones et al., 2012; Loges et al., 2013; 

Migdisov and Williams-Jones, 2014; Timofeev et al., 2015, 2017). Nonetheless, we have an 

incomplete understanding of how REE - particularly the highly-sought after heavy (H)REE - 

are mobilised and precipitated by hydrothermal fluids. Available data on natural samples of 

REE-bearing hydrothermal fluids are restricted mostly to high temperature magmatic systems 

(e.g., Campbell et al., 1995; Williams-Jones et al., 2000). A detailed understanding of 

hydrothermally-formed REE deposits can, therefore, enhance our knowledge of hydrothermal 

REE mobility and deposition. 

 

Recently-discovered HREE mineralisation in north-western Australia defines a rather poorly 

understood hydrothermal vein and breccia ore system with ore metals contained predominantly 

in xenotime [(Y,HREE)PO4] and minor florencite [LREEAl3(PO4)2(OH)6] (Cook et al., 2013; 

Nazari-Dehkordi et al., 2018). The orebodies are hosted by Archean metasedimentary rocks of 

the Browns Range Metamorphics (BRM) and the Paleoproterozoic Birrindudu Group 

sandstones of the Tanami Region, and also Red Rock Basin of the Halls Creek Orogen, in an 

area known as the “North Australian HREE+Y” (NAHREY) mineral field (Nazari-Dehkordi 

et al., 2018) (Fig. 6-1). The bulk of the mineralisation appears in close proximity to a regional 

unconformity between the BRM and overlying Birrindudu Group (Richter et al., 2018; Nazari-

Dehkordi et al., 2018), so this mineralisation style has been labelled unconformity-related REE 

deposits (Nazari-Dehkordi et al., 2018). Of these deposits, Wolverine is the largest with a total 

mineral resource of 4.97 Mt at 0.86% total rare earth oxides. These deposits/prospects are 

unusually enriched in HREE and show no apparent link to magmatic sources (Nazari-Dehkordi 

et al., 2018), and therefore provide a unique opportunity to study aqueous transport and 

deposition of HREE.  
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Studies of fluid inclusion and oxygen isotope compositions place valuable constraints on 

hydrothermal fluids and associated mineralisation (e.g., Criss and Farquhar, 2008). Here, we 

present a detailed fluid inclusion study incorporating fluid inclusion petrography, 

microthermometry, laser Raman spectroscopy analysis, and trace element microanalysis by 

laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). We complement 

these data with oxygen isotope analysis of hydrothermally-formed xenotime and quartz from 

ore veins, as well as the metasedimentary host rocks, to allow inferences on the nature, 

composition and evolution of the ore-forming fluids.  

 

Geological setting  

 

All of the HREE deposits/prospects studied here occur near, or within, the Browns Range 

Dome of the Tanami Region (Fig. 6-1A), and in particular, near a regional unconformity that 

separates the underlying Archean metasedimentary rocks of the BRM from the overlying 

Birrindudu Group sandstones (Fig. 6-1B). Geological aspects of the Tanami Region are 

published in detail elsewhere (e.g., Crispe et al., 2007; Bagas et al., 2008; Nazari-Dehkordi et 

al., 2017), so only a brief review of the Browns Range Dome is presented here. 
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Fig. 6-1: Geological maps of the Tanami Region and Browns Range. (A) Distribution of the HREE 

mineralisation in the NAHREY mineral field; (B) simplified geological map of the Tanami Region; (C) 

Simplified geological map of the Browns Range area; (D) Stratigraphy of the Tanami Region; (E) 

Sample locality along the structure that hosts the Wolverine orebody for oxygen isotope analysis; (F) 

Breccia outcrop along the structure; (G) Orebody outcrop; (H) Multiple generations of quartz (milky-

coloured and ore-bearing transparent). Qtz = quartz; Xnt = xenotime.  
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Browns Range Dome 

 

Located in the northwest of the Tanami Region (Fig. 6-1C), the Browns Range Dome (BRD) 

is an east-west trending ovoid-shaped structure measuring ca. 60 km by ca. 30 km, cored by a 

1-3 km thick ca. 1.87 Ga Browns Range Dome Granite (Page et al., 1995; Hendrickx et al., 

2000; Cross and Crispe, 2007). Archean metasedimentary rocks of the BRM and minor mafic-

ultramafic rocks occupy the western section of the Dome (Nazari-Dehkordi et al., 2017). The 

BRM comprises mainly arkosic metasandstones locally containing interbedded medium- to 

coarse-grained conglomerates and semi-pelitic schists that experienced regional 

metamorphism, mostly of greenschist facies, but locally up to amphibolite grade. The BRM 

were derived from a Mesoarchean granitic source, and were deposited between ca. 3.0 Ga (age 

of the detrital zircons in the BRM) and ca. 2.5 Ga (emplacement timing of the cross-cutting 

granitic, syenitic and pegmatitic intrusions measuring 10s to 100s of metres in dimension; 

Nazari-Dehkordi et al., 2017). 

 

The BRM are unconformably overlain by a thick sequence of low grade Paleoproterozoic 

sedimentary rocks with rare volcanic units (Fig. 6-1D), the characteristics of which are 

presented in detail by Bagas et al. (2008) and Crispe et al. (2007). These include the ca. 1.78 

to ca. 1.64 Ga Pargee Sandstone and Birrindudu Group (Crispe et al., 2007; Vallini et al., 2007), 

and the Tanami and Ware Groups, both of which were intruded by ca. 1.8 Ga granites (Smith, 

2001). The ~3.5 to ~6 km thick Birrindudu Group consists of three conformable units including 

the basal Gardiner Sandstone, the fine-grained and calcareous Talbot Well Formation, and the 

Coomarie Sandstone (Blake et al., 1975). The Gardiner Sandstone is slightly metamorphosed 

and deformed, and unconformably overlies deeply weathered and metamorphosed rocks of the 

BRM, Tanami Group, Ware Group and Pargee Sandstone (Crispe and Vandenberg, 2005). The 

Gardiner Sandstone forms the outer margins of the BRD and dips gently (5 to 25º) to the west 

near the HREE mineralisation in the western part of the dome, and dips to the east in the eastern 

part of the dome (Fig. 6-1C). The western part of the dome shows some faulting. 
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HREE mineralisation 

 

Mineralisation and ore geometry 

 

Mineralisation throughout the NAHREY mineral field displays a spatial relationship with 

faults and some lithological boundaries. All the deposits/prospects have a strongly structurally-

controlled mineralisation style characterised by a simple ore mineralogy of xenotime and 

subordinate florencite. Other REE minerals, such as REE carbonates (e.g., bastnaesite) or 

monazite are absent, which is unusual for a REE ore deposit (e.g., Weng et al., 2015). The 

HREE mineralisation consists primarily of quartz-xenotime veins and breccias accommodated 

in sub-vertical faults, surrounded by a halo of low-grade ore extended into the host rock. This 

study focuses on two of the larger deposits, namely Wolverine and Area 5, from which fluid 

inclusion samples and bulk of the oxygen isotope separates were collected.  

 

The largest deposit, Wolverine, is a steeply (ca. 75° to the north) dipping planar orebody, up to 

5 m wide, that extends over 400 m in strike length and from the surface to at least ca. 550 

metres in depth. The orebody lies within a WNW-striking fault in association with an 

intersecting W-E trending fault (Fig. 6-1E). Similarly, the Area 5 orebody occurs at an 

intersection of sub-vertical fault zones with prominent WNW and W strikes, alongside which 

the orebody appears as discontinuous pods. Area 5 is compositionally distinct, as it is 

dominated by florencite with only minor amounts of xenotime. 

 

Ore mineral paragenesis 

 

There are three major mineral assemblages associated with the mineralisation and the 

metasedimentary host rocks across the NAHREY mineral field.     

 

(1) A pre-ore detrital and metamorphic assemblage, including quartz (several generations), 

alkali feldspar, hematite and coarse-grained muscovite aligned in pre-mineralisation foliation. 

The pre-ore assemblage chiefly reflects a greenschist-facies overprint on the predominantly 

meta-arkosic host rocks, resulting in locally well-developed schistose foliation in the 

metasedimentary rocks, which potentially occurred during the widespread ca. 1830 Ma Tanami 

Event (Crispe et al., 2007).  
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(2) A syn-ore hydrothermal mineral assemblage consisting predominantly of the ore minerals 

(xenotime, florencite), quartz and fine-grained muscovite (Fig. 6-2A). The syn-ore quartz-

muscovite alteration consists dominantly of coarse- to fine-grained, cavity-filled and/or 

cemented, quartz and muscovite-sericite-illite assemblages, entirely enclosing the ore minerals. 

The main stage of the HREE mineralisation is characterised by fine-grained xenotime 

occurring in quartz + F-rich muscovite alteration assemblage within highly brecciated zones 

and coarse-grained quartz-xenotime veins (Figs. 6-2B-C).  

 

(3) A post-ore mineral assemblage consisting mainly of multiple generations of quartz, 

hematite, barite and anhydrite within veins of up to 5 cm in width, that cross-cut the early stages 

of the paragenetic sequence. 

 

Previous U-Pb age dating of xenotime from a number of deposits/prospects from across the 

NAHREY mineral field has yielded mineralization ages of between ca. 1.65 and ca. 1.60 Ga 

(Vallini et al., 2007; Morin-Ka et al., 2016; Nazari-Dehkordi et al., 2018). Therefore, the 

mineralisation across the NAHREY mineral field occurred within a relatively narrow 50 m.y. 

timeframe.   

 

 
Fig. 6-2: Mineral assemblage associated with the HREE mineralisation and metasedimentary rocks. (A) 

Pre-ore coarse-grained muscovite and a syn-ore assembly of fine-grained muscovite and ore minerals; 

(B) Hydrothermal quartz-xenotime vein with very coarse-grained (1 mm) xenotime; (C) Dissemination 

of xenotime and florencite in hydrothermal quartz vein. Qtz = quartz; Xnt = xenotime; Flr = florencite; 

FG Mus = fine-grained muscovite; CG Mus = course-grained muscovite. 
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Sampling for fluid inclusion analysis 

 

Localities of the samples for fluid inclusion analyses are listed in Table 6-1. The opaque nature 

and relatively fine grainsize of the REE-bearing ore minerals hindered direct study of the fluid 

inclusions trapped within these phases. Therefore, hydrothermal quartz that displays a 

paragenetic association with the mineralisation was targeted for analysis. The investigated 

samples include two mineralised hydrothermal vein quartz samples from drill cores of the Area 

5 (sample A2-14) and Wolverine (sample W7-3) deposits (Figs. 6-3A-B), as well as 

mineralisation-barren hydrothermal vein quartz (sample W8; Fig. 6-3C) collected from an 

outcrop about 500 m east of the Wolverine orebody (see Fig. 6-1E). None of these samples was 

interrupted by post-depositional veining or fracturing. The barren quartz sample W8 shares a 

similar host structure and hydrothermal texture with the mineralised sample W7-3 from 

Wolverine. However, the precise timing of formation of the barren quartz vein is not known, 

leaving the possibility that this quartz could be syn-ore, or pre-/post-date the mineralisation. In 

either case, a comparison between the fluid inclusion assemblages present in the mineralised 

and barren samples can provide important constraints on the hydrothermal fluids involved in 

mineralisation. 

 
Table 6-1: Location and available fluid inclusion types in the studied samples  

Sample Deposit Easting Northing Depth FIs Type Ore 

 

W8 Wolverine 494124 7914636 Surface I Barren 
A2-14 Area 5 492231 7909976 135m I, II, III Mineralise

 W7-3 Wolverine 493695 7914741 41m I, II, III Mineralise

 *Coordinate system: UTM zone 52S. 

 

Doubly-polished ~0.2 mm thick sections of the three samples were prepared. After initial 

microscopic evaluation of the sections, cathodoluminescence (CL) imaging of several quartz 

grains containing abundant and representative fluid inclusions was conducted. These CL 

images were used to identify internal textures, and potential multi-stage growth zones in quartz 

that are not evident from standard optical microscope petrography. Association of these CL 

zones with the ore minerals was used to infer ore-related quartz-hosted fluid inclusions. Initial 

fluid inclusion analysis involved thorough fluid inclusion petrography including 

documentation of the fluid inclusion shapes, spatial distribution, fluid composition types, and 

vapour/liquid ratios. Detailed grain-scale maps showing all fluid inclusions as a function of 

depth within the section were prepared for each quartz grain (see Appendix 6-1). 
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Sampling for oxygen isotope analysis 

 

Thirty-four samples, including 4 xenotime, 24 quartz and 6 bulk-rock powders, were selected 

for oxygen isotope analysis. These samples are divided into three groups based on association 

with the mineralisation and sample type:  

 

(1) Ore-related samples (12 quartz and 4 xenotime) derived from ore-bearing veins and/or 

breccias of several HREE deposits/prospects (Wolverine, Boulder Ridge, Cyclops, Dazzler, 

and Iceman; see Fig. 6-1). Coexisting quartz and xenotime were sampled from 4 mineralised 

veins from Wolverine.  

 

(2) Seven quartz samples collected from outcrops as a ~500 m sampling traverse along the 

prominent WNW striking fault structure that hosts the Wolverine orebody (Figs. 6-1E-F). The 

sub-vertical structure cuts the BRM and consists largely of a zone of breccias and vein networks 

up to 5 metres wide with numerous splays and vein offshoots that extend into the BRM. The 

vein and breccia infill is predominantly coarse-grained hydrothermal quartz occasionally with 

hematite. Wolverine orebody lies at the western-most extent of the sampling traverse at, or 

adjacent to, the conjunction of the WNW and W-E faults. Here the brecciated ore samples are 

highly complex, containing high grade ore, rounded to sub-rounded clasts of the BRM, and 

interrelated hydrothermal quartz in the matrix (Fig. 6-1G). Further to the east away from the 

ore zone, the breccias consist principally of large (30 cm wide) angular clasts of the BRM 

enclosed within hydrothermal quartz. These large clasts occasionally contain traces of ore 

minerals, particularly florencite. Examination of the hand specimens revealed multiple 

generations of hydrothermal quartz veins of variable width, which can be generally classified 

as transparent and milky-coloured (Fig. 6-1H). Microprobe examination identified minor 

occurrences of ore minerals only in the transparent quartz vein. The structure terminates to the 

east with a poorly exposed silicified zone composed largely of hydrothermal quartz veins 

without any ore minerals. Based on the distribution of the ore minerals, the outcrops along the 

structure are variably mineralised, from the surface exposure of the Wolverine orebody through 

a barely mineralised zone to a silicified zone entirely barren of the mineralisation. All the 

outcrops are overprinted by the late quartz and hematite. We selected the least altered 

hydrothermal quartz samples along the structure (Fig. 6-1E) to investigate possible lateral 

variations in oxygen isotope composition along the structure, with one sample collected from 
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surface exposures of the Wolverine orebody and one sample with no traces of mineralisation 

collected from the silicified zone furthest from Wolverine. Five other samples represent slightly 

mineralised transparent quartz veins. 

 

(3) Four detrital quartz and five bulk-rock samples from the BRM, and one bulk-rock sample 

from the Birrindudu Group sandstones lying above the unconformity with the BRM.  

 

The samples were carefully washed in an ultrasonic bath to ensure complete removal of dust 

and associated contaminations, and then dried in an oven for 24 hours at 100 °C. Quartz and 

xenotime samples were subsequently lightly grounded in a small mortar, and then a minimum 

of 50 mg of the target mineral was manually handpicked under a binocular microscope. Whole-

rock samples were dried, crushed, split and then finely-milled using a ring mill. A minimum 

20 mg of the milled powder was used for analysis. 
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Fig. 6-3: Photographs of the hydrothermal quartz samples selected for fluid inclusion studies. (A) 

Mineralised sample A2-14 from Area 5 deposit; (B) Mineralised sample W7-3 from Wolverine deposit; 

(C) Barren sample W8 from Wolverine deposit; (D) A CL image of a mineralised quartz vein showing 

random distribution of ore minerals throughout both the dark and bright zonings; (E) Assembly of 

primary fluid inclusions; (F) Distribution of individual isolated fluid inclusions. Note that the fluid 

inclusions are at different depths. Qtz = quartz; Xnt = xenotime; Flr = florencite.  

 

 

Analytical Methods 

 

Cathodoluminescence (CL) imaging 

 

Cathodoluminescence images of the representative quartz grains from the fluid inclusion 

samples were obtained by a JEOL-JSM5410LV scanning electron microprobe equipped with 

a Robinson CL detector and photomultiplier at the Advanced Analytical Centre (AAC), James 

Cook University (JCU), Australia. Instrument operating conditions were set to an accelerating 
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voltage of 20 kV, a beam current of ~10 nA and acquisition time of 200 s. Samples were 

uncoated and the chamber was flushed with Ar. 

 

Fluid inclusion microthermometry  

 

Fluid inclusion microthermometry was carried out using an Olympus-BX51 microscope, 

attached to a Linkam-MDS600 heating-freezing stage, located at the Department of 

Geoscience, JCU. The sample was located within an insulated stage on a 10 mm diameter 

quartz lens, housed in a stainless steel ring, all of which was placed on a thick silver block that 

serves as a thermal resister for sample heating. Caution was taken to avoid any contact between 

the sample and the steel ring to prevent uneven heating. The temperature within the stage was 

controlled through interaction between a heating element and liquid nitrogen within the silver 

block. The temperature range of the instrument is –190 °C to +600 °C, and the precision and 

accuracy of the microthermometry measurements, based on standard calibration procedures, 

were estimated to be ±2 °C for homogenization temperatures and ±0.1 °C for final ice melting 

temperatures. The stage was calibrated with a standard synthetic CO2-H2O fluid inclusion at 

the triple points of CO2 (–56.6 °C) and H2O (0.0 °C). The following phase transitions were 

measured systematically during heating:   

 

(1a) Initial melting (H2O-NaCl-CaCl2): Tmi (antarcticite (aa) + hydrohalite (hh) + ice + vapour 

(vap) = liquid (liq) + hh + ice + vap). 

(1b) Initial melting (H2O-NaCl): Tmi (hydrohalite (hh) + ice + vapour (vap) = liquid (liq) + ice 

+ vap). 

(2) Final melting of ice: Tm (ice + liq + vap = liq + vap).  

(3) Homogenisation by the disappearance of the vapour bubble into the liquid phase: Th (liq + 

vap = liq).  

 

Initial melting (Tmi) and final ice melting measurements (Tm) were carried out on numerous 

fluid inclusions. The temperature was decreased to –100 °C at a rate of ca. 20 °C/min to assure 

complete freezing. Freezing was usually marked by a sudden contraction of the vapour bubble 

that occasionally turned a brown-orange colour during cooling, which is typical for the H2O-

NaCl-CaCl2 system (Zwart and Touret, 1994). The initial melting temperature measurements 

(Tmi) are imprecise, owing primarily to difficulty of observations at very low temperatures, 
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particularly for saline fluid inclusions with very low Tmi. This issue becomes more acute with 

the relatively small-sized fluid inclusions (<30 µm) studied here, as well as the possibility that 

the data may reflect metastable melting rather than eutectic melting (Bodnar, 2003). 

Nonetheless, the Tmi measurements, although imprecise, provide valuable insights into the 

composition of the ore-forming hydrothermal fluids. Hence, caution was taken to record the 

very first stage of melting. Final melting of ice was measured with a heating rate of 0.2 °C/min. 

For homogenization experiments (Th), the temperature was initially increased at a rate of 20 

°C/min until the vapour bubble nearly disappeared. Thereafter, the heating rate was reduced to 

0.5 °C/min to ensure accurate recording of homogenization. Salinities and densities of the fluid 

inclusions were calculated using the Microsoft Excel-based program of Steele-MacInnis et al. 

(2012) developed for the H2O-NaCl fluid system.  

 

Raman spectroscopy analysis 

 

Raman analyses of vapour, solid and liquid compositions of individual representative fluid 

inclusions were conducted at the AAC, JCU using a WITec Alpha Access 300 instrument 

connected to a modified Zeiss microscope with a 100 times objective. The Raman was 

equipped with a diode-generated 532 nm green laser. The focus diameter was approximately 2 

μm and the measurement time was 30 s with three accumulations. To correct for any influence 

from the matrix, analyses of the host mineral were performed under identical conditions and 

orientation. Data processing was done with WITec Project Data Analysis Software 4.1. The 

Raman database for fluid inclusions of Frezzotti et al. (2012) was used for qualitative 

evaluation. 

 

Fluid inclusion element analysis 

 

Elemental microanalysis of individual fluid inclusions was conducted by LA-ICP-MS at AAC, 

JCU, using a GeoLas 193-nm ArF Excimer laser ablation system coupled with a Bruker 

(formally Varian) 820-MS ICP-MS. Ablation was conducted in a custom-build large volume 

cell as described by Fricker et al. (2011) using high-purity He as the carrier gas, which was 

subsequently mixed with Ar prior to introduction into the ICP-MS. Analysis was carried out 

with a beam diameter of between 20 µm and 35 µm (depending on the inclusion size) and beam 

energy density on the sample of 10 J/cm2. The following analytes were collected: 23Na, 29Si, 
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31P, 35Cl, 39K, 44Ca, 57Fe, 89Y, 140Ce and 238U. NIST-SRM-610 glass was used as the bracketing 

external standard, using the reference values of Spandler et al. (2011), and MPI-DING glass 

T1-G and GSD-1G glass were used as secondary check standards for all elements. Analysis of 

the secondary standards compare well with the published values (see Appendix 6-2), 

demonstrating the accuracy of the analyses. Fluid inclusion element concentrations were 

quantified from raw signals using the software SILLS (Guillong et al., 2008), and involved 

deconvolution for fluid inclusion + host and host-only signals after calculation of background-

corrected count rates for each isotope. Internal standardization was performed using Na 

concentrations assumed to be equal to the average salinity determined for the respective fluid 

inclusion type based on microthermometry measurements. Owing to the small size, large 

salinity range, and analytical challenges of measuring quartz-hosted fluid inclusions by LA-

ICP-MS (e.g., Audetat and Pettke, 2003), trace element concentrations carry relative 

uncertainties of at least 30%. Despite the large uncertainty in absolute concentration, the 

relative concentrations of elements in each analysis are much better constrained, so that 

elemental ratios can be compared with greater confidence.  

 

Oxygen isotope analysis 

 

Oxygen isotope analysis was carried out at the Department of Geological Sciences, University 

of Cape Town, South Africa. Quartz and xenotime samples were analysed using laser 

fluorination methods described in detail in Harris and Vogeli (2010). The purified O2, formed 

from each sample reaction with 10 kPa BrF5, was collected onto a 5 Å molecular sieve 

contained in a stoppered glass storage bottle. Isotope ratios were measured using a Finnegan 

Mat Delta XP mass spectrometer in dual-inlet mode. All data are reported in the standard δ-

notation relative to Standard Mean Ocean Water (SMOW), where δ (‰) = ((R sample/R standard) 

– 1) × 1000, with R being the measured ratio (e.g., 18O/16O). Raw data were converted to the 

SMOW scale using the ratios obtained for duplicates of the internal standard MON GT (δ18O 

= 5.38 per mil) run with each batch of 10 samples. The long-term average difference in δ18O 

values of the 2 internal MONT-GT standards in each run is 0.11‰ (n = 216), corresponding to 

a 2σ value of 0.15‰. 
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Results 

 

Fluid inclusion petrography 

 

An important aspect of fluid inclusion studies on hydrothermal ore deposits is interpreting the 

relationship between the fluid inclusions and the mineralisation event (e.g., Roedder and 

Bodnar, 1997). This requires a careful sample selection and detailed petrographic study in order 

to identify fluid inclusion assemblages of primary origin representing the ore-forming 

hydrothermal fluid (e.g., Goldstein, 2003).  

 

A large number of primary and secondary fluid inclusions were identified in the studied quartz 

grains. These quartz grains derive from hydrothermal veins that are devoid of any other 

minerals (except xenotime and florencite in the mineralised samples), and show no evidence 

for disruption by later alteration. The CL images of the representative quartz grains reveal 

oscillatory zonation with variable luminescence intensity (Fig. 6-3D), which is commonly 

reported from hydrothermal quartz grains from a range of geological settings (e.g., Muller et 

al., 2010). The well-preserved oscillatory zonation within euhedral quartz grains also 

demonstrates undeformed nature of the studied samples (e.g., Muller et al., 2010; Fig. 6-3D). 

In some cases, a CL dark quartz generation is seen occupying the interstices between these 

euhedral quartz grains. Associated ore minerals are of variable size and are distributed 

randomly throughout the host quartz grains with no preferential association with any of the CL 

zones (Fig. 6-3). Therefore, the isolated fluid inclusions and irregularly distributed clusters of 

fluid inclusions hosted in intra-granular quartz (Figs. 6-3E-F) are interpreted to be primary in 

origin and related directly to ore mineral formation. These primary inclusions are the focus of 

this study. Fluid inclusions in trans-granular trails were considered as secondary inclusions 

(e.g., Roedder, 1984), and were not further studied here. 

 

A summary of the characteristics of the fluid inclusion types present in each grain is listed in 

Appendix 6-3. A complete list of the details of nearly 550 fluid inclusions analysed in this 

study is also available in Appendix 6-4. 
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Fluid inclusion types in the mineralised samples 

 

Using petrography (e.g., available phases), microthermometry and Raman analysis, three types 

of primary aqueous fluid inclusions were identified in the two mineralised samples (samples 

W7-3 and A2-14): (1) type I low salinity H2O-NaCl, (2) type II medium salinity H2O-NaCl 

and (3) type III high salinity H2O-NaCl-CaCl2. Raman spectroscopy analyses indicated that all 

of the inclusions are H2O rich (Figs. 6-4A-D), with no detectable CO2, CH4, or other C-bearing 

species (Fig. 6-4). A summary of the main characteristics of the different fluid inclusion types 

are provided in Table 6-2, with further information presented in Figs. 6-5, 6-6 and 6-7.  

 
Table 6-2: Characteristics of the different fluid inclusion types  

Type Composition Host Phase Tmi (°C) Tm (°C) Th (°C) 
Salinity 

(wt.% NaCl) 

Density 

(g/cm3) 

Mineralised         
Type I H2O-NaCl Quartz L-V±S -4.4 – -19 -0.1 – -6.5 99.1 – 272.3 0.2 – 9.9 0.76 – 1.0 
Type II H2O-NaCl Quartz L-V -13 – -21 -8.8 – -14.4 155.6 – 222.2 12.6 – 18.1 0.94 – 1.0 
Type III H2O-CaCl2-NaCl Quartz L-V±S -22.9 – -51.3 -0.5 – -25.8 102.7 – 241.2 0.5 – 25.8 0.87 – 1.1  
Barren         
Type I H2O-NaCl Quartz L-V -4.4 – -19 -0.1 – -6.5 99.1 – 350 0.2 – 8.5 0.63 – 0.94 

*Note that due to the lack of a next-to-last solid phase, accurate calculation of the salinity of the type 

III fluid inclusions was not possible. Instead, Tm was used to approximate the salinity. 

 

 

 

 

 

 

 



184 
 

 
Fig. 6-4: Representative Laser Raman spectra of fluid inclusions. (A) Spectrum for liquid phase of type 

I fluid inclusion (low salinity H2O-NaCl); (B) Spectrum for vapour phase of type I fluid inclusion; (C) 

Spectrum for liquid phase of type III fluid inclusion (high salinity H2O-CaCl2-NaCl); (D) Spectrum for 

vapour phase of type III fluid inclusion; (E) Spectrum for solid (florencite) phase of type III fluid 

inclusion; (F) Spectrum for xenotime associated with the ore; (G) Spectrum for ore-related florencite. 

Note that the solid phase in the type III fluid inclusion and florencite ore have comparable vibrational 

regions. 
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Fig. 6-5: Histogram of the Tm of the fluid inclusion types in the mineralised and barren samples.  
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Fig. 6-6: Histogram of the Th of the fluid inclusion types in the mineralised and barren samples.  
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Fig. 6-7: Histogram of the salinity of the fluid inclusion types in the mineralised and barren samples. 

Note that due to the lack of a next-to-last solid phase, precise calculation of the salinity of the type III 

fluid inclusions was not possible. Instead, the Tm was used as a rough estimation of the salinity.  
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Type I low salinity H2O-NaCl fluid inclusions  

 

The type I fluid inclusions consist primarily of H2O-bearing liquid + vapour phases, and 

account for nearly 70% of the total fluid inclusion population. These fluid inclusions vary in 

size from 5 to 20 μm, and show variable liquid/vapour ratios, which allows further subdivision 

into inclusions with small (~5 to ~10 vol.% of the inclusion) and large (~50 vol.% of the 

inclusion) vapour phases. These fluid inclusions usually occur in clusters, and locally as 

isolated inclusions and generally display negative-crystal, elliptical, and occasionally irregular 

morphologies (Figs. 6-3E-F). Only one of the type I fluid inclusions contained a tiny (~1 µm) 

solid phase. Solid phases are more common in the type III fluid inclusions (n = 5), as discussed 

below. Additionally, about 20 mono-phase liquid H2O-rich fluid inclusions were identified. 

These mono-phase fluid inclusions vary from 5 to 20 μm in size and have dominantly elliptical 

and minor irregular shapes, and share similar petrographic features with the two-phase fluid 

inclusions. However, these fluid inclusions were not used for microthermometry as melting 

temperatures measured in absence of a vapour phase cannot be used (e.g., Goldstein and 

Reynolds, 1994).  

 

Initial melting temperatures (Tmi) of around -20 °C were observed in relatively large type I 

fluid inclusions (Fig. 6-8A), whereas initial melting could only be observed at around -5°C for 

small fluid inclusions with low salinities. Final ice melting temperatures range between -0.1 

°C to -7 °C, corresponding to a salinity of lower than 10 (largely <5) wt.% NaCl. Type I low 

salinity H2O-NaCl fluid inclusions have a variable homogenisation temperatures (Th) of 

between 100 °C and 250 °C, largely clustering around 200 °C (Fig. 6-8). 

 

Type II medium salinity H2O-NaCl fluid inclusions  

 

The type II fluid inclusions (medium salinity H2O-NaCl) are composed of two phases (liquid 

+ vapour), both of which consist largely of H2O. These fluid inclusions are relatively rare, with 

only 10 inclusions (i.e., less than 2% of the total fluid inclusion population) analysed in this 

study. The type II fluid inclusions vary in size from 5 to 20 μm and show an overall constant 

liquid/vapour ratio of 2/1. These fluid inclusions occur individually as isolated inclusions in 

quartz, and demonstrate negative-crystal and elliptical shapes, and are petrographically 

indistinguishable from the type I low salinity H2O-NaCl fluid inclusions (Figs. 6-3E-F). 
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Nonetheless, the types I and II fluid inclusions can be discriminated based on 

microthermometry measurements. 

 

Initial melting and final ice melting for type II fluid inclusions, characteristically lower than 

those of the type I fluid inclusions, vary within a relatively narrow range from ca. -20 °C to ca. 

-15 °C, and from -8 °C to ca. -15 °C, respectively (Fig. 6-8A). These final ice melting 

temperatures correspond to a range of salinities from ca. 12 to ca. 18 wt.% NaCl, which are 

significantly greater than those of the type I fluid inclusions. The type II fluid inclusions are 

defined by a rather variable Th range between 150 °C and 220 °C, which is comparable to the 

type I fluid inclusions. 

 

 

 
Fig. 6-8: (A) Tm-Tmi and (B) Tm-Th relationships of the fluid inclusions in the mineralised and barren 

samples.  
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Type III high salinity H2O-NaCl-CaCl2 fluid inclusions  

 

These liquid-vapour±solid (florencite) fluid inclusions account for about 15% of the total fluid 

inclusion population and are exclusively present within the mineralised samples (samples A2-

14 and W7-3). The type III fluid inclusions vary in size from 10 to 30 μm and generally have 

negative-crystal or rounded shapes. Similar to the type I fluid inclusions (low salinity H2O-

NaCl), the vapour phase in these fluid inclusions is volumetrically variable, varying between 

~10 to ~40 vol.%. The fluid inclusions generally appear as two-phase (liquid + vapour) fluid 

inclusions. However, a tiny solid phase with a significant Raman peak at a wavenumber of 

~1090 cm-1 (Fig. 6-4E) was also identified (occupying about 5-10 vol.%) in 5 fluid inclusions 

with between 10 and 20 vol.% vapour. The two-phase fluid inclusions randomly occur 

throughout the host quartz either in clusters or as isolated individual inclusions. The three-

phase fluid inclusions only occur as isolated individual inclusions.  

 

The type III fluid inclusions characteristically display a brown-orange colour at freezing 

temperatures, which is typical for the H2O-NaCl-CaCl2 system (Goldstein and Reynolds, 1994; 

Zwart and Touret, 1994). The fluid inclusions show a Tmi ranging from ca. -25 °C to ca. -52 

°C. Accurate calculation of the fluid composition and salinity was not possible owing to the 

difficulties associated with the observation of the melting temperature of the next-to-last solid 

phase (e.g., hydrohalite). In the absence of CO2 (as confirmed by Raman spectroscopy), Tm can 

provide reliable estimates of salinity with the depression of the freezing point of water 

correlated with the content and type of salt (Shepherd et al., 1985). However, in the presence 

of Ca (and K), the salinity estimations based on Tm values likely have on the order of 5% 

uncertainty (Shepherd et al., 1985). The type III fluid inclusions have Tm of between -0.5 °C to 

-25 °C, corresponding to salinities from ~1 wt.% up to at least 25 wt.% NaCl. Further division 

based on salinity can divide type III fluid inclusions into “low” (<5 wt.% NaCl equivalent), 

“medium” (6-19 wt.% NaCl equivalent) and “high” (>19 wt.% NaCl equivalent) salinity fluid 

inclusions (Fig. 6-7). The observations that type III fluid inclusions lack halite and hydrohalite 

solid phases suggest that the H2O-CaCl2-NaCl fluid sits compositionally within the ice field 

(Fig. 6-9). Moreover, the type III fluid inclusions yielded Th values varying within a relatively 

narrow range between 100 °C and 250 °C, somewhat similar to those documented for the types 

I and II fluid inclusions (low and medium salinity H2O-NaCl), all derived from the same 

mineralised samples.    
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Fig. 6-9: Compositional fields of the hydrothermal fluid types on the H2O-NaCl-CaCl2 diagram. 

 

 

Fluid inclusion type in the mineralisation–barren sample  

 

Petrographic examinations combined with the microthermometry and Raman analyses, 

identified a different assemblage of primary fluid inclusions in the sample barren of 

mineralisation (sample W8). Fluid inclusions in this sample are composed of only two phases 

(liquid + vapour) with no trace of any solid phase. Raman spectroscopy analyses indicated no 

traces of any other component other than H2O and NaCl in these fluid inclusions. These 

inclusions are usually small, rarely exceeding 10 μm in size, but display an overall constant 

liquid to vapour ratio of 3:1. They typically have negative-crystal, elliptical, and rarely irregular 

shapes, and occur as both clusters and isolated inclusions in quartz (Figs. 6-3E-F). All of the 

primary fluid inclusions in this sample yielded microthermometry measurements rather 

comparable to those of the type I low salinity H2O-NaCl documented in the mineralised 

samples (Table 6-2; Figs. 6-5, 6-7 and 6-8). Initial and final melting temperatures of these 

inclusions vary from around -20 °C to -10 °C, and -0.1 to ca. -7 °C, respectively (Fig. 6-8A), 
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which corresponds to a narrow range of relatively low salinity from 0.2 to 5 wt.% NaCl. 

Nevertheless, the fluid inclusions in the mineralisation-barren sample are distinguished by their 

highly variable Th temperatures between ca. 100 °C and ca. 350 °C. 

 

Fluid inclusion elemental composition 

 

The elemental composition of 15 fluid inclusions covering all inclusion types from the 

mineralised and barren samples are presented in Table 6-3. Detection limits by the LA-ICP-

MS technique tend to be high due to the small size of most of the inclusions; therefore many 

elements were not measured above these detection limits. Nonetheless, the data demonstrate 

that the major cations in the fluid inclusions are Na and K, with Na/K ratio varying within a 

relatively narrow range from 4.1 to 6.7. Potassium and Na contents respectively range from 

~0.15 wt.% and ~0.8 wt.% in the type I low salinity fluid inclusions to nearly 1.7 wt.% and 8.6 

wt.% in the type III high salinity fluid inclusions (Fig. 6-10). No other elements were above 

the detection limits in the types I and II fluid inclusions. Some of the type III fluid inclusions 

were found to contain appreciable levels of Cl (2.4 to 6.3 wt.%), Ca (0.6 to 1.4 wt.%), Fe (0.04 

to 0.6 wt.%), U (0.2 to 161 ppm) and REE (Y+Ce = 0.8 to 2.3 ppm), with the highest REE (and 

U) content recorded from the most saline fluid inclusions. 

 
Table 6-3: Composition of the primary fluid inclusions 

Samples Type FI No Tm Th Salinity Na P Cl K Ca Fe Y Ce U Na/K 
A2-14 (ore-related) I  E K13 -1.2 250 2.1 0.79 <0.7 <6.5 0.1 <3.0 <0.20 <1.6 <1.8 <1.1 5.6 
W8 (Barren) I C_N10 -1.5 187.7 2.6 0.79 <0.8 <8.0 0.1 <3.5 <0.20 <1.6 <1.8 <1.1 5.4 
A2-14 (ore-related) I B_Y13 -2.8 250 4.6 1.97 <0.2 <1.6 0.3 <0.7 <0.04 <0.4 <0.4 <0.3 5.4 
A2-14 (ore-related) II A_O29 -10.1 155.6 14 3.93 <6.3 <6.4 0.9 <2.8 <1.51 <21.7 <17.6 <11.0 4.4 
A2-14 (ore-related) III B_AF19 -2.7 187.8 5.1 1.97 <3.4 <3.5 0.4 <1.5 <0.90 <11.6 <9.4 <5.9 4.9 
W7-3 (ore-related) III A_Z24 -6.1 171.9 10 3.93 <0.2 5.1 0.6 <0.9 <0.05 <0.7 <0.5 <0.3 6.6 
W7-3 (ore-related) III A_V54 -6.3 198.8 10.2 3.93 <0.4 6.4 1 <1.8 0.1 <1.2 <1.0 <0.6 4.1 
A2-14 (ore-related) III G_L12-2 -6.9 241.2 11 4.33 <0.1 3.5 0.7 1.2 <0.03 <0.4 <0.3 <0.2 6 
A2-14 (ore-related) III G_L12-2 -6.9 241.2 11 4.33 <0.2 3.5 0.8 0.9 0.2 <0.5 0.9 <0.3 5.1 
A2-14 (ore-related) III G_N25 -7.2 210 11.2 4.33 <0.0 4.8 0.8 0.8 <0.03 <0.2 <0.1 0.2 5.7 
W7-3 (ore-related) III A_P25 -7.5 198 11.5 4.33 <0.2 3.2 0.8 <0.9 0.1 1 <0.5 <0.3 5.1 
A2-14 (ore-related) III C_N17 -7.6 201 11.8 4.72 <0.1 4.4 0.7 0.6 0.05 <0.3 <0.2 <0.1 6.8 
A2-14 (ore-related) III G_K22 -9.2 185 13.3 5.11 <0.1 2.4 0.9 1.4 0.05 <0.2 0.8 <0.1 6 
W7-3 (ore-related) III H_L15 -19.1 168.8 20.2 7.87 <2.1 2.5 1.7 <9.5 0.7 <5.5 <4.5 <2.8 4.6 
A2-14 (ore-related) III G_L20-1 -24.5 174 22.8 8.65 <0.6 3 1.5 <2.6 <0.14 <1.9 2.3 161 5.7 

*Type I: Low salinity H2O-NaCl; Type II: Medium salinity H2O-NaCl; Type III: High salinity H2O-

CaCl2-NaCl. 

**All major elements are in wt.%, whereas the trace elements (Y, Ce and U) are in ppm.  

***bdl: below detection limit. 
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Fig. 6-10: Na versus K (in wt.%) plot for the three types of fluid inclusions. 

 

Oxygen isotope results 

 

Oxygen isotope data are presented in Table 6-4 and Figure 6-11. The δ18O values of ore-related 

quartz from Wolverine and several other HREE deposits/prospects range from +11.3 to 

+20.2‰. Quartz samples collected from the outcrops of the structure that hosts the Wolverine 

orebody have variable δ18Oquartz values ranging from +20.2‰ near to the orebody, to +10.3‰ 

for the mineralisation-barren quartz sample furthest from Wolverine (Fig. 6-1E).   

 

The δ18O values obtained for detrital quartz samples and bulk rock samples from the BRM 

(host rocks) display a limited variation in the range from +10.7 to +13.3‰, and +12.4 to 

+14.1‰, respectively. One sample of the Birrindudu Group sandstones returned a distinctively 

higher δ18O value of +16.9‰ (Fig. 6-11).  

 

The δ18O values of four quartz-xenotime pairs from Wolverine show a relatively limited 

variation from +14.6 to +17.2‰ for quartz, and from +6.3 to +7.3‰ for xenotime, which 

corresponds to a difference in δ18O between quartz and xenotime of +7.7 to +9.8. 
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Table 6-4: Oxygen isotope compositions. 

Location Deposit/prospect Sample No. Longitude Latitude Drill core Depth Type δ18Oqtz δ18Oxnt δ18Ofluid 2σ δ18Ofluid 
Ore-related quartz and xenotime           
Boulder Ridge Prospect BR1 545197 7827868 - Outcrop Ore-related  15.0  6.1 0.9 
Dazzler Prospect D3 490384 7902004 - Outcrop Ore-related  14.8  5.9 0.9 
Iceman Prospect I1 490746 7901660 - Outcrop Ore-related  14.8  5.9 0.9 
Cyclops Deposit C2 489782 7904619 - Outcrop Ore-related  12.6  3.7 0.6 
Wolverine Deposit W5-2 493508 7915069 BRWT0332W5 487.6 Ore-related  15.8  6.9 1.0 
Wolverine Deposit W5-4 493508 7915069 BRWT0332W5 503.1 Ore-related  11.3  2.4 0.4 
Wolverine Deposit W5-7 493508 7915069 BRWT0332W5 505.5 Ore-related  17.2 7.3 8.3 1.2 
Wolverine Deposit W7-2 493696 7914741 BRWD0007 36.5 Ore-related  14.6 6.8 5.7 0.9 
Wolverine Deposit W7-3 493696 7914741 BRWD0007 41.6 Ore-related  14.7 6.3 5.8 0.9 
Wolverine Deposit W14 n.a. n.a. n.a. n.a. Ore-related  15.3 7.3 6.4 1.0 
Wolverine Deposit W16-3 493599 7914773 BRWD0016 88.7 Ore-related  19.2  11.4 1.7 
Wolverine Deposit W324-3 493541 7914984 BRWT0324 384.8 Ore-related  20.3  6.1 0.9 
Wolverine ore hosting structure           
Wolverine Deposit W1 493723 7914708 - Outcrop Ore-related  20.2  11.3 1.7 
Wolverine Deposit W4 493796 7914690 - Outcrop Ore-related  16.2  7.3 1.1 
Wolverine Deposit W5 493850 7914682 - Outcrop Ore-related  15.2  6.3 0.9 
Wolverine Deposit W9 493852 7914677 - Outcrop Ore-related  16.1  7.2 1.1 
Wolverine Deposit W10 493872 7914660 - Outcrop Ore-related  13.9  5 0.8 
Wolverine Deposit W13 493967 7914637 - Outcrop Ore-related  17.8  8.9 1.3 
Wolverine Deposit W8 494125 7914636 - Outcrop Barren 10.3  1.4 0.2 
BRM            
Wolverine Deposit W16-1 493599 7914773 BRWD0016 47.8 Detrital Quartz 10.7  1.8 0.3 
Gambit Deposit G4-8 493210 7913635 BRGD0004 70.8 Detrital Quartz 12.7  3.8 0.6 
Gambit Deposit G5-1 493098 7913652 BRGD0005 11.2 Detrital Quartz 13.3  4.4 0.7 
Wolverine Deposit W7-1 493696 7914741 BRWD0007 22.1 Detrital Quartz 12.4  3.5 0.5 
Wolverine Deposit W5-1 493508 7915069 BRWT0332W5 441.2 Whole-rock 12.5  3.6 0.5 
Wolverine Deposit W5-10 493508 7915069 BRWT0332W5 529 Whole-rock 13.0  4.1 0.6 
Wolverine Deposit W5-12 493508 7915069 BRWT0332W5 545 Whole-rock 14.1  5.2 0.8 
Wolverine Deposit W5-13 493508 7915069 BRWT0332W5 550.7 Whole-rock 12.9  4 0.6 
Wolverine Deposit W16-4 493599 7914773 BRWD0016 103.5 Whole-rock 12.4  3.5 0.5 
Birrindudu Group sandstones           
Cyclops Prospect C1 489642 7904606 - Outcrop Whole-rock 16.9  8 1.2 

*The δ18Ofluid values were calculated based on δ18Oqtz and Th = 250 °C using equation of Clayton et al. 

(1972).  

**Qtz = quartz, Xnt = xenotime, BRM = Browns Range Metamorphics. 

***Uncertainty (2σ) is 0.15‰ of the δ18Ofluid value calculated based on the long-term average difference 

in δ18O values of the internal standards (see Analytical Methods).  
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Fig. 6-11: Oxygen isotope compositions of the ore-related and barren quartz separates and the 

metasedimentary/sedimentary rocks of the BRM and the Birrindudu Group sandstones. Note that the 

ore-related quartz separates are characterised by δ18Ofluid largely in the range defined by the BRM and 

the Birrindudu Group sandstones. The δ18Ofluid bars include 2σ.  

 

 

Discussion 

 

Characteristics of the ore-forming hydrothermal fluids 

 

The microthermometry dataset (Fig. 6-8) yielded comparable results for the mineralised 

samples derived from Wolverine (sample W7-3) and Area 5 (sample A2-14) deposits, despite 

the fact that Wolverine is distinctly xenotime rich whereas the Area 5 deposit is dominated by 

florencite. Therefore, the microthermometry dataset presented here can be used to effectively 

identify hydrothermal fluids involved in the HREE ore formation in the Browns Range Dome.  

 

The mineralised samples have fluid inclusions characterised with variable Tmi, Tm and Th, 

consistent with the occurrence of multiple distinct hydrothermal fluids of varying salinity, 
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composition and temperature. In particular, Tmi values define two arrays of fluid inclusions, 

one of which is characterised by Tmi values greater than ca. -20 °C, and one of which has Tmi 

in the range of -25 °C to -52 °C (Fig. 6-8A). The first array with relatively high Tmi values is 

consistent with having H2O-NaCl compositions (eutectic melting at -21.1 °C) with a wide range 

of Tm (Fig. 6-8), and hence salinity. A large portion of these inclusions yielded very low 

salinities (largely <5 wt.% NaCl) referred to here as type I low salinity H2O-NaCl fluid. These 

low salinity fluid inclusions are abundant in the mineralised samples and are the only fluid 

inclusion type identified in the sample barren of mineralisation. These fluid inclusions 

potentially record the circulation of meteoric water in the hydrothermal system, which is known 

to be of low salinity in nature and the most common type of fluid in most sedimentary basins 

(e.g., Seward and Barnes, 1997; Kharaka and Hanor, 2007). However, meteoric water alone is 

very unlikely to explain the high salinity H2O-NaCl fluid inclusions (up to ca. 18 wt.%) of the 

same array (Tmi ≥ -20 °C, Fig. 6-8A) in the mineralised samples. These are interpreted to 

represent traces of a distinct hydrothermal fluid, which is here labelled as type II medium 

salinity H2O-NaCl fluid. The relatively wide range of Tm, and hence salinity, observed in the 

type II fluid inclusions is due potentially to a variable mixing with meteoric water causing 

dilution and subsequently reduction in the salinity (e.g., Seward and Barnes, 1997).  

 

The second array of fluid inclusions has Tmi values that are distinctively lower than -21.1 °C 

(Fig. 6-8A) and, hence, are inconsistent with the H2O-NaCl system. These low Tmi values are 

commonly reported from H2O-CaCl2-NaCl (-52 °C), H2O-FeCl-NaCl (-37 °C), H2O-MgCl-

NaCl (-35 °C), and H2O-KCl-NaCl (-23 °C) systems (e.g., Crawford, 1981; Bodnar, 2003). 

Based on our elemental compositional dataset (Table 6-3), the large proportion of inclusions 

with <-40 °C Tmi, and the brown-orange colour visible during freezing (Zwart and Touret, 

1994), we favour the H2O-CaCl2-NaCl compositional system for all of the fluid inclusions that 

have Tmi lower than -25 °C, here classified as the type III high salinity fluid inclusions. The 

type III fluid inclusion population has significantly variable Tm values (Fig. 6-8) corresponding 

to a wide range of salinities from very saline (up to 25 wt.% NaCl, see Fig. 6-7) to very low 

(<5 wt.%) partially overlapping those of the meteoric water. The spatial distribution of the 

microthermometry data points conforms well to varying degrees of mixing between the end-

member high salinity H2O-NaCl-CaCl2 fluid and meteoric water (type I), resulting in formation 

of the type III fluid inclusions that have a broad range of salinity.  
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Collectively, the microthermometry dataset identified three distinct types of hydrothermal 

fluids including type I low salinity H2O-NaCl fluid (meteoric water) which underwent various 

degrees of mixing with the type II medium salinity H2O-NaCl fluid and type III high salinity 

H2O-NaCl-CaCl2 fluid. The estimated composition of all of the hydrothermal fluid types 

recognised in both the mineralised and barren samples can be expressed on the H2O-CaCl2-

NaCl ternary diagram (Fig. 6-9). Accordingly, the type I low salinity H2O-NaCl fluid 

inclusions documented in both mineralised and barren samples are located near the H2O apex, 

whereas the type II medium salinity H2O-NaCl fluid inclusions, present only in the mineralised 

samples, sit on the H2O-NaCl line near the hydrohalite field. The type II fluid inclusions are 

comparatively rare comprising only 10 out of 550 fluid inclusions analysed here, so the type II 

fluid may not have had a significant role in HREE ore formation. The type III high salinity 

H2O-NaCl-CaCl2 fluid inclusions, found only in the mineralised samples, fall into the ice field 

with the most saline inclusions plotting toward the CaCl2 apex. Compositionally-defined 

hydrothermal fluid types are also supported by our limited elemental analysis of a number of 

representative fluid inclusions (Table 6-3). Principally, the H2O-NaCl rich fluid inclusions 

(type I low salinity and type II medium salinity) have fairly simple compositions composed 

largely of Na and K. In contrast, the H2O-CaCl2-NaCl rich fluid inclusions (type III high 

salinity fluid) contain, in addition to elevated Na and K, appreciable quantities of Cl and also 

occasionally detectable Ca and to a lesser extent Fe. Additionally, the water rich nature of all 

the fluid types is confirmed by Raman spectroscopy showing H2O in liquid and vapour phases 

of various fluid inclusions. According to the elemental composition of the fluid inclusions (Fig. 

6-10), all three fluid inclusion types (types I and II with a H2O-NaCl composition, and type III 

with a H2O-CaCl2-NaCl composition) also contain appreciable amounts of K.  

 

Detailed petrographic investigations identified tiny solid phases only in the types I and III fluids 

within the mineralised samples, whose Raman spectra displays peaks at wavenumbers of ~1090 

cm-1 (Fig. 6-4E). These peaks are similar to those returned by a range of carbonates (see 

Frezzotti et al., 2012), but the fluid inclusions do not contain CO2, as shown by the Raman 

analyses, and carbonate minerals are entirely absent from the ore assemblage.  Therefore, a 

carbonate composition for the solid phases is deemed unlikely. Instead, we attribute these 

phases to be florencite, as the major Raman peak for florencite also occurs between 1000 and 

1100 cm-1  (Fig. 6-4G; Frost et al., 2013), and florencite is a major ore mineral (note, xenotime 

has a distinctly lower Raman peak at ~950 cm-1; Fig. 6-4F). We interpret these florencite 

daughter phases to be syn-ore florencite that was accidentally trapped during fluid inclusion 
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formation. This premise is consistent with their most common occurrence in the type III fluid 

inclusions. 

 

Trapping conditions of the hydrothermal fluids 

 

Microthermometry data can be used to constrain physical conditions during fluid entrapment 

(e.g., Dubessy et al., 2003; Boiron et al., 2010; Bons et al., 2014), although direct determination 

of the pressure-temperature conditions of the fluid entrapments from fluid inclusion data 

requires an independent estimate of either pressure or temperature. Widely-used are 

geothermometers that employ temperature sensitive oxygen isotope exchange between 

coexisting minerals, such as quartz-monazite, quartz-magnetite, and quartz-apatite. Xenotime 

and quartz are interpreted to have crystallized together in the studied mineralised samples, so 

their oxygen isotope compositions have the potential to provide an estimate for the trapping 

temperature, provided isotope fractionation factors are known. However, as discussed below, 

oxygen isotope fractionation factors for this mineral pair are unconstrained, so this approach 

could not be applied here. In the case of boiling, the homogenisation temperature would 

indicate the true trapping temperature (e.g., Bodnar et al., 1985; Wilkinson, 2001; Moncada et 

al., 2012). However, the fluid inclusion assemblages consist mainly of a mono-modal group of 

dominantly liquid-rich inclusions with relatively consistent liquid to vapour ratios, with no 

coexisting liquid-rich and vapour-rich inclusions. These features are inconsistent with boiling.  

 

As an alternative, we investigated mineral assemblages associated with the HREE 

mineralisation and the metasedimentary rocks of the BRM that host the orebodies. A significant 

feature of the pre-ore mineral paragenesis is the occurrence of a coarse-grained muscovite 

aligned in the pre-mineralisation foliation (Fig. 6-2A) that has been dated (Ar-Ar) to ca. 1720 

Ma (Nazari-Dehkordi et al., in review); this significantly predates the timing of the HREE ore 

formation (ca. 1.65 to ca. 1.60 Ga, Vallini et al., 2007; Morin-Ka et al. 2016; Nazari-Dehkordi 

et al., 2018). Consequently, the pre-ore muscovite has remained a closed system for Ar through 

the hydrothermal activity associated with the HREE mineralisation. Harrison et al. (2009) 

experimentally calculated an Ar closure temperature of 420 °C for muscovite, so this 

temperature represents the maximum possible fluid trapping temperature. Furthermore, based 

on the 3.5 to 6 km thick Birrindudu Group sandstones that unconformably overly the 

metasedimentary rocks of the BRM (host rocks), we calculated a lithostatic pressure of 0.9 to 
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1.6 Kbar, and a corresponding hydrostatic pressure of 0.4 to 0.6 Kbar, constraining the pressure 

to between 0.4 to 1.6 Kbar (Fig. 6-12).  

 

The mineralised samples contain all three types of fluid inclusions, which collectively have a 

range of Th values of between ~100 and ~250 °C (Fig. 6-6C). Such a wide variation in Th values 

is not expected of an isothermal fluid mixing process (e.g., Lecuyer et al., 1999; Derome et al., 

2003; Dubessy et al., 2003). Instead, the mineralised samples appear to record circulation of 

fluids of varying temperature, including probably two hot (~250 °C) medium and high salinity 

fluids (types II and III) and one cold low salinity fluid (~100 °C; type I), which subsequently 

mixed to form fluid inclusions with a wide range of Th values. A geothermal gradient of ~35 

°C/km, suggested by Gerner and Holgate (2010) for northern Tanami Region, corresponds to 

a temperature range of between 120 °C (3.5 km-thick Birrindudu Group) and 210 °C (6 km-

thick Birrindudu Group), which is entirely consistent with P-T constraints provided here (Fig. 

6-12). 

 

The trapping temperature of the type I low salinity H2O-NaCl fluid inclusions in the barren 

sample (with higher Th values), are between 350 °C (highest Th value) and 100 °C (lowest Th 

value). In regard to the trapping pressure, a hydrostatic pressure between 0.4 to 0.6 Kbar is 

plausible for reasonable geothermal gradients, whereas the higher lithostatic pressures are 

inconsistent with the 420 °C temperature limit defined by the pre-ore muscovite (Fig. 6-12). 

We speculate that the barren sample may indeed post-date the ore formation, and so formed 

under lower pressure conditions likely following the partial removal (by erosion or tectonics) 

of the overlying Birrindudu Group sandstones. Indeed, the wide range of Th values (100-350 

°C) combined with very limited variation in Tm and hence salinity, are inconsistent with 

occurrence of multiple fluids with distinct temperatures in the barren sample, but may record 

circulation and gradual cooling of a hot fluid (350 °C) in relatively shallow and cold 

environments which also resulted in formation of fluid inclusions with very low Th.  
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Fig. 6-12: The estimated trapping pressure-temperature diagram of the three types of fluid inclusions. 

Note that the type I fluid inclusions in the barren quartz may have formed at lower pressure following 

the erosion of the Birrindudu Group sandstones.  

 

 

Origin of the hydrothermal fluids 

 

The formation of the HREE deposits/prospects of the NAHREY mineral field was associated 

with mixing of ore-forming hydrothermal fluids that carried the required components for ore 

phosphate mineral (xenotime and florencite) formation (Nazari-Dehkordi et al., 2018). 

Considering the extremely low solubility of REE-P-complexes in hydrothermal systems 

(Williams-Jones et al., 2012; Migdisov et al., 2016), REE+Y and P were most likely transported 

by different hydrothermal fluids with contrasting sources. 

 

The association of Ce, Y and U exclusively with the type III fluid inclusions illustrates that 

transport of the ore metals and U was by saline hydrothermal fluid of H2O-CaCl2-NaCl 

composition. This premise is consistent with current understanding that hydrothermal transport 

of REE is greatly enhanced in Cl-bearing saline fluids (e.g., Williams-Jones et al., 2012). The 

hydrothermal source of P for ore formation is not so clear. None of the measured fluid 

inclusions contained detectable P content. However, P has a very high detection limit (around 

1 wt.%) in these analyses, and it is expected that the contents of P in the fluid would have been 
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relatively low at these conditions (<1000 ppm based on extrapolation of the results of 

Antignano and Manning (2008)). 

 

As discussed above, the fluid inclusions in the mineralised samples record the mixing between 

cold (~100 °C) and hot (~250 °C) hydrothermal fluids derived from different sources. 

Elemental compositions of the fluid inclusions combined with the isotopic and geochemical 

datasets of Nazari-Dehkordi et al. (2018) demonstrate transportation of ore metals by saline 

fluids derived from the BRM unconformably buried under a thick sedimentary sequence 

(Birrindudu Group sandstones). Accordingly, the saline fluids (type III H2O-CaCl2-NaCl fluid 

and potentially type II medium salinity H2O-NaCl fluid) represent the hot fluids, whereas the 

type I H2O-NaCl fluid represents cold meteoric water originated from the shallow depths of 

the sedimentary rocks of the Birrindudu Group, indicating a different source for P to that of ore 

metals as required for simultaneous transport of P and REE+Y. The identification of a tiny 

florencite solid phase in a type I fluid inclusion can provide further support for transportation 

of P by the type I low salinity fluid (meteoric water). Therefore, although precise determination 

of the P-bearing fluid is not possible, we assume that P was most likely transported by the type 

I low salinity H2O-NaCl fluid. 

 

To place further constraints on the possible origin of these ore-forming hydrothermal fluids, 

we also compared oxygen isotope composition of the ore-related quartz samples with that of 

the BRM (host rocks) and overlying Birrindudu Group sandstones. Using quartz-fluid isotope 

fractionation factors of Clayton et al. (1972) and our oxygen isotope compositions of the 

detrital quartz and whole-rock analyses (Table 6-4), and assuming a hydrothermal fluid T of 

250 °C (Fig. 6-12; see also Nazari-Dehkordi et al., 2018) we calculate that the hydrothermal 

fluids that leached the BRM (host rock) had δ18Ofluid values ranging from +1.8 to +5.2‰ (Fig. 

6-11). These values are distinctly lower than the calculated δ18Ofluid of putative hydrothermal 

fluid derived from the Birrindudu Group sandstones (δ18Ofluid = +8‰). The δ18Ofluid values 

derived from the ore-related quartz separates vary from +2.4‰ to +11.3‰, with the great 

majority overlapping with the δ18Ofluid range defined by both the BRM and the Birrindudu 

Group sandstones (Fig. 6-11), further supporting the premise that mineralisation involved 

significant contributions from fluids derived from both the BRM and the Birrindudu Group.   
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The role of fluid mixing in ore formation  

 

The microthermometry measurements demonstrated that the mineralisation-barren quartz only 

contained a single fluid inclusion type (type I fluid inclusions) highlighting the significant role 

of fluid mixing in ore formation. Further support for fluid mixing is provided by the occurrence 

of florencite solid phases, identified in a limited number of types I and III fluid inclusions, only 

in the mineralised samples. 

 

Fluid mixing along with boiling are indeed considered to be the most important physical 

processes affecting ore deposition in general (e.g., Wilkinson, 2001), the latter of which was 

not observed in the studied samples. Thus, our results are in contrary to the findings of Richter 

et al. (2018) who suggested that fluid boiling promoted ore formation at Wolverine. A boiling 

mechanism is associated with a drop in pressure (e.g., pressure release at high depth as a result 

of fracturing of the BRM, or complete removal of the overlying Birrindudu Group sandstone 

prior to ore formation or ore mineralisation before deposition of the overlying Birrindudu 

Group sandstones, and hence exposure of the ore-bearing fluids to near surface environments). 

However, field interpretations and age dataset from the mineralisation and the host rocks do 

not appear to support a low pressure environment for the ore formation. In fact, the BRM is 

underlain by a thick sedimentary sequence of the Birrindudu Group sandstones, and also the 

mineralisation appears on the unconformity itself, and also extends into the overlying 

Birrindudu Group sandstones (Fig. 6-1). These observations combined with the timing of the 

ore deposition across the NAHREY mineral field (ca. 1.65-1.60 Ga; Vallini et al., 2007; Morin-

Ka et al., 2016; Nazari-Dehkordi et al., 2018) that partially coincided with the formation of the 

Birrindudu Group sandstones (ca. 1.78-1.64 Ga, Crispe et al., 2007; Vallini et al., 2007), 

indicate that ore formation occurred under a thick sedimentary sequence. Therefore, these data 

rule out a near surface environment (e.g., ore formation after partial or complete removal of 

the overlying Birrindudu Group), and also suggest that even fracturing of the BRM, potentially 

during the doming of the BRD, would not lead to pressure release and so boiling, considering 

significant pressure imposed by the 3.5 to 6 km-thick Birrindudu Group overlying the BRM 

during the ore formation. Collectively, our fluid inclusion dataset combined with the age 

dataset reported from the NAHREY mineral field and also field observations support fluid 

mixing (rather than boiling) as the main physical trigger for ore formation.  
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Fluid mixing usually causes a change in temperature, acidity and redox properties (e.g., 

Wilkinson, 2001). As the experimental works have shown that REE form trivalent cations in 

both solid and aqueous states (Migdisov et al., 2016), so variation in redox conditions was 

unlikely to trigger ore deposition. Mixing of hydrothermal fluids of contrasting temperature as 

well as the association of the ore minerals with a widespread fine-grained muscovite 

crystallisation suggesting of an increase in pH, as described by Nazari-Dehkordi et al. (2018) 

(Fig. 6-2A), potentially contributed to the ore formation. Nonetheless, due largely to the 

extremely low solubility of the P and REE complexes in aqueous fluids, as discussed above, 

we suggest that introduction of P to the REE-bearing fluids resulted in immediate ore mineral 

formation.   

 

Applicability of available fractionation factors to quartz-xenotime pair  

 

The oxygen isotope composition of coexisting minerals with well-known fractionation factors 

(e.g., quartz-monazite, Breecker and Sharp, 2007; quartz-tourmaline, Slack and Trumbull, 

2011, quartz-garnet, Quinn et al., 2017) is particularly useful for geothermometry of 

metamorphic and hydrothermal systems. Although commonly reported from a variety of 

geological environment (e.g., sedimentary, diagenetic, magmatic, metamorphic), little effort 

has been made to calculate and employ the oxygen isotope composition of xenotime. Currently, 

the available data of quartz-xenotime oxygen isotope fractionations are limited only to the 

theoretical dataset reported by Zheng (1996). 

 

Employing the data derived from this study, we examine oxygen isotope fractionation between 

coexisting xenotime and quartz as a potential geothermometer. Assuming an ore formation 

temperature of 250 °C, as discussed above, the quartz–xenotime fractionation calculations of 

Zheng (1996) would return an oxygen isotope fractionation factor  (Δ(1000 ln α)) of around –0.9 

‰. The oxygen isotope fractionation factor, based on the quartz–xenotime fractionation 

calculations of Zheng (1996), shows limited change with temperature (Δ(1000 ln α) = –1.7, T = 

100 °C). In contrast, the Δ(1000 ln α) values calculated based on the δ18O values of xenotime (+6.3 

to +7.3‰) and coexisting quartz (+14.6 to +17.2‰) separates, using the fractionation factor 

formula of αqtz-xnt = 1000 ln [(1000 + δ18Oqtz) / (1000 + δ18Oxnt)], yields Δ(1000 ln α), in the range 

between +7.7 to +9.8 ‰; values that are very different from those calculated using the isotope 

fractionation parameterisation of Zheng (1996). These data indicate that the oxygen isotope 
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fractionations factors of Zheng (1996) cannot be used to calculate reliable temperatures from 

natural quartz-xenotime pairs. Nevertheless, the relatively large values of αqtz-xnt found here 

provides encouragement that oxygen isotope analysis of quartz-xenotime pairs may serve as 

an effective geothermometer, provided future experimental and empirical studies are 

conducted to establish the systematics of oxygen isotope exchange between xenotime and 

quartz over a range of temperatures.   

 

Conclusions 

 

The major findings of this study include: 

 

(1) Studies of fluid inclusions in quartz from HREE mineralised veins detected three types 

of hydrothermal fluids including type I low salinity H2O-NaCl (meteoric fluid), type II 

medium salinity H2O-NaCl, and type III high salinity H2O-CaCl2-NaCl. 

(2) The mineralised samples contain all three types of fluid inclusions, whereas the sample 

barren of mineralisation only contains type I fluid inclusions. 

(3) Microthermometry measurements show a relatively wide range of salinity for the types 

II and III fluids, potentially as a result of various degrees of mixing with the meteoric 

water (type I). 

(4) Ore metals were transported, at least partially, as Cl complexes by the type III fluid.  

(5) The δ18Ofluid values of the ore-related quartz separates suggest contribution from the 

Archean metasedimentary rocks of the BRM (host rocks) and the unconformably-

overlying Birrindudu Group sandstones. 
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Overview 

 

Extended from the east Kimberly Craton through to the Tanami Region, the North Australia 

HREE+Y (NAHREY) mineral field contains numerous structurally controlled HREE deposits 

and prospects of variable size and grade. As discussed in detail in this thesis, these 

deposits/prospects share remarkably similar geological setting, host rocks, ore mineralogy and 

ore-related alterations, incomparable to those documented from other well-studied REE 

orebodies. Combined with a proposed ore genesis model unique among REE ore models, these 

features inform on a new ore style, herein labelled “Unconformity-Related REE deposit”. This 

ore style composed only of ore phosphate minerals, is completely hydrothermal in origin and 

shows no demonstrable link to magmatic rocks. Ore-forming hydrothermal fluids, driven by 

far field stresses during large scale tectonic events (e.g., orogenies), leached the REE and 

phosphorous from metasedimentary or sedimentary rocks. Hydrothermal transportation of the 

REE was enhanced particularly by Cl- and F-bearing complexes. Ore deposition occurred along 

near-unconformity structures and major faults, following mixing of ore-forming hydrothermal 

fluids, one carrying REE and another one carrying P from contrasting sources. Associated with 

a pervasive syn-ore quartz-muscovite alteration assemblage, precipitation of the REE-bearing 

ore minerals required introduction of P and also neutralisation of acidic ore-forming 

hydrothermal fluids.  

 

In addition to the NAHREY mineral field, reports of a similar style of REE ore from Pine Creek 

Orogen, northern Australia, and Thelon and Athabasca Basins, Canada, demonstrate a global 

extent for the Unconformity-Related REE deposits. Exploration of such ore system involves 

approaches different from those traditionally employed for discovery of REE orebodies. The 

most important regional scale exploration vectors include: 

 

(1) Identification of ore-related structures: Most notable feature of this style of REE ore is 

a strong association with major structures spatially related to regional unconformities 

in the intracontinental sedimentary basins. Hence, the unconformity itself and 

associated structures, particularly at the conjunction of multiple faults, can be potential 

targets.  
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(2) Recognition of P-rich sedimentary rock units: This style of REE ore is composed 

exclusively of phosphate ore minerals. Therefore, sedimentary rocks containing 

abundant apatite or other P-bearing phases are ideal sources of phosphorous.  

 

(3) Determination of P-Ca-depleted sedimentary/metasedimentary rock units: The ore-

forming hydrothermal fluids leach the ore metals (REE) from a relatively large volume 

of metasedimentary rocks. Hence, the source rocks are not required to be remarkably 

rich in REE. However, these rocks must be depleted in P and Ca to avoid fluorite and/or 

apatite saturation that would greatly restrict REE mobility. Consequently, 

sedimentary/metasedimentary rock units unusually depleted in Ca and P can also be 

targeted.   

 

(4) Detection of U anomaly: REE are usually associated with anomalous concentrations of 

U, and occasionally Th, implying that remotely sensed radiometric surveys can also be 

employed for REE exploration. 

 

Future research 

 

Additional research is recommended on the following topics: 

 

(1) The research reported in this thesis further highlights the significant role of halogens 

(Cl, F) in leaching and transportation of REE to an economic grade. However, the 

ultimate source of these elements remains a question. Further research is required to 

provide insights into the source of halogens in the NAHREY mineral field.  

 

(2) The ore genesis model reported in this thesis defines the source of the ore metals and P 

for the HREE deposits/prospects of the Tanami Region, particularly for those hosted 

by the BRM and also for Longshot, hosted by the Birrindudu Group sandstones along 

structures spatially correlated to the BRD. More research is needed to determine the 

sources of REE and P for the John Galt prospect in the Halls Creek Orogen.  

 

(3) Fluid inclusion studies documented in this thesis, provide estimates on the P-T 

conditions of the ore mineralisation in the basement (BRM). However, the 
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mineralisation occurs on the unconformity itself, and also extends into the overlying 

sandstones (Birrindudu Group sandstones). Therefore, further fluid inclusion studies 

can inform on the physical conditions of the ore-forming hydrothermal fluids at 

shallower levels. 
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Appendix 2-1: Zircon U-Pb isotopic data 
 

U 
(ppm) 

Th 
(ppm) 

Th 
U 

207Pb 
206Pb ±1s  

207Pb 
235U ±1s  

206Pb 
238U ±1s  

207Pb 
206Pb  
age (Ma) ±1s  

207Pb 
235U  
age (Ma) ±1s  

206Pb 
238U  
age (Ma) ±1s 

Discordance 
(%) 

NM1 (BRM)                 
NM1_1* 39 16 0.4 0.2414 0.0027 21.50 0.2389 0.6463 0.0066 3129 18 3161 11 3213 25 0 
NM1_2 47 27 0.6 0.2261 0.0026 15.26 0.1707 0.4895 0.005 3025 18 2831 11 2568 21 -9 
NM1_3* 100 55 0.6 0.2405 0.0026 18.32 0.1989 0.5528 0.0055 3123 17 3007 10 2836 23 -6 
NM1_4 307 336 1.1 0.2213 0.0025 3.775 0.0415 0.1237 0.0012 2990 18 1587 9 752 7 -53 
NM1_5* 27 13 0.5 0.2402 0.0028 21.41 0.2422 0.6465 0.0066 3121 18 3157 11 3214 26 0 
NM1_7 170 196 1.2 0.2182 0.0024 7.159 0.0784 0.238 0.0024 2967 18 2131 10 1376 12 -35 
NM1_9 341 983 2.9 0.2063 0.0023 3.600 0.0396 0.1266 0.0013 2877 18 1549 9 768 7 -50 
NM1_10 292 577 2.0 0.1897 0.0025 2.739 0.0354 0.1048 0.0011 2739 22 1339 10 642 6 -52 
NM1_11 161 587 3.6 0.2496 0.0028 7.310 0.0815 0.2125 0.0021 3182 18 2150 10 1242 11 -42 
NM1_12* 109 116 1.1 0.2381 0.0026 15.94 0.1743 0.4856 0.0049 3107 17 2873 10 2551 21 -11 
NM1_13 419 767 1.8 0.1944 0.0025 1.707 0.021 0.0637 0.0007 2779 21 1011 8 398 4 -61 
NM1_14 59 38 0.6 0.2244 0.0025 16.16 0.1789 0.5225 0.0053 3012 18 2886 11 2710 22 -6 
NM1_15 314 419 1.3 0.2302 0.0026 4.538 0.0496 0.143 0.0014 3054 18 1738 9 861 8 -50 
NM1_16 223 243 1.1 0.2299 0.0027 5.125 0.0583 0.1617 0.0016 3052 18 1840 10 966 9 -48 
NM1_17 484 704 1.5 0.1915 0.0044 0.954 0.0206 0.0361 0.0005 2755 38 680 11 228 3 -66 
NM1_18* 94 61 0.6 0.2388 0.0027 12.51 0.1375 0.3801 0.0038 3112 18 2644 10 2076 18 -21 
NM1_19 24 40 1.7 0.1909 0.0042 5.744 0.1186 0.2182 0.0028 2750 35 1938 18 1272 15 -34 
NM1_21 300 748 2.5 0.2047 0.0023 4.919 0.0537 0.1743 0.0017 2864 18 1805 9 1036 9 -43 
NM1_22 282 440 1.6 0.2446 0.0029 0.465 0.0054 0.0138 0.0001 3150 19 387 4 88 1 -77 
NM1_23 142 537 3.8 0.1704 0.002 0.604 0.007 0.0257 0.0003 2562 20 480 4 163 2 -66 
NM1_24 516 1762 3.4 0.2272 0.0037 1.229 0.0191 0.0392 0.0004 3032 26 813 9 248 3 -69 
NM1_25 520 492 0.9 0.2091 0.0023 2.390 0.0263 0.0829 0.0008 2898 18 1239 8 513 5 -59 
NM1_26 239 377 1.6 0.252 0.0028 18.39 0.2003 0.5293 0.0053 3197 17 3010 10 2738 22 -9 
NM1_27* 133 282 2.1 0.2088 0.0024 5.416 0.0601 0.1882 0.0019 2896 18 1887 9 1111 10 -41 
NM1_28 48 25 0.5 0.2402 0.0027 20.18 0.2231 0.6095 0.0062 3121 18 3100 11 3068 25 -1 
NM1_29 551 840 1.5 0.1576 0.0118 0.310 0.0219 0.0143 0.0004 2430 21 274 17 91 2 -67 
NM1_30 396 330 0.8 0.2379 0.009 1.826 0.0631 0.0557 0.001 3106 58 1054 23 349 6 -67 
NM1_32 93 66 0.7 0.2241 0.0025 14.16 0.1568 0.4584 0.0046 3010 18 2760 10 2432 20 -12 
NM1_33 167 139 0.8 0.2315 0.0026 9.738 0.106 0.3051 0.0031 3063 17 2410 10 1716 15 -29 
NM1_34 241 355 1.5 0.2327 0.0026 6.480 0.0707 0.202 0.002 3071 17 2043 10 1186 11 -42 
NM1_35 172 294 1.7 0.1869 0.0023 1.920 0.0275 0.0745 0.001 2715 20 1088 10 463 6 -57 
NM1_36* 164 237 1.4 0.2368 0.0025 12.26 0.164 0.3758 0.0049 3098 17 2624 13 2056 23 -22 
NM1_37 1244 1016 0.8 0.1711 0.0019 0.558 0.0077 0.0237 0.0003 2567 19 450 5 151 2 -66 
NM1_38 157 354 2.3 0.2333 0.0026 0.426 0.0058 0.0132 0.0002 3075 18 360 4 85 1 -76 
NM1_39 647 938 1.4 0.184 0.002 1.530 0.0208 0.0603 0.0008 2689 18 942 8 378 5 -60 
NM1_40 650 805 1.2 0.1716 0.0019 2.975 0.04 0.1258 0.0016 2573 18 1401 10 762 9 -46 
NM1_41 139 98 0.7 0.2578 0.0028 17.20 0.23 0.4843 0.0063 3233 17 2946 13 2546 27 -14 
NM1_42 229 518 2.3 0.1374 0.0015 0.819 0.011 0.0432 0.0006 2195 19 607 6 273 3 -55 
NM1_43* 261 818 3.1 0.162 0.0018 0.612 0.0083 0.0274 0.0004 2477 19 484 5 174 2 -64 
NM1_44 282 224 0.8 0.242 0.0026 15.43 0.2057 0.4626 0.006 3133 17 2842 13 2451 26 -14 
NM1_45 438 662 1.5 0.2166 0.0035 3.680 0.0637 0.1233 0.0017 2955 26 1567 14 749 10 -52 
NM1_46 187 245 1.3 0.1654 0.0018 0.784 0.0106 0.0344 0.0004 2512 18 587 6 218 3 -63 
NM1_47 453 935 2.1 0.1565 0.0017 0.569 0.0077 0.0264 0.0003 2418 18 457 5 168 2 -63 
NM1_48 404 774 1.9 0.1491 0.0016 0.671 0.0091 0.0327 0.0004 2334 19 521 6 207 3 -60 
NM1_49 138 230 1.7 0.2407 0.0026 0.977 0.0132 0.0294 0.0004 3125 17 692 7 187 2 -73 
NM1_50 289 313 1.1 0.2403 0.0028 0.415 0.0058 0.0125 0.0002 3122 18 352 4 80 1 -77 
NM1_51 471 865 1.8 0.1957 0.0022 0.565 0.0077 0.021 0.0003 2791 18 455 5 134 2 -71 
NM1_52 149 418 2.8 0.1574 0.0017 0.541 0.0074 0.0249 0.0003 2428 19 439 5 159 2 -64 
NM1_53 193 484 2.5 0.182 0.002 0.931 0.0127 0.0371 0.0005 2671 18 668 7 235 3 -65 
NM1_54 266 307 1.2 0.1551 0.0017 1.069 0.0144 0.05 0.0006 2403 18 738 7 314 4 -57 
NM1_55 319 736 2.3 0.2063 0.0023 0.409 0.0056 0.0144 0.0002 2876 18 348 4 92 1 -74 
W5-1 (BRM)                               
W5-1_1* 49 26 0.5 0.2412 0.0027 19.78 0.2231 0.6105 0.0062 3121 18 3100 11 3069 25 -1 
W5-1_2* 169 190 1.1 0.2732 0.003 9.640 0.1255 0.3117 0.0031 3324 17 2584 10 1749 15 -32 
W5-1_3* 319 301 0.9 0.1999 0.0021 5.775 0.0563 0.1987 0.002 2825 17 1896 9 1168 10 -38 
W5-1_4* 439 316 0.7 0.2983 0.0031 6.205 0.0878 0.2118 0.0021 3461 16 2307 9 1237 11 -46 
W5-1_5* 489 705 1.4 0.186 0.002 2.339 0.0264 0.099 0.001 2707 17 1283 8 608 6 -53 
W5-1_7* 861 775 0.9 0.2023 0.0022 1.572 0.0225 0.0778 0.0008 2845 17 1172 7 483 5 -59 
W5-1_8* 452 539 1.2 0.2039 0.0021 4.596 0.047 0.1635 0.0016 2857 17 1748 8 976 9 -44 
W5-1_9* 66 50 0.8 0.2256 0.0024 15.42 0.1564 0.4829 0.0048 3021 17 2817 10 2540 21 -10 
W5-1_10* 120 140 1.2 0.1386 0.0015 1.507 0.0145 0.0736 0.0007 2209 18 892 6 458 4 -49 
W5-1_14* 183 187 1.0 0.2275 0.0024 12.17 0.1238 0.3882 0.0038 3034 17 2618 10 2114 18 -19 
W5-1_15* 112 140 1.3 0.1455 0.0016 0.8048 0.0115 0.0546 0.0005 2294 18 751 5 342 3 -54 
W5-1_16* 474 487 1.0 0.1929 0.002 3.553 0.0364 0.1335 0.0013 2767 17 1539 8 808 8 -47 
W16-4 (BRM)                               
W16-4_1* 231 572 2.5 0.166 0.0021 1.917 0.0219 0.075 0.0008 2518 21 1015 8 466 5 -54 
W16-4_2* 171 197 1.2 0.2192 0.0024 7.159 0.0784 0.239 0.0024 2968 18 2130 10 1377 12 -35 
W16-4_5* 747 962 1.3 0.2115 0.0023 3.312 0.0408 0.1205 0.0013 2917 18 1530 9 733 7 -52 
W16-4_7* 651 641 1.0 0.2039 0.0022 3.946 0.0455 0.1404 0.0015 2857 18 1623 9 847 8 -48 
W16-4_8* 168 140 0.8 0.2305 0.0026 9.338 0.106 0.3061 0.0031 3065 17 2412 10 1718 15 -29 
W16-4_9* 246 600 2.4 0.2094 0.0023 4.046 0.047 0.1401 0.0015 2901 19 1643 10 845 8 -49 
W16-4_10* 896 996 1.1 0.1205 0.0014 0.5514 0.0066 0.0332 0.0004 1963 20 446 4 210 2 -53 
W16-4_11* 95 62 0.7 0.2378 0.0027 11.71 0.1375 0.3811 0.0038 3110 18 2642 11 2075 18 -21 
W16-4_12* 94 67 0.7 0.2251 0.0025 14.16 0.1568 0.4594 0.0046 3009 18 2761 10 2431 20 -12 
W16-4_13* 344 495 1.4 0.1789 0.0019 3.137 0.032 0.1149 0.0012 2643 17 1365 8 701 7 -49 
W16-4_14* 646 665 1.0 0.1361 0.0015 2.668 0.0213 0.0995 0.0011 2178 19 1070 8 611 6 -43 
W16-4_15* 48 28 0.6 0.2291 0.0026 15.26 0.1707 0.4925 0.005 3024 18 2830 11 2567 21 -9 
W16-4_18* 110 117 1.1 0.2361 0.0026 15.14 0.1743 0.4866 0.0049 3105 17 2871 10 2550 21 -11 
W16-4_19* 60 39 0.7 0.2254 0.0025 16.56 0.1789 0.5325 0.0053 3011 18 2888 11 2709 22 -6 
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(Continued) 
 

U 
(ppm) 

Th 
(ppm) 

Th 
U 

207Pb 
206Pb ±1s  

207Pb 
235U ±1s  

206Pb 
238U ±1s  

207Pb 
206Pb  
age (Ma) ±1s  

207Pb 
235U  
age (Ma) ±1s  

206Pb 
238U  
age (Ma) ±1s 

Discordance 
(%) 

W324-7 (BRM)                               
W324-7_1* 634 972 1.5 0.114 0.0012 2.093 0.0204 0.1142 0.0013 1865 19 1043 7 697 7 -33 
W324-7_2* 149 126 0.8 0.2392 0.0027 20.49 0.2231 0.6105 0.0062 3119 18 3101 11 3070 25 -1 
W324-7_3* 223 438 2.0 0.2343 0.0024 7.376 0.0922 0.2533 0.0028 3082 17 2250 10 1455 14 -35 
W324-7_4* 94 67 0.7 0.2251 0.0025 14.76 0.1568 0.4594 0.0046 3007 18 2762 10 2429 20 -12 
W324-7_6* 791 977 1.2 0.1124 0.0012 1.839 0.0187 0.1058 0.0012 1838 19 985 7 648 7 -34 
W324-7_7* 166 138 0.8 0.2315 0.0026 9.238 0.106 0.3051 0.0031 3066 17 2408 10 1720 15 -29 
W324-7_8* 501 754 1.5 0.1834 0.0019 4.152 0.0479 0.1684 0.0019 2683 17 1684 9 1003 10 -40 
W324-7_9* 101 56 0.6 0.2415 0.0026 18.32 0.1989 0.5538 0.0055 3121 17 3001 10 2832 23 -6 
W324-7_10* 334 742 2.2 0.1417 0.0015 5.963 0.0485 0.2184 0.0024 2248 18 1686 9 1273 13 -24 
W324-7_12* 93 60 0.6 0.1607 0.0018 12.01 0.014 0.0526 0.0006 2463 19 784 6 330 3 -58 
W324-7_14* 373 690 1.8 0.1443 0.0016 2.981 0.0333 0.1398 0.0015 2279 19 1350 9 843 9 -38 
W324-7_15* 473 629 1.3 0.1563 0.0018 2.850 0.0341 0.1323 0.0014 2416 19 1369 9 801 8 -41 
W324-7_16* 148 553 3.7 0.1181 0.0014 1.673 0.0205 0.1027 0.0011 1928 21 998 8 630 6 -37 
W324-7_17* 498 702 1.4 0.1168 0.0013 2.407 0.0243 0.1247 0.0014 1907 20 1118 8 757 8 -32 
W324-7_20* 565 453 0.8 0.1511 0.0017 2.654 0.0315 0.1274 0.0014 2358 19 1315 9 773 8 -41 
G5-5 (BRM)                               
G5-5_2* 539 928 1.7 0.215 0.0031 1.660 0.0228 0.0459 0.0006 2943 23 872 10 289 4 -67 
G5-5_3* 92 65 0.7 0.2415 0.0026 10.15 0.106 0.3151 0.0031 3060 17 2408 10 1710 15 -29 
G5-5_4* 780 923 1.2 0.2702 0.0039 2.456 0.0453 0.0726 0.001 3307 22 1330 12 452 6 -66 
G5-5_5* 92 59 0.6 0.2488 0.0027 12.25 0.1375 0.3811 0.0038 3116 18 2640 10 2080 18 -21 
G5-5_7* 409 872 2.1 0.2663 0.0038 1.899 0.0333 0.0544 0.0007 3284 22 1115 11 342 5 -69 
G5-5_8* 177 453 2.6 0.2506 0.0066 7.086 0.1963 0.2195 0.0038 3188 41 2183 23 1279 20 -41 
G5-5_9* 769 868 1.1 0.1591 0.0018 3.480 0.025 0.1062 0.001 2550 18 1250 7 645 6 -48 
G5-5_10* 650 1357 2.1 0.2049 0.0029 2.753 0.0394 0.0833 0.0011 2865 23 1228 12 515 7 -58 
G5-5_13* 271 391 1.4 0.2356 0.0024 15.59 0.1564 0.4859 0.0048 3017 17 2813 10 2542 21 -10 
G5-5_14* 555 981 1.8 0.2253 0.0034 1.852 0.0282 0.0531 0.0007 3019 24 990 11 334 4 -66 
G5-5_16* 135 429 3.2 0.2199 0.0026 1.679 0.0583 0.1656 0.0016 3049 18 1845 10 969 9 -47 
G5-5_17* 575 925 1.6 0.2684 0.0039 2.229 0.0402 0.0656 0.0009 3296 22 1251 12 409 5 -67 
G5-5_20* 97 111 1.1 0.294 0.0043 5.325 0.0178 0.0265 0.0004 3439 22 741 8 168 2 -77 
G5-5_21* 507 978 1.9 0.2861 0.0034 1.282 0.019 0.0351 0.0004 3396 19 881 8 222 3 -75 
G5-5_22* 186 649 3.5 0.2861 0.0035 1.120 0.0162 0.0297 0.0004 3396 19 787 7 189 2 -76 
G5-5_30* 495 751 1.5 0.2013 0.0026 2.284 0.0271 0.068 0.0009 2837 21 1075 9 424 5 -61 
2ENM1 (Intrusive)                               
2ENM1_3 1228 1566 1.3 0.1245 0.0014 1.865 0.0259 0.1078 0.0014 2022 20 1069 9 660 8 -38 
2ENM1_4 150 88 0.6 0.2413 0.0025 18.62 0.2516 0.5436 0.0072 3129 17 3001 13 2798 30 -7 
2ENM1_5 681 577 0.8 0.2172 0.0024 6.688 0.0919 0.2216 0.0029 2960 17 2071 12 1290 15 -38 
2ENM1_6 543 760 1.4 0.1937 0.0022 4.338 0.0608 0.1612 0.0021 2774 18 1700 11 963 12 -43 
2ENM1_7* 601 247 0.4 0.1468 0.0016 5.513 0.076 0.2703 0.0036 2309 19 1902 12 1542 18 -19 
2ENM1_8 261 171 0.7 0.2788 0.0031 13.49 0.2091 0.3921 0.0052 3356 17 2827 13 2132 24 -25 
2ENM1_9* 56 29 0.5 0.2584 0.0028 17.96 0.2474 0.5003 0.0066 3237 17 2987 13 2615 28 -12 
2ENM1_10* 308 129 0.4 0.2802 0.0031 19.27 0.3061 0.5721 0.0075 3364 17 3195 13 2916 31 -9 
2ENM1_11 496 472 1.0 0.2316 0.0025 11.70 0.1665 0.3661 0.0052 3063 17 2580 13 2011 25 -22 
2ENM1_12 945 1508 1.6 0.1549 0.0015 3.067 0.0439 0.1435 0.0021 2400 18 1424 11 864 11 -39 
2ENM1_13 352 222 0.6 0.2165 0.0023 9.430 0.1343 0.3158 0.0045 2954 17 2380 13 1769 22 -26 
2ENM1_14* 138 107 0.8 0.2528 0.0027 19.18 0.2901 0.579 0.0083 3202 17 3100 14 2944 34 -5 
2ENM1_15* 553 225 0.4 0.2468 0.0026 20.00 0.287 0.5933 0.0085 3164 17 3101 14 3003 34 -3 
2ENM1_16 866 363 0.4 0.2118 0.0022 7.615 0.1082 0.2606 0.0037 2919 17 2186 13 1493 19 -32 
2ENM1_17 390 213 0.5 0.2603 0.0028 11.34 0.1759 0.3436 0.0049 3249 17 2630 13 1904 23 -28 
2ENM1_18* 128 45 0.4 0.2362 0.0025 21.12 0.302 0.6481 0.0093 3094 17 3144 14 3221 36 0 
2ENM1_19 870 368 0.4 0.2023 0.0021 7.398 0.1053 0.265 0.0038 2845 17 2161 13 1515 19 -30 
2ENM1_20 372 329 0.9 0.2518 0.0027 13.20 0.188 0.3801 0.0054 3196 17 2694 13 2076 25 -23 
2ENM1_21* 77 32 0.4 0.2387 0.0028 19.81 0.2887 0.6018 0.0083 3111 19 3082 14 3037 33 -1 
2ENM1_22* 305 120 0.4 0.1708 0.002 11.45 0.168 0.4989 0.0068 2565 19 2584 13 2609 29 0 
2ENM1_23 662 669 1.0 0.2154 0.0025 14.53 0.1925 0.4555 0.0062 2947 18 2717 13 2419 27 -11 
2ENM1_24 508 315 0.6 0.2346 0.0027 12.62 0.181 0.3904 0.0053 3083 18 2652 13 2124 25 -20 
2ENM1_25* 456 371 0.8 0.2274 0.0026 18.76 0.2502 0.5633 0.0077 3034 18 2971 14 2880 31 -3 
2ENM1_26 145 54 0.4 0.2403 0.0028 13.68 0.195 0.413 0.0056 3122 18 2728 13 2229 26 -18 
2ENM1_27* 211 124 0.6 0.2373 0.0028 20.77 0.298 0.6347 0.0087 3102 18 3127 14 3168 34 0 
2ENM1_28 365 433 1.2 0.2659 0.0031 8.781 0.1396 0.2668 0.0036 3282 18 2414 13 1524 18 -37 
2ENM1_29* 557 265 0.5 0.199 0.0023 8.958 0.1578 0.3994 0.0055 2818 19 2519 13 2166 25 -14 
2ENM1_30 556 761 1.4 0.2285 0.0088 6.372 0.2336 0.2023 0.0045 3041 60 2028 32 1187 24 -41 
2ENM1_31* 277 141 0.5 0.2635 0.0029 18.58 0.2662 0.5253 0.0071 3267 17 3046 13 2721 30 -11 
2ENM1_32* 739 318 0.4 0.1474 0.0016 6.141 0.0825 0.2924 0.0039 2316 19 1967 12 1653 19 -16 
2ENM1_33* 538 461 0.9 0.1397 0.0016 5.586 0.0743 0.2745 0.0037 2223 19 1866 12 1563 19 -16 
2ENM1_34 778 429 0.6 0.1549 0.0017 4.124 0.0652 0.2189 0.0029 2400 18 1762 12 1276 15 -28 
2ENM1_35 671 547 0.8 0.2552 0.0028 7.721 0.1073 0.2195 0.0029 3217 17 2199 12 1279 15 -42 
2ENM1_36* 166 51 0.3 0.2548 0.0028 18.81 0.266 0.5412 0.0073 3215 17 3042 13 2788 30 -8 
2ENM1_37* 185 97 0.5 0.1699 0.0019 5.459 0.0878 0.2671 0.0036 2557 18 2012 12 1526 18 -24 
2ENM1_38* 301 245 0.8 0.156 0.0018 3.652 0.0615 0.2023 0.0027 2413 19 1703 12 1188 15 -30 
2ENM1_39 287 280 1.0 0.2335 0.0026 15.88 0.2171 0.4843 0.0065 3076 17 2851 13 2546 28 -11 
2ENM1_40 207 99 0.5 0.2175 0.0024 9.651 0.1344 0.3218 0.0043 2962 17 2402 13 1798 21 -25 
M1 (Intrusive)                               
M1_1* 215 66 0.3 0.2269 0.0024 13.53 0.1664 0.4132 0.0052 3030 17 2675 12 2230 24 -17 
M1_2* 1220 1463 1.2 0.3157 0.0034 7.933 0.1183 0.212 0.0027 3549 16 2361 12 1239 14 -48 
M1_3* 153 117 0.8 0.2505 0.0027 10.15 0.1312 0.2939 0.0037 3187 17 2448 12 1661 18 -32 
M1_4* 560 523 0.9 0.2743 0.0029 8.872 0.1178 0.2424 0.0031 3331 17 2355 12 1399 16 -41 
M1_5* 779 742 1.0 0.2654 0.0028 6.936 0.0838 0.1786 0.0022 3279 17 2051 11 1059 12 -48 
M1_6* 709 214 0.3 0.2398 0.0026 13.35 0.171 0.4036 0.0051 3118 17 2704 12 2185 23 -19 
M1_7* 234 99 0.4 0.2308 0.0025 18.29 0.2351 0.5745 0.0073 3058 17 3005 12 2926 30 -3 
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(Continued) 
 

U 
(ppm) 

Th 
(ppm) 

Th 
U 

207Pb 
206Pb ±1s  

207Pb 
235U ±1s  

206Pb 
238U ±1s  

207Pb 
206Pb  
age (Ma) ±1s  

207Pb 
235U  
age (Ma) ±1s  

206Pb 
238U  
age (Ma) ±1s 

Discordance 
(%) 

M1 (Intrusive)                               
M1_9* 179 83 0.5 0.2591 0.0028 13.29 0.1851 0.4028 0.0051 3141 17 2776 12 2182 23 -21 
M1_11* 751 1287 1.7 0.3215 0.0035 9.040 0.1461 0.2489 0.0032 3577 17 2526 12 1433 16 -43 
M1_12* 320 118 0.4 0.27 0.0029 12.01 0.1737 0.352 0.0046 3106 17 2687 12 1944 22 -28 
M1_13* 290 175 0.6 0.1694 0.0019 8.536 0.1074 0.344 0.0045 2551 18 2235 12 1906 21 -15 
M1_14* 228 166 0.7 0.1923 0.0021 6.729 0.0826 0.2337 0.003 2762 18 2004 12 1353 16 -32 
M1_15* 297 358 1.2 0.2229 0.0024 14.47 0.1832 0.4477 0.0058 3002 17 2733 13 2385 26 -13 
M1_17* 287 162 0.6 0.2958 0.0032 11.51 0.183 0.3386 0.0044 3448 17 2737 13 1880 21 -31 
M1_18* 449 549 1.2 0.2675 0.0029 10.94 0.1557 0.3183 0.0041 3291 17 2584 12 1781 20 -31 
M1_19* 713 559 0.8 0.3024 0.0033 7.492 0.1085 0.1964 0.0025 3482 17 2252 12 1156 14 -49 
M1_20* 172 58 0.3 0.2659 0.0029 12.53 0.182 0.3744 0.0049 3082 17 2731 12 2050 23 -25 
M1_21* 383 143 0.4 0.2337 0.0025 15.88 0.2104 0.4929 0.0064 3077 17 2869 13 2583 28 -10 
M1_23* 302 181 0.6 0.2126 0.0023 11.49 0.133 0.3399 0.0044 2925 18 2431 12 1886 21 -22 
M1_24* 333 158 0.5 0.1656 0.0018 10.33 0.1357 0.4478 0.0058 2514 18 2455 12 2385 26 -3 
M1_26* 286 152 0.5 0.2719 0.0029 9.639 0.1354 0.2731 0.0035 3317 17 2456 12 1556 18 -37 
M1_28* 613 855 1.4 0.2675 0.0037 4.611 0.0614 0.1087 0.0015 3291 22 1636 12 665 8 -59 
M1_30* 720 205 0.3 0.2169 0.0024 11.14 0.1321 0.3323 0.0043 2958 17 2429 12 1849 21 -24 
N1 (Intrusive)                               
N1_1 269 99 0.4 0.2331 0.0026 12.79 0.1716 0.3979 0.005 3073 18 2664 13 2159 23 -19 
N1_2 462 202 0.4 0.2602 0.0029 11.28 0.1513 0.3144 0.004 3248 18 2546 13 1762 19 -31 
N1_3 241 196 0.8 0.2953 0.0033 9.936 0.1328 0.244 0.0031 3446 17 2429 12 1407 16 -42 
N1_4 470 400 0.9 0.311 0.0036 8.015 0.1088 0.1869 0.0024 3526 18 2232 12 1105 13 -50 
N1_6* 180 150 0.8 0.1551 0.0018 8.016 0.0949 0.3282 0.0042 2402 20 2113 12 1829 21 -13 
N1_7* 255 109 0.4 0.2355 0.0026 17.63 0.2357 0.543 0.0069 3089 18 2969 13 2796 29 -6 
N1_8 351 324 0.9 0.2263 0.0026 5.225 0.0706 0.1675 0.0021 3026 19 1856 12 998 12 -46 
N1_9* 231 113 0.5 0.2346 0.0026 18.17 0.2435 0.5617 0.0071 3084 18 2999 13 2874 30 -4 
N1_11 291 262 0.9 0.2475 0.0029 10.62 0.1496 0.3126 0.0041 3168 19 2490 13 1753 20 -30 
N1_12* 111 39 0.4 0.2606 0.0031 14.31 0.2163 0.428 0.0056 3250 19 2834 13 2296 25 -19 
N1_13* 261 219 0.8 0.196 0.0023 6.376 0.0914 0.2408 0.0032 2793 20 2042 12 1390 16 -32 
N1_14 627 1221 1.9 0.1653 0.0019 3.159 0.0448 0.1393 0.0018 2510 20 1447 11 840 10 -42 
N1_16* 79 32 0.4 0.1657 0.002 11.20 0.1602 0.4924 0.0065 2515 20 2540 13 2581 28 0 
N1_17* 176 105 0.6 0.2344 0.0027 17.57 0.2472 0.5462 0.0072 3082 19 2966 13 2809 30 -5 
N1_18 937 1332 1.4 0.1836 0.0022 2.877 0.0405 0.1142 0.0015 2686 20 1376 11 697 8 -49 
N1_19* 67 30 0.4 0.2477 0.003 17.53 0.2619 0.5393 0.0071 3170 19 3007 14 2780 30 -8 
N1_22* 187 82 0.4 0.2343 0.0026 20.76 0.2723 0.6428 0.0081 3082 18 3127 13 3200 31 0 
N1_23* 39 15 0.4 0.2318 0.0027 18.82 0.2554 0.5893 0.0075 3064 19 3032 13 2986 30 -2 
N1_24* 191 205 1.1 0.1729 0.0019 8.804 0.1163 0.3696 0.0046 2586 19 2318 12 2027 22 -13 
N1_25 459 388 0.8 0.2856 0.0032 12.40 0.1626 0.3151 0.0039 3394 17 2635 12 1766 20 -33 
N1_26 625 594 1.0 0.2885 0.0032 8.693 0.114 0.2187 0.0027 3409 17 2306 12 1275 14 -45 
N1_27* 96 71 0.7 0.1642 0.0018 11.84 0.1568 0.5235 0.0066 2499 19 2592 12 2714 28 0 
N1_29* 39 17 0.4 0.2377 0.0027 21.48 0.2887 0.6559 0.0083 3104 18 3160 13 3251 32 0 
N1_30* 240 89 0.4 0.2347 0.0026 21.20 0.2787 0.6557 0.0082 3084 18 3148 13 3250 32 0 
C1 (Gardiner Sandstone)                                
C1_1* 101 42 0.4 0.1074 0.0012 4.452 0.0508 0.3008 0.0032 1756 20 1722 9 1695 16 -2 
C1_2* 103 45 0.4 0.1061 0.0012 4.215 0.0485 0.2882 0.0031 1733 20 1677 9 1632 15 -3 
C1_3* 87 45 0.5 0.1035 0.0011 4.633 0.0535 0.3247 0.0035 1688 20 1755 10 1812 17 0 
C1_4* 277 170 0.6 0.1121 0.0012 2.464 0.028 0.1594 0.0017 1834 20 1261 8 953 9 -24 
C1_5* 488 311 0.6 0.1068 0.0011 1.829 0.0206 0.1242 0.0013 1746 20 1056 7 755 8 -29 
C1_6* 108 88 0.8 0.1189 0.0013 4.207 0.0495 0.2566 0.0028 1940 20 1675 10 1472 15 -12 
C1_7* 614 171 0.3 0.1204 0.0013 1.689 0.0196 0.1018 0.0011 1961 20 1004 7 625 6 -38 
C1_8* 69 37 0.5 0.1076 0.0012 5.093 0.0596 0.3434 0.0037 1759 20 1835 10 1903 18 0 
C1_10* 554 243 0.4 0.103 0.0011 1.784 0.0201 0.1257 0.0013 1679 20 1039 7 763 8 -27 
C1_11* 52 26 0.5 0.1113 0.0013 5.093 0.0611 0.3318 0.0035 1821 21 1835 11 1847 17 0 
C1_12* 87 60 0.7 0.1104 0.0013 4.814 0.0595 0.3163 0.0034 1806 22 1787 11 1771 17 -1 
C1_13* 97 65 0.7 0.11 0.0013 4.549 0.054 0.2998 0.0032 1800 21 1740 10 1690 16 -3 
C1_14* 121 86 0.7 0.1186 0.0014 5.149 0.061 0.3148 0.0034 1935 21 1844 10 1764 16 -4 
C1_15* 28 32 1.1 0.1123 0.0016 3.934 0.0555 0.2541 0.0028 1836 25 1620 11 1459 14 -10 
C1_16* 980 1055 1.1 0.137 0.0015 1.134 0.013 0.06 0.0006 2189 19 769 6 376 4 -51 
C1_17* 90 60 0.7 0.1129 0.0013 4.275 0.0509 0.2746 0.0029 1846 21 1688 10 1564 15 -7 
C1_18* 624 660 1.1 0.1282 0.0014 1.923 0.0222 0.1088 0.0012 2074 20 1089 8 665 7 -39 
C1_19* 33 23 0.7 0.1092 0.0014 4.685 0.0603 0.3111 0.0034 1786 23 1764 11 1746 16 -1 
C1_20* 77 75 1.0 0.1248 0.0015 3.891 0.0474 0.226 0.0024 2026 21 1612 10 1313 13 -19 
C1_21* 87 32 0.4 0.107 0.0012 5.009 0.0572 0.3395 0.0036 1734 21 1808 10 1873 18 0 
C1_22* 170 129 0.8 0.1263 0.0014 0.787 0.0315 0.0452 0.0017 2011 20 1331 9 950 10 -29 
C1_23* 39 32 0.8 0.1112 0.0017 3.714 0.1117 0.2423 0.0049 2378 19 2392 11 2408 22 0 
C1_24* 166 66 0.4 0.1143 0.0012 4.248 0.0396 0.2696 0.0025 1725 20 1520 9 1377 13 -9 
C1_25* 171 81 0.5 0.1091 0.0014 4.506 0.0364 0.2997 0.0019 2039 20 1436 9 1065 11 -26 
C1_26* 158 176 1.1 0.1184 0.0016 1.328 0.0693 0.0813 0.0032 2362 19 2000 10 1669 16 -17 
C1_27* 175 162 0.9 0.132 0.0016 4.149 0.0503 0.228 0.0023 2338 19 1711 9 1247 12 -27 
C1_28* 96 36 0.4 0.1166 0.0013 5.340 0.0699 0.3321 0.0039 1974 19 1989 10 2004 19 0 
C1_29* 113 102 0.9 0.1586 0.0018 10.64 0.1031 0.4865 0.0044 2480 18 2350 10 2202 20 -6 
C1_30* 461 457 1.0 0.1731 0.0014 9.051 0.0236 0.3793 0.0013 2039 19 1142 8 730 7 -36 
C1_31* 82 37 0.5 0.1075 0.0012 4.922 0.0576 0.3322 0.0035 1758 21 1806 9 1849 17 0 
C1_32* 1047 1349 1.3 0.1265 0.0014 0.749 0.0086 0.043 0.0004 2049 20 567 5 271 3 -52 
C1_33* 195 208 1.1 0.1113 0.0013 3.471 0.04 0.2264 0.0024 1820 21 1520 9 1315 12 -13 
C1_34* 130 67 0.5 0.1153 0.0013 4.219 0.049 0.2655 0.0028 1885 21 1677 9 1518 14 -9 
C1_35* 113 38 0.3 0.1093 0.0012 4.520 0.0523 0.3 0.0031 1788 21 1734 10 1691 16 -2 
C1_36* 325 449 1.4 0.1199 0.0014 1.331 0.0156 0.0806 0.0008 1955 21 859 7 499 5 -42 
C1_37* 268 80 0.3 0.1335 0.0015 4.238 0.0475 0.2304 0.0024 2144 19 1681 9 1336 12 -21 
C1_38* 16 14 0.9 0.1165 0.0018 5.341 0.0832 0.3327 0.0037 1903 28 1875 13 1851 18 -1 
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(Continued) 
 

U 
(ppm) 

Th 
(ppm) 

Th 
U 

207Pb 
206Pb ±1s  

207Pb 
235U ±1s  

206Pb 
238U ±1s  

207Pb 
206Pb  
age (Ma) ±1s  

207Pb 
235U  
age (Ma) ±1s  

206Pb 
238U  
age (Ma) ±1s 

Discordance 
(%) 

C1 (Gardiner Sandstone)                               
C1_39* 29 16 0.6 0.1594 0.0019 10.58 0.1273 0.4816 0.0051 2449 20 2487 11 2534 22 0 
C1_40* 116 57 0.5 0.1745 0.0019 9.916 0.1108 0.4123 0.0043 2601 18 2427 10 2225 20 -8 
C1_41* 136 34 0.3 0.1097 0.0012 3.530 0.0391 0.2337 0.0023 1795 20 1534 8 1353 12 -12 
C1_42* 376 389 1.0 0.1164 0.0013 1.866 0.0205 0.1165 0.0011 1901 20 1069 7 710 6 -34 
C1_43* 41 26 0.6 0.1118 0.0013 5.135 0.0592 0.3335 0.0033 1829 21 1842 8 1855 16 0 
C1_44* 319 184 0.6 0.1228 0.0014 2.018 0.0222 0.1194 0.0012 1997 20 1121 7 727 7 -35 
C1_45* 100 79 0.8 0.1103 0.0013 3.446 0.0387 0.227 0.0023 1803 21 1515 9 1319 12 -13 
C1_46* 102 46 0.5 0.1611 0.0018 6.366 0.0689 0.287 0.0028 2467 19 2027 9 1626 14 -20 
C1_47* 79 34 0.4 0.1437 0.0016 8.698 0.0946 0.4397 0.0044 2272 19 2307 10 2349 20 0 
C1_48* 145 126 0.9 0.1267 0.0015 1.532 0.0177 0.0878 0.0009 2053 21 943 7 542 5 -43 
C1_49* 68 29 0.4 0.1236 0.0014 6.185 0.0693 0.3636 0.0036 2008 20 2002 10 1999 17 0 
C1_50* 126 174 1.4 0.1989 0.0023 4.618 0.0523 0.1686 0.0017 2817 19 1752 9 1004 9 -43 
C1_51* 128 140 1.1 0.1709 0.0019 6.734 0.0725 0.2857 0.0028 2567 19 2077 9 1620 14 -22 
C1_52* 208 267 1.3 0.1277 0.0014 3.361 0.0364 0.1908 0.0018 2067 20 1495 8 1126 10 -25 
C1_53* 127 110 0.9 0.1152 0.0013 3.220 0.0356 0.2028 0.002 1882 20 1462 8 1190 11 -19 
C1_54* 96 91 0.9 0.1632 0.0018 7.566 0.0823 0.3363 0.0033 2488 19 2181 10 1869 16 -14 
C1_55* 182 140 0.8 0.1149 0.0013 3.440 0.0378 0.2172 0.0021 1878 21 1513 10 1267 11 -16 
C1_56* 49 22 0.4 0.151 0.0017 8.650 0.096 0.4155 0.0041 2357 20 2302 10 2240 18 -3 
C1_57* 95 43 0.5 0.1142 0.0013 4.465 0.0505 0.2835 0.0028 1867 21 1724 9 1609 14 -7 
C1_58* 425 428 1.0 0.1165 0.0013 2.127 0.0234 0.1323 0.0013 1904 20 1157 8 801 7 -31 
C1_59* 76 25 0.3 0.177 0.002 11.69 0.1254 0.4791 0.0047 2624 18 2580 10 2523 20 -2 
C1_60* 66 45 0.7 0.1092 0.0013 3.940 0.0457 0.2618 0.0026 1785 22 1622 9 1499 13 -8 

*Analyses used for age calculations. Note that the ages reported from the metasedimentary samples 

W5-1, W324-7, W16-4 and G5-5 were calculated based on all the analyses. Similar approach was used 

to calculate the ~2.5 Ga and ~3.1 Ga ages of the intrusive sample M1, and the ~2.5 Ga ages of the 

intrusive samples N1 and 2ENM1. However, for the ~3.1 Ga age of the intrusive samples N1 and 

2ENM1 along with the metasedimentary sample NM1 only concordant and near concordant ages were 

counted. Discordance = (1-(1-206Pb/238U/207Pb/235U))*100.  
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Appendix 3-1: Analytical conditions for EPMA measurement of white mica 
    Count time (sec.) 
Element Standard Line Channel Peak Background 
Na Na2O Kα TAP 20 10 
Fe FeO Kα LIF 20 10 
Ca CaO Kα PETH 20 10 
Si SiO2 Kα TAP 20 10 
K K2O Kα PETJ 20 10 
Al Al2O3 Kα TAP 20 10 
Mn MnO Kα LIF 20 10 
Cl Cl Kα PETH 20 10 
Mg MgO Kα TAP 20 10 
Ti TiO2 Kα LIF 20 10 
F F Kα TAP 20 10 
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Appendix 3-2: Sample locations  
 No. Prospect/deposit Rock type Drill core Depth (m) Easting Northing 
 40Ar/39Ar       
1 A2-4 Area 5 BRM BRAD0002 84.5 492231.3 7909977 
2 A2-22 Area 5 BRM BRAD0002 159.1 492231.3 7909977 
3 W16-1 Wolverine BRM BRWD0016 47.8 493599.4 7914772 
4 W324-7 Wolverine BRM BRWT0324 441.6 493541.1 7914983 
5 W5-4 Wolverine BRM BRWT0332W5 503.2 493508.1 7915069 
6 W5-6 Wolverine BRM BRWT0332W5 505.2 493508.1 7915069 
7 W5-8 Wolverine BRM BRWT0332W5 510.6 493508.1 7915069 
 Uranium-Pb       
1 B1 Banshee Ore - Surface 492363 7903981 
2 W5-7 Wolverine Ore BRWT0332W5 505.8 493508.1 7915069 
3 W5-5 Wolverine Ore BRWT0332W5 504.6 493508.1 7915069 
4 W5-2B Wolverine Ore BRWT0332W5 487.6 493508.1 7915069 
5 W5-3 Wolverine Ore BRWT0332W5 490.3 493508.1 7915069 
6 W5-6B Wolverine Ore BRWT0332W5 505.1 493508.1 7915069 
7 W7-3B Wolverine Ore BRWD0007 41.6 493695.9 7914741 
8 W2 Wolverine Ore - Surface 493723 7914707 
9 W324-2 Wolverine Ore BRWT0324 372.9 493541.1 7914983 
10 C2 Cyclops Ore - Surface 489782 7904619 
11 D3 Dazzler Ore - Surface 490384 7902004 
12 I1 Iceman Ore - Surface 490746 7901660 
13 A2-14 Area 5 Ore BRAD0002 135.1 492231.3 7909976 
14 L1 Longshot Ore - Surface 480968 7905671 
15 BR1 Boulder Ridge Ore - Surface 526100 7808681 
16 J1 John Galt Ore - Surface 417650 8087517 
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Appendix 3-3: 40Ar/39Ar analytical results  
F39 Laser Power (Mw) Peak36 Err36 Peak37 Err37 Peak38 Err38 Peak39 Err39 Peak40 Err40 Age (Ma) Age Err 
Sample W5-4              
0.055482 100 2.13E-02 1.83E-03 4.87E-02 9.12E-03 3.27E-02 3.05E-03 5.17E+00 1.48E-02 3.13E+03 5.13E+00 1657.405 3.586 
0.217884 200 1.89E-02 1.56E-03 8.40E-02 6.99E-03 4.84E-02 3.76E-03 1.51E+01 3.57E-02 9.73E+03 1.58E+01 1725.333 3.181 
0.492258 300 2.14E-02 2.22E-03 1.34E-01 5.38E-03 8.21E-02 3.90E-03 2.56E+01 5.43E-02 1.69E+04 3.13E+01 1760.162 3.163 
0.844304 400 2.24E-02 2.76E-03 1.86E-01 6.83E-03 1.26E-01 3.95E-03 3.28E+01 1.02E-01 2.18E+04 4.41E+01 1760.776 4.162 
0.993086 600 1.48E-02 1.28E-03 1.42E-01 6.11E-03 1.59E-01 4.16E-03 1.39E+01 3.80E-02 9.07E+03 2.19E+01 1745.471 4.088 
0.996343 800 -4.29E-04 1.47E-03 6.90E-02 9.09E-03 1.82E-02 1.92E-03 3.04E-01 3.28E-03 1.79E+02 1.42E-01 1631.073 11.91 
0.99692 1000 2.95E-04 1.30E-03 -5.40E-03 6.92E-03 1.31E-03 1.86E-03 5.38E-02 3.21E-03 3.48E+01 5.80E-02 1731.345 67.614 
0.997623 1200 -1.49E-04 1.36E-03 -1.13E-02 6.50E-03 1.79E-03 1.69E-03 6.55E-02 3.11E-03 4.28E+01 6.10E-02 1746.17 54.181 
0.99835 1400 -1.50E-03 9.98E-04 -6.98E-03 1.05E-02 1.10E-03 1.65E-03 6.78E-02 3.74E-03 4.57E+01 6.47E-02 1790.585 62.991 
0.999186 1600 -1.44E-04 1.29E-03 -1.52E-02 7.91E-03 4.61E-04 2.45E-03 7.79E-02 3.34E-03 5.04E+01 7.35E-02 1735.409 48.499 
0.999502 1800 1.18E-03 1.46E-03 -1.12E-02 6.66E-03 1.67E-03 1.77E-03 2.94E-02 3.34E-03 1.68E+01 2.40E-02 1577.511 122.548 
0.999775 2000 3.48E-03 2.16E-03 -5.53E-05 1.09E-02 6.14E-03 1.76E-03 2.55E-02 3.20E-03 1.19E+01 2.58E-02 1305.74 128.97 
0.999948 2400 4.07E-04 1.48E-03 -3.54E-03 6.32E-03 1.81E-03 1.87E-03 1.61E-02 3.60E-03 9.78E+00 2.33E-02 1647.946 246.046 
1.000094 2800 3.67E-03 1.47E-03 -6.24E-03 6.76E-03 3.48E-03 1.95E-03 1.36E-02 2.96E-03 7.98E+00 1.99E-02 1477.245 228.991 
1.000051 3200 1.25E-03 1.21E-03 -9.73E-04 4.91E-03 -5.28E-04 1.96E-03 -3.95E-03 2.54E-03 1.21E+00 9.52E-03 -1358.04 1570.144 
1 4000 -2.42E-03 1.34E-03 2.47E-03 5.23E-03 -2.22E-03 2.03E-03 -4.78E-03 2.82E-03 1.45E-01 9.41E-03 -1072.27 1099.231 
Mass=1 J=0.00249582 +/- 0.0000211079; Total gas age= 1746.49 +/- 9.651  

 
(Continued) 

F39 Laser Power (Mw) Peak36 Err36 Peak37 Err37 Peak38 Err38 Peak39 Err39 Peak40 Err40 Age (Ma) Age Err 
Sample W5-8              
0.135298 100 1.72E-02 1.54E-03 4.26E-02 8.63E-03 2.55E-02 3.93E-03 8.56E+00 2.50E-02 5.14E+03 9.62E+00 1646.967 3.748 
0.490699 200 2.00E-02 9.78E-04 1.03E-01 1.01E-02 6.60E-02 4.08E-03 2.25E+01 6.29E-02 1.44E+04 2.86E+01 1721.05 3.804 
0.812096 300 1.02E-02 1.58E-03 7.61E-02 9.77E-03 9.70E-02 3.25E-03 2.03E+01 4.87E-02 1.31E+04 2.50E+01 1726.842 3.405 
0.967258 400 9.23E-03 1.48E-03 3.67E-02 7.11E-03 6.87E-02 2.90E-03 9.81E+00 2.36E-02 6.27E+03 1.22E+01 1713.931 3.431 
0.991951 600 3.44E-03 2.20E-03 1.17E-02 5.24E-03 2.91E-02 1.33E-03 1.56E+00 4.84E-03 1.01E+03 1.84E+00 1723.444 4.06 
0.996155 800 1.81E-04 1.34E-03 7.53E-03 8.24E-03 4.00E-04 2.36E-03 2.66E-01 5.51E-03 1.76E+02 1.66E-01 1752.037 23.407 
0.997866 1000 -1.98E-03 1.44E-03 2.14E-03 1.12E-02 -1.85E-03 2.54E-03 1.08E-01 4.54E-03 7.09E+01 6.88E-02 1752.763 47.554 
0.9987 1200 4.16E-05 2.03E-03 3.26E-03 9.64E-03 -5.26E-04 2.43E-03 5.28E-02 3.92E-03 3.65E+01 4.48E-02 1804.705 86.754 
0.999476 1400 5.05E-04 1.48E-03 4.80E-03 9.37E-03 -1.14E-03 2.39E-03 4.91E-02 3.74E-03 3.55E+01 5.08E-02 1851.286 89.514 
0.999666 1600 2.01E-03 1.61E-03 -2.83E-03 8.99E-03 -3.24E-03 2.39E-03 1.20E-02 4.78E-03 7.87E+00 3.63E-02 1656.062 437.048 
0.999716 1800 1.07E-03 2.52E-03 5.55E-03 7.81E-03 1.51E-04 1.80E-03 3.18E-03 3.57E-03 3.26E+00 1.40E-02 2156.499 1448.437 
1 4000 2.21E-02 2.48E-03 1.51E-03 8.61E-03 1.19E-02 2.22E-03 1.80E-02 4.12E-03 1.69E+01 7.22E-01 1608.615 265.833 
Mass=1 J=J=0.00248391 +/- 0.0000211219; Total gas age= 1712.374 +/- 9.594  

 
(Continued) 

F39 Laser Power (Mw) Peak36 Err36 Peak37 Err37 Peak38 Err38 Peak39 Err39 Peak40 Err40 Age (Ma) Age Err 
Sample W5-6              
0.126235 100 7.00E-03 2.64E-03 5.02E-03 9.29E-03 3.25E-02 1.62E-03 2.31E+00 5.94E-03 1.37E+03 2.09E+00 1631.947 3.269 
0.445461 200 3.28E-03 2.02E-03 5.85E-03 1.05E-02 2.72E-02 1.91E-03 5.85E+00 1.28E-02 3.75E+03 5.65E+00 1721.43 2.944 
0.930832 300 1.46E-03 2.36E-03 2.96E-02 7.62E-03 3.05E-02 2.68E-03 8.90E+00 1.79E-02 5.77E+03 8.55E+00 1733.643 2.79 
0.991637 400 -1.34E-03 1.99E-03 -1.59E-02 8.41E-03 9.26E-03 2.24E-03 1.12E+00 6.93E-03 6.95E+02 4.82E-01 1692.452 6.925 
0.992493 600 -3.16E-03 1.94E-03 -2.47E-02 7.68E-03 -1.26E-03 1.62E-03 1.57E-02 2.78E-03 1.14E+01 2.50E-02 1954.515 218.924 
0.993326 800 1.86E-03 1.94E-03 6.31E-03 7.45E-03 7.63E-03 2.13E-03 1.53E-02 2.59E-03 6.23E+00 1.64E-02 1182.813 171.027 
0.994217 1000 2.16E-03 1.58E-03 7.35E-03 9.69E-03 5.79E-03 1.63E-03 1.63E-02 2.67E-03 6.28E+00 2.07E-02 1120.011 152.839 
0.995325 1200 1.92E-03 1.28E-03 2.57E-02 1.04E-02 6.24E-03 1.78E-03 2.03E-02 3.08E-03 7.76E+00 1.43E-02 1141.61 135.945 
0.996179 1400 5.95E-04 1.52E-03 1.86E-02 8.17E-03 7.14E-03 1.72E-03 1.57E-02 2.43E-03 5.40E+00 1.22E-02 1091.084 145.129 
0.996873 1600 -1.85E-04 1.85E-03 1.22E-02 9.37E-03 8.11E-03 2.22E-03 1.27E-02 2.45E-03 5.47E+00 1.86E-02 1321.033 202.713 
0.998469 1800 9.80E-03 1.82E-03 1.07E-02 9.33E-03 2.27E-02 1.44E-03 2.93E-02 2.00E-03 2.30E+01 2.71E-02 1801.407 83.413 
0.999074 2000 3.60E-03 2.46E-03 1.15E-02 8.33E-03 1.87E-02 1.83E-03 1.11E-02 2.36E-03 1.48E+01 1.91E-02 2541.969 298.262 
0.999462 2400 6.15E-03 1.89E-03 1.24E-02 5.76E-03 1.43E-02 1.45E-03 7.10E-03 2.60E-03 8.50E+00 1.91E-02 2179.501 474.405 
0.999686 2800 7.18E-03 1.84E-03 2.17E-02 6.48E-03 9.41E-03 1.75E-03 4.12E-03 2.27E-03 6.81E+00 1.60E-02 2425.28 752.353 
0.999881 3200 1.05E-03 1.54E-03 2.34E-03 4.84E-03 5.55E-03 1.76E-03 3.57E-03 2.27E-03 4.79E+00 1.22E-02 2558.088 882.413 
1 4000 1.96E-03 1.78E-03 1.34E-02 5.62E-03 1.61E-03 1.71E-03 2.19E-03 2.64E-03 9.42E-01 5.61E-03 624.019 995.077 
Mass=1 J=0.00249208 +/- 0.0000211316; Total gas age= 1713.974 +/- 9.56 
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(Continued) 
F39 Laser Power (Mw) Peak36 Err36 Peak37 Err37 Peak38 Err38 Peak39 Err39 Peak40 Err40 Age (Ma) Age Err 
Sample W324-7              
0.066802 100 7.66E-03 2.37E-03 -1.46E-02 9.40E-03 1.40E-02 2.72E-03 2.20E+00 6.83E-03 1.40E+03 1.88E+00 1701.856 3.768 
0.216198 200 2.54E-03 2.37E-03 5.56E-03 9.85E-03 1.36E-02 2.08E-03 4.92E+00 1.73E-02 3.18E+03 4.89E+00 1719.124 4.255 
0.587602 300 3.81E-03 1.99E-03 2.62E-02 8.60E-03 3.89E-02 1.96E-03 1.22E+01 3.26E-02 8.01E+03 1.20E+01 1732.837 3.405 
0.979497 400 1.88E-03 2.06E-03 3.11E-02 9.19E-03 1.66E-01 3.42E-03 1.29E+01 3.94E-02 8.29E+03 1.20E+01 1710.811 3.735 
0.99862 600 -4.32E-04 2.66E-03 -2.15E-02 8.45E-03 4.20E-02 1.58E-03 6.29E-01 4.46E-03 4.08E+02 2.42E-01 1722.555 8.166 
0.999126 800 -1.33E-03 1.60E-03 -3.59E-03 6.84E-03 7.38E-03 2.01E-03 1.67E-02 4.05E-03 9.05E+00 2.21E-02 1575.668 260.551 
0.999251 1000 -5.36E-04 1.85E-03 7.74E-03 1.17E-02 2.80E-03 2.26E-03 4.10E-03 2.89E-03 4.44E+00 1.22E-02 2388.679 947.825 
0.999424 1200 -1.11E-03 1.64E-03 -1.10E-02 5.65E-03 1.22E-03 1.86E-03 5.69E-03 2.86E-03 1.97E+00 1.75E-02 1245.256 489.823 
0.999643 1400 -5.21E-04 1.72E-03 -2.60E-03 5.09E-03 1.94E-03 2.15E-03 7.21E-03 3.31E-03 3.31E+00 1.84E-02 1407.928 471.421 
0.999568 1600 -1.39E-03 2.03E-03 -3.77E-03 5.67E-03 -1.28E-03 2.27E-03 -2.46E-03 3.27E-03 1.37E+00 1.42E-02 -30534.3 5615.343 
0.999601 1800 2.61E-03 1.74E-03 1.09E-02 1.04E-02 -3.99E-03 2.34E-03 1.10E-03 2.72E-03 1.26E+00 1.27E-02 1330.987 2544.97 
0.999594 2000 -2.52E-03 1.40E-03 1.22E-02 1.15E-02 -2.01E-03 2.20E-03 -2.41E-04 2.69E-03 8.13E-01 8.82E-03 -5.3E+09 21487.99 
0.999694 2400 6.90E-04 1.41E-03 1.30E-02 1.14E-02 -1.14E-03 1.55E-03 3.30E-03 2.43E-03 2.33E+00 1.37E-02 1714.461 844.929 
0.999872 2800 1.97E-03 1.34E-03 1.57E-02 1.10E-02 -3.58E-04 2.22E-03 5.85E-03 2.51E-03 1.23E+00 9.64E-03 431.346 288.825 
0.999927 3200 1.12E-04 1.23E-03 -4.45E-03 4.79E-03 1.15E-06 1.28E-03 1.81E-03 2.15E-03 1.09E+00 1.29E-02 1603.459 1312.223 
1 4000 3.49E-04 8.79E-04 -3.41E-03 4.27E-03 -1.90E-03 1.37E-03 2.40E-03 2.55E-03 1.28E-01 1.07E-02 45.459 472.096 
Mass=1 J=0.00246217 +/- 0.0000209339; Total gas age= 1719.804 +/- 9.654 

 
(Continued) 

F39 Laser Power (Mw) Peak36 Err36 Peak37 Err37 Peak38 Err38 Peak39 Err39 Peak40 Err40 Age (Ma) Age Err 
Sample A2-22              
0.081408 100 5.74E-02 1.41E-03 3.91E-02 5.88E-03 6.53E-02 3.48E-03 9.97E+00 2.20E-02 6.18E+03 9.87E+00 1667.763 2.965 
0.315194 200 7.33E-02 2.33E-03 1.31E-01 8.26E-03 8.95E-02 4.82E-03 2.86E+01 6.40E-02 1.82E+04 2.97E+01 1699.292 3.045 
0.656863 300 3.21E-02 6.50E-04 1.96E-01 5.09E-03 9.51E-02 4.55E-03 4.18E+01 8.28E-02 2.79E+04 4.71E+01 1751.966 2.914 
0.946427 400 2.00E-02 1.32E-03 1.85E-01 9.35E-03 1.13E-01 7.21E-03 3.55E+01 6.02E-02 2.37E+04 4.14E+01 1751.534 2.733 
0.978794 600 3.62E-04 2.56E-03 1.93E-02 1.02E-02 3.07E-02 3.27E-03 3.96E+00 6.82E-03 2.63E+03 4.08E+00 1744.669 2.611 
0.983247 800 -1.28E-04 2.21E-03 2.11E-02 1.01E-02 4.18E-03 1.30E-03 5.45E-01 6.31E-03 3.02E+02 2.31E-01 1550.065 12.272 
0.985526 1000 3.02E-04 1.32E-03 9.00E-03 9.97E-03 5.03E-03 1.39E-03 2.79E-01 1.86E-03 1.33E+02 7.97E-02 1396.67 7.102 
0.989387 1200 -1.44E-03 1.71E-03 1.04E-02 8.46E-03 2.98E-03 1.98E-03 4.73E-01 4.27E-03 2.46E+02 1.51E-01 1489.195 9.399 
0.993456 1400 -1.34E-04 1.41E-03 1.21E-02 6.96E-03 7.06E-03 1.73E-03 4.98E-01 1.33E-03 2.60E+02 1.50E-01 1488.504 3.206 
0.995742 1600 -9.43E-04 1.43E-03 3.05E-03 6.99E-03 4.54E-03 1.87E-03 2.80E-01 2.87E-03 1.35E+02 1.65E-01 1413.343 10.585 
0.99826 1800 -6.80E-04 1.64E-03 2.21E-03 7.02E-03 1.09E-03 1.99E-03 3.08E-01 2.86E-03 1.53E+02 1.21E-01 1441.074 9.742 
0.998851 2000 6.77E-04 1.72E-03 4.99E-05 9.05E-03 9.16E-04 1.33E-03 7.23E-02 2.94E-03 4.06E+01 5.02E-02 1561.467 44.568 
0.999526 2400 1.81E-03 1.34E-03 -5.83E-03 7.43E-03 1.25E-04 1.77E-03 8.27E-02 2.47E-03 4.19E+01 5.68E-02 1446.689 31.282 
0.999972 2800 2.42E-04 1.09E-03 -1.24E-02 8.92E-03 2.42E-03 1.72E-03 5.47E-02 2.59E-03 3.02E+01 2.10E-02 1546.675 50.494 
1 3200 -1.47E-03 1.33E-03 3.81E-04 5.30E-03 -1.65E-03 1.61E-03 3.41E-03 2.31E-03 1.98E+00 1.72E-02 1820.193 799.258 
1 4000 -2.48E-03 1.40E-03 9.19E-03 7.67E-03 -1.24E-03 1.26E-03 2.03E-05 2.84E-03 3.14E-01 1.54E-02 8748.793 250738.6 
Mass=1 J=0.00245947 +/- 0.0000209101; Total gas age= 1727.284 +/- 9.566 
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Appendix 3-4: EPMA analyses of pre- and syn-ore muscovite 
Paragenesis Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore 
Sample No NM1_2  NM1_3  NM1_4  NM1_5  NM1_6  NM1_7  NM1_8  NM1_9  NM1_10  NM1_11  NM1_12  NM1_14  NM1_17  NM1_18  
SiO2 49.94 48.88 49.39 49.87 50.21 48.75 49.24 49.81 48.27 51.25 50.02 49.65 49.95 49.70 
TiO2 0.05 0.06 0.07 0.03 0.03 0.02 0.01 0.07 0.00 0.02 0.07 0.04 0.08 0.01 
Al2O3 31.74 33.96 32.64 30.90 30.98 32.48 32.72 31.46 32.57 30.82 31.95 32.63 32.85 31.88 
FeO  0.56 0.56 0.70 0.72 0.41 0.93 0.67 0.53 0.65 0.39 0.54 0.59 0.38 0.65 
MnO 0.04 0.02 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.03 
MgO 3.00 2.03 2.63 3.23 3.15 3.01 3.02 3.13 2.89 3.26 2.94 2.71 2.44 2.82 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na2O 0.16 0.20 0.22 0.18 0.12 0.24 0.21 0.18 0.19 0.13 0.20 0.20 0.16 0.20 
K2O 11.39 11.51 11.32 11.53 11.45 11.33 11.35 11.30 11.29 11.43 11.54 11.54 11.46 11.20 
F (%) 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
Cl (%) 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
Total 96.9 97.2 97.0 96.5 96.4 96.8 97.2 96.5 95.9 97.3 97.3 97.4 97.4 96.5 
               
Si 6.52 6.37 6.45 6.55 6.59 6.40 6.42 6.53 6.38 6.65 6.51 6.46 6.48 6.51 
Ti 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 
Al 4.88 5.21 5.02 4.79 4.79 5.02 5.02 4.86 5.08 4.71 4.90 5.00 5.02 4.92 
Al iv 1.48 1.63 1.55 1.45 1.41 1.60 1.58 1.47 1.62 1.35 1.49 1.54 1.52 1.49 
Al vi 3.41 3.58 3.47 3.34 3.38 3.42 3.44 3.39 3.46 3.36 3.41 3.46 3.50 3.44 
Fe 0.06 0.06 0.08 0.08 0.05 0.10 0.07 0.06 0.07 0.04 0.06 0.06 0.04 0.07 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Mg 0.58 0.39 0.51 0.63 0.62 0.59 0.59 0.61 0.57 0.63 0.57 0.53 0.47 0.55 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.04 0.05 0.06 0.05 0.03 0.06 0.05 0.05 0.05 0.03 0.05 0.05 0.04 0.05 
K 1.90 1.91 1.89 1.93 1.92 1.90 1.89 1.89 1.90 1.89 1.92 1.92 1.90 1.87 
Total (cation) 14.00 14.00 14.01 14.04 13.99 14.07 14.04 14.00 14.05 13.96 14.02 14.02 13.97 13.99 

 
(Continued) 

Paragenesis Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore 
Sample No NM1_19  W5-1_2  W5-1_4  W5-1_6  W5-1_7  W5-1_9  W5-1_11  W5-1_12  W5-1_13  W5-1_14  W5-1_15  W5-1_16  W5-1_20  
SiO2 49.32 47.11 46.98 46.49 46.92 47.67 46.83 50.12 46.77 46.96 46.99 47.74 48.63 
TiO2 0.03 0.14 0.04 0.15 0.06 0.18 0.10 0.04 0.16 0.11 0.16 0.09 0.08 
Al2O3 32.83 33.56 33.59 34.05 33.94 32.66 33.27 31.88 33.37 33.00 33.26 32.48 32.79 
FeO 0.73 1.91 1.92 1.91 1.96 1.95 1.95 1.24 1.90 1.86 2.00 1.83 1.63 
MnO 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.03 0.00 0.05 0.03 0.00 
MgO 2.92 1.37 1.36 1.27 1.28 1.49 1.49 1.86 1.44 1.40 1.42 1.66 1.67 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 
Na2O 0.23 0.41 0.38 0.39 0.37 0.28 0.34 0.24 0.39 0.40 0.35 0.30 0.29 
K2O 11.43 11.16 11.00 11.02 10.99 11.19 11.25 11.20 10.61 11.01 11.05 11.22 11.07 
F (%) 0.07 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl (%) 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.02 0.01 0.00 0.01 
Total 97.5 95.7 95.3 95.3 95.5 95.4 95.2 96.6 94.7 94.7 95.3 95.4 96.2 
              
Si 6.41 6.28 6.29 6.23 6.26 6.37 6.28 6.57 6.29 6.32 6.29 6.38 6.42 
Ti 0.00 0.01 0.00 0.02 0.01 0.02 0.01 0.00 0.02 0.01 0.02 0.01 0.01 
Al 5.03 5.28 5.30 5.37 5.34 5.14 5.26 4.92 5.29 5.23 5.25 5.12 5.10 
Al iv 1.59 1.72 1.71 1.77 1.74 1.63 1.72 1.43 1.71 1.68 1.71 1.62 1.58 
Al vi 3.44 3.56 3.58 3.60 3.60 3.51 3.54 3.49 3.57 3.55 3.55 3.50 3.53 
Fe 0.08 0.21 0.21 0.21 0.22 0.22 0.22 0.14 0.21 0.21 0.22 0.20 0.18 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Mg 0.57 0.27 0.27 0.25 0.25 0.30 0.30 0.36 0.29 0.28 0.28 0.33 0.33 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.06 0.11 0.10 0.10 0.10 0.07 0.09 0.06 0.10 0.10 0.09 0.08 0.07 
K 1.90 1.90 1.88 1.88 1.87 1.91 1.93 1.87 1.82 1.89 1.89 1.91 1.87 
Total (cation) 14.05 14.07 14.05 14.06 14.05 14.03 14.08 13.93 14.02 14.05 14.05 14.04 13.99 
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(Continued) 
Paragenesis Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore 
Sample No W5-6B_4  W5-6B_5  W5-6B_8  W5-6B_9  W5-6B_10  W5-8_2  W5-8_3  W5-8_5  W5-8_7  W5-8_8  W5-8_10  W5-12_3  W5-12_6  
SiO2 52.68 53.99 52.24 52.94 52.94 52.00 51.28 51.89 50.99 51.92 52.62 52.31 50.18 
TiO2 0.03 0.00 0.05 0.01 0.04 0.01 0.07 0.00 0.00 0.00 0.06 0.00 0.17 
Al2O3 30.09 30.37 29.30 29.25 30.02 31.57 31.67 30.54 30.80 32.10 30.94 29.40 27.99 
FeO 0.88 0.78 0.92 0.84 0.90 0.77 0.76 0.85 0.70 0.58 0.88 1.13 1.04 
MnO 0.02 0.00 0.00 0.06 0.00 0.03 0.00 0.01 0.00 0.00 0.02 0.00 0.02 
MgO 2.41 2.66 2.64 2.65 2.72 2.01 1.80 2.20 1.99 1.98 2.30 2.84 2.58 
CaO 0.01 0.01 0.02 0.01 0.01 0.09 0.02 0.01 0.05 0.03 0.03 0.02 0.01 
Na2O 0.03 0.05 0.07 0.06 0.07 0.08 0.05 0.03 0.08 0.04 0.02 0.04 0.08 
K2O 10.06 9.98 9.78 10.07 9.75 10.10 9.29 9.07 9.29 10.02 9.42 10.33 10.02 
F (%) 0.46 0.00 0.00 0.46 0.02 0.31 0.11 0.31 0.09 0.15 0.09 0.24 0.02 
Cl (%) 0.02 0.01 0.07 0.03 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.03 
Total 96.2 97.8 95.0 95.9 96.4 96.7 94.9 94.6 93.9 96.7 96.3 96.1 92.1 
              
Si 6.84 6.88 6.87 6.90 6.85 6.73 6.72 6.81 6.76 6.70 6.80 6.83 6.84 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.02 
Al 4.61 4.56 4.54 4.49 4.58 4.81 4.89 4.72 4.81 4.88 4.71 4.53 4.50 
Al iv 1.16 1.12 1.13 1.10 1.15 1.27 1.28 1.19 1.24 1.30 1.20 1.17 1.16 
Al vi 3.45 3.44 3.40 3.39 3.42 3.54 3.60 3.54 3.57 3.58 3.51 3.36 3.34 
Fe 0.10 0.08 0.10 0.09 0.10 0.08 0.08 0.09 0.08 0.06 0.10 0.12 0.12 
Mn 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.47 0.51 0.52 0.51 0.52 0.39 0.35 0.43 0.39 0.38 0.44 0.55 0.52 
Ca 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Na 0.01 0.01 0.02 0.01 0.02 0.02 0.01 0.01 0.02 0.01 0.00 0.01 0.02 
K 1.67 1.62 1.64 1.67 1.61 1.67 1.55 1.52 1.57 1.65 1.55 1.72 1.74 
Total (cation) 13.69 13.66 13.69 13.70 13.67 13.71 13.62 13.59 13.64 13.69 13.62 13.77 13.77 

 
(Continued) 

Paragenesis Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore 
Sample No W5-12_9  W5-12_11  W5-4_1  W5-4_3  W5-4_5  W5-4_7  W5-4_13  W5-4_15  W5-6_2  W5-6_3  W5-6_7  W5-6_8  W5-6_9  
SiO2 50.57 50.52 52.11 51.70 51.73 52.27 52.91 52.68 53.38 50.61 52.50 52.09 52.32 
TiO2 0.04 0.03 0.06 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.03 0.00 
Al2O3 31.94 28.83 31.46 31.60 31.16 29.98 31.66 31.27 30.79 30.10 31.33 30.66 32.09 
FeO 0.63 1.01 0.58 0.54 0.69 0.61 0.55 0.72 0.59 0.51 0.55 0.59 0.51 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 
MgO 1.66 2.68 2.11 1.92 2.09 2.15 2.18 2.26 2.67 2.15 2.46 2.43 2.22 
CaO 0.04 0.03 0.04 0.05 0.06 0.10 0.03 0.04 0.03 0.03 0.05 0.06 0.04 
Na2O 0.09 0.07 0.10 0.10 0.08 0.09 0.09 0.06 0.09 0.23 0.06 0.12 0.10 
K2O 9.67 9.77 10.10 10.03 10.14 9.66 10.12 10.08 10.09 9.41 9.72 9.88 10.06 
F (%) 0.46 0.02 0.09 0.18 0.18 0.22 0.22 0.15 0.13 0.11 0.39 0.24 0.22 
Cl (%) 0.02 0.02 0.03 0.04 0.03 0.02 0.01 0.04 0.01 0.09 0.04 0.02 0.02 
Total 94.6 92.9 96.6 95.9 95.9 94.9 97.5 97.1 97.6 93.0 96.7 95.9 97.3 
              
Si 6.66 6.81 6.74 6.73 6.74 6.86 6.76 6.77 6.82 6.78 6.76 6.78 6.71 
Ti 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 4.96 4.58 4.79 4.84 4.78 4.63 4.77 4.74 4.64 4.75 4.76 4.70 4.85 
Al iv 1.34 1.19 1.26 1.27 1.26 1.14 1.24 1.23 1.18 1.22 1.24 1.22 1.29 
Al vi 3.62 3.39 3.53 3.57 3.53 3.49 3.54 3.51 3.45 3.52 3.52 3.48 3.55 
Fe 0.07 0.11 0.06 0.06 0.07 0.07 0.06 0.08 0.06 0.06 0.06 0.06 0.05 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.33 0.54 0.41 0.37 0.41 0.42 0.42 0.43 0.51 0.43 0.47 0.47 0.42 
Ca 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 
Na 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.06 0.02 0.03 0.03 
K 1.63 1.68 1.67 1.66 1.69 1.62 1.65 1.65 1.64 1.61 1.60 1.64 1.64 
Total (cation) 13.68 13.75 13.70 13.70 13.72 13.64 13.69 13.69 13.70 13.68 13.67 13.70 13.71 
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(Continued) 
Paragenesis Syn-ore Syn-ore Syn-ore Syn-ore 
Sample No W5-6_10  W5-6_13  W5-6_19  W5-6_20  
SiO2 52.44 52.77 51.61 51.77 
TiO2 0.00 0.00 0.01 0.00 
Al2O3 31.44 31.02 29.80 31.12 
FeO 0.54 0.47 0.50 0.57 
MnO 0.04 0.00 0.01 0.00 
MgO 2.10 2.61 2.34 2.28 
CaO 0.04 0.05 0.04 0.09 
Na2O 0.10 0.11 0.08 0.10 
K2O 9.59 9.70 9.78 9.85 
F (%) 0.13 0.26 0.18 0.11 
Cl (%) 0.02 0.02 0.04 0.01 
Total 96.3 96.7 94.2 95.8 
     
Si 6.77 6.79 6.83 6.74 
Ti 0.00 0.00 0.00 0.00 
Al 4.79 4.70 4.65 4.78 
Al iv 1.23 1.21 1.17 1.26 
Al vi 3.56 3.49 3.48 3.52 
Fe 0.06 0.05 0.06 0.06 
Mn 0.00 0.00 0.00 0.00 
Mg 0.40 0.50 0.46 0.44 
Ca 0.01 0.01 0.01 0.01 
Na 0.03 0.03 0.02 0.02 
K 1.58 1.59 1.65 1.64 
Total (cation) 13.64 13.67 13.68 13.70 

*Mineral formulae (a.p.f.u.) are normalised to 22 oxygen, assuming all Fe as Fe2+. 
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Appendix 3-5: Xenotime U-Pb data 
Spot No. U Th Th/U 207Pb/206Pb ±1s  207Pb/235U ±1s  206Pb/238U ±1s  207Pb/206Pb ±1s  207Pb/235U ±1s  206Pb/238U ±1s 
 (ppm) (ppm)        Age (Ma)   Age (Ma)  Age (Ma)  
Sample W5-7 (Wolverine) 
W5-7_1* 1407 0 0.00 0.1000 0.0019 3.9552 0.0754 0.2870 0.0034 1624 36 1625 15 1626 17 
W5-7_2* 2753 65 0.02 0.1000 0.0011 3.9462 0.0466 0.2863 0.0031 1624 21 1623 10 1623 15 
W5-7_3* 2119 0 0.00 0.0991 0.0011 3.9022 0.0437 0.2855 0.0030 1608 20 1614 9 1619 15 
W5-7_4* 2140 0 0.00 0.0979 0.0011 3.7610 0.0460 0.2788 0.0031 1584 21 1585 10 1585 16 
W5-7_5* 2078 7 0.00 0.1020 0.0014 4.0925 0.0568 0.2931 0.0031 1661 25 1659 11 1657 16 
W5-7_6* 1959 400 0.20 0.0995 0.0011 3.9127 0.0448 0.2852 0.0031 1615 20 1616 9 1617 15 
W5-7_7* 2839 16 0.01 0.0997 0.0011 3.9478 0.0452 0.2872 0.0030 1619 21 1624 9 1627 15 
W5-7_8* 2795 3 0.00 0.0985 0.0012 3.8739 0.0490 0.2852 0.0033 1596 22 1608 10 1617 16 
W5-7_9* 2802 0 0.00 0.0966 0.0014 3.6298 0.0521 0.2726 0.0030 1559 27 1556 11 1554 15 
W5-7_10* 2636 265 0.10 0.1001 0.0013 3.9546 0.0519 0.2865 0.0031 1626 24 1625 11 1624 15 
W5-7_11 2838 29 0.01 0.0983 0.0010 3.9570 0.0411 0.2921 0.0031 1592 19 1625 8 1652 15 
W5-7_12 1854 1 0.00 0.0987 0.0010 3.9696 0.0419 0.2919 0.0031 1599 19 1628 9 1651 15 
W5-7_14* 4129 347 0.08 0.0984 0.0010 4.0064 0.0415 0.2953 0.0031 1634 18 1636 8 1640 15 
W5-7_15* 3753 83 0.02 0.0996 0.0010 3.9076 0.0405 0.2846 0.0030 1617 18 1615 8 1614 15 
W5-7_17* 3603 91 0.03 0.0989 0.0010 3.9232 0.0408 0.2877 0.0030 1604 19 1619 8 1630 15 
W5-7_18* 2940 0 0.00 0.0989 0.0010 3.9476 0.0413 0.2895 0.0030 1604 19 1624 8 1639 15 
W5-7_19* 2918 0 0.00 0.1001 0.0010 4.0930 0.0428 0.2966 0.0031 1651 19 1653 9 1659 15 
W5-7_20* 3107 3 0.00 0.0995 0.0010 3.9128 0.0409 0.2852 0.0030 1615 19 1616 8 1618 15 
W5-7_21* 2196 4 0.00 0.0992 0.0010 3.7376 0.0403 0.2734 0.0029 1582 19 1580 9 1576 15 
W5-7_22* 4128 50 0.01 0.0986 0.0010 3.8778 0.0409 0.2854 0.0030 1597 19 1609 9 1619 15 
W5-7_23* 3161 260 0.08 0.0984 0.0010 3.8248 0.0409 0.2822 0.0030 1593 19 1598 9 1602 15 
W5-7_24* 4687 57 0.01 0.0986 0.0010 3.8612 0.0406 0.2842 0.0030 1597 19 1606 8 1613 15 
W5-7_25* 3665 91 0.02 0.0986 0.0010 3.7991 0.0402 0.2797 0.0030 1597 19 1593 8 1590 15 
W5-7_26* 2972 160 0.05 0.1004 0.0010 3.8044 0.0410 0.2748 0.0029 1597 19 1594 9 1588 15 
W5-7_27* 2375 3 0.00 0.0985 0.0010 3.9473 0.0423 0.2908 0.0031 1619 19 1623 9 1625 15 
W5-7_28 4874 17 0.00 0.0995 0.0010 4.0531 0.0427 0.2956 0.0031 1640 19 1645 9 1650 16 
W5-7_29* 2028 1 0.00 0.0966 0.0010 3.8524 0.0417 0.2892 0.0031 1560 19 1604 9 1638 15 
W5-7_30* 2059 5 0.00 0.0978 0.0010 3.9071 0.0422 0.2897 0.0031 1583 19 1615 9 1640 15 
W5-7_31* 2512 3 0.00 0.0996 0.0010 4.0691 0.0449 0.2962 0.0032 1642 19 1648 9 1653 16 
W5-7_32* 2306 660 0.29 0.0974 0.0010 3.8047 0.0421 0.2832 0.0030 1586 20 1594 9 1601 15 
W5-7_33* 3096 390 0.13 0.1005 0.0011 3.9083 0.0435 0.2822 0.0030 1623 20 1615 9 1612 15 
W5-7_34* 1994 354 0.18 0.0986 0.0010 3.8639 0.0426 0.2842 0.0031 1598 19 1606 9 1612 15 
W5-7_35* 4342 11 0.00 0.0977 0.0010 3.7282 0.0405 0.2769 0.0030 1580 19 1577 9 1576 15 
W5-7_36* 3943 75 0.02 0.0985 0.0010 4.0070 0.0433 0.2950 0.0032 1630 19 1636 9 1647 16 
W5-7_37* 2818 10 0.00 0.0996 0.0011 4.1060 0.0456 0.2930 0.0032 1653 20 1656 9 1658 16 
W5-7_38 1360 1 0.00 0.0974 0.0010 4.0172 0.0442 0.2992 0.0032 1575 19 1638 9 1687 16 
W5-7_39 2412 0 0.00 0.0997 0.0011 4.2291 0.0473 0.3077 0.0033 1618 20 1680 9 1730 16 
W5-7_40* 4250 68 0.02 0.0993 0.0010 3.9250 0.0423 0.2866 0.0031 1612 19 1619 9 1624 15 
Sample W324-2 (Wolverine) 
W324-2_1 3862 162 0.04 0.0967 0.0010 3.1647 0.0353 0.2375 0.0026 1560 19 1449 9 1374 14 
W324-2_2* 3064 54 0.02 0.0940 0.0010 3.3917 0.0383 0.2619 0.0029 1507 20 1503 9 1503 15 
W324-2_3 5116 110 0.02 0.0965 0.0010 3.0606 0.0339 0.2301 0.0025 1557 19 1423 8 1335 13 
W324-2_4* 3113 492 0.16 0.0940 0.0010 3.3711 0.0378 0.2601 0.0028 1509 20 1507 9 1507 15 
W324-2_5 2644 625 0.24 0.1000 0.0011 3.7305 0.0426 0.2707 0.0030 1623 20 1578 9 1545 15 
W324-2_6* 4867 295 0.06 0.0972 0.0011 3.6598 0.0421 0.2733 0.0030 1570 20 1563 9 1557 15 
W324-2_7 2843 1117 0.39 0.0992 0.0010 4.0310 0.0452 0.2948 0.0032 1639 19 1641 9 1642 16 
W324-2_8 3507 814 0.23 0.0959 0.0010 3.3637 0.0371 0.2544 0.0028 1546 19 1496 9 1461 14 
W324-2_9 5149 834 0.16 0.0977 0.0010 3.2847 0.0362 0.2440 0.0027 1580 19 1477 9 1407 14 
W324-2_10* 5037 217 0.04 0.0971 0.0010 3.6200 0.0406 0.2704 0.0030 1552 20 1554 9 1552 15 
W324-2_11 4205 471 0.11 0.0954 0.0010 2.9084 0.0289 0.2212 0.0022 1536 19 1384 7 1288 11 
W324-2_12* 2510 607 0.24 0.0990 0.0010 3.8901 0.0388 0.2850 0.0028 1611 19 1612 8 1617 14 
W324-2_13* 2426 675 0.28 0.0971 0.0010 3.5884 0.0360 0.2682 0.0026 1549 19 1547 8 1546 13 
W324-2_14 4695 101 0.02 0.0927 0.0009 2.8383 0.0281 0.2221 0.0022 1482 19 1366 7 1293 11 
W324-2_15 4786 187 0.04 0.0912 0.0010 2.3189 0.0236 0.1845 0.0018 1451 20 1218 7 1091 10 
W324-2_16 4729 478 0.10 0.0949 0.0010 2.5349 0.0259 0.1938 0.0019 1526 20 1282 7 1142 10 
W324-2_17 2336 333 0.14 0.0943 0.0010 3.1939 0.0325 0.2459 0.0024 1513 20 1456 8 1417 12 
W324-2_18* 3440 368 0.11 0.0979 0.0010 3.6761 0.0363 0.2724 0.0027 1565 19 1566 8 1563 13 
W324-2_19* 4086 265 0.06 0.0947 0.0010 3.3069 0.0328 0.2533 0.0025 1523 19 1520 8 1515 13 
W324-2_20 3933 201 0.05 0.0921 0.0010 2.5114 0.0254 0.1978 0.0019 1470 20 1275 7 1163 10 
W324-2_21 4687 213 0.05 0.0981 0.0010 4.0262 0.0394 0.2978 0.0029 1638 19 1640 8 1641 14 
W324-2_22 3972 147 0.04 0.0941 0.0010 3.0391 0.0305 0.2343 0.0023 1510 20 1418 8 1357 12 
W324-2_23* 2021 194 0.10 0.0963 0.0010 3.5705 0.0370 0.2691 0.0026 1543 20 1543 8 1546 13 
W324-2_24* 3211 299 0.09 0.0980 0.0011 3.8804 0.0399 0.2871 0.0028 1607 20 1610 8 1617 14 
W324-2_25* 4730 248 0.05 0.0979 0.0010 3.9286 0.0385 0.2911 0.0028 1619 19 1620 8 1622 14 
W324-2_27 4113 401 0.10 0.0976 0.0010 3.3907 0.0338 0.2520 0.0024 1579 19 1502 8 1449 13 
W324-2_28 5114 430 0.08 0.0966 0.0010 3.5148 0.0347 0.2639 0.0025 1560 19 1531 8 1510 13 
W324-2_30 4373 415 0.09 0.0912 0.0010 2.8861 0.0315 0.2296 0.0022 1450 22 1378 8 1332 12 
Sample W5-3 (Wolverine) 
W5-3_1* 4080 35 0.01 0.0990 0.0010 3.8501 0.0385 0.2820 0.0028 1606 19 1603 8 1602 14 
W5-3_3* 3216 16 0.00 0.1008 0.0010 3.9546 0.0397 0.2845 0.0028 1630 19 1625 8 1614 14 
W5-3_4* 2001 5 0.00 0.0986 0.0010 3.8260 0.0392 0.2815 0.0028 1598 19 1598 8 1599 14 
W5-3_10* 2610 3 0.00 0.1000 0.0010 3.9828 0.0406 0.2888 0.0029 1625 19 1631 8 1636 14 
W5-3_11* 2475 11 0.00 0.0993 0.0011 3.9040 0.0404 0.2852 0.0028 1611 20 1615 8 1618 14 
W5-3_12* 2060 13 0.01 0.0997 0.0011 3.9546 0.0414 0.2877 0.0028 1619 20 1625 8 1630 14 
W5-3_13* 2399 1 0.00 0.0997 0.0011 3.9685 0.0411 0.2889 0.0028 1618 20 1628 8 1626 14 
W5-3_15 2494 5 0.00 0.0993 0.0011 4.2177 0.0433 0.3080 0.0030 1612 20 1678 8 1731 15 
W5-3_16* 2298 12 0.01 0.0991 0.0011 3.8596 0.0399 0.2824 0.0028 1608 20 1605 8 1603 14 
W5-3_17* 2020 23 0.01 0.0981 0.0011 3.7180 0.0392 0.2749 0.0027 1589 20 1575 8 1565 14 
W5-3_18* 2253 6 0.00 0.0983 0.0011 3.8620 0.0400 0.2851 0.0028 1603 20 1606 8 1617 14 
W5-3_19* 4171 183 0.04 0.0988 0.0010 3.9051 0.0393 0.2867 0.0028 1613 19 1615 8 1625 14 
W5-3_20 2466 7 0.00 0.0985 0.0011 4.0717 0.0421 0.3000 0.0029 1595 20 1649 8 1691 15 
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(Continued) 
Spot No. U Th Th/U 207Pb/206Pb ±1s  207Pb/235U ±1s  206Pb/238U ±1s  207Pb/206Pb ±1s  207Pb/235U ±1s  206Pb/238U ±1s 
 (ppm) (ppm)        Age (Ma)   Age (Ma)  Age (Ma)  
Sample W5-5 (Wolverine) 
W5-5-1 4993 58 0.01 0.0999 0.0010 4.2086 0.0549 0.3057 0.0041 1622 18 1676 11 1719 20 
W5-5-2* 1456 3 0.00 0.0987 0.0010 3.8565 0.0513 0.2834 0.0038 1600 19 1605 11 1608 19 
W5-5-4* 6240 95 0.02 0.0995 0.0010 4.0946 0.0533 0.2987 0.0040 1654 18 1653 11 1659 20 
W5-5-5* 4630 77 0.02 0.0994 0.0010 4.1559 0.0542 0.3032 0.0041 1653 18 1665 11 1657 20 
W5-5-6* 5575 68 0.01 0.0993 0.0010 4.0509 0.0528 0.2959 0.0040 1642 18 1645 11 1641 20 
W5-5-7* 1359 2 0.00 0.1000 0.0010 3.9206 0.0520 0.2845 0.0038 1623 19 1618 11 1614 19 
W5-5-8* 1694 7 0.00 0.0985 0.0010 3.9072 0.0517 0.2879 0.0039 1611 19 1615 11 1620 19 
W5-5-9* 1914 10 0.01 0.1022 0.0010 4.1095 0.0540 0.2917 0.0039 1664 18 1656 11 1650 19 
W5-5-10* 1945 13 0.01 0.0996 0.0010 3.9454 0.0521 0.2874 0.0039 1622 19 1623 11 1628 19 
W5-5-11* 2336 2 0.00 0.0998 0.0010 3.8780 0.0511 0.2819 0.0038 1611 19 1609 11 1601 19 
W5-5-12* 1763 0 0.00 0.0997 0.0010 3.9306 0.0520 0.2861 0.0038 1618 19 1620 11 1622 19 
W5-5-13* 1855 2 0.00 0.0994 0.0010 3.9564 0.0521 0.2887 0.0039 1613 19 1625 11 1635 19 
W5-5-14 2353 2 0.00 0.0996 0.0010 3.8076 0.0501 0.2773 0.0037 1617 18 1594 11 1578 19 
W5-5-15* 2830 3 0.00 0.1003 0.0010 3.9808 0.0522 0.2881 0.0039 1629 18 1630 11 1632 19 
Sample W5-2B (Wolverine) 
W5-2B-1 3887 19 0.00 0.0988 0.0010 4.0008 0.0524 0.2938 0.0039 1601 18 1634 11 1660 20 
W5-2B-2* 5528 9 0.00 0.1002 0.0010 3.9891 0.0521 0.2887 0.0039 1629 18 1632 11 1635 19 
W5-2B-3* 4391 4 0.00 0.0994 0.0010 3.9332 0.0515 0.2869 0.0039 1619 18 1621 11 1626 19 
W5-2B-4* 3380 4 0.00 0.0996 0.0010 3.9819 0.0523 0.2900 0.0039 1626 18 1631 11 1632 19 
W5-2B-5* 5077 16 0.00 0.1004 0.0010 3.9985 0.0522 0.2890 0.0039 1631 18 1634 11 1637 19 
W5-2B-6* 4693 15 0.00 0.0998 0.0010 4.0529 0.0530 0.2947 0.0040 1640 18 1645 11 1655 20 
W5-2B-7* 3390 36 0.01 0.0983 0.0010 3.8667 0.0507 0.2854 0.0038 1601 18 1607 11 1619 19 
W5-2B-8 4334 48 0.01 0.0984 0.0010 4.1346 0.0541 0.3049 0.0041 1594 18 1661 11 1715 20 
W5-2B-10* 2899 10 0.00 0.0983 0.0010 3.8613 0.0507 0.2848 0.0038 1603 18 1606 11 1615 19 
W5-2B-11* 3198 12 0.00 0.0985 0.0010 3.9070 0.0510 0.2877 0.0039 1616 18 1615 11 1630 19 
W5-2B-12* 4075 19 0.00 0.0999 0.0010 4.0719 0.0530 0.2958 0.0040 1631 18 1649 11 1658 20 
W5-2B-13 3124 12 0.00 0.0982 0.0010 3.9179 0.0511 0.2894 0.0039 1590 18 1617 11 1639 19 
W5-2B-14* 2934 14 0.00 0.0997 0.0010 4.0001 0.0522 0.2910 0.0039 1629 18 1634 11 1636 19 
W5-2B-15* 3490 29 0.01 0.1016 0.0010 4.0987 0.0534 0.2927 0.0039 1653 18 1654 11 1655 20 
W5-2B-16* 3023 28 0.01 0.0991 0.0010 4.0092 0.0523 0.2934 0.0039 1628 18 1636 11 1638 20 
W5-2B-17* 4470 46 0.01 0.0992 0.0010 4.0508 0.0527 0.2962 0.0040 1639 18 1645 11 1653 20 
W5-2B-18* 3401 29 0.01 0.0993 0.0010 3.8481 0.0501 0.2810 0.0038 1611 18 1603 11 1596 19 
W5-2B-19* 3360 48 0.01 0.0985 0.0010 3.9311 0.0512 0.2894 0.0039 1606 18 1620 11 1629 19 
W5-2B-20* 3336 49 0.01 0.0998 0.0010 3.9598 0.0516 0.2877 0.0039 1621 18 1626 11 1630 19 
Sample W5-6B (Wolverine) 
W5-6B-2 1535 6 0.00 0.0981 0.0010 3.6327 0.0480 0.2686 0.0036 1588 19 1557 18 1534 18 
W5-6B-3 1605 2 0.00 0.0984 0.0010 3.7133 0.0490 0.2737 0.0037 1594 19 1574 19 1559 19 
W5-6B-4* 2081 35 0.02 0.0992 0.0010 3.7803 0.0496 0.2763 0.0037 1610 18 1589 19 1573 19 
W5-6B-5* 1818 11 0.01 0.0993 0.0010 3.7535 0.0495 0.2741 0.0037 1611 19 1583 19 1562 19 
W5-6B-6* 3264 67 0.02 0.0992 0.0010 3.6334 0.0460 0.2658 0.0035 1608 18 1557 18 1519 18 
W5-6B-7 2366 14 0.01 0.0985 0.0010 3.5804 0.0456 0.2637 0.0034 1596 19 1545 17 1509 17 
W5-6B-8* 3381 49 0.01 0.0995 0.0010 3.7346 0.0473 0.2723 0.0035 1614 18 1579 18 1553 18 
W5-6B-9 2566 70 0.03 0.0984 0.0010 3.6214 0.0460 0.2670 0.0035 1594 18 1554 18 1525 18 
W5-6B-10* 2877 118 0.04 0.0997 0.0010 3.7286 0.0473 0.2711 0.0035 1619 18 1578 18 1547 18 
W5-6B-11 1619 4 0.00 0.0984 0.0010 3.5257 0.0452 0.2599 0.0034 1594 19 1533 17 1489 17 
W5-6B-12* 1317 6 0.00 0.0987 0.0010 3.5833 0.0462 0.2632 0.0034 1600 19 1546 17 1506 17 
W5-6B-13 1843 3 0.00 0.0984 0.0010 3.6610 0.0469 0.2698 0.0035 1595 19 1563 18 1540 18 
W5-6B-14* 2208 1 0.00 0.0991 0.0010 3.6203 0.0462 0.2650 0.0034 1607 19 1554 18 1516 18 
W5-6B-15 1730 12 0.01 0.0985 0.0010 3.6618 0.0468 0.2697 0.0035 1596 19 1563 18 1539 18 
W5-6B-16 1605 2 0.00 0.0983 0.0010 3.5357 0.0454 0.2609 0.0034 1592 19 1535 17 1494 17 
W5-6B-17* 1594 6 0.00 0.0992 0.0010 3.8348 0.0492 0.2805 0.0036 1608 19 1600 18 1594 18 
W5-6B-18 2424 2 0.00 0.0984 0.0010 3.6693 0.0468 0.2706 0.0035 1593 19 1565 18 1544 18 
W5-6B-19 1680 7 0.00 0.0989 0.0010 3.6117 0.0464 0.2650 0.0034 1603 19 1552 18 1515 18 
W5-6B-20 2570 21 0.01 0.0990 0.0010 3.5447 0.0451 0.2597 0.0034 1606 18 1537 17 1488 17 
Sample W7-3B (Wolverine) 
W7-3B-1 4151 121 0.03 0.0992 0.0010 3.6952 0.0466 0.2702 0.0035 1609 18 1570 10 1542 18 
W7-3B-2 3643 668 0.18 0.0990 0.0010 3.6448 0.0460 0.2670 0.0035 1606 18 1559 10 1526 18 
W7-3B-3* 5383 203 0.04 0.0996 0.0010 3.9566 0.0497 0.2880 0.0037 1617 18 1625 10 1632 19 
W7-3B-4* 4528 279 0.06 0.0988 0.0010 3.9411 0.0496 0.2895 0.0038 1613 18 1622 10 1629 19 
W7-3B-5* 4292 442 0.10 0.0996 0.0010 3.9035 0.0491 0.2844 0.0037 1616 18 1614 10 1613 18 
W7-3B-6 3396 321 0.09 0.0985 0.0010 3.8043 0.0480 0.2802 0.0036 1596 18 1594 10 1592 18 
W7-3B-7* 3871 399 0.10 0.0989 0.0010 3.8576 0.0486 0.2830 0.0037 1603 18 1605 10 1606 18 
W7-3B-8 2212 210 0.09 0.0982 0.0010 3.5780 0.0454 0.2643 0.0034 1590 18 1545 10 1512 17 
W7-3B-9 2822 137 0.05 0.0989 0.0010 3.6181 0.0458 0.2653 0.0034 1604 18 1554 10 1517 18 
W7-3B-10 3523 44 0.01 0.0991 0.0010 3.8214 0.0483 0.2798 0.0036 1607 18 1597 10 1590 18 
W7-3B-11 3197 71 0.02 0.0988 0.0010 3.7049 0.0468 0.2721 0.0035 1601 18 1572 10 1551 18 
W7-3B-12* 3700 146 0.04 0.0992 0.0010 3.8599 0.0487 0.2822 0.0037 1609 18 1605 10 1603 18 
W7-3B-13 3604 90 0.03 0.0991 0.0010 3.7947 0.0478 0.2777 0.0036 1607 18 1592 10 1580 18 
W7-3B-14 2309 29 0.01 0.0981 0.0010 3.5903 0.0457 0.2655 0.0034 1588 19 1547 10 1518 18 
W7-3B-15 1980 98 0.05 0.0982 0.0010 3.5444 0.0452 0.2617 0.0034 1591 19 1537 10 1499 17 
Sample W2 (Wolverine) 
W2-1 4162 134 0.03 0.0965 0.0009 3.9227 0.0485 0.2953 0.0038 1558 18 1618 10 1668 19 
W2-2 3385 62 0.02 0.0962 0.0009 3.7834 0.0469 0.2857 0.0037 1552 18 1589 10 1620 19 
W2-4* 2228 141 0.06 0.0962 0.0010 3.5065 0.0441 0.2649 0.0035 1551 19 1529 10 1515 18 
W2-6 3838 66 0.02 0.0964 0.0009 3.8542 0.0477 0.2904 0.0038 1556 18 1604 10 1644 19 
W2-7* 2196 70 0.03 0.0964 0.0010 3.6218 0.0453 0.2729 0.0036 1556 18 1554 10 1556 18 
W2-8 2297 57 0.02 0.1008 0.0010 3.8755 0.0485 0.2795 0.0036 1638 18 1609 10 1589 18 
W2-9* 2069 269 0.13 0.0972 0.0010 3.7552 0.0469 0.2808 0.0037 1581 18 1583 10 1585 18 
W2-10* 2178 337 0.15 0.0977 0.0010 3.7787 0.0475 0.2812 0.0037 1590 19 1588 10 1587 18 
W2-11* 3015 173 0.06 0.0966 0.0010 3.5392 0.0444 0.2662 0.0035 1560 18 1536 10 1521 18 
W2-12* 2482 22 0.01 0.0974 0.0010 3.7788 0.0470 0.2819 0.0037 1585 18 1588 10 1591 18 
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(Continued) 
Spot No. U Th Th/U 207Pb/206Pb ±1s  207Pb/235U ±1s  206Pb/238U ±1s  207Pb/206Pb ±1s  207Pb/235U ±1s  206Pb/238U ±1s 
 (ppm) (ppm)        Age (Ma)   Age (Ma)  Age (Ma)  
Sample W2 (Wolverine) 
W2-13 4366 69 0.02 0.0967 0.0009 4.0567 0.0499 0.3050 0.0040 1561 18 1646 10 1716 20 
W2-14 4077 314 0.08 0.0963 0.0009 4.0269 0.0497 0.3038 0.0039 1554 18 1640 10 1710 19 
W2-15 3457 75 0.02 0.0960 0.0009 3.7954 0.0471 0.2874 0.0037 1547 18 1592 10 1629 19 
Sample C2 (Cyclops) 
C2-1* 4850 107 0.02 0.0991 0.0010 3.9332 0.0495 0.2879 0.0037 1617 18 1621 10 1631 18 
C2-2* 5110 120 0.02 0.0999 0.0010 3.9846 0.0501 0.2892 0.0037 1633 18 1631 10 1637 19 
C2-3* 5780 154 0.03 0.1004 0.0010 3.9761 0.0501 0.2872 0.0037 1632 18 1629 10 1628 18 
C2-4* 3349 257 0.08 0.0987 0.0010 3.9182 0.0495 0.2880 0.0037 1619 18 1617 10 1621 18 
C2-5* 4219 93 0.02 0.0997 0.0010 3.9562 0.0499 0.2878 0.0037 1629 18 1625 10 1630 18 
C2-6* 3926 137 0.03 0.0982 0.0010 3.9320 0.0496 0.2903 0.0037 1611 18 1620 10 1623 19 
C2-7* 4655 114 0.02 0.0996 0.0010 3.9949 0.0504 0.2910 0.0037 1626 18 1633 10 1637 19 
C2-8* 4150 124 0.03 0.0996 0.0010 4.0502 0.0510 0.2949 0.0038 1627 18 1644 10 1646 19 
C2-9* 4989 118 0.02 0.1001 0.0010 4.0856 0.0514 0.2960 0.0038 1646 18 1651 10 1651 19 
C2-10* 3761 183 0.05 0.0998 0.0010 4.0912 0.0516 0.2972 0.0038 1651 18 1653 10 1657 19 
C2-11* 3995 154 0.04 0.1004 0.0010 4.0149 0.0506 0.2900 0.0037 1632 18 1637 10 1641 19 
C2-12* 4559 117 0.03 0.0994 0.0010 4.0335 0.0507 0.2943 0.0038 1640 18 1641 10 1643 19 
C2-13* 5306 111 0.02 0.1005 0.0010 4.1066 0.0516 0.2963 0.0038 1654 18 1656 10 1653 19 
C2-14* 4920 134 0.03 0.1001 0.0010 4.0724 0.0512 0.2952 0.0038 1645 18 1649 10 1647 19 
C2-15 4951 119 0.02 0.0999 0.0010 4.1886 0.0527 0.3040 0.0039 1623 18 1672 10 1711 19 
Sample J1 (John Galt) 
J1-1 5931 34 0.01 0.0803 0.0008 1.6229 0.0208 0.1467 0.0020 1203 19 979 8 882 11 
J1-2* 5440 42 0.01 0.0905 0.0009 2.6813 0.0341 0.2150 0.0029 1435 18 1323 9 1255 15 
J1-3 6478 73 0.01 0.0778 0.0008 1.4265 0.0182 0.1330 0.0018 1142 19 900 8 805 10 
J1-4 5782 90 0.02 0.0866 0.0008 1.9393 0.0247 0.1624 0.0022 1352 19 1095 9 970 12 
J1-5 4908 29 0.01 0.0858 0.0008 1.9831 0.0253 0.1677 0.0022 1333 19 1110 9 1000 12 
J1-6* 5806 44 0.01 0.0893 0.0009 2.4296 0.0309 0.1973 0.0026 1411 18 1251 9 1161 14 
J1-7* 4832 46 0.01 0.0904 0.0009 2.6782 0.0340 0.2149 0.0029 1433 18 1322 9 1255 15 
J1-8* 4563 18 0.00 0.0856 0.0008 2.2162 0.0282 0.1879 0.0025 1328 19 1186 9 1110 14 
J1-9* 4983 25 0.00 0.0931 0.0009 2.8330 0.0359 0.2208 0.0029 1489 18 1364 10 1286 15 
J1-10* 4547 17 0.00 0.0933 0.0009 3.0766 0.0390 0.2391 0.0032 1494 18 1427 10 1382 16 
J1-11 5627 18 0.00 0.0811 0.0008 1.6466 0.0209 0.1472 0.0020 1225 19 988 8 885 11 
J1-12 5643 24 0.00 0.0803 0.0008 1.6253 0.0207 0.1467 0.0019 1205 19 980 8 883 11 
J1-13* 5293 19 0.00 0.0952 0.0009 3.1996 0.0404 0.2438 0.0032 1532 18 1457 10 1407 17 
J1-14* 4733 20 0.00 0.0901 0.0009 2.3721 0.0301 0.1911 0.0025 1427 18 1234 9 1127 14 
J1-15* 3933 13 0.00 0.0912 0.0009 2.6441 0.0335 0.2104 0.0028 1450 18 1313 9 1231 15 
J1-16 4475 18 0.00 0.0787 0.0010 1.4490 0.0217 0.1336 0.0017 1164 26 910 9 808 10 
J1-17 5058 33 0.01 0.0770 0.0010 1.3108 0.0196 0.1234 0.0016 1122 26 851 9 750 9 
J1-18* 3756 13 0.00 0.0981 0.0013 3.7103 0.0553 0.2745 0.0036 1575 24 1574 12 1571 18 
J1-19 6346 49 0.01 0.0805 0.0011 1.5844 0.0237 0.1428 0.0019 1208 25 964 9 861 10 
J1-20 3493 27 0.01 0.0850 0.0011 1.8081 0.0271 0.1543 0.0020 1315 25 1048 10 925 11 
Sample I1 (Iceman) 
I1-2* 9371 51 0.01 0.1024 0.0010 4.1024 0.0524 0.2950 0.0039 1667 18 1667 10 1666 19 
I1-3 7980 48 0.01 0.1058 0.0010 4.2382 0.0533 0.2905 0.0038 1729 18 1682 10 1644 19 
I1-4* 8982 68 0.01 0.0993 0.0010 3.9652 0.0499 0.2896 0.0038 1621 18 1627 10 1630 19 
I1-5 9617 52 0.01 0.1073 0.0010 4.3281 0.0543 0.2925 0.0038 1754 18 1699 10 1654 19 
I1-6 9316 50 0.01 0.1049 0.0010 4.2056 0.0528 0.2909 0.0038 1712 18 1675 10 1646 19 
I1-9* 8911 72 0.01 0.0994 0.0010 4.0645 0.0510 0.2966 0.0039 1643 18 1647 10 1644 19 
I1-10 7826 52 0.01 0.1058 0.0010 4.2145 0.0529 0.2891 0.0038 1727 18 1677 10 1637 19 
I1-11* 10056 45 0.00 0.1004 0.0010 3.9953 0.0500 0.2886 0.0037 1632 18 1633 10 1635 19 
I1-12* 7484 131 0.02 0.1004 0.0010 4.0237 0.0505 0.2908 0.0038 1643 18 1639 10 1646 19 
I1-13* 9268 47 0.01 0.1003 0.0010 4.1079 0.0514 0.2970 0.0039 1660 18 1656 10 1657 19 
I1-14* 8399 48 0.01 0.1001 0.0010 3.9832 0.0499 0.2886 0.0037 1626 18 1631 10 1635 19 
I1-15* 8504 50 0.01 0.1002 0.0010 4.0136 0.0502 0.2904 0.0038 1628 18 1637 10 1634 19 
Sample BR1 (Boulder Ridge) 
BR1-2 5511 12 0.00 0.1011 0.0010 3.8487 0.0467 0.2762 0.0034 1644 18 1603 10 1572 17 
BR1-4* 5434 8 0.00 0.0988 0.0010 3.9429 0.0478 0.2894 0.0036 1619 19 1623 10 1629 18 
BR1-6 5829 14 0.00 0.1023 0.0010 3.9639 0.0479 0.2810 0.0035 1667 18 1627 10 1596 17 
BR1-7 6010 13 0.00 0.1020 0.0010 3.9381 0.0476 0.2801 0.0034 1660 18 1622 10 1592 17 
BR1-8* 5619 11 0.00 0.0991 0.0010 3.8311 0.0463 0.2805 0.0034 1607 19 1599 10 1594 17 
BR1-9 5050 11 0.00 0.1022 0.0010 3.9411 0.0477 0.2797 0.0034 1665 18 1622 10 1590 17 
BR1-10* 5843 11 0.00 0.0986 0.0010 3.8292 0.0462 0.2818 0.0035 1597 19 1599 10 1600 17 
BR1-12 6029 14 0.00 0.1000 0.0010 3.7083 0.0447 0.2689 0.0033 1625 19 1573 10 1535 17 
BR1-13 5937 19 0.00 0.1035 0.0011 3.9057 0.0474 0.2738 0.0034 1688 19 1615 10 1560 17 
BR1-17* 6547 7 0.00 0.0997 0.0011 3.9649 0.0559 0.2884 0.0041 1625 20 1627 11 1633 20 
BR1-18* 6620 7 0.00 0.0991 0.0011 3.9387 0.0555 0.2882 0.0040 1618 20 1622 11 1623 20 
BR1-19* 8164 10 0.00 0.0985 0.0011 3.7508 0.0531 0.2784 0.0039 1590 20 1589 11 1583 20 
BR1-20* 8174 11 0.00 0.0997 0.0011 3.8973 0.0547 0.2836 0.0040 1618 20 1613 11 1610 20 
BR1-21* 6224 32 0.01 0.0978 0.0011 3.6989 0.0528 0.2744 0.0038 1574 20 1571 11 1569 19 
BR1-22* 6019 30 0.00 0.0966 0.0011 3.6532 0.0513 0.2721 0.0038 1560 20 1555 11 1551 19 
BR1-23* 6879 8 0.00 0.0989 0.0011 3.9044 0.0547 0.2865 0.0040 1613 20 1615 11 1616 20 
BR1-25* 5720 11 0.00 0.0975 0.0011 3.6185 0.0509 0.2691 0.0038 1558 20 1554 11 1549 19 
BR1-27* 6228 9 0.00 0.0985 0.0011 3.8743 0.0544 0.2853 0.0040 1596 20 1608 11 1618 20 
BR1-28* 5723 10 0.00 0.0978 0.0011 3.7540 0.0527 0.2783 0.0039 1583 20 1583 11 1583 20 
BR1-30* 6253 19 0.00 0.0983 0.0011 3.7960 0.0531 0.2803 0.0039 1591 20 1592 11 1593 20 
Sample D3 (Dazzler) 
D3-3 4350 123 0.03 0.1006 0.0013 3.6961 0.0567 0.2665 0.0036 1635 24 1571 12 1523 18 
D3-4 4740 131 0.03 0.1004 0.0013 3.7645 0.0577 0.2719 0.0036 1632 24 1585 12 1551 18 
D3-5* 5211 159 0.03 0.1018 0.0014 3.8751 0.0594 0.2760 0.0037 1611 24 1609 12 1611 19 
D3-6* 6099 121 0.02 0.0994 0.0013 3.9450 0.0604 0.2879 0.0038 1622 24 1623 12 1631 19 
D3-7* 5869 136 0.02 0.0986 0.0013 3.9497 0.0604 0.2905 0.0039 1621 25 1624 12 1624 19 
D3-8* 7323 163 0.02 0.0997 0.0013 4.1206 0.0630 0.2999 0.0040 1656 24 1658 12 1661 20 
D3-11* 5685 197 0.03 0.1002 0.0013 3.9095 0.0600 0.2831 0.0038 1617 25 1616 12 1607 19 
D3-12* 7816 789 0.10 0.0989 0.0013 4.1254 0.0631 0.3026 0.0040 1653 25 1659 13 1654 20 
D3-15* 4198 142 0.03 0.1065 0.0014 3.9383 0.0606 0.2683 0.0035 1630 25 1622 12 1632 18 
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(Continued) 
Spot No. U Th Th/U 207Pb/206Pb ±1s  207Pb/235U ±1s  206Pb/238U ±1s  207Pb/206Pb ±1s  207Pb/235U ±1s  206Pb/238U ±1s 
 (ppm) (ppm)        Age (Ma)   Age (Ma)  Age (Ma)  
Sample L1 (Longshot) 
L1-1* 10670 552 0.05 0.1004 0.0013 3.8634 0.0576 0.2791 0.0036 1632 24 1636 12 1633 18 
L1-2* 15818 560 0.04 0.1010 0.0013 3.7203 0.0555 0.2671 0.0035 1643 24 1646 12 1626 18 
L1-3* 10477 712 0.07 0.1007 0.0013 4.0246 0.0600 0.2898 0.0038 1638 24 1639 12 1640 19 
L1-4 10453 907 0.09 0.1047 0.0014 2.4742 0.0371 0.1714 0.0022 1709 24 1265 11 1020 12 
L1-5 10593 781 0.07 0.1090 0.0014 2.9925 0.0470 0.2084 0.0027 1783 24 1441 12 1220 14 
Sample A2-14 (Area 5)) 
A2-14-1 11030 3269 0.30 0.1009 0.0016 3.6794 0.0632 0.2646 0.0036 1640 28 1567 14 1513 18 
A2-14-2 10960 2130 0.19 0.1008 0.0016 3.7075 0.0639 0.2669 0.0036 1638 29 1573 14 1525 18 
A2-14-3 10599 3139 0.30 0.1032 0.0016 3.9037 0.0675 0.2745 0.0037 1682 29 1614 14 1563 19 
A2-14-4 11812 3118 0.26 0.1003 0.0016 3.6866 0.0638 0.2667 0.0036 1629 29 1569 14 1524 18 
A2-14-5 10471 5513 0.53 0.1002 0.0016 3.4337 0.0597 0.2486 0.0034 1628 29 1512 14 1431 17 
A2-14-6* 12097 3181 0.26 0.1005 0.0016 3.6906 0.0642 0.2663 0.0036 1633 29 1569 14 1522 18 
A2-14-7* 12590 6545 0.52 0.1009 0.0016 3.5579 0.0622 0.2558 0.0035 1640 29 1540 14 1468 18 
A2-14-8* 7133 1290 0.18 0.0993 0.0016 3.7870 0.0663 0.2766 0.0038 1600 29 1595 14 1594 19 
A2-14-9* 7552 1940 0.26 0.0982 0.0016 3.7442 0.0657 0.2765 0.0038 1599 29 1597 14 1594 19 
A2-14-10 8300 7534 0.91 0.0985 0.0016 3.3672 0.0591 0.2480 0.0034 1596 29 1497 14 1428 17 
Sample B1 (Banshee) 
B1-1* 3435 2363 0.69 0.1106 0.0021 5.0129 0.1016 0.3294 0.0047 1819 34 1822 17 1825 23 
B1-2* 3486 2200 0.63 0.1092 0.0021 4.9052 0.0997 0.3265 0.0047 1811 34 1818 17 1822 23 
B1-3* 3615 2129 0.59 0.1073 0.0020 4.7310 0.0964 0.3206 0.0046 1790 34 1791 17 1793 22 
B1-4* 3730 2203 0.59 0.1088 0.0021 4.8486 0.0991 0.3241 0.0046 1819 34 1793 17 1810 23 
B1-5* 3712 2254 0.61 0.1142 0.0022 5.2636 0.1080 0.3353 0.0048 1867 34 1863 18 1864 23 
B1-6 4965 3704 0.75 0.1396 0.0027 6.5381 0.1345 0.3408 0.0049 2222 33 2051 18 1891 24 
B1-7 4886 3674 0.75 0.1402 0.0027 6.5868 0.1361 0.3420 0.0049 2229 33 2058 18 1896 24 
B1-8 4186 2017 0.48 0.1032 0.0020 4.5852 0.0947 0.3233 0.0047 1683 35 1747 17 1806 23 
B1-9* 4286 1899 0.44 0.1019 0.0020 4.3691 0.0905 0.3121 0.0045 1702 35 1707 17 1711 22 
B1-10 4257 2057 0.48 0.0997 0.0019 4.4149 0.0918 0.3226 0.0047 1618 35 1715 17 1802 23 
B1-11* 4252 2270 0.53 0.1070 0.0021 4.8014 0.1002 0.3269 0.0047 1821 35 1825 18 1824 23 
B1-12 4194 2074 0.49 0.1197 0.0023 5.3981 0.1129 0.3286 0.0048 1952 34 1885 18 1832 23 
                

*Analysis included in the age calculations.  
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Appendix 4-1: Whole-rock geochemistry 

 

Sampling and sample preparation 

 

Twelve samples of the Browns Range Metamorphics (BRM) that are least affected by 

weathering and hydrothermal alteration were analysed for whole-rock geochemistry. Sampling 

was focussed in the northern portion of the field area, although from field observations it 

appears that the general sedimentary characteristics of the metasedimentary rocks do not vary 

significantly throughout the district. To best avoid surface weathering, the majority of the 

samples were taken from core samples drilled in the vicinity of REE orebodies. All of the 

collected samples were lightly brushed and washed in an ultrasonic bath to remove any 

contamination from drilling mud. Thin sections of representative samples were prepared for 

textural characterisation and mineralogical identification using petrographic and scanning 

electron microscopy (SEM) techniques. The modal composition of the samples was determined 

using the classic Gazzi-Dickinson point-counting method on a petrographic microscope 

(Dickinson, 1970). 

 

In addition to our analysis of the BRM, we also utilised bulk rock geochemical data of diamond 

core and drill chip samples from the HREE+Y orebodies of the Brown Range Dome. These 

data were collected as an integral part of Northern Minerals Ltd mineral exploration and 

resource definition work. The assay data can be accessed through Northern Minerals Ltd 

(www.northernminerals.com.au). 

 

Analytical Techniques 

 

The whole-rock geochemical analyses of BRM samples were carried out by Bureau Veritas 

Laboratories in Vancouver, Canada. Approximately 100 mg of finely milled powder of each 

sample was fused to glass using lithium metaborate/tetraborate flux. The fused discs were then 

digested in nitric acid and analysed for major elements by ICP-OES. A full suite of trace 

elements were analysed using the 1:1:1 Aqua Regia Ultratrace ICP-MS procedure, which 

utilises 1:1:1 HCl:HNO3:H2O combination to achieve ultra-low detection limits. Sample 

preparation and analytical procedures are as outlined in Jarvis and Jarvis (1995) and Pearce et 

al. (1999). Briefly, the procedure starts with the addition of 4 ml HF and 1 ml HNO3 (SPA, 

ROMIL Cambridge) to 100 mg of powdered sample within a Teflon vial which is then sealed 
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and left on a hot plate at 150 °C for 48 h. Followed by a two-step addition of 1 ml HNO3 into 

the moist residue, the insoluble fluoride species convert into soluble nitrate species. Moreover, 

an internal standard combined with 2.5 ml HNO3 are supplemented, following which the 

mixture is diluted to 50 ml, generating a final concentration of 20 ppb Re and Rh. The internal 

standard is, then, used to compensate for any analytical drift and matrix suppression effects. 

The relative analytical uncertainty on these data is <1% for elements that are substantially 

above their detection limits, including 0.005 wt.% for most major elements, ∼4 ppm for 

transition metals and <1 ppm for most lithophile trace elements.  

 

The diamond core and drill chip samples collected by Northern Minerals Ltd were analyses for 

REE and selected major and minor element composition by Genalysis. The samples were dried, 

crushed, split and pulverised, and then fused with sodium peroxide within a nickel crucible and 

dissolved with hydrochloric acid. Fusion digestion ensured complete dissolution of the 

refractory minerals such as xenotime. Subsequently, the suitably diluted digestion solution was 

analysed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 
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Table 1: Major (wt. %) and trace element (ppm) concentrations of the BRM 
Sample No A2-2 A2-3 A2-16 A2-25 W5-1 W5-2 W5-13 W324-5 W324-7 NM1 W16-4 G5-5 
Easting 492231.3 492231.3 492231.3 492231.3 493508.1 493508.1 493508.1 493541.2 493541.2 494489 493599.5 493098.1 
Northing 7909977 7909977 7909977 7909977 7915069 7915069 7915069 7914984 7914984 7912111 7914773 7913652 
Depth 46.9 51.3 138.2 187.5 441.2 487.6 550.7 409.5 441.6 Surface 103.5 98.1 
SiO2 88 83 86 88 88 91 87 94 90 72 77 78 
Al2O3 8.5 11.5 7.4 6 8.2 5.5 7.1 4.1 6.7 19.6 16.6 13.6 
TiO2 0.06 0.16 0.15 0.04 0.10 0.07 0.06 0.06 0.06 0.22 0.11 0.15 
Fe2O3 0.7 0.8 0.4 1.4 0.9 0.8 0.5 0.5 0.5 1.4 0.8 0.3 
MnO 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
MgO 0.40 0.77 0.05 0.08 0.37 0.40 0.19 0.25 0.26 0.34 0.31 0.26 
CaO 0.02 0.02 0.01 0.03 0.02 0.03 0.02 0.02 0.02 0.07 0.04 0.05 
Na2O 0.02 0.02 0.15 0.10 0.04 0.02 0.09 0.01 0.01 0.04 0.11 0.21 
K2O 2.2 3.8 5.9 4.3 2.6 1.7 4.4 1.3 2.1 5.7 4.9 7.5 
P2O5 0.02 0.04 0.04 0.02 0.02 0.05 0.03 0.04 0.02 0.12 0.08 0.10 
LOI 2.2 2.1 0.7 1 1.7 1.4 1 0.9 1.3 3.0 2.6 1.5 
K2O/Na2O 112 189 39 43 66 86 49 127 207 143 44 36 
Al2O3/TiO2 142 72 49 150 82 79 118 68 112 89 151 91 
             
Ba 21 61 465 655 84 645 459 37 25 158 78 855 
Sc 1.0 2.0 2.0 0.5 2.0 5.0 0.5 2.0 1.0 5.0 1.5 3.0 
Cs 1.5 1.9 0.8 1.2 1.3 0.5 0.9 0.4 0.3 2.5 2.2 1.8 
Ga 9.7 17.1 3.7 3.3 9.7 7.1 6.1 5.4 7.1 22.6 20 19 
Hf 2.7 3.6 2.4 2.2 2.6 1.9 2.5 1.4 2.6 5.2 6.2 5.5 
Nb 1.9 5.4 2.6 1.8 3.3 2.3 1.7 1.7 2.0 6.1 5.2 4.9 
Rb 56 102 143 109 69 27 95 24 27 170 176 160 
Sr 17 87 61 70 28 145 53 54 55 175 147 197 
Ta 0.3 0.5 0.3 0.3 0.4 0.3 0.2 0.2 0.2 1.0 0.5 0.6 
Th 25 41 24 19 25 22 25 12 27 103 87 47 
U 2.1 2.1 2.2 2.5 1.3 2.0 0.7 1.6 1.0 1.0 1.8 4.5 
V 14 19 6.0 6.0 9.0 16 6.0 13 6.0 20 17 14 
Mo 0.08 0.03 0.06 0.07 0.06 0.07 0.08 0.09 0.05 1.6 5.7 5.4 
Cu 1.6 1.2 1.1 5.5 0.6 139 0.8 18.5 0.5 15.6 5.0 20.5 
Pb 0.8 1.2 1.5 3.2 1.3 1.3 1.3 0.9 1.0 42 6.5 40 
Zn 2.4 2.0 0.9 3.0 1.0 0.8 0.4 0.5 0.4 13.4 7.6 13 
Ni 2.7 1.7 0.7 0.9 0.8 2.9 1.9 2.6 0.6 3.2 2.9 4.5 
Co 2.0 0.6 0.3 0.8 0.3 1.5 1.2 3.1 0.2 5.7 5.8 3.1 
Mn 25 13 38 60 26 21 28 28 23 34 25 31 
As 0.1 1.0 3.2 1.1 0.4 6.4 2.3 2.5 1.3 9.5 10 9.6 
Cr 2.4 2.6 2.5 5.7 2.6 2.0 2.0 2.8 2.5 5.6 3.7 2.8 
Li 0.4 0.2 0.3 0.2 0.6 0.3 0.1 0.3 0.2 0.2 0.3 0.4 
F 343 202 46 50 129 174 87 122 126 101 95 125 
Zr 93 123 85 73 92 81 82 40 84 151 180 170 
Y 15 23.3 10.3 8.4 12 6.8 17.3 20.1 5.4 3.11 14.1 16.03 
             
La 27.3 85.0 32.2 36.2 25.3 42.8 29.8 51.9 32.8 70.1 51.4 51.4 
Ce 47.9 152.1 55.0 61.0 42.9 81.8 50.3 103 58.8 130.1 107.7 103.7 
Pr 4.33 15.9 5.51 6.61 4.03 8.41 4.77 10.7 6.41 12.8 9.87 9.88 
Nd 14.1 57.7 18.9 21.9 12.4 30.6 15.9 35.1 24.6 45.5 33.1 34.6 
Sm 2.50 8.96 2.78 2.88 2.39 4.44 2.61 5.37 3.44 5.59 4.81 5.58 
Eu 0.34 0.62 0.30 0.25 0.24 0.30 0.42 0.43 0.25 0.28 0.38 0.37 
Gd 2.42 4.00 1.91 1.90 2.02 1.60 2.86 3.12 1.32 1.55 2.26 2.62 
Tb 0.38 0.63 0.30 0.26 0.34 0.21 0.49 0.53 0.16 0.11 0.36 0.43 
Dy 2.29 3.65 1.50 1.20 1.80 1.00 2.61 3.15 0.88 0.50 1.90 2.41 
Ho 0.50 0.77 0.35 0.29 0.40 0.24 0.59 0.67 0.19 0.11 0.48 0.54 
Er 1.52 2.15 1.07 0.87 1.10 0.75 1.75 2.01 0.59 0.33 1.41 1.61 
Tm 0.24 0.30 0.17 0.15 0.17 0.13 0.27 0.29 0.11 0.07 0.20 0.25 
Yb 1.45 2.08 1.16 1.06 1.17 1.00 1.69 1.90 0.90 0.50 1.30 1.56 
Lu 0.22 0.31 0.17 0.15 0.17 0.14 0.25 0.28 0.13 0.06 0.19 0.23 
(Gd/Yb)N 1.3 1.6 1.3 1.4 1.4 1.3 1.4 1.3 1.2 2.5 1.4 1.4 
(La/Sm)N 6.9 6 7.3 7.9 6.6 6 7.2 6.1 6 7.9 6.7 5.8 

Major elements are normalised to 100% on a LOI-free basis. 
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Appendix 4-2: EPMA analyses 

 

Analytical technique 

 

Backscattered electron (BSE) imaging and mineral identification and characterisation for many 

samples was undertaken using a JEOL-JXA8200 super probe with the Armstrong-CITZAF 

(phi-rho-Z) matrix correction program (Armstrong, 1988, 1991), housed at Advanced 

Analytical Centre (AAC), James Cook University (JCU). Quantitative Wavelength Dispersive 

Spectrometry (WDS) analyses were conducted on carbon-coated polished thin sections using 

a 20 nA beam defocused to 5 µm, and accelerating voltage of 15 kV. The elements measured 

were Na, Fe, Ca, Si, K, Al, Mn, Cl, Mg, Ti and F. Mineral formulae of white mica is normalised 

to 11 oxygen, assuming all Fe as Fe2+. Natural and synthetic standards were used for 

calibration. Further information on the electron probe microanalysis (EPMA) analytical 

conditions are presented in Table 1. Compositional mineral analysis of pre- and syn-ore white 

mica is presented in Table 2. 

 
Table 1: Analytical conditions for EPMA measurement of white mica 

    Count time (sec.) 
Element Standard Line Channel Peak Background 
Na Na2O Kα TAP 20 10 
Fe FeO Kα LIF 20 10 
Ca CaO Kα PETH 20 10 
Si SiO2 Kα TAP 20 10 
K K2O Kα PETJ 20 10 
Al Al2O3 Kα TAP 20 10 
Mn MnO Kα LIF 20 10 
Cl Cl Kα PETH 20 10 
Mg MgO Kα TAP 20 10 
Ti TiO2 Kα LIF 20 10 
F F Kα TAP 20 10 
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Table 2: EPMA analyses of pre- and syn-ore muscovite 
Paragenesis Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore 
Sample No NM1_2  NM1_3  NM1_4  NM1_5  NM1_6  NM1_7  NM1_8  NM1_9  NM1_10  NM1_11  NM1_12  NM1_14  NM1_16  NM1_17  NM1_18  
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na2O 0.16 0.20 0.22 0.18 0.12 0.24 0.21 0.18 0.19 0.13 0.20 0.20 0.18 0.16 0.20 
K2O 11.39 11.51 11.32 11.53 11.45 11.33 11.35 11.3 11.29 11.43 11.54 11.54 11.31 11.46 11.2 
FeO 0.56 0.56 0.70 0.72 0.41 0.93 0.67 0.53 0.65 0.39 0.54 0.59 0.32 0.38 0.65 
TiO2 0.05 0.06 0.07 0.03 0.03 0.02 0.01 0.07 0.00 0.02 0.07 0.04 0.02 0.08 0.01 
MgO 3.00 2.03 2.63 3.23 3.15 3.01 3.02 3.13 2.89 3.26 2.94 2.71 1.88 2.44 2.82 
SiO2 49.94 48.88 49.39 49.87 50.21 48.75 49.24 49.81 48.27 51.25 50.02 49.65 49.10 49.95 49.70 
MnO 0.04 0.02 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.05 0.03 
Al2O3 31.74 33.96 32.64 30.90 30.98 32.48 32.72 31.46 32.57 30.82 31.95 32.63 34.79 32.85 31.88 
F 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 
Total 96.88 97.22 97.02 96.50 96.36 96.77 97.22 96.51 95.86 97.30 97.27 97.37 97.61 97.37 96.49 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.02 0.03 0.03 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.03 
K 0.95 0.96 0.94 0.96 0.96 0.94 0.94 0.94 0.95 0.95 0.96 0.96 0.94 0.95 0.94 
Fe 0.03 0.03 0.04 0.04 0.02 0.05 0.04 0.03 0.04 0.02 0.03 0.03 0.02 0.02 0.04 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.29 0.20 0.26 0.32 0.31 0.29 0.29 0.31 0.28 0.32 0.28 0.26 0.18 0.24 0.28 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 2.44 2.61 2.51 2.39 2.40 2.50 2.51 2.43 2.53 2.36 2.45 2.50 2.66 2.52 2.46 
Total 3.74 3.82 3.78 3.73 3.70 3.82 3.80 3.74 3.82 3.67 3.75 3.78 3.82 3.75 3.74 
Si 3.26 3.18 3.22 3.27 3.30 3.18 3.20 3.26 3.18 3.33 3.25 3.22 3.18 3.25 3.26 
Total 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
OH 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

(Continued) 
Paragenesis Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore Pre-ore 
Sample No NM1_19  NM1_20  W5-1_2  W5-1_4  W5-1_6  W5-1_7  W5-1_8  W5-1_9  W5-1_11  W5-1_12  W5-1_13  W5-1_14  W5-1_15  W5-1_16  W5-1_20  
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 
Na2O 0.23 0.21 0.41 0.38 0.39 0.37 0.40 0.28 0.34 0.24 0.39 0.40 0.35 0.30 0.29 
K2O 11.43 11.32 11.16 11 11.02 10.99 10.78 11.19 11.25 11.2 10.61 11.01 11.05 11.22 11.07 
FeO 0.73 0.73 1.91 1.92 1.91 1.96 1.87 1.95 1.95 1.24 1.90 1.86 2.00 1.83 1.63 
TiO2 0.03 0.07 0.14 0.04 0.15 0.06 0.12 0.18 0.10 0.04 0.16 0.11 0.16 0.09 0.08 
MgO 2.92 2.97 1.37 1.36 1.27 1.28 1.27 1.49 1.49 1.86 1.44 1.40 1.42 1.66 1.67 
SiO2 49.32 49.69 47.11 46.98 46.49 46.92 45.64 47.67 46.83 50.12 46.77 46.96 46.99 47.74 48.63 
MnO 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 0.00 0.05 0.03 0.00 
Al2O3 32.83 32.62 33.56 33.59 34.05 33.94 32.36 32.66 33.27 31.88 33.37 33.00 33.26 32.48 32.79 
F 0.07 0.02 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 
Cl 0.00 0.00 0.01 0.00 0.00 0.01 0.14 0.00 0.01 0.01 0.00 0.02 0.01 0.00 0.01 
Total 97.56 97.63 95.67 95.26 95.28 95.57 92.57 95.43 95.24 96.59 94.70 94.76 95.28 95.36 96.18 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.03 0.03 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.03 0.05 0.05 0.05 0.04 0.04 
K 0.94 0.94 0.95 0.94 0.94 0.93 0.95 0.95 0.96 0.94 0.91 0.94 0.94 0.95 0.93 
Fe 0.04 0.04 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.07 0.11 0.10 0.11 0.10 0.09 
Ti 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 
Mg 0.28 0.29 0.14 0.13 0.13 0.13 0.13 0.15 0.15 0.18 0.14 0.14 0.14 0.16 0.16 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 2.51 2.49 2.63 2.64 2.67 2.66 2.62 2.57 2.61 2.47 2.64 2.61 2.62 2.55 2.55 
Total 3.80 3.78 3.87 3.87 3.90 3.88 3.86 3.82 3.88 3.70 3.86 3.85 3.86 3.82 3.78 
Si 3.20 3.22 3.13 3.13 3.10 3.12 3.14 3.18 3.12 3.30 3.14 3.15 3.14 3.18 3.22 
Total 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 
F 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
OH 1.99 2.00 2.00 2.00 2.00 1.99 1.98 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

(Continued) 
Paragenesis Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore 
Sample No W5-6B_1  W5-6B_2  W5-6B_4  W5-6B_5  W5-6B_8  W5-6B_9  W5-6B_10  W5-8_2  W5-8_3  W5-8_5  W5-8_7  W5-8_8  W5-8_10  W5-12_3  W5-12_4  
CaO 0.00 0.00 0.01 0.01 0.02 0.01 0.01 0.09 0.02 0.01 0.05 0.03 0.03 0.02 0.01 
Na2O 0.07 0.07 0.03 0.05 0.07 0.06 0.07 0.08 0.05 0.03 0.08 0.04 0.02 0.04 0.04 
K2O 10.02 10.02 10.06 9.98 9.78 10.07 9.75 10.10 9.29 9.07 9.29 10.02 9.42 10.33 10.16 
FeO 0.88 0.86 0.88 0.78 0.92 0.84 0.90 0.77 0.76 0.85 0.70 0.58 0.88 1.13 1.00 
TiO2 0.00 0.02 0.03 0.00 0.05 0.01 0.04 0.01 0.07 0.00 0.00 0.00 0.06 0.00 0.00 
MgO 2.72 2.79 2.41 2.66 2.64 2.65 2.72 2.01 1.80 2.20 1.99 1.98 2.30 2.84 2.74 
SiO2 53.39 54.08 52.68 53.99 52.24 52.94 52.94 52.00 51.28 51.89 50.99 51.92 52.62 52.31 49.09 
MnO 0.00 0.00 0.02 0.00 0.00 0.06 0.00 0.03 0.00 0.01 0.00 0.00 0.02 0.00 0.00 
Al2O3 30.40 30.19 30.09 30.37 29.30 29.25 30.02 31.57 31.67 30.54 30.80 32.10 30.94 29.40 27.33 
F 0.00 0.00 0.46 0.00 0.00 0.46 0.02 0.31 0.11 0.31 0.09 0.15 0.09 0.24 0.00 
Cl 0.01 0.01 0.02 0.01 0.07 0.03 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.04 
Total 97.49 98.05 96.69 97.85 95.10 96.37 96.49 96.98 95.07 94.92 94.00 96.83 96.39 96.34 90.42 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01 
K 0.84 0.83 0.85 0.83 0.84 0.86 0.82 0.85 0.80 0.78 0.81 0.84 0.80 0.88 0.91 
Fe 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.04 0.04 0.05 0.04 0.03 0.05 0.06 0.06 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.27 0.27 0.24 0.26 0.26 0.26 0.27 0.20 0.18 0.22 0.20 0.19 0.23 0.28 0.29 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 2.35 2.32 2.35 2.34 2.32 2.30 2.34 2.46 2.51 2.43 2.47 2.50 2.42 2.30 2.27 
Total 3.51 3.48 3.50 3.48 3.49 3.47 3.50 3.57 3.55 3.49 3.53 3.57 3.51 3.53 3.54 
Si 3.49 3.52 3.50 3.52 3.51 3.53 3.50 3.43 3.45 3.51 3.47 3.43 3.49 3.47 3.46 
Total 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 
F 0.00 0.00 0.10 0.00 0.00 0.10 0.00 0.06 0.02 0.07 0.02 0.03 0.02 0.05 0.00 
Cl 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
OH 2.00 2.00 1.90 2.00 1.99 1.90 1.99 1.93 1.97 1.93 1.98 1.97 1.98 1.95 1.99 
Total 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
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(Continued) 
Paragenesis Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore 
Sample No W5-12_6  W5-12_9  W5-12_11  W5-12_12  W5-4_1  W5-4_2  W5-4_3  W5-4_5  W5-4_7  W5-4_8  W5-4_13  W5-4_15  W5-4_16  W5-6_2  W5-6_3  
CaO 0.01 0.04 0.03 0.02 0.04 0.05 0.05 0.06 0.10 0.06 0.03 0.04 0.01 0.03 0.03 
Na2O 0.08 0.09 0.07 0.07 0.10 0.10 0.10 0.08 0.09 0.04 0.09 0.06 0.04 0.09 0.23 
K2O 10.02 9.67 9.77 10.40 10.10 9.47 10.03 10.14 9.66 9.78 10.12 10.08 9.70 10.09 9.41 
FeO 1.04 0.63 1.01 1.07 0.58 0.60 0.54 0.69 0.61 0.63 0.55 0.72 0.58 0.59 0.51 
TiO2 0.17 0.04 0.03 0.02 0.06 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 2.58 1.66 2.68 2.67 2.11 2.09 1.92 2.09 2.15 2.25 2.18 2.26 1.96 2.67 2.15 
SiO2 50.18 50.57 50.52 50.29 52.11 49.55 51.70 51.73 52.27 50.88 52.91 52.68 48.53 53.38 50.61 
MnO 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 
Al2O3 27.99 31.94 28.83 28.01 31.46 29.86 31.60 31.16 29.98 28.73 31.66 31.27 30.21 30.79 30.10 
F 0.02 0.46 0.02 0.29 0.09 0.09 0.18 0.18 0.22 0.18 0.22 0.15 0.31 0.13 0.11 
Cl 0.03 0.02 0.02 0.02 0.03 0.03 0.04 0.03 0.02 0.04 0.01 0.04 0.02 0.01 0.09 
Total 92.15 95.12 92.99 92.88 96.68 91.84 96.16 96.15 95.18 92.60 97.77 97.31 91.37 97.79 93.24 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 
K 0.89 0.83 0.86 0.91 0.85 0.84 0.85 0.86 0.83 0.86 0.84 0.84 0.87 0.84 0.82 
Fe 0.06 0.04 0.06 0.06 0.03 0.04 0.03 0.04 0.03 0.04 0.03 0.04 0.03 0.03 0.03 
Ti 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.27 0.17 0.27 0.27 0.21 0.22 0.19 0.21 0.22 0.23 0.21 0.22 0.20 0.26 0.22 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 2.29 2.54 2.33 2.27 2.45 2.45 2.48 2.44 2.38 2.34 2.44 2.42 2.49 2.37 2.43 
Total 3.52 3.59 3.53 3.54 3.56 3.56 3.56 3.56 3.48 3.48 3.54 3.54 3.60 3.52 3.53 
Si 3.48 3.41 3.47 3.46 3.44 3.44 3.44 3.44 3.52 3.52 3.46 3.46 3.40 3.48 3.47 
Total 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 
F 0.00 0.10 0.00 0.06 0.02 0.02 0.04 0.04 0.05 0.04 0.05 0.03 0.07 0.03 0.02 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
OH 1.99 1.90 1.99 1.94 1.98 1.98 1.96 1.96 1.95 1.96 1.95 1.96 1.93 1.97 1.97 
Total 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

 (Continued) 
Paragenesis Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore Syn-ore 
Sample No W5-6_6  W5-6_7  W5-6_8  W5-6_9  W5-6_10  W5-6_12  W5-6_13  W5-6_15  W5-6_19  W5-6_20  
CaO 0.04 0.05 0.06 0.04 0.04 0.07 0.05 0.04 0.04 0.09 
Na2O 0.09 0.06 0.12 0.10 0.10 0.05 0.11 0.09 0.08 0.10 
K2O 9.83 9.72 9.88 10.06 9.59 7.78 9.70 9.93 9.78 9.85 
FeO 0.57 0.55 0.59 0.51 0.54 0.28 0.47 0.49 0.50 0.57 
TiO2 0.00 0.00 0.03 0.00 0.00 0.07 0.00 0.00 0.01 0.00 
MgO 2.53 2.46 2.43 2.22 2.10 1.58 2.61 2.36 2.34 2.28 
SiO2 54.11 52.50 52.09 52.32 52.44 49.88 52.77 53.30 51.61 51.77 
MnO 0.00 0.00 0.02 0.00 0.04 0.00 0.00 0.00 0.01 0.00 
Al2O3 31.48 31.33 30.66 32.09 31.44 33.56 31.02 31.55 29.80 31.12 
F 0.11 0.39 0.24 0.22 0.13 0.50 0.26 0.29 0.18 0.11 
Cl 0.01 0.04 0.02 0.02 0.02 0.03 0.02 0.03 0.04 0.01 
Total 98.76 97.11 96.13 97.58 96.44 93.79 97.01 98.08 94.40 95.90 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Na 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
K 0.81 0.82 0.84 0.84 0.81 0.68 0.82 0.83 0.85 0.84 
Fe 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.24 0.24 0.24 0.22 0.21 0.16 0.26 0.23 0.24 0.23 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 2.40 2.44 2.40 2.48 2.46 2.71 2.41 2.43 2.38 2.44 
Total 3.50 3.54 3.54 3.58 3.52 3.58 3.52 3.52 3.50 3.55 
Si 3.50 3.46 3.46 3.42 3.48 3.42 3.48 3.48 3.50 3.45 
Total 7 7 7 7 7 7 7 7 7 7 
F 0.02 0.08 0.05 0.05 0.03 0.11 0.05 0.06 0.04 0.02 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
OH 1.98 1.91 1.95 1.95 1.97 1.89 1.94 1.94 1.96 1.98 
Total 2 2 2 2 2 2 2 2 2 2 

Formula (a.p.f.u.) calculated based on 11 oxygen 
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Appendix 4-3: U-Pb isotopic analysis 

 

Sampling and Petrography 

 

The representative ore samples were selected from a much larger set of outcrop and core 

samples collected by the authors between 2014 and 2016. The samples were lightly brushed 

and washed in an ultrasonic bath to remove any contamination from drilling mud. A slice of 

the sample was used for thin section and petrographic studies using conventional optical 

microscopy under a transmitted and reflected light microscope. Microscopic studies were 

further complimented by backscattered electron imaging (BSE).  

 

Analytical Technique 

 

In-situ laser ablation inductively-coupled plasma mass spectroscopy (LA-ICP-MS) U-Pb 

dating of xenotime was conducted at Advanced Analytical Centre (AAC), James Cook 

University (JCU), using a GeoLas Pro 193 nm excimer laser, and a Bruker (formally Varian) 

820-MS ICP-MS. The ICP-MS was tuned to ensure approximately equal sensitivity of U, Th 

and Pb to minimize isotope fractionation due to matrix effect. Further details of the 

instrumental and analytical set-up are available in Spandler et al. (2016). Analytes collected 

were 31P, 89Y, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U and 238U. The standards used in the analyses 

included z6413 (primary), MG-1 and BS-1 (secondary) xenotime (Fletcher et al., 2004). For 

quantification of U and Th concentration in xenotime, analysis of the NIST-SRM-612 reference 

glass conducted at the beginning, middle and end of every analytical session with 89Y used as 

the internal standard assuming perfect xenotime stoichiometry. Xenotime analysis was 

undertaken using a beam diameter of 24 µm, and laser energy of 6 J/cm2. All data reduction 

was carried out by GLITTER software (Van Achterbergh et al., 2001). All time-resolved single 

isotope signals from standards and samples were filtered for signal spikes or perturbations 

related to inclusions and fractures. Subsequently, the most stable and representative ratios were 

selected taking into account possible mixing of different age domains and zoning. Analysis of 

secondary standards MG-1 (492 ± 3 Ma) and BS-1 (506 ± 5 Ma) compare well with the 

published values of 490.1 Ma for MG-1 and 508.8 Ma for BS-1 (Fletcher et al., 2004), 

demonstrating the accuracy of our technique.  
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Table 1: U-Pb isotopic data 
 

U 
(ppm) 

Th 
(ppm) 

Th 
U 

207Pb 
206Pb ±1s  

207Pb 
235U ±1s  

206Pb 
238U ±1s  

207Pb 
206Pb  
age (Ma) ±1s  

207Pb 
235U  
age (Ma) ±1s  

206Pb 
238U  
age (Ma) ±1s 

Discordance 
(%) 

W5-3_1* 4080 35 0.01 0.0990 0.0010 3.8501 0.0385 0.2820 0.0028 1606 19 1603 8 1602 14 0.3 
W5-3_3* 3216 16 0.00 0.1008 0.0010 3.9546 0.0397 0.2845 0.0028 1630 19 1625 8 1614 14 0.9 
W5-3_4* 2001 5 0.00 0.0986 0.0010 3.8260 0.0392 0.2815 0.0028 1598 19 1598 8 1599 14 -0.1 
W5-3_10* 2610 3 0.00 0.1000 0.0010 3.9828 0.0406 0.2888 0.0029 1625 19 1631 8 1636 14 -0.7 
W5-3_11* 2475 11 0.00 0.0993 0.0011 3.9040 0.0404 0.2852 0.0028 1611 20 1615 8 1618 14 -0.4 
W5-3_12* 2060 13 0.01 0.0997 0.0011 3.9546 0.0414 0.2877 0.0028 1619 20 1625 8 1630 14 -0.7 
W5-3_13* 2399 1 0.00 0.0997 0.0011 3.9685 0.0411 0.2889 0.0028 1618 20 1628 8 1626 14 -0.5 
W5-3_15 2494 5 0.00 0.0993 0.0011 4.2177 0.0433 0.3080 0.0030 1612 20 1678 8 1731 15 -7.4 
W5-3_16* 2298 12 0.01 0.0991 0.0011 3.8596 0.0399 0.2824 0.0028 1608 20 1605 8 1603 14 0.3 
W5-3_18* 2253 6 0.00 0.0983 0.0011 3.8620 0.0400 0.2851 0.0028 1603 20 1606 8 1617 14 -0.8 
W5-3_19* 4171 183 0.04 0.0988 0.0010 3.9051 0.0393 0.2867 0.0028 1613 19 1615 8 1625 14 -0.8 
W5-3_20 2466 7 0.00 0.0985 0.0011 4.0717 0.0421 0.3000 0.0029 1595 20 1649 8 1691 15 -6.0 
W5-5-2* 1456 3 0.00 0.0987 0.0010 3.8565 0.0513 0.2834 0.0038 1600 19 1605 11 1608 19 -0.5 
W5-5-7* 1359 2 0.00 0.1000 0.0010 3.9206 0.0520 0.2845 0.0038 1623 19 1618 11 1614 19 0.6 
W5-5-8* 1694 7 0.00 0.0985 0.0010 3.9072 0.0517 0.2879 0.0039 1611 19 1615 11 1620 19 -0.5 
W5-5-10* 1945 13 0.01 0.0996 0.0010 3.9454 0.0521 0.2874 0.0039 1622 19 1623 11 1628 19 -0.4 
W5-5-11* 2336 2 0.00 0.0998 0.0010 3.8780 0.0511 0.2819 0.0038 1611 19 1609 11 1601 19 0.6 
W5-5-12* 1763 0 0.00 0.0997 0.0010 3.9306 0.0520 0.2861 0.0038 1618 19 1620 11 1622 19 -0.2 
W5-5-13* 1855 2 0.00 0.0994 0.0010 3.9564 0.0521 0.2887 0.0039 1613 19 1625 11 1635 19 -1.4 
W5-5-15* 2830 3 0.00 0.1003 0.0010 3.9808 0.0522 0.2881 0.0039 1629 18 1630 11 1632 19 -0.2 
C2-2* 5110 120 0.02 0.0999 0.0010 3.9846 0.0501 0.2892 0.0037 1633 18 1631 10 1637 19 -0.3 
C2-3* 5780 154 0.03 0.1004 0.0010 3.9761 0.0501 0.2872 0.0037 1632 18 1629 10 1628 18 0.3 
C2-5* 4219 93 0.02 0.0997 0.0010 3.9562 0.0499 0.2878 0.0037 1629 18 1625 10 1630 18 -0.1 
C2-7* 4655 114 0.02 0.0996 0.0010 3.9949 0.0504 0.2910 0.0037 1626 18 1633 10 1637 19 -0.6 
C2-8* 4150 124 0.03 0.0996 0.0010 4.0502 0.0510 0.2949 0.0038 1627 18 1644 10 1646 19 -1.2 
C2-9* 4989 118 0.02 0.1001 0.0010 4.0856 0.0514 0.2960 0.0038 1646 18 1651 10 1651 19 -0.3 
C2-10* 3761 183 0.05 0.0998 0.0010 4.0912 0.0516 0.2972 0.0038 1651 18 1653 10 1657 19 -0.4 
C2-11* 3995 154 0.04 0.1004 0.0010 4.0149 0.0506 0.2900 0.0037 1632 18 1637 10 1641 19 -0.6 
C2-12* 4559 117 0.03 0.0994 0.0010 4.0335 0.0507 0.2943 0.0038 1640 18 1641 10 1643 19 -0.2 
C2-14* 4920 134 0.03 0.1001 0.0010 4.0724 0.0512 0.2952 0.0038 1645 18 1649 10 1647 19 -0.1 
C2-15 4951 119 0.02 0.0999 0.0010 4.1886 0.0527 0.3040 0.0039 1623 18 1672 10 1711 19 -5.4 
BR1-4* 5434 8 0.00 0.0988 0.0010 3.9429 0.0478 0.2894 0.0036 1619 19 1623 10 1629 18 -0.6 
BR1-8* 5619 11 0.00 0.0991 0.0010 3.8311 0.0463 0.2805 0.0034 1607 19 1599 10 1594 17 0.8 
BR1-10* 5843 11 0.00 0.0986 0.0010 3.8292 0.0462 0.2818 0.0035 1597 19 1599 10 1600 17 -0.2 
BR1-12 6029 14 0.00 0.1000 0.0010 3.7083 0.0447 0.2689 0.0033 1625 19 1573 10 1535 17 5.5 
BR1-17* 6547 7 0.00 0.0997 0.0011 3.9649 0.0559 0.2884 0.0041 1625 20 1627 11 1633 20 -0.5 
BR1-18* 6620 7 0.00 0.0991 0.0011 3.9387 0.0555 0.2882 0.0040 1618 20 1622 11 1623 20 -0.3 
BR1-19* 8164 10 0.00 0.0985 0.0011 3.7508 0.0531 0.2784 0.0039 1590 20 1589 11 1583 20 0.4 
BR1-20* 8174 11 0.00 0.0997 0.0011 3.8973 0.0547 0.2836 0.0040 1618 20 1613 11 1610 20 0.5 
BR1-23* 6879 8 0.00 0.0989 0.0011 3.9044 0.0547 0.2865 0.0040 1613 20 1615 11 1616 20 -0.2 
BR1-27* 6228 9 0.00 0.0985 0.0011 3.8743 0.0544 0.2853 0.0040 1596 20 1608 11 1618 20 -1.4 
BR1-30* 6253 19 0.00 0.0983 0.0011 3.7960 0.0531 0.2803 0.0039 1591 20 1592 11 1593 20 -0.1 

Discordance = 100*(207Pb/206Pb-238U/206Pb)/(207Pb/206Pb). 
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Appendix 4-4: Sm-Nd isotopic analysis 

 

Introduction 

 

In this contribution we have determined the Sm-Nd isotope composition of the xenotime 

orebodies using two approaches: (1) Bulk analysis of two orebody samples by TIMS, and (2) 

In situ microanalysis of xenotime from a number of deposits/prospects by laser ablation multi-

collector ICP-MS. We have also analysed the isotopic composition of four samples of the 

Browns Range Metamorphic (BRM) that host the ore. 

 

Whole-Rock Sm-Nd Isotopic Analysis 

 

Whole-rock Sm-Nd isotopic analysis was conducted on two samples of ore from the Wolverine 

Deposit (samples W5-2 and W5-6) and four representative samples of the BRM (samples W5-

1, W5-13, W16-4, and G5-5). Samarium-Nd isotope analysis of selected rock powders was 

performed at the University of Adelaide with a Finnigan-MAT262 thermal ionization mass 

spectrometer (TIMS), in static and quadruple cup dynamic measurement modes following the 

routine described in Wade et al. (2006). Between 50 to 200 mg of the samples were digested 

in PARR acid (HNO3-HF acid mix) digestion bombs at 190 ºC for 96 hours, then evaporated 

to dryness and bombed with 6M HCl overnight. The samples were then spiked with a 150Nd-
147Sm spike. The measurements were corrected for mass fractionation by normalization to 
146Nd/144Nd = 0.7219. Neodymium and Sm concentrations were calculated by isotope dilution 

and were corrected for 200 pg and 150 pg blanks, respectively. Reference material JNdi-1 was 

0.512083 ± 13 (2σ) (n=9). 143Nd/144Nd ratios were normalized to the TIMS value of the JNdi-

1 glass (0.512098 ± 13; Fisher et al. 2011). 

 

In-Situ Sm-Nd Isotopic Analysis 

 

Laser ablation Nd isotope analyses of xenotime were undertaken at the Advanced Analytical 

Centre (AAC), James Cook University (JCU), using a GeoLas 193nm ArF Excimer laser 

ablation system connected to a Thermo-Scientific Neptune multi-collector ICP-MS, following 

the set-up outlined in Hammerli et al. (2014). In-situ laser ablation analyses were conducted on 

polished thin sections over 60s with spot sizes of 16-90 μm, pulse rates of 4 Hz and a laser 

energy density at the sample site of 5 to 6 J/cm2, as determined by an energy meter. Ablation 



244 
 

was carried out in He (typical flow rate ∼0.9 l/min), which was combined with Ar (∼0.8 l/min, 

optimized daily) and N2 (∼0.005 l/min) prior to transport into the torch. Interference and mass 

bias corrections were made according to the method of Fisher et al. (2011). The 147Sm/144Nd 

ratios were calibrated against a synthetic LREE-rich silicate glass (147Sm/144Nd = 0.2451; 

Fisher et al., 2011), which was routinely analysed throughout each session. Sample mineral 
143Nd/144Nd ratios were further normalised to bracketing analyses of Nd-doped glass (JNdi-1, 

TIMS 143Nd/144Nd, Fisher et al., 2011). Overall, three apatite grains were used as quality control 

material including Ap1, Ap2 and Durango Apatite. The 143Nd/144Nd results for Ap1 and Ap2 

are 0.511341 ± 23 (2SD) and 0.510999 ± 56 (2SD), respectively, which agree well with the 

published data (Ap1: 0.511342 ± 31 (2SD) and Ap2: 0.510977 ± 39 (2SD)) of Yang et al. 

(2008). The analyses of Durango apatite produced 143Nd/144Nd value of 0.512467 ± 48 (2SD), 

which is in good agreement with the ratios acquired by LA-MC-ICP-MS reported by Foster 

and Vance (2006) (0.512469 ± 25) (2SD) and Fisher et al. (2011) (0.512463 ± 48), and the 

TIMS value of 0.512489 ± 12 (Fisher et al. 2011). The 143Nd/144Nd result for the LREE glass 

is 0.512096 ± 16 (2SD) which is indistinguishable from the value determined by TIMS 

(0.512098 ± 13, Fisher et al., 2011). 

 

Complications with In-Situ Sm-Nd Isotopic Analysis 

 

The in-situ Sm-Nd isotopic analyses revealed that the ore xenotime from all samples is 

invariably zoned in Sm/Nd (and hence 143Nd/144Nd) at the micrometer scale. This resulted in 

time resolved analytical signal for 143Nd/144Nd and 147Sm/144Nd that varied to a much larger 

degree that expected for the analytical precision (see Fig. 1).  Although a limited number of 

analytical signals contained segments with relatively constant 143Nd/144Nd and 147Sm/144Nd 

ratios (Figs. 1A-B), most of the analyses produced relatively smooth patterns (e.g., relatively 

precise analyses) that varied significantly over the analysis period of ca. 60s (Figs. 1C-D). 

Additionally, some analyses illustrate two relatively flat plateaus with distinct isotopic 

compositions (Figs. 1E-F). We interpret these signals to represent sampling of micrometer-

scale zoning of the xenotime grains, rather than contamination by inclusions or other analytical 

artefacts. During data processing, care was taken to select only relatively flat and stable 

intervals of the signals. In many cases this could not be completed, and these analyses were not 

further used (e.g., Figs. 1G-H). Nevertheless, despite careful signal processing, the results 

returned large analytical errors on the calculated isotope ratios.  
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Results 

 

All analytical results are presented in Table 1 and Table 2. Although our in situ analysis of 

xenotime revealed highly variable 147Sm/144Nd (0.03636 to 6.41526) and 143Nd/144Nd (0.51030 

to 0.57800) ratios, εNd values, calculated to 1.62 Ga (the age of ore formation) for all five 

HREE deposits/prospects, studied here (Wolverine, Area 5, Cyclops, Boulder Ridge and John 

Galt) fall within a similar (albeit broad) range from -12 to -28. These values are similar to εNd 

values calculated from the bulk ore samples of -13 and -17, and bulk rock values for the BRM 

of -15 to -24 (see manuscript text for more details).  
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Table 1: In-situ Sm-Nd analysis of xenotime 
Deposit Sample 147Sm/144Nd 143Nd/144Nd CHUR 143Nd/144Nd (i) εNd (T=1.62 Ga) 2σ 
Wolverine W5-7-1 A 0.93786 0.52067 0.51055 0.50984 -13.9 4.9 
Wolverine W5-7-6 A 0.94875 0.52007 0.51055 0.50913 -27.9 1.9 
Wolverine W5-7-14 A 0.04512 0.51064 0.51055 0.50937 -23.1 1.3 
Wolverine W5-7-15 A 0.04879 0.51065 0.51055 0.50934 -23.7 1.1 
Wolverine W5-7-16 A 0.04002 0.51050 0.51055 0.50929 -24.7 1.1 
Wolverine W5-7-16 B 0.03637 0.51030 0.51055 0.50913 -27.7 1.5 
Wolverine W5-7-17 A 0.05706 0.51073 0.51055 0.50934 -23.8 1.2 
Wolverine W5-7-17 B 0.06808 0.51109 0.51055 0.50958 -19.1 1.0 
Wolverine W5-3-1 A 1.41552 0.52462 0.51055 0.50961 -18.5 1.2 
Wolverine W5-3-1 B 1.60014 0.52636 0.51055 0.50938 -22.9 3.0 
Wolverine W5-3-2 A 1.30835 0.52349 0.51055 0.50961 -18.3 1.3 
Wolverine W5-3-3 A 1.37710 0.52419 0.51055 0.50958 -18.9 0.6 
Wolverine W5-3-3 B 1.45671 0.52485 0.51055 0.50940 -22.5 4.1 
Wolverine W5-3-4 A 1.18957 0.52221 0.51055 0.50959 -18.8 1.3 
Wolverine W5-3-5 A 1.80171 0.52870 0.51055 0.50958 -18.9 1.5 
Wolverine W5-3-7 A 1.25728 0.52292 0.51055 0.50958 -19.0 0.8 
Wolverine W5-3-7 B 1.29121 0.52321 0.51055 0.50952 -20.2 0.9 
Wolverine W5-3-8 A 0.92916 0.51962 0.51055 0.50977 -15.3 0.8 
Wolverine W5-3-9 A 1.04971 0.52080 0.51055 0.50967 -17.2 0.9 
Wolverine W5-3-10 A 1.11226 0.52155 0.51055 0.50975 -15.7 2.3 
Wolverine W5-3-11 A 1.43639 0.52483 0.51055 0.50959 -18.8 0.8 
Wolverine W5-3-11 B 1.57730 0.52615 0.51055 0.50942 -22.1 1.8 
Wolverine W5-3-12 A 1.27975 0.52318 0.51055 0.50960 -18.5 3.1 
Wolverine W5-4-1 A 1.21598 0.52261 0.51055 0.50971 -16.4 3.1 
Wolverine W5-4-1 B 1.30667 0.52340 0.51055 0.50954 -19.8 1.4 
Wolverine W5-4-2 A 1.14844 0.52189 0.51055 0.50971 -16.5 1.7 
Wolverine W5-4-2 B 1.29180 0.52331 0.51055 0.50961 -18.5 1.6 
Wolverine W5-4-3 A 2.97382 0.54102 0.51055 0.50947 -21.1 6.7 
Wolverine W5-4-4 A 1.21312 0.52258 0.51055 0.50971 -16.5 1.4 
Wolverine W5-4-5 A 2.07509 0.53128 0.51055 0.50927 -25.2 2.7 
Wolverine W5-4-14 A 1.23862 0.52278 0.51055 0.50964 -17.8 1.2 
Wolverine W5-4-14 B 1.69903 0.52779 0.51055 0.50977 -15.4 2.8 
Wolverine W5-4-15 A 1.08770 0.52120 0.51055 0.50967 -17.3 1.1 
Wolverine W5-4-15 B 1.13404 0.52179 0.51055 0.50976 -15.4 2.0 
Wolverine W5-4-16 A 1.12250 0.52162 0.51055 0.50972 -16.3 1.3 
Wolverine W5-4-1 A 1.62957 0.52681 0.51055 0.50952 -20.2 1.3 
Wolverine W5-4-1 B 2.00709 0.53072 0.51055 0.50943 -22.0 1.2 
Wolverine W5-4-2 A 1.40267 0.52447 0.51055 0.50959 -18.9 2.8 
Wolverine W5-4-3 A 2.00261 0.53073 0.51055 0.50949 -20.8 4.2 
Wolverine W5-4-3 B 2.18952 0.53264 0.51055 0.50941 -22.3 2.7 
Wolverine W7-3-1 A 1.24208 0.52293 0.51055 0.50976 -15.6 1.9 
Wolverine W7-3-2 A 1.55334 0.52606 0.51055 0.50958 -18.9 2.4 
Wolverine W7-3-2 B 1.89545 0.52957 0.51055 0.50946 -21.4 5.2 
Wolverine W7-3-3 A 1.17112 0.52226 0.51055 0.50984 -13.9 1.1 
Wolverine W7-3-4 A 2.28286 0.53361 0.51055 0.50940 -22.6 1.9 
Wolverine W7-3-4 B 3.04467 0.54155 0.51055 0.50925 -25.4 9.1 
Wolverine W7-3-5 A 0.44392 0.51443 0.51055 0.50972 -16.2 8.6 
Wolverine W7-3-5 B 1.40225 0.52419 0.51055 0.50932 -24.2 6.7 
Wolverine W7-3-7 A 0.28712 0.51289 0.51055 0.50985 -13.7 2.4 
Wolverine W7-3-8 A 1.10308 0.52147 0.51055 0.50977 -15.3 1.7 
Wolverine W7-3-9 A 1.34967 0.52398 0.51055 0.50966 -17.4 2.8 
Wolverine W7-3-9 B 2.58106 0.53680 0.51055 0.50941 -22.3 6.8 
Wolverine W7-3-10 A 1.40753 0.52455 0.51055 0.50962 -18.3 2.5 
Wolverine W7-3-12 A 2.43714 0.53511 0.51055 0.50925 -25.4 5.6 
Wolverine W5-2B-1 2.36269 0.53410 0.51055 0.50923 -25.9 5.5 
Wolverine W5-2B-2  3.33014 0.54443 0.51055 0.50937 -23.2 6.2 
Wolverine W5-2B-3  2.02327 0.53096 0.51055 0.50966 -17.5 3.3 
Wolverine W5-2B-4  3.22924 0.54360 0.51055 0.50960 -18.6 3.9 
Wolverine W5-2B-6 1.49082 0.52529 0.51055 0.50959 -18.8 2.1 
Wolverine W5-2B-7  1.91812 0.52975 0.51055 0.50955 -19.6 5.1 
Wolverine W5-2B-8 1.33662 0.52363 0.51055 0.50955 -19.5 3.9 
Wolverine W5-2B-9 2.37399 0.53463 0.51055 0.50963 -18.0 2.8 
Wolverine W5-2B-10  2.40285 0.53467 0.51055 0.50937 -23.2 6.9 
Cyclops C2-1 2.72913 0.53804 0.51055 0.50931 -24.4 7.2 
Cyclops C2-2 4.63989 0.55804 0.51055 0.50918 -26.8 7.2 
Cyclops C2-3 1.38805 0.52416 0.51055 0.50954 -19.8 3.4 
Cyclops C2-4 3.77585 0.54894 0.51055 0.50918 -26.8 5.6 
Cyclops C2-5 1.84146 0.52883 0.51055 0.50944 -21.7 4.8 
Cyclops C2-6 A 2.08121 0.53123 0.51055 0.50931 -24.2 4.5 
Cyclops C2-6 B 1.34541 0.52374 0.51055 0.50957 -19.2 1.3 
Cyclops C2-7 1.71176 0.52748 0.51055 0.50945 -21.5 4.9 
Cyclops C2-8 2.15197 0.53186 0.51055 0.50920 -26.5 4.3 
Cyclops C2-9 A 2.00259 0.53059 0.51055 0.50950 -20.6 5.3 
Cyclops C2-9 B 2.41124 0.53480 0.51055 0.50941 -22.3 5.1 
Cyclops C2-10  1.51791 0.52559 0.51055 0.50961 -18.5 5.7 
Boulder Ridge BR1-5 4.76393 0.56012 0.51055 0.50932 -24.0 9.3 
Boulder Ridge BR1-6 A 4.67901 0.55917 0.51055 0.50928 -24.9 6.3 
Boulder Ridge BR1-6 B 6.41526 0.57801 0.51055 0.50960 -18.6 6.8 
Boulder Ridge BR1-7 2.86480 0.53994 0.51055 0.50939 -22.6 7.6 
Boulder Ridge BR1-8 2.96408 0.54153 0.51055 0.50993 -12.1 6.5 
Iceman I1-4 2.25064 0.53312 0.51055 0.50913 -27.9 3.5 
Iceman I1-8 4.57305 0.55800 0.51055 0.50924 -25.7 8.3 
Iceman I1-13 4.59227 0.55823 0.51055 0.50926 -25.2 9.0 
John Galt J1-3 1.83126 0.52881 0.51055 0.50929 -24.8 5.3 
John Galt J1-5 2.11314 0.53177 0.51055 0.50924 -25.7 1.2 
John Galt J1-8 1.81313 0.52861 0.51055 0.50928 -24.8 1.6 
John Galt J1-9 A 2.03384 0.53113 0.51055 0.50945 -21.5 2.9 
John Galt J1-9 B 1.60950 0.52683 0.51055 0.50967 -17.2 2.6 
John Galt J1-10 1.62441 0.52682 0.51055 0.50951 -20.4 1.6 
John Galt J1-11 1.79334 0.52830 0.51055 0.50918 -26.8 5.8 
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Table 2: Whole-rock Sm-Nd analysis of ore and BRM  
Deposit Sample Easting Northing Depth Type Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 143Nd/144Nd (i) εNd (t=1.62 Ga) 2σ TDM (Ma) TCHUR (Ma) 
Wolverine W5-1 493508.1 7915069 441.2 BRM 2.39 12.4 0.10109 0.51067 0.50961 -18.7 0.08 3296 3105 
Wolverine W5-13 493508.1 7915069 550.7 BRM 2.61 16 0.10188 0.51085 0.50977 -15.5 0.02 3087 2855 
Wolverine W16-4 493599.5 7914773 103.5 BRM 4.81 33.1 0.08752 0.51059 0.50966 -17.4 0.06 3050 2842 
Gambit G5-5 493098.1 7913652 98.1 BRM 5.58 34.6 0.19176 0.51138 0.50934 -23.7 0.06 11472 35382 
Wolverine W5-2 493508.1 7915069 487.6  Ore 863 1200 0.43505 0.51451 0.50990 -13.0 0.06 943 1199 
Wolverine W5-6 493508.1 7915069 505.2 Ore 7907 2694 1.77450 0.52854 0.50969 -17.0 0.05 1501 1533 

 

 

 
Figure 1. 143Nd/144Nd and 147Sm/144Nd ratios versus Cycle, showing xenotime with (A-B) limited isotopic 

variation, (C-D) limited variation interrupted by anomaly, (E-F) two stable plateaus, referred to with suffix “A” 

and “B” in Table 1, and (G-H) considerable isotopic variations.  
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Appendix 5-1: Sample locations 
 No. Prospect/deposit Drill core Depth (m) Easting Northing 
 WDS      
1 A2-11 Area 5 BRAD0002 132.4 492231.3 7909977 
2 A2-14 Area 5 BRAD0002 135 492231.3 7909976 
3 W5-6 Wolverine BRWT0332W5 505.2 493508.1 7915069 
4 W5-4 Wolverine BRWT0332W5 503.2 493508.1 7915069 
5 W324-2 Wolverine BRWT0324 372.9 493541.1 7914983 
6 W5-7 Wolverine BRWT0332W5 505.8 493508.1 7915069 
7 W5-8 Wolverine BRWT0332W5 510.6 493508.1 7915069 
 LA-ICP-MS      
1 W5-7 Wolverine BRWT0332W5 505.8 493508.1 7915069 
2 W324-2 Wolverine BRWT0324 372.9 493541.1 7914983 
3 W5-3 Wolverine BRWT0332W5 490.3 493508.1 7915069 
4 W5-2B Wolverine BRWT0332W5 487.6 493508.1 7915069 
5 W5-6B Wolverine BRWT0332W5 505.1 493508.1 7915069 
6 W7-3B Wolverine BRWD0007 41.6 493695.9 7914741 
7 W5-5 Wolverine BRWT0332W5 504.6 493508.1 7915069 
8 C2 Cyclops - Surface 489782 7904619 
9 D3 Dazzler - Surface 490384 7902004 
10 A2-14 Area 5 BRAD0002 135.1 492231.3 7909976 
11 I1 Iceman - Surface 490746 7901660 
12 BR1 Boulder Ridge - Surface 526100 7808681 
13 J1 John Galt - Surface 417650 8087517 
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Appendix 5-2: Analytical conditions for EPMA measurement of florencite 
   Count time (sec.) 
Element Standard Line Peak Background 
P P2O5 Kα 20 10 
Fe FeO Kα 20 10 
Gd Gd2O3 Lβ 20 10 
F F Kα 20 10 
Ca CaO Kα 20 10 
Y Y2O3 La 20 10 
Nd Nd2O3 Lβ 20 10 
Sm Sm2O3 Lβ 20 10 
Al Al2O3 Kα 20 10 
Th ThO2 Mα 20 10 
Si SiO2 Kα 20 10 
Ce Ce2O3 Lα 20 10 
Pr Pr2O3 Lβ 20 10 
Cl Cl Kα 20 10 
La La2O3 Lα 20 10 
S SO3 Kα 20 10 
Sr SrO Lα 20 10 
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Appendix 5-3: LA-ICP-MS spot analysis of xenotime 
Deposit Wolverine            
No W5-7_3 W5-7_4 W5-7_10 W5-7_11 W5-7_23 W5-7_24 W5-7_25  W5-7_2 W5-7_5 W5-7_6 W5-7_8 
Paragenesis Breccia-hosted        Vein-type    
(ppm)             
Al 585 525 388 79 1336 817 157  263 20 358 106 
Si <2867 <3569 <2961 <3075 <3904 3503 <3184  <3581 <3088 <3522 <3625 
P 121735 132612 130195 132141 137722 129428 130413  126091 130883 132570 136405 
Ca 1003 499 1055 775 850 1316 910  977 776 895 1116 
Sc 120 156 144 216 107 159 126  95 248 444 154 
Ti 4 62 4 9 7 9 1  5 4 3 1 
Mn 24 28 22 19 26 20 18  20 4 19 15 
Fe 19443 28281 22064 10335 19001 13950 14175  23626 2093 18651 8061 
Sr 5 4 4 2 5 5 4  5 3 5 5 
Zr 2 3 1 1 2 3 3  1 5 2 1 
Nb 0 0 0 0 0 0 0  0 0 0 0 
Sb 4 8 12 3 5 3 3  9 0 6 2 
Ba 10 7 5 3 18 3 5  4 1 5 2 
La 21 8 22 2 13 12 14  31 1 22 11 
Ce 531 238 602 78 382 355 320  776 61 553 291 
Pr 379 207 443 97 325 295 248  550 73 406 220 
Nd 5488 4053 6723 3070 5364 4824 4535  7646 2162 6117 3745 
Sm 9624 12160 11616 15589 11002 9762 11866  11391 10728 10396 10964 
Eu 2153 2811 2422 3400 2317 2152 2522  2298 2639 2159 2537 
Gd 25101 32363 26259 42408 25379 24167 28941  26498 31844 24312 29636 
Tb 6391 6993 6142 8262 6212 6138 6765  6452 7082 6213 6951 
Dy 48875 47191 45127 49579 45789 46865 47238  48731 48430 48553 49203 
Ho 11196 9765 10076 9454 10212 10659 10135  10775 10125 11112 10460 
Er 31751 24507 26850 22077 29125 30628 27495  29410 27107 31822 28008 
Tm 5206 3382 3840 2901 4548 4960 4187  4467 4007 5066 4477 
Yb 34929 20268 22696 16703 29497 33720 28216  28448 25790 34541 29293 
Lu 4368 2532 2840 2035 3782 4321 3548  3642 3200 4340 3718 
Hf 5 4 5 5 2 5 5  5 5 5 5 
W 11 18 13 8 11 11 8  11 6 20 9 
Pb 3 1 1 3 2 2 0  1 6 9 0 
Th 1 3 0 1 0 2 1  0 33 57 0 
U 960 892 1460 1093 885 990 707  960 1719 981 684 
Eu/Eu* 0.42 0.43 0.42 0.40 0.42 0.43 0.42  0.40 0.44 0.42 0.43 
             
Al 0.00 0.00 0.00 0.00 0.01 0.01 0.00  0.00 0.00 0.00 0.00 
Si 0.02 0.03 0.02 0.02 0.03 0.03 0.02  0.03 0.02 0.03 0.03 
P 0.87 0.90 0.90 0.92 0.92 0.90 0.91  0.88 0.93 0.90 0.93 
Ca 0.01 0.00 0.01 0.00 0.00 0.01 0.00  0.01 0.00 0.00 0.01 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Fe 0.08 0.11 0.08 0.04 0.07 0.05 0.05  0.09 0.01 0.07 0.03 
Y 0.84 0.80 0.82 0.82 0.79 0.82 0.82  0.82 0.84 0.80 0.81 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Nd 0.01 0.01 0.01 0.00 0.01 0.01 0.01  0.01 0.00 0.01 0.01 
Sm 0.01 0.02 0.02 0.02 0.02 0.01 0.02  0.02 0.02 0.01 0.02 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Gd 0.04 0.04 0.04 0.06 0.03 0.03 0.04  0.04 0.04 0.03 0.04 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 
Dy 0.07 0.06 0.06 0.07 0.06 0.06 0.06  0.06 0.07 0.06 0.06 
Ho 0.02 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 
Er 0.04 0.03 0.03 0.03 0.04 0.04 0.04  0.04 0.04 0.04 0.04 
Tm 0.01 0.00 0.00 0.00 0.01 0.01 0.01  0.01 0.01 0.01 0.01 
Yb 0.05 0.02 0.03 0.02 0.04 0.04 0.04  0.04 0.03 0.04 0.04 
Lu 0.01 0.00 0.00 0.00 0.00 0.01 0.00  0.00 0.00 0.01 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
             
Total 2.08 2.06 2.06 2.05 2.05 2.06 2.05  2.07 2.04 2.06 2.04 
P site 0.89 0.93 0.93 0.94 0.95 0.93 0.93  0.91 0.95 0.93 0.96 
REE site 1.10 1.02 1.04 1.06 1.01 1.06 1.06  1.07 1.07 1.05 1.04 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine          
No W5-7_9 W5-7_12 W5-7_13 W5-7_14 W5-7_15 W5-7_17 W5-7_18 W5-7_21  W5-7_1 
Paragenesis Vein-type         Overgrowth 
(ppm)           
Al 53 420 82 249 191 143 187 160  192 
Si <3036 <3310 <2870 <3088 <3512 <3163 <3133 <3316  <4221 
P 127427 137729 134479 133203 137305 135794 138717 133260  132581 
Ca 498 766 704 1024 1003 1111 707 1304  536 
Sc 187 162 142 128 182 175 206 203  98 
Ti 4 7 4 5 4 12 38 28  6 
Mn 6 36 16 42 32 11 12 10  6 
Fe 4628 28386 8149 25229 19868 8674 8807 4653  10037 
Sr 4 5 4 5 3 2 4 2  4 
Zr 29 1 1 1 1 10 10 42  5 
Nb 0 0 0 0 0 0 0 0  0 
Sb 1 6 2 6 8 1 3 1  3 
Ba 1 7 7 36 2 2 3 1  2 
La 1 9 9 10 12 9 7 8  8 
Ce 43 274 252 320 280 356 235 274  254 
Pr 52 233 235 278 212 308 196 239  263 
Nd 1717 4414 4673 4971 4057 5646 3474 4736  5765 
Sm 10378 11317 12251 11402 12456 14423 10591 14629  11536 
Eu 2456 2421 2800 2492 2735 3226 2825 3220  2225 
Gd 30045 27728 31887 27598 31500 36932 32014 36651  24044 
Tb 6680 6536 7174 6192 7120 7531 6862 7486  5798 
Dy 45748 48574 49871 45712 49580 46320 45508 46898  45673 
Ho 9894 10807 10535 10351 10555 9164 9638 9175  10565 
Er 27048 31096 27793 28910 28115 22049 24523 21739  29529 
Tm 3959 5099 4121 4477 4430 2876 3416 2800  4501 
Yb 25989 34303 26558 28852 30067 16980 20844 16647  28098 
Lu 3320 4465 3236 3662 3684 2124 2672 2113  3613 
Hf 6 5 5 5 5 5 5 6  5 
W 7 19 7 12 12 8 11 8  14 
Pb 4 2 0 1 2 2 3 3  0 
Th 46 0 0 0 0 18 25 25  1 
U 1025 787 855 1054 831 1857 1634 1384  1123 
Eu/Eu* 0.43 0.42 0.43 0.43 0.42 0.43 0.47 0.42  0.41 
           
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
Si 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.03  0.03 
P 0.92 0.91 0.93 0.90 0.92 0.93 0.95 0.93  0.92 
Ca 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01  0.00 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
Fe 0.02 0.10 0.03 0.09 0.07 0.03 0.03 0.02  0.04 
Y 0.85 0.78 0.82 0.80 0.79 0.81 0.81 0.83  0.82 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
Nd 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01  0.01 
Sm 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02  0.02 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
Gd 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.05  0.03 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01  0.01 
Dy 0.06 0.06 0.07 0.06 0.06 0.06 0.06 0.06  0.06 
Ho 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01  0.01 
Er 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03  0.04 
Tm 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00  0.01 
Yb 0.03 0.04 0.03 0.04 0.04 0.02 0.03 0.02  0.04 
Lu 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
           
Total 2.05 2.06 2.04 2.06 2.05 2.04 2.03 2.04  2.04 
P site 0.94 0.93 0.95 0.93 0.94 0.96 0.97 0.96  0.95 
REE site 1.08 1.01 1.05 1.03 1.02 1.04 1.02 1.05  1.05 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine         
No W324-2_1 W324-2_2 W324-2_5 W324-2_7 W324-2_10 W324-2_11 W324-2_12 W324-2_13 W324-2_14 
Paragenesis Overgrowth         
(ppm)          
Al 659 340 247 135 223 1081 1169 681 43 
Si <2785 <3998 <3205 <3501 <3758 <2687 <2999 <3719 <2947 
P 130959 124528 115345 134576 132824 127783 126609 133294 127344 
Ca 2097 1227 1128 982 1497 807 1769 1057 836 
Sc 1152 1444 996 2480 1473 1789 1425 2324 2231 
Ti 7 18 4 13 5 8 6 13 10 
Mn 9 7 3 5 10 9 15 9 6 
Fe 3244 1480 675 3474 3091 3618 2848 3615 4710 
Sr 7 7 6 8 8 76 8 9 7 
Zr 30 31 6 13 32 32 74 33 7 
Nb 0 0 0 0 0 0 0 0 0 
Sb 1 0 0 1 1 1 1 1 2 
Ba 4 7 3 3 5 8 6 5 2 
La 5 4 2 3 5 60 5 4 3 
Ce 165 149 72 107 165 224 168 134 123 
Pr 123 123 84 103 114 104 118 109 125 
Nd 2208 2205 2378 2203 2111 1818 2096 2109 2598 
Sm 5049 5252 10253 5855 6214 5122 5964 5077 5414 
Eu 1087 1257 2283 1264 1354 1190 1359 1080 1182 
Gd 13044 15183 26913 15339 17275 14707 16493 14578 14341 
Tb 4532 4671 6436 4717 4911 4679 4963 4438 4616 
Dy 43924 42814 47545 43798 44138 43534 43557 42300 43399 
Ho 11288 11104 10947 11453 11189 11411 11104 11408 11326 
Er 36871 35812 31748 37889 36274 37406 35761 38498 37549 
Tm 6461 6493 5371 7050 6369 6859 6343 7064 6835 
Yb 47463 48234 37950 53788 47834 51759 47135 55299 50425 
Lu 6066 6247 4866 7174 6418 6857 6354 7517 6811 
Hf 6 5 5 5 6 5 7 6 5 
W 9 11 7 9 9 8 8 9 9 
Pb 5 16 51 21 34 15 21 7 5 
Th 41 105 350 140 251 123 177 54 33 
U 1598 1788 1023 1413 2041 1656 1890 1414 1386 
Eu/Eu* 0.41 0.43 0.42 0.41 0.40 0.42 0.42 0.38 0.41 
          
Al 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 
Si 0.02 0.03 0.03 0.03 0.03 0.02 0.02 0.03 0.02 
P 0.92 0.90 0.87 0.93 0.92 0.91 0.91 0.92 0.91 
Ca 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 
Sc 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.02 
Y 0.83 0.85 0.89 0.81 0.82 0.84 0.84 0.82 0.84 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sm 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.02 0.02 0.04 0.02 0.02 0.02 0.02 0.02 0.02 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.06 0.06 0.07 0.06 0.06 0.06 0.06 0.06 0.06 
Ho 0.01 0.02 0.02 0.01 0.01 0.02 0.01 0.01 0.02 
Er 0.05 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.05 
Tm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Yb 0.06 0.06 0.05 0.07 0.06 0.07 0.06 0.07 0.07 
Lu 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
          
Total 2.05 2.06 2.08 2.04 2.04 2.05 2.06 2.05 2.06 
P site 0.94 0.93 0.90 0.95 0.95 0.93 0.93 0.95 0.93 
REE site 1.07 1.10 1.16 1.06 1.06 1.09 1.09 1.06 1.09 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine         
No W324-2_15 W324-2_17 W324-2_18 W324-2_19 W324-2_20 W324-2_22 W324-2_23 W324-2_24 W324-2_25 
Paragenesis Overgrowth         
(ppm)          
Al 247 208 119 178 195 128 48 632 576 
Si <3144 <2618 <2645 <2484 <2757 <2871 <2838 <2739 <2863 
P 129794 129483 127006 124700 125021 125027 119041 125179 122881 
Ca 979 1493 780 912 1273 1049 1417 1053 1657 
Sc 1580 1345 1390 1736 1343 1256 1012 766 1372 
Ti 11 10 7 43 14 4 5 3 12 
Mn 12 12 6 9 7 9 5 6 13 
Fe 12583 7448 4151 5213 10571 2475 1665 970 5690 
Sr 7 7 7 8 7 7 6 5 7 
Zr 26 21 27 25 14 35 14 27 33 
Nb 0 0 0 0 0 0 0 0 0 
Sb 3 2 2 2 2 1 0 0 2 
Ba 5 3 3 5 4 2 2 2 4 
La 3 4 2 3 3 3 3 2 4 
Ce 150 124 82 109 108 112 89 87 162 
Pr 130 93 83 93 93 91 88 87 124 
Nd 2841 2017 2136 1907 2230 2011 2355 2457 2352 
Sm 8375 6675 8131 5467 8523 7107 9340 11027 6084 
Eu 1695 1539 1820 1216 1926 1646 2115 2557 1342 
Gd 20065 20067 22209 15380 22719 20158 27006 30818 16428 
Tb 5425 5418 5586 4619 5818 5403 6441 6887 4793 
Dy 43649 44121 44522 43187 45901 44028 46385 46895 42582 
Ho 10448 10628 10802 11311 10963 10631 10478 10127 10888 
Er 33075 33577 34463 37299 34433 33170 31193 28401 35534 
Tm 5920 5889 6192 6882 6094 5875 5254 4629 6333 
Yb 44201 43569 45729 51596 45291 42994 37726 32498 47051 
Lu 5763 5734 6156 6807 5969 5633 4938 4190 6320 
Hf 6 6 5 6 6 6 5 6 6 
W 9 9 62 9 9 8 7 7 1 
Pb 15 7 6 4 45 31 43 33 4 
Th 99 72 50 34 330 244 295 243 42 
U 1794 1575 1428 1930 1373 1723 1105 1326 1835 
Eu/Eu* 0.40 0.41 0.41 0.41 0.42 0.42 0.41 0.42 0.41 
          
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Si 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
P 0.90 0.91 0.91 0.90 0.89 0.91 0.89 0.91 0.89 
Ca 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 
Sc 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.05 0.03 0.02 0.02 0.04 0.01 0.01 0.00 0.02 
Y 0.82 0.83 0.84 0.85 0.84 0.86 0.88 0.86 0.86 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.03 0.03 0.03 0.02 0.03 0.03 0.04 0.04 0.02 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.06 0.06 
Ho 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 
Er 0.04 0.04 0.05 0.05 0.05 0.04 0.04 0.04 0.05 
Tm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Yb 0.06 0.06 0.06 0.07 0.06 0.06 0.05 0.04 0.06 
Lu 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
          
Total 2.06 2.05 2.06 2.06 2.07 2.06 2.07 2.06 2.07 
P site 0.93 0.93 0.93 0.92 0.91 0.93 0.91 0.93 0.92 
REE site 1.06 1.07 1.10 1.10 1.10 1.10 1.14 1.11 1.10 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit           
No W5-3_1 W5-3_2 W5-3_3 W5-3_4 W5-3_5 W5-3_6 W5-3_7 W5-3_8 W5-3_9 W5-3_10 
Paragenesis Vein-type          
(ppm)           
Al 85 223 286 253 289 176 95 64 305 50 
Si <3353 <2855 <2411 <3364 <3201 <2716 <2530 <2829 <2825 <2907 
P 126448 124002 117933 124415 119883 126168 118406 115130 118912 115313 
Ca 450 1046 995 982 1076 1006 614 550 1193 752 
Sc 149 141 290 254 274 238 134 154 347 206 
Ti 30 6 7 9 10 2 9 5 9 12 
Mn 9 9 17 27 26 12 8 5 9 5 
Fe 24777 12521 10762 18059 22668 11260 6404 2554 5189 4317 
Sr 5 6 5 5 5 5 4 5 6 5 
Zr 11 3 2 1 2 1 9 7 1 16 
Nb 0 0 0 0 0 0 0 0 0 0 
Sb 2 5 5 8 15 7 2 1 2 1 
Ba 1 5 2 4 3 2 3 22 11 1 
La 16 25 14 12 8 22 11 9 12 3 
Ce 454 633 426 408 266 486 345 233 362 119 
Pr 330 471 335 296 229 332 297 182 274 100 
Nd 5296 7006 5101 4200 4462 4958 5058 3130 4270 2067 
Sm 10858 11118 9544 7889 10023 10940 10383 9298 9592 8960 
Eu 2410 2320 2136 1760 2151 2404 2362 2248 2040 2547 
Gd 24083 23003 22243 18842 23335 24553 24651 23974 20197 24333 
Tb 6262 6158 5876 5301 5880 6175 6192 6136 5574 6111 
Dy 46107 46501 45879 43669 45517 47447 46879 45703 44901 46090 
Ho 10264 10259 10301 10608 10358 10446 10105 10060 10475 10175 
Er 28007 29000 29262 30851 28879 29606 27463 27807 30629 28624 
Tm 4282 4452 4574 4930 4604 4558 4065 4241 4913 4364 
Yb 27614 28999 30242 33813 30143 30029 25885 27249 33871 27865 
Lu 3534 3634 3739 4501 3804 3818 3172 3385 4307 3580 
Hf 6 5 3 5 5 5 6 6 6 6 
W 10 11 10 10 37 18 8 7 9 10 
Pb 8 1 11 3 13 1 1 1 2 9 
Th 16 1 71 1 86 0 5 11 8 87 
U 931 845 1037 1002 1345 993 958 794 980 1133 
Eu/Eu* 0.46 0.44 0.45 0.44 0.43 0.45 0.45 0.46 0.45 0.53 
           
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Si 0.03 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.02 
P 0.89 0.89 0.88 0.89 0.87 0.90 0.89 0.88 0.89 0.88 
Ca 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.10 0.05 0.04 0.07 0.09 0.04 0.03 0.01 0.02 0.02 
Y 0.83 0.85 0.88 0.84 0.85 0.84 0.89 0.91 0.88 0.90 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 
Sm 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.03 0.04 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.06 0.06 0.07 0.06 0.06 0.06 0.07 0.07 0.06 0.07 
Ho 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Er 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
Tm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Yb 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.04 
Lu 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
           
Total 2.07 2.07 2.08 2.07 2.08 2.06 2.07 2.07 2.07 2.07 
P site 0.91 0.92 0.90 0.92 0.89 0.92 0.91 0.91 0.91 0.91 
REE site 1.05 1.09 1.12 1.07 1.09 1.08 1.13 1.15 1.12 1.14 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine          
No W5-3_11 W5-3_12 W5-3_13 W5-3_14 W5-3_15 W5-3_16 W5-3_17 W5-3_18 W5-3_19 W5-3_20 
Paragenesis Vein-type          
(ppm)           
Al 376 15 285 316 62 121 191 93 78 127 
Si <3295 <2892 <2629 <2680 <2866 <3162 <2971 <2695 <3228 <2007 
P 123739 116278 117155 119941 119209 119817 117005 119484 125018 113183 
Ca 1641 1152 533 928 755 767 956 542 551 1177 
Sc 242 128 139 228 111 113 128 167 102 128 
Ti 9 1 2 12 7 9 3 9 5 2 
Mn 24 9 9 14 9 9 20 15 15 95 
Fe 12814 3265 4585 15489 6279 11234 19893 6341 10759 6145 
Sr 5 4 5 6 3 3 3 5 4 4 
Zr 4 3 9 1 5 1 1 4 1 1 
Nb 0 0 0 0 0 0 0 0 0 0 
Sb 5 2 2 6 2 7 10 3 5 4 
Ba 4 0 5 2 1 3 12 2 3 17 
La 13 2 12 16 15 25 21 17 21 11 
Ce 421 81 306 481 417 657 538 371 587 295 
Pr 295 85 228 354 349 525 436 284 482 256 
Nd 4505 2137 3744 5332 6127 8147 7305 4847 7685 5231 
Sm 7830 8603 9618 9336 12499 13035 13443 10871 13546 12894 
Eu 1594 2312 2258 1878 2787 2818 2913 2445 2783 2809 
Gd 17170 27323 24103 19269 27809 28165 28957 25393 27024 29119 
Tb 5204 6573 6192 5318 6494 6776 6832 6383 6687 6880 
Dy 44225 48541 45748 44446 46491 47145 46855 47760 47933 49900 
Ho 10535 10527 10233 10431 9866 9779 9656 10450 10086 10530 
Er 30622 28020 28560 30839 25558 24775 23758 28868 25911 27434 
Tm 4914 4153 4386 4946 3502 3296 3091 4424 3609 3924 
Yb 32593 25615 29155 33008 20810 19206 17580 29338 21430 25031 
Lu 4226 3153 3737 4369 2652 2425 2163 3696 2674 2943 
Hf 5 6 5 5 5 5 5 6 9 6 
W 14 7 8 17 7 13 8 9 7 10 
Pb 2 4 1 1 1 1 1 2 1 6 
Th 1 23 4 1 3 3 1 1 0 1 
U 985 1448 823 1154 1129 1002 927 861 723 819 
Eu/Eu* 0.42 0.46 0.45 0.43 0.46 0.45 0.45 0.45 0.44 0.44 
           
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Si 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.03 0.02 
P 0.89 0.88 0.89 0.88 0.89 0.88 0.86 0.89 0.90 0.87 
Ca 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.05 0.01 0.02 0.06 0.03 0.05 0.08 0.03 0.04 0.03 
Y 0.85 0.90 0.89 0.87 0.88 0.87 0.87 0.88 0.85 0.90 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Sm 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.02 0.04 0.04 0.03 0.04 0.04 0.04 0.04 0.04 0.04 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.06 0.07 0.07 0.06 0.07 0.07 0.07 0.07 0.07 0.07 
Ho 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 
Er 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.04 0.03 0.04 
Tm 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 
Yb 0.04 0.04 0.04 0.04 0.03 0.03 0.02 0.04 0.03 0.03 
Lu 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
           
Total 2.06 2.07 2.07 2.08 2.07 2.07 2.08 2.07 2.06 2.09 
P site 0.92 0.91 0.91 0.90 0.91 0.91 0.89 0.91 0.93 0.88 
REE site 1.08 1.14 1.14 1.10 1.12 1.11 1.11 1.13 1.09 1.16 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine          
No W5-2B_3 W5-2B_5 W5-2B_16 W5-2B_18 W5-2B_20  W5-2B_1 W5-2B_2 W5-2B_4 W5-2B_6 
Paragenesis Breccia-hosted      Vein-type    
Al 55 85 103 33 259  151 385 383 46 
Si <2393 <2706 <3096 <3899 <2568  <2606 <3131 <2611 <2799 
P 115198 118480 118120 117462 110189  123581 122542 117642 120317 
Ca 997 715 1208 1081 1245  961 1490 1442 1023 
Sc 128 92 64 91 73  99 117 91 83 
Ti 46 23 32 438 9  133 14 57 59 
Mn 9 8 9 8 15  10 29 13 8 
Fe 1996 4142 8811 3940 11403  6004 22066 7584 3478 
Sr 5 4 4 4 3  4 3 4 3 
Zr 43 30 25 94 1  30 2 26 11 
Nb 0 0 1 3 0  1 0 0 0 
Sb 1 2 4 2 4  3 14 4 1 
Ba 2 2 2 3 2  2 7 4 1 
La 1 7 1 6 14  10 10 12 9 
Ce 35 195 41 183 356  292 273 316 301 
Pr 38 165 62 162 267  239 222 244 254 
Nd 1147 3307 1998 3109 4462  4182 4637 4131 4708 
Sm 7186 10703 8605 9790 10829  10699 13511 10273 12141 
Eu 1929 2431 1952 2698 2371  2365 2630 2315 2576 
Gd 20556 25899 19808 24170 23963  24905 29039 23775 26571 
Tb 5685 6271 5616 5912 5850  6008 6221 5856 6333 
Dy 46011 45128 45536 44531 42971  43895 42994 43924 45483 
Ho 10481 9933 10344 9679 9655  9665 9006 9822 9649 
Er 29231 25669 27848 25638 24767  25494 22786 25906 24660 
Tm 4408 3643 4082 3605 3354  3573 2932 3605 3379 
Yb 28110 21866 24379 22363 19315  21210 16940 21331 19712 
Lu 3597 2637 3088 2754 2414  2736 2165 2702 2433 
Hf 4 6 6 6 5  5 4 5 5 
W 10 8 13 38 6  11 20 13 11 
Pb 5 3 3 5 1  3 1 2 1 
Th 45 22 20 38 1  25 3 22 9 
U 2268 1539 2439 1686 1615  1607 1722 1721 1566 
Eu/Eu* 0.49 0.45 0.46 0.54 0.45  0.44 0.41 0.45 0.44 
           
Al 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Si 0.02 0.02 0.03 0.03 0.02  0.02 0.02 0.02 0.02 
P 0.89 0.90 0.89 0.89 0.86  0.91 0.88 0.89 0.90 
Ca 0.01 0.00 0.01 0.01 0.01  0.01 0.01 0.01 0.01 
Sc 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Fe 0.01 0.02 0.04 0.02 0.05  0.02 0.09 0.03 0.01 
Y 0.91 0.89 0.89 0.89 0.92  0.87 0.85 0.89 0.88 
Zr 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Nd 0.00 0.01 0.00 0.01 0.01  0.01 0.01 0.01 0.01 
Sm 0.01 0.02 0.01 0.02 0.02  0.02 0.02 0.02 0.02 
Eu 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Gd 0.03 0.04 0.03 0.04 0.04  0.04 0.04 0.04 0.04 
Tb 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 
Dy 0.07 0.07 0.07 0.06 0.06  0.06 0.06 0.06 0.06 
Ho 0.02 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 
Er 0.04 0.04 0.04 0.04 0.04  0.03 0.03 0.04 0.03 
Tm 0.01 0.01 0.01 0.01 0.00  0.00 0.00 0.00 0.00 
Yb 0.04 0.03 0.03 0.03 0.03  0.03 0.02 0.03 0.03 
Lu 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
           
Total 2.07 2.06 2.07 2.06 2.09  2.05 2.07 2.07 2.06 
P site 0.91 0.92 0.91 0.92 0.88  0.93 0.91 0.91 0.92 
REE site 1.14 1.12 1.11 1.12 1.15  1.09 1.06 1.11 1.11 
*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine          
No W5-2B_7 W5-2B_8 W5-2B_9 W5-2B_10 W5-2B_12 W5-2B_13 W5-2B_14 W5-2B_15 W5-2B_17 W5-2B_19 
Paragenesis Vein-type          
(ppm)           
Al 76 88 35 206 190 70 59 46 267 253 
Si <2277 <2024 <2766 <2743 <2785 <2633 <2125 <2720 <3078 <2682 
P 115810 114485 116218 116823 117847 119945 116504 118693 114681 110240 
Ca 1179 759 734 1366 1480 1071 1462 1401 966 1212 
Sc 74 122 83 89 97 116 124 140 73 77 
Ti 9 37 12 34 12 33 6 4 23 11 
Mn 6 15 10 19 16 12 5 11 13 14 
Fe 2820 2356 2484 11783 7379 4915 1935 3628 7391 6474 
Sr 4 5 4 4 4 4 4 5 3 4 
Zr 23 41 106 13 15 16 15 11 2 5 
Nb 0 0 0 0 0 0 0 0 0 0 
Sb 1 1 1 5 3 2 1 1 2 3 
Ba 1 5 1 2 2 2 1 2 2 2 
La 17 3 3 9 11 3 1 4 4 8 
Ce 462 108 112 253 312 102 59 127 130 247 
Pr 369 98 119 213 262 120 91 131 132 223 
Nd 5953 2248 2847 3920 4937 3341 3197 3065 3100 4238 
Sm 10585 9651 10216 9977 11957 11377 11369 9628 10835 11073 
Eu 2407 2447 2529 2138 2443 2463 2557 2101 2332 2335 
Gd 24914 26312 25977 22302 25243 25366 27390 20639 23862 23582 
Tb 6134 6363 6328 5684 6070 6209 6737 5778 6080 5768 
Dy 45019 46420 45388 43659 44372 45979 47921 46198 44912 43435 
Ho 9833 10078 9947 9725 9589 10078 10366 10700 9698 9576 
Er 25998 26786 25874 25627 24636 26793 27089 29439 25230 25323 
Tm 3625 3780 3647 3620 3381 3851 3998 4403 3472 3436 
Yb 22462 23401 22240 21379 20282 24273 25213 28176 20348 20022 
Lu 2618 2778 2676 2631 2336 2797 2846 3325 2474 2449 
Hf 5 6 6 5 5 5 5 5 5 5 
W 7 8 6 10 8 9 7 7 9 7 
Pb 2 4 2 2 1 2 3 13 2 1 
Th 17 34 21 12 5 9 20 75 10 8 
U 1552 1454 1401 1827 1836 2163 2159 1737 1721 1567 
Eu/Eu* 0.45 0.47 0.47 0.44 0.43 0.44 0.44 0.46 0.44 0.44 
           
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Si 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 
P 0.89 0.89 0.89 0.88 0.89 0.90 0.89 0.89 0.88 0.87 
Ca 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.01 0.01 0.01 0.05 0.03 0.02 0.01 0.02 0.03 0.03 
Y 0.91 0.91 0.90 0.89 0.89 0.88 0.90 0.89 0.90 0.93 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 
Sm 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.03 0.04 0.04 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.07 0.07 0.07 0.06 0.06 0.07 0.07 0.07 0.07 0.07 
Ho 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 
Er 0.04 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.04 0.04 
Tm 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 
Yb 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 
Lu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
           
Total 2.07 2.07 2.07 2.07 2.07 2.06 2.07 2.07 2.07 2.08 
P site 0.91 0.90 0.91 0.90 0.91 0.92 0.91 0.92 0.90 0.89 
REE site 1.14 1.15 1.14 1.11 1.11 1.11 1.15 1.12 1.13 1.16 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine         
No W5-6B_1 W5-6B_2 W5-6B_3 W5-6B_4 W5-6B_5 W5-6B_6 W5-6B_7 W5-6B_8 W5-6B_9 
Paragenesis Vein-type         
(ppm)          
Al 153 485 444 353 620 240 196 357 429 
Si <3151 <3327 <3013 <3385 <3936 <3763 3201 <3538 <3513 
P 132153 130947 128560 130658 137727 133394 127999 130290 133076 
Ca 1019 1028 1304 853 986 1129 760 1313 1115 
Sc 180 242 364 245 263 338 209 137 136 
Ti 7 6 4 7 26 6 9 8 11 
Mn 17 31 23 17 24 21 11 23 13 
Fe 10940 21546 19784 17957 27305 16672 6533 23229 12165 
Sr 6 7 7 6 6 6 5 6 5 
Zr 2 7 8 8 20 5 9 6 11 
Nb 0 0 0 0 0 0 0 0 0 
Sb 4 4 5 6 8 5 2 8 3 
Ba 2 7 10 5 4 3 2 5 3 
La 15 16 15 13 13 11 5 14 16 
Ce 396 473 415 398 431 307 176 445 424 
Pr 279 371 326 323 350 256 161 363 324 
Nd 4060 6034 5136 5197 5596 4486 3231 5768 5071 
Sm 10274 10184 8134 9521 9248 9373 10415 9607 11166 
Eu 2268 2080 1591 2047 1852 1931 2301 1970 2541 
Gd 24931 22112 17714 22937 20785 21821 25633 21326 28101 
Tb 5991 5746 5192 5892 5459 5509 6269 5650 6437 
Dy 43956 44838 44148 46016 44011 43890 46336 43816 46292 
Ho 9965 10535 10540 10536 10466 10421 10318 10334 10145 
Er 28288 30792 31747 30489 30974 30848 28929 29905 27977 
Tm 4475 5009 5283 5001 5137 5118 4637 4753 4389 
Yb 29817 34339 37470 34591 34773 34895 31460 31096 28155 
Lu 3706 4302 4719 4312 4558 4504 3853 3985 3523 
Hf 5 6 5 6 6 6 6 6 6 
W 9 16 15 12 17 12 9 14 13 
Pb 1 0 1 1 1 1 6 1 1 
Th 5 0 0 1 3 3 40 3 3 
U 1316 837 847 818 962 925 808 1159 1048 
Eu/Eu* 0.43 0.42 0.41 0.42 0.41 0.41 0.43 0.42 0.44 
          
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Si 0.02 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 
P 0.92 0.90 0.90 0.90 0.91 0.91 0.91 0.90 0.92 
Ca 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.04 0.08 0.08 0.07 0.10 0.06 0.03 0.09 0.05 
Y 0.82 0.81 0.82 0.82 0.78 0.81 0.84 0.81 0.81 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 
Sm 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.03 0.03 0.02 0.03 0.03 0.03 0.04 0.03 0.04 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
Ho 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Er 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
Tm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Yb 0.04 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.04 
Lu 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
          
Total 2.05 2.06 2.06 2.06 2.05 2.05 2.05 2.06 2.05 
P site 0.95 0.92 0.92 0.93 0.94 0.94 0.94 0.93 0.95 
REE site 1.05 1.04 1.05 1.05 1.00 1.03 1.08 1.04 1.04 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine         
No W5-6B_11 W5-6B_12 W5-6B_13 W5-6B_14 W5-6B_15 W5-6B_16 W5-6B_17 W5-6B_18 W5-6B_20 
Paragenesis Vein-type         
(ppm)          
Al 459 325 1084 40 2083 95 49 394 78 
Si <3437 3416 3381 <3185 <3322 <4268 <3294 <3120 <3597 
P 136157 128241 128615 130080 125930 134833 128076 127333 133100 
Ca 988 1303 892 831 1148 553 474 1144 822 
Sc 271 314 165 156 275 149 138 611 403 
Ti 12 11 3 2 6 5 3 14 3 
Mn 11 19 14 5 12 15 9 13 11 
Fe 10375 22546 12477 3207 6301 5218 5689 6101 7920 
Sr 6 6 5 3 5 3 3 5 4 
Zr 22 13 13 21 37 9 8 10 9 
Nb 0 0 0 0 0 0 0 0 0 
Sb 2 6 5 1 2 1 1 1 1 
Ba 2 8 2 2 3 2 3 2 2 
La 23 13 10 4 8 4 5 4 2 
Ce 510 438 304 120 267 123 175 142 93 
Pr 351 341 246 101 222 116 161 133 99 
Nd 5285 5166 4204 2277 3936 2785 3600 2710 2499 
Sm 11676 8605 10522 11976 10271 13433 13742 9327 11472 
Eu 2534 1854 2396 2907 2231 2927 2939 2190 2740 
Gd 27414 19733 26616 34225 25844 33714 34180 25319 31694 
Tb 6554 5504 6282 7323 6196 7098 7250 6289 7015 
Dy 47665 45197 45682 46540 46493 45364 46837 45995 47387 
Ho 10421 10716 10286 9279 10185 9155 9281 10300 9857 
Er 29106 31623 29470 22685 27852 23148 22641 28413 25881 
Tm 4722 5299 4642 3021 4250 3069 2990 4439 3761 
Yb 32323 37219 31626 17884 27431 18087 17054 29422 23905 
Lu 3981 4687 3880 2144 3336 2310 2076 3619 2944 
Hf 6 6 6 5 7 7 5 6 6 
W 10 16 12 8 9 1 2 11 8 
Pb 0 2 0 4 11 2 1 32 16 
Th 1 7 1 28 88 18 8 230 109 
U 596 972 877 1644 1211 1729 1279 1264 1441 
Eu/Eu* 0.43 0.43 0.44 0.44 0.42 0.42 0.41 0.44 0.44 
          
Al 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 
Si 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 
P 0.93 0.89 0.90 0.93 0.90 0.94 0.92 0.91 0.93 
Ca 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.04 0.09 0.05 0.01 0.03 0.02 0.02 0.02 0.03 
Y 0.80 0.82 0.83 0.84 0.85 0.82 0.85 0.85 0.82 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.00 
Sm 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.02 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.04 0.03 0.04 0.05 0.04 0.05 0.05 0.04 0.04 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
Ho 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Er 0.04 0.04 0.04 0.03 0.04 0.03 0.03 0.04 0.03 
Tm 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.00 
Yb 0.04 0.05 0.04 0.02 0.04 0.02 0.02 0.04 0.03 
Lu 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
          
Total 2.04 2.07 2.06 2.04 2.06 2.03 2.05 2.05 2.04 
P site 0.95 0.92 0.93 0.96 0.93 0.97 0.95 0.94 0.95 
REE site 1.04 1.05 1.06 1.06 1.08 1.04 1.07 1.08 1.05 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine          
No W7-3B_2 W7-3B_3 W7-3B_4 W7-3B_5 W7-3B_6 W7-3B_7 W7-3B_8 W7-3B_9 W7-3B_10 W7-3B_11 
Paragenesis Vein-type          
(ppm)           
Al 50 102 352 143 246 142 125 347 9 186 
Si <2587 <2822 <4373 <3402 <3687 <4645 <2901 <3516 <3203 <4142 
P 127676 128941 136931 129469 133942 142475 127611 130252 125808 136070 
Ca 621 1086 888 868 834 1109 837 1087 643 614 
Sc 240 199 197 293 223 282 193 249 181 193 
Ti 5 34 40 18 78 50 26 25 14 102 
Mn 2 4 6 6 5 7 5 4 3 3 
Fe 329 568 1648 691 187 931 492 2155 275 701 
Sr 7 7 5 6 27 19 4 19 4 23 
Zr 8 37 107 48 55 120 20 18 100 73 
Nb 1 1 0 0 1 1 0 0 0 1 
Sb 0 1 2 1 1 1 1 2 1 2 
Ba 6 2 2 2 18 17 1 15 1 18 
La 3 12 12 14 19 35 3 23 8 20 
Ce 80 313 334 417 333 797 111 463 205 246 
Pr 70 267 279 314 291 549 102 326 168 164 
Nd 1882 4828 5066 5050 5505 7990 2543 5128 3145 3134 
Sm 10703 11120 11376 10626 14559 14806 11460 12688 10299 12871 
Eu 2912 2773 2423 1805 3023 2709 2848 2593 2629 2800 
Gd 31494 28860 24778 20421 30617 25873 29710 26053 28672 28050 
Tb 7500 6856 6273 5949 7198 6684 7077 6750 6905 6899 
Dy 51376 48098 45830 47636 49103 49752 48857 50156 49395 48778 
Ho 10535 10038 9885 10916 10279 10809 10317 10810 10456 10497 
Er 27059 26365 26887 31521 27434 30096 27148 29742 28059 28414 
Tm 4003 3846 3899 5149 3956 4546 3948 4572 4103 4141 
Yb 26114 23941 23965 34846 24989 30508 25298 30341 25928 26409 
Lu 3222 2876 3030 4388 3081 3809 3077 3786 3215 3382 
Hf 6 6 7 6 6 7 7 6 7 7 
W 7 13 11 11 12 13 9 9 9 13 
Pb 2 1 9 2 4 6 2 2 3 5 
Th 30 95 161 151 176 228 106 59 191 146 
U 2385 2282 2339 1623 2080 1504 2141 1263 2312 2078 
Eu/Eu* 0.48 0.47 0.44 0.37 0.44 0.42 0.47 0.44 0.47 0.45 
           
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Si 0.02 0.02 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 
P 0.92 0.93 0.94 0.92 0.93 0.95 0.92 0.92 0.92 0.94 
Ca 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Y 0.85 0.85 0.81 0.84 0.82 0.79 0.85 0.83 0.86 0.82 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 
Sm 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.04 0.04 0.03 0.03 0.04 0.03 0.04 0.04 0.04 0.04 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.07 0.07 0.06 0.06 0.07 0.06 0.07 0.07 0.07 0.06 
Ho 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Er 0.04 0.04 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
Tm 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Yb 0.03 0.03 0.03 0.04 0.03 0.04 0.03 0.04 0.03 0.03 
Lu 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
           
Total 2.05 2.04 2.03 2.04 2.04 2.02 2.05 2.05 2.05 2.03 
P site 0.94 0.95 0.98 0.95 0.96 0.98 0.94 0.95 0.94 0.97 
REE site 1.10 1.08 1.03 1.08 1.06 1.03 1.09 1.08 1.10 1.05 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine         
No W7-3B_12 W7-3B_13 W7-3B_14 W7-3B_15 W7-3B_16 W7-3B_17 W7-3B_18 W7-3B_19 W7-3B_20 
Paragenesis Vein-type         
(ppm)          
Al 226 301 131 143 475 364 744 180 240 
Si <3505 4084 <3070 <2865 <3946 <3285 5872 <3069 <2451 
P 131751 131070 130608 126504 130580 132503 132661 129407 125302 
Ca 602 682 873 891 381 1092 653 976 1507 
Sc 169 209 222 224 155 362 165 249 310 
Ti 66 29 44 89 98 33 75 29 53 
Mn 3 6 5 4 5 5 3 6 4 
Fe 863 1480 1580 703 1868 2581 553 1438 1346 
Sr 24 17 12 11 36 11 28 5 14 
Zr 16 5 23 73 14 26 12 52 13 
Nb 1 0 0 1 1 0 1 0 0 
Sb 1 2 3 2 2 2 1 1 1 
Ba 13 10 6 7 43 11 16 1 18 
La 16 9 8 14 21 21 17 12 20 
Ce 269 148 141 324 218 491 234 368 475 
Pr 218 108 107 251 164 353 166 312 367 
Nd 4147 2512 2442 4259 3566 5761 2911 5371 5919 
Sm 12017 12837 11613 11180 14234 13217 10273 10772 11202 
Eu 2701 2756 2742 2722 3012 2733 2896 2365 2635 
Gd 27303 27977 29761 27895 29710 26614 29808 23885 27568 
Tb 6893 6900 7217 6920 7133 6846 7227 6365 6934 
Dy 48638 49601 50424 49837 48829 50836 49672 47478 50543 
Ho 10379 10556 10609 10660 10406 11029 10352 10536 11024 
Er 28030 28763 28456 28430 27503 30610 27092 29418 30370 
Tm 4068 4286 4242 4218 4011 4829 3914 4391 4791 
Yb 25258 27236 27288 26320 25013 32184 24559 28373 31710 
Lu 3129 3354 3427 3261 3141 3911 3051 3579 3877 
Hf 6 6 6 7 6 6 6 5 6 
W 10 7 11 14 10 5 12 10 10 
Pb 2 2 2 3 4 2 4 3 2 
Th 93 38 81 190 47 64 57 134 64 
U 2185 2004 2046 2371 1985 1341 2457 1958 1642 
Eu/Eu* 0.46 0.44 0.45 0.47 0.45 0.45 0.51 0.45 0.46 
          
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Si 0.03 0.03 0.02 0.02 0.03 0.03 0.05 0.02 0.02 
P 0.93 0.92 0.93 0.92 0.92 0.92 0.92 0.92 0.91 
Ca 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 
Y 0.83 0.83 0.84 0.85 0.83 0.82 0.82 0.84 0.85 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.01 
Sm 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.04 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.06 0.07 
Ho 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Er 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.04 0.04 
Tm 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 
Yb 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.04 0.04 
Lu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
          
Total 2.04 2.04 2.04 2.05 2.04 2.04 2.04 2.04 2.06 
P site 0.96 0.96 0.95 0.94 0.95 0.95 0.97 0.95 0.93 
REE site 1.07 1.07 1.08 1.10 1.07 1.07 1.05 1.08 1.11 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine           
No W5-5_4 W5-5_5 W5-5_6 W5-5_7 W5-5_8 W5-5_12 W5-5_13  W5-5_1 W5-5_2 W5-5_3 
Paragenesis Breccia-hosted        Vein-type   
(ppm)            
Al 15 422 24 154 29 22 892  282 218 284 
Si <5046 <4515 <3846 <5224 <4662 <6061 <3787  <5266 <6350 <5008 
P 156831 150070 149343 148026 152830 168286 151025  157221 158603 156785 
Ca 702 950 1011 1090 1588 1123 1630  662 724 1196 
Sc 180 185 128 189 198 124 626  810 719 571 
Ti 5 6 10 1229 7 5 12  6 39 12 
Mn 10 15 7 10 9 3 21  16 15 11 
Fe 2288 6277 2324 2015 6544 6209 12657  20727 14315 7889 
Sr 4 5 4 8 4 3 6  7 7 6 
Zr 91 36 46 77 20 13 9  3 2 5 
Nb 0 0 0 9 0 0 0  0 0 0 
Sb 0 2 1 1 1 4 2  4 3 2 
Ba 2 1 1 3 3 2 11  4 4 10 
La 1 1 2 4 1 2 10  22 17 14 
Ce 45 43 71 105 33 78 307  462 367 360 
Pr 43 51 77 85 45 85 250  284 239 261 
Nd 1264 1480 1904 1797 1422 2008 4148  4038 3696 4364 
Sm 8972 9014 9138 9917 9561 10089 8899  11219 11534 10743 
Eu 2608 2365 2395 2882 2828 2555 1973  2716 2763 2655 
Gd 27801 25989 27031 28176 29832 27373 20962  28166 27832 29478 
Tb 6796 6841 6835 6829 7086 6800 5567  6675 6599 6834 
Dy 48321 49316 48988 47820 50233 48960 45696  50839 49863 49833 
Ho 10351 11131 10895 10190 10716 10668 10872  11655 11159 11143 
Er 27762 30809 29058 26649 28814 27319 31884  34394 33053 32388 
Tm 3883 4757 4361 3741 4071 4000 5259  5832 5617 5339 
Yb 24401 31814 27342 23175 24901 24687 36392  42434 40979 36584 
Lu 2988 3859 3381 2907 3190 3181 4690  5334 5076 4550 
Hf 9 7 7 8 8 7 6  6 7 6 
W 8 9 9 89 8 11 11  16 12 11 
Pb 8 6 6 12 6 8 2  1 1 1 
Th 58 46 43 72 44 57 8  1 2 1 
U 2703 2461 2706 2638 3713 2940 1282  862 815 1101 
Eu/Eu* 0.50 0.47 0.47 0.53 0.51 0.47 0.44  0.47 0.47 0.46 
            
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.01  0.00 0.00 0.00 
Si 0.04 0.03 0.03 0.04 0.03 0.04 0.03  0.04 0.04 0.03 
P 0.99 0.97 0.98 0.97 0.98 1.01 0.96  0.95 0.96 0.97 
Ca 0.00 0.00 0.01 0.01 0.01 0.01 0.01  0.00 0.00 0.01 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
Fe 0.01 0.02 0.01 0.01 0.02 0.02 0.04  0.07 0.05 0.03 
Y 0.75 0.76 0.77 0.78 0.75 0.71 0.75  0.72 0.72 0.73 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
Nd 0.00 0.00 0.00 0.00 0.00 0.00 0.01  0.01 0.00 0.01 
Sm 0.01 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
Gd 0.03 0.03 0.03 0.04 0.04 0.03 0.03  0.03 0.03 0.04 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 
Dy 0.06 0.06 0.06 0.06 0.06 0.06 0.06  0.06 0.06 0.06 
Ho 0.01 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 
Er 0.03 0.04 0.04 0.03 0.03 0.03 0.04  0.04 0.04 0.04 
Tm 0.00 0.01 0.01 0.00 0.00 0.00 0.01  0.01 0.01 0.01 
Yb 0.03 0.04 0.03 0.03 0.03 0.03 0.04  0.05 0.05 0.04 
Lu 0.00 0.00 0.00 0.00 0.00 0.00 0.01  0.01 0.01 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
            
Total 1.99 2.01 2.01 2.01 2.01 1.98 2.02  2.02 2.01 2.01 
P site 1.03 1.00 1.00 1.01 1.01 1.05 0.99  0.99 1.01 1.01 
REE site 0.95 0.98 0.99 0.98 0.96 0.90 0.97  0.95 0.95 0.96 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Wolverine         
No  W5-5_9 W5-5_10 W5-5_11 W5-5_14 W5-5_15 W5-5_16 W5-5_17 W5-5_18 W5-5_19 
Paragenesis Vein-type         
(ppm)          
Al 15 118 870 61 14 32 81 29 105 
Si <5514 <4232 <4299 <3032 <3653 <3629 <4850 <4158 <3495 
P 159261 157785 153921 144511 148701 149530 156622 150538 146687 
Ca 1087 1509 1407 820 1145 1465 1646 840 932 
Sc 233 460 431 162 112 91 97 133 254 
Ti 1 10 18 6 29 7 14 37 15 
Mn 7 17 17 9 11 8 7 10 8 
Fe 1529 8628 14876 3786 3908 3598 5129 1970 7264 
Sr 3 5 6 3 3 4 4 4 5 
Zr 25 21 5 13 9 2 24 50 1 
Nb 0 0 0 0 0 0 0 0 0 
Sb 0 2 2 1 1 1 1 0 5 
Ba 1 3 5 1 3 1 1 3 2 
La 1 13 14 14 20 33 1 1 36 
Ce 51 361 433 402 567 826 50 27 864 
Pr 66 277 333 333 463 589 75 35 635 
Nd 2125 4374 5175 5728 7419 8264 2031 1258 9055 
Sm 11933 10762 8551 13351 12597 11857 8967 9462 12254 
Eu 3082 2828 1854 3357 3100 2567 2397 2721 2777 
Gd 34655 30157 19152 40473 31538 26513 25573 29833 26601 
Tb 7571 6820 5610 7961 7255 6638 6668 6910 6739 
Dy 48693 47903 46874 48460 48405 47975 48211 48611 49947 
Ho 9619 10495 10964 9476 9820 10110 10497 10187 11186 
Er 24729 28467 32202 22098 24085 26233 28749 26778 31027 
Tm 3409 4357 5228 2884 3148 3645 4046 3799 4989 
Yb 20683 28386 35640 15635 17857 20681 24934 23552 33234 
Lu 2606 3590 4733 1878 2175 2552 3129 2950 3914 
Hf 7 7 6 7 6 6 7 7 7 
W 7 10 12 7 9 8 10 9 9 
Pb 31 7 1 2 1 1 14 5 0 
Th 169 46 2 16 10 5 86 35 0 
U 2362 1959 1306 1278 1079 904 2949 2135 924 
Eu/Eu* 0.46 0.48 0.44 0.44 0.48 0.44 0.48 0.49 0.47 
          
Al 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Si 0.04 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 
P 1.00 0.98 0.97 0.96 0.97 0.98 0.99 0.98 0.96 
Ca 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.01 0.03 0.05 0.01 0.01 0.01 0.02 0.01 0.03 
Y 0.74 0.74 0.74 0.79 0.77 0.77 0.75 0.77 0.77 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 
Sm 0.02 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.02 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.04 0.04 0.02 0.05 0.04 0.03 0.03 0.04 0.03 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
Ho 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Er 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.04 
Tm 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Yb 0.02 0.03 0.04 0.02 0.02 0.02 0.03 0.03 0.04 
Lu 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
          
Total 1.99 2.00 2.01 2.02 2.01 2.01 2.00 2.00 2.02 
P site 1.03 1.01 1.00 0.99 1.00 1.00 1.02 1.01 0.98 
REE site 0.94 0.95 0.95 1.01 0.99 0.98 0.94 0.98 1.01 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
 
 
 
 
 



266 
 

(Continued) 
Deposit Wolverine      Cyclops    
No  W5-5_21 W5-5_22 W5-5_23 W5-5_24 W5-5_25  C2_2 C2_3 C2_7 C2_8 
Paragenesis Vein-type      Breccia-hosted    
(ppm)           
Al 86 207 179 24 35  208 171 284 550 
Si <4294 <3218 <5007 <4001 <4659  <3107 <3437 <4370 <3139 
P 158681 152123 155534 147355 148333  124675 127434 137794 129177 
Ca 1548 1754 1045 1304 2682  1056 956 614 909 
Sc 1072 1683 777 161 274  196 152 139 135 
Ti 14 12 8 2 3  35 3 4 3 
Mn 18 23 13 8 9  4 4 4 4 
Fe 9785 12754 4363 1037 2096  291 217 180 324 
Sr 7 7 5 4 4  7 3 5 5 
Zr 1 4 2 35 24  83 71 44 1 
Nb 0 0 0 0 0  0 0 0 0 
Sb 3 2 1 0 0  0 0 0 0 
Ba 2 5 6 2 4  208 5 1 2 
La 25 15 17 2 2  5 5 15 9 
Ce 519 481 407 61 71  129 138 455 249 
Pr 353 353 266 73 92  95 104 329 181 
Nd 5183 4697 3703 2042 2217  1810 2035 4506 2823 
Sm 11068 9704 9908 9166 8668  8620 8979 8715 7560 
Eu 2752 2328 2953 2312 2329  2328 2251 1887 1705 
Gd 28763 22792 31670 25171 25218  23204 23302 19532 17816 
Tb 6839 5849 7191 6512 6531  5981 5947 6069 5594 
Dy 51597 48921 50673 49189 48698  43171 43331 48489 46661 
Ho 11430 11497 10807 10699 10671  9162 9210 10996 10602 
Er 33857 35713 30738 29528 28443  23555 23215 30607 29749 
Tm 5881 6322 4957 4405 4032  3213 3057 4805 4726 
Yb 42446 48536 35133 28729 26102  18873 17491 32126 30956 
Lu 5548 6344 4413 3566 3300  2315 2155 3832 3658 
Hf 6 6 7 7 7  6 6 7 6 
W 10 14 9 8 9  6 6 86 39 
Pb 1 2 0 6 6  0 1 0 0 
Th 2 2 2 41 34  81 68 57 53 
U 1227 977 1546 2767 2939  2142 2310 1686 1431 
Eu/Eu* 0.47 0.48 0.51 0.47 0.48  0.50 0.48 0.44 0.45 
           
Al 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Si 0.03 0.02 0.03 0.03 0.03  0.03 0.03 0.03 0.02 
P 0.97 0.96 0.98 0.97 0.97  0.93 0.93 0.95 0.93 
Ca 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.00 0.01 
Sc 0.00 0.01 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Fe 0.03 0.04 0.02 0.00 0.01  0.00 0.00 0.00 0.00 
Y 0.72 0.74 0.74 0.78 0.77  0.88 0.87 0.81 0.85 
Zr 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Nd 0.01 0.01 0.00 0.00 0.00  0.00 0.00 0.01 0.00 
Sm 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 
Eu 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Gd 0.03 0.03 0.04 0.03 0.03  0.03 0.03 0.03 0.03 
Tb 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 
Dy 0.06 0.06 0.06 0.06 0.06  0.06 0.06 0.06 0.06 
Ho 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 
Er 0.04 0.04 0.04 0.04 0.03  0.03 0.03 0.04 0.04 
Tm 0.01 0.01 0.01 0.01 0.00  0.00 0.00 0.01 0.01 
Yb 0.05 0.06 0.04 0.03 0.03  0.03 0.02 0.04 0.04 
Lu 0.01 0.01 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
           
Total 2.01 2.02 2.01 2.01 2.01  2.04 2.04 2.02 2.04 
P site 1.00 0.98 1.01 1.00 1.01  0.95 0.96 0.98 0.96 
REE site 0.96 0.98 0.97 0.99 0.98  1.08 1.06 1.04 1.07 
*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Cyclops           
No  C2_9 C2_10 C2_11 C2_12 C2_13 C2_14 C2_15 C2_16 C2_17 C2_18 C2_20 
Paragenesis Breccia-hosted           
(ppm)            
Al 109 391 1624 235 347 629 1412 455 654 636 562 
Si <3881 <4088 <3231 <3351 5624 3261 <3163 <3427 <2861 <3159 <3386 
P 128470 130862 123581 126109 132329 123410 123231 126125 122499 123590 131024 
Ca 1145 639 798 816 840 1012 751 843 715 740 625 
Sc 168 150 211 172 172 191 279 160 218 197 159 
Ti 2 2 8 4 9 6 63 21 52 15 1 
Mn 6 2 5 4 5 5 8 4 1 4 6 
Fe 276 147 330 338 230 246 291 161 57 254 297 
Sr 5 5 4 4 3 4 4 4 4 4 5 
Zr 81 60 168 88 60 79 195 41 36 63 52 
Nb 0 0 0 0 0 0 0 0 0 0 0 
Sb 0 0 0 0 0 0 0 0 0 0 0 
Ba 1 1 1 1 1 1 1 1 1 2 2 
La 11 2 8 6 9 7 3 14 1 16 14 
Ce 266 39 177 180 220 207 52 302 28 363 322 
Pr 171 27 108 129 136 146 36 186 23 233 200 
Nd 2663 844 1854 2126 2126 2384 1008 2759 923 3221 2837 
Sm 7779 7598 8209 8340 8893 8279 8180 8125 8475 8700 9201 
Eu 1770 1996 2063 2044 2189 1947 2083 2058 2038 2117 2261 
Gd 18913 20523 21138 20614 22315 20501 21462 20633 20802 20956 22281 
Tb 5688 5683 5744 5731 5883 5690 5767 5821 5798 5991 5966 
Dy 46002 44579 44008 44213 45090 43668 42907 45906 44925 46192 45919 
Ho 10359 10225 9723 9835 9733 9812 9488 10066 9799 10201 9805 
Er 28275 27835 25677 26001 25613 25936 25014 27394 25903 27019 26104 
Tm 4432 4283 3704 3693 3498 3701 3632 4026 3691 4017 3734 
Yb 28388 27725 22146 22361 20836 22509 21841 24566 22856 25123 22580 
Lu 3435 3619 2712 2791 2671 2758 2670 3013 2717 2954 2756 
Hf 7 6 8 7 6 6 8 6 6 7 6 
W 7 7 6 6 6 6 7 7 7 7 6 
Pb 0 0 1 1 1 0 1 0 1 1 1 
Th 77 70 104 77 48 86 122 48 46 56 60 
U 1739 1742 1741 1891 2413 2163 1812 2166 2668 1665 1969 
Eu/Eu* 0.45 0.49 0.48 0.48 0.47 0.46 0.48 0.49 0.47 0.48 0.48 
            
Al 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 
Si 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.02 0.03 0.03 
P 0.93 0.94 0.92 0.93 0.94 0.92 0.92 0.92 0.92 0.91 0.94 
Ca 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Y 0.85 0.84 0.88 0.87 0.84 0.88 0.88 0.86 0.88 0.87 0.85 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Sm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.06 
Ho 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Er 0.04 0.04 0.04 0.04 0.03 0.04 0.03 0.04 0.04 0.04 0.03 
Tm 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 
Yb 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
Lu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
            
Total 2.04 2.03 2.05 2.04 2.03 2.05 2.05 2.04 2.05 2.05 2.03 
P site 0.96 0.97 0.94 0.95 0.98 0.94 0.94 0.95 0.94 0.94 0.97 
REE site 1.07 1.05 1.08 1.08 1.04 1.09 1.08 1.08 1.09 1.10 1.06 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Iceman         
No  I1_5 I1_8 I1_9  I1_1 I1_2 I1_3 I1_6 I1_7 
Paragenesis Breccia-hosted    Vein-type     
(ppm)          
Al 92 242 181  284 318 232 220 134 
Si <4479 <4407 <3635  <3043 <2751 <2957 <3608 <4172 
P 135113 131869 129271  130673 128422 127057 130051 133149 
Ca 1766 1568 1796  2118 1776 1804 1389 1500 
Sc 1340 1520 1333  1746 1398 1357 1162 1344 
Ti 29 42 46  45 51 45 84 26 
Mn 8 12 7  8 7 8 6 9 
Fe 1945 2255 2620  2069 2221 3377 2930 2304 
Sr 6 39 8  44 14 16 8 12 
Zr 144 181 73  152 168 128 169 187 
Nb 0 0 0  0 0 0 0 0 
Sb 1 2 1  1 1 2 3 1 
Ba 2 4 3  7 9 5 3 5 
La 8 41 17  51 37 32 10 11 
Ce 29 117 36  107 69 67 34 35 
Pr 15 32 16  27 21 21 15 13 
Nd 626 821 582  742 701 708 637 586 
Sm 7621 7344 7374  7517 7608 7550 7861 7726 
Eu 3546 3324 3558  3243 3409 3412 3629 3493 
Gd 29939 28043 30650  28481 30209 29833 30864 29490 
Tb 6751 6464 6679  6230 6663 6709 6741 6518 
Dy 47297 47223 48034  47048 47994 48519 48294 48063 
Ho 11062 11143 11312  11430 11129 11274 10964 11232 
Er 32849 33199 33471  35182 32890 33030 31515 33775 
Tm 5329 5335 5518  5907 5449 5397 5040 5573 
Yb 35448 37425 38812  42633 37484 36997 33707 38884 
Lu 4565 4808 4980  5445 4743 4638 4367 4935 
Hf 7 8 6  7 7 7 8 8 
W 9 11 13  10 9 14 12 9 
Pb 18 25 34  49 67 64 27 24 
Th 37 38 27  26 33 32 41 25 
U 5439 4538 5190  4927 5430 5701 4540 4553 
Eu/Eu* 0.72 0.71 0.72  0.68 0.69 0.69 0.71 0.71 
          
Al 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 
Si 0.03 0.03 0.03  0.02 0.02 0.02 0.03 0.03 
P 0.93 0.92 0.91  0.91 0.91 0.90 0.91 0.92 
Ca 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 
Sc 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 
Mn 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 
Fe 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 
Y 0.81 0.82 0.83  0.83 0.84 0.84 0.83 0.82 
Zr 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 
Nd 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 
Sm 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 
Eu 0.00 0.00 0.01  0.00 0.00 0.00 0.01 0.00 
Gd 0.04 0.04 0.04  0.04 0.04 0.04 0.04 0.04 
Tb 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 
Dy 0.06 0.06 0.06  0.06 0.06 0.07 0.06 0.06 
Ho 0.01 0.01 0.01  0.01 0.01 0.02 0.01 0.01 
Er 0.04 0.04 0.04  0.05 0.04 0.04 0.04 0.04 
Tm 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 
Yb 0.04 0.05 0.05  0.05 0.05 0.05 0.04 0.05 
Lu 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 
Th 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00  0.00 0.01 0.01 0.00 0.00 
          
Total 2.04 2.05 2.05  2.05 2.05 2.06 2.05 2.04 
P site 0.96 0.95 0.94  0.94 0.93 0.93 0.94 0.95 
REE site 1.05 1.06 1.08  1.08 1.09 1.09 1.08 1.06 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Iceman       Boulder Ridge   
No  I1_10 I1_11 I1_12 I1_13 I1_14 I1_15  BR1_1 BR1_2 BR1_3 
Paragenesis Vein-type       Vein-type   
(ppm)           
Al 113 550 736 683 846 576  2784 371 234 
Si 4767 <3511 <3127 <3544 <2948 <2474  <3553 <4083 <4913 
P 129067 129497 130006 124748 127789 122426  142440 141275 143156 
Ca 2159 2001 2167 1977 1975 1600  1288 1178 1796 
Sc 1308 1333 1792 1068 1829 1186  666 579 875 
Ti 55 66 78 108 82 37  98 17 10 
Mn 6 8 8 5 15 8  10 7 19 
Fe 1385 14452 16200 14829 21431 11081  673 1673 1856 
Sr 11 13 7 6 8 12  98 8 4 
Zr 133 137 113 158 204 231  82 77 470 
Nb 0 0 0 1 1 0  0 0 0 
Sb 1 2 3 5 3 2  4 1 3 
Ba 3 3 1 2 2 3  12 2 1 
La 15 12 4 4 6 12  101 6 2 
Ce 45 45 34 32 54 41  208 25 24 
Pr 22 23 22 19 28 15  37 11 15 
Nd 744 743 748 676 859 558  667 495 598 
Sm 7646 7376 6925 7448 7058 7351  7545 7277 5970 
Eu 3489 3374 3099 3504 3105 3302  3891 3753 2991 
Gd 30508 28985 26252 30026 26601 29783  36947 33710 26825 
Tb 6678 6493 6006 6689 6073 6546  6895 6904 6082 
Dy 48000 47286 46879 47710 48041 48749  44134 44907 42110 
Ho 11150 11299 11692 10956 11639 11520  9871 9668 9684 
Er 32162 33377 35962 32123 36167 33845  27305 26342 26021 
Tm 5093 5460 6250 4981 6153 5620  4228 3969 3763 
Yb 35011 37926 44220 34002 43539 39212  27480 25241 23779 
Lu 4478 4789 5721 4239 5516 4865  3346 3135 2920 
Hf 7 7 7 7 8 8  7 7 17 
W 9 12 12 12 14 10  5 7 6 
Pb 27 11 5 7 5 8  12 2 28 
Th 29 22 28 24 44 28  7 5 188 
U 5836 5711 6236 5646 4938 4312  2805 2481 3899 
Eu/Eu* 0.70 0.71 0.70 0.72 0.69 0.68  0.71 0.73 0.72 
           
Al 0.00 0.00 0.01 0.01 0.01 0.00  0.02 0.00 0.00 
Si 0.04 0.03 0.02 0.03 0.02 0.02  0.03 0.03 0.04 
P 0.91 0.89 0.89 0.88 0.88 0.88  0.95 0.96 0.96 
Ca 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 
Sc 0.01 0.01 0.01 0.01 0.01 0.01  0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
Fe 0.01 0.06 0.06 0.06 0.08 0.04  0.00 0.01 0.01 
Y 0.83 0.82 0.81 0.83 0.81 0.85  0.79 0.80 0.79 
Zr 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
Nd 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
Sm 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 
Eu 0.01 0.00 0.00 0.01 0.00 0.00  0.01 0.01 0.00 
Gd 0.04 0.04 0.04 0.04 0.04 0.04  0.05 0.04 0.04 
Tb 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 
Dy 0.06 0.06 0.06 0.06 0.06 0.07  0.06 0.06 0.05 
Ho 0.01 0.01 0.02 0.01 0.02 0.02  0.01 0.01 0.01 
Er 0.04 0.04 0.05 0.04 0.05 0.05  0.03 0.03 0.03 
Tm 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.00 0.00 
Yb 0.04 0.05 0.05 0.04 0.05 0.05  0.03 0.03 0.03 
Lu 0.01 0.01 0.01 0.01 0.01 0.01  0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 
U 0.01 0.01 0.01 0.01 0.00 0.00  0.00 0.00 0.00 
           
Total 2.05 2.06 2.07 2.07 2.08 2.08  2.02 2.02 2.01 
P site 0.94 0.92 0.91 0.91 0.90 0.90  0.98 0.99 1.00 
REE site 1.08 1.06 1.06 1.08 1.06 1.11  1.01 1.01 0.99 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit Boulder Ridge        John Galt  
No  BR1_13 BR1_14 BR1_21 BR1_22 BR1_25  BR1_19  J1_1 J1_2 
Paragenesis Vein-type      Overgrowth  Overgrowth  
(ppm)           
Al 717 1112 1730 1731 1269  1999  287 95 
Si <2968 <3268 <3131 <2946 <4562  2823  3528 <2483 
P 123969 126924 123540 119795 136197  119226  115005 113129 
Ca 1355 980 1301 1065 2123  1580  116 164 
Sc 574 463 649 621 521  534  455 351 
Ti 17 1 12 1 14  2  1 1 
Mn 6 5 13 10 7  14  6 5 
Fe 136 135 422 363 1982  321  22 25 
Sr 27 14 33 5 8  401  4 6 
Zr 38 41 148 82 1036  179  20 12 
Nb 0 0 0 0 0  0  0 0 
Sb 0 0 0 0 3  0  0 0 
Ba 3 2 5 1 5  46  1 3 
La 22 8 27 3 15  352  3 7 
Ce 61 31 73 20 45  703  51 54 
Pr 20 17 18 12 15  100  70 73 
Nd 650 678 552 537 629  956  1921 2134 
Sm 6538 7160 6620 6583 9972  7197  5911 6770 
Eu 3176 3558 3300 3370 4989  3462  1671 1976 
Gd 27775 30538 29330 29311 48550  32412  13675 14727 
Tb 6082 6309 6505 6405 8484  6579  4426 4664 
Dy 44145 44755 45530 45952 48244  45594  40601 40842 
Ho 10421 10365 10352 10223 9499  10232  10227 10178 
Er 30018 29330 28752 28099 23868  28315  28424 28039 
Tm 4647 4509 4311 4322 3160  4276  3979 3938 
Yb 30709 29074 27889 26482 18848  27541  24271 24318 
Lu 3889 3696 3477 3551 2465  3320  2961 2922 
Hf 6 6 9 7 31  10  6 6 
W 7 7 7 8 5  7  7 7 
Pb 4 3 8 2 33  81  1 3 
Th 4 4 10 7 200  28  24 21 
U 3715 3722 3177 3183 3344  3022  3056 2987 
Eu/Eu* 0.72 0.74 0.72 0.74 0.69  0.69  0.57 0.60 
           
Al 0.01 0.01 0.01 0.01 0.01  0.02  0.00 0.00 
Si 0.02 0.03 0.03 0.02 0.03  0.02  0.03 0.02 
P 0.91 0.92 0.90 0.89 0.93  0.89  0.90 0.89 
Ca 0.01 0.01 0.01 0.01 0.01  0.01  0.00 0.00 
Sc 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.00 
Fe 0.00 0.00 0.00 0.00 0.01  0.00  0.00 0.00 
Y 0.87 0.85 0.86 0.88 0.81  0.88  0.92 0.93 
Zr 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.00 
Nd 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.00 
Sm 0.01 0.01 0.01 0.01 0.01  0.01  0.01 0.01 
Eu 0.00 0.01 0.00 0.01 0.01  0.01  0.00 0.00 
Gd 0.04 0.04 0.04 0.04 0.07  0.05  0.02 0.02 
Tb 0.01 0.01 0.01 0.01 0.01  0.01  0.01 0.01 
Dy 0.06 0.06 0.06 0.07 0.06  0.06  0.06 0.06 
Ho 0.01 0.01 0.01 0.01 0.01  0.01  0.01 0.02 
Er 0.04 0.04 0.04 0.04 0.03  0.04  0.04 0.04 
Tm 0.01 0.01 0.01 0.01 0.00  0.01  0.01 0.01 
Yb 0.04 0.04 0.04 0.04 0.02  0.04  0.03 0.03 
Lu 0.01 0.00 0.00 0.00 0.00  0.00  0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.00 
           
Total 2.05 2.05 2.06 2.06 2.04  2.07  2.06 2.06 
P site 0.93 0.94 0.93 0.92 0.96  0.91  0.93 0.91 
REE site 1.10 1.08 1.10 1.12 1.04  1.12  1.12 1.14 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit John Galt          
No  J1_3 J1_4 J1_5 J1_6 J1_8 J1_9 J1_10 J1_11 J1_12 J1_13 
Paragenesis Overgrowth          
(ppm)           
Al 31 81 55 10 23 10 25 10 24 30 
Si <3085 3932 <2734 <3203 <3555 <3520 <3231 <3412 <2717 <3603 
P 112447 113329 110653 113293 114575 115547 113022 114174 113510 115671 
Ca 111 182 173 108 120 146 191 131 285 110 
Sc 394 354 449 166 487 248 467 212 722 290 
Ti 13 1 1 1 1 1 1 1 1 2 
Mn 3 2 7 3 3 2 3 4 5 3 
Fe 25 26 27 27 27 30 28 30 27 28 
Sr 5 13 4 4 6 5 6 5 6 10 
Zr 17 13 18 15 15 16 9 17 11 14 
Nb 0 0 0 0 0 0 0 0 0 0 
Sb 0 0 0 0 0 0 0 0 0 0 
Ba 2 9 1 1 3 2 3 2 3 7 
La 5 25 3 2 8 3 6 4 9 14 
Ce 56 73 43 21 57 34 40 29 84 56 
Pr 79 66 57 27 74 48 57 39 98 65 
Nd 2163 1915 1723 1042 2015 1400 1767 1305 2567 1742 
Sm 6093 5678 5442 4693 5590 5130 5728 5082 6371 5400 
Eu 1737 1627 1710 1416 1582 1544 1730 1618 1780 1632 
Gd 14123 13616 13409 12873 13493 13624 13986 13721 14229 14036 
Tb 4454 4298 4257 4160 4221 4311 4366 4289 4383 4367 
Dy 41082 40975 40996 40238 40389 40904 40193 40813 40902 41972 
Ho 10371 10492 10395 10505 10290 10526 10198 10403 10550 10549 
Er 29097 29163 29323 29931 28989 30031 28787 29362 29351 29886 
Tm 4217 4221 4252 4386 4212 4392 4186 4224 4195 4244 
Yb 26140 26697 26450 27511 25805 27343 25463 26583 26098 26789 
Lu 3174 3196 3292 3389 3233 3350 3134 3273 3203 3311 
Hf 6 5 5 6 5 5 5 5 5 5 
W 7 7 7 7 7 7 7 7 7 7 
Pb 2 3 2 3 2 2 1 1 2 6 
Th 35 22 25 27 24 33 11 13 16 16 
U 3287 3007 2559 3008 3279 2981 2822 2543 2638 2622 
Eu/Eu* 0.57 0.57 0.61 0.56 0.56 0.56 0.59 0.59 0.57 0.57 
           
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Si 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.03 
P 0.89 0.89 0.88 0.89 0.89 0.90 0.89 0.89 0.89 0.90 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Y 0.93 0.92 0.94 0.93 0.92 0.92 0.93 0.92 0.93 0.92 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gd 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Tb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Dy 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
Ho 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Er 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
Tm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Yb 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
Lu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
           
Total 2.07 2.06 2.07 2.06 2.06 2.06 2.06 2.06 2.06 2.06 
P site 0.91 0.92 0.91 0.92 0.92 0.93 0.92 0.92 0.91 0.93 
REE site 1.14 1.13 1.16 1.14 1.13 1.13 1.14 1.13 1.14 1.13 

*Y = 33.9 wt.% (Cook et al., 2013) 
**Formulae on basis of 4 a.p.f.u. 
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(Continued) 
Deposit John Galt    
No  J1_14 J1_15 J1_17 J1_19 
Paragenesis Overgrowth    
(ppm)     
Al 9 70 45 14 
Si <2879 <3017 <3067 <2566 
P 112006 111396 114582 109188 
Ca 175 104 288 90 
Sc 202 179 320 217 
Ti 1 1 1 3 
Mn 1 3 6 1 
Fe 27 25 25 73 
Sr 4 17 10 10 
Zr 9 8 8 10 
Nb 0 0 0 0 
Sb 0 0 0 1 
Ba 1 12 8 7 
La 3 35 20 13 
Ce 17 71 80 41 
Pr 25 57 83 45 
Nd 1159 1673 2111 1451 
Sm 5344 5369 5632 5022 
Eu 1635 1563 1608 1505 
Gd 13579 13143 13277 12642 
Tb 4352 4368 4316 4165 
Dy 41253 41478 41490 41345 
Ho 10561 10677 10560 10640 
Er 30036 30194 30182 30649 
Tm 4333 4443 4484 4553 
Yb 27384 28310 27914 28587 
Lu 3352 3451 3369 3559 
Hf 5 5 5 5 
W 7 7 8 7 
Pb 1 5 5 1 
Th 10 19 9 17 
U 2703 2553 2748 2935 
Eu/Eu* 0.59 0.57 0.57 0.58 
     
Al 0.00 0.00 0.00 0.00 
Si 0.03 0.03 0.03 0.02 
P 0.89 0.88 0.89 0.88 
Ca 0.00 0.00 0.00 0.00 
Sc 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 
Fe 0.00 0.00 0.00 0.00 
Y 0.94 0.94 0.92 0.95 
Zr 0.00 0.00 0.00 0.00 
La 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 
Nd 0.00 0.00 0.00 0.00 
Sm 0.01 0.01 0.01 0.01 
Eu 0.00 0.00 0.00 0.00 
Gd 0.02 0.02 0.02 0.02 
Tb 0.01 0.01 0.01 0.01 
Dy 0.06 0.06 0.06 0.06 
Ho 0.02 0.02 0.02 0.02 
Er 0.04 0.04 0.04 0.05 
Tm 0.01 0.01 0.01 0.01 
Yb 0.04 0.04 0.04 0.04 
Lu 0.00 0.00 0.00 0.01 
Th 0.00 0.00 0.00 0.00 
U 0.00 0.00 0.00 0.00 
     
Total 2.07 2.07 2.06 2.07 
P site 0.91 0.91 0.92 0.90 
REE site 1.15 1.15 1.13 1.17 

*Y = 33.9 wt.% (Cook et al., 2013) 

**Formulae on basis of 4 a.p.f.u. 
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Appendix 5-4: Electron probe micro-analytical data of florencite from Wolverine and Area 5 
 A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11  A12 A13 A14 A15 A16 A17 A18 A19 
 Area 5 (late)  Area 5 (early) 
CaO 1.86 1.31 0.91 1.75 1.23 1.06 1.37 1.25 1.39 1.27 1.10  0.72 0.57 0.64 0.65 0.72 0.67 0.75 0.73 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 6.03 8.61 9.87 7.16 7.76 8.81 7.54 7.83 7.11 8.25 7.94  5.29 6.06 5.91 5.70 5.84 5.68 5.59 5.65 
Ce2O3 10.02 11.59 12.19 10.92 11.09 11.26 10.91 11.18 10.88 11.82 11.56  9.93 10.50 10.39 9.89 9.73 10.10 9.78 10.87 
Nd2O3 2.78 2.97 2.10 3.00 2.71 2.10 2.52 2.76 2.48 2.71 2.62  7.24 7.49 6.70 6.71 6.65 6.64 6.77 7.06 
Pr2O3 1.03 1.03 0.93 1.08 0.88 0.83 0.89 1.03 1.00 1.14 1.06  1.45 1.48 1.39 1.41 1.41 1.47 1.18 1.48 
Sm2O3 0.00 0.13 0.00 0.16 0.00 0.07 0.04 0.00 0.00 0.09 0.17  0.78 0.93 0.85 0.63 0.83 0.78 0.79 1.01 
Gd2O3 0.11 0.00 0.00 0.08 0.09 0.00 0.00 0.00 0.00 0.01 0.00  0.09 0.06 0.00 0.26 0.00 0.16 0.08 0.21 
ThO2 0.01 0.06 0.05 0.00 0.00 0.10 0.01 0.00 0.04 0.02 0.00  0.06 0.00 0.00 0.09 0.05 0.00 0.05 0.05 
SrO 4.80 2.59 3.18 3.58 3.08 3.23 4.45 3.14 3.00 2.88 3.07  2.73 1.95 2.12 1.82 2.35 2.15 2.35 2.24 
FeO 1.18 1.00 1.00 0.91 0.64 0.59 0.86 1.38 1.23 0.91 0.72  2.18 1.30 2.57 5.02 1.31 3.10 1.21 1.10 
SiO2 0.00 0.15 0.03 0.00 0.36 0.24 0.08 0.28 0.49 0.53 0.29  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 31.69 30.48 31.42 32.08 31.47 31.04 31.88 31.31 30.62 31.55 31.90  30.61 31.72 30.83 29.20 31.16 30.87 30.47 32.03 
P2O5 24.28 24.89 24.01 24.42 23.82 23.63 23.94 24.26 23.91 24.09 23.91  25.52 25.98 25.43 24.30 25.49 25.41 25.50 25.74 
SO3 4.70 3.11 3.00 3.55 3.37 3.30 4.29 3.07 3.07 3.00 3.16  1.70 1.33 1.44 1.28 1.61 1.49 1.64 1.54 
F 0.34 0.41 0.11 0.45 0.53 0.17 0.37 0.54 0.13 0.13 0.13  0.00 0.00 0.91 0.39 0.30 0.25 0.03 0.39 
Cl 0.02 0.03 0.00 0.01 0.01 0.02 0.03 0.03 0.03 0.02 0.03  0.05 0.05 0.03 0.01 0.05 0.03 0.04 0.04 
Total  88.85 88.37 88.80 89.14 87.03 86.45 89.18 88.05 85.38 88.42 87.67  88.35 89.42 89.22 87.36 87.49 88.79 86.23 90.15 
                     
Ca 0.17 0.12 0.08 0.15 0.11 0.10 0.12 0.11 0.12 0.11 0.10  0.06 0.05 0.06 0.06 0.06 0.06 0.07 0.06 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.18 0.27 0.30 0.21 0.24 0.27 0.23 0.24 0.22 0.25 0.24  0.16 0.18 0.18 0.18 0.18 0.17 0.18 0.17 
Ce 0.30 0.36 0.36 0.33 0.34 0.35 0.33 0.34 0.33 0.36 0.35  0.30 0.31 0.32 0.31 0.30 0.31 0.30 0.33 
Nd 0.08 0.09 0.06 0.09 0.08 0.06 0.07 0.08 0.07 0.08 0.08  0.21 0.22 0.20 0.20 0.20 0.20 0.21 0.21 
Pr 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03  0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
Sm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.03 
Gd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.23 0.13 0.15 0.17 0.15 0.16 0.21 0.15 0.14 0.14 0.15  0.13 0.09 0.10 0.09 0.11 0.10 0.12 0.11 
∑REE 0.99 1.00 0.98 0.98 0.95 0.97 0.99 0.95 0.91 0.97 0.95  0.92 0.92 0.92 0.91 0.91 0.9 0.94 0.96 
Fe 0.08 0.07 0.07 0.06 0.04 0.04 0.06 0.10 0.09 0.06 0.05  0.15 0.09 0.18 0.36 0.09 0.21 0.09 0.08 
Al 3.10 3.02 3.01 3.08 3.10 3.07 3.08 3.04 3.00 3.06 3.11  2.96 3.02 3.01 2.91 3.08 3.01 3.05 3.09 
∑Al 3.18 3.09 3.08 3.14 3.14 3.11 3.14 3.14 3.09 3.12 3.16  3.11 3.11 3.19 3.27 3.17 3.22 3.14 3.17 
Si 0.00 0.01 0.00 0.00 0.03 0.02 0.01 0.02 0.04 0.04 0.02  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
P 1.70 1.77 1.65 1.68 1.69 1.68 1.66 1.69 1.68 1.68 1.67  1.77 1.78 1.78 1.74 1.81 1.78 1.83 1.79 
S 0.29 0.20 0.18 0.22 0.21 0.21 0.26 0.19 0.19 0.19 0.20  0.10 0.08 0.09 0.08 0.10 0.09 0.10 0.09 
∑P 1.99 1.98 1.83 1.9 1.93 1.91 1.93 1.9 1.91 1.91 1.89  1.87 1.86 1.87 1.82 1.91 1.87 1.93 1.88 
F 0.09 0.11 0.03 0.12 0.14 0.05 0.10 0.14 0.04 0.03 0.03  0.00 0.00 0.24 0.10 0.08 0.06 0.01 0.10 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 
OH 5.91 5.88 5.97 5.88 5.86 5.95 5.90 5.86 5.96 5.96 5.96  5.99 5.99 5.76 5.90 5.91 5.93 5.99 5.89 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00  6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                     
Flr 0.61 0.76 0.76 0.67 0.71 0.72 0.67 0.71 0.68 0.73 0.72  0.76 0.81 0.80 0.81 0.78 0.79 0.78 0.81 
Wdh 0.19 0.13 0.09 0.16 0.13 0.11 0.13 0.13 0.15 0.12 0.12  0.09 0.08 0.10 0.11 0.10 0.11 0.10 0.08 
Svb 0.14 0.10 0.17 0.12 0.14 0.16 0.19 0.12 0.10 0.14 0.16  0.07 0.07 0.07 0.06 0.06 0.06 0.05 0.09 
Gyz 0.11 0.04 0.00 0.06 0.03 0.01 0.03 0.05 0.07 0.02 0.01  0.09 0.05 0.07 0.08 0.09 0.09 0.10 0.05 
Hut 0.00 0.01 0.00 0.00 0.02 0.01 0.01 0.01 0.02 0.02 0.01  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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(Continued) 
 A20 A21 A22 A23 A24 A25 A26 A27 A28 A29 A30 A31 A32 A33 A34 A35 A36 A37 A38 
 Area 5 (early) 
CaO 0.76 0.73 0.70 0.77 0.92 0.56 0.61 0.69 0.67 0.65 0.65 0.61 0.67 0.58 0.67 0.56 0.91 0.68 0.68 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 6.09 6.02 6.25 6.03 4.75 5.59 5.82 5.66 5.63 6.37 6.07 5.27 6.29 5.58 5.87 6.03 4.36 5.58 5.39 
Ce2O3 10.53 9.57 10.15 9.91 10.56 9.87 11.03 10.14 10.13 10.77 10.63 9.96 10.39 9.84 9.88 9.77 8.95 9.77 10.16 
Nd2O3 7.21 4.74 6.72 6.44 6.66 6.91 6.97 7.15 6.86 7.58 6.19 7.15 6.84 6.94 8.03 6.55 6.72 6.80 6.97 
Pr2O3 1.33 1.28 1.56 1.40 1.47 1.50 1.50 1.52 1.44 1.54 1.37 1.43 1.42 1.45 1.44 1.34 1.32 1.34 1.61 
Sm2O3 0.85 0.55 0.96 0.84 0.90 0.78 1.02 0.89 1.05 0.75 0.79 0.95 0.72 0.94 0.94 0.92 1.11 1.01 0.77 
Gd2O3 0.02 0.15 0.00 0.16 0.14 0.00 0.13 0.00 0.04 0.06 0.06 0.00 0.03 0.15 0.21 0.11 0.16 0.17 0.06 
ThO2 0.01 0.00 0.00 0.00 0.10 0.07 0.02 0.09 0.11 0.16 0.15 0.01 0.02 0.00 0.00 0.00 0.02 0.00 0.03 
SrO 2.20 1.96 2.40 2.72 2.10 1.53 1.38 2.31 2.04 1.72 2.14 2.00 1.55 2.13 1.96 1.62 2.01 2.27 1.98 
FeO 0.79 8.42 1.81 0.96 3.96 4.98 3.05 0.33 0.30 0.41 0.23 2.92 0.47 0.61 0.64 4.28 1.62 0.89 0.25 
SiO2 0.00 0.03 0.00 0.04 0.03 0.00 0.00 0.00 0.05 0.18 0.00 0.17 0.00 0.00 0.00 0.00 1.36 0.00 0.00 
Al2O3 31.39 27.40 30.96 31.41 31.18 29.74 30.39 31.70 31.05 32.50 31.07 29.08 30.86 31.75 32.14 29.04 30.67 31.57 31.80 
P2O5 25.76 22.64 25.77 25.82 24.83 24.82 25.78 25.21 25.76 26.12 24.99 25.08 25.29 26.12 26.03 24.75 24.42 25.48 25.67 
SO3 1.47 1.45 1.38 1.72 1.85 1.03 1.00 1.48 1.26 1.05 1.39 1.27 1.08 1.34 1.22 1.12 1.69 1.55 1.22 
F 0.28 0.25 0.22 0.16 0.23 0.41 0.49 0.36 0.68 0.44 0.58 0.14 0.32 0.63 0.22 0.58 0.16 0.00 0.52 
Cl 0.03 0.01 0.06 0.02 0.02 0.03 0.02 0.03 0.00 0.04 0.02 0.01 0.02 0.05 0.04 0.03 0.05 0.05 0.02 
Total  88.71 85.20 88.94 88.42 89.70 87.81 89.20 87.56 87.07 90.33 86.34 86.06 85.95 88.11 89.29 86.71 85.53 87.16 87.13 
                    
Ca 0.07 0.07 0.06 0.07 0.08 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.06 0.05 0.08 0.06 0.06 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.19 0.19 0.19 0.18 0.14 0.17 0.18 0.18 0.18 0.19 0.19 0.17 0.20 0.17 0.18 0.19 0.14 0.17 0.17 
Ce 0.32 0.30 0.31 0.30 0.32 0.30 0.33 0.31 0.32 0.32 0.34 0.31 0.33 0.30 0.30 0.31 0.28 0.30 0.31 
Nd 0.21 0.15 0.20 0.19 0.19 0.21 0.21 0.22 0.21 0.22 0.19 0.22 0.21 0.21 0.24 0.20 0.20 0.20 0.21 
Pr 0.04 0.04 0.05 0.04 0.04 0.05 0.05 0.05 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 
Sm 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.02 
Gd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.11 0.10 0.12 0.13 0.10 0.07 0.07 0.11 0.10 0.08 0.11 0.10 0.08 0.10 0.09 0.08 0.10 0.11 0.10 
∑REE 0.96 0.87 0.96 0.93 0.9 0.87 0.92 0.96 0.94 0.94 0.95 0.93 0.94 0.9 0.95 0.9 0.87 0.91 0.92 
Fe 0.05 0.61 0.13 0.07 0.27 0.35 0.21 0.02 0.02 0.03 0.02 0.21 0.03 0.04 0.04 0.31 0.11 0.06 0.02 
Al 3.07 2.78 3.02 3.08 3.01 2.92 2.96 3.15 3.11 3.12 3.18 2.94 3.12 3.12 3.12 2.93 3.07 3.12 3.15 
∑Al 3.12 3.39 3.15 3.15 3.28 3.27 3.17 3.17 3.13 3.15 3.2 3.15 3.15 3.16 3.16 3.24 3.18 3.18 3.17 
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.12 0.00 0.00 
P 1.81 1.65 1.81 1.82 1.72 1.75 1.80 1.80 1.86 1.80 1.84 1.82 1.84 1.84 1.82 1.79 1.75 1.81 1.83 
S 0.09 0.09 0.09 0.11 0.11 0.06 0.06 0.09 0.08 0.06 0.09 0.08 0.07 0.08 0.08 0.07 0.11 0.10 0.08 
∑P 1.90 1.74 1.90 1.93 1.83 1.81 1.86 1.89 1.94 1.87 1.93 1.91 1.91 1.92 1.9 1.86 1.98 1.91 1.91 
F 0.07 0.07 0.06 0.04 0.06 0.11 0.13 0.10 0.18 0.11 0.16 0.04 0.09 0.17 0.06 0.16 0.04 0.00 0.14 
Cl 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 
OH 5.92 5.93 5.93 5.95 5.94 5.89 5.87 5.90 5.82 5.88 5.84 5.96 5.91 5.83 5.94 5.84 5.95 5.99 5.86 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                    
Flr 0.80 0.77 0.80 0.76 0.77 0.81 0.84 0.81 0.81 0.83 0.81 0.80 0.83 0.79 0.82 0.82 0.74 0.78 0.79 
Wdh 0.09 0.14 0.08 0.10 0.13 0.11 0.09 0.08 0.09 0.09 0.09 0.09 0.09 0.09 0.08 0.10 0.13 0.10 0.09 
Svb 0.06 0.07 0.07 0.06 0.08 0.04 0.04 0.09 0.04 0.06 0.07 0.03 0.05 0.05 0.07 0.04 0.06 0.07 0.06 
Gyz 0.07 0.10 0.08 0.10 0.07 0.09 0.06 0.04 0.08 0.04 0.06 0.10 0.06 0.09 0.05 0.09 0.09 0.08 0.08 
Hut 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.06 0.00 0.00 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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(Continued) 
 A39 A40 A41 A42 A43 A44 A45 A46 A47 A48 A49 A50 A51 A52 A53 A54 A55 A56 A57 
 Area 5 (early) 
CaO 0.63 0.61 0.55 0.73 0.59 0.57 0.67 0.60 0.96 0.72 0.54 0.69 0.55 0.61 0.62 0.47 0.39 0.60 0.57 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 5.41 5.62 5.86 5.53 5.53 5.76 6.17 5.62 5.33 5.35 5.54 5.49 5.76 5.53 5.46 5.91 6.90 5.52 5.57 
Ce2O3 9.81 9.88 9.61 10.41 9.76 9.64 10.22 9.76 10.32 10.33 10.65 10.18 10.50 9.59 10.57 10.76 10.98 9.99 10.35 
Nd2O3 7.09 6.48 7.36 7.44 7.12 6.45 6.88 7.30 5.83 6.76 7.74 7.10 7.53 7.19 7.40 7.61 7.01 7.19 7.14 
Pr2O3 1.40 1.56 1.44 1.58 1.62 1.61 1.43 1.47 1.29 1.67 1.45 1.48 1.43 1.50 1.61 1.53 1.36 1.52 1.50 
Sm2O3 0.83 0.86 1.03 1.07 0.76 0.98 0.76 0.76 0.70 0.85 0.88 0.97 0.89 0.75 0.95 0.87 0.71 0.89 1.09 
Gd2O3 0.06 0.07 0.07 0.01 0.05 0.14 0.16 0.17 0.00 0.15 0.14 0.09 0.27 0.20 0.00 0.04 0.08 0.09 0.17 
ThO2 0.02 0.00 0.00 0.00 0.06 0.09 0.01 0.05 0.01 0.01 0.03 0.07 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
SrO 1.94 2.10 1.71 1.87 2.11 2.12 2.06 1.61 2.18 1.85 1.59 1.97 1.80 1.94 1.64 1.51 1.52 1.99 1.75 
FeO 0.42 0.16 0.85 0.37 0.10 0.58 0.17 0.44 0.15 0.34 0.58 0.43 0.52 0.25 0.18 1.13 0.37 0.79 0.44 
SiO2 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.40 0.00 0.00 0.06 0.00 0.00 0.00 0.39 
Al2O3 31.88 31.53 31.14 31.50 31.59 30.94 31.64 30.01 31.79 32.09 30.81 31.57 31.87 31.27 30.83 31.24 31.49 30.71 31.60 
P2O5 25.80 25.77 25.38 25.60 25.80 25.79 26.50 26.05 25.43 25.94 25.72 25.63 26.04 26.11 26.28 25.99 26.15 25.45 25.49 
SO3 1.24 1.26 1.02 1.27 1.06 1.47 1.08 0.91 1.54 1.21 1.16 1.32 1.12 1.19 1.05 0.95 0.83 1.29 1.23 
F 0.06 0.35 0.51 0.10 0.00 0.00 0.12 0.26 0.41 0.38 0.31 0.15 0.17 0.27 0.32 0.05 0.40 0.53 0.00 
Cl 0.01 0.01 0.02 0.02 0.04 0.02 0.03 0.00 0.01 0.03 0.03 0.02 0.01 0.00 0.03 0.02 0.00 0.05 0.03 
Total  86.60 86.26 86.57 87.51 86.19 86.15 87.90 85.01 85.95 87.67 87.28 87.55 88.45 86.41 87.00 88.08 88.18 86.61 87.32 
                    
Ca 0.06 0.06 0.05 0.07 0.05 0.05 0.06 0.06 0.09 0.06 0.05 0.06 0.05 0.05 0.06 0.04 0.03 0.05 0.05 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.17 0.18 0.18 0.17 0.17 0.18 0.19 0.18 0.17 0.16 0.17 0.17 0.18 0.17 0.17 0.18 0.21 0.17 0.17 
Ce 0.30 0.31 0.30 0.32 0.30 0.30 0.31 0.31 0.32 0.32 0.33 0.31 0.32 0.29 0.33 0.33 0.34 0.31 0.32 
Nd 0.21 0.20 0.22 0.22 0.21 0.20 0.20 0.23 0.18 0.20 0.23 0.21 0.22 0.22 0.22 0.23 0.21 0.22 0.21 
Pr 0.04 0.05 0.04 0.05 0.05 0.05 0.04 0.05 0.04 0.05 0.04 0.05 0.04 0.05 0.05 0.05 0.04 0.05 0.05 
Sm 0.02 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.03 0.03 
Gd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.09 0.10 0.08 0.09 0.10 0.10 0.10 0.08 0.11 0.09 0.08 0.10 0.09 0.09 0.08 0.07 0.07 0.10 0.09 
∑REE 0.89 0.93 0.90 0.95 0.90 0.91 0.92 0.93 0.93 0.90 0.93 0.93 0.94 0.90 0.94 0.92 0.92 0.93 0.92 
Fe 0.03 0.01 0.06 0.03 0.01 0.04 0.01 0.03 0.01 0.02 0.04 0.03 0.04 0.02 0.01 0.08 0.03 0.06 0.03 
Al 3.16 3.15 3.10 3.11 3.15 3.10 3.11 3.06 3.18 3.15 3.09 3.11 3.13 3.10 3.09 3.07 3.11 3.09 3.12 
∑Al 3.19 3.16 3.16 3.14 3.16 3.14 3.12 3.09 3.19 3.17 3.13 3.14 3.17 3.12 3.1 3.15 3.14 3.15 3.15 
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.03 
P 1.84 1.85 1.82 1.82 1.85 1.86 1.87 1.91 1.83 1.83 1.85 1.81 1.84 1.86 1.89 1.83 1.86 1.84 1.81 
S 0.08 0.08 0.06 0.08 0.07 0.09 0.07 0.06 0.10 0.08 0.07 0.08 0.07 0.08 0.07 0.06 0.05 0.08 0.08 
∑P 1.92 1.93 1.88 1.9 1.92 1.95 1.94 1.97 1.93 1.91 1.93 1.92 1.91 1.94 1.97 1.89 1.91 1.92 1.92 
F 0.02 0.09 0.14 0.03 0.00 0.00 0.03 0.07 0.11 0.10 0.08 0.04 0.04 0.07 0.09 0.01 0.10 0.14 0.00 
Cl 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
OH 5.98 5.90 5.86 5.97 5.99 6.00 5.96 5.93 5.89 5.90 5.91 5.96 5.95 5.93 5.91 5.98 5.90 5.85 6.00 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                    
Flr 0.79 0.80 0.81 0.81 0.79 0.80 0.79 0.82 0.76 0.79 0.83 0.80 0.83 0.80 0.83 0.84 0.85 0.81 0.81 
Wdh 0.11 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.12 0.10 0.08 0.09 0.08 0.09 0.09 0.07 0.06 0.08 0.08 
Svb 0.04 0.05 0.05 0.06 0.05 0.05 0.03 0.00 0.05 0.05 0.05 0.06 0.06 0.04 0.02 0.05 0.05 0.06 0.07 
Gyz 0.09 0.08 0.07 0.06 0.10 0.09 0.11 0.11 0.10 0.08 0.06 0.07 0.06 0.09 0.08 0.05 0.05 0.07 0.05 
Hut 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.02 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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(Continued) 
 A58 A59 A60 A61 A62 A63 A64 A65 A66 A67 A68 A69 A70 A71 A72 A73 A74 A75 A76 
 Area 5 (early) 
CaO 0.49 0.56 0.64 0.61 0.56 0.83 0.69 0.61 0.54 0.67 0.64 0.60 0.73 0.53 0.58 0.47 0.49 0.76 0.75 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 5.74 5.58 5.57 5.37 5.83 5.50 5.23 5.64 6.09 5.81 5.84 5.55 5.22 5.63 4.83 5.65 5.59 4.86 5.46 
Ce2O3 10.96 9.86 9.97 10.54 10.39 10.15 9.81 10.19 10.30 10.15 10.03 9.60 10.14 9.90 10.85 10.66 10.77 9.41 10.74 
Nd2O3 7.47 6.65 7.49 6.78 6.20 6.33 6.87 7.17 6.71 7.14 6.73 6.77 6.49 7.21 8.10 7.02 6.81 7.86 7.45 
Pr2O3 1.54 1.55 1.57 1.47 1.54 1.37 1.48 1.68 1.57 1.41 1.49 1.48 1.41 1.63 1.91 1.57 1.36 1.53 1.34 
Sm2O3 0.91 0.85 0.89 0.76 0.91 0.76 0.93 0.97 0.98 0.86 0.82 1.05 0.86 0.91 1.05 0.92 1.01 1.14 0.80 
Gd2O3 0.24 0.02 0.07 0.25 0.03 0.06 0.14 0.11 0.11 0.03 0.09 0.15 0.04 0.09 0.00 0.00 0.16 0.09 0.08 
ThO2 0.00 0.11 0.04 0.08 0.00 0.00 0.00 0.05 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.07 
SrO 1.59 1.45 1.68 1.99 1.80 2.36 2.08 2.02 1.55 2.12 2.07 1.96 2.07 1.67 1.36 1.93 1.62 2.20 1.99 
FeO 0.50 4.80 1.06 1.42 1.44 0.79 0.47 0.58 0.62 0.28 1.44 0.44 0.70 2.21 0.22 0.65 0.28 0.65 0.20 
SiO2 0.00 0.00 0.00 0.02 0.08 0.00 0.09 0.00 0.08 0.00 0.25 0.15 0.92 0.07 0.27 0.39 0.26 0.00 0.00 
Al2O3 28.84 30.35 31.98 31.22 30.83 31.68 31.52 30.72 31.12 30.84 31.21 30.68 30.57 30.53 30.83 30.53 29.13 31.31 30.33 
P2O5 26.61 24.55 25.40 25.42 25.83 25.09 25.53 25.80 25.90 25.44 25.28 25.80 25.33 25.45 26.33 25.75 26.24 25.71 25.59 
SO3 1.13 0.93 1.26 1.10 1.20 1.61 1.29 1.30 1.02 1.42 1.21 1.24 1.47 1.17 0.91 1.41 1.04 1.51 1.19 
F 0.31 0.00 0.09 0.27 0.24 0.14 0.49 0.16 0.28 0.39 0.06 0.15 0.53 0.38 0.47 0.42 0.24 0.24 0.54 
Cl 0.03 0.03 0.01 0.04 0.04 0.02 0.03 0.01 0.02 0.01 0.01 0.00 0.03 0.01 0.05 0.03 0.04 0.00 0.00 
Total  86.35 87.29 87.71 87.34 86.92 86.70 86.65 87.00 86.88 86.58 87.18 85.63 86.52 87.39 87.75 87.45 85.04 87.27 86.54 
                    
Ca 0.05 0.05 0.06 0.06 0.05 0.08 0.06 0.06 0.05 0.06 0.06 0.06 0.07 0.05 0.05 0.04 0.05 0.07 0.07 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.18 0.17 0.17 0.17 0.18 0.17 0.16 0.18 0.19 0.18 0.18 0.18 0.16 0.18 0.15 0.18 0.18 0.15 0.17 
Ce 0.35 0.30 0.30 0.33 0.32 0.31 0.30 0.32 0.32 0.32 0.31 0.30 0.32 0.31 0.33 0.33 0.34 0.29 0.34 
Nd 0.23 0.20 0.22 0.20 0.18 0.19 0.21 0.22 0.20 0.22 0.20 0.21 0.20 0.22 0.24 0.21 0.21 0.24 0.23 
Pr 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.04 0.05 0.05 0.04 0.05 0.06 0.05 0.04 0.05 0.04 
Sm 0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 
Gd 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.08 0.07 0.08 0.10 0.09 0.12 0.10 0.10 0.08 0.11 0.10 0.10 0.10 0.08 0.07 0.09 0.08 0.11 0.10 
∑REE 0.98 0.86 0.91 0.94 0.9 0.93 0.91 0.96 0.92 0.96 0.92 0.93 0.92 0.92 0.93 0.93 0.93 0.94 0.97 
Fe 0.04 0.34 0.07 0.10 0.10 0.06 0.03 0.04 0.04 0.02 0.10 0.03 0.05 0.16 0.02 0.05 0.02 0.05 0.01 
Al 2.96 2.99 3.15 3.10 3.02 3.16 3.14 3.07 3.10 3.12 3.08 3.10 3.07 3.04 3.05 3.05 2.99 3.11 3.06 
∑Al 3.00 3.33 3.22 3.20 3.12 3.22 3.17 3.11 3.14 3.14 3.18 3.13 3.12 3.20 3.07 3.10 3.01 3.16 3.07 
Si 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.02 0.01 0.08 0.01 0.02 0.03 0.02 0.00 0.00 
P 1.96 1.74 1.80 1.81 1.82 1.80 1.83 1.85 1.86 1.85 1.79 1.87 1.83 1.82 1.87 1.85 1.94 1.84 1.86 
S 0.07 0.06 0.08 0.07 0.07 0.10 0.08 0.08 0.06 0.09 0.08 0.08 0.09 0.07 0.06 0.09 0.07 0.10 0.08 
∑P 2.03 1.80 1.88 1.88 1.90 1.90 1.92 1.93 1.93 1.94 1.89 1.96 2.00 1.90 1.95 1.97 2.03 1.94 1.94 
F 0.08 0.00 0.02 0.07 0.06 0.04 0.13 0.04 0.07 0.11 0.02 0.04 0.14 0.10 0.12 0.11 0.07 0.06 0.15 
Cl 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 
OH 5.91 6.00 5.98 5.92 5.93 5.96 5.86 5.96 5.92 5.89 5.98 5.96 5.85 5.90 5.87 5.88 5.93 5.93 5.85 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                    
Flr 0.86 0.81 0.81 0.81 0.80 0.77 0.79 0.82 0.82 0.81 0.80 0.80 0.78 0.83 0.83 0.83 0.82 0.79 0.81 
Wdh 0.06 0.12 0.10 0.09 0.09 0.12 0.10 0.08 0.08 0.08 0.10 0.09 0.10 0.09 0.07 0.07 0.07 0.10 0.08 
Svb 0.00 0.06 0.07 0.06 0.04 0.07 0.05 0.05 0.03 0.06 0.07 0.04 0.04 0.05 0.02 0.06 0.00 0.06 0.04 
Gyz 0.09 0.08 0.05 0.07 0.09 0.09 0.09 0.07 0.08 0.07 0.07 0.10 0.09 0.07 0.07 0.06 0.11 0.08 0.08 
Hut 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.04 0.01 0.01 0.02 0.01 0.00 0.00 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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(Continued) 
 A77 A78 A79 A80 A81 A82 A83 A84 A85 A86 A87 A88 A89 A90 A91 A92 A93 A94 A95 
 Area 5 (early) 
CaO 0.46 0.62 0.65 0.76 0.55 0.70 0.53 0.64 0.63 0.61 0.67 0.61 0.88 0.69 0.94 0.94 0.74 0.85 0.84 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 5.52 4.75 6.20 6.34 5.69 5.22 5.40 6.01 5.11 4.70 4.70 5.04 5.93 5.66 4.95 5.38 5.36 5.63 4.51 
Ce2O3 10.43 10.24 10.65 9.95 10.46 9.89 10.44 10.17 9.91 9.34 9.68 9.70 10.02 10.59 10.39 10.02 10.28 10.15 10.12 
Nd2O3 7.31 6.82 6.88 6.08 7.48 6.87 7.34 6.60 7.70 7.38 8.03 7.29 5.91 7.32 6.86 6.01 7.12 6.72 7.74 
Pr2O3 1.54 1.48 1.44 1.47 1.52 1.58 1.54 1.35 1.50 1.50 1.55 1.42 1.48 1.59 1.30 1.49 1.47 1.36 1.54 
Sm2O3 0.90 0.88 0.76 0.73 0.84 0.84 0.87 0.69 1.06 0.79 1.04 0.94 0.70 0.70 0.91 0.81 0.91 0.75 1.05 
Gd2O3 0.15 0.24 0.05 0.14 0.02 0.15 0.10 0.08 0.08 0.05 0.24 0.00 0.05 0.15 0.08 0.03 0.00 0.06 0.06 
ThO2 0.04 0.02 0.01 0.00 0.00 0.00 0.00 0.03 0.06 0.14 0.00 0.16 0.00 0.00 0.00 0.00 0.04 0.09 0.00 
SrO 1.49 1.79 2.13 1.92 1.58 2.06 1.88 1.74 1.89 1.69 1.81 2.02 2.06 1.62 2.15 2.19 1.89 1.89 1.41 
FeO 1.56 2.25 0.26 0.79 0.78 0.27 0.75 1.00 0.42 6.97 3.40 0.40 0.16 0.05 0.18 0.44 0.43 0.20 0.97 
SiO2 0.00 0.01 0.21 0.84 0.00 0.00 0.00 0.00 0.00 0.06 0.02 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 30.34 30.51 30.85 30.57 31.31 30.93 31.55 30.43 31.84 29.86 30.23 30.75 30.94 30.68 31.51 31.01 31.67 31.90 31.66 
P2O5 25.60 25.40 26.07 25.21 25.97 25.36 25.65 25.41 26.00 24.26 24.74 25.69 25.75 25.28 24.29 24.75 24.74 24.89 25.48 
SO3 0.88 1.12 1.26 1.20 1.08 1.22 1.14 1.05 1.20 1.34 1.18 1.33 1.20 1.03 1.40 1.53 1.31 1.01 0.92 
F 0.55 0.22 0.24 0.50 0.33 0.44 0.23 0.34 0.18 0.31 0.00 0.38 0.16 0.51 0.09 0.40 0.49 0.26 0.18 
Cl 0.01 0.02 0.05 0.05 0.01 0.03 0.01 0.01 0.00 0.04 0.00 0.02 0.01 0.00 0.02 0.03 0.05 0.01 0.03 
Total  86.80 86.36 87.70 86.55 87.62 85.55 87.43 85.56 87.58 89.04 87.28 85.75 85.30 85.88 85.07 85.03 86.50 85.76 86.52 
                    
Ca 0.04 0.06 0.06 0.07 0.05 0.06 0.05 0.06 0.06 0.05 0.06 0.06 0.08 0.06 0.09 0.09 0.07 0.08 0.08 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.17 0.15 0.19 0.20 0.18 0.16 0.17 0.19 0.16 0.14 0.15 0.16 0.19 0.18 0.16 0.17 0.17 0.18 0.14 
Ce 0.33 0.32 0.33 0.31 0.32 0.31 0.32 0.32 0.30 0.28 0.30 0.30 0.31 0.33 0.33 0.32 0.32 0.32 0.31 
Nd 0.22 0.21 0.21 0.18 0.23 0.21 0.22 0.20 0.23 0.22 0.24 0.22 0.18 0.23 0.21 0.18 0.22 0.20 0.23 
Pr 0.05 0.05 0.04 0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.05 0.04 0.05 0.05 0.04 0.05 0.05 0.04 0.05 
Sm 0.03 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.02 0.02 0.03 0.02 0.03 0.02 0.03 
Gd 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.07 0.09 0.10 0.09 0.08 0.10 0.09 0.09 0.09 0.08 0.09 0.10 0.10 0.08 0.11 0.11 0.09 0.09 0.07 
∑REE 0.91 0.92 0.95 0.92 0.93 0.91 0.93 0.92 0.92 0.83 0.93 0.91 0.93 0.95 0.97 0.94 0.95 0.93 0.91 
Fe 0.11 0.16 0.02 0.06 0.05 0.02 0.05 0.07 0.03 0.48 0.24 0.03 0.01 0.00 0.01 0.03 0.03 0.01 0.07 
Al 3.05 3.05 3.06 3.06 3.11 3.12 3.13 3.07 3.14 2.89 3.00 3.10 3.13 3.12 3.19 3.15 3.18 3.19 3.14 
∑Al 3.16 3.21 3.08 3.12 3.16 3.14 3.18 3.14 3.17 3.37 3.24 3.13 3.14 3.12 3.20 3.18 3.21 3.20 3.21 
Si 0.00 0.00 0.02 0.07 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
P 1.85 1.82 1.86 1.81 1.85 1.84 1.83 1.84 1.84 1.69 1.76 1.86 1.87 1.85 1.76 1.80 1.78 1.79 1.81 
S 0.06 0.07 0.08 0.08 0.07 0.08 0.07 0.07 0.08 0.08 0.07 0.09 0.08 0.07 0.09 0.10 0.08 0.06 0.06 
∑P 1.91 1.89 1.96 1.96 1.92 1.92 1.90 1.91 1.92 1.78 1.83 1.95 1.95 1.92 1.85 1.90 1.86 1.85 1.87 
F 0.15 0.06 0.06 0.13 0.09 0.12 0.06 0.09 0.05 0.08 0.00 0.10 0.04 0.14 0.02 0.11 0.13 0.07 0.05 
Cl 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
OH 5.85 5.94 5.93 5.86 5.91 5.88 5.94 5.91 5.95 5.91 6.00 5.89 5.95 5.86 5.97 5.89 5.86 5.93 5.95 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                    
Flr 0.84 0.81 0.81 0.79 0.83 0.79 0.82 0.80 0.81 0.78 0.82 0.79 0.78 0.83 0.79 0.77 0.82 0.79 0.80 
Wdh 0.08 0.10 0.08 0.10 0.08 0.10 0.08 0.09 0.10 0.13 0.10 0.10 0.11 0.08 0.11 0.12 0.10 0.11 0.12 
Svb 0.04 0.04 0.04 0.04 0.05 0.04 0.06 0.03 0.05 0.06 0.07 0.04 0.02 0.05 0.09 0.06 0.09 0.05 0.03 
Gyz 0.07 0.09 0.08 0.08 0.06 0.09 0.06 0.09 0.07 0.10 0.06 0.10 0.11 0.05 0.04 0.08 0.03 0.07 0.08 
Hut 0.00 0.00 0.01 0.04 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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(Continued) 
 A96 A97 A98 A99 A100 A101 A102 A103 A104 A105 A106 A107 A108 A109 A110 A111 A112 A113 
 Area 5 (early) 
CaO 0.76 0.69 0.64 0.44 0.87 0.78 0.77 0.85 0.83 0.97 2.57 0.60 0.93 0.88 0.93 0.84 0.87 0.86 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 5.21 5.58 5.39 6.70 6.08 5.24 4.96 5.95 5.80 6.11 4.86 6.26 4.48 5.35 4.83 4.34 4.63 5.53 
Ce2O3 10.85 10.49 10.40 11.28 10.45 10.57 9.25 9.94 9.91 11.11 10.96 10.71 9.57 10.29 10.35 8.72 9.60 9.74 
Nd2O3 7.07 7.36 7.27 6.45 6.10 7.44 7.02 6.32 6.67 5.56 5.58 7.02 7.40 6.91 7.00 7.79 7.12 6.81 
Pr2O3 1.56 1.47 1.47 1.63 1.39 1.43 1.36 1.31 1.40 1.40 1.65 1.62 1.50 1.46 1.56 1.66 1.58 1.36 
Sm2O3 0.99 0.65 1.13 0.77 0.76 0.83 0.91 0.40 0.78 0.64 0.22 0.68 1.09 0.92 1.34 1.36 1.01 0.87 
Gd2O3 0.27 0.05 0.02 0.22 0.10 0.31 0.10 0.02 0.00 0.03 0.00 0.18 0.23 0.25 0.17 0.21 0.16 0.09 
ThO2 0.00 0.03 0.08 0.04 0.03 0.12 0.00 0.10 0.00 0.07 0.05 0.00 0.04 0.00 0.16 0.00 0.02 0.00 
SrO 1.51 1.39 1.48 1.00 1.53 1.58 1.81 2.02 1.55 1.51 1.09 1.12 2.00 1.37 1.05 1.63 2.26 2.97 
FeO 0.30 0.28 0.60 0.10 0.24 0.44 0.42 0.57 0.20 0.12 0.24 0.40 0.56 0.26 0.63 0.37 3.29 0.44 
SiO2 0.00 1.02 0.02 0.01 0.05 0.39 1.95 0.09 0.07 0.41 0.16 0.34 0.44 0.56 0.10 0.43 0.00 0.00 
Al2O3 31.81 31.70 31.09 30.84 31.83 31.87 30.77 31.31 30.90 31.62 32.05 31.02 32.51 30.65 32.39 32.63 30.47 30.93 
P2O5 25.54 25.37 25.93 26.15 25.38 25.49 24.64 25.43 25.35 25.43 25.94 25.81 25.35 26.64 25.63 25.35 24.56 25.75 
SO3 0.95 0.82 0.92 0.65 0.98 0.88 1.01 1.17 0.99 1.17 1.45 0.71 1.14 0.86 0.80 0.99 1.82 1.99 
F 0.41 0.40 0.06 0.39 0.27 0.41 0.14 0.15 0.59 0.14 0.10 0.45 0.22 0.00 0.49 0.29 0.48 0.32 
Cl 0.02 0.01 0.02 0.01 0.03 0.03 0.00 0.03 0.03 0.01 0.03 0.04 0.00 0.01 0.03 0.00 0.01 0.04 
Total  87.24 87.31 86.52 86.69 86.10 87.82 85.10 85.67 85.08 86.31 86.96 86.96 87.47 86.41 87.46 86.61 87.87 87.70 
                   
Ca 0.07 0.06 0.06 0.04 0.08 0.07 0.07 0.08 0.08 0.09 0.23 0.05 0.08 0.08 0.08 0.07 0.08 0.08 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.16 0.17 0.17 0.21 0.19 0.16 0.16 0.19 0.18 0.19 0.15 0.20 0.14 0.17 0.15 0.13 0.14 0.17 
Ce 0.33 0.32 0.32 0.35 0.32 0.32 0.29 0.31 0.31 0.34 0.33 0.33 0.29 0.32 0.31 0.27 0.30 0.30 
Nd 0.21 0.22 0.22 0.20 0.18 0.22 0.21 0.19 0.20 0.17 0.16 0.21 0.22 0.21 0.21 0.23 0.21 0.21 
Pr 0.05 0.04 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.04 
Sm 0.03 0.02 0.03 0.02 0.02 0.02 0.03 0.01 0.02 0.02 0.01 0.02 0.03 0.03 0.04 0.04 0.03 0.03 
Gd 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.07 0.07 0.07 0.05 0.07 0.08 0.09 0.10 0.08 0.07 0.05 0.06 0.10 0.07 0.05 0.08 0.11 0.15 
∑REE 0.93 0.90 0.92 0.93 0.9 0.92 0.89 0.92 0.91 0.92 0.98 0.93 0.92 0.93 0.89 0.88 0.92 0.98 
Fe 0.02 0.02 0.04 0.01 0.02 0.03 0.03 0.04 0.01 0.01 0.02 0.03 0.04 0.02 0.04 0.03 0.23 0.03 
Al 3.16 3.12 3.10 3.10 3.16 3.13 3.08 3.12 3.12 3.14 3.11 3.10 3.18 3.05 3.17 3.21 3.03 3.10 
∑Al 3.18 3.14 3.14 3.11 3.18 3.16 3.11 3.16 3.13 3.15 3.13 3.13 3.22 3.07 3.21 3.24 3.26 3.13 
Si 0.00 0.08 0.00 0.00 0.00 0.03 0.17 0.01 0.01 0.03 0.01 0.03 0.04 0.05 0.01 0.04 0.00 0.00 
P 1.82 1.79 1.86 1.89 1.81 1.80 1.77 1.82 1.84 1.81 1.81 1.85 1.78 1.90 1.80 1.79 1.75 1.85 
S 0.06 0.05 0.06 0.04 0.06 0.06 0.06 0.07 0.06 0.07 0.09 0.05 0.07 0.05 0.05 0.06 0.12 0.13 
∑P 1.88 1.92 1.92 1.93 1.87 1.89 2.00 1.90 1.91 1.91 1.91 1.93 1.89 2.00 1.86 1.89 1.87 1.98 
F 0.11 0.11 0.02 0.10 0.07 0.11 0.04 0.04 0.16 0.04 0.03 0.12 0.06 0.00 0.13 0.08 0.13 0.09 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
OH 5.89 5.89 5.98 5.89 5.92 5.89 5.96 5.96 5.83 5.96 5.97 5.88 5.94 6.00 5.87 5.92 5.87 5.91 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                   
Flr 0.82 0.81 0.82 0.87 0.79 0.80 0.77 0.77 0.78 0.79 0.71 0.85 0.78 0.81 0.81 0.78 0.77 0.77 
Wdh 0.10 0.10 0.09 0.07 0.12 0.10 0.11 0.11 0.11 0.12 0.24 0.08 0.12 0.11 0.13 0.12 0.12 0.10 
Svb 0.05 0.05 0.02 0.02 0.03 0.05 0.04 0.03 0.01 0.03 0.00 0.04 0.06 0.00 0.03 0.05 0.08 0.07 
Gyz 0.06 0.06 0.08 0.05 0.08 0.07 0.09 0.10 0.10 0.07 0.15 0.05 0.08 0.12 0.07 0.08 0.07 0.10 
Hut 0.00 0.04 0.00 0.00 0.00 0.02 0.09 0.01 0.01 0.02 0.01 0.02 0.02 0.03 0.01 0.02 0.00 0.00 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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(Continued) 
 W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12 W13 W14 W15 W16 W17 W18 W19 
 Wolverine (early) 
CaO 0.86 0.90 0.91 0.89 0.99 1.12 1.24 0.99 0.99 0.99 1.01 0.97 0.88 1.03 0.86 0.99 0.85 0.87 1.17 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 4.16 3.27 3.77 3.50 3.49 3.47 3.54 3.72 3.73 3.91 3.88 3.17 4.18 3.95 3.76 3.67 3.68 3.63 3.59 
Ce2O3 8.49 8.01 8.57 8.47 8.42 8.23 7.95 9.64 9.52 8.69 8.37 8.57 8.94 9.31 9.10 8.23 8.49 8.40 8.79 
Nd2O3 7.73 8.37 7.78 6.95 7.25 6.34 6.94 7.33 7.49 7.45 7.94 7.87 8.26 7.42 7.99 7.71 8.21 8.79 7.23 
Pr2O3 1.61 1.52 1.57 1.49 1.63 1.60 1.63 1.91 1.64 1.50 1.76 1.61 1.89 1.71 1.72 1.39 1.63 1.61 1.67 
Sm2O3 1.08 0.93 1.01 0.98 1.11 1.01 0.93 0.74 0.87 1.17 1.09 0.88 1.04 1.07 0.90 0.92 1.23 1.12 1.11 
Gd2O3 0.18 0.14 0.15 0.17 0.31 0.09 0.16 0.13 0.00 0.27 0.10 0.28 0.29 0.26 0.03 0.21 0.14 0.00 0.10 
ThO2 0.00 0.06 0.00 0.08 0.00 0.00 0.12 0.00 0.04 0.08 0.06 0.20 0.01 0.00 0.12 0.00 0.00 0.00 0.00 
SrO 1.32 1.38 1.31 1.34 1.37 1.40 1.50 0.89 1.01 1.49 1.07 1.12 1.07 0.89 1.01 1.40 0.89 1.17 1.08 
FeO 0.09 0.32 0.38 0.12 0.13 0.47 0.33 0.75 0.19 0.25 0.16 0.62 0.59 0.18 0.55 0.31 0.31 0.23 0.39 
SiO2 0.40 0.08 0.92 2.07 0.95 2.07 0.52 0.09 0.56 1.91 0.17 1.07 0.25 0.84 0.43 0.37 1.96 0.25 0.47 
Al2O3 30.82 30.44 30.17 30.44 30.61 29.27 31.76 30.56 28.72 29.69 30.27 30.98 30.88 30.74 30.24 30.62 30.67 30.76 29.05 
P2O5 25.88 25.30 25.74 24.97 25.30 25.02 25.31 25.43 26.07 26.53 25.56 25.40 25.47 25.90 25.93 25.00 25.06 25.37 26.45 
SO3 0.90 0.89 0.77 0.88 0.71 0.91 0.80 0.74 0.74 0.83 0.53 0.63 0.59 0.44 0.52 0.72 0.55 0.57 0.53 
F 0.18 0.00 0.18 0.49 0.00 0.35 0.00 0.44 0.02 0.05 0.66 0.19 0.49 0.17 0.33 0.40 0.33 0.25 0.62 
Cl 0.04 0.02 0.00 0.01 0.03 0.01 0.03 0.00 0.01 0.03 0.02 0.02 0.04 0.01 0.03 0.03 0.02 0.01 0.00 
Total  83.74 81.64 83.24 82.85 82.30 81.36 82.76 83.35 81.58 84.84 82.65 83.58 84.87 83.93 83.52 81.97 84.02 83.03 82.25 
                    
Ca 0.08 0.09 0.08 0.08 0.09 0.11 0.11 0.09 0.09 0.09 0.10 0.09 0.08 0.09 0.08 0.09 0.08 0.08 0.11 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.13 0.11 0.12 0.11 0.11 0.11 0.11 0.12 0.12 0.12 0.13 0.10 0.13 0.12 0.12 0.12 0.11 0.12 0.12 
Ce 0.27 0.26 0.27 0.27 0.27 0.26 0.25 0.30 0.31 0.27 0.27 0.27 0.28 0.29 0.29 0.26 0.26 0.27 0.28 
Nd 0.24 0.26 0.24 0.21 0.22 0.20 0.21 0.23 0.24 0.23 0.25 0.24 0.25 0.22 0.25 0.24 0.25 0.27 0.23 
Pr 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.06 0.05 0.06 0.05 0.05 0.04 0.05 0.05 0.05 
Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 
Gd 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.04 0.05 0.07 0.05 0.06 0.05 0.04 0.05 0.07 0.04 0.06 0.06 
∑REE 0.88 0.87 0.86 0.82 0.85 0.83 0.83 0.86 0.89 0.87 0.89 0.85 0.89 0.85 0.87 0.86 0.83 0.88 0.88 
Fe 0.01 0.02 0.03 0.01 0.01 0.03 0.02 0.05 0.01 0.02 0.01 0.04 0.04 0.01 0.04 0.02 0.02 0.02 0.03 
Al 3.13 3.15 3.08 3.10 3.13 3.02 3.19 3.11 3.01 2.98 3.13 3.13 3.09 3.06 3.10 3.16 3.05 3.15 3.02 
∑Al 3.14 3.17 3.11 3.11 3.14 3.05 3.21 3.16 3.02 3.00 3.14 3.17 3.13 3.07 3.14 3.18 3.07 3.17 3.05 
Si 0.03 0.01 0.08 0.18 0.08 0.18 0.04 0.01 0.05 0.16 0.02 0.09 0.02 0.07 0.04 0.03 0.17 0.02 0.04 
P 1.89 1.88 1.89 1.83 1.86 1.85 1.83 1.86 1.96 1.91 1.90 1.84 1.83 1.85 1.91 1.85 1.79 1.87 1.97 
S 0.06 0.06 0.05 0.06 0.05 0.06 0.05 0.05 0.05 0.05 0.03 0.04 0.04 0.03 0.03 0.05 0.03 0.04 0.03 
∑P 1.98 1.95 2.02 2.07 1.99 2.09 1.92 1.92 2.06 2.12 1.95 1.97 1.89 1.95 1.98 1.93 1.99 1.93 2.04 
F 0.05 0.00 0.05 0.13 0.00 0.10 0.00 0.12 0.01 0.01 0.18 0.05 0.13 0.05 0.09 0.11 0.09 0.07 0.17 
Cl 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
OH 5.94 6.00 5.95 5.86 6.00 5.90 6.00 5.88 5.99 5.98 5.81 5.94 5.86 5.95 5.90 5.89 5.91 5.93 5.83 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                    
Flr 0.78 0.76 0.76 0.73 0.74 0.70 0.72 0.78 0.79 0.75 0.78 0.76 0.80 0.77 0.79 0.75 0.76 0.79 0.75 
Wdh 0.13 0.14 0.13 0.14 0.14 0.16 0.18 0.14 0.13 0.13 0.14 0.15 0.12 0.14 0.13 0.14 0.13 0.13 0.15 
Svb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gyz 0.13 0.15 0.16 0.15 0.16 0.19 0.17 0.12 0.17 0.18 0.15 0.14 0.10 0.14 0.15 0.14 0.11 0.12 0.22 
Hut 0.02 0.01 0.04 0.09 0.04 0.09 0.02 0.01 0.03 0.08 0.01 0.05 0.01 0.04 0.02 0.02 0.09 0.01 0.02 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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(Continued) 
 W20 W21 W22 W23 W24 W25 W26 W27 W28 W29 W30 W31 W45 W49 W91  W32 W33 W34 W35 
 Wolverine (early)  Wolverine (late) 
CaO 0.83 1.09 1.28 0.99 0.89 1.12 0.92 0.88 0.98 0.91 0.92 0.93 0.67 0.86 0.64  1.13 0.99 1.16 1.16 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
La2O3 4.17 3.64 3.63 3.64 4.05 3.82 3.79 3.63 3.47 2.85 3.54 3.85 3.74 3.53 3.74  3.92 4.68 4.81 3.70 
Ce2O3 7.75 8.52 8.49 9.09 8.65 8.95 9.16 7.88 6.62 7.07 7.29 6.88 10.36 10.78 9.35  10.45 12.51 11.13 10.69 
Nd2O3 6.97 6.66 6.39 7.55 7.64 7.17 7.88 7.94 6.75 7.45 6.70 5.64 8.26 6.09 4.30  5.42 5.92 5.74 6.42 
Pr2O3 1.46 1.69 1.43 1.80 1.83 1.65 1.75 1.69 1.48 1.67 1.80 1.61 1.83 1.81 1.99  1.47 1.71 1.58 1.56 
Sm2O3 1.02 0.87 0.79 1.25 0.95 1.01 0.98 0.85 0.97 1.29 0.97 0.69 1.13 0.95 0.55  0.73 0.83 0.57 0.64 
Gd2O3 0.04 0.15 0.26 0.24 0.00 0.10 0.06 0.21 0.09 0.13 0.13 0.17 0.04 0.25 0.27  0.19 0.01 0.00 0.14 
ThO2 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00  0.00 0.01 0.17 0.02 
SrO 1.58 1.51 1.37 0.70 1.02 1.03 0.95 1.28 1.32 1.13 0.90 1.42 1.65 1.67 1.82  3.61 1.87 2.45 2.57 
FeO 0.34 0.40 0.29 0.13 0.26 0.35 0.53 0.28 0.24 1.51 0.32 0.11 0.05 1.87 0.49  0.61 0.62 0.50 1.29 
SiO2 0.49 0.89 0.75 0.39 0.47 0.07 0.03 0.25 0.60 0.53 0.17 0.36 0.13 0.08 0.45  0.61 0.07 0.10 0.10 
Al2O3 30.40 31.38 32.74 31.03 30.96 30.38 30.99 29.72 26.96 29.59 31.02 31.06 30.35 29.79 30.25  31.21 31.15 30.94 30.04 
P2O5 24.66 24.66 25.83 25.73 25.74 25.40 25.35 25.01 25.14 25.15 25.36 24.61 26.06 25.73 25.83  24.58 25.80 24.71 25.10 
SO3 0.68 0.86 0.78 0.58 0.55 0.55 0.51 0.63 0.71 0.55 0.60 0.75 1.32 1.37 1.22  2.55 1.70 2.38 2.09 
F 0.31 0.25 0.28 0.15 0.14 0.12 0.09 0.49 0.37 0.41 0.31 0.22 0.25 0.60 0.78  0.57 0.62 0.74 0.47 
Cl 0.02 0.00 0.03 0.02 0.03 0.03 0.01 0.02 0.03 0.03 0.00 0.01 0.03 0.03 0.05  0.03 0.01 0.03 0.03 
Total  80.72 82.56 84.42 83.29 83.19 81.76 83.00 80.76 75.73 80.27 80.04 78.32 85.87 85.40 81.73  87.08 88.49 87.00 86.04 
                     
Ca 0.08 0.10 0.11 0.09 0.08 0.10 0.09 0.08 0.10 0.09 0.09 0.09 0.06 0.08 0.06  0.10 0.09 0.11 0.11 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
La 0.14 0.12 0.11 0.11 0.13 0.12 0.12 0.12 0.12 0.09 0.11 0.13 0.12 0.11 0.12  0.12 0.15 0.15 0.12 
Ce 0.25 0.27 0.26 0.28 0.27 0.29 0.29 0.26 0.23 0.23 0.23 0.23 0.33 0.34 0.30  0.32 0.39 0.35 0.34 
Nd 0.22 0.21 0.19 0.23 0.24 0.22 0.24 0.25 0.23 0.24 0.21 0.18 0.26 0.19 0.14  0.16 0.18 0.18 0.20 
Pr 0.05 0.05 0.04 0.06 0.06 0.05 0.06 0.05 0.05 0.05 0.06 0.05 0.06 0.06 0.06  0.05 0.05 0.05 0.05 
Sm 0.03 0.03 0.02 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.02 0.03 0.03 0.02  0.02 0.02 0.02 0.02 
Gd 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.01  0.01 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Sr 0.08 0.08 0.07 0.03 0.05 0.05 0.05 0.07 0.07 0.06 0.05 0.07 0.08 0.08 0.09  0.18 0.09 0.12 0.13 
∑REE 0.85 0.86 0.81 0.85 0.86 0.86 0.88 0.87 0.83 0.80 0.78 0.78 0.94 0.90 0.80  0.96 0.97 0.98 0.97 
Fe 0.02 0.03 0.02 0.01 0.02 0.03 0.04 0.02 0.02 0.11 0.02 0.01 0.00 0.14 0.04  0.04 0.04 0.04 0.09 
Al 3.18 3.19 3.22 3.13 3.14 3.14 3.18 3.12 3.01 3.09 3.20 3.28 3.09 3.04 3.15  3.12 3.09 3.13 3.05 
∑Al 3.20 3.22 3.24 3.14 3.16 3.17 3.22 3.14 3.03 3.20 3.22 3.29 3.09 3.18 3.19  3.16 3.13 3.17 3.14 
Si 0.04 0.08 0.06 0.03 0.04 0.01 0.00 0.02 0.06 0.05 0.02 0.03 0.01 0.01 0.04  0.05 0.01 0.01 0.01 
P 1.85 1.80 1.83 1.86 1.88 1.89 1.87 1.89 2.02 1.89 1.88 1.87 1.91 1.89 1.93  1.77 1.84 1.79 1.83 
S 0.05 0.06 0.05 0.04 0.04 0.04 0.03 0.04 0.05 0.04 0.04 0.05 0.09 0.09 0.08  0.16 0.11 0.15 0.14 
∑P 1.94 1.94 1.94 1.93 1.96 1.94 1.90 1.95 2.13 1.98 1.94 1.95 2.01 1.99 2.05  1.98 1.96 1.95 1.98 
F 0.09 0.07 0.07 0.04 0.04 0.03 0.03 0.14 0.11 0.11 0.09 0.06 0.07 0.16 0.22  0.15 0.16 0.20 0.13 
Cl 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01  0.00 0.00 0.00 0.00 
OH 5.91 5.93 5.92 5.96 5.96 5.96 5.97 5.86 5.88 5.88 5.91 5.94 5.93 5.83 5.78  5.84 5.83 5.80 5.87 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00  6.00 6.00 6.00 6.00 
                     
Flr 0.75 0.74 0.70 0.78 0.78 0.76 0.79 0.77 0.72 0.73 0.72 0.71 0.83 0.79 0.73  0.70 0.81 0.77 0.75 
Wdh 0.14 0.16 0.18 0.14 0.13 0.15 0.14 0.13 0.16 0.17 0.17 0.18 0.09 0.13 0.14  0.12 0.11 0.13 0.13 
Svb 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00  0.10 0.05 0.08 0.04 
Gyz 0.15 0.13 0.18 0.12 0.13 0.16 0.13 0.15 0.27 0.21 0.19 0.19 0.08 0.13 0.20  0.10 0.06 0.05 0.11 
Hut 0.02 0.04 0.03 0.02 0.02 0.01 0.00 0.01 0.03 0.03 0.01 0.02 0.01 0.01 0.02  0.03 0.01 0.01 0.01 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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(Continued) 
 W36 W37 W38 W39 W40 W41 W42 W43 W44 W46 W47 W48 W50 W51 W49 W50 W51 W52 
 Wolverine (late) 
CaO 0.88 1.01 0.89 0.95 1.25 1.15 1.12 0.99 1.18 1.05 1.16 0.94 0.85 1.03 0.86 0.85 1.03 1.37 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 3.66 4.08 4.46 4.81 3.87 3.88 4.95 4.58 3.99 4.65 4.11 3.91 4.86 3.89 3.53 4.86 3.89 4.29 
Ce2O3 10.61 11.18 10.68 11.19 10.52 10.54 9.86 11.31 10.40 10.68 11.51 9.69 11.48 11.11 10.78 11.48 11.11 10.31 
Nd2O3 6.92 6.38 6.89 5.48 5.00 5.30 5.08 5.86 5.92 5.29 4.42 5.75 5.65 5.83 6.09 5.65 5.83 4.85 
Pr2O3 1.78 1.76 1.46 1.39 1.38 1.43 1.19 1.82 1.60 1.50 1.66 1.41 1.51 1.83 1.81 1.51 1.83 1.53 
Sm2O3 0.94 0.81 0.60 0.98 0.58 0.58 0.84 0.64 0.62 0.69 0.80 0.79 0.91 0.69 0.95 0.91 0.69 0.76 
Gd2O3 0.02 0.20 0.06 0.32 0.27 0.00 0.06 0.18 0.00 0.26 0.12 0.21 0.00 0.04 0.25 0.00 0.04 0.05 
ThO2 0.01 0.02 0.06 0.03 0.01 0.00 0.24 0.00 0.02 0.00 0.08 0.11 0.04 0.00 0.00 0.04 0.00 0.00 
SrO 2.00 2.34 2.50 2.11 2.11 2.73 3.38 2.24 2.55 1.92 2.29 2.55 1.90 1.85 1.67 1.90 1.85 2.54 
FeO 0.44 1.81 0.94 0.11 8.85 1.18 1.21 0.10 2.81 1.17 1.18 0.95 0.31 0.18 1.87 0.31 0.18 0.45 
SiO2 0.67 0.41 0.91 0.25 0.00 1.80 0.14 0.00 0.01 0.24 0.00 0.61 0.01 0.01 0.08 0.01 0.01 0.00 
Al2O3 30.60 30.79 30.70 30.93 28.42 30.69 30.41 30.97 30.84 30.49 30.57 30.50 30.98 30.78 29.79 30.98 30.78 30.77 
P2O5 25.24 25.09 24.48 25.67 22.89 24.09 23.95 26.08 24.66 25.41 25.75 24.62 26.11 26.27 25.73 26.11 26.27 25.58 
SO3 1.82 2.01 2.21 2.09 1.87 2.01 2.30 1.75 2.30 1.81 1.95 2.07 1.48 1.56 1.37 1.48 1.56 2.06 
F 0.19 0.51 0.36 0.60 0.20 0.64 1.12 0.35 0.48 0.82 0.43 0.72 0.00 0.38 0.60 0.00 0.38 0.81 
Cl 0.04 0.05 0.02 0.03 0.02 0.01 0.05 0.03 0.02 0.03 0.01 0.01 0.01 0.02 0.03 0.01 0.02 0.01 
Total  85.84 88.45 87.22 86.95 87.24 86.03 85.90 86.91 87.41 86.00 86.03 84.86 86.10 85.48 85.40 86.10 85.48 85.37 
                   
Ca 0.08 0.09 0.08 0.09 0.11 0.10 0.10 0.09 0.11 0.10 0.11 0.09 0.08 0.09 0.08 0.08 0.09 0.13 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.12 0.13 0.14 0.15 0.12 0.12 0.16 0.14 0.12 0.15 0.13 0.13 0.15 0.12 0.11 0.15 0.12 0.14 
Ce 0.33 0.34 0.33 0.35 0.32 0.33 0.31 0.35 0.32 0.34 0.36 0.31 0.36 0.35 0.34 0.36 0.35 0.33 
Nd 0.21 0.19 0.21 0.17 0.15 0.16 0.16 0.18 0.18 0.16 0.13 0.18 0.17 0.18 0.19 0.17 0.18 0.15 
Pr 0.06 0.05 0.05 0.04 0.04 0.04 0.04 0.06 0.05 0.05 0.05 0.04 0.05 0.06 0.06 0.05 0.06 0.05 
Sm 0.03 0.02 0.02 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.03 0.03 0.02 0.02 
Gd 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.10 0.11 0.12 0.10 0.10 0.13 0.17 0.11 0.12 0.10 0.11 0.13 0.09 0.09 0.08 0.09 0.09 0.13 
∑REE 0.93 0.94 0.95 0.94 0.87 0.90 0.97 0.96 0.92 0.93 0.91 0.91 0.93 0.91 0.90 0.93 0.91 0.95 
Fe 0.03 0.13 0.07 0.01 0.62 0.08 0.09 0.01 0.20 0.08 0.08 0.07 0.02 0.01 0.14 0.02 0.01 0.03 
Al 3.09 3.05 3.09 3.11 2.82 3.07 3.11 3.11 3.06 3.09 3.08 3.12 3.12 3.11 3.04 3.12 3.11 3.13 
∑Al 3.12 3.18 3.16 3.12 3.44 3.15 3.20 3.12 3.26 3.17 3.16 3.19 3.14 3.12 3.18 3.14 3.12 3.16 
Si 0.06 0.03 0.08 0.02 0.00 0.15 0.01 0.00 0.00 0.02 0.00 0.05 0.00 0.00 0.01 0.00 0.00 0.00 
P 1.83 1.78 1.77 1.86 1.63 1.73 1.76 1.88 1.76 1.85 1.86 1.81 1.89 1.91 1.89 1.89 1.91 1.87 
S 0.12 0.13 0.14 0.13 0.12 0.13 0.15 0.11 0.15 0.12 0.13 0.14 0.09 0.10 0.09 0.09 0.10 0.13 
∑P 2.01 1.94 1.99 2.01 1.75 2.01 1.92 1.99 1.91 1.99 1.99 2.00 1.98 2.01 1.99 1.98 2.01 2.00 
F 0.05 0.13 0.10 0.16 0.05 0.17 0.31 0.09 0.13 0.22 0.12 0.20 0.00 0.10 0.16 0.00 0.10 0.22 
Cl 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
OH 5.94 5.86 5.90 5.83 5.94 5.83 5.69 5.90 5.87 5.77 5.88 5.80 6.00 5.89 5.83 6.00 5.89 5.78 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                   
Flr 0.78 0.77 0.78 0.78 0.73 0.71 0.72 0.78 0.73 0.77 0.73 0.73 0.79 0.77 0.79 0.79 0.77 0.72 
Wdh 0.11 0.12 0.11 0.12 0.18 0.14 0.12 0.11 0.15 0.14 0.15 0.13 0.11 0.13 0.13 0.11 0.13 0.16 
Svb 0.05 0.07 0.10 0.04 0.06 0.07 0.10 0.03 0.07 0.03 0.01 0.06 0.02 0.00 0.00 0.02 0.00 0.01 
Gyz 0.08 0.07 0.05 0.09 0.11 0.10 0.09 0.10 0.10 0.11 0.14 0.11 0.11 0.14 0.13 0.11 0.14 0.15 
Hut 0.03 0.02 0.04 0.01 0.00 0.08 0.01 0.00 0.00 0.01 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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(Continued) 
 W53 W54 W55 W56 W57 W58 W59 W60 W61 W62 W63 W64 W65 W66 W67 W68 W69 W70 W71 
 Wolverine (late) 
CaO 1.03 1.02 1.10 1.25 1.11 1.07 1.08 1.18 1.79 1.34 1.35 1.49 1.10 1.08 1.25 1.40 1.10 1.10 1.21 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 4.17 4.65 3.90 3.71 3.55 3.18 4.03 3.77 3.11 3.56 3.84 4.16 3.16 4.19 3.53 3.47 3.77 3.69 3.49 
Ce2O3 10.62 10.77 10.74 8.29 8.83 9.35 9.75 9.98 8.81 9.92 7.66 8.15 8.76 9.25 8.70 7.22 8.99 8.92 9.21 
Nd2O3 5.63 4.37 5.12 4.80 6.41 7.66 5.61 5.96 6.24 6.35 4.59 3.02 5.65 5.68 4.91 5.23 6.31 6.26 5.24 
Pr2O3 1.70 1.44 1.56 1.40 1.17 1.64 1.62 1.48 1.53 1.62 1.36 1.14 1.42 1.58 1.57 1.26 1.46 1.61 1.39 
Sm2O3 0.74 0.56 0.51 0.52 0.72 0.74 0.87 0.83 0.81 0.58 0.52 0.24 0.69 0.64 0.53 0.48 0.65 0.62 0.58 
Gd2O3 0.14 0.16 0.00 0.18 0.11 0.26 0.19 0.18 0.01 0.05 0.24 0.07 0.12 0.15 0.24 0.00 0.07 0.02 0.28 
ThO2 0.00 0.05 0.00 0.08 0.39 0.21 0.13 0.00 0.00 0.01 0.31 0.21 0.17 0.05 0.03 0.30 0.09 0.13 0.00 
SrO 2.01 3.71 1.82 5.24 4.15 3.11 2.88 2.75 2.78 2.84 5.40 6.02 3.66 3.18 4.12 5.44 2.93 3.95 4.32 
FeO 1.35 0.49 5.48 0.71 1.80 0.90 0.63 0.23 0.66 0.19 0.69 1.89 0.32 0.65 1.05 0.42 1.03 0.17 1.84 
SiO2 0.01 0.27 0.17 0.26 0.13 0.22 0.19 0.08 0.83 0.11 0.67 0.99 0.03 0.76 1.79 0.54 0.09 0.37 0.22 
Al2O3 30.39 31.41 29.14 31.77 30.52 29.44 30.99 31.28 29.89 30.72 30.63 30.75 29.77 31.30 30.32 31.32 29.70 30.87 30.95 
P2O5 25.45 23.50 24.35 23.41 23.58 24.43 25.51 25.56 25.54 25.94 21.89 21.28 24.19 24.39 23.29 21.43 24.04 23.83 23.00 
SO3 1.73 2.65 1.85 4.26 2.85 2.21 2.08 2.45 2.73 2.16 4.05 5.14 2.88 2.51 3.02 4.04 2.49 3.02 3.43 
F 0.20 0.42 0.24 0.45 0.56 0.28 0.19 0.82 0.00 0.30 0.64 0.83 0.37 0.01 0.43 0.65 0.59 0.68 0.53 
Cl 0.03 0.06 0.04 0.03 0.07 0.08 0.01 0.02 0.02 0.05 0.09 0.05 0.05 0.01 0.04 0.06 0.03 0.04 0.00 
Total  85.21 85.52 86.03 86.36 85.94 84.78 85.77 86.57 84.75 85.74 83.91 85.42 82.34 85.44 84.81 83.27 83.35 85.27 85.69 
                    
Ca 0.10 0.09 0.10 0.12 0.10 0.10 0.10 0.11 0.17 0.12 0.13 0.14 0.11 0.10 0.12 0.13 0.10 0.10 0.11 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.13 0.15 0.12 0.12 0.11 0.10 0.13 0.12 0.10 0.11 0.13 0.13 0.10 0.13 0.11 0.11 0.12 0.12 0.11 
Ce 0.34 0.34 0.33 0.26 0.28 0.30 0.31 0.31 0.28 0.31 0.25 0.26 0.29 0.29 0.28 0.23 0.29 0.29 0.29 
Nd 0.17 0.14 0.16 0.15 0.20 0.24 0.17 0.18 0.19 0.19 0.15 0.09 0.18 0.17 0.15 0.17 0.20 0.20 0.16 
Pr 0.05 0.05 0.05 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.05 0.05 0.05 0.04 0.05 0.05 0.04 
Sm 0.02 0.02 0.01 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.02 0.02 0.02 
Gd 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
Th 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Sr 0.10 0.19 0.09 0.26 0.21 0.16 0.14 0.14 0.14 0.14 0.28 0.30 0.19 0.16 0.21 0.28 0.15 0.20 0.22 
∑REE 0.91 0.98 0.86 0.98 0.97 0.98 0.94 0.93 0.95 0.94 1.02 0.97 0.94 0.92 0.95 0.98 0.93 0.98 0.96 
Fe 0.10 0.04 0.39 0.05 0.13 0.07 0.05 0.02 0.05 0.01 0.05 0.14 0.02 0.05 0.08 0.03 0.08 0.01 0.13 
Al 3.09 3.21 2.92 3.22 3.12 3.05 3.12 3.15 3.04 3.10 3.21 3.16 3.14 3.16 3.09 3.28 3.12 3.18 3.16 
∑Al 3.19 3.25 3.31 3.27 3.25 3.12 3.17 3.17 3.09 3.11 3.26 3.3 3.16 3.21 3.17 3.31 3.20 3.19 3.29 
Si 0.00 0.02 0.01 0.02 0.01 0.02 0.02 0.01 0.07 0.01 0.06 0.09 0.00 0.06 0.15 0.05 0.01 0.03 0.02 
P 1.86 1.72 1.75 1.71 1.73 1.82 1.85 1.85 1.86 1.88 1.65 1.57 1.83 1.77 1.71 1.61 1.81 1.76 1.69 
S 0.11 0.17 0.12 0.28 0.19 0.15 0.13 0.16 0.18 0.14 0.27 0.34 0.19 0.16 0.20 0.27 0.17 0.20 0.22 
∑P 1.97 1.91 1.88 2.01 1.93 1.99 2.00 2.02 2.11 2.03 1.98 2.00 2.02 1.99 2.06 1.93 1.99 1.99 1.93 
F 0.06 0.12 0.06 0.12 0.15 0.08 0.05 0.22 0.00 0.08 0.18 0.23 0.10 0.00 0.12 0.18 0.17 0.19 0.15 
Cl 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00 
OH 5.94 5.88 5.93 5.87 5.84 5.91 5.95 5.77 6.00 5.91 5.81 5.76 5.89 6.00 5.88 5.81 5.83 5.81 5.85 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                    
Flr 0.75 0.72 0.74 0.63 0.68 0.74 0.73 0.72 0.67 0.71 0.61 0.56 0.67 0.70 0.65 0.59 0.72 0.70 0.66 
Wdh 0.14 0.11 0.17 0.15 0.13 0.12 0.13 0.15 0.20 0.15 0.14 0.17 0.14 0.14 0.15 0.16 0.14 0.12 0.14 
Svb 0.01 0.16 0.02 0.20 0.14 0.07 0.04 0.05 0.00 0.01 0.22 0.26 0.07 0.09 0.12 0.23 0.08 0.14 0.17 
Gyz 0.13 0.05 0.13 0.09 0.11 0.11 0.13 0.13 0.18 0.16 0.08 0.07 0.15 0.11 0.12 0.08 0.11 0.08 0.09 
Hut 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.01 0.04 0.05 0.00 0.03 0.08 0.03 0.01 0.02 0.01 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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(Continued) 
 W72 W73 W74 W75 W76 W77 W78 W79 W80 W81 W82 W83 W84 W85 W86 W87 W88 W89 
 Wolverine (late) 
CaO 1.57 1.20 1.17 1.35 1.11 1.03 1.25 0.98 1.10 1.07 0.79 0.95 1.15 1.09 1.17 1.07 0.94 1.47 
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La2O3 4.60 3.61 3.95 3.47 3.58 3.98 3.82 3.48 3.29 3.44 2.46 3.21 3.07 3.37 3.43 4.23 2.99 2.69 
Ce2O3 9.67 8.54 9.05 8.80 9.36 8.66 9.59 9.26 8.94 7.94 7.52 8.25 8.70 9.46 8.39 7.56 7.95 6.82 
Nd2O3 3.86 6.32 6.10 5.23 5.49 5.36 5.56 6.25 5.43 5.97 7.73 6.37 5.42 5.61 4.84 5.06 6.01 4.22 
Pr2O3 1.38 1.37 1.61 1.06 1.53 1.30 1.66 1.69 1.53 1.37 1.63 1.65 1.64 1.81 1.43 1.48 1.68 1.59 
Sm2O3 0.25 0.60 0.65 0.53 0.59 0.82 0.86 0.94 0.93 0.84 1.25 1.07 0.85 0.96 0.63 0.72 0.92 0.67 
Gd2O3 0.00 0.02 0.00 0.05 0.25 0.00 0.05 0.13 0.11 0.14 0.12 0.34 0.08 0.20 0.09 0.00 0.18 0.17 
ThO2 0.00 0.26 0.02 0.40 0.03 0.21 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 
SrO 3.92 4.17 3.75 5.41 3.76 4.69 2.43 2.64 2.07 2.57 1.98 2.02 2.12 1.78 3.66 3.41 1.84 3.03 
FeO 0.20 0.79 0.39 0.42 0.58 1.00 0.05 0.23 1.51 0.60 0.32 1.47 3.64 0.07 0.71 0.52 0.29 3.03 
SiO2 1.32 0.26 0.09 0.21 0.30 0.00 0.21 0.15 0.38 0.26 0.21 1.09 0.12 0.00 0.39 1.13 0.00 0.41 
Al2O3 31.33 30.98 31.29 31.08 30.13 30.76 29.56 30.82 29.51 29.54 29.32 30.05 29.19 30.55 30.01 29.66 30.09 29.32 
P2O5 23.49 24.26 24.49 21.72 24.35 23.20 24.84 25.28 24.35 23.90 24.84 24.71 24.14 25.75 24.31 23.26 25.81 24.47 
SO3 3.58 2.82 2.86 4.06 2.71 3.47 2.06 2.14 1.84 2.40 1.54 1.69 1.88 1.82 2.87 2.75 1.59 2.36 
F 0.63 1.15 0.79 0.34 0.31 0.40 0.30 0.50 0.41 0.64 0.63 0.18 0.50 0.49 0.54 0.82 0.67 0.16 
Cl 0.01 0.08 0.05 0.11 0.05 0.03 0.06 0.03 0.02 0.06 0.05 0.04 0.10 0.07 0.03 0.06 0.05 0.03 
Total  85.81 86.42 86.25 84.23 84.13 84.90 82.30 84.52 81.43 80.76 80.39 83.10 82.61 83.04 82.50 81.74 81.01 80.45 
                   
Ca 0.14 0.11 0.11 0.13 0.10 0.10 0.12 0.09 0.11 0.10 0.08 0.09 0.11 0.10 0.11 0.10 0.09 0.14 
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
La 0.15 0.11 0.13 0.11 0.12 0.13 0.13 0.11 0.11 0.12 0.08 0.10 0.10 0.11 0.11 0.14 0.10 0.09 
Ce 0.30 0.27 0.29 0.29 0.30 0.28 0.31 0.30 0.29 0.26 0.25 0.26 0.28 0.30 0.27 0.25 0.26 0.22 
Nd 0.12 0.19 0.19 0.17 0.17 0.17 0.18 0.19 0.17 0.19 0.25 0.20 0.17 0.18 0.15 0.16 0.19 0.13 
Pr 0.04 0.04 0.05 0.03 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.05 
Sm 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.02 0.02 0.03 0.02 
Gd 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 
Th 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.20 0.21 0.19 0.28 0.19 0.24 0.13 0.13 0.11 0.14 0.10 0.10 0.11 0.09 0.19 0.18 0.10 0.15 
∑REE 0.96 0.96 0.98 1.04 0.96 0.98 0.95 0.90 0.87 0.89 0.85 0.84 0.85 0.88 0.90 0.90 0.83 0.80 
Fe 0.01 0.06 0.03 0.03 0.04 0.07 0.00 0.02 0.11 0.05 0.02 0.11 0.27 0.01 0.05 0.04 0.02 0.22 
Al 3.17 3.15 3.18 3.25 3.12 3.18 3.11 3.17 3.10 3.16 3.14 3.08 3.03 3.16 3.14 3.13 3.16 3.05 
∑Al 3.18 3.21 3.21 3.28 3.16 3.25 3.11 3.19 3.21 3.21 3.16 3.19 3.30 3.17 3.19 3.17 3.18 3.27 
Si 0.11 0.02 0.01 0.02 0.03 0.00 0.02 0.01 0.03 0.02 0.02 0.09 0.01 0.00 0.03 0.10 0.00 0.04 
P 1.71 1.77 1.79 1.63 1.81 1.72 1.88 1.87 1.84 1.84 1.91 1.82 1.80 1.91 1.83 1.77 1.95 1.83 
S 0.23 0.18 0.18 0.27 0.18 0.23 0.14 0.14 0.12 0.16 0.11 0.11 0.12 0.12 0.19 0.19 0.11 0.16 
∑P 2.05 1.97 1.98 1.92 2.02 1.95 2.04 2.02 1.99 2.02 2.04 2.02 1.93 2.03 2.05 2.06 2.06 2.03 
F 0.17 0.31 0.22 0.10 0.09 0.11 0.09 0.14 0.11 0.18 0.18 0.05 0.14 0.14 0.15 0.23 0.19 0.04 
Cl 0.00 0.01 0.01 0.02 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.00 
OH 5.83 5.68 5.78 5.89 5.91 5.89 5.91 5.86 5.88 5.81 5.81 5.95 5.84 5.85 5.84 5.76 5.80 5.95 
∑OH 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
                   
Flr 0.64 0.66 0.70 0.63 0.70 0.66 0.73 0.73 0.71 0.70 0.73 0.71 0.70 0.74 0.65 0.66 0.71 0.60 
Wdh 0.16 0.14 0.13 0.14 0.13 0.12 0.15 0.14 0.17 0.15 0.14 0.15 0.18 0.15 0.16 0.14 0.16 0.23 
Svb 0.13 0.10 0.11 0.24 0.09 0.18 0.01 0.04 0.00 0.05 0.00 0.01 0.00 0.00 0.06 0.10 0.00 0.00 
Gyz 0.09 0.14 0.10 0.05 0.12 0.09 0.14 0.14 0.17 0.14 0.17 0.15 0.18 0.15 0.18 0.13 0.21 0.27 
Hut 0.06 0.02 0.01 0.02 0.02 0.00 0.01 0.01 0.02 0.01 0.01 0.05 0.01 0.00 0.02 0.05 0.00 0.02 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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(Continued) 
 W90 W92 W93 W94 
 Wolverine (late) 
CaO 0.92 1.58 1.04 0.96 
Y2O3 0.00 0.00 0.00 0.00 
La2O3 3.49 2.91 3.20 3.52 
Ce2O3 8.27 7.91 8.03 8.40 
Nd2O3 4.19 3.08 3.86 4.16 
Pr2O3 1.73 1.19 1.50 1.70 
Sm2O3 0.78 0.78 0.78 0.78 
Gd2O3 0.26 0.16 0.32 0.48 
ThO2 0.00 0.41 0.20 0.07 
SrO 2.00 3.92 3.80 2.08 
FeO 0.30 1.27 0.27 0.27 
SiO2 1.10 0.53 0.66 0.04 
Al2O3 29.58 30.05 30.72 30.55 
P2O5 25.72 23.55 24.83 25.82 
SO3 1.63 2.33 2.30 1.62 
F 0.78 0.50 0.68 0.34 
Cl 0.01 0.05 0.01 0.04 
Total  80.77 80.22 82.19 80.82 
     
Ca 0.09 0.15 0.10 0.09 
Y 0.00 0.00 0.00 0.00 
La 0.11 0.10 0.10 0.11 
Ce 0.27 0.26 0.26 0.27 
Nd 0.13 0.10 0.12 0.13 
Pr 0.06 0.04 0.05 0.05 
Sm 0.02 0.02 0.02 0.02 
Gd 0.01 0.00 0.01 0.01 
Th 0.00 0.01 0.00 0.00 
Sr 0.10 0.20 0.19 0.11 
∑REE 0.79 0.88 0.85 0.79 
Fe 0.02 0.09 0.02 0.02 
Al 3.09 3.15 3.15 3.18 
∑Al 3.11 3.24 3.17 3.2 
Si 0.10 0.05 0.06 0.00 
P 1.93 1.78 1.83 1.93 
S 0.11 0.16 0.15 0.11 
∑P 2.14 1.99 2.04 2.04 
F 0.22 0.14 0.19 0.09 
Cl 0.00 0.01 0.00 0.01 
OH 5.78 5.85 5.81 5.90 
∑OH 6.00 6.00 6.00 6.00 
     
Flr 0.68 0.58 0.62 0.67 
Wdh 0.17 0.21 0.16 0.17 
Svb 0.00 0.02 0.03 0.00 
Gyz 0.23 0.24 0.22 0.23 
Hut 0.05 0.03 0.03 0.00 

*Flr = Florencite, Wdh = Woodhouseite, Svb = Svanbergite, Gyz = Goyazite, Hut = Huttonite 
**Formulae on basis of 14 atoms per formula unit (a.p.f.u.) 
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Appendix 6-1: Grain scale map of the quartz grains analysed for fluid inclusion  

 
Fig. 1: Location of the quartz grains selected for fluid inclusion studies 
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Fig. 2: Sample A2-14 (Area 5 deposit, mineralised), Grain A 
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Fig. 3: Sample A2-14 (Area 5 deposit, mineralised), Grain B 
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Fig. 4: Sample A2-14 (Area 5 deposit, mineralised), Grain C 
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Fig. 5: Sample A2-14 (Area 5 deposit, mineralised), Grain D 
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Fig. 6: Sample A2-14 (Area 5 deposit, mineralised), Grain E 
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Fig. 7: Sample A2-14 (Area 5 deposit, mineralised), Grain G 
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Fig. 8: Sample A2-14 (Area 5 deposit, mineralised), Grain H 
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Fig. 9: Sample A2-14 (Area 5 deposit, mineralised), Grain I 
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Fig. 10: Sample W7-3 (Wolverine deposit, mineralised), Grain A 
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Fig. 11: Sample W7-3 (Wolverine deposit, mineralised), Grain B 
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Fig. 12: Sample W7-3 (Wolverine deposit, mineralised), Grain C 
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Fig. 13: Sample W7-3 (Wolverine deposit, mineralised), Grain D 
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Fig. 14: Sample W7-3 (Wolverine deposit, mineralised), Grain E 
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Fig. 15: Sample W7-3 (Wolverine deposit, mineralised), Grain F 
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Fig. 16: Sample W7-3 (Wolverine deposit, mineralised), Grain G 
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Fig. 17: Sample W7-3 (Wolverine deposit, mineralised), Grain H 
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Fig. 18: Sample W8 (Wolverine deposit, non-mineralised), Grain A 
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Fig. 19: Sample W8 (Wolverine deposit, non-mineralised), Grain B 
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Fig. 20: Sample W8 (Wolverine deposit, non-mineralised), Grain C 
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Fig. 21: Sample W8 (Wolverine deposit, non-mineralised), Grain D 
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Appendix 6-2: Composition of the standards for LA-ICP-MS analysis of fluid inclusions 
Standard Na (wt.%) Si (wt.%) P (wt.%) Cl (wt.%) K (wt.%) Ca (wt.%) Fe (wt.%) Y (ppm) Ce (ppm) U (ppm) 
T1G           
T1G-1 2.50 31.56 0.08 0.05 1.66 5.07 4.23 24.2 130.9 1.8 
T1G-2 2.51 31.77 0.08 0.05 1.69 5.07 4.18 24.0 128.8 1.8 
T1G-3 2.58 32.53 0.08 0.04 1.73 5.07 4.21 23.9 129.2 1.8 
T1G-4 2.49 31.66 0.08 0.05 1.66 5.07 4.37 23.8 130.2 1.8 
T1G-5 2.46 30.78 0.08 0.04 1.62 5.07 4.39 24.1 130.7 1.8 
T1G-6 2.51 32.43 0.08 0.05 1.67 5.07 4.34 24.4 131.1 1.8 
T1G-7 2.47 32.04 0.08 0.05 1.63 5.07 4.34 24.3 129.2 1.8 
Average 2.50 31.83 0.08 0.05 1.66 5.07 4.29 24.1 130.0 1.8 
SD   0.04 0.59 0.00 0.00 0.04 0.00 0.08 0.2 0.9 0.0 
SD % 1.55 1.86 1.31 8.86 2.32 0.00 1.96 0.8 0.7 1.7 
GSD           
GSD-1 2.86 28.42 0.10 0.05 2.55 5.15 8.26 8.26 41.0 41.6 
GSD-2 2.84 28.46 0.10 0.05 2.56 5.15 8.27 8.27 40.5 41.5 
GSD-3 2.85 27.96 0.09 0.05 2.54 5.15 8.23 8.23 40.8 41.7 
GSD-4 2.83 28.32 0.10 0.05 2.49 5.15 8.62 8.62 40.9 41.9 
GSD-5 2.88 28.62 0.10 0.04 2.54 5.15 8.62 8.62 41.0 41.8 
GSD-6 2.81 29.33 0.10 0.05 2.46 5.15 8.64 8.64 41.6 41.9 
GSD-7 2.74 28.36 0.10 0.05 2.40 5.15 8.45 8.45 41.5 41.7 
Average 2.83 28.50 0.10 0.05 2.50 5.15 8.44 8.44 41.0 41.7 
SD   0.05 0.42 0.00 0.00 0.06 0.00 0.19 0.19 0.4 0.2 
SD % 1.65 1.47 1.48 7.52 2.40 0.00 2.23 2.23 0.9 0.4 
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Appendix 6-3: Microthermometry data of primary fluid inclusions in different quartz grains 
Sample/Grain Number of FI Type Tmi Tm Th Salinity (wt. %) 
Sample W8       
Grain A 49 Type I -7 – -17.7 -0.1 – -5.2 171.7 – 338.8 0.2 – 8.1 
Grain B 50 Type I -7.1 – -14.4  -0.1 – -5.5 170 – 340 0.2 – 8.5 
Grain C 65 Type I -7 – -13 -0.1 – -4.5 179.1 – 341.1 0.2 – 7.2 
Grain D 62 Type I -6 – -14 -0.1 – -3.8 170 – 350 0.2 – 6.2 
Total 226 Type I -6 – -17.7 -0.1 – -5.5 170 – 350 0.2 – 8.5 
Sample A2-14       
Grain A 10 Type I -9.7 – -15.5 -1.1 – -1.8 139.8 – 250 1.9 – 3.1 
Grain A 2 Type II -15 – -16 -9.8 – -10.1 155.6 – 166.5 13.7 – 14 
Grain A 6 Type III -33 – -50.3 -17.8 – -24.8 102.7 – 180 17.8 – 24.8 
Grain B 23 Type I -4.4 – -16.6 -0.1 –– -4.6 99.1 – 269.5 0.2 – 7.3 
Grain B 12 Type III -23.3 – -51.1 -0.8 – -25.2 120.7 – 201.7 0.8 – 25.2 
Grain C 15 Type I -7 – -17.1 -0.1 – -6.5 128.6 – 243.9 0.2 – 9.9 
Grain C 1 Type III -37.7 -7.6 201 7.6 
Grain D 3 Type I -6.1 – -16 -0.1 – -6.5 123 – 236.6 0.2 – 9.9 
Grain E 40 Type I -5.2 – -17.7 -0.1 – -4.5 155.4 – 268.1 0.2 – 7.2 
Grain E 1 Type II -17 -12.1 198.1 16.1 
Grain E 3 Type III -24.4 – -49.1 -0.5 – -24.3  159.8 – 211.5 0.5 – 24.3 
Grain G 12 Type I -6 – -17 -0.1 – -6.1 119.9 – 220 0.2 – 9.3 
Grain G 2 Type II -16.6 – -16.7 -12.1 – -12.9 156.9 – 220.2 16.1 – 16.8 
Grain G 13 Type III -25.5 – -50.5 -3.5 – -24.6 115.1 – 241.2 3.5 – 24.6 
Grain H 9 Type I -7.7 – -19 -0.4 – -6.2 149.9 – 241.1 0.7 – 9.5 
Grain H 3 Type II -16 -14.4 213.3 – 200.1 18.1 
Grain H 11 Type III -22.9 – -51.3 -0.5 – -25.8 112.7 – 164.5 0.5 – 25.8 
Grain I 22 Type I -7 – -16.6 -0.1 – -3.6 140.5 – 272.3 0.2 – 5.9 
Grain I 1 Type II -21 -9.3 222.2 13.2 
Grain I 3 Type III -23.1 – -49.5 -0.6 – -24.6 143.2 – 207.7 0.6 – 24.6 
Total 134 Type I -4.4 – -17.1 -0.1 – -6.5 99.1 – 272.3 0.2 – 9.9 
Total 9 Type II -15 – -21 -9.3 – -12.9 155.6 – 222.2 13.2 – 18.1 
Total 49 Type III -22.9 – -51.3 -0.5 – -25.8 102.7 – 241.2 0.5 – 25.8 
Sample W7-3       
Grain A 16 Type I -6 – -16.7 -0.1 – -6.4 135 – 257 0.2 – 9.7 
Grain A 6 Type III -26.6 – -39.5 -2.1 – -15.1 132.5 – 210 2.1 – 15.1 
Grain B 9 Type I -8 – -17.7 -0.1 – -4.5 141.9 – 228.7 0.2 – 7.2 
Grain B 2 Type III -38.8 – -48.7 -19.4 – -21.4 116.7 – 174.5 19.4 – 21.4 
Grain D 9 Type I -7 – -11.1 -0.1 – -2.1 125.6 – 250.1 0.2 – 3.5 
Grain D 1 Type II -13 -8.8 200 12.6 
Grain D 2 Type III -33.3 – -37.2 -10.9 – -12.5 151.4 – 184.4 10.9 – 12.5 
Grain E 6 Type I -7 – -16.5 -0.1 – -3.5 120.9 – 224.7 0.2 – 5.7 
Grain E 1 Type III -31.1 -10.1 211.1 10.1 
Grain F 17 Type I -7 – -16 -0.1 – -6.2 131.9 – 241.7 0.2 – 9.5 
Grain F 2 Type III -29.5 – -48.8 -8.9 – -20.8 148.3 – 191.3 8.9 – 20.8 
Grain G 7 Type I -7 – -9 -0.1 – -0.5 167.6 – 220 0.2 – 0.9 
Grain G 4 Type III -23.3 – -27.6 -1.1 – -2.2 165 – 193.3 1.1 – 2.2 
Grain H 34 Type I -5 – -16.7 -0.1 – -4.5 121.9 – 255.5 0.2 – 7.2 
Grain H 7 Type III -28.5 – -47.6 -1.9 – -19.1  157.7 – 225.5 1.9 – 19.1 
Total 98 Type I -5 – -17.7 -0.1 – -6.4 120.9 – 257 0.2 – 9.7 
Total 1 Type II -13 -8.8 200 12.6 
Total 24 Type III -23.3 – -48.8 -1.1 – -21.4 116.7 – 22.5 1.1 – 21.4 

*Type I: Low salinity H2O-NaCl; Type II: medium salinity H2O-NaCl; Type III: High salinity H2O-

CaCl2-NaCl. 

**Note that due to the lack of a next-to-last solid phase, accurate calculation of the salinity of the type 

III fluid inclusions was not possible. Instead, Tm was used as a rough estimation of the salinity.  
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Appendix 6-4: Fluid inclusion microthermometry dataset 
Type Composition Deposit Sample Grain FI No. Bubble size Tmi Tm Th Phases Salinity ρ (g/cm3) 
I H2O-NaCl Wolverine W8 A AC34 S -8 -0.1 217.7 L+V 0.2 0.84 
I H2O-NaCl Wolverine W8 A AC36 S -8 -0.1 223.4 L+V 0.2 0.84 
I H2O-NaCl Wolverine W8 A AC39 S -8 -0.1 205.5 L+V 0.2 0.86 
I H2O-NaCl Wolverine W8 A AD41 S -7 -0.2 204.1 L+V 0.4 0.86 
I H2O-NaCl Wolverine W8 A AE35 S -7 -0.5 210.3 L+V 0.9 0.86 
I H2O-NaCl Wolverine W8 A AF37 L -10.5 -0.4 250.6 L+V 0.7 0.80 
I H2O-NaCl Wolverine W8 A AE39 S -11.1 -0.7 238.1 L+V 1.2 0.82 
I H2O-NaCl Wolverine W8 A AF41 S -10 -0.2 231.4 L+V 0.4 0.83 
I H2O-NaCl Wolverine W8 A AC30 S -9 -0.1 202.7 L+V 0.2 0.86 
I H2O-NaCl Wolverine W8 A Y27 S -10.5 -0.5 188.1 L+V 0.9 0.89 
I H2O-NaCl Wolverine W8 A AB24 S -10.1 -0.7 210.3 L+V 1.2 0.86 
I H2O-NaCl Wolverine W8 A AC24 S -10.1 -0.7 207.8 L+V 1.2 0.87 
I H2O-NaCl Wolverine W8 A AD24 S -11 -0.9 190.3 L+V 1.6 0.89 
I H2O-NaCl Wolverine W8 A AD25 S -11 -0.9 247.1 L+V 1.6 0.81 
I H2O-NaCl Wolverine W8 A AF19 S -11 -0.3 283.5 L+V 0.5 0.74 
I H2O-NaCl Wolverine W8 A S20 S -12 -0.8 282.7 L+V 1.4 0.75 
I H2O-NaCl Wolverine W8 A R21 S -12 -0.8 290.1 L+V 1.4 0.74 
I H2O-NaCl Wolverine W8 A R22 S -12 -1.1 200.4 L+V 1.9 0.88 
I H2O-NaCl Wolverine W8 A P23 S -10 -0.7 216.2 L+V 1.2 0.85 
I H2O-NaCl Wolverine W8 A P24 S -10 -0.7 236.6 L+V 1.2 0.83 
I H2O-NaCl Wolverine W8 A S25 S -10 -0.9 301.1 L+V 1.6 0.72 
I H2O-NaCl Wolverine W8 A Q25 S -16 -4.8 290.4 L+V 7.6 0.81 
I H2O-NaCl Wolverine W8 A R26 S -16.1 -5.2 294.7 L+V 8.1 0.81 
I H2O-NaCl Wolverine W8 A U27 S -9 -0.7 315.8 L+V 1.2 0.68 
I H2O-NaCl Wolverine W8 A M25 S -14.4 -2.3 201.1 L+V 3.9 0.89 
I H2O-NaCl Wolverine W8 A O27 S -12 -1.8 217.6 L+V 3.1 0.87 
I H2O-NaCl Wolverine W8 A M30 S -12.5 -2.5 290.3 L+V 4.2 0.77 
I H2O-NaCl Wolverine W8 A Q30 S -12.5 -2.8 290.7 L+V 4.6 0.77 
I H2O-NaCl Wolverine W8 A Q32 S -12.5 -2.8 198.5 L+V 4.6 0.90 
I H2O-NaCl Wolverine W8 A R31 S -14 -3.4 240.9 L+V 5.6 0.86 
I H2O-NaCl Wolverine W8 A N7 S -10.1 -1.1 171.7 L+V 1.9 0.91 
I H2O-NaCl Wolverine W8 A O8 S -10.1 -1.1 184.3 L+V 1.9 0.90 
I H2O-NaCl Wolverine W8 A O11 S -7 -0.5 178 L+V 0.9 0.90 
I H2O-NaCl Wolverine W8 A O12 S -7 -0.5 233.7 L+V 0.9 0.83 
I H2O-NaCl Wolverine W8 A P8 L -7 -0.8 330.1 L+V 1.4 0.66 
I H2O-NaCl Wolverine W8 A Q9 L -7 -0.8 325.2 L+V 1.4 0.67 
I H2O-NaCl Wolverine W8 A R10 S -12.9 -2.9 338.8 L+V 4.8 0.69 
I H2O-NaCl Wolverine W8 A Q11 S -12.9 -2.9 190.5 L+V 4.8 0.91 
I H2O-NaCl Wolverine W8 A R12 S -17.7 -3.6 258.1 L+V 5.9 0.84 
I H2O-NaCl Wolverine W8 A R18 S -15 -2.7 298.2 L+V 4.5 0.76 
I H2O-NaCl Wolverine W8 A R19 S -15 -3.1 288.8 L+V 5.1 0.78 
I H2O-NaCl Wolverine W8 A Y36 S -9 -0.7 217 L+V 1.2 0.85 
I H2O-NaCl Wolverine W8 A W38 S -11.1 -1.2 221.5 L+V 2.1 0.85 
I H2O-NaCl Wolverine W8 A W39 S -11.1 -1.3 203.7 L+V 2.2 0.88 
I H2O-NaCl Wolverine W8 A W41 S -10 -0.7 257.7 L+V 1.2 0.79 
I H2O-NaCl Wolverine W8 A V43 S -10 -0.9 248.2 L+V 1.6 0.81 
I H2O-NaCl Wolverine W8 A W45 S -11 -1.3 205.8 L+V 2.2 0.88 
I H2O-NaCl Wolverine W8 A X44 S -10 -0.3 214.3 L+V 0.5 0.85 
I H2O-NaCl Wolverine W8 A W48_1 S -9 -0.1 189.1 L+V 0.2 0.88 
I H2O-NaCl Wolverine W8 B AA45 S -9 -1.1 280.1 L+V 1.9 0.76 
I H2O-NaCl Wolverine W8 B X45 S -11 -1.2 277 L+V 2.1 0.77 
I H2O-NaCl Wolverine W8 B AD44 S -11.5 -1.6 260.4 L+V 2.7 0.80 
I H2O-NaCl Wolverine W8 B H36 S -9.5 -0.3 180.9 L+V 0.5 0.89 
I H2O-NaCl Wolverine W8 B G38 S -9.5 -0.7 235.4 L+V 1.2 0.83 
I H2O-NaCl Wolverine W8 B F36 L -8 -0.1 201.1 L+V 0.2 0.87 
I H2O-NaCl Wolverine W8 B E37 S -8 -0.5 205.5 L+V 0.9 0.87 
I H2O-NaCl Wolverine W8 B J37 S -8.5 -0.1 230.1 L+V 0.2 0.83 
I H2O-NaCl Wolverine W8 B J39 S -8.5 -0.9 200.7 L+V 1.6 0.88 
I H2O-NaCl Wolverine W8 B M41 S -8.5 -0.8 209.1 L+V 1.4 0.87 
I H2O-NaCl Wolverine W8 B F32 S -7.1 -0.3 195.3 L+V 0.5 0.88 
I H2O-NaCl Wolverine W8 B F33 S -7.1 -0.3 188.7 L+V 0.5 0.88 
I H2O-NaCl Wolverine W8 B G32 S -7.1 -0.3 190.8 L+V 0.5 0.88 
I H2O-NaCl Wolverine W8 B D38 S -7.1 -0.6 210.7 L+V 1.1 0.86 
I H2O-NaCl Wolverine W8 B D39 S -7.1 -0.6 207.3 L+V 1.1 0.87 
I H2O-NaCl Wolverine W8 B D40 S -7.1 -0.9 193.3 L+V 1.6 0.89 
I H2O-NaCl Wolverine W8 B E41 S -7.1 -0.9 190.1 L+V 1.6 0.89 
I H2O-NaCl Wolverine W8 B Y25_1 S -14.4 -3.5 209.5 L+V 5.7 0.90 
I H2O-NaCl Wolverine W8 B Z26 S -14.4 -4.9 244.7 L+V 7.7 0.87 
I H2O-NaCl Wolverine W8 B Y27 L -14 -5.1 322.2 L+V 8.0 0.76 
I H2O-NaCl Wolverine W8 B V26 S -14 -3.5 214.4 L+V 5.7 0.89 
I H2O-NaCl Wolverine W8 B Y24 S -13 -5.5 280.9 L+V 8.5 0.83 
I H2O-NaCl Wolverine W8 B X25 S -13 -4.5 254.7 L+V 7.2 0.85 
I H2O-NaCl Wolverine W8 B W29 S -13.5 -4.3 290.3 L+V 6.9 0.80 
I H2O-NaCl Wolverine W8 B V31 S -14 -5.2 250.9 L+V 8.1 0.87 
I H2O-NaCl Wolverine W8 B AA29 S -13 -3.5 220.1 L+V 5.7 0.89 
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(Continued) 
Type Composition Deposit Sample Grain FI No. Bubble size Tmi Tm Th Phases Salinity ρ (g/cm3) 
I H2O-NaCl Wolverine W8 B AA31 S -13.5 -3.5 200.7 L+V 5.7 0.91 
I H2O-NaCl Wolverine W8 B AC30 S -13 -3.8 214.8 L+V 6.2 0.90 
I H2O-NaCl Wolverine W8 B U32 S -13 -2.2 270.8 L+V 3.7 0.80 
I H2O-NaCl Wolverine W8 B V35 S -13 -2.8 330.1 L+V 4.6 0.70 
I H2O-NaCl Wolverine W8 B U29 S -10 -1.6 291.3 L+V 2.7 0.75 
I H2O-NaCl Wolverine W8 B W34 S -10.5 -1.8 170 L+V 3.1 0.92 
I H2O-NaCl Wolverine W8 B Y37 S -10.5 -1.6 247.3 L+V 2.7 0.82 
I H2O-NaCl Wolverine W8 B Y36 S -11 -1.7 240.1 L+V 2.9 0.84 
I H2O-NaCl Wolverine W8 B Y35 S -11.3 -1.8 239.3 L+V 3.1 0.84 
I H2O-NaCl Wolverine W8 B Y34 S -11.3 -1.9 240.1 L+V 3.2 0.84 
I H2O-NaCl Wolverine W8 B Y31 S -11.4 -2.1 237.3 L+V 3.5 0.85 
I H2O-NaCl Wolverine W8 B AE40 S -10.5 -1.4 240.1 L+V 2.4 0.83 
I H2O-NaCl Wolverine W8 B AF44 S -10.2 -1.2 241 L+V 2.1 0.83 
I H2O-NaCl Wolverine W8 B AH31 S -12.2 -1.8 197 L+V 3.1 0.89 
I H2O-NaCl Wolverine W8 B AI31 S -12 -1.8 198.8 L+V 3.1 0.89 
I H2O-NaCl Wolverine W8 B AG32 S -11.1 -1.3 217.7 L+V 2.2 0.86 
I H2O-NaCl Wolverine W8 B AL32 S -10.1 -1.9 241.3 L+V 3.2 0.84 
I H2O-NaCl Wolverine W8 B AH35 L -10 -1.1 259.9 L+V 1.9 0.80 
I H2O-NaCl Wolverine W8 B AG36 S -10.2 -1.2 240.3 L+V 2.1 0.83 
I H2O-NaCl Wolverine W8 B AH38 S -10 -1.5 248.1 L+V 2.6 0.82 
I H2O-NaCl Wolverine W8 B AJ35 S -11 -0.9 237.7 L+V 1.6 0.83 
I H2O-NaCl Wolverine W8 B AK34 S -12 -1.4 220.5 L+V 2.4 0.86 
I H2O-NaCl Wolverine W8 B AK35 S -9 -0.8 231.1 L+V 1.4 0.84 
I H2O-NaCl Wolverine W8 B L14 L -10 -2.1 340 L+V 3.5 0.67 
I H2O-NaCl Wolverine W8 C N10 S -10.5 -1.5 187.7 L+V 2.6 0.90 
I H2O-NaCl Wolverine W8 C N8 S -10.5 -2.2 205.7 L+V 3.7 0.89 
I H2O-NaCl Wolverine W8 C K13 S -11 -1.5 198.7 L+V 2.6 0.89 
I H2O-NaCl Wolverine W8 C K14 S -11.3 -1.8 182.2 L+V 3.1 0.91 
I H2O-NaCl Wolverine W8 C K15 S -13 -3.4 179.1 L+V 5.6 0.93 
I H2O-NaCl Wolverine W8 C J11 S -11.4 -1.2 201.3 L+V 2.1 0.88 
I H2O-NaCl Wolverine W8 C M11 S -10.5 -0.7 199.3 L+V 1.2 0.88 
I H2O-NaCl Wolverine W8 C M8_1 S -12 -2.5 210.3 L+V 4.2 0.89 
I H2O-NaCl Wolverine W8 C M8_2 S -12 -2.5 200.3 L+V 4.2 0.90 
I H2O-NaCl Wolverine W8 C N9 S -12 -2.8 191.1 L+V 4.6 0.91 
I H2O-NaCl Wolverine W8 C M7 S -13 -4.5 183.2 L+V 7.2 0.94 
I H2O-NaCl Wolverine W8 C N5_1 S -10.1 -2.2 202.2 L+V 3.7 0.89 
I H2O-NaCl Wolverine W8 C N5_2 S -10 -2.5 203.8 L+V 4.2 0.89 
I H2O-NaCl Wolverine W8 C M6 S -13 -3.1 180.3 L+V 5.1 0.93 
I H2O-NaCl Wolverine W8 C L7_1 S -13 -3.3 179.7 L+V 5.4 0.93 
I H2O-NaCl Wolverine W8 C L7_2 S -11 -2.3 181.1 L+V 3.9 0.92 
I H2O-NaCl Wolverine W8 C L6 L -12 -0.3 311.5 L+V 0.5 0.68 
I H2O-NaCl Wolverine W8 C AA10 S -9 -0.7 187.7 L+V 1.2 0.89 
I H2O-NaCl Wolverine W8 C AA9 S -10 -0.9 201.3 L+V 1.6 0.88 
I H2O-NaCl Wolverine W8 C Z11 S -7 -0.5 180 L+V 0.9 0.90 
I H2O-NaCl Wolverine W8 C Z7 L -7 -0.4 193.3 L+V 0.7 0.88 
I H2O-NaCl Wolverine W8 C Z8 S -8 -0.4 194.4 L+V 0.7 0.88 
I H2O-NaCl Wolverine W8 C Z9 S -10.2 -0.2 201 L+V 0.4 0.87 
I H2O-NaCl Wolverine W8 C X5 L -12 -2.6 341.1 L+V 4.3 0.68 
I H2O-NaCl Wolverine W8 C V3 S -9 -0.3 191.1 L+V 0.5 0.88 
I H2O-NaCl Wolverine W8 C V5 S -9 -0.3 180.6 L+V 0.5 0.89 
I H2O-NaCl Wolverine W8 C W6 S -9 -1.3 186.6 L+V 2.2 0.90 
I H2O-NaCl Wolverine W8 C W7 S -10 -1.3 213.9 L+V 2.2 0.87 
I H2O-NaCl Wolverine W8 C S6 S -10.5 -1.5 190.9 L+V 2.6 0.90 
I H2O-NaCl Wolverine W8 C R6 S -10.5 -1.5 199.6 L+V 2.6 0.89 
I H2O-NaCl Wolverine W8 C T9 S -11 -1.1 188.7 L+V 1.9 0.89 
I H2O-NaCl Wolverine W8 C V9 S -11.3 -1.1 207 L+V 1.9 0.87 
I H2O-NaCl Wolverine W8 C V11 S -9 -1.7 225.5 L+V 2.9 0.86 
I H2O-NaCl Wolverine W8 C W11 S -9 -1.7 218.8 L+V 2.9 0.86 
I H2O-NaCl Wolverine W8 C T14 S -9 -1.5 231.3 L+V 2.6 0.84 
I H2O-NaCl Wolverine W8 C R16 L -13 -2.1 300.7 L+V 3.5 0.74 
I H2O-NaCl Wolverine W8 C T20_1 S -13 -2.4 273.3 L+V 4.0 0.80 
I H2O-NaCl Wolverine W8 C S19 S -10.5 -1.4 187.7 L+V 2.4 0.90 
I H2O-NaCl Wolverine W8 C S20 S -11 -1.4 182 L+V 2.4 0.91 
I H2O-NaCl Wolverine W8 C R23 S -11.3 -0.5 221.4 L+V 0.9 0.84 
I H2O-NaCl Wolverine W8 C S23 S -9 -0.4 253.4 L+V 0.7 0.79 
I H2O-NaCl Wolverine W8 C S24 S -9 -0.4 248.7 L+V 0.7 0.80 
I H2O-NaCl Wolverine W8 C T23 S -11 -2.2 196.6 L+V 3.7 0.90 
I H2O-NaCl Wolverine W8 C Y32 S -10 -0.1 310 L+V 0.2 0.68 
I H2O-NaCl Wolverine W8 C X31 S -10.5 -0.1 234.1 L+V 0.2 0.82 
I H2O-NaCl Wolverine W8 C Q24 S -10.5 -0.8 312 L+V 1.4 0.69 
I H2O-NaCl Wolverine W8 C Q25 S -11 -0.8 315 L+V 1.4 0.69 
I H2O-NaCl Wolverine W8 C P24 S -11.3 -0.6 190 L+V 1.1 0.89 
I H2O-NaCl Wolverine W8 C N26 S -9 -0.7 328.8 L+V 1.2 0.66 
I H2O-NaCl Wolverine W8 C L23 S -9 -0.1 302.9 L+V 0.2 0.70 
I H2O-NaCl Wolverine W8 C L26 S -9 -0.1 246 L+V 0.2 0.80 
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(Continued) 
Type Composition Deposit Sample Grain FI No. Bubble size Tmi Tm Th Phases Salinity ρ (g/cm3) 
I H2O-NaCl Wolverine W8 C M26 S -13 -0.1 198.7 L+V 0.2 0.87 
I H2O-NaCl Wolverine W8 C H26 S -13 -1.7 196.2 L+V 2.9 0.89 
I H2O-NaCl Wolverine W8 C L18_1 S -10 -1.3 341 L+V 2.2 0.65 
I H2O-NaCl Wolverine W8 C L18_2 S -12 -1.3 325 L+V 2.2 0.68 
I H2O-NaCl Wolverine W8 C K19 S -10 -0.2 185.5 L+V 0.4 0.89 
I H2O-NaCl Wolverine W8 C K20 S -8 -0.2 181 L+V 0.4 0.89 
I H2O-NaCl Wolverine W8 C M21 S -8 -0.5 275 L+V 0.9 0.76 
I H2O-NaCl Wolverine W8 C L16 S -7 -0.1 192.9 L+V 0.2 0.88 
I H2O-NaCl Wolverine W8 C J20_1 S -10 -1.3 180 L+V 2.2 0.91 
I H2O-NaCl Wolverine W8 C J20_2 S -10.5 -2.5 246.6 L+V 4.2 0.84 
I H2O-NaCl Wolverine W8 C I20 S -10.5 -2.6 195.3 L+V 4.3 0.90 
I H2O-NaCl Wolverine W8 C G20 S -11 -2.6 196.1 L+V 4.3 0.90 
I H2O-NaCl Wolverine W8 C K29 S -11.3 -1.5 230.7 L+V 2.6 0.85 
I H2O-NaCl Wolverine W8 C F12 S -8 -0.1 194.4 L+V 0.2 0.88 
I H2O-NaCl Wolverine W8 D O13 S -12 -2.1 202.7 L+V 3.5 0.89 
I H2O-NaCl Wolverine W8 D Q12 S -14 -3.8 187.3 L+V 6.2 0.93 
I H2O-NaCl Wolverine W8 D R14_1 S -7 -0.2 198 L+V 0.4 0.87 
I H2O-NaCl Wolverine W8 D R14_2 S -7 -0.2 194.4 L+V 0.4 0.88 
I H2O-NaCl Wolverine W8 D S12 S -6.5 -0.2 201.3 L+V 0.4 0.87 
I H2O-NaCl Wolverine W8 D P16 S -6.5 -0.3 177.7 L+V 0.5 0.90 
I H2O-NaCl Wolverine W8 D S20 S -6 -0.5 205.5 L+V 0.9 0.87 
I H2O-NaCl Wolverine W8 D O20 S -10 -0.4 210.7 L+V 0.7 0.86 
I H2O-NaCl Wolverine W8 D J20 S -10 -0.3 213.4 L+V 0.5 0.85 
I H2O-NaCl Wolverine W8 D R13_1 L -10.5 -0.3 184 L+V 0.5 0.89 
I H2O-NaCl Wolverine W8 D R13_2 S -10.5 -0.2 181 L+V 0.4 0.89 
I H2O-NaCl Wolverine W8 D R14_1 S -11 -0.2 198 L+V 0.4 0.87 
I H2O-NaCl Wolverine W8 D R14_2 S -11.8 -0.2 194.4 L+V 0.4 0.88 
I H2O-NaCl Wolverine W8 D P7 S -9 -0.7 227.3 L+V 1.2 0.84 
I H2O-NaCl Wolverine W8 D Q8 S -9 -0.7 218.3 L+V 1.2 0.85 
I H2O-NaCl Wolverine W8 D S7 L -9 -2.3 240.4 L+V 3.9 0.84 
I H2O-NaCl Wolverine W8 D T10 L -12 -0.8 197.7 L+V 1.4 0.88 
I H2O-NaCl Wolverine W8 D W9 S -12.5 -0.7 210.2 L+V 1.2 0.86 
I H2O-NaCl Wolverine W8 D W12 S -10 -1.1 225.5 L+V 1.9 0.85 
I H2O-NaCl Wolverine W8 D X12 S -12 -0.9 183.7 L+V 1.6 0.90 
I H2O-NaCl Wolverine W8 D U27 S -10 -0.9 203 L+V 1.6 0.87 
I H2O-NaCl Wolverine W8 D U28 S -10.1 -1.8 250 L+V 3.1 0.82 
I H2O-NaCl Wolverine W8 D U29_1 S -10.7 -1.1 244.1 L+V 1.9 0.82 
I H2O-NaCl Wolverine W8 D U29_2 S -7 -1.1 210.7 L+V 1.9 0.87 
I H2O-NaCl Wolverine W8 D X28 S -7 -0.8 198 L+V 1.4 0.88 
I H2O-NaCl Wolverine W8 D X29 S -6.3 -0.8 201.1 L+V 1.4 0.88 
I H2O-NaCl Wolverine W8 D Q23 S -6.3 -0.4 214.3 L+V 0.7 0.85 
I H2O-NaCl Wolverine W8 D Q24 S -6 -0.4 219.9 L+V 0.7 0.85 
I H2O-NaCl Wolverine W8 D Q25 S -10 -0.4 210.7 L+V 0.7 0.86 
I H2O-NaCl Wolverine W8 D T22 S -10 -0.8 198 L+V 1.4 0.88 
I H2O-NaCl Wolverine W8 D V23 S -9 -0.8 235.5 L+V 1.4 0.83 
I H2O-NaCl Wolverine W8 D AF38 L -9 -1.4 350 L+V 2.4 0.63 
I H2O-NaCl Wolverine W8 D AK40 S -13.1 -2.4 285.1 L+V 4.0 0.78 
I H2O-NaCl Wolverine W8 D AJ40 L -13.2 -3.4 312 L+V 5.6 0.75 
I H2O-NaCl Wolverine W8 D AL27_2 S -9 -1.2 267.2 L+V 2.1 0.79 
I H2O-NaCl Wolverine W8 D AK28 S -11 -2.8 235.1 L+V 4.6 0.86 
I H2O-NaCl Wolverine W8 D AJ29_1 L -13 -1.3 207.7 L+V 2.2 0.87 
I H2O-NaCl Wolverine W8 D AJ29_2 S -12 -1.3 217.3 L+V 2.2 0.86 
I H2O-NaCl Wolverine W8 D AO21 S -12.9 -1.9 340 L+V 3.2 0.66 
I H2O-NaCl Wolverine W8 D AP20 S -6 -0.1 196.6 L+V 0.2 0.87 
I H2O-NaCl Wolverine W8 D AN21 S -8.5 -0.4 176.8 L+V 0.7 0.90 
I H2O-NaCl Wolverine W8 D AN22 L -10 -3.8 340 L+V 6.2 0.71 
I H2O-NaCl Wolverine W8 D AM12 L -10.1 -1.1 188.8 L+V 1.9 0.89 
I H2O-NaCl Wolverine W8 D AI14 S -10 -0.7 340 L+V 1.2 0.63 
I H2O-NaCl Wolverine W8 D AI15 L -14 -1.3 277 L+V 2.2 0.77 
I H2O-NaCl Wolverine W8 D AJ16 L -12 -2.3 311.3 L+V 3.9 0.73 
I H2O-NaCl Wolverine W8 D AG15 S -9 -1.7 340 L+V 2.9 0.66 
I H2O-NaCl Wolverine W8 D AH16_2 S -9 -1.3 193 L+V 2.2 0.89 
I H2O-NaCl Wolverine W8 D AG19_1 S -13.1 -1.4 350 L+V 2.4 0.63 
I H2O-NaCl Wolverine W8 D AH20 S -13 -1.1 210.2 L+V 1.9 0.87 
I H2O-NaCl Wolverine W8 D AI20 S -9 -1.1 205.5 L+V 1.9 0.87 
I H2O-NaCl Wolverine W8 D AD20 S -11 -1.8 225.6 L+V 3.1 0.86 
I H2O-NaCl Wolverine W8 D AF21 S -13 -1.8 178.9 L+V 3.1 0.91 
I H2O-NaCl Wolverine W8 D AD29 S -12 -0.2 170 L+V 0.4 0.90 
I H2O-NaCl Wolverine W8 D AA17 S -11.1 -1.6 277.4 L+V 2.7 0.78 
I H2O-NaCl Wolverine W8 D AA19_1 S -8 -0.7 281.1 L+V 1.2 0.75 
I H2O-NaCl Wolverine W8 D AA19_2 S -8.5 -1.5 248 L+V 2.6 0.82 
I H2O-NaCl Wolverine W8 D Z17 S -11 -1.6 267.7 L+V 2.7 0.79 
I H2O-NaCl Wolverine W8 D AB20_1 S -10.1 -1.5 281 L+V 2.6 0.77 
I H2O-NaCl Wolverine W8 D AB20_2 S -10 -1.5 278 L+V 2.6 0.77 
I H2O-NaCl Wolverine W8 D AB21 S -12 -1.5 265 L+V 2.6 0.79 
I H2O-NaCl Wolverine W8 D Z21_2 S -13 -0.8 335 L+V 1.4 0.65 
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(Continued) 
Type Composition Deposit Sample Grain FI No. Bubble size Tmi Tm Th Phases Salinity ρ (g/cm3) 
I H2O-NaCl Area 5 A2-14 A Q18 S -10 -1.8 219.1 L+V 3.1 0.87 
I H2O-NaCl Area 5 A2-14 A Q17 S -11.7 -1.5 210.3 L+V 2.6 0.87 
I H2O-NaCl Area 5 A2-14 A P17 S -14.7 -1.3 199.7 L+V 2.2 0.88 
I H2O-NaCl Area 5 A2-14 A R19 S -15 -1.6 250 L+V 2.7 0.82 
I H2O-NaCl Area 5 A2-14 A S19 S -11.3 -1.3 219.1 L+V 2.2 0.86 
I H2O-NaCl Area 5 A2-14 A R14 S -9.7 -1.1 169.3 L+V 1.9 0.92 
I H2O-NaCl Area 5 A2-14 A U15_1 S -14.4 -1.6 174.1 L+V 2.7 0.92 
I H2O-NaCl Area 5 A2-14 A V16 S -15.5 -1.6 190.5 L+V 2.7 0.90 
I H2O-NaCl Area 5 A2-14 A K32 S -9.9 -1.3 139.8 L+V 2.2 0.95 
I H2O-NaCl Area 5 A2-14 A M17 S -10.1 -1.2 205.3 L+V 2.1 0.88 
I H2O-NaCl Area 5 A2-14 B X14 L -16.6 -2.4 230 L+V 4.0 0.86 
I H2O-NaCl Area 5 A2-14 B W12 S -16.6 -2.4 192.1 L+V 4.0 0.91 
I H2O-NaCl Area 5 A2-14 B W11 S -14.5 -1.5 164.5 L+V 2.6 0.92 
I H2O-NaCl Area 5 A2-14 B U10 S -14.4 -1.5 146.6 L+V 2.6 0.94 
I H2O-NaCl Area 5 A2-14 B V11 S -14.7 -1.5 115.5 L+V 2.6 0.97 
I H2O-NaCl Area 5 A2-14 B Y13 S -14.4 -2.8 250 L+V 4.6 0.84 
I H2O-NaCl Area 5 A2-14 B AF11 L -7.1 -0.3 205 L+V 0.5 0.86 
I H2O-NaCl Area 5 A2-14 B W7_1 L -9.3 -1.6 242.4 L+V 2.7 0.83 
I H2O-NaCl Area 5 A2-14 B W7_2 S -5.5 -0.3 99.1 L+V 0.5 0.97 
I H2O-NaCl Area 5 A2-14 B Z10_2 S -5.2 -0.3 128.3 L+V 0.5 0.94 
I H2O-NaCl Area 5 A2-14 B AA8 S -14.4 -4.6 185.4 L+V 7.3 0.94 
I H2O-NaCl Area 5 A2-14 B AA10 S -4.4 -0.1 185 L+V 0.2 0.89 
I H2O-NaCl Area 5 A2-14 B Y9 L -4.5 -0.1 247 L+V 0.2 0.80 
I H2O-NaCl Area 5 A2-14 B U6 S -4.8 -0.1 120.7 L+V 0.2 0.95 
I H2O-NaCl Area 5 A2-14 B V8 S -12.2 -1.7 152.4 L+V 2.9 0.94 
I H2O-NaCl Area 5 A2-14 B U23 L -6.6 -0.5 269.5 L+V 0.9 0.77 
I H2O-NaCl Area 5 A2-14 B V22 S -5.7 -0.3 250 L+V 0.5 0.80 
I H2O-NaCl Area 5 A2-14 B U13 L -8.1 -0.2 255 L+V 0.4 0.79 
I H2O-NaCl Area 5 A2-14 B V15 L -8.1 -0.2 250 L+V 0.4 0.80 
I H2O-NaCl Area 5 A2-14 B U14 L -8.1 -0.2 250 L+V 0.4 0.80 
I H2O-NaCl Area 5 A2-14 B V12 S -5.6 -0.1 250 L+V 0.2 0.79 
I H2O-NaCl Area 5 A2-14 B Q8 S -9.9 -0.1 222.2 L+V 0.2 0.84 
I H2O-NaCl Area 5 A2-14 B O7 S -11.4 -1.5 155.5 L+V 2.6 0.93 
I H2O-NaCl Area 5 A2-14 C I7 S -14.5 -4.1 171.4 L+V 6.6 0.95 
I H2O-NaCl Area 5 A2-14 C H7 S -15.5 -5.3 182.7 L+V 8.3 0.95 
I H2O-NaCl Area 5 A2-14 C G14 L -14.9 -4.4 208.3 L+V 7.0 0.91 
I H2O-NaCl Area 5 A2-14 C I19 L -14.1 -4.6 178.7 L+V 7.3 0.94 
I H2O-NaCl Area 5 A2-14 C I17 S -17 -4.6 220 L+V 7.3 0.90 
I H2O-NaCl Area 5 A2-14 C J24 L -7.1 -0.1 221.9 L+V 0.2 0.84 
I H2O-NaCl Area 5 A2-14 C J22 S -16.6 -2.9 151.9 L+V 4.8 0.95 
I H2O-NaCl Area 5 A2-14 C P17 L -10 -1.1 206.8 L+V 1.9 0.87 
I H2O-NaCl Area 5 A2-14 C M19 S -7 -0.1 243.9 L+V 0.2 0.80 
I H2O-NaCl Area 5 A2-14 C G28 S -16.6 -4.8 157.8 L+V 7.6 0.97 
I H2O-NaCl Area 5 A2-14 C G17 L -17.1 -5.8 239.1 L+V 8.9 0.89 
I H2O-NaCl Area 5 A2-14 C E19 S -17.1 -6.5 242.2 L+V 9.9 0.89 
I H2O-NaCl Area 5 A2-14 C G20 S -14.9 -2.4 128.6 L+V 4.0 0.97 
I H2O-NaCl Area 5 A2-14 C H23 S -9 -0.1 236.9 L+V 0.2 0.82 
I H2O-NaCl Area 5 A2-14 C I24 S -9 -0.1 236.9 L+V 0.2 0.82 
I H2O-NaCl Area 5 A2-14 D T9_1 S -16 -6.5 236.6 L+V 9.9 0.90 
I H2O-NaCl Area 5 A2-14 D J33 S -6.1 -0.1 123 L+V 0.2 0.95 
I H2O-NaCl Area 5 A2-14 D K32 S -6.2 -0.1 123 L+V 0.2 0.95 
I H2O-NaCl Area 5 A2-14 E J13 S -9.7 -0.6 231.8 L+V 1.1 0.83 
I H2O-NaCl Area 5 A2-14 E J14 L -9.7 -0.7 231.9 L+V 1.2 0.83 
I H2O-NaCl Area 5 A2-14 E J15_1 S -9.7 -0.7 250 L+V 1.2 0.80 
I H2O-NaCl Area 5 A2-14 E J15_2 S -6 -0.5 241.7 L+V 0.9 0.81 
I H2O-NaCl Area 5 A2-14 E K13 L -12.2 -1.2 250 L+V 2.1 0.81 
I H2O-NaCl Area 5 A2-14 E K14 S -6 -0.8 261.9 L+V 1.4 0.79 
I H2O-NaCl Area 5 A2-14 E I14 S -7 -0.2 220 L+V 0.4 0.84 
I H2O-NaCl Area 5 A2-14 E I18 S -7.1 -0.6 239.1 L+V 1.1 0.82 
I H2O-NaCl Area 5 A2-14 E G19 S -8.2 -0.1 179.8 L+V 0.2 0.89 
I H2O-NaCl Area 5 A2-14 E G20 S -8 -0.2 262.7 L+V 0.4 0.77 
I H2O-NaCl Area 5 A2-14 E H24 L -7.5 -0.5 250 L+V 0.9 0.80 
I H2O-NaCl Area 5 A2-14 E I24 S -5.2 -0.1 264.6 L+V 0.2 0.77 
I H2O-NaCl Area 5 A2-14 E I25 S -15 -4.5 166.6 L+V 7.2 0.95 
I H2O-NaCl Area 5 A2-14 E L25_1 L -8 -0.1 205.9 L+V 0.2 0.86 
I H2O-NaCl Area 5 A2-14 E L25_2 S -9 -0.7 264.6 L+V 1.2 0.78 
I H2O-NaCl Area 5 A2-14 E L25_3 S -11.1 -1.1 264.1 L+V 1.9 0.79 
I H2O-NaCl Area 5 A2-14 E L23 L -17.7 -2.5 245 L+V 4.2 0.84 
I H2O-NaCl Area 5 A2-14 E K23 S -14 -0.9 196.7 L+V 1.6 0.88 
I H2O-NaCl Area 5 A2-14 E L24_1 S -13.3 -0.8 232 L+V 1.4 0.83 
I H2O-NaCl Area 5 A2-14 E L24_2 S -12 -0.1 249.9 L+V 0.2 0.79 
I H2O-NaCl Area 5 A2-14 E K25 S -11.9 -0.8 230.8 L+V 1.4 0.84 
I H2O-NaCl Area 5 A2-14 E M26 S -14.4 -1.6 224.3 L+V 2.7 0.86 
I H2O-NaCl Area 5 A2-14 E M27 S -13 -1.2 268.1 L+V 2.1 0.78 
I H2O-NaCl Area 5 A2-14 E L22 L -13 -1.1 225 L+V 1.9 0.85 
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(Continued) 
Type Composition Deposit Sample Grain FI No. Bubble size Tmi Tm Th Phases Salinity ρ (g/cm3) 
I H2O-NaCl Area 5 A2-14 E K20 S -9 -0.4 209.4 L+V 0.7 0.86 
I H2O-NaCl Area 5 A2-14 E P27_1 S -16.7 -3.5 241.1 L+V 5.7 0.86 
I H2O-NaCl Area 5 A2-14 E Q27 S -16 -3.1 169.9 L+V 5.1 0.94 
I H2O-NaCl Area 5 A2-14 E Q26 S -16 -3.1 172.2 L+V 5.1 0.93 
I H2O-NaCl Area 5 A2-14 E S23 S -7.7 -0.1 170.1 L+V 0.2 0.90 
I H2O-NaCl Area 5 A2-14 E S20_1 S -10 -0.2 247.3 L+V 0.4 0.80 
I H2O-NaCl Area 5 A2-14 E S20_2 S -10 -0.1 216.6 L+V 0.2 0.85 
I H2O-NaCl Area 5 A2-14 E S20_3 S -10 -0.1 234.1 L+V 0.2 0.82 
I H2O-NaCl Area 5 A2-14 E R17 S -10 -0.1 162.2 L+V 0.2 0.91 
I H2O-NaCl Area 5 A2-14 E T16 S -10 -0.1 255 L+V 0.2 0.79 
I H2O-NaCl Area 5 A2-14 E R16 L -12 -0.5 174.4 L+V 0.9 0.90 
I H2O-NaCl Area 5 A2-14 E R15 S -12 -0.5 174.5 L+V 0.9 0.90 
I H2O-NaCl Area 5 A2-14 E S13_2 S -17 -3.1 155.4 L+V 5.1 0.95 
I H2O-NaCl Area 5 A2-14 E Q14_2 S -11 -0.1 257.2 L+V 0.2 0.78 
I H2O-NaCl Area 5 A2-14 E S11 S -12 -0.6 182.5 L+V 1.1 0.90 
I H2O-NaCl Area 5 A2-14 E O17 S -11 -0.1 210 L+V 0.2 0.85 
I H2O-NaCl Area 5 A2-14 G I11 S -11 -0.1 158 L+V 0.2 0.92 
I H2O-NaCl Area 5 A2-14 G L13 L -11.3 -0.3 220 L+V 0.5 0.84 
I H2O-NaCl Area 5 A2-14 G N10 L -12.2 -1.9 149.6 L+V 3.2 0.94 
I H2O-NaCl Area 5 A2-14 G K12 L -17 -6.1 188.2 L+V 9.3 0.95 
I H2O-NaCl Area 5 A2-14 G L12_1 S -16.1 -6.1 133.6 L+V 9.3 1.00 
I H2O-NaCl Area 5 A2-14 G O14 S -15.9 -2.7 215 L+V 4.5 0.88 
I H2O-NaCl Area 5 A2-14 G S20 L -6 -0.6 215 L+V 1.1 0.85 
I H2O-NaCl Area 5 A2-14 G R31_1 S -10 -1.1 119.9 L+V 1.9 0.96 
I H2O-NaCl Area 5 A2-14 G R31_2 S -10 -1.1 148.7 L+V 1.9 0.94 
I H2O-NaCl Area 5 A2-14 G P32_1 S -13.3 -1.8 204.9 L+V 3.1 0.88 
I H2O-NaCl Area 5 A2-14 G P32_2 S -13.3 -1.8 205 L+V 3.1 0.88 
I H2O-NaCl Area 5 A2-14 G P33 L -8 -0.5 210.6 L+V 0.9 0.86 
I H2O-NaCl Area 5 A2-14 H R13 S -7.7 -0.5 215.2 L+V 0.9 0.85 
I H2O-NaCl Area 5 A2-14 H Q6 S -11 -1.5 213 L+V 2.6 0.87 
I H2O-NaCl Area 5 A2-14 H M23 S -9 -0.4 210 L+V 0.7 0.86 
I H2O-NaCl Area 5 A2-14 H M22 S -10 -0.6 198.6 L+V 1.1 0.88 
I H2O-NaCl Area 5 A2-14 H N22 L -10.1 -0.8 220 L+V 1.4 0.85 
I H2O-NaCl Area 5 A2-14 H P22 S -17.7 -6.2 241.1 L+V 9.5 0.89 
I H2O-NaCl Area 5 A2-14 H S22_1 S -13.3 -1.5 159.5 L+V 2.6 0.93 
I H2O-NaCl Area 5 A2-14 H T24_2 S -13.3 -1.5 149.9 L+V 2.6 0.94 
I H2O-NaCl Area 5 A2-14 H V17 S -19 -5.2 156.2 L+V 8.1 0.97 
I H2O-NaCl Area 5 A2-14 I I16 L -9 -0.3 214.6 L+V 0.5 0.85 
I H2O-NaCl Area 5 A2-14 I J16 S -9 -0.3 210 L+V 0.5 0.86 
I H2O-NaCl Area 5 A2-14 I K18 S -9 -0.2 152.7 L+V 0.4 0.92 
I H2O-NaCl Area 5 A2-14 I L15 S -12.2 -1.2 232.7 L+V 2.1 0.84 
I H2O-NaCl Area 5 A2-14 I K15_2 S -9 -0.8 171.5 L+V 1.4 0.91 
I H2O-NaCl Area 5 A2-14 I L16_1 S -9 -0.4 220 L+V 0.7 0.85 
I H2O-NaCl Area 5 A2-14 I K13 S -16.6 -3.6 157.4 L+V 5.9 0.95 
I H2O-NaCl Area 5 A2-14 I N17 S -10 -0.4 220 L+V 0.7 0.85 
I H2O-NaCl Area 5 A2-14 I Q17 S -12.5 -2.5 188.2 L+V 4.2 0.91 
I H2O-NaCl Area 5 A2-14 I T20 S -7 -0.3 258.6 L+V 0.5 0.78 
I H2O-NaCl Area 5 A2-14 I L13 S -7 -0.1 169.4 L+V 0.2 0.90 
I H2O-NaCl Area 5 A2-14 I L11 S -14.4 -2.5 140.5 L+V 4.2 0.96 
I H2O-NaCl Area 5 A2-14 I I13 L -8 -0.2 272.3 L+V 0.4 0.76 
I H2O-NaCl Area 5 A2-14 I J11_1 S -8 -0.2 202.4 L+V 0.4 0.87 
I H2O-NaCl Area 5 A2-14 I J11_2 S -8 -0.2 228.7 L+V 0.4 0.83 
I H2O-NaCl Area 5 A2-14 I J11_3 S -8 -0.2 216.2 L+V 0.4 0.85 
I H2O-NaCl Area 5 A2-14 I J10 S -7.5 -0.1 207.1 L+V 0.2 0.86 
I H2O-NaCl Area 5 A2-14 I K9_1 S -7.5 -0.1 173 L+V 0.2 0.90 
I H2O-NaCl Area 5 A2-14 I O1 L -8 -0.2 192.4 L+V 0.4 0.88 
I H2O-NaCl Area 5 A2-14 I O2 L -9.1 -0.3 218.1 L+V 0.5 0.85 
I H2O-NaCl Area 5 A2-14 I P2 L -10.1 -0.4 198.7 L+V 0.7 0.87 
I H2O-NaCl Area 5 A2-14 I P1 S -7.7 -0.1 209.9 L+V 0.2 0.85 
II H2O-NaCl Area 5 A2-14 A X7 S -15 -9.8 166.5 L+V 13.7 1.00 
II H2O-NaCl Area 5 A2-14 A O29 S -16 -10.1 155.6 L+V 14.0 1.01 
II H2O-NaCl Area 5 A2-14 E N23 S -17 -12.1 198.1 L+V 16.1 0.99 
II H2O-NaCl Area 5 A2-14 G I8 S -16.6 -12.1 220.2 L+V 16.1 0.97 
II H2O-NaCl Area 5 A2-14 G J24_1 S -16.7 -12.9 156.9 L+V 16.8 1.03 
II H2O-NaCl Area 5 A2-14 H F11 S -16 -14.4 200.1 L+V 18.1 1.01 
II H2O-NaCl Area 5 A2-14 H G10 S -16 -14.4 215.5 L+V 18.1 0.99 
II H2O-NaCl Area 5 A2-14 H G11 S -16 -14.4 213.3 L+V 18.1 0.99 
II H2O-NaCl Area 5 A2-14 I Q16 S -21 -9.3 222.2 L+V 13.2 0.94 
III H2O-CaCl2-NaCl Area 5 A2-14 A P9 S -40 -17.8 180 L+V 19.6 1.05 
III H2O-CaCl2-NaCl Area 5 A2-14 A Q27 S -50.1 -24.8 124.5 L+V 22.9 1.13 
III H2O-CaCl2-NaCl Area 5 A2-14 A N29 S -50.3 -23.6 155 L+V 22.4 1.10 
III H2O-CaCl2-NaCl Area 5 A2-14 A W8 S -37 -17.9 129.1 L+V 20.9 1.09 
III H2O-CaCl2-NaCl Area 5 A2-14 A W10 S -33 -19.7 144 L+V 22.2 1.09 
III H2O-CaCl2-NaCl Area 5 A2-14 A O7 S -35 -19.7 102.7 L+V 22.2 1.12 
III H2O-CaCl2-NaCl Area 5 A2-14 B W10 L -48.7 -23.1 149.1 L+V 22.2 1.10 
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(Continued) 
Type Composition Deposit Sample Grain FI No. Bubble size Tmi Tm Th Phases Salinity ρ (g/cm3) 
III H2O-CaCl2-NaCl Area 5 A2-14 B X11 S -47.1 -23.2 171.5 L+V 22.2 1.08 
III H2O-CaCl2-NaCl Area 5 A2-14 B Y15 L -45 -22.6 210.7 L+V 22.0 1.05 
III H2O-CaCl2-NaCl Area 5 A2-14 B Z15 L -49.7 -24.1 146.6 L+V 22.6 1.11 
III H2O-CaCl2-NaCl Area 5 A2-14 B Y18 L -51.1 -24.1 134.4 L+V 22.6 1.12 
III H2O-CaCl2-NaCl Area 5 A2-14 B X17 L -50.6 -24.1 130.9 L+V 22.6 1.12 
III H2O-CaCl2-NaCl Area 5 A2-14 B Z10_1 S -50 -25.2 181.1 L+V 23.1 1.09 
III H2O-CaCl2-NaCl Area 5 A2-14 B Z11 S -47.7 -21.3 177.7 L+V 21.3 1.07 
III H2O-CaCl2-NaCl Area 5 A2-14 B AF19 L -30.9 -2.7 187.8 L+V 5.1 0.91 
III H2O-CaCl2-NaCl Area 5 A2-14 B X20 S -43.8 -21.1 145.5 L+V 21.3 1.09 
III H2O-CaCl2-NaCl Area 5 A2-14 B R8 S -23.3 -0.8 168.8 L+V 1.4 0.91 
III H2O-CaCl2-NaCl Area 5 A2-14 B W6 S -42 -20.8 120.7 L+V 22.9 1.11 
III H2O-CaCl2-NaCl Area 5 A2-14 C N17 S -37.7 -7.6 201 L+V 11.8 0.95 
III H2O-CaCl2-NaCl Area 5 A2-14 E R18 S -49.1 -24.3 177.7 L+V 22.7 1.08 
III H2O-CaCl2-NaCl Area 5 A2-14 E T12 S -24.4 -0.5 159.8 L+V 0.9 0.92 
III H2O-CaCl2-NaCl Area 5 A2-14 E J25 S -31 -16.1 211.5 L+V 19.5 1.01 
III H2O-CaCl2-NaCl Area 5 A2-14 G K14_1 S -46.6 -24.2 125.2 L+V 22.7 1.13 
III H2O-CaCl2-NaCl Area 5 A2-14 G K14_2 S -49.1 -23.2 120.5 L+V+S 22.2 1.12 
III H2O-CaCl2-NaCl Area 5 A2-14 G L12_2 L -38.8 -6.9 241.2 L+V 11.0 0.90 
III H2O-CaCl2-NaCl Area 5 A2-14 G K13 S -41.1 -14.8 128.2 L+V 17.8 1.07 
III H2O-CaCl2-NaCl Area 5 A2-14 G L20_1 L -49.9 -24.5 174 L+V 22.8 1.09 
III H2O-CaCl2-NaCl Area 5 A2-14 G L20_2 S -50.5 -24.6 115.1 L+V 22.8 1.13 
III H2O-CaCl2-NaCl Area 5 A2-14 G K22 S -29.3 -9.2 185 L+V 13.3 0.98 
III H2O-CaCl2-NaCl Area 5 A2-14 G O12_1 S -50.1 -24.1 178.5 L+V 22.6 1.08 
III H2O-CaCl2-NaCl Area 5 A2-14 G P21_2 S -36.5 -11.6 124.2 L+V 15.5 1.05 
III H2O-CaCl2-NaCl Area 5 A2-14 G N25 S -27.7 -7.2 210 L+V 11.2 0.94 
III H2O-CaCl2-NaCl Area 5 A2-14 G L41 S -44.4 -21.2 158 L+V 21.3 1.08 
III H2O-CaCl2-NaCl Area 5 A2-14 G O34 S -25.5 -3.5 130.9 L+V 6.2 0.98 
III H2O-CaCl2-NaCl Area 5 A2-14 G O33 S -43.7 -20.8 134.6 L+V 21.1 1.10 
III H2O-CaCl2-NaCl Area 5 A2-14 H F13_2 S -46.9 -22.5 142.4 L+V 21.9 1.10 
III H2O-CaCl2-NaCl Area 5 A2-14 H T15_1 L -50.5 -24.7 135.3 L+V 22.9 1.12 
III H2O-CaCl2-NaCl Area 5 A2-14 H T15_2 L -51.3 -25.8 119.5 L+V 23.3 1.14 
III H2O-CaCl2-NaCl Area 5 A2-14 H T15_3 S -48.8 -25.1 153.6 L+V 23.1 1.11 
III H2O-CaCl2-NaCl Area 5 A2-14 H P17_3 S -29.7 -2.5 144.9 L+V 4.8 0.95 
III H2O-CaCl2-NaCl Area 5 A2-14 H N19 S -26.6 -0.6 123.7 L+V 1.2 0.95 
III H2O-CaCl2-NaCl Area 5 A2-14 H N13 S -50 -25.2 150.1 L+V 23.1 1.11 
III H2O-CaCl2-NaCl Area 5 A2-14 H J26 S -28.8 -3.2 149.9 L+V 5.8 0.96 
III H2O-CaCl2-NaCl Area 5 A2-14 H K26 S -24.4 -2.5 112.7 L+V 4.5 0.98 
III H2O-CaCl2-NaCl Area 5 A2-14 H N21 L -22.9 -0.5 155 L+V 0.7 0.92 
III H2O-CaCl2-NaCl Area 5 A2-14 H N15_1 S -31 -18.2 164.5 L+V 21.1 1.06 
III H2O-CaCl2-NaCl Area 5 A2-14 I K16 S -44.4 -23.5 143.2 L+V 22.4 1.11 
III H2O-CaCl2-NaCl Area 5 A2-14 I L16_2 L -49.5 -24.6 207.7 L+V 22.8 1.06 
III H2O-CaCl2-NaCl Area 5 A2-14 I K7 S -23.1 -0.6 173.1 L+V+S 1.0 0.91 
I H2O-NaCl Wolverine W7-3 A P20 L -15.5 -3.4 210 L+V 5.6 0.90 
I H2O-NaCl Wolverine W7-3 A Q27 L -16.7 -4.1 203.5 L+V 6.6 0.91 
I H2O-NaCl Wolverine W7-3 A S25_1 L -11 -1.1 257 L+V 1.9 0.80 
I H2O-NaCl Wolverine W7-3 A S25_2 S -16.6 -4.6 207.1 L+V 7.3 0.91 
I H2O-NaCl Wolverine W7-3 A U24 L -16 -4.1 215 L+V 6.6 0.90 
I H2O-NaCl Wolverine W7-3 A T26 L -6 -0.1 215 L+V 0.2 0.85 
I H2O-NaCl Wolverine W7-3 A Y23 L -14.4 -2.8 220 L+V 4.6 0.88 
I H2O-NaCl Wolverine W7-3 A U45 S -7 -0.3 135 L+V 0.5 0.94 
I H2O-NaCl Wolverine W7-3 A U51_1 S -15 -5.6 144.5 L+V 8.7 0.98 
I H2O-NaCl Wolverine W7-3 A S47 S -7 -0.8 224.3 L+V 1.4 0.84 
I H2O-NaCl Wolverine W7-3 A O35 L -14.1 -6.4 210.7 L+V 9.7 0.93 
I H2O-NaCl Wolverine W7-3 A O37 L -8 -0.1 175.7 L+V 0.2 0.90 
I H2O-NaCl Wolverine W7-3 A O39 L -8 -0.1 180.1 L+V 0.2 0.89 
I H2O-NaCl Wolverine W7-3 A P62 L -11.1 -1.3 210.1 L+V 2.2 0.87 
I H2O-NaCl Wolverine W7-3 A O63 S -13.7 -6.1 194.4 L+V 9.3 0.94 
I H2O-NaCl Wolverine W7-3 A Y50 S -8 -0.1 220.1 L+V 0.2 0.84 
I H2O-NaCl Wolverine W7-3 B W4 S -8 -0.1 141.9 L+V 0.2 0.93 
I H2O-NaCl Wolverine W7-3 B M22_1 S -8 -0.1 144.2 L+V 0.2 0.93 
I H2O-NaCl Wolverine W7-3 B M22_2 S -8 -0.1 178.8 L+V 0.2 0.89 
I H2O-NaCl Wolverine W7-3 B M23 S -8 -0.1 145.1 L+V 0.2 0.93 
I H2O-NaCl Wolverine W7-3 B P26_1 L -17.7 -3.4 178.8 L+V 5.6 0.93 
I H2O-NaCl Wolverine W7-3 B P26_2 S -8 -0.1 142.4 L+V 0.2 0.93 
I H2O-NaCl Wolverine W7-3 B P24 S -13 -2.1 224.7 L+V 3.5 0.86 
I H2O-NaCl Wolverine W7-3 B T19 S -13 -4.5 148.2 L+V 7.2 0.97 
I H2O-NaCl Wolverine W7-3 B O35 S -13 -2.1 228.7 L+V 3.5 0.86 
I H2O-NaCl Wolverine W7-3 D J18 S -11.1 -1.1 138.8 L+V 1.9 0.94 
I H2O-NaCl Wolverine W7-3 D I23 S -7 -0.2 250.1 L+V 0.4 0.80 
I H2O-NaCl Wolverine W7-3 D H22_1 S -7 -0.1 130.7 L+V 0.2 0.94 
I H2O-NaCl Wolverine W7-3 D H23_2 S -7 -2.1 137.3 L+V 3.5 0.96 
I H2O-NaCl Wolverine W7-3 D H24_1 S -8 -0.1 125.6 L+V 0.2 0.94 
I H2O-NaCl Wolverine W7-3 D H24_2 S -8 -0.1 141.1 L+V 0.2 0.93 
I H2O-NaCl Wolverine W7-3 D G25_1 S -8 -0.2 150.7 L+V 0.4 0.92 
I H2O-NaCl Wolverine W7-3 D E19 S -8 -0.1 165.6 L+V 0.2 0.91 
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(Continued) 
Type Composition Deposit Sample Grain FI No. Bubble size Tmi Tm Th Phases Salinity ρ (g/cm3) 
I H2O-NaCl Wolverine W7-3 D F19 S -7 -0.1 142.2 L+V 0.2 0.93 
I H2O-NaCl Wolverine W7-3 E L8_1 L -16.5 -3.5 224.7 L+V 5.7 0.88 
I H2O-NaCl Wolverine W7-3 E L9 S -7 -0.1 180.6 L+V 0.2 0.89 
I H2O-NaCl Wolverine W7-3 E M4 L -12.1 -1.2 146.8 L+V 2.1 0.94 
I H2O-NaCl Wolverine W7-3 E M6 S -9 -0.1 152.2 L+V 0.2 0.92 
I H2O-NaCl Wolverine W7-3 E J10 S -9 -0.2 120.9 L+V 0.4 0.95 
I H2O-NaCl Wolverine W7-3 E E8 S -9 -0.1 212.7 L+V 0.2 0.85 
I H2O-NaCl Wolverine W7-3 F P41 L -15.5 -4.4 221.9 L+V 7.0 0.89 
I H2O-NaCl Wolverine W7-3 F I27_2 S -8.5 -0.2 131.9 L+V 0.4 0.94 
I H2O-NaCl Wolverine W7-3 F N23 S -13 -5.5 160.8 L+V 8.5 0.97 
I H2O-NaCl Wolverine W7-3 F R18 L -13.3 -1.8 215 L+V 3.1 0.87 
I H2O-NaCl Wolverine W7-3 F S17_1 L -11 -1.5 210 L+V 2.6 0.87 
I H2O-NaCl Wolverine W7-3 F S17_2 L -11 -1.1 220 L+V 1.9 0.85 
I H2O-NaCl Wolverine W7-3 F S17_3 L -11 -1.2 215 L+V 2.1 0.86 
I H2O-NaCl Wolverine W7-3 F S17_4 L -11 -1.7 215 L+V 2.9 0.87 
I H2O-NaCl Wolverine W7-3 F T17 L -14.5 -2.1 210 L+V 3.5 0.88 
I H2O-NaCl Wolverine W7-3 F T16 L -14.5 -2.7 215 L+V 4.5 0.88 
I H2O-NaCl Wolverine W7-3 F U16 L -13.1 -6.2 157.5 L+V 9.5 0.98 
I H2O-NaCl Wolverine W7-3 F U17 L -12.5 -2.5 210 L+V 4.2 0.89 
I H2O-NaCl Wolverine W7-3 F W15_1 S -10 -0.5 204.8 L+V 0.9 0.87 
I H2O-NaCl Wolverine W7-3 F W15_2 S -10 -0.5 241.7 L+V 0.9 0.81 
I H2O-NaCl Wolverine W7-3 F X16 S -9 -0.2 225 L+V 0.4 0.84 
I H2O-NaCl Wolverine W7-3 F AC12 S -16 -4.4 225.5 L+V 7.0 0.89 
I H2O-NaCl Wolverine W7-3 F AB12 L -7 -0.1 170.7 L+V 0.2 0.90 
I H2O-NaCl Wolverine W7-3 G L21_1 L -7 -0.1 185.7 L+V 0.2 0.89 
I H2O-NaCl Wolverine W7-3 G L21_2 S -7 -0.2 180.3 L+V 0.4 0.89 
I H2O-NaCl Wolverine W7-3 G L21_3 S -9 -0.5 175.1 L+V 0.9 0.90 
I H2O-NaCl Wolverine W7-3 G W23 S -7 -0.1 205.5 L+V 0.2 0.86 
I H2O-NaCl Wolverine W7-3 G W24 S -7 -0.1 190.7 L+V 0.2 0.88 
I H2O-NaCl Wolverine W7-3 G L1_2 L -8 -0.2 220 L+V 0.4 0.84 
I H2O-NaCl Wolverine W7-3 G M1 S -8 -0.3 167.6 L+V 0.5 0.91 
I H2O-NaCl Wolverine W7-3 H S5 S -11.5 -1.3 228.7 L+V 2.2 0.85 
I H2O-NaCl Wolverine W7-3 H N4 S -9.5 -0.8 178.1 L+V 1.4 0.90 
I H2O-NaCl Wolverine W7-3 H N9_1 S -9.5 -0.5 220 L+V 0.9 0.85 
I H2O-NaCl Wolverine W7-3 H N9_2 S -9.5 -0.5 255.5 L+V 0.9 0.79 
I H2O-NaCl Wolverine W7-3 H O10 L -11.5 -1.5 250.5 L+V 2.6 0.82 
I H2O-NaCl Wolverine W7-3 H L10_1 S -6 -0.4 152.2 L+V 0.7 0.92 
I H2O-NaCl Wolverine W7-3 H L10_2 S -12.2 -1.5 148.9 L+V 2.6 0.94 
I H2O-NaCl Wolverine W7-3 H M9 S -9.5 -0.2 138 L+V 0.4 0.94 
I H2O-NaCl Wolverine W7-3 H N8 S -10 -1.1 225.1 L+V 1.9 0.85 
I H2O-NaCl Wolverine W7-3 H M8_1 S -10.1 -2.1 226.6 L+V 3.5 0.86 
I H2O-NaCl Wolverine W7-3 H N10_1 S -10.1 -2.1 254.3 L+V 3.5 0.82 
I H2O-NaCl Wolverine W7-3 H N10_2 S -10.1 -2.3 249.1 L+V 3.9 0.83 
I H2O-NaCl Wolverine W7-3 H I19_1 S -9 -0.8 193.7 L+V 1.4 0.88 
I H2O-NaCl Wolverine W7-3 H I19_2 S -15.6 -3.1 195.5 L+V 5.1 0.91 
I H2O-NaCl Wolverine W7-3 H H19 S -15.6 -3.5 147.7 L+V 5.7 0.96 
I H2O-NaCl Wolverine W7-3 H I13_1 S -5 -0.3 140.9 L+V 0.5 0.93 
I H2O-NaCl Wolverine W7-3 H I13_2 S -5.5 -0.2 155.5 L+V 0.4 0.92 
I H2O-NaCl Wolverine W7-3 H K7 S -5.5 -0.4 162.6 L+V 0.7 0.91 
I H2O-NaCl Wolverine W7-3 H L5 L -14.4 -3.7 245.1 L+V 6.0 0.86 
I H2O-NaCl Wolverine W7-3 H L6 S -8 -0.5 237 L+V 0.9 0.82 
I H2O-NaCl Wolverine W7-3 H K4_1 S -16.7 -4.5 200.5 L+V 7.2 0.92 
I H2O-NaCl Wolverine W7-3 H K4_2 S -7 -0.5 235.1 L+V 0.9 0.82 
I H2O-NaCl Wolverine W7-3 H K4_3 S -7 -0.8 220 L+V 1.4 0.85 
I H2O-NaCl Wolverine W7-3 H K4_4 S -7 -0.4 136.8 L+V 0.7 0.94 
I H2O-NaCl Wolverine W7-3 H J6_2 S -15.5 -2.9 149.3 L+V 4.8 0.95 
I H2O-NaCl Wolverine W7-3 H I6_1 S -14.3 -1.8 121.9 L+V 3.1 0.97 
I H2O-NaCl Wolverine W7-3 H I6_2 S -14.4 -2.5 215.2 L+V 4.2 0.88 
I H2O-NaCl Wolverine W7-3 H I7 S -13 -3.5 250.5 L+V 5.7 0.85 
I H2O-NaCl Wolverine W7-3 H G8 S -6 -0.1 211.3 L+V 0.2 0.85 
I H2O-NaCl Wolverine W7-3 H G9 S -16.6 -3.1 215.5 L+V 5.1 0.89 
I H2O-NaCl Wolverine W7-3 H J14_1 S -9 -1.1 220.2 L+V 1.9 0.85 
I H2O-NaCl Wolverine W7-3 H J14_2 L -9 -1.2 245.5 L+V+S 2.1 0.82 
I H2O-NaCl Wolverine W7-3 H H25 L -9 -0.1 228.8 L+V 0.2 0.83 
I H2O-NaCl Wolverine W7-3 H K9_1 L -8 -0.5 158.9 L+V 0.9 0.92 
I H2O-NaCl Wolverine W7-3 H K9_2 L -15 -4.1 245.7 L+V 6.6 0.86 
II H2O-NaCl Wolverine W7-3 D J19 S -13 -8.8 200 L+V 12.6 0.96 
III H2O-CaCl2-NaCl Wolverine W7-3 A P22 L -26.6 -2.1 210 L+V 3.9 0.88 
III H2O-CaCl2-NaCl Wolverine W7-3 A P25 L -30.1 -7.5 198 L+V 11.5 0.95 
III H2O-CaCl2-NaCl Wolverine W7-3 A Z24 S -35.5 -6.1 171.9 L+V 10 0.97 
III H2O-CaCl2-NaCl Wolverine W7-3 A V45 S -39.5 -15.1 160.7 L+V 18 1.05 
III H2O-CaCl2-NaCl Wolverine W7-3 A V54 L -33.3 -6.3 198.8 L+V 10.2 0.94 
III H2O-CaCl2-NaCl Wolverine W7-3 A U51_3 S -29.7 -3.5 132.5 L+V 6.3 0.97 
III H2O-CaCl2-NaCl Wolverine W7-3 B V11 S -48.7 -21.4 116.7 L+V 21.4 1.12 
III H2O-CaCl2-NaCl Wolverine W7-3 B M19 S -38.8 -19.4 174.5 L+V 20.5 1.06 
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(Continued) 
Type Composition Deposit Sample Grain FI No. Bubble size Tmi Tm Th Phases Salinity ρ (g/cm3) 
III H2O-CaCl2-NaCl Wolverine W7-3 D H23_1 S -33.3 -12.5 151.4 L+V 16.2 1.04 
III H2O-CaCl2-NaCl Wolverine W7-3 D F21_1 S -37.2 -10.9 184.4 L+V 14.9 1.00 
III H2O-CaCl2-NaCl Wolverine W7-3 E M8 S -31.1 -10.1 211.1 L+V 14.2 0.96 
III H2O-CaCl2-NaCl Wolverine W7-3 F P25 S -29.5 -8.9 191.3 L+V 13 0.97 
III H2O-CaCl2-NaCl Wolverine W7-3 F L24 S -48.8 -20.8 148.3 L+V 21.1 1.09 
III H2O-CaCl2-NaCl Wolverine W7-3 G M20_1 S -25.3 -2.2 170.7 L+V 4 0.93 
III H2O-CaCl2-NaCl Wolverine W7-3 G M20_2 S -27.6 -2.2 168.8 L+V 4.2 0.93 
III H2O-CaCl2-NaCl Wolverine W7-3 G M20_3 S -26.6 -2.2 165 L+V 4.1 0.93 
III H2O-CaCl2-NaCl Wolverine W7-3 G L1_1 L -23.3 -1.1 193.3 L+V+S 1.9 0.89 
III H2O-CaCl2-NaCl Wolverine W7-3 H M8_2 S -29.9 -4.5 218.6 L+V 7.8 0.90 
III H2O-CaCl2-NaCl Wolverine W7-3 H L12 S -28.5 -1.9 207.7 L+V 3.7 0.88 
III H2O-CaCl2-NaCl Wolverine W7-3 H I19_3 L -30 -2.9 225.5 L+V 5.4 0.87 
III H2O-CaCl2-NaCl Wolverine W7-3 H L15 S -47.6 -19.1 168.8 L+V 20.2 1.06 
III H2O-CaCl2-NaCl Wolverine W7-3 H I11 S -40 -15.7 157.7 L+V 18.3 1.05 
III H2O-CaCl2-NaCl Wolverine W7-3 H I10_1 S -41.1 -14.1 165.1 L+V 17.3 1.04 
III H2O-CaCl2-NaCl Wolverine W7-3 H I10_2 S -38.3 -13.7 170.7 L+V 17 1.03 

*Type I: Low salinity H2O-NaCl; Type II: medium salinity H2O-NaCl; Type III: High salinity H2O-

CaCl2-NaCl. 
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