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ABSTRACT 
 
 The Kautokeino Greenstone Belt in Finnmark, Northern Norway is host to the Biggejavri 

U-REE occurrence and the Bidjovagge Cu-Au deposit. The Biggejavri U-REE occurrence is 

hosted in albitite lenses within the amphibolite unit of the Suoluvuopmi Formation whereas the 

Bidjovagge Cu-Au deposit is hosted in shear structures crosscutting albitite lenses in the 

amphibolite of the Časkejas Formation in the west. Both Biggejavri and Bidjovagge occur in the 

same stratigraphic sequence, comprised of amphibolites, mica and graphitic schists, 

metadolerites and albitite lenses, with the high Mg amphibolite only occurring at Biggejavri. The 

Biggejavri U-REE occurrence is unique in its mineralogy with the predominant ore mineral 

being davidite-loveringite ((La,Ce,Ca)(Y,U)(Ti,Fe3+)20O38-(Ca,Ce)(Ti,Fe3+,Cr,Mg)21O38). The 

aim of this study is to better understand the formation of the complex mineralogy observed in the 

Biggejavri area. 

Amphibole from all units of the Biggejavri U-REE occurrence as well as the Bidjovagge 

Cu-Au deposit were analyzed using FE-SEM, automated mineralogy, EPMA, and LA-ICP-MS. 

Trace elements such as Ni and Cr are highest in amphibole in the high Mg amphibolite from the 

Biggejavri U-REE occurrence, whereas trace elements such as Ti and V are highest in amphibole 

from the albitite lenses.  

Biggejavri displays a unique co-location of mafic high Mg rocks and highly evolved 

felsic rocks. While trace element analysis of amphibole indicates that the high Mg amphibolite, 

formerly a komatiite, is highly enriched in elements such as Ni and Cr, the felsic albitite lenses 

within the high Mg amphibolite show enrichment in elements such as Ti, V, and REEs. During 

metamorphism, the aforementioned elements were released into the metamorphic fluid and 

formed rare minerals of the davidite-lovingerite solid solution series 

((La,Ce,Ca)(Y,U)(Ti,Fe3+)20O38-(Ca,Ce)(Ti,Fe3+,Cr,Mg)21O38).  

 
 

 

 
 



iv 
 

 

TABLE OF CONTENTS 
 
ABSTRACT ............................................................................................................................. iii 

LIST OF FIGURES .................................................................................................................. vi 

LIST OF TABLES .................................................................................................................. viii 

ACKNOWLEGDEMENTS....................................................................................................... ix 

CHAPTER 1 ...............................................................................................................................1 

1.1 Introduction ..................................................................................................................1 

1.2 Greenstone Belts ...........................................................................................................1 

1.2.1 Ore Deposits hosted in Greenstone Belts ................................................................3 

1.2.2 Orogenic Gold Deposits ..............................................................................................5 

1.3 Baltic Shield Geology ...................................................................................................6 

1.3.1 Baltic Shield Deposits .................................................................................................7 

CHAPTER 2 ...............................................................................................................................9 

2.1 Introduction .......................................................................................................................9 

2.2 Geology .............................................................................................................................9 

2.2.1 Biggejavri (U-REE) .................................................................................................. 12 

2.2.2 Bidjovagge (Cu-Au) ................................................................................................. 14 

2.3 Analytical Techniques ..................................................................................................... 15 

2.3.1 Automated Mineralogy ............................................................................................. 15 

2.3.2 Field Emission Scanning Electron Microscope.......................................................... 16 

2.3.3 Electron Probe Microanalysis ................................................................................... 16 

2.3.4 Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry .............................. 17 

2.4 Results............................................................................................................................. 17 

2.4.1 Petrography .............................................................................................................. 17 



v 
 

2.4.2 Electron Probe Microanalysis of Amphibole ............................................................. 33 

2.4.3 Trace Elements in Amphiboles ................................................................................. 40 

2.5 Discussion ....................................................................................................................... 42 

2.5.1 Lithologies ................................................................................................................ 42 

2.5.2 Metamorphic History ................................................................................................ 44 

2.5.3 Amphibole Trace Element Systematics ..................................................................... 48 

2.5.4 Ore Forming Processes ............................................................................................. 50 

2.5.5 Conclusions .............................................................................................................. 52 

CHAPTER 3 ............................................................................................................................. 54 

REFERENCES ......................................................................................................................... 56 

 
 



vi 
 

 

LIST OF FIGURES 
 
Figure 1.1  Map of continental cratons across the world...........................................................2 
 

Figure 1.2  Generalized geologic map of the Baltic Shield divided by age and bedrock type..7 
 

Figure 1.3  Mineralized areas in the Baltic Shield by commodity (Eilu, 2012).........................8 
 

Figure 2.1  Geologic map of the western part of the Kautokeino Greenstone Belt.................10 
 

Figure 2.2  Stratigraphic column of the Kautokeino Greenstone Belt.....................................11 
 

Figure 2.3  Simplified geologic map of the area around Biggejavri with select sample  
location marked in red...........................................................................................13 

 

Figure 2.4  Geologic map of the Bidjovagge deposit...............................................................15 
 

Figure 2.5  Photomicrographs showing the mineralogical and textural aspects of the 
mineralized albitite……………………………………….....................................20 

 

Figure 2.6   Automated mineralogy scan of sample 840903, a mineralized albitite unit at 
Biggejavri...............................................................................................................21 

 

Figure 2.7  Photomicrographs showing the mineralogical and textural aspects of the 
amphibolite, high Mg amphibolite, and metadolerite formations of the  
Biggejavri deposit..................................................................................................22 

 

Figure 2.8  Automated mineralogy scans of the amphibolite unit at Biggejavri......................25 
 

Figure 2.9  Automated mineralogy scans of the high Mg amphibolite unit at Biggejavri.......26 
 

Figure 2.10  Automated mineralogy scans of the metadolerite unit at Biggejavri.....................27  
 

Figure 2.11  Photomicrographs showing the mineralogical and textural aspects of the albitite, 
amphibolite, and metadolerite formations of the Bidjovagge deposit...................28 

 

Figure 2.12  Automated mineralogy scan of a mineralized albitite unit at Bidjovagge.............30 
 

Figure 2.13  Automated mineralogy scans of the amphibolite unit at Bidjovagge....................31 
 

Figure 2.14  Automated mineralogy scans of the metadolerite unit at Bidjovagge...................32 
 
Figure 2.15  Graph showing the change of amphibole chemistry in calcic end members  

using EPMA data...................................................................................................33 
 

Figure 2.16  Major element chemistry in amphibole from all different geologic units.............39 
 

Figure 2.17  Line graphs of the trace element concentrations (ppm) in amphiboles in each 
geologic unit...........................................................................................................41  

 

Figure 2.18  AFM diagram of the whole rock data from Biggejavri.........................................44 



vii 
 

 

Figure 2.19  Anthophyllite as observed in the high Mg amphibolite unit..................................47 
 

Figure 2.20  Graphs of the trace element concentrations (ppm) in amphiboles plotted against 
Mg# as an approximation for end member............................................................49  

 

 
 
 



viii 
 

 

LIST OF TABLES 
 
Table 1.1  Common mineral deposits found in greenstone belts..............................................5 
 

Table 2.1  List of provided thin sections from each deposit with sample name and  
lithology from Biggejavri and Bidjovagge and analyses run on each...................18 

 

Table 2.2 List of representative analyses and median, minimum, and maximum values  
from all units studied.............................................................................................35 
 

Table 2.3 List of provided whole rock data for thin section samples....................................43 
 

 

 



ix 
 

 

ACKNOWLEGDEMENTS 
 
 I would first like to thank Dr. Katharina Pfaff for being my advisor and helping me 

through this thesis over the many years that it took to finish. Her patience and willingness to help 

me is the only reason I was able to complete it and I owe her more than a thank you. To my 

committee members and professors, Dr. Alex Gysi and Dr. Ric Wendlandt, another thank you for 

sticking through this process, providing insight and experience, and encouraging me. Another 

thank you to Dr. Richard Palin because even though our time at Mines did not overlap for long, 

he was immensely helpful in the end assisting with the interpretation of the metamorphic 

assemblages. 

 To Julian Schilling for providing this project and giving feedback over many 

conversations scheduled around the European time difference, a huge thank you. Without him 

this thesis would not have been possible. I would also like to thank Jan Sverre Sandstad for 

providing the thin sections that were used for analysis and various forms of data and papers to 

help get me started. In helping with those analyses, I would like to thank Heather Lowers and 

Alan Koenig from the USGS for their assistance in EPMA and LA-ICP-MS analysis 

respectively. 

 Finally, I would like to thank my parents. They always encouraged my love of learning, 

science, and rocks to get me to where I am today. They provided so much support for my 

education and believed in me to finish this thesis. 

 

 



1 
 

 

CHAPTER 1 

THE GEOLOGY OF GREENSTONE BELTS AND ASSOCIATED ORE DEPOSITS 

 

1.1 Introduction 

 The Kautokeino Greenstone Belt in Finnmark, Northern Norway is host to the Biggejavri 

U-REE occurrence. Historically, this area has not been well studied since its discovery in the 

1980s. This project uses petrography, SEM-based techniques, and LA-ICP-MS to study the 

changing chemistry in an ubiquitous mineral group, amphibole, to understand the evolution of 

the Biggejavri area in the context of Kautokeino and other greenstone belts. 

 

1.2 Greenstone Belts 

 Greenstone belt is a very general term for variable geologic setting that can be found 

worldwide (De Wit and Ashwal, 1997). The name greenstone belt comes from the green color of 

the minerals observed in the field (Kröner, 1981). Derived from a field observation, it is no 

surprise that a singular definition of the term ‘greenstone belt’ is hard to create. Anhaeusser 

(2013) states that greenstone belts are commonly found in continental cratons of approximately 

Archean age with variable lithologies that have undergone metamorphism and alteration of some 

kind. A worldwide map of these cratons is shown in Figure 1.1. Greenstone belts all contain 

some sort of mafic volcanism which, when undergoing greenschist facies metamorphism, 

produce minerals such as chlorite or epidote to give the rocks a green color (Kröner, 1981).  

The study of greenstone belts has been ongoing for many years and has continued to 

highlight the variability in the term (De Wit and Ashwal, 1997). While greenstone belts generally 

have thick successions of volcanics overlain by sedimentary lithologies, each greenstone belt is 

unique in its sequence and some greenstone belts show several cycles of these successions 

(Anhaeusser, 2013). The volcanics can range from ultramafic to felsic in compositions and the 

sedimentary facies can show as much variety (De Wit and Ashwal, 1997). A famous form of 

ultramafic rock types found in greenstone belts are komatiites. Komatiites are a high-Mg (MgO 

> 18 wt%) rock type that are mostly found in Archean age rocks (Nesbitt et al., 1982). They are 

formed from mantle-sourced magma that is superheated and cools upon eruption to create a 
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specific texture in the crystallizing olivine and pyroxene that is called spinifex texture (Arndt, 

1982). Komatiites do not exist in younger rocks due to the higher thermal gradient that existed in 

early Earth processes that led to the melting and superheating of the mantle and the eruption of 

komatiitic lava (Nesbitt, Jahn, and Purvis, 1982). Though komatiites are specific to Archean 

greenstone belt terranes, mafic to felsic volcanics that are observed are still produced through 

magmatic processes today. Basalt, andesite, rhyolite, and other calc-alkaline compositions are 

frequently seen in greenstone belts (Anhaeusser, 2013) and the sedimentary facies can range 

greatly from sedimentation of the volcanics to quartz arenite deposition (De Wit and Ashwal, 

1997). 

 

 
Figure 1.1 Map of continental cratons across the world (Anhaeusser, 2013). Areas in pink 
represent estimated overlain areas and grey are exposed terranes. 1 = Yilgarn, 2 = Pilbara, 3 = 
Indian, 4 = North China, 5 = Aldan-Stanovik, 6 = Yenisei, 7 = Anabar, 8 = Kaapvaal, 9 = 
Zimbabwe, 10 = Central African, 11 = Kasai, 12 = West African, 13 = Ukranian, 14 = Baltic-
Svecofennian, 15 = North Atlantic, 16 = Superior, 17 = Wyoming, 18 = Slave, 19 = Sao 
Francisco, 20 = Amazonian, 21 = East Antarctica 

 

The lithology of the greenstone belt will be largely dependent on the tectonic setting (De 

Wit and Ashwal, 1997) but tectonics is a debated topic for Archean age rocks. The modern 

theory of plate tectonics may not apply to the Archean age (Kröner, 1981). Some argue that 

primitive tectonic activity existed in a similar fashion to modern tectonics based on the high 

degree of similarity between geologic units produced, geochemical signatures, regional setting, 
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metamorphism, and other features (Cawood et al., 2006). Others argue that in lieu of a plate 

tectonic model, there was a degree of high temperature mantle convection that erupted basaltic 

and komatiitic flows before the formation of cratons, similar to the style of tectonism seen on 

Venus (Dilek and Furnes, 2014).  

 

1.2.1 Ore Deposits hosted in Greenstone Belts 

With the range of lithologies and tectonics in greenstone belts worldwide also comes a 

variety of mineral deposits. The deposit(s) found in a greenstone belt will be dependent on both 

of these factors as well as others such as metamorphic history. Some common deposit types 

found in greenstone belts worldwide are listed below and a summary of these common deposit 

types is found in Table 1.1.  

 

Nickel Sulfide 

 Nickel sulfide deposits are found in association with komatiites in greenstone belts 

(Anhaeusser, 2013). They are stratiform or stratibound deposits with massive or disseminated 

mineralization (De Wit and Ashwal, 1997). The metals (Ni and Cr) come from the mantle 

derived komatiites (De Wit and Ashwal, 1997) while the sulfides can be of magmatic or 

sedimentary origin (Anhaeusser, 2013). Copper, cobalt, and platinum group elements can 

sometimes be found with the nickel sulfides. 

 

Volcanogenic Massive Sulfide (VMS) 

 Volcanogenic massive sulfide deposits form by precipitation from hydrothermal vents on 

the seafloor (De Wit aand Ashwal, 1997). Most VMS deposits in Archean age rocks are Cu-Zn 

deposits, but other VMS deposits can be rich in Cu or Zn-Pb-Cu (De Wit and Ashwal, 1997) and 

can also host other metals such as Ag and Au (Anhaeusser, 2013). These deposits are generally 

hosted within a mafic sequence but can be hosted in sediments and may have associated felsic 

rocks (Anhaeusser, 2013). 

 

Banded Iron Formation (BIF) 

 Interbedded layers of iron-rich sediments and chert or quartz form banded iron 

formations (De Wit and Ashwal, 1997). The iron minerals commonly found in these formations 
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are magnetite, hematite, pyrite, siderite, and other silicates and supergene alterations can form 

various Fe-hydroxides such a goethite (De Wit and Ashwal, 1997). They can be classified in 

several ways. By facies type there are oxide, silicate, carbonate, or sulfide types and by tectonic 

depositional setting there are Superior or Algoma types (De Wit and Ashwal, 1997). The 

Superior type are formed along continental margins in shallow water while Algoma type are 

thinner, deep water sequences (De Wit and Ashwal, 1997). Banded iron formations are 

genetically linked to the associated volcanics (Anhaeusser, 2013). 

 

Gold 

 Gold can be found in almost every greenstone belt but is not always economic 

(Anhaeusser, 2013). Gold can be associated with banded iron formations or as supergene and 

alluvial gold deposits (Anhaeusser, 2013). However the most common type is orogenic, 

historically also referred to as mesothermal, gold deposits. These are vein hosted deposits within 

the volcanic sequences of a greenstone belt that are associated with metamorphic grades of sub 

greenschist to granulite facies but most commonly with greenschist or amphibolite facies (De 

Wit and Ashwal, 2013) and will be discussed in further detail in the next section. 

 

Other Deposit Types 

 Associated with the ultramafic and mafic rocks, chromite deposits can be found in the 

basal sections of greenstone belt sequences (Anhaeusser, 2013). The ore bodies can be 

irregularly shaped lenses (De Wit and Ashwal, 1997) or lenticular sheets (Anhaeusser, 2013). 

Chromite bodies are formed through cumulate separation and subsequent metasomatism can 

create higher grade ores (Anhaeusser, 2013). 

 Barite can be found in some greenstone belts as stratiform mineralized areas 

(Anhaeusser, 2013). These are interpreted to be hydrothermal replacement of evaporates (De Wit 

and Ashwal, 1997). 

Pegmatites can host a variety of deposit types in greenstone belts. They occur in the 

metavolcanic and metasedimentary units, commonly in greenstone belts that have associated 

granitic/gneissic terranes (De Wit and Ashwal, 1997). They can be mined for tin, rare earth 

elements, mica, feldspar, gemstones, and more (Anhaeusser, 2013).   
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Table 1.1 Common mineral deposits found in greenstone belts with a short summary of each 
(Anhaeusser, 2013 and De Wit and Ashwal, 1997). 
 

 
 

1.2.2 Orogenic Gold Deposits 

 Orogenic gold is a common mineralization style of gold and provides a large portion of 

the gold production worldwide (Bierlein et al., 2006). Regardless of age, orogenic gold is 

associated with areas that have undergone metamorphism, usually greenschist facies but possibly 

lower or higher metamorphic conditions (Groves et al., 1998). As previously mentioned, these 

conditions match the characteristic conditions of greenstone belts so it is unsurprising to find 

orogenic gold in many of them. Apart from solely greenschist facies metamorphism, orogenic 

gold is related to subduction at a convergent margin, typically post peak metamorphism (Groves 

et al., 2003).  Gold is deposited hydrothermally at the transition from brittle to ductile 

deformation and has strong structural control (Powell et al., 1991). The structural control can 

vary across the brittle-ductile line where mineralization is associated with major faulting, shear 

zones, folding, and other structural features (Groves et al., 1998).  

 With orogenic gold being associated with metamorphism, it has a wide variety of host 

rocks from metavolcanic to metasedimentary. Though most commonly found in compositionally 

Deposit Type Description Example 

Nickel Sulfide
Associated with komatiites, mantle source for metals, can also 

contain Cu, Co, and PGE

Kambalda, 

Australia

Volcanogenic 

Massive Sulphide 

(VMS)

Cu, Zn, Pb with other minor metal mineralization, hosted in 

mafic or sedimentary rocks but associated with nearby felsic 

rocks, deposit from transport in hydrothermal fluids

Abitibi, 

Canada

Banded Iron 

Formation (BIF)

Iron oxides, sulphides, carbonates, and silicates in sediments 

interlayered with chert and quartz, shallow to deep water 

sedimentation with associated volcanics

Gyana Craton, 

Venezuela

Gold (orogenic)

Hosted in quartz/quartz-carbonate veins in volcanic sequences, 

metamorphosed to greenschist/amphibolite facies, generally 

native gold, pyrite, or pyrrhotite as ore minerals

Kolar, India

Chromite
Cumulate layers in ultramafic to mafic host rocks, sheets or 

lenses, metasomatic alteration

Shurugwe, 

Zimbabwe

Barite Hydrothermal alteration of evaporite layers, stratiform
Pilbara, 

Australia

Pegmatitic
Highly variable ore mineralogy, smaller deposits, metavolcanic 

and metasedimentary associations

Kaapvaal, 

South Africa
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mafic host rocks, orogenic gold deposits can also be found in felsic volcanics, clastic sediments, 

or shales (Powell et al., 1991). Deposition can be associated with emplacement of granitic 

intrusions at post peak metamorphism (Powell et al., 1991). During mineralization, low salinity 

hydrothermal fluids facilitate the deposition of gold (Kerrich and Wyman, 1990). Fluids will use 

the deformational feature, such as faults, to transport the gold until it precipitates (Bierlein et al., 

2006). This leads to a vein-hosted style of mineralization that is dominantly quartz with sulfides, 

carbonates, and other common greenschist facies minerals with hydrothermal alteration zones 

moving outward from the vein (Grove et al., 1998). Generally, gold mineralization is associated 

with pyrite (Powell et al., 1991). Orogenic gold systems are large, on the order of kilometers 

vertically, with little variation in mineralization and grade in most cases (Groves et al., 1998). 

 

1.3 Baltic Shield Geology 

 The Baltic Shield encompasses modern day Norway, Sweden, Finland, and parts of 

northwestern Russia (Fig. 1.2). Archean and Paleoproterozoic basement is exposed across large 

areas of the shield, particularly in the east and northeast. The Archean was a time of continent 

formation in the Baltic Shield with the consolidation at 2.5 Ga with multiple rifting events to 

create early greenstone belts (Gaal et al., 1990). The first deformational event in the shield was 

the Svecofennian Orogeny at 1960-1860 Ma which formed a major mountain chain and caused 

regional metamorphism across the area (Pharoah and Brewer, 1990). It buried the previously 

deposited Precambrian rocks to significant depth at the base of the mountains, causing 

amphibolite, greenschist, and even eclogite facies metamorphism (Ramberg et al., 2008). In the 

early Paleozoic, the break-up of the supercontinent Rodinia created rifting in the Baltic that led 

to the formation of the Iapetus Ocean (Eilu, 2012). At the beginning of the Devonian, this ocean 

was closed as the collision of Laurentia and Baltica caused the Caledonian orogeny (Ramberg et 

al., 2008). This collision created thrust sheets of a sequence of rocks from the basement to deep 

oceanic deposits over the Precambrian basement along the western coast of Norway (Ramberg et 

al., 2008). From this point, the Caledonides were eroded until shallow seas covered the area and 

the Oslo Rift opened (Eilu, 2012). Toward the end of the Mesozoic the opening of the Atlantic 

Ocean created uplift of the shield (Ramberg et al., 2008). Quaternary glaciation covered much of 

the shield, leaving behind surficial deposits of glacial till (Ramberg et al., 2008).  
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Figure 1.2 Generalized geologic map of the Baltic Shield divided by age and bedrock type. 
Modified after Ramberg et al. (2008). Country borders in white denote the division of Norway, 
Sweden, Finland, and Russia, approximately 2,000 km east to west. 
 

1.3.1 Baltic Shield Deposits 

Generally, the Baltic Shield has many ore deposits of various types which can be seen in 

Figure 1.3. The most common and historically mined are Cu and Zn mines (Eilu, 2012). Gaal 

(1990) classified ore deposit styles of the Baltic Shield by tectonic events that have produced 

significant quantities of ore, listing magmatic origin and massive sulfide deposits as the most 

abundant. Eilu’s (2012) compilation of metallogeny in Fennoscandia creates a long list of the 

types of deposits that have historically been mined. A more concise version of that list would 

N 
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include magmatic origin for various base metals, VMS, BIF, porphyry copper, orogenic gold, 

skarn iron, sediment hosted metal deposits, and carbonatite REE mineralization. These categories 

broadly cover almost all deposits found within the Baltic Shield. 

 

 
Figure 1.3 Mineralized areas in the Baltic Shield by commodity (Eilu, 2012). 
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CHAPTER 2 

THE DAVIDITE-LOVERINGITE OCCURRENCE AT BIGGEJAVRI, KAUTOKEINO 

GREENSTONE BELT, FINNMARK, NORWAY: A CASE STUDY 

 

2.1 Introduction 

 The Baltic Shield, comprised mostly of Finland, Sweden, Norway, and northwestern 

Russia, is host to many ore deposits. There are numerous Cu, Au, Ni, Fe, and other metal 

deposits found within the Precambrian basement as well as several carbonatite REE intrusions 

(Eilu, 2012). In the northern province of Finnmark, Norway lies the Kautokeino Greenstone Belt. 

The Kautokeino Greenstone Belt is Early Proterozoic in age (Siedlecka et al., 1985) and host to 

various ore deposits. In the northeastern portion of the belt, the Biggejavri U-REE occurrence is 

hosted in albitite lenses within the amphibolite unit of the Suoluvuopmi Formation whereas the 

Bidjovagge Cu-Au ore is hosted in shear structures crosscutting the amphibolite of the Časkejas 

Formation in the west. The Biggejavri U-REE occurrence is unique in its mineralogy with the 

predominant ore mineral being davidite-loveringite. The aim of this study is to better understand 

the formation of the mineralogy observed in the Biggejavri area. Results are compared to the 

Bidjovagge Cu-Au deposit, which is located 30 km to the west, exhibiting lode-gold ore such as 

chalcopyrite and gold along shear zones. Amphibole geochemistry is used to trace the evolution 

and ore formation at Biggejavri and results are compared to the more traditional Bidjovagge 

orogenic gold deposit. 

 

2.2 Geology 

The Kautokeino Greenstone Belt is located in southeast Finnmark, Norway (Fig. 2.1). It 

is bounded on the east and west by the Ráisaetnu and Jergul Gneissic Complexes, respectively. 

The Kautokeino Greenstone Belt is covered in the north by the Caledonian nappes, though 

basement windows within the nappes can be correlated to the greenstone belt, and to the south 

the belt pinches out across the Finnish border.  
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Figure 2.1 Geologic map of the western part of the Kautokeino Greenstone Belt (modified after 
Bingen et al., 2016, Olesen and Solli, 1985, Ettner et al., 1993, Olesen and Sandstad, 1993, 
Olesen et al., 1991, Norges Geologiske Undersøkelse, 2015). 

 

All units within the greenstone belt were metamorphosed during the Svecofennian orogeny 

(1960-1860 Ma) (Ettner et al., 1993). Metamorphic grade is lowest (lower greenschist) in the 

center of the belt and progressively increases with proximity to the gneissic complexes (upper 

amphibolite) (Ettner et al., 1993). Late during the Svecofennian Orogeny, large scale faulting 

and megashears developed across the Fennoscandian Shield under syn- to post-metamorphic 

conditions (Berthelsen and Marker, 1986). In the Kautokeino Greenstone Belt, two major zones 

developed: the NNW-SSE trending Baltic-Bothnian Megashear Zone (BBMZ) in the central area 

and the NE-SW trending Mierujav’ri-Sværholt Fault Zone (MSFZ) in the northeast (Berthelesen 

and Marker, 1986, Olesen et al., 1991). Both are parallel to the main orientations of regional 
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scale folding in the area. Albite diabases intruded along the faults within the shear zone and as 

sills in the base of the Suoluvuopmi and Masi formations (Olesen et al., 1991). 

 

 

Figure 2.2 Stratigraphic column of the Kautokeino Greenstone Belt with marked approximate 
locations of the Biggejavri (A) and Bidjovagge (B) deposits (modified after Bingen et al., 2016). 
The underlying Masi Formation extends across the greenstone belt, but later volcanic units are 
broken into separate units and correlated across the belt. 

 

Figure 2.2 shows a generalized stratigraphic column of the units in the Kautokeino 

Greenstone Belt. Below the greenstone belt on the eastern side is the Jergul Gneissic Complex 

consisting of variable gneissic units, mainly tonalite-trondhjemite-granodiorite (TTG) or granitic 

compositions. Age dates across the complex place it in the Archean from 2974 to 2776 Ma 

(Bingen et. al, 2016). Overlying this is the Goldenvárri Formation, an amphibolite unit 

associated tholeittic and komatiitic basalts formed with the Jergul Gneissic Complex at 

approximately 2800 Ma (Siedlecka et al., 1985, Bingen et al., 2016). Stratigraphically above this, 

after an angular unconformity, is the first formation in the belt: the Masi Formation at 2220 Ma 
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(Bingen et al., 2016). The Masi Formation is a metasedimentary unit mostly consisting of 

quartzite deposited at the edge of the rift basin and underlying the entire greenstone belt 

(Siedlecka et al., 1985). A majority of the greenstone belt consists of the mainly metavolcanic 

Suoluvuopmi, Likčá, and Časkejas Formations. The Suoluvuopmi Formation overlies the Masi 

Formation on the eastern side, a heterogeneous compilation of mica schists and amphibolites 

with komatiitic lenses interpreted to have formed on a platform at the rift margin (Olesen and 

Sandstad, 1993). There are also localized albitite bodies and mafic sills hosted in the 

Suoluvuopmi Formation (Bingen et al, 2016). The Biggejavri deposit (A, Fig. 2.2) is located near 

the base of this formation. A shear zone acts as the boundary between the Likčá Formation and 

the Suoluvuopmi Formation below (Bingen et al., 2016). The Likčá Formation is an amphibolite 

unit of metamorphosed tholeiitic basalts with some minor metasedimentary layers with a 

minimum age of 1955 Ma (Bingen et al., 2016). On the western side of the belt, the Časkejas 

Formation lies directly on the Masi Formation, abutting the Ráisaetnu Gneissic Complex to the 

west, and can be correlated across to the Likčá Formation (Siedlecka et al, 1985). The Časkejas 

Formation is a massive tholeiitic amphibolite with many metasedimentary beds from 2279 Ma 

(Siedlecka et al., 1985, Krill et al., 1985).  Layers of schist, graphite schist, albitite bodies, and 

dolostones are within the highly deformed amphibolite (Bingen et al., 2016). The Bidjovagge 

deposit (B, Fig. 2.2) is in the lower half of the formation. The Časkejas Formation transitions 

into the Bihkkačohkka Formation with feldspathic sandstones at the base and shales at the top 

(Siedlecka et al., 1985). The Čáravárri Formation is the youngest in the belt, formed from 

feldspathic sandstone from alluvial braided streams and debris flows (Siedlecka et al., 1985). 

 

2.2.1 Biggejavri (U-REE) 

The Biggejavri U-REE occurrence is located in the northeastern portion of the 

Kautokeino Greenstone Belt, about 15 km southwest of the village of Masi. Biggejavri is located 

in the Suoluvuopmi Formation which consists of several different rock types: amphibolite, high 

Mg amphibolite, and mica schist (Siedlecka et al., 1985). Mineralization is hosted within albitite 

bodies in the high Mg amphibolite (Olerud, 1988). To the east of the Biggejavri occurrence are 

outcrops of the underlying Masi Formation (Fig. 2.3). All formations are gently westward 

dipping. The study area is covered by glacial till with few outcrops and shows little topographic 

change so discovery and mapping was done during the 1980s through a combination of 
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geophysical surveys and fieldwork while most sampling was done through drill cores (Lauritsen, 

1988 and Sandstad, personal com.).  

 

 

Figure 2.1 Simplified geologic map of the area around Biggejavri with select sample location 
marked in red. Modified after Sandstad (personal com.) and NGU free geologic map. 

 

The amphibolite is a few hundred meters thick consisting of well foliated metabasalts 

with a tholeiitic composition (Solli, 1993). The high Mg amphibolite is assumed to be 10-20 

meters thick comprised of well foliated metabasalt of komatiitic composition (Bingen et al., 

2016). The concordant albitite bodies sit within the high Mg amphibolite (Siedlecka et al., 1985). 
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Stratigraphically above the amphibolite is 500-1000 meters of fine-grained mica schist 

(Sandstad, personal com.). During metamorphism, the greenstone belt was subjected to lower 

greenschist through upper amphibolite facies conditions in the lower stratigraphic units (Ettner et 

al., 1993). 

The main ore mineral at Biggejavri is a variety of the solid-solution series davidite-

loveringite, a member of the crichtonite group, with the general formula 

(La,Ce,Ca)(Y,U)(Ti,Fe3+)20O38-(Ca,Ce)(Ti,Fe3+,Cr,Mg)21O38.  Previous analyses done by Olerud 

(1985) on davidite-loveringite found in the area are highly variable in composition, even across 

grains, and show high amounts of Cr and V. Most davidite has been significantly altered and can 

have many smaller inclusions of other minerals such as uraninite, thortveiite, rutile, albite, and 

many others (Olerud, 1985). 

Pervasive alteration across the deposit is reflected across the greenstone belt.  Ettner et al. 

(1993) associate metasomatic albitization and carbonatization processes, with varying degrees of 

intensity, with fluid migration through the shear zones. Scapolitization is also extensive 

throughout the greenstone belt as poikiloblasts after albite (Bjørlykke et al., 1987).  

 

2.2.2 Bidjovagge (Cu-Au) 

Several km to the west is the Bidjovagge deposit, a Cu and Au mineralized albitite hosted 

in the Časkejas Formation. Although the geologic setting and host rocks are almost identical to 

those of Biggejavri, Bidjovagge is an orogenic Cu-Au deposit with ore minerals being associated 

with the shear zone. It consists of several tabular orebodies across 2.5 km of the limb of an 

anticline (Bjørlykke et al., 1987). Ore minerals are associated with the shear zone cutting through 

the upright folds within the Časkejas Formation at the boundary between lower amphibolite and 

upper greenschist facies metamorphism (Ettner et al., 1993). The main ore mineralogy at this 

deposit is chalcopyrite with minor bornite and finely disseminated native gold or calaverite, 

occurring in veins or breccias (Bjørlykke et al., 1987). Davidite is found at Bidjovagge as an 

accessory mineral occurring with gold (Bjørlykke et al., 1990) but not to the extent seen at 

Biggejavri where davidite-loveringite is the main ore mineral. 

Bidjovagge was mined on two separate occasions. From 1971-1975 430,000 t of copper 

were mined at 1.8% Cu and from 1985-1991 1.95 Mt of 1.2% Cu and 4 g/t Au were mined (Eilu, 

2012). In 2010, Arctic Gold received resource estimates of the deposit and began a drilling 



15 
 

project in 2011. An updated resource estimate states that the current ore reserves are 2.059 Mt at 

a 2 g/t Au cut-off (Lovén and Meriläinen, 2012). Plans for future underground mining operations 

are being prepared. 

 

 

Figure 2.4 Geologic map of the Bidjovagge deposit. Modified after Nie et al. (1999). 

 

Both deposits are hosted in albitite bodies within upper greenschist to amphibolite facies 

units of the greenstone belt but despite the similar lithologic setting and proximity, the deposits 

show significant differences in their ore mineralogy. The Bidjovagge deposit is structurally 

controlled with mineralization in albitite occurring in the limbs of a N-S striking anticlinorium 

(Bjørlykke et al., 1990) whereas the Biggejavri occurrence has no known structural control. The 

graphitic schist present at Bidjovagge (Fig. 2.4) is thought to have helped trap the gold and 

copper from the fluids moving through the shear zone, as they can be slightly mineralized where 

they are contact the albitite bodies (Ettner et al., 1993).  

 

2.3 Analytical Techniques 

 After petrographic study, several analytical techniques were used to further the research 

of this project. They include automated mineralogy, field emission scanning electron microscopy 

(FE-SEM), electron probe microanalysis (EPMA), and laser ablation-inductively coupled 

plasma-mass spectrometry (LA-ICP-MS). 

 

2.3.1 Automated Mineralogy 

After the initial petrographic study of the original 48 thin sections was completed, 9 thin 

sections were chosen for SEM-based automated scanning electron microscopy at the Colorado 
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School of Mines in Golden, Colorado. The samples were loaded into the TESCAN-VEGA-3 

Model LMU VP-SEM platform and the analysis was initiated using the control program TIMA3. 

These scans were performed with step size ranging from 0.5 to 30 µm using an accelerating 

voltage of 25 keV and a beam intensity of 14 at a 15 mm working distance. Interactions between 

the beam and the sample were modeled through Monte Carlo simulation. The EDX spectra were 

compared with spectra held in a look-up table allowing an assignment to be made of a 

composition at each acquisition. Results were output by the TIMA software as a spreadsheet 

giving the area percent of each composition in the look-up table. This procedure allows a 

compositional map to be generated. Composition assignments were grouped appropriately to 

create false color images of the overall mineralogy. 

 

2.3.2 Field Emission Scanning Electron Microscope 

 Field emission scanning electron microscopy (FE-SEM) was completed using the MIRA3 

system located at the Colorado School of Mines in Golden, CO. Thin sections were analyzed 

with a 15 keV beam voltage and a beam intensity of 11 with a working distance of 10 mm. 

Backscatter electron (BSE) images and energy dispersive x-ray (EDS) spectra were collected.   

 

2.3.3 Electron Probe Microanalysis 

 Fifteen thin sections were chosen for quantitative electron probe microanalysis (EPMA) 

using wavelength dispersive spectrometry (WDS). Analyses were performed at the United States 

Geological Survey in Lakewood, CO with a JEOL 8900. Using full thin section photos, 

photomicrographs, and BSE images selected grains of amphibole were chosen for targeting. 

Grains were analyzed using an acceleration voltage of 15 kV and a current of 20 nA. Standards 

used for calibration were; standard number 8811 CaF2 for F, standard number 7852 synthetic 

fayalite for Fe, standard number 7845 spessartine for Mn, standard number 7840 TiO2 for Ti, 

standard number 7834 MgCrO4 (synthetic) for Cr, standard number 7817 Or-1A Orthoclase 

(USGS-Menlo #5-168) for Si and K, standard number 7811 Miyake anorthite Al and Ca, 

standard number 7820 sodalite for Cl, standard number 7815 Tiburon albite for Na, standard 

number 7850 Spring Water olivine for Mg, standard number 432 ZnS for Zn, standard number 

7880 zircon for Zr. 
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2.3.4 Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry 

 From the 15 sections that were chosen for EPMA analysis, 12 were then taken for trace 

element analysis using laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-

MS) to the United Stated Geological Survey in Lakewood, CO using a Photon Machines Analyte 

G2 LA system (193 nm, 4 nsec excimer) coupled to a PerkinElmer DRC-e quadrupole ICP-MS. 

Where possible, ablation was completed with a 40 µm spot size and a 25 µm spot size if the 

grain was not big enough, and at 12 J/cm2 using 15 pulses/sec (15 Hz). Ablated material was 

transported via a He carrier gas to a modified glass mixing bulb where the He plus sample was 

mixed coaxially with Ar prior to the ICP torch. Calibration was completed using the USGS 

microanalytical basaltic glass reference material GSE-1g which was analyzed 5 times at each 

spot size at the beginning of the analytical session and monitored throughout the session for drift. 

Silicon (28Si) was used as the internal standard for concentration calculations as provided from 

electron microprobe analyses for the target grains. Signals were screened visually for 

heterogeneities such as micro-inclusions or zoning. 

 

2.4 Results 

 The results of the petrographic study and microanalytic analyses will be presented below. 

 

2.4.1 Petrography 

 A selection of 48 polished thin sections were provided by Jan Sverre Sandstad and Julian 

Schilling, 40 from Biggejavri (A) and 8 from Bidjovagge (B). Table 2.1 lists all 48 thin sections 

with their lithology. Petrography was completed using transmitted and reflected light microscopy 

and automated mineralogy. 

 

2.4.1.1 Biggejavri (Sc-REE-U) 

Albitite 

 The albitite units at Biggejavri are composed of dominantly albite with biotite, 

muscovite, chlorite, quartz, REE minerals, rutile or chromite, ilmenite, pyrite, apatite, carbonate, 

and amphibole. This is the only formation with observed REE minerals and representative 

petrographic pictures from this formation are shown in Figure 2.5. The albite is bimodal with 
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Table 2.1 List of provided thin sections from each deposit with sample name and lithology from 
Biggejavri (A) and Bidjovagge (B) and analyses run on each. 

 

Deposit Sample ID Lithology FE-SEM Auto. Min. EPMA LA-ICP-MS

A 87174 Albitite X X X

A 840501 Albitite

A 840903 Albitite X X X

A 87128 Albitite

A 87156 Albitite

A 87176 Albitite X

A 87188 Albitite X

A 87177 Albitite

A 830403 Albitite X X

A 88232 Albitite

A 830310 Albitite

A 840706 Albitite

A 87183 Albitite

A 840305 Barren Albitite

A 840412 Barren Albitite X X X X

A 840204 Amphibolite with scapolite vein X X X

A 87168 Amphibolite with carbonate vein

A 840902 Amphibolite with carbonate vein

A 840403 Amphibolite

A 830314 Amphibolite

A 840302 Amphibolite

A 840407 Amphibolite

A 87127 Amphibolite

A 87134 Amphibolite X X X X

A 87145 Amphibolite X X X

A 87152 Amphibolite

A 840406 Amphibolite

A 840405 Amphibolite

A 87173 Amphibolite

A 840301 High Mg Amphibolite X X X X

A 87103 High Mg Amphibolite

A 87105 High Mg Amphibolite X X X

A 87142 High Mg Amphibolite X X X X

A 88212 High Mg Amphibolite

A 87180 Metadolerite

A 840303 Metadolerite

A 840508 Metadolerite X X X

A 87141 Metadolerite

A 87158 Mica Schist

A 88209 Mica Schist

B F213.6 Albitite

B H251.4 Albitite X X X X

B F359.5 Graphite/Albite Felsite

B H340.8 Graphite Felsite

B G21.5 Banded Amphibolite X X X X

B H179.6(a) Metadolerite

B H188.7 Metadolerite X X X X

B H366.8 Metadolerite
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very fine-grained (20-200 µm) massive albite composing most of the sections with some 

medium-grained (0.5-1.5 mm), resorbed crystals present (Fig. 2.5A).  Twinning was commonly 

seen in the larger albite grains, which also show remnants of their euhedral nature (Fig. 2.5B). 

The fine-grained albite is mostly rounded and generally anhedral with little consistency in any 

given area (Fig. 2.5C). The massive albite can compose anywhere between 55-90% of a single 

section. Within the massive albite are small, rounded grains of quartz that are hard to distinguish 

using optical microscopy but are clearly shown through the use of automated mineralogy (Fig. 

2.6).  

All other minerals present within the albitite formation range between 0-20% modal 

abundance. Amphibole, when present, is often small (10 µm-0.25 mm) and sometimes seen as 

inclusions in the larger albite grains (Fig. 2.5D). Muscovite and chromite are generally 

associated with one another and often found in vein-like structures, together with davidite (Ca-U-

Sc-REE oxide). Muscovite is Fe-rich and appears green in transmitted light. Chromite and rutile 

were never found present in the same slide. Generally rutile is anhedral, rimming davidite or 

pyrite, or occurs as small grains throughout the slide. Chromite is usually euhedral, as seen in 

Figure 2.5E. Pyrite crystals are usually euhedral and can sometimes occur along grain boundaries 

such as that in Figure 2.5E. Large patches of quartz are also present and appear to be late stage 

filling of vugs in the rock. Late carbonate veining (Fig. 2.5F) is common in most albitite 

sections. 

The observed REE minerals present at Bidjovagge include davidite-loveringite, 

bastnasite, and monazite with davidite-loveringite being the most common. These minerals are 

disseminated throughout the albitite and range from 1 µm (monazite) up to 10 mm (davidite). 

The davidite-loveringite is entirely metamict with many grains showing intense intragranular 

alteration patterns. They also exhibit alteration rims which commonly contain rutile and chlorite 

containing traces of REEs and inclusions of REE-bearing minerals. Bastnasite can be seen 

growing outside of these alteration rims or as very tiny grains of only a few microns in size 

within the massive albite. Monazite is very rare but where it is found, it is very small and occurs 

along grain boundaries, fractures, or in the cleavage of biotite. Very small zircons were found in 

the cleavage of biotite of the same sample. 

 However, not all albitite samples are host to ore minerals. Some sections showed no 

presence of REE minerals along with higher modal abundances of other minerals (apart from 
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Figure 2.5 Photomicrographs showing the mineralogical and textural aspects of the mineralized 
albitite (A,D-F) and barren albitite (B-C) formations of the Biggejavri deposit. (A) Complicated 
albite textures including single grain, twinned albite with and without stress, resorption, and 
continual migration recrystallization, polarized light. (B) Resorbed albite with Carlsbad 
twinning, polarized light. (C) Recrystallized albite, polarized light. (D) Small amphibole grains 
within a single crystal of plagioclase, plain light. (E) Ore, sulfide, and oxide mineralogy  
isplayed in mineralized zones, plain light. (F) Recrystallized albite around calcite veins, 
polarized light.  

 



21 
 

 

Figure 2.6 Automated mineralogy scan of sample 840903, a mineralized albitite unit at 
Biggejavri. Mainly albite with disseminated davidite-loveringite associated with rutile, quartz, 
and muscovite veins. 

   

albite), particularly of biotite. The barren albitite samples also showed no rounded quartz grains 

in the massive albite. 

 

Amphibolite 

 The amphibolite is composed of amphibole, plagioclase, biotite, chlorite, and apatite with 

lesser amounts of carbonates, muscovite, chromite, ilmenite, pyrite, and sphene. Most samples 

show strong lineations defined by both bladed and prismatic amphibole (Fig. 2.7A-B). The 

bladed amphibole grains are 50 µm to 2 mm in length with the prismatic amphibole grains 

ranging from 30 µm to 250 µm. Both amphibole types can show core-rim zonation but not in 

every grain. In Figure 2.7B there are some good examples of the prismatic zoned amphiboles of 

this unit which also correlates well to automated mineralogy images (Fig. 2.8A) with actinolite 

cores and magnesiohornblende rims. 
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Figure 2.7 Photomicrographs showing the mineralogical and textural aspects of the amphibolite 
(A-B), high Mg amphibolite (C-E), and metadolerite (F-H) formations of the Biggejavri deposit. 
(A) Oriented, bladed amphibole around a euhedral pyrite grain, plain light. (B) Lineations of 
bladed amphibole, prismatic amphibole, and plagioclase, plain light. (C) Core-rim zonation of 
prismatic amphiboles, plain light. (D) Fibrous amphiboles with slight deformation and fuzzy 
grain boundaries, plain light. (E) Folding of fibrous and bladed amphiboles and ilmenite, plain 
light. (F) Interlocked amphibole with slight deformation and showing several of the pleochroic 
colors displayed, plain light. (G) Large amphibole with blue to almost colorless pleochroism and 
pseudo-zonation, plain light. (H) More prismatic amphiboles with slight zonation, plain light. 
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 The plagioclase in the amphibolite also tends to follow the lineations defined by the 

amphiboles, filling the space between and forming a pseudo-banded texture. The plagioclase is 

fine to medium-grained (50 µm-1.5 mm), usually rounded or irregularly shaped. As seen in 

Figure 2.8B, the composition of the plagioclase is highly variable in no distinct pattern.  

The presence of accessory minerals, such as apatite and ilmenite, is generally more 

correlated to the amphibole ‘bands’ of the sections and not the plagioclase ‘bands’. They also 

somewhat conform to the lineations of the samples despite their more rounded forms. A majority 

of the muscovite appears to be an alteration product of the plagioclase. The carbonates (calcite 

and dolomite) are again late stage, usually present in veins crosscutting the lineations. This is 

also the only unit at Biggejavri to show evidence of later scapolitization. 

 

High Mg Amphibolite 

The high Mg amphibolite is dominantly composed of amphibole with lesser amounts of 

chlorite, biotite, ilmenite, and rutile and minor carbonates, muscovite, sphene, apatite, pyrite, 

chalcopyrite, millerite, and quartz with a distinct lack of plagioclase. The amphiboles range in 

size from 20 µm to 2 mm. This formation exhibits 3 unique types of amphibole habits: prismatic, 

bladed, and fibrous. The prismatic amphiboles are small (20-300 µm), euhedral diamond shaped 

crystals and frequently show core-rim zonation in polarized light microscopy (Fig. 2.7C). The 

bladed amphiboles have a larger range in size, from 100 µm to 2 mm and generally do not show 

obvious zonation, being more similar to the rims of the prismatic amphiboles. The fibrous 

amphiboles are larger (500 µm to 2 mm) and single grains show a patchy texture in BSE images. 

They are pseudo-rectangular in shape but have fuzzy grain boundaries between different fibrous 

grains (Fig. 2.7E). The differences in habit also correspond to different amphibole end-member 

composition as depicted from automated mineralogy (Fig. 2.9A). Chlorite occurs either as 

coexisting retrograde chlorite or as an alteration product of the biotite. This formation has the 

most diverse suite of metallic oxides and sulfides present (Fig. 2.9B) with combinations of Fe, 

Ti, Cu, and Ni bearing phases occurring throughout the samples. 

The high Mg amphibolite also displays metamorphic fabrics such as the folding seen in 

Figure 2.7E that are defined mostly by bladed amphiboles and partially by fibrous amphiboles 

and chlorite. Quartz and carbonate are both late, forming in veins crosscutting the foliation or 

reacting with the other minerals. 
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Figure 2.8 Automated mineralogy scans of the amphibolite unit at Biggejavri showing (A) the 
lineated magenesiohornblende with small actinolite cores, plagioclase and it’s alteration, and 
accessory minerals and (B) the plagioclase compositions across the scan with some areas 
showing further albitization than others but those areas having anorthite compositions as well. 

 
 



26 
 

Metadolerite 

 The metadolerite unit at Biggejavri contains mostly amphibole with plagioclase, biotite, 

chlorite, muscovite, apatite, ilmenite, and pyrite. The amphiboles are larger (20 µm-4 mm), 

generally pseudo-rectangular in shape, and often have irregular grain boundaries (Fig. 2.7F). 

They also show ‘zonation’ but not in the same clear core-rim texture as both the amphibolite and 

high Mg amphibolite, as seen in Figure 2.7G-H. The plagioclase shows the same alteration as the 

amphibolite though to a lesser extent (Fig. 2.10). 

 

Figure 2.9 Automated mineralogy scans of the high Mg amphibolite unit at Biggejavri showing 
(A) the general mineralogy of the unit including 3 amphibole end members, biotite, and chlorite 
with folded textures and (B) the many different accessory mineral phases, notably Fe and Ni 
based oxides/sulfides, quartz, and carbonate. 

 
Mica Schist 

 The mica schist is composed of biotite and plagioclase with chlorite, pyrite, and 

ilmenite. The sections are generally weathered and highly altered, have distinct lineations, and 

lack amphibole. Thus they were not used in any further analyses. 
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Figure 2.10 Automated mineralogy scans of the metadolerite unit at Biggejavri showing (A) the 
intermixed texture of actinolite and magenesiohornblende with plagioclase and (B) the variable 
plagioclase compositions across the scan with areas of anorthite and small areas of albite but 
mainly mixed composition.  
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Figure 2.11 Photomicrographs showing the mineralogical and textural aspects of the albitite (A-
B), amphibolite (C-D), and metadolerite (E-F) formations of the Bidjovagge deposit. (A) 
Amphibole grain found within a mineralized vein, plain light. (C) Amphibole grains with quartz, 
plagioclase, and ilmenite inclusions, plain light. (B) Massive plagioclase matrix with large 
plagioclase crystals in the mineralized vein, polarized light. (D) Typical amphibole and 
plagioclase grains in a somewhat banded pattern, plain light. (E) Slightly deformed fibrous 
amphibole near undeformed grains, plain light. (F) Several amphibole grains showing a range of 
pleochroism and mild zoning, plain light. 
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2.4.1.2 Bidjovagge (Cu-Au) 

Albitite 

 The albitite at Bidjovagge is dominantly composed of albite with lesser amounts of 

quartz, amphibole, muscovite, chlorite, carbonates, pyrite, chalcopyrite, magnetite, ilmenite, and 

apatite. Apart from albite and quartz, all other minerals exclusively occur in veins. Figure 2.11A 

shows a large amphibole grain in a pyrite vein hosted in massive, fine-grained albite with round 

quartz nodules (Fig. 2.12). The albite in the veins is much larger and free of the quartz nodules 

(Fig. 2.11B). 

At Bidjovagge the main ore mineral is vein-hosted Au-bearing pyrite associated with 

chalcopyrite. 

 

Amphibolite 

 The amphibolite is composed of amphibole, plagioclase, quartz, muscovite, apatite, 

ilmenite, and magnetite. The amphibole grains are large and anhedral and have many inclusions 

of plagioclase, quartz, and ilmenite (Fig. 2.11C-D). They appear to be very compositionally 

homogeneous with no obvious zonation. The plagioclase is fine-grained and rounded (25-200 

µm) and is compositionally closer to albite with splotchy patches of calcic plagioclase, as seen in 

Figure 2.13.  

 

Metadolerite 

 The metadolerite is texturally and mineralogically very similar to the metadolerite of 

Biggejavri. It mainly consists of amphibole and plagioclase with biotite, chlorite, ilmenite, 

pyrite, apatite, and muscovite. The sizes, shapes, and ‘zonation’ of amphiboles is the same (Fig. 

2.12E-F). One key difference is that most of the plagioclase is albite and does not show the same 

compositional variation seen at Biggejavri (Fig. 2.13).  
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Figure 2.12 Automated mineralogy scan of a mineralized albitite unit at Bidjovagge. The albite 
region contains small quartz globules and other small grains of accessory minerals while the vein 
here is a large actinolite grain with carbonates and muscovite. 
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Figure 2.13 Automated mineralogy scans of the amphibolite unit at Bidjovagge showing (A) the 
general mineralogy of the sample, mainly magnesiohornblende and plagioclase, and (B) the 
plagioclase compositions varying from anorthite to albite with splotchy areas of mixed 
compostion. 
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Figure 2.14 Automated mineralogy scans of the metadolerite unit at Bidjovagge showing (A) the 
small accessory minerals in the albite portion and mixed actinolite and magnesiohornblende 
amphibole and (B) the plagioclase composition, almost fully albitized, across the scan. 
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2.4.2 Electron Probe Microanalysis of Amphibole 

 Twelve thin sections were chosen for analysis from the units in both Biggejavri and 

Bidjovagge.  A set of representative data is listed in Table 2 and select elements are shown in 

Figure 2.16. Formula calculations were based on 23 oxygen atoms and Fe3+ was calculated from 

FeO values provided. Determination of end members was modeled after Leake et al. (2004) and 

Hawthorne et al. (2012). End member calculations are necessary for the determination of 

chemical trends, unusual analyses, and further interpretations found in the discussion. The 

separation of iron-magnesium-manganese-lithium (Mg-Fe-Mn-Li) amphibole from sodic and 

calcic amphibole is determined based on the dominant species in the B cation site being either 

Mg-Fe-Mn-Li or Ca or Na (Hawthorne et al., 2012).  

Further classification of Mg-Fe-Mn-Li amphibole is determined as Mg# > 0.5 and Si > 7 

apfu for anthophyllite (Leake et al., 2004). No amphibole grains had significant amounts of Na to 

be classified as sodic or sodic-calcic end members. Calcic end members are determined by 6.5 < 

Si < 7.5 apfu as magnesiohornblende, Si > 7.5 apfu and 0.5 < Mg# < 0.9 as actinolite, with Mg# 

> 0.9 as tremolite not seen in this study (Hawthorne et al., 2012). 

 

 

Figure 2.15 Graph showing the change of amphibole chemistry in calcic end members using 
EPMA data. Albitite units from Biggejavri are excluded because they do not contain any calcic 
end members. Modified after Hawthorne et al., 2012. 
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Using the chemical analyses and the classification systems of Leake et al. (2004) and 

Hawthorne et al. (2012), a majority of amphibole analyses in the Biggejavri and Bidjovagge 

areas were identified as anthophyllite, actinolite, and magnesiohornblende. The calcic end 

members show a continuous chemical trend from actinolite towards magnesiohornblende, 

illustrated in Figure 2.15. This trend exists in all litholigies, even the Bidjovagge albitite which is 

strictly actinolite but still trends compositionally toward the magnesiohornblende region. 

Outside of the previous classifications is the potassic magnesio-arfvedsonite found in the 

Biggejavri albitite units which replaced Na with K but otherwise most closely fit magnesio-

arfvedsonite in chemical composition (Mg# > 0.5, Al < Fe3+, Na + K > 0.5 apfu).  

 

Albitite 

The Biggejavri albitite units have one group of amphibole chemistry representing 

potassic magnesio-arfvedsonite. This end member has the highest Na+K values (up to 0.62 apfu), 

almost no Ca, and some of the highest Al values among all the units. It is important to note the 

elevated levels of F in this group replacing the OH complex. 

The Bidjovagge albitite has one group of amphibole chemistry representing actinolite. 

These actinolite analyses show generally average concentrations of all elements but do exhibit 

lower Al. 

 

Amphibolite 

Amphibole analyses from the Biggejavri amphibolite can be divided into actinolite and 

magnesiohornblende. The range of analyses in both end members forms a continuous chemical 

series with Mg decreasing as Fe increases from actinolite to magnesiohornblende even though 

individual grains show clear boundaries between the two end members in BSE images. The 

magnesiohornblende end members have higher Na+K and Al values.  

The high Mg amphibolite from Biggejavri is the only rock unit with three groups of 

amphibole chemistries, namely: anthophyllite, actinolite, and magnesiohornblende. Overall this 

unit exhibits higher Mg and lower Fe content. The lowest Fe2+ value (0.29 apfu) and the highest 

Mg value (4.48 apfu) are both found in this unit. As with the amphibolite unit mentioned above, 

Mg content decreases moving from the anthophyllite to actinolite to magnesiohornblende. 
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Table 2.2 List of representative analyses (bold) and median, minimum, and maximum values 
from all units studied with wt% oxide data from EPMA analyses, calculated apfu and end 
member, and trace element data drom LA-ICP-MS analyses. 

 

Location

Unit

Sample 840204 87145 87134 87145 G21.5 G21.5 G21.5 G21.5 840301 87142 840301 87142 840301 840301

wt% oxide

SiO2 53.91 55.35 46.21 41.95 51.98 50.77 46.32 43.71 56.53 55.73 54.00 53.16 47.72 47.35

median

min-max

TiO2 0.07 0.00 0.36 0.50 0.21 0.24 0.31 0.40 bdl 0.05 0.10 0.09 0.32 0.34

median

min-max

Al2O3 3.03 1.36 10.09 12.99 5.14 6.26 9.51 12.48 1.29 1.72 2.82 2.76 10.39 10.74

median

min-max

FeO 10.38 10.66 14.88 18.30 13.41 13.99 16.20 17.88 7.21 7.20 17.32 13.93 10.04 10.65

median

min-max

MgO 17.27 17.36 11.69 9.07 14.94 14.16 11.58 9.67 20.13 19.67 19.26 20.26 15.03 14.60

median

min-max

Cr2O3 bdl 0.10 bdl 0.03 bdl 0.04 bdl 0.10 0.12 0.07 0.11 0.11 0.37 0.45

median

min-max

ZnO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl

median

min-max

ZrO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl

median

min-max

MnO 0.20 0.21 0.22 0.15 0.15 0.17 0.18 0.18 0.19 0.15 0.63 0.36 0.12 0.18

median

min-max

Na2O 0.34 0.23 1.03 1.72 0.75 0.93 1.39 1.83 0.20 0.29 0.42 0.45 1.55 1.51

median

min-max

K2O 0.05 0.02 0.24 0.53 0.05 0.04 0.14 0.24 0.03 0.03 0.03 0.03 0.13 0.13

median

min-max

CaO 12.23 12.36 12.22 11.61 11.69 11.57 11.45 11.39 12.38 12.33 3.49 4.30 11.79 11.66

median

min-max

F bdl bdl bdl bdl 0.08 bdl bdl bdl bdl bdl bdl bdl bdl bdl

median

min-max

Cl 0.03 0.01 0.08 0.40 0.07 bdl 0.14 0.23 bdl bdl 0.06 0.05 0.16 0.20

median

min-max

Total 97.51 97.65 97.01 97.24 98.47 98.19 97.22 98.10 98.09 97.23 98.24 95.51 97.62 97.80

apfu based on 23 oxygens

Si 7.87 7.97 7.44 7.11 7.78 7.72 7.45 7.25 7.96 7.95 7.89 7.89 7.50 7.48

Ti 0.01 0.00 0.04 0.06 0.02 0.03 0.04 0.05 0.00 0.01 0.01 0.01 0.04 0.04

Al 0.13 0.06 0.48 0.65 0.23 0.28 0.45 0.61 0.05 0.07 0.12 0.12 0.48 0.50

Fe2+ 1.13 1.28 1.36 1.41 1.46 1.49 1.48 1.54 0.81 0.83 2.02 1.62 0.77 0.84

Fe3+ 0.14 0.01 0.65 1.18 0.22 0.29 0.70 0.94 0.04 0.03 0.10 0.11 0.55 0.57

Mg 3.76 3.73 2.80 2.29 3.34 3.21 2.77 2.39 4.23 4.18 4.20 4.48 3.52 3.44

Cr 0.00 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

Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mn 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.08 0.05 0.02 0.02

Na 0.02 0.02 0.08 0.14 0.05 0.07 0.11 0.15 0.01 0.02 0.03 0.03 0.12 0.12

K 0.00 0.00 0.01 0.03 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01

Ca 1.91 1.91 2.11 2.11 1.88 1.89 1.97 2.02 1.87 1.88 0.55 0.68 1.98 1.97

F 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cl 0.01 0.00 0.02 0.11 0.02 0.00 0.04 0.06 0.00 0.00 0.01 0.01 0.04 0.05

end member Act Act Mhbl Mhbl Act Act Mhbl Mhbl Act Act Anth Anth Mhbl Mhbl

up to 0.19 0.02-0.98 up to 0.13 0.01-0.40 up to 0.19 0.02-0.58 0.07-0.35

0.05 0.21 0.08 0.13 0.03 0.05 0.18

bdl

up to 0.08 up to 0.22 up to 0.08 bdl up to 0.09 bdl up to 0.09

bdl bdl bdl bdl bdl bdl

11.43-12.73 9.69-12.24 11.42-11.74 11.17-11.77 5.96-12.51 0.04-5.65 7.08-12.16

12.25 11.58 11.57 11.40 12.15 3.89 11.64

0.13

0.02-0.41 0.17-1.52 0.04-.011 0.09-0.33 0.02-0.75 0.03-8.41 0.08-2.92

0.09 0.36 0.09 0.12 0.05 0.04

.020-.090 0.58-2.10 0.70-1.18 1.08-2.05 0.20-1.33 0.11-0.45 1.07-2.25

0.54 1.26 1.06 1.30 0.58 0.38 1.51

0.15

0.11-0.35 0.11-0.59 0.15-0.20 0.13-0.21 0.10-0.45 0.05-0.63 0.09-0.23

0.19 0.17 0.17 0.17 0.16 0.36

bdl up to 0.06 bdl up to 0.04 up to 0.04 bdl up to 0.04

bdl bdl bdl bdl bdl bdl bdl

bdl

bdl bdl bdl bdl bdl bdl bdl

bdl bdl bdl bdl bdl bdl

up to 0.14 up to 0.13 up to 0.05 up to 0.10 0.07-0.43 0.11-0.51 0.11-0.61

0.04 0.05 bdl bdl 0.23 0.11 0.39

14.29

13.61-17.36 7.89-15.87 12.75-14.98 8.23-13.27 15.23-20.24 15.11-20.40 11.87-18.24

15.65 11.12 13.32 11.94 18.03 19.76

10.38-13.36 12.55-19.35 13.17-15.30 14.98-18.95 6.82-14.71 13.06-17.32 8.29-13.25

11.77 15.55 14.69 15.73 8.41 14.04 10.55

10.84

1.36-8.08 7.50-14.12 5.09-8.16 7.70-14.28 1.29-9.71 2.53-16.29 7.24-13.15

4.98 11.20 7.42 8.92 4.53 2.79

up to 0.30 0.16-0.68 0.15-0.40 0.23-0.59 up to 0.33 0.09-1.66 0.22-0.63

0.16 0.36 0.27 0.33 0.17 0.10 0.33

46.94

48.19-55.35 39.71-48.12 48.42-51.98 41.13-48.96 48.48-56.53 37.57-54.00 42.77-49.70

51.57 44.37 49.29 46.95 53.46 53.52

Amphibolite Amphibolite High Mg Amphibolite

Biggejavri Bidjovagge Biggejavri



36 
 

Table 2.2 Continued 

  

Location

Unit

Sample 840204 87145 87134 87145 G21.5 G21.5 G21.5 G21.5 840301 87142 840301 87142 840301 840301

Trace elements

Li 45.48 bdl - 52.41 30.98 bdl - 16.29 bdl bdl - 72.94 33.29 bdl

median

min-max

Sc 52.08 61.95 - 65.22 5.55 298.73 - 16.07 57.07 61.01 - 18.97 12.34 18.51

median

min-max

Ti 1966.04 1346.86 - 2857.14 1434.52 1548.77 - 1800.49 418.08 1412.20 - 525.56 1449.47 1033.95

median

min-max

V 289.33 280.55 - 543.68 456.44 844.30 - 565.18 185.24 214.21 - 47.80 308.01 304.72

median

min-max

Cr 106.32 bdl - 134.79 59.73 274.41 - 199.92 763.76 1375.09 - 289.36 1833.65 2893.10

median

min-max

Co 71.32 74.64 - 42.25 36.48 21.74 - 39.95 44.98 48.49 - 54.86 27.74 105.69

median

min-max

Ni 163.87 124.17 - 204.69 57.97 124.32 - 71.71 716.04 453.40 - 780.88 612.20 1361.78

median

min-max

Cu bdl bdl - 18.38 bdl bdl - bdl bdl bdl - 7.50 bdl 25.31

median

min-max

Zn bdl bdl - 135.61 bdl bdl - 24.16 bdl bdl - 73.17 bdl bdl

median

min-max

Ga 4.53 bdl - 9.89 17.38 19.93 - 29.67 bdl 16.29 - bdl bdl 23.85

median

min-max

Ge bdl bdl - 13.18 4.05 8.70 - bdl bdl 23.80 - bdl bdl bdl

median

min-max

Rb 3.66 bdl - bdl bdl bdl - bdl bdl 1.41 - bdl bdl bdl

median

min-max

Sr 2.18 7.70 - 8.90 1.01 0.98 - 0.67 25.39 13.46 - bdl 12.59 13.72

median

min-max

Y 11.04 bdl - 21.25 40.68 103.82 - 26.44 3.47 26.65 - bdl 28.41 13.58

median

min-max

Zr bdl bdl - 4.94 38.12 7.44 - 9.19 2.78 bdl - bdl bdl bdl

median

min-max

Nb bdl bdl - 2.07 2.50 0.92 - 1.81 bdl bdl - bdl bdl bdl

median

min-max

Mo 8.74 bdl - bdl 4.84 2.03 - bdl bdl bdl - bdl bdl 9.62

median

min-max

Cs bdl 0.94 - 0.97 bdl bdl - bdl bdl 0.49 - bdl bdl bdl

median

min-max

Ba 9.45 bdl - 17.74 bdl 1.79 - 1.52 bdl bdl - bdl 11.92 6.57

median

min-max

La bdl bdl - bdl bdl bdl - 0.73 0.70 bdl - bdl 0.68 bdl

Ce bdl bdl - bdl 0.48 0.90 - 1.30 bdl 1.57 - 0.64 2.45 0.73

Pr bdl bdl - 0.69 0.33 bdl - 0.48 bdl bdl - bdl 1.43 0.90

Nd bdl bdl - bdl 3.44 3.83 - 5.03 bdl bdl - bdl 4.74 bdl

Sm 2.20 bdl - bdl 3.46 3.63 - 2.22 bdl bdl - bdl bdl bdl

Eu bdl bdl - bdl 0.44 0.96 - 0.58 bdl bdl - bdl bdl bdl

Gd bdl bdl - 2.97 4.49 7.16 - 4.60 bdl 6.62 - bdl 3.83 6.82

Tb 0.51 bdl - bdl 0.88 2.33 - 0.75 bdl 0.72 - bdl 0.67 bdl

Dy bdl bdl - 3.55 9.84 12.89 - 7.66 bdl 4.03 - bdl 5.65 6.41

Ho 0.31 bdl - 0.60 1.16 2.46 - 0.90 bdl 0.79 - bdl 0.55 bdl

Er 0.76 bdl - 1.54 5.08 9.84 - 3.35 0.95 bdl - bdl bdl 3.34

Tm 0.56 bdl - 0.34 0.89 1.46 - 0.46 bdl 0.58 - bdl 0.51 bdl

Yb bdl 2.73 - bdl 8.18 9.65 - 2.97 2.69 3.58 - bdl 3.16 bdl

Lu bdl bdl - 0.27 0.82 0.74 - 0.47 bdl bdl - bdl bdl bdl

ƩREE 4.35 2.73 - 9.95 39.49 55.87 - 31.49 4.34 17.90 - 0.64 23.66 18.20

median

min-max

Hf bdl 3.90 - 2.58 1.29 bdl - 1.14 bdl bdl - bdl 1.66 bdl

median

min-max

Pb bdl bdl - bdl bdl bdl - bdl bdl bdl - bdl bdl bdl

median

min-max

Th bdl bdl - bdl bdl bdl - bdl bdl bdl - bdl bdl 0.39

median

min-max

U bdl bdl - 0.36 0.32 bdl - bdl bdl bdl - bdl 0.23 bdl

median

min-max

end member Act Act Mhbl Mhbl Act Act Mhbl Mhbl Act Act Anth Anth Mhbl Mhbl

10.63

0.64-18.20

15.98

5.81-31.12

5.94

2.73-34.59

15.05

1.03-26.21

39.49

33.68-55.87

33.00

22.11-85.47

10.27

0.30-60.53

Amphibolite Amphibolite High Mg Amphibolite

Biggejavri Bidjovagge Biggejavri

bdl

up to 72.78 up to 65.01 up to 30.98 up to 45.33 up to 28.37 up to 72.94 up to 37.28

bdl bdl 18.39 4.21 bdl bdl

49.17 65.86 7.77 39.97 42.13 18.97 42.49

14.95-102.31 20.34-132.06 5.55-298.73 up to 1398.05 17.28-85.75 18.51-35.26 12.34-75.94

1449.47

282.65-11951.20 1401.73-5078.91 1434.52-2174.86 1029.52-3326.40 up to 1586.86 525.56-1033.95 482.63-2758.04

1743.06 3175.62 1548.77 1822.06 912.81 636.70

297.22 517.79 464.58 576.74 170.98 282.15 264.25

172.08-501.24 180.86-729.01 456.44-844.30 313.45-975.70 114.70-378.00 47.80-304.72 167.97-308.01

1833.65

up to 854.74 up to 570.75 59.73-274.41 15.57-329.04 642.15-1901.19 289.36-2893.10 975.91-2864.51

163.93 134.79 123.47 198.66 876.52 2387.36

54.12 57.21 32.09 28.46 48.49 54.86 43.51

23.31-74.64 30.38-108.06 21.74-36.48 13.30-42.14 11.47-73.10 25.16-105.69 27.74-58.62

109.71

19.96-163.87 up to 234.31 57.97-124.32 up to 82.57 365.05-668.85 780.88-1361.78 37.19-150.70

73.09 107.72 58.09 46.34 530.29 1015.70

bdl bdl bdl bdl bdl 7.50 7.89

up to 27.17 up to 18.38 bdl up to 9.43 up to 17.99 up to 25.31 up to 28.15

bdl

up to 87.31 up to 264.33 up to 31.64 up to 55.55 up to 91.71 up to 145.49 up to 78.10

bdl 46.21 bdl bdl bdl 73.17

14.21 19.71 19.93 21.03 7.54 17.39 bdl

up to 32.95 up to 41.21 17.38-28.16 8.95-46.77 up to 17.88 up to 23.85 up to 11.16

bdl

up to 9.34 up to 13.32 up to 8.70 up to 16.24 up to 23.80 bdl up to 7.87

bdl bdl 4.05 3.87 bdl bdl

0.91 bdl bdl 0.25 bdl bdl 2.67

up yo 5.60 up to 11.66 up to 0.65 up to 1.90 up to 4.27 bdl up to 6.56

12.43

2.18-43.96 up to 22.12 0.98-103.82 up to 6.70 5.49-28.34 up to 17.20 up to 18.46

7.61 9.93 1.01 2.88 13.46 13.72

4.88 13.92 40.68 40.86 11.05 13.33 12.28

up to 27.53 2.89-27.80 38.71-103.82 18.48-117.84 up to 74.64 up to 13.58 up to 31.75

bdl

up to 10.43 up to 18.99 3.00-38.12 1.76-45.12 up to 14.87 up to 4.04 up to 10.18

bdl 2.63 7.44 10.17 bdl bdl

bdl bdl 0.92 1.10 bdl bdl bdl

up to 3.33 up to 4.61 0.59-2.50 up to 4.39 up to 1.63 bdl bdl

bdl

up to 8.74 up to 13.54 up to 4.84 up to 5.19 bdl up to 9.62 up to 15.11

bdl bdl 2.03 bdl bdl bdl

bdl bdl bdl bdl bdl bdl bdl

up to 1.88 up to 0.97 up to 0.22 up to 0.34 up to 1.22 bdl up to 0.68

bdl

up to 32.70 up to 134.01 up to 6.37 up to 7.75 bdl up to 6.57 up to 14.64

5.65 9.87 1.79 2.19 bdl bdl

up to 3.90 up to 3.91 up to 1.29 up to 3.27 up to 2.81 bdl up to 2.73

bdl bdl bdl 0.45 bdl bdl 1.66

0.60

up to 0.84 up to 2.18 bdl up to 0.48 bdl bdl up to 2.07

bdl bdl bdl bdl bdl bdl

bdl bdl bdl bdl bdl bdl bdl

bdl up to 1.80 bdl up to 0.23 up to 0.49 up to 0.39 up to 0.52

bdl

up to 0.38 up to 0.50 up to 0.32 up to 0.30 up to 1.04 up to 0.41 up to 0.57

bdl bdl bdl bdl bdl bdl
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Table 2.2 Continued 

 

Location Biggejavri

Unit Albitite

Sample 840508 840508 H188.7 H188.7 87174 H251.4 H251.4 840412 840412

wt% oxide

SiO2 53.44 45.26 55.91 49.28 41.49 55.11 55.46 38.05 38.04

median 52.07 44.52 54.80 49.28 -

min-max 47.28-55.89 41.76-48.14 49.19-55.91 49.01-49.49 -

TiO2 bdl 0.18 0.10 0.25 0.07 0.15 0.10 1.70 1.74

median 0.09 0.28 0.10 0.31 -

min-max up to 0.21 0.16-0.53 0.06-0.35 0.25-0.32 -

Al2O3 3.87 12.77 2.16 7.70 17.37 2.31 2.24 14.86 14.54

median 4.56 11.21 3.06 7.7 -

min-max 0.93-9.13 7.47-13.83 1.78-8.10 7.00-8.11 -

FeO 10.72 14.94 9.24 12.72 11.64 9.88 9.57 14.63 14.55

median 10.69 14.76 9.72 12.43 -

min-max 7.91-13.80 12.49-16.29 8.93-13.28 12.35-12.72 -

MgO 16.75 10.30 18.65 14.67 13.31 17.71 18.23 15.74 15.96

median 16.23 11.02 17.99 14.75 -

min-max 12.24-19.09 9.96-13.70 14.20-18.95 14.67-15.17 -

Cr2O3 0.48 0.70 0.03 0.03 bdl bdl bdl 0.07 0.05

median 0.17 0.19 0.02 0.03 -

min-max up to 0.71 up to 0.78 up to 0.04 0.02-0.03 -

ZnO bdl bdl bdl bdl bdl bdl bdl bdl bdl

median bdl bdl bdl bdl -

min-max bdl bdl bdl bdl -

ZrO2 bdl bdl 0.04 bdl bdl bdl bdl bdl bdl

median bdl bdl bdl bdl -

min-max up to 0.05 bdl up to 0.04 bdl -

MnO 0.22 0.22 0.13 0.14 0.07 0.18 0.19 0.07 0.05

median 0.22 0.22 0.14 0.15 -

min-max 0.18-0.27 0.17-0.25 0.12-0.19 0.14-0.19 -

Na2O 0.51 1.49 0.46 1.20 2.41 0.67 0.65 0.04 0.03

median 0.55 1.33 0.56 1.27 -

min-max 0.15-1.05 0.90-1.71 0.36-1.49 1.20-1.55 -

K2O 0.04 0.13 0.04 0.11 6.74 0.04 0.04 8.96 9.19

median 0.10 0.20 0.04 0.07 -

min-max 0.02-0.26 0.12-0.39 0.02-0.08 0.05-0.11 -

CaO 12.38 11.69 12.15 11.78 0.10 12.16 12.16 0.02 bdl

median 12.33 11.86 12.12 11.55 -

min-max 11.92-12.88 9.76-12.32 11.17-12.32 11.32-11.78 -

F bdl bdl 0.08 0.00 0.16 bdl bdl 0.16 0.17

median bdl bdl 0.04 bdl -

min-max up to 0.07 bdl up to 0.11 up to 0.10 -

Cl 0.01 0.04 0.02 0.09 0.24 0.02 0.03 0.36 0.37

median bdl 0.06 0.04 0.06 -

min-max up to 0.09 0.01-0.28 0.01-0.06 0.06-0.09 -

Total 98.43 97.71 99.03 97.98 93.61 98.24 98.67 94.66 94.68

apfu based on 23 oxygens

Si 7.83 7.49 7.94 7.57 7.81 7.94 7.93 6.93 6.91

Ti 0.00 0.02 0.01 0.03 0.01 0.02 0.01 0.23 0.24

Al 0.17 0.62 0.09 0.35 0.96 0.10 0.09 0.80 0.78

Fe2+ 1.12 1.62 1.07 1.09 1.80 1.16 1.07 0.83 0.75

Fe3+ 0.19 0.45 0.03 0.54 0.03 0.03 0.07 1.40 1.46

Mg 3.66 2.54 3.95 3.36 3.73 3.80 3.89 4.27 4.32

Cr 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mn 0.03 0.03 0.02 0.02 0.01 0.02 0.02 0.01 0.01

Na 0.04 0.12 0.03 0.09 0.22 0.05 0.04 0.00 0.00

K 0.00 0.01 0.00 0.01 0.40 0.00 0.00 0.52 0.53

Ca 1.94 2.07 1.85 1.94 0.02 1.88 1.86 0.00 0.00

F 0.00 0.00 0.04 0.00 0.10 0.00 0.00 0.09 0.10

Cl 0.00 0.01 0.01 0.02 0.08 0.01 0.01 0.11 0.11

end member Act Mhbl Act Mhbl K-Mg-Arf Act Act K-Mg-Arf K-Mg-Arf

Biggejavri 

Metadolerite Metadolerite Albitite Barren Albitite

Biggejavri Bidjovagge Bidjovagge

54.18 36.93

49.72-58.92 30.65-38.05

0.16 1.65

0.08-0.30 1.07-1.74

2.82 14.39

1.46-4.70 12.50-14.86

10.80 14.59

9.29-12.88 14.19-15.38

17.09 15.24

14.84-20.18 11.30-16.33

bdl 0.05

up to 0.04 up to 0.07

bdl bdl

bdl up to 0.21

bdl bdl

bdl bdl

0.18 0.04

0.13-0.23 up to 0.07

0.76 0.04

0.49-1.24 0.02-0.04

0.06 8.81

0.03-0.15 2.93-9.19

11.88 0.01

11.41-12.34 up to 0.08

bdl 0.16

bdl 0.09-0.56

0.03 0.35

0.01-0.10 0.30-0.39
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Table 2.2 Continued 

 

Location Biggejavri

Unit Albitite

Sample 840508 840508 H188.7 H188.7 87174 H251.4 H251.4 840412 840412

Trace elements

Li bdl bdl 41.31 49.36 22.62 bdl bdl - 103.83

median bdl bdl bdl 13.54 22.62

min-max bdl up to 79.88 up to 41.31 up to 66.64 up to 70.12

Sc 10.41 21.21 83.95 45.61 46.14 39.84 232.83 - 32.89

median 41.39 44.40 84.60 35.22 101.00

min-max 27.54-59.35 21.21-98.10 up to 97.02 up to 81.73 46.14-202.63

Ti 1949.55 2935.75 1114.51 3035.03 500.82 799.88 536.18 - 4365.52

median 2938.66 3541.95 1153.23 2206.88 13658.51

min-max 633.45-4590.33 2211.93-4857.60 503.25-1751.14 1117.32-3833.50 358.03-17316.63

V 77.71 269.94 462.63 558.86 299.90 318.51 371.63 - 1023.62

median 258.93 323.46 533.01 815.30 1264.86

min-max 180.53-324.85 203.94-479.92 330.73-816.88 406.53-1182.47 299.90-2214.51

Cr 115.35 43.71 148.67 45.03 202.39 47.29 bdl - 58.99

median 93.30 148.61 122.01 71.02 428.69

min-max up to 1390.87 up to 1137.37 up to 240.96 up to 308.07 23.97-1278.73

Co 48.61 56.61 24.00 46.87 35.34 53.84 36.71 - 40.21

median 48.49 64.32 29.36 37.80 28.98

min-max 11.47-73.10 47.28-78.17 14.44-54.84 17.17-54.44 18.28-35.34

Ni 168.97 118.46 157.82 176.11 146.97 116.92 178.88 - 241.85

median 530.29 109.71 98.97 131.46 281.26

min-max 365.05-668.85 37.19-150.70 up to 191.36 up to 227.39 89.76-464.40

Cu bdl 12.54 bdl bdl 42.94 bdl bdl - bdl

median bdl bdl bdl bdl bdl

min-max up to 17.99 up to 12.54 up to 26.65 up to 30.50 up to 42.94

Zn 48.61 113.60 bdl bdl 131.54 bdl bdl - bdl

median bdl 105.06 bdl bdl bdl

min-max up to 91.71 up to 203.99 bdl up to 147.59 up to 131.54

Ga bdl 26.35 17.58 19.77 34.57 9.03 4.08 - 47.67

median 7.54 18.11 22.07 20.54 29.80

min-max up to 17.88 up to 26.35 up to 46.05 up to 49.02 7.00-50.98

Ge 11.76 bdl bdl bdl 15.36 bdl bdl - 21.14

median bdl bdl bdl bdl bdl

min-max up to 23.80 up to 11.41 up to 10.64 up to 10.60 up to 19.07

Rb bdl bdl bdl bdl 174.66 0.55 0.59 - 166.62

median bdl bdl bdl bdl 209.08

min-max up to 4.27 up to 6.49 up to 3.37 up to 4.96 174.66-370.35

Sr 2.29 2.81 bdl bdl 23.84 1.05 2.04 - 3.06

median 13.46 3.25 2.52 bdl 2.67

min-max 5.49-28.34 1.75-9.66 up to 4.15 up to 7.63 up to 23.84

Y 1.51 23.04 69.27 64.06 2.69 24.97 22.21 - 1.38

median 11.05 19.11 69.27 54.32 bdl

min-max up to 74.64 up to 36.65 25.24-93.90 37.11-68.59 up to 2.69

Zr 2.96 3.33 bdl bdl bdl 3.13 bdl - bdl

median bdl bdl 3.33 3.24 6.15

min-max up to 14.87 up to 8.81 up to 15.88 up to 14.17 up to 11.97

Nb bdl 4.50 bdl 2.80 1.55 bdl bdl - bdl

median bdl 1.59 bdl 0.90 bdl

min-max up to 1.63 up to 6.23 up to 3.22 up to 6.71 up to 2.34

Mo bdl 4.62 bdl bdl bdl bdl 2.00 - bdl

median bdl bdl bdl bdl bdl

min-max bdl up to 4.62 bdl up to 13.09 bdl

Cs 0.70 bdl bdl bdl 1.91 bdl bdl - 3.59

median bdl bdl bdl bdl 7.34

min-max up to 1.22 up to 0.90 bdl up to 1.40 1.91-19.77

Ba bdl 7.92 bdl bdl 54.28 bdl bdl - 39.56

median bdl 10.35 bdl bdl 248.83

min-max bdl up to 17.63 up to 16.58 up to 19.71 54.28-612.16

La bdl bdl bdl bdl 1.75 0.68 0.33 - bdl

Ce 0.45 0.56 1.28 2.10 bdl 3.16 1.77 - 0.68

Pr bdl 0.53 0.77 0.75 bdl 1.03 0.84 - bdl

Nd bdl 2.07 6.82 9.54 bdl 5.31 5.06 - bdl

Sm bdl bdl 6.40 bdl bdl 5.17 2.95 - bdl

Eu bdl bdl 1.77 1.87 bdl 1.58 1.09 - 0.57

Gd bdl 8.22 11.89 4.71 2.07 2.52 5.96 - bdl

Tb bdl 1.00 1.51 1.83 1.32 0.64 0.78 - bdl

Dy bdl 6.38 13.46 11.03 bdl 5.53 4.47 - bdl

Ho bdl 0.80 3.89 3.60 bdl 1.09 0.87 - 1.22

Er bdl 4.54 9.62 9.46 1.77 2.98 2.61 - 3.40

Tm bdl 1.30 0.76 0.53 0.51 0.14 0.42 - 1.78

Yb 3.13 bdl 2.53 10.80 2.91 1.25 1.76 - bdl

Lu bdl bdl 0.61 1.19 0.81 0.30 0.10 - bdl

ƩREE 3.58 25.41 61.31 57.40 11.14 31.38 29.00 - 7.64

10.61 14.91 61.31 51.08 9.55

5.21-17.34 4.25-25.41 17.54-76.59 27.04-59.38 3.98-13.24

Hf bdl bdl bdl bdl bdl bdl bdl - bdl

median bdl bdl bdl bdl bdl

min-max bdl bdl bdl up to 2.32 up to 3.40

Pb bdl bdl 0.63 0.80 bdl bdl bdl - 1.10

median bdl bdl bdl bdl bdl

min-max bdl up to 1.21 up to 0.99 up to 2.59 up to 1.09

Th bdl bdl bdl bdl bdl bdl bdl - bdl

median bdl bdl bdl bdl bdl

min-max bdl up to 0.58 up to 0.58 up to 0.76 bdl

U bdl bdl bdl bdl bdl 0.09 0.18 - 1.49

median 0.26 bdl bdl bdl 0.61

min-max up to 0.91 up to 0.39 up to 0.27 up to 0.76 up to 1.24

end member

Act Mhbl Act Mhbl K-Mg-Arf Act Act K-Mg-Arf K-Mg-Arf

up to 0.38 up to 1.49

bdl 0.43

up to 0.20 bdl

bdl bdl

bdl bdl

up to 0.68 up to 1.10

bdl

up to 1.71 up to 2.51

bdl

up to 3.72 39.56-188.97

bdl 115.26

up to 0.90 3.59-8.49

bdl 5.04

bdl bdl

up to 3.11 bdl

up to 4.61 bdl

1.43 bdl

3.76 4.45

up to 22.07 up to 31.79

17.27-98.37 up to 2.04

27.03 bdl

2.43 bdl

1.05-6.01 up to 4.17

up to 1.84 166.62-396.64

bdl 316.26

bdl bdl

up to 4.98 up to 21.14

up to 21.24 17.51-47.67

10.42 43.42

bdl 93.94

up to 41.53 up to 167.29

up to 6.65 up to 11.93

bdl bdl

140.07 241.85

96.20-447.73 167.99-347.53

28.95-80.17 up to 40.21

42.65 12.10

72.47 207.09

up to 195.71 58.99-352.86

228.22-468.38 963.84-1374.81

371.82 1158.77

801.98 11443.14

433.56-1268.60 4365.52-14679.34

29.25-493.04 21.02-46.33

50.28 34.34

bdl 36.89

up to 41.31 up to 103.83

Biggejavri 

Metadolerite Metadolerite Albitite Barren Albitite

Biggejavri Bidjovagge Bidjovagge

35.73

20.31-96.08

3.66

0.26-9.22
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Figure 2.16 Major element chemistry in amphibole from all different geologic units for (A) Mg, 
(B) Fe2+, (C) Al, (D) Ca, and (E) Na+K. 
 

Amphibole from the amphibolite of Bidjovagge can be classified in the actinolite or 

magnesiohornblende groups. As with the other amphibolites, the Mg/Fe ratio decreases from 

actinolite to magnesiohornblende. Otherwise, the values are spread out in average ranges for 

each element.  

 

Metadolerite 

Metadolerite from Biggejavri has two amphibole end members present: actinolite and 

magnesiohornblende. The end members are very similar to their counterparts in the Biggejavri 

A B 

D 

E 

C 
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amphibolite unit. The ranges of each element are comparable, though with slightly higher Mg 

and Ca values. 

Metadolerite from Bidjovagge has two amphibole end members present: actinolite and 

magnesiohornblende. Again, this metadolerite unit is akin to the corresponding amphibolite unit 

at Bidjovagge, following similar ranges with a few outliers in the Al, Na+K, and Ca. 

 

2.4.3 Trace Elements in Amphiboles 

 All twelve thin sections that were analyzed using EPMA were then evaluated for a suite 

of trace elements. Special attention was paid to ensure that analyses were conducted on the same 

amphibole grains that had been analyzed previously. Table 2 shows a list of representative LA-

ICP-MS analyses and Figure 2.17 shows graphs of select trace elements in each unit.  

 

Albitite 

In the albitite from Biggejavri, the potassic magnesio-arfvedsonite has the highest Ti, V, 

and U values (Ti up to 17317.00 ppm, V up to 2214.51 ppm, U up to 1.49 ppm). The higher Ti 

and V values are found in the mineralized albitite samples while the highest U is found in the 

barren sample, though U is not found in many analyses overall. 

In the albitite from Bidjovagge the actinolite has generally low values for trace elements 

except ∑REEs which are unusually enriched compared to those found in Biggejavri. 

 

Amphibolite 

Amphibole from the amphibolite unit from Biggejavri has no elevated trace element 

concentrations. It tends to have the largest range of values but overall no outlying concentrations 

for any elements. 

In the amphibolite unit from Bidjovagge, overall concentrations of trace elements are also 

low, comparable to that of Biggejavri, however it does have higher ∑REE values. 

The high Mg amphibolite of Biggejavri has the highest Ni and Cr values, and the lowest 

V. The highest Ni (1361.78 ppm) and Cr (2893.10 ppm) concentrations are found in 

anthophyllite end member analyses, however actinolite and magnesiohornblende also show 

elevated Ni and Cr. 
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Figure 2.17 Line graphs of the trace element concentrations (ppm) in amphiboles for (A) Ni, (B) 
Cr, (C) Ti, (D) V, (E) Li, (F) ∑REEs, and (G) U in each geologic unit. Filled in circles in the 
high mg amphibolite represent anthophyllite analyses.  
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Metadolerite 

The metadolerite from Biggejavri is similar to the amphibolite unit of the same deposit, 

as was the case with the major element data. Generally average trace element concentrations for 

this data set with a slightly more restricted range compared to the amphibolite unit. 

In amphibole from the metadolerite from Bidjovagge the ∑REE values are higher than 

the Biggejavri metadolerite but otherwise remain in similar ranges as the Bidjovagge amphibolite 

and Biggejavri equivalent units. 

 

2.5 Discussion 

In this section, the evolution and formation of the davidite-loveringite occurrence at 

Biggejavri will be discussed. 

 

2.5.1 Lithologies 

The units of the Biggejavri U-REE deposit are a suite of upper greenschist to upper 

amphibolite facies metamorphosed volcanics, siliciclastics, and mantle-derived rocks from a 

Proterozoic age rifting event (Olesen and Sandstad, 1993). Generally, greenstone belts exhibit a 

sequence of rock types that comprise ultramafic volcanics such as komatiites and mafic 

volcanics such as tholeiitic basalt and andesite (even felsic volcanics) to sedimentary units at the 

youngest points (Anhausser, 2013).  

Using whole rock geochemistry by Sandstad (personal com.), Figure 2.18 shows the 

geochemical data from different rock units plotted on an AFM diagram with potential protoliths 

indicated. Table 2.3 lists major chemical whole rock data from this set for the areas where thin 

sections were provided. Geochemical data from amphibolite and metadolerite units are 

determined to have been a tholeiitic basalt while the high Mg amphibolite plots within the 

komatiite field. Considering that the Suoluvuopmi Formation is lower in the stratigraphic 

section, these results are consistent with expected general greenstone belt geology. The albitite 

bodies plot along the calc-alkaline trendline in Figure 2.18 but these bodies have been heavily 

altered by metasomatic alteration and the original protolith for these units are thought to be either 

clastic sediment lenses or volcanics. This data is only for the Biggejavri area but is generally 

consistent with interpretations at Bidjovagge. Hagen (1982) describes the protolith of the 

Cas’kejas Formation as tholeiitic by major element chemistry as well, to correlate two areas  
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Table 2.3 Whole rock data provide by Sandstad (personal com.) of major elements for samples used in this study. 

Sample Unit SiO2 Al2O3 TiO2 Fe2O3 MgO CaO Na2O K2O MnO P2O5 H2O CO2 LOI Sum

87128 Albitite 61.18 17.72 1.00 1.98 2.23 2.30 9.84 0.86 0.03 0.07 0.09 2.48 99.69

87156 Albitite 56.92 21.20 2.63 4.21 1.31 5.04 7.55 0.41 0.07 0.89 0.41 99.76

87176 Albitite 64.79 18.70 2.71 1.10 0.19 0.52 11.00 0.16 0.02 0.01 0.49 0.53 99.73

87177 Albitite 65.51 18.78 3.21 0.11 0.54 11.31 0.10 0.01 0.24 0.47 -0.35 100.28

87188 Albitite 65.25 18.54 2.31 1.14 0.43 0.26 10.82 0.21 0.04 0.82 -0.76 99.82

88232 Albitite 64.56 19.42 1.26 2.66 0.31 1.44 9.42 0.25 0.02 0.02 0.40 0.75 100.11

830310 Albitite 58.89 17.10 2.85 1.99 1.40 2.00 9.50 0.24 0.07 0.03 3.03 97.09

830403 Albitite 46.39 13.27 0.83 7.21 5.83 6.91 7.10 0.50 0.22 0.42 6.94 95.62

840903 Albitite 62.21 18.07 1.53 1.96 0.81 0.69 10.00 0.65 0.06 0.01 1.35 97.83

840305 Barren Albitite 55.43 16.51 1.55 2.02 2.13 6.20 8.40 0.61 0.05 0.05 5.57 98.52

840412 Barren Albitite 50.16 14.29 2.80 7.74 4.40 5.94 6.50 1.71 0.06 0.21 3.88 97.69

87127 Amphibolite 48.05 14.07 1.37 12.82 8.72 10.37 3.09 0.22 0.18 0.10 1.56 0.66 100.55

87134 Amphibolite 47.89 14.57 0.98 12.16 8.06 11.53 2.83 0.39 0.14 0.07 1.70 0.93 100.32

87145 Amphibolite 46.59 13.43 1.58 16.02 7.89 9.46 2.90 0.50 0.13 0.11 2.24 0.34 1.33 101.19

87152 Amphibolite 48.08 14.38 1.16 11.98 8.25 10.62 3.40 0.19 0.16 0.09 1.81 1.68 100.12

87173 Amphibolite 45.65 12.19 0.99 9.30 9.15 6.05 3.91 3.20 0.17 0.07 9.24 99.92

840204 Amphibolite 47.85 14.70 1.18 12.30 8.85 10.45 2.80 0.37 0.11 0.09 0.17 98.87

840406 Amphibolite 50.42 13.10 1.21 11.87 7.71 8.68 4.40 0.55 0.09 0.10 0.96 99.09

840407 Amphibolite 55.31 14.34 1.25 6.19 7.46 4.21 5.90 2.26 0.04 0.08 1.62 98.66

87103 High Mg Amphibolite 43.75 11.87 0.77 12.30 17.81 8.02 0.94 0.77 0.14 0.04 4.64 0.24 3.28 101.29

87105 High Mg Amphibolite 50.31 6.75 0.42 11.35 16.93 11.04 0.73 0.45 0.18 0.01 2.60 1.51 100.77

87142 High Mg Amphibolite 46.86 7.57 0.63 11.04 20.18 8.46 0.66 0.36 0.16 3.78 0.45 3.74 100.15

88212 High Mg Amphibolite 43.49 10.88 0.80 12.07 19.09 8.30 0.64 0.26 0.17 0.07 4.27 100.04

840301 High Mg Amphibolite 46.32 8.52 0.54 11.35 19.62 8.81 0.30 0.06 0.15 0.03 3.08 98.78

87141 Metadolerite 49.34 13.25 1.22 12.11 8.36 10.34 3.75 0.27 0.11 0.10 1.47 0.21 0.81 100.53

87180 Metadolerite 48.74 13.55 1.28 13.26 7.67 11.72 2.45 0.18 0.18 0.10 1.73 0.23 0.76 101.09

840303 Metadolerite 48.54 13.93 1.13 12.25 8.03 12.39 2.10 0.19 0.17 0.08 0.64 99.45

840508 Metadolerite 46.68 16.57 0.88 10.84 8.03 11.82 2.50 0.36 0.14 0.07 1.04 98.93

87158 Mica Schist 61.50 16.92 0.72 6.88 2.69 1.98 4.32 2.65 0.04 0.13 2.84 0.15 2.14 100.82

88209 Mica Schist 66.52 15.16 0.65 5.44 2.37 2.51 3.89 2.02 0.06 0.16 1.53 100.30
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Figure 2.18 AFM diagram using whole rock data from Biggejavri by Sandstad (personal com.) 
and modeled after Jensen (1976). The albitite bodies plot along the calc-alkalic trend, the 
amphibolite and metadolerite are within the tholeiitic field, and the high Mg amphibolite lies 
firmly in the komatiite field. 
 

across the Kautokeino Greenstone Belt. One major difference between the Biggejavri U-REE 

occurrence and the Bidjovagge Cu-Au deposit is the existence of a high Mg amphibolite (formerly 

komatiite) at Biggejavri whereas this unit is missing at Bidjovagge. 

 

2.5.2 Metamorphic History 

 With the proposed protoliths above taken into account, the transition from greenschist to 

amphibolite facies is accompanied by a shift in amphibole chemistry correlating to the 

metamorphic grade. For mafic and ultramafic rocks, actinolite will be the end member more 



45 
 

prominent under greenschist facies conditions and hornblende will form with increasing 

metamorphic grade under amphibolite facies conditions (Harte and Graham, 1975). In 

experimental analyses by Apted and Liou (1983), actinolite that formed during greenschist facies 

conditions displayed similarly bladed prisms as a replacement of pyroxene in the protoliths. At 

higher temperatures and upper amphibolite facies conditions, amphibole will transform into 

anthophyllite as exhibited by core-rim textures. Primary olivine will react to anthophyllite with 

the consumption of siliceous minerals such as talc (4MgSiO3 + Mg3Si4O10(OH)2  → 

Mg7Si8O22(OH)2) under amphibolite facies conditions (Winter, 2010).  

 

Greenschist Facies (Actinolite) 

 The actinolite end member is found in almost all units at both Biggejavri and Bidjovagge 

with the exception of the albitites of Biggejavri. In many grains, especially in the Biggejavri 

amphibolite and high Mg amphibolite, actinolite represents the core of the prismatic grains 

within the rocks (Figs. 2.11 B, C, H and Fig. 2.19). Apart from distinct polyhedral grains, there 

are also fibrous amphibole grains in the high Mg amphibolite unit that are mainly actinolite 

compositionally but often show an intermixed texture with magnesiohornblende (Fig. 2.11 D, E 

and Fig. 2.19 C, D). This is very apparent in BSE imaging and can also be seen in automated 

mineralogy images. Examples of these textures can be seen in Figure 2.19, best seen in BSE but 

also noticeable in false color automated mineralogy scans.  

 The mineralized albitite and barren albitite units of Biggejavri do not have any actinolite 

whereas the albitite unit at Bidjovagge only has actinolite. It is exclusively associated with the 

mineralized veins of the albitite with large grains, anhedral, and no core-rim associations. This is 

one of the major differences between the two deposits. Not only is the style of mineralization 

different but the accessory minerals and, as studied here, amphibole chemistry in the amphibolite 

unit is significantly different. 

 There is very minimal actinolite in the Bidjovagge amphibolite unit, limited to patches 

within grains (Fig. 2.13). The metadolerite units from Biggejavri and Bidjovagge are 

indistinguishable. Both have very mottled amphibole grains that are a mix of actinolite and 

magnesiohornblende (Fig. 2.14), similar to but not as fibrous in texture as the high Mg 

amphibolite. There are some grains that show faint core-rim zonation but they are not as 

abundant or well defined as in other units. 
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At Bidjovagge, in the mineralized albitite unit, the amphibole grains are large but only 

occur in veins and are actinolite compositions, accompanying the mineralization stage (Ettner et 

al., 1993). 

 

Amphibolite Facies (Magnesiohornblende and Anthophyllite) 

As the metamorphic grade increases, the end member chemistry of amphibole changes 

with it. As mentioned, the core-rim relationship in many amphibole grains is an actinolite core 

with a magnesiohornblende rim. This is a texture that will develop as the pressure and 

temperature increase to create more stable conditions for this end member and so the transition 

from one to another occurs. In Figure 2.19, the boundary between the end members appears very 

sharp in BSE and automated mineralogy but as shown in Figure 2.15 the chemistry exhibits a 

gradual, continuous change from actinolite to magnesiohornblende across grains overall.  

The fibrous amphibole grains in the high Mg amphibolite unit (Figs. 2.11 D, E and Figs. 

2.19 C, D) and the intermixed grains in the metadolerites (Fig. 2.14) of both locations consist of 

actinolite and magnesiohornblende. The metadolerite amphibole exhibits a fairly even amount of 

the two end members while many of the grains in the high Mg amphibolite are mostly actinolite. 

Besides mottled amphibole grains, the metadolerites also have grains that consist solely of 

magnesiohornblende. Magnesiohornblende is not present in the albitite unit of Biggejavri or 

Bidjovagge. Amphibole in the amphibolite unit of Bidjovagge are dominantly represented by 

magnesiohornblende with little actinolite, unlike the Biggejavri amphibolite. 

Anthophyllite is only present in the high Mg amphibolite of Biggejavri. The anthophyllite 

end member displays multiple morphologies. Anthophyllite is seen as degraded grains with 

uneven grain boundaries (Figs. 2.19 A, B), long bladed grains (Figs. 2.19 A, B), as overgrowths 

on actinolite or magnesiohornblende grains (Figs. 2.19 C, D, E, F), or as prismatic grains (Figs. 

2.19 C, D, E, F). This leads to the conclusion that there are several generations of anthophyllite. 

The subhedral-orthorhombic anthophyllite grains (Figs. 2.19 C, D, E, F) are interpreted to have 

originally been olivine from the primary komatiite. Anthophyllite amphibole rims as seen in 

some of the bladed amphibole grains are interpreted to represent upper amphibolite facies 

conditions of former clinopyroxenes with a core of actinolite followed by magnesiohornblende 

 

 



47 
 

 
Figure 2.19 Anthophyllite as observed in the high Mg amphibolite unit. (A) BSE image of 
several distinct amphibole grains of various textures, (B) corresponding automated mineralogy 
image to A highlighting the 3 present end members of amphibole including overgrowths of 
anthophyllite on actinolite-magnesiohornblende core-rim grains, (C) BSE image of well-defined 
core-rim amphibole grains (D) corresponding automated mineralogy image to C showing both 
primary anthophyllite grains and anthophyllite overgrowths after actinolite-magnesiohornblende, 
(E) BSE image of rimmed amphiboles as inclusions in larger amphibole grains, and (F) 
corresponding automated mineralogy image to E showing mostly primary anthophyllite and its 
common association with quartz in the samples. . 
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Retrograde (Albitization) 

Albitite is the mineralized unit at both Biggejavri and Bidjovagge but the two locations 

do not resemble each other besides the dominant albite component. Sodium metasomatism is 

widespread in the Kautokeino Greenstone Belt, replacing original calcic plagioclase (anorthite) 

with sodic plagioclase (albite). Although the origin of the fluid is still unknown, it is likely an 

altering fluid that began to alter the rocks starting during metamorphism, accompanied by 

carbonitization and scapolitization (Bjørlykke et al., 1987, Ettner et al., 1993).  

Albitization was widespread in the area, not just contained to the albitite lenses. It also 

occurred within the amphibolite and metadolerite units (no plagioclase was found in the high Mg 

amphibolite unit of Biggejavri). As the anorthite of the basaltic rocks was converted to albite, the 

release of Ca and Al was used in an exchange reaction with Na and Si in amphibole. Assuming a 

presence of quartz, the reaction becomes: 

Actinolite + Anorthite + Quartz + Na → Magnesiohornblende + Albite 

The albitization of amphibolite and metadolerite units at Biggejavri was incomplete with 

plagioclase ranging across the full solid solution series of anorthite to albite while Bidjovagge 

was almost completely albitized. 

 

2.5.3 Amphibole Trace Element Systematics 

While many of the analyzed trace elements were below the detection limit, significant 

trace element data will be discussed. Figure 2.20 summarizes the relevant trace element data. 

 

Albitite Units  

Trace element chemistry of amphibole from the albitite units show relatively low 

concentrations of elements classically considered to occur in mafic rocks (Ni and Cr). In 

contrast, typically felsic elements such as Ti, V, and REEs (Figs. 2.20 A and B) are enriched. 

However, Biggejavri shows the enrichment in Ti and V but relatively low concentrations of 

REEs while Bidjovagge elevated concentrations in REEs and low concentrations in Ti and V. 

 

Metadolerite Units 

Amphibole in the metadolerite units show relatively depleted concentrations of Ni, Cr, 

Ti, and V at both Biggejavri and Bidjovagge. Interestingly, Figure 2.20 E shows elevated 



49 
 

concentrations of V and ∑REEs at the Bidjovagge Cu-Au deposit over the Biggejavri U-REE 

occurrence when accessory minerals at Biggejavri are commonly REE and V minerals. Overall, 

the metadolerite units look chemically very similar to the amphibolite units. 

 

  

  

 

 

 

Figure 2.20 Graphs of the trace element concentrations (ppm) in amphiboles for (A) Ni, (B) Cr, 
(C) Ti, (D) V, and (E) ∑REEs plotted against Mg# as an approximation for end member.   

 

Amphibolite Units 

 Amphibole trace element chemistry in the amphibolite units show relatively low 

concentrations of Ni, Cr, Ti, and V at both Biggejavri and Bidjovagge. Interestingly, Figure 2.20 
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E shows elevated concentrations of ∑REEs at the Bidjovagge Cu-Au deposit over the Biggejavri 

U-REE occurrence where higher REE values might be expected. 

 

High Mg Amphibolite Unit 

 Amphibole of the high Mg amphibolite unit at Biggejavri show high concentrations of Ni 

and Cr (Fig. 2.20 A and B), elements that are typically associated with mafic rocks of mantle 

origin. It is important to note that the high Mg amphibolite unit is missing at Bidjovagge. 

Elements associated with felsic rocks (Ti, V, and REEs) show lower than average concentrations. 

Anthophyllite that is interpreted to have been formed from olivine (light purple circles) show 

some of the highest concentrations of Ni and Cr concentrations. 

 

2.5.4 Ore Forming Processes 

Regional metamorphism took place in the greenstone belt during the Svecofennian 

orogeny and created lower greenschist to upper amphibolite facies conditions across the 

Kautokeino Greenstone Belt. In the Biggejavri area specifically, metamorphism was upper 

greenschist to upper amphibolite facies. At Bidjovagge, ore formation occurred at the boundary 

of greenschist to amphibolite facies conditions and remains consistent with the rest of Ettner et 

al.’s (1993) interpretation of metamorphic grade correlating to stratigraphic positioning. 

The Biggejavri davidite-lovingerite occurrence is hosted in albitite lenses within the high 

Mg amphibolite, a unit that is missing in the Bidjovagge orogenic gold deposit. Detailed 

petrography and automated mineralogy analyses have shown that amphiboles from the high Mg 

amphibolite unit at Biggejavri represent former pyroxene and olivine from the precursor 

komatiite. Amphibole in this unit, especially anthophyllite, shows significantly elevated 

concentrations in Ni and Cr, elements that are known to be enriched in primary mafic minerals 

and that can be released during metamorphism.  

The albitite units at Biggejavri and Bidjovagge are interpreted to originally have been 

volcanics and volcanoclastic sediments (Bjørlykke et al., 1987, Ettner et al., 1993) that have been 

heavily metamorphosed and metasomatized. At Biggejavri, the unique co-location of ultramafic 

Mg-rich mantle rocks (komatiite) and highly evolved felsic rocks paved the way for intense fluid 

rock interaction. During metamorphism, precursor pyroxene and olivine reacted to the 

amphiboles actinolite, hornblende and anthophyllite with increasing metamorphic conditions, 
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releasing elements such as Ni and Cr, usually found in mafic and ultramafic rocks. Elements 

such as Ca and Al needed for amphibole chemistry to adjust to its surrounding metamorphic 

conditions were supplied through the reaction from primary anorthite to the more stable albite 

plagioclase. Amphiboles from the highly evolved felsic albitite unit display higher levels of 

elements such as Ti, V and REEs, which indicates that the environment during which the 

precursor minerals formed was enriched in these elements.  

During metamorphism, all these seemingly contrasting elements (Ni and Cr and Ti, V, 

and REEs) were released into the metamorphic fluid leading to the formation of the unique 

combination of elements necessary to form minerals of the davidite-loveringite solid solution 

series. 

The albitite lenses in amphibolite units (high Mg amphibolite at Biggejavri and 

amphibolite at Bidjovagge) are the mineralized unit at both Biggejavri and Bidjovagge but the 

two locations do not resemble each other besides the dominant albite component. Apart from the 

differences in mineralization (disseminated davidite-loveringite at Biggejavri and vein hosted 

native gold/chalcopyrite at Bidjovagge), the accessory minerals at Biggejavri are primarily Fe, 

Cr, V, and REEs oxides such as rutile and chromite while at Bidjovagge the main accessory 

minerals are magnetite and ilmenite. However, minor davidite and other REE minerals were 

reported in the albitite units at Bidjovagge (Bjørlykke et al., 1990), though none was observed in 

the provided samples. 

While orogenic gold deposits like Bidjovagge are well known across the world, davidite-

loveringite is not as common both in general knowledge and in ore deposits. It can be found in 

many localities worldwide and has been mined as an economic source of uranium in some places 

(Parkin and Glasson, 1954). Generally, davidite is associated with alkali rocks, alkali 

metasomatic processes, and pegmatitic intrusions (Wambeke, 1968). Whittle (1959) describes a 

large variety of localities, all within Southern Australia, that host different types of deposits that 

contain davidite and categorizes them as follows: replacement lode deposits, disseminated 

replacement deposits, of pneumatolytic origin, as an accessory mineral in pegmatite, and of 

metamorphic origin. The type locality, Radium Hill in Southern Australia, falls into the first 

category where the davidite is mineralized as vein-like structures in lenses within shear zones as 

a form of hypogene replacement (Whittle, 1959), however others such as Mossman (1985) claim 

that Radium Hill is a high- temperature pegmatite deposit, comparable to the various Canadian 
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occurrences of davidite that he studied. Lottermoser and Ashley (2007) mention that the lode 

zones described by Whittle are associated with pegmatitic bodies. In Whittle’s (1959) paper, 

there is mention of another deposit near Radium Hill called Houghton that is most similar to 

Biggejavri and Bidjovagge. Houghton, a disseminated replacement deposit, is found in albitized 

bodies within Archean rocks. The davidite replaces actinolite and diopside and most often found 

where complete albitization occurred (Whittle, 1959). Similar davidite occurrences are also 

found at the Mt. Isa-Cloncurry District in Queensland, Australia including the Mary Kathleen 

Fold Belt (Polito, Kyser, and Stanley, 2009), Six Kangaroos, and Kajabbi (Lawrence et al., 

1957). In this region, the davidite is associated with regional metamorphism and metasomatism, 

including scapolitization, disseminated in schists and granulites of Archean age and associated 

with actinolite (Lawrence et al., 1957).  

 

2.5.5 Conclusions 

The davidite-loveringite occurrence at Biggejavri and the Bidjovagge orogenic gold 

deposit are hosted in albitite bodies within upper greenschist to amphibolite facies units of the 

Kautokeino Greenstone Belt. Despite the similar lithologies and proximity, the two locations 

show distinct differences in style and ore mineralogy. The Bidjovagge orogenic deposit is 

structurally controlled, whereas the Biggejavri davidite-loveringite occurrence is disseminated.  

Biggejavri displays the unique co-location of mafic mantle rocks and highly evolved 

felsic rocks, which were metamorphosed in close proximity with felsic rocks forming lenses 

within high Mg amphibolite units. While trace element analyses of amphibole indicate that the 

high Mg amphibolite, formerly a komatiite, is highly enriched in elements such as Ni and Cr, the 

felsic lenses within the high Mg mafic rock show enrichment in elements such as Ti, V and 

REEs.  

During metamorphism, the aforementioned elements were expelled and formed rare 

minerals of the davidite-lovingerite solid solution series ((La,Ce,Ca)(Y,U)(Ti,Fe3+)20O38-

(Ca,Ce)(Ti,Fe3+,Cr,Mg)21O38). It is noteworthy that davidite-loveringite at Biggejavri is 

unusually Cr and Ni rich (Butler and Hall, 1960 and Lumpkin, Blackford, and Colella, 2013). In 

the general formula AM21O38, these metal substitutions occur in the M site (Olerud, 1988). While 

minerals of the davidite-loveringite solid solution series can be found in the Bidjovagge orogenic 

gold deposit, their occurrence is rare. While the Biggejavri occurrence is host to amphibolites 
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(formerly basalt) and high Mg amphibolite (formerly komatiite), the Bidjovagge deposit is only 

host to amphibolites with basalt as their precursor rocks. The higher concentration of elements 

such as Ni and Cr provided by the high Mg amphibolite at Biggejavri is directly related to the 

higher concentration of davidite-loveringite in the albitite lenses. 

Davidite has been mined as a source of uranium, particularly in Australia, and although 

there are many different types of davidite deposits they generally have alkali conditions in 

common (Wülser and Miesser, 2004). While pegmatites are a possibility, most other davidite 

deposits occur in either alkalic rock types such as granite or in alkali metasomatized rocks, such 

as those seen at Mt. Isa, Queensland, Australia or Biggejavri and Bidjovagge, Kautokeino 

Greenstone Belt, Norway.  



54 
 

 

CHAPTER 3 

OUTLOOK 

 

 This thesis has covered the chemical composition of amphibole within the Biggejavri U-

REE occurrence in the Kautokeino Greenstone Belt. Amphibole geochemistry, in conjunction 

with detailed petrography, SEM analyses, and automated mineralogy, was used to interpret the 

formation of the occurrence and its relation to the regional geology. While it was possible to 

interpret key parameters that led to the formation of minerals of the davidite-loveringite solid 

solution series in this area, there are still several aspects where additional work should be done.  

 The origin of the sodium metasomatic fluid is still unknown and there has been no 

hypothesis of its source in the scope of this thesis, though it is generally accepted that these 

fluids occur in close timing to metamorphism of an area. A closer investigation of the 

metamorphic and metasomatic fluids through modelling and simulation of fluid-rock interactions 

in the context of the regional geology could lead to a better understanding of the alteration of the 

Biggejavri occurrence, in particular the high amount of sodic alteration that created the albitite 

bodies and why the albitization of the host amphibolite unit was not as fully realized. 

 In conjunction with the investigation of the Na-bearing fluids, the alteration of 

plagioclase in many of the units could offer more information about these processes. The 

substitution of Na for Ca in primary mafic plagioclase creates complex patterns in the grains that 

warrant further study to better understand element substitution and alteration. Thermobarometry 

of the Ca/Al content in plagioclase (Ernst and Liu, 1998) or the Al/Si (Molina et al., 2015) and 

Al/Ti (Raase, 1974) content in amphibole could also constrain metamorphic conditions that 

affected all units in more detail. 

 There has been some study of the REE minerals within Biggejavri in the past (Olerud, 

1988) but further study is necessary. The davidite-loveringite solid solution series shows 

complex textures and concomitant geochemical variations that could lead to a better 

understanding of the formation history of those minerals and, therefore, the evolution of the 

Kautokeino Greenstone Belt. There are also other REE minerals present, such as bastnasite, and 

accessory minerals, such as chromite and rutile, that could also be studied further.  
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 Originally, in situ dating of minerals was proposed as a possible outcome of this thesis. 

While the samples provided did not offer ideal minerals for this process, further investigation 

could reveal suitable minerals and provide this information. This could provide more insight into 

the timing of ore formation in the context of the overall geology of the Kautokeino Greenstone 

Belt. 
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