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Abstract
Uranium Mineralizations at Kiirunavaara, Northernmost Sweden
Diego Segovia Menard

In recent years, a variably high amount of uranium (U) and radon (Rn) were found in the water and air
of the Kiirunavaara mine in Kiruna, northern Sweden. The Swedish Agency for Marine and Water
Management (Havs och vattenmyndigheten) has maximum limits for “special polluting substances” in
water that is released to natural recipients (HVMFS 2019:25), therefore, the mining company LKAB,
owner and operator of the Kiirunavaara mine, decided to conduct a study to investigate the issue
regarding these findings, triggering this master thesis.

From LKAB’s geochemical database, 25 samples were selected, prepared and studied through
petrographic microscopy. Fourteen samples went through more than 70h of EPMA and BSE image
analysis and 5 of them went through MLA. All methods were performed either in Uppsala’s University
laboratories or in Kiruna, at LKAB´s research facility in Malmberget. The ultimate goal of this project
was to determine the primary metal source of uranium that could cause future problems in the water
treatment processes and leakages to recipients.

In order to aboard this study in Kiirunavaara, where no previous uranium related study was ever
conducted, the main objectives were divided into identifying the main mineral carrier(s) of uranium that
could be the source for these U anomalies, the characterization of the rock types and mineral
assemblages associated with U-bearing minerals, and last, to try to propose preliminary implications for
U solubility and distribution in the rock mass and mine water. This study found uraninite, thorite and an
unknown species bearing uranium in some of the samples, both hanging and foot wall, all related to
hydrothermal alterations and anhydrite. The water circulation throughout the rock mass of the mine
could have been the trigger and transporter of these elements that were causing the anomalies in the first
place.

Key Words: Kiirunavaara, uranium, EPMA, water, hydrothermal

Degree Project E1 in Earth Science, 1GV025, 30 credits
Supervisors: Jaroslaw Majka and Ulf B. Andersson
Department of Earth Sciences, Uppsala University, Villavägen 16, SE-752 36 Uppsala (www.geo.uu.se)

ISSN 1650-6553, Examensarbete vid Institutionen för geovetenskaper, No. 581

The whole document is available at www.diva-portal.org



Popular science summary
Uranium mineralizations at Kiirunavaara, northernmost Sweden
Diego Segovia Menard

In recent years, a variably high amount of uranium (U) and radon (Rn), two harmful radioactive
elements, were found in the water and air of the Kiirunavaara mine in Kiruna, northern Sweden. The
Swedish Agency for Marine and Water Management (Havs och vattenmyndigheten) has maximum
limits for “special polluting substances” in water that is released to natural recipients (HVMFS 2019:25),
like uranium. The mining company LKAB, owner and operator of the Kiirunavaara mine, decided to
conduct a study to investigate the issue regarding these amounts of radioactive elements.

From LKAB’s archive, 25 rocks from the mine were selected and treated to study them. The study
of these rocks was done with a petrographic microscope, 14 of them went through more than 70h of
EPMA and BSE image analysis, a very powerful electron microscope that can analyze very small parts
of any material and take very detailed pictures, and 5 of them went through MLA, another powerful
microscope that can scan a material and tell you what it is made of. All methods were performed either
in Uppsala’s University laboratories and in Kiruna, at LKAB´s research facility in Malmberget. The
goal of this project was to determine the main source of uranium that could cause problems in the water
that is used in the mine and leakages to the environment.

In order to aboard this study in Kiirunavaara, where no previous uranium related study was ever
conducted, the main objectives were divided into identifying the main rock that contains uranium, the
possible minerals that can exist in these rocks that could have uranium inside, and to try to understand
how the uranium in these rocks and minerals could end up in the water that circulates in the mine, and
that could end up polluting the environment. This study found minerals with uranium and thorite and a
third mineral that is unknown. All related to hydrothermal alterations and a mineral called anhydrite.
The water circulation throughout the rock mass of the mine could have been the trigger and transporter
of these elements that were causing the anomalies in the first place and could end up polluting the
environment.
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1. Introduction

In recent years, a variably high amount of uranium (U) and radon (Rn) have been found in the water and

air of the Kiirunavaara mine, Kiruna, northern Sweden (Heinke & Walger 2018, Angeli 2020; Levin

2021). In the meantime, the Swedish Agency for Marine and Water Management (Havs och

vattenmyndigheten) has issued maximum limits for “special polluting substances” in water that is

released to natural recipients (HVMFS 2019:25). Therefore, the mining company LKAB, who is one of

Sweden's oldest industrial companies and the owner and operator of the Kiirunavaara mine decided to

conduct further investigations to ensure that their activities respect the current legal framework,

especially the ones concerning the amount of uranium found in water. LKAB provides around 85% of

the iron ore production in Europe, and this ore comes mainly from two deposits, the one under study in

this thesis (Kiirunavaara) and Malmberget deposit, situated 90km south of Kiruna town (LKAB annual

and sustainability report, 2020).

Based on the geochemical database of LKAB, which shows local anomalies of U (and Th) scattered

within the rock mass of the mine (see section 3.1 below), we can argue that some of these U-rich rocks

and minerals have been subjected to dissolution and thus leached U due to circulation of water through

the rock mass inside the mine. This ground water that circulates the rock mass in the whole mine is

recirculated through water pumps to the surface. Part of the water is used in the processing plant, part is

discharged into sand clarification reservoirs and part of it goes back down to the mine through leakages

while mixing with surface water (Heinke and Walger, 2018). Along the recirculation process, the

amount of water varies depending on the season of the year due to snowmelts and precipitation, and as

the mining operations continue, the deformation of the rock mass and structural properties change,

creating new circulation avenues for the waters, making it very complicated to trace. Figures 1A, 1B,

1C (Romberger 1984) depict and summarize schematically the possible fluid circulation in the rock

mass that could potentially leach U from the parent rock into secondary mobilization and then to the

water.



2

Figures 1A, 1B, 1C: Typical movement of volatile elements within mineralizing fluids when concentration or
dispersion happen in the rock mass, possible path of mobilization and leaching of U in our case. Modified from
Romberger (1984).

The main goal of this project is therefore to determine the primary metal source of uranium that could

cause future problems in the water treatment processes and leakages to recipients. The main objectives

are (1) to identify the main mineral carrier(s) of uranium that could be the source for these U anomalies,

(2) to characterize the type of rock(s) and mineral assemblages associated with U-bearing minerals, and

(3) from the location and mineral assemblages propose preliminary implications for U solubility and

distribution in the mine water. In order to tackle the problem at hand, and as a first approach of what

would be a more thorough future study, this project decided to focus on the U- (and Th-) bearing

minerals that could exist in the different rock types of Kiirunavaara mine.

Previous measurements have shown higher radioactivity from hanging wall rocks, compared with

the ore and footwall, as well as local U concentrations associated with veins and brittle zones (Larsson

& Hoffstedt 1996; Åkerblom 2008). Going through the geochemical database, a number of sections with

elevated U contents were identified (Fig. 12A and 12B, Table 1). From these, a selection of 25 cores

with the highest abundances of U were sampled. A handheld portable gamma spectrometer was used to

locate the piece of the core that showed the highest radiation levels. From these smaller pieces, 25 thin

sections were ordered (Axinit, Bratislava) and studied. The methods of study include optical

B C

A
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microscopy, back-scatter electron (BSE), Chemscan imaging (Mineral liberation analysis, MLA), and

electron microprobe analysis (EPMA). Thus, mineral assemblages and geological environment of the U

mineralizations, as well as the mineral chemistry of U and associated minerals were documented. In

addition, whole rock (WR) compositions of the drill core sections from which the U samples were

collected and compiled from the geochemical database of LKAB. These WR analysis are made for

LKAB by ALS global (see References ALS global), a company that provides commercial laboratory

services worldwide. The WR analysis are done as part of the logging routine in LKAB for the

exploration and production departments.
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2. Geological Background

2.1. Regional Geology of North-Norrbotten

The Kiirunavaara deposit is located in the northern part of Norrbotten, in Kiruna, northernmost Sweden,

i.e., in the north-western part of the Fennoscandian shield. The Fennoscandian shield includes parts of

Sweden, Norway, Finland and Russia, and is well-known internationally as being economically

important due to the abundance of metallogenic deposits, thus the name of “Ore Province” (Bergman et

al, 2001; Bergman and Weihed, 2020). It is more mineralized in the Paleoproterozoic units than in the

Archean ones and this includes several types of metallogenic deposits, e.g., volcanogenic massive

sulfide ore deposits (VMS), mafic and ultramafic Ni – (Cu) PGE deposits, epigenetic Cu-Au deposits,

iron formations, and of course the world-famous Kiruna type apatite iron ore deposit (AIO) (Martinsson

et al, 2016), with which the presently studied U mineralizations are associated.

As a general overview, the geology of the northern part of Norrbotten consists of a succession of

volcanic and metasedimentary Karelian Paleoproterozoic rocks lying unconformably over a deformed

Archean basement (Martinsson, 2004; Martinsson et al, 2016).

The Archean basement dates from 2.8-2.7 Ga and consists mainly of metamorphosed and migmatized

metagranitoids, tonalitic to granodioritic in composition, intruded by mafic to ultramafic dykes at 2.5-

2.4 Ga (Bergman, 2018; Bergman and Weihed, 2020). On top of it, the succession of Paleoproterozoic

rocks is divided into different groups, named the Kovo group, the Kiruna Greenstone Group, the

Kurravaara Conglomerate, the Kiirunavaara Group (also known as Porphyry Group) and the Hauki

Quartzite. Their ages range between 2.5 and 1.87 Ga and they have been shaped into their current aspect

mainly by the Svecokarelian orogeny (2.0-1.8 Ga) and very faintly by the Caledonian orogen (0.5-0.4

Ga) (Martinsson, 2004; Bergman, 2018) (See Figure 2 below for location and geologic overview of the

region, from Gilg and Andersson, 2020).
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Figure 2A, 2B. Geological overview of the area of study, from Gilg and Andersson (2020). Figure 2B is the zoom-
in of the black square of figure 2A.

B

A
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The stratigraphically lower group, the Kovo group is around 2.5-2.3 Ga old and is mainly composed

of conglomerates, quartzite and a volcanogenic greywacke with locally occurring andesitic to basaltic

volcanic facies, all this sitting unconformably over a weathered Archean surface. On average it has a

thickness of 1 to 2 km (Martinsson, 2004; Martinsson et al, 2016).

On top of the Kovo Group, lying unconformably, the Kiruna Greenstone group has an average age

of 2.3-2.0 Ga, and is composed primarily of mafic to ultramafic tholeiitic metavolcanic rocks with minor

occurrences of carbonates rocks and black shists. With a thickness of 2 to 4 km, the lower part of this

sequence has a basaltic amygdaloidal lava predominance whereas the upper part is mainly composed of

pillow lavas. (Bergman et al, 2001; Martinsson, 2004; Martinsson et al, 2016)

Again unconformably, the Kiruna Greenstone Group is overlain by the Kurravaara Conglomerate.

This unit is composed of sedimentary dominated facies, metaconglomerates, with ruditic and arenitic

beds intercalated with pebbles composed of intermediate to felsic volcanic rocks. Sedimentary structures

as crossbedding and small channels suggest a fluvial environment. The thickness varies between 50 and

300m and ages between 1.9 and 1.88 Ga. (Bergman et al, 2001; Martinsson, 2004; Martinsson et al,

2016)

The Kiirunavaara Group sits on top of the Kurravaara Conglomerate in the Kiruna area. It is one of

the best studied and documented groups because this unit hosts the economic iron ores that LKAB

(Luossavaara-Kiirunavaara AktieBolag) has been exploiting for more than 100 years. With an average

thickness of 2.5 km, it is composed mainly of metamorphosed basalt, rhyolites and rhyodacites,

andesites and trachyandesites. The iron ore is within this units and has been dated at 1.88-1.87 Ga

(Westhues et al. 2016). The hosting rocks are coeval at 1.89-1.87 Ga. This group is subdivided into three

formations, Hopukka at the lower part, Loussavaara and Matojärvi on top. This unit will be explained

in better detail in the following section (Bergman et al, 2001; Martinsson, 2004; Martinsson et al, 2016;

Gilg and Andersson, 2020)

The youngest Svecofennian supracrustal unit is represented here by the Hauki Group. Slightly

younger than 1.88 Ga, it lays uncomformably over the Luossavaara and Matojärvi formations.

Composed mainly by quartz-feldspar arenite and metaconglomerates at the base with intercalations of

layers of conglomerates (Bergman et al, 2001; Martinsson, 2004; Martinsson et al, 2016)

See figure 3 below for a simplified lithostratigraphic column and geochronology of the units

described above.
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Figure 3. Schematic lithostratigraphic column of the geology in Kiruna, modified from Gilg and Andersson
(2020), with geochronology ages in Ma compiled from Martinson, 2004, Westhues et al, 2016; Martinson et al,
2016.
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2.2. Geology of Kiirunavaara ore body

The Kiirunavaara ore body is the largest of its kind in the world. It is emplaced at the border between

the trachyandesites of the Hopukka Formation and the rhyodacites of the Luossavaara Formation (Cf

Figure 3; Geijer 1910; Martinsson, 2004). The lithologies (Figure 4), including the ore, dip around 65

degrees eastward, below the city of Kiruna (see Fig 5). The ore consists of an irregular tabular-shaped

body, roughly north-south orientated, made up of mainly iron oxide and apatite, encased between

andesite-thrachyandesites of the footwall (also known as the syenite porphyries) and rhyolite-

rhyodacites volcanics of the hanging wall (also known as the quartz-bearing porphyry) (e.g., Geijer

1960; Bergman et al, 2001). It is on average 4-5km long, 70-90m wide (up to 200m in the widest parts)

and reaches a known depth of at least 1900m. It has yielded since 1900 (when mining properly started)

around 1.3 billion tons but to have a more actual idea, this deposit yielded 47.4Mt of crude ore in 2019

and 47.8Mt in 2020. (Bergman et al, 2001; Niiranen, 2006; Andersson and Rutanen, 2016; LKAB annual

and sustainability report, 2020).

Figure 4. Geological map of the main lithological units on the Kiruna area, from Gilg and Andersson, (2020)
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2.2.1. The Apatite Iron Ore

The Kiirunavaara ore is mainly composed of fine-grained magnetite and apatite, with some hematite

present in some cases. It is classified into 5 different categories (B1-B2 and D1-D3-D5) depending on

its content of phosphorus, silicates, and iron. The so-called B ore has less than 0.05% of phosphorus and

the D ore has more than 0.1% of phosphorus (Niiranen 2006). Both ores within this classification contain

at least 50% of iron and are more or less common depending on spatial position along the ore body.

Generally, the B ore is more frequent closer to the trachyandesitic sequences (foot wall) whereas the D

ore is more frequent towards the rhyodacitic sequences (hanging wall); nevertheless, both ore types can

be found crosscutting each other. The purest ore is the B1, with more than 66% of iron present, fine

grained, massive and has a volume of magnetite between 90 and 98% (Bergman et al, 2001; Martinsson,

2004; Niiranen, 2006; Aupers, 2014).

The ore is also found in brecciated zones in the contact between the main ore body and the encasing

volcanic rocks. This ore also occurs in veins and lenses of different thickness intruding into both footwall

and hanging wall, and the brecciated ore zones have between 20 and 50% of iron present. This division

and classification is the one used by LKAB to log the rocks that are extracted in the exploration

campaigns every year (Bergman et al, 2001; internal LKAB logging routines, 2021).

The ore is crosscut by numerous dykes, mafic, granophyric, and porphyric in character, along with a

major granitic intrusion at the footwall (Andersson 2008; Andersson & Rutanen 2016; Westhues et al.

2016, see figure 5 below). The ore is also cut by numerous veins of carbonates, sulphides, sulphates etc.

of unknown ages. The granophyre dykes were analyzed and showed an age of about 1880 Ma, giving a

minimum age of the ore (Cliff et al, 1990). More recent and numerous analysis suggest coeval age

formations between the encasing trachyandesites, rhyodacites, and the main ore body (Westhues et al.

2016; Gilg and Andersson, 2020).

The ore is accompanied by several other minerals, silicates mainly, such as actinolite, phlogopite,

talc, chlorite, titanite, calcite, allanite, zircon, or thorite. Other minerals, in lesser amount as accessories

are also present, such as pyrite and chalcopyrite, hematite, ilmenite, dolomite, anhydrite, gypsum, barite,

rutile, monazite and xenotime. The most common and visible ones when in core are chlorite and

actinolite with titanite in veins, and calcite within veinlets, cutting the ore and also mixed within the ore

mass (Geijer, 1910; Harlov et al. 2002; Aupers, 2014; Nordstrand, 2012; personal observations).
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Figure 5. Schematic E-W cross section of the Kiirunavaara deposit. Modified from Westhues et al, 2016.
Unclear extension of intrusions are denoted by question marks.
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2.2.2. The Foot wall rocks

The foot wall rocks, also called syenite porphyry, consist of andesitic to trachyandesitic volcanic

sequences. This intermediate to felsic volcanic rocks form the Hopukka Formation underly the ore body.

In Kiirunavaara, the thickness of this strata varies between 300 and 1400m and is composed of different

lava flows that average a range from 5 to 20m (Martinsson, 2004). A general description of these rocks

would be a predominant porphyritic texture of mainly tabular feldspar phenocrysts, from 1-2mm up to

1cm, within an aphanitic matrix composed of potassic feldspar, albite, magnetite, chlorite, actinolite and

carbonates (Geijer, 1960; personal observations). The colour varies between red-pink to grey to dark

grey but different alterations can overprint the original colour (Paolillo and Giapis 2021). The

phenocrysts are usually feldspars and rarely amphibole. Some of them suffer from an epidote alteration

in the cores or over the whole phenocryst.

Closer to the ore, the rocks often exhibit a very characteristic nodular texture. These nodules are

composed of individual mineral species or assemblages. The individual ones can be e.g., magnetite,

apatite, actinolite, phlogopite, or titanite, whereas the assemblages can be any mix between the

individual ones. The nodules are rounded or subrounded, sometimes clustered, changing in size from

few millimeters to some centimeters (Geijer, 1910; Andersson 2013; Palm 2015; personal observations).

In the lower part of this formation, lava domes and pyroclastic beds occur locally whereas in the upper

part, intercalations of basaltic lava and agglomerate appear (Martinsson, 2004). Overall, the changes in

texture and appearance are gradual with no sharp contacts, only between the dykes and the encasing foot

wall rocks (Geijer, 1960).

2.2.3. The Hanging wall rocks

The Hanging wall rocks consist of rhyolitic to rhyodacitic volcanic rocks (also referred to as quartz-

bearing porphyry or quartz-porphyry) These felsic porphyritic rocks are interpreted as pyroclastic flows

or ignimbrites with a thickness of at least 800 m and constitute the Luossavaara formation, overlaying

the ore in Kiirunavaara (Geijer, 1910, 1960; Martinsson, 2004). A general petrographic description of

the rocks would be semi-rounded to rounded K-feldspar and plagioclase phenocrysts (2-5 mm in

diameter) within an aphanitic matrix composed of quartz, K-feldspar and minor disseminated magnetite,

amphibole, clinopyroxene, apatite, biotite and titanite (Geijer 1910, 1960; Sandberg 2018). Accessory

zircon is common. The groundmass varies in colour between different shades of red (mainly) and grey

sometimes and presents flow banding structures and partly strong albitisation (Bergman et al 2001;

Martinsson, 2004; Paolillo and Giapis 2021, personal observations).
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In some areas, intercalations of conglomerates composed of the same rock are found in between the

layers. These conglomerates can be up to 30m in thickness and are found as intercalated beds within the

flows of the volcanics (Martinsson, 2004). Some agglomerates also occur, composed of the footwall and

sometimes even ore fragments. In general, the hanging wall volcanics present little variation excepting

a more characteristic type found in the southern part of Kiruna town, where the groundmass is of a

darker to light grey to bluish colour (Geijer, 1910, 1960).

2.2.4. Hydrothermal alterations

Kiirunavaara rocks present many hydrothermal alterations that have affected both hanging and foot wall

as well as the ore itself. The most common alteration mineral is actinolite, in the encasing rocks and ore

body, more intense in the contacts between each other where actinolite even replaces clasts of the

encasing rocks. Biotite-chlorite alteration also often occurs within the ore and hanging wall, where

disseminated pyrite can also be found (Bergman et al 2001; Harlov et al, 2002; Martinsson, 2004;

Martinsson et al 2016).

Albitisation is widespread and partly intense in the footwall where it is accompanied by magnetite,

actinolite and titanite and some tourmaline locally, especially in the nodular varieties. Epidote is also

widely present as an alteration mineral in some areas inside the phenocrysts, sometimes in the nodules

too, while sericite also occurs as alteration of feldspars (Geijer, 1910; Bergman et al, 2001; Sandberg,

2018; Paolillo and Giapis, 2021; personal observations).

The alteration minerals of the hosting rocks within Kiirunavaara and other deposits in the area

generally include amphibole, albite, biotite and titanite. As for the carbonate veining that crosscut both

encasing rocks and the ore, the most common minerals are calcite, dolomite and ankerite. These veins

may be of several generations and are often associated with sulphides like pyrite and chalcopyrite, as

well as anhydrite (and partly gypsum); anhydrite and sulphides also form veins without carbonates

(Geijer, 2010; Nordstrand and Andersson, 2013; Andersson & Rutanen, 2016; personal observations).

Hydrothermal clay alteration is also a prominent feature in Kiirunavaara (Berglund & Andersson, 2013;

Björnell et al, 2015; Gilg & Andersson 2020).

Figure 6 and figure caption from Paolillo and Giapis (2021) below depict and explain several of the

alterations that occur in Kiirunavaara deposit.
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Figure 6: “A. Strongly albitized rock cut by later actinolite (Act) veins. B. Almost completely albitized rock
overprinted by a Na-Ca alteration consisting of actinolite ± albite (Ab). The Na and Na-Ca alteration have finally
been overprinted by a Ca (± Fe) alteration visible here as anhydrite (Anh) veins (contain also garnet but not visible
on picture). C. Na-Ca alteration consisting of actinolite veins with albite halos and locally epidote (Ep), replacing
plagioclase phenocrysts. D) Magnetite (Mag) vein with albite halo (largely reddish due to hematite inclusions).
Note how the albite halo dissolves the disseminated actinolite of the previous Na-Ca alteration. E. Ca (± Fe)
alteration expressed by anhydrite-garnet-epidote veins cutting Na-Ca alteration dominated by actinolite and albite.
F. Hematite (Hem)-amphibole (Amp)-epidote dominated veinlets of Ca-Fe alteration cutting massive magnetite
vein related to the main magnetite orebody. G. Magnetite-actinolite ± biotite (Bt) vein in transitional environment
between Na-Ca-Fe and K-Fe environment. H. Magnetite-biotite veins (± titanite (Ttn) traces) and disseminated
biotite in matrix in K-Fe alteration environment. I. Biotite-actinolite patches disseminations in transitional
environment from Na-Ca-Fe to K-Fe. J. Biotite disseminations in K (± Fe) alteration zone. K. Anhydrite patches
± magnetite disseminations in strong brick-red colored rock in distal region from the ore body (half wet sample).
L. Typical least altered hanging wall rock.” Modified from Paolillo and Giapis (2021).
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2.2.5. Uranium mineralization

2.2.5.1 Uranium behavior

Uranium as an element is a large ion lithophile actinide, with element number 92, and oxidation states

of +6, +5, +4, +3. (Uranium - Element information, properties and uses | Periodic Table, 2021).

It usually does not enter the lattice of most rock-forming minerals due to its large ion radius, and high

charge density (Cuney and Keyser, 2008) and that is why it concentrates in accessory minerals. This

means it is an incompatible element in most magmatic processes. In volcanic rocks, uranium tends to

accumulate within intra-crystal boundaries where it is loosely bound and can be leached with more or

less difficulty by mild acidic fluids (Calas, 1979; Smith, 1984; Hamilton, 1975; Rich et al, 1977). For a

generic view, let us assume that uranium is transported in the hexavalent (U6+) state and is insoluble in

the tetravalent state (U4+). The hydrothermal solutions that will dissolve, transport and deposit uranium

can origin from meteoric water, fluids released during metamorphism or magmatic processes. These

solutions can be locally derived, like hydrothermal fluids migrating through the rock mass within

fractures and microfractures. Uranium is typically soluble in oxidizing environments were the U4+ of

uraninite (nominally UO2) is converted to U6+ and scavenged from the crystals and transported in the

fluid in complexed form as a metal carbonate. The U may crystalize again as a range of secondary U

minerals, e.g. rutherfordine (UO2)CO3 (Plášil, 2014), or when entering a reducing environment most

commonly as uraninite. Obviously, this depends on the pH, temperature, oxygen fugacity and chemistry

of the system, which will influence dissolution and mobility of the uranium ions (Romberger, 1984;

Cuney, 2009; Cuney and Kyser, 2015).

In our case, we are dealing most likely with hydrothermal fluids rich in anions that are complexing

agents for uranyl and uranous ions such as the ones seen on figure 7 (Romberger, 1984).

Figure 7: List of common uranyl and uranous
complexes known to form with different anions
(Romberger, 1984).



15

2.2.5.2 Regional examples

U-bearing minerals are not uncommon in the northern part of Sweden within rocks of similar age and

type. A brief summary of some examples is described in this section, which relates to our findings in

this study.

In the Duobblon area, in the northwestern part of Västerbotten (Figures 8A and 8B), there is a

stratabound uranium rich layer called the Duobblon uranium occurrence. The uranium occurs in a 1 to

25m thick layers of rhyolitic ignimbrites, about 1000m long horizons, with an average uranium

concentration of 200-300ppm (over 50cm of drillcore). The rocks are Precambrian, 1725 +/- 75Ma old,

and the U-bearing minerals present are uraninites and uranotitanates within chlorite-sericite-rich

sections of the groundmass of the ignimbrites. The uranium seems to have been remobilized by

intrastratal leaching under oxidizing conditions, where the source of the fluids could have come from

the overlaying rocks, a series of so called red-bed conglomerates and sandstones with tuffitic character.

The uranium (mobile as complex uranyl carbonates) would have then reconcentrated into the

ignimbrites, which are also interbedded by the conglomerates, these conglomerates serving as possible

physicochemical traps (Lindroos and Smellie, 1979). As for the origin of the uranium, the authors

speculate that the rhyolites may have been leached by diluted acid solutions coming from ground water

circulation.

Figure 8A and 8B. Location map of the Duobblon area from Lindroos and Smellie, (1979). Black star in figure
8A locates the area in figure 8B.

The Duobblon area is located within the western periphery of the Arjeplog-Arvidsjaur-Sorsele

uranium province (Fig 9A and 9B below). This uranium province hosts important uranium

mineralizations that were emplaced at the peak of metamorphism of the Svecofennian orogeny, 1.75Ma

ago (Adamek and Wilson, 1979). The more important ones are of epigenetic character, mainly uraninite,

hosted by acid volcanics (rhyolites) or granites (Adamek and Wilson, 1979; Hålenius et al, 1986).

During the orogeny, the uraninite-hosting rocks were emplaced, folded, faulted, recrystallized, and

intruded by plutonites. These intrusions enabled an elevated temperature gradient to allow hydrothermal

BA
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fluid circulation; the fluids passing through the granites and acid volcanics, got enriched in Na, Ca, Ti

and U, mobilizing and concentrating these elements. After metasomatism, the uranium was transported

as complex uranyl carbonates within oxidizing uriniferous hydrothermal solutions, that penetrated the

rock throughout previously weakened zones by the circulation of the Ca-Na rich fluids. The uranium

reprecipitated as disseminated impregnations or veinlets in small joints and fractures (Adamek and

Wilson, 1979; Hålenius et al, 1986).

Figure 9A, 9B. Figure 9A, from Adamek and Wilson 1979, and figure 9B from Hålenius et al, 1986. Both maps
locate the Arjeplog-Arvidsjaur-Sorsele uranium district.

Skuppesavon is located in the northern margin of the Arjeplog-Arvidsjaur-Sorsele uranium province,

in the Rappen area (see Figure 10 below). The uranium mineralization exhibits the same characteristic

and parageneses within the same type of rocks as abovementioned. A volcanic sequence of mainly

rhyolites and trachytes, emplaced during the Svecofennian orogeny contain uranium mineralizations,

associated to alkali metasomatism. Mainly uraninites have been deposited as disseminations, and rarely

fracture fillings, within the rock mass with association of carbonates. The metamorphism activated the

hydrothermal fluids which, when circulating through the volcanics, mobilized some elements such as

Na, Ca, Ti and U, concentrating them. (Smellie and Laurikko, 1984).

A B
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Figure 10. From Smellie and Laurikko, 1984. Location of the Rappen Area and the Skuppesavon occurrence.

As another example of recorded uranium mineralization in the region, this time closer to

Kiirunavaara, meta-autunite was found at Haukivaara, just north of Kiruna, in a core sample by

Löfvendahl (1981), (see Figure 4 above for location). The core sample came from quartz banded iron of

the Matojärvi formation, and the meta-autunite was found in late-stage small cavities and micro-fissures.

Apparently, this mineral appears to have been a dehydration product of autunite, caused by the dry

storage of the core for 10 years. Even though the mineralization type is different to those studied here it

is a previous report of a U mineralization in the Kiruna district.



18

3. Methods

3.1. Sampling and selection

From the geochemical database that LKAB exploration has compiled from the drilled cores, we selected

the 25 samples with the highest uranium contents (above 20ppm for U content was decided as a primary

criterion but the selection of samples ranges between 3.55 and 87.30 ppm) that were available and

accessible (see Table 1). The core is cut in half by the analytical company (ALS, see References ALS

global) and the analysis is made from the pulverized half core. These sections are usually 3m in length

but can vary depending on the geology and sampling scheme used. ALS uses various analytical methods

depending on sample requirements and customer needs, e.g. X-ray fluorescence spectrometry (XRF)

and inductively coupled plasma – mass spectrometry (ICP). The latter is used for U as shown in Table

2 together with a selection of other elements from the samples. The half core that remains inside the

core boxes and stored for further analysis were sampled in this study. In order to determine more

accurately the position of the elevated uranium contents in the core sections, we used a handheld portable

gamma spectrometer, more precisely a RS-230 BGO Super-SPEC, from Radiation Solutions INC,

leased from the Geological Survey of Sweden (Sveriges Geologiska Undersökning) (see References

“RS-230 handheld gamma spectrometer”).

After the area of the half core with higher uranium content was located, the thin section layout was

marked, and the samples were sent to Peter Sečkár (Axinit) in Bratislava for preparation. See figure 11

below for example.

Figure 11. Half core samples 87070 and 88100 marked for thin section preparation with the corresponding depths
in meters of the sample along the drillhole.
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Polished thin sections were prepared according to regular standards with a 30µm thickness on glass

plates that would allow microscopical analysis with reflected and transmitted light and further

techniques. The only criteria for selection was the zone with the highest amount of uranium the gamma

spectrometer could detect. If there was an interesting looking feature in the area (e.g., vein or mineral

assemblage) it was included into the thin section layout. Finally, 25 thin sections were prepared. The

labelling of each sample comes from the drill core numbers from which they were extracted.

Table 1 depicts the sample number; the Hole ID (the drillhole from which the sample was extracted),

the Sample ID (the identification number and letter to differentiate them), the laboratory analysis interval

in meters, which is the interval in which the whole rock (WR) geochemical analysis were done and

finally the sampled intervals in meters, which are the intervals form which we selected the thin section

layouts (cf. Fig. 11). In some cases, the core selected for U analysis in this study does not match precisely

the analyzed WR intervals (e.g. samples 9 and 15).
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     Table 1. Thin section tracking and labelling with depths in meters.

Sample

nº
Hole ID Sample ID

Lab analysis interval (m) Thin section interval (m)

From To From To

1 87038 87038 203.60 206.00 203.83 204.05

2 87070 87070 102.00 105.00 104.05 104.25

3 87115 87115-A 291.65 293.90 292.92 293.14

4 87115 87115-B 291.65 293.90 293.62 293.86

5 87115 87115-C 294.25 296.00 294.44 294.77

6 87118 87118 761.50 764.50 762.93 763.17

7 87145 87145-A 477.00 480.00 477.25 477.43

8 87145 87145-B 477.00 480.00 478.68 478.73

9* 87226 87226-A 393.97 397.20 397.10 397.43

10 87226 87226-B 397.20 398.38 398.09 398.14

11 87343 87343 733.10 735.40 733.90 734.20

12 87443 87443-A 310.77 311.45 310.90 311.13

13 87443 87443-B 329.18 330.04 329.25 329.38

14 87443 87443-C 329.18 330.04 329.70 329.80

15* 88100 88100 741.90 742.90 743.30 743.40

15* 88100 88100 743.60 746.60 743.30 743.40

16 88121 88121-A 1096.60 1097.97 1096.60 1096.80

17 88121 88121-B 1098.08 1100.95 1099.05 1099.59

18 88121 88121-C 1098.08 1100.95 1099.05 1099.59

19 BXK19012 19012 374.06 375.94 374.11 374.25

20 BXK19024 19024-A 155.80 158.47 155.90 156.00

21 BXK19024 19024-B 155.80 158.47 157.08 157.32

22 BXK19024 19024-C 445.55 447.69 447.57 447.69

23 BXK19024 19024-D 448.45 450.18 448.45 448.73

24 BXK19067 19067 492.70 495.70 492.35 492.45

25 BXK19076 19076 324.80 325.65 325.09 325.34

Figure 12A and 12B below show the position and traces of the sampled drillholes in the mine. Most

of the samples come from below the 1375 level within the mine and north of the Y20 coordinate (mine

coordinate system).
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Figure 12B
. Logged geology along the sam

pled cores. Y
ellow

 m
arks the footw

all trachyandesites, orange, the hanging w
all rhyodacites, w

hile red colors m
ark the

iron ore. O
ther lithologies are subordinate. G

eology correlation w
ith the drillholes on figure 12A

 on previous page. M
ost of our uranium

 bearing sam
ples belong to

the hanging w
all rhyodacites (orange Q

P).
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Table 2 below depicts the WR element content in parts per million (ppm) and oxide percentage of the

sections from which the samples were extracted from, information provided by the LKAB Geochemical

database, analysis made by ALS, XRF and ICP methods used.

Table 2. WR content sampled meters from which our samples were extracted, data by ALS.

Sample ID
Lab analysis interval (m)

U_ppm Th_ppm Ce_ppm SiO2_% Fe2O3_%
From To

87038 203.60 206.00 23.60 41.20 2580.00 47.20 8.99
87070 102.00 105.00 33.20 43.50 2110.00 46.40 7.45

87115-A 291.65 293.90 63.90 11.60 422.00 43.70 8.65
87115-B 291.65 293.90 63.90 11.60 422.00 43.70 8.65
87115-C 294.25 296.00 54.50 21.00 241.00 40.30 9.45

87118 761.50 764.50 39.60 4.00 71.90 55.90 5.70
87145-A 477.00 480.00 81.50 19.30 92.20 67.50 4.27
87145-B 477.00 480.00 81.50 19.30 92.20 67.50 4.27

87226-A* 393.97 397.20 4.18 5.69 283.00 60.30 4.01
87226-B 397.20 398.38 52.60 48.90 3640.00 37.30 5.75

87343 733.10 735.40 51.10 18.40 255.00 67.10 1.81
87443-A 310.77 311.45 44.70 47.20 1540.00 63.40 8.05
87443-B 329.18 330.04 40.50 11.75 1980.00 42.50 6.46
87443-C 329.18 330.04 40.50 11.75 1980.00 42.50 6.46
88100* 741.90 742.90 48.90 9.05 1025.00 52.80 4.80
88100* 743.60 746.60 3.55 4.29 131.00 60.10 4.99

88121-A 1096.60 1097.97 36.50 80.20 3460.00 30.80 3.09
88121-B 1098.08 1100.95 46.40 111.00 3410.00 31.30 3.14
88121-C 1098.08 1100.95 46.40 111.00 3410.00 31.30 3.14

19012 374.06 375.94 43.10 31.10 9840.00 48.30 19.50
19024-A 155.80 158.47 20.60 7.13 706.00 31.30 3.20
19024-B 155.80 158.47 20.60 7.13 706.00 31.30 3.20
19024-C 445.55 447.69 31.50 4.14 118.50 50.80 20.80
19024-D 448.45 450.18 12.05 6.14 151.50 54.00 16.80

19067 492.70 495.70 59.70 14.00 188.00 63.40 0.73
19076 324.80 325.65 87.30 7.58 1360.00 15.90 5.61
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3.2. Microscopy

Optical microscopy allows the qualitative analysis of minerals with transmitted and reflected light.

When a rock is polished down to 30µm, standardized optical properties of the minerals can be used to

identify them.  The 25 thin sections were analyzed with an optical microscope at LKAB headquarters in

Kiruna to try to identify the uranium bearing minerals and the mineral assemblages accompanying them.

From this analysis, 14 samples looked more promising and were selected for the first round of EPMA

analysis at Uppsala University.

3.3. Electron microprobe analysis (EPMA)

At Uppsala University, the Mineralogy, Petrology and Tectonics program possesses a Field Emission

Electron Probe Microanalyzer (FE-EPMA); more specifically, a JXA-8530F JEOL HYPERPROBE (see

Uppsala University – Department of Earth Science webpage in the References for more information).

As a general description, electron microprobes release a focused electron beam into a selected mineral

in a sample. The beam collides with the mineral and releases X-rays that are captured by the probe. The

information is then converted into qualitative chemical compositions. In order to prevent a charge build-

up in the sample and to avoid burning the minerals, the samples are usually covered with a thin layer of

carbon to increase conductivity. This JXA-8530F probe can perform EDS (energy dispersive

spectrometers) and WDS (wavelength dispersive spectrometers) analysis. EDS analyses are quicker and

less accurate while WDS are slower and more precise. It can be said that EDS will give you semi-

qualitative data analysis while WDS would give you true qualitative data. EDS and WDS differences

are based on the amount of time the beam is hitting the mineral point and how the probe collects the X-

rays released and treats the information captured. EDS analysis collects the whole gamut of the X-ray

information and sorts it based on the energy of the photons released, this giving most of the times

overlapping energy peaks. WDS analyses use Bragg’s law for X-ray counting based on their different

wavelengths, being able to be more precise, able to analyze denser elements but needing calibration for

each particular element (Goldstein et al., 2018).

The first run of analysis performed in the 14 samples were EDS based (more than 700 analysis were

conducted with more than 300 pictures taken over 65 hours of probe use). This first run helped determine

which samples contained more uranium bearing minerals and their locations. Although the information

was valuable, its qualitative character was not accurate enough to perform proper data analysis on it.

Nevertheless, the microscopy and EDS session resulted in that 9 samples were selected for WDS

analysis, giving good information for quantitative analysis. Samples were analyzed using a 15kV

accelerating voltage and 10 to 100nA beam current. Natural and synthetic reference materials were used
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for standardization. The data acquired and analysis of it will be displayed in section 4. The analytical

lines, times and voltages are shown in Appendix 2 along with the standardization reference materials.

3.4. Mineral liberation analysis (MLA)

Mineral liberation analysis is basically a compositional scan of a sample through the analysis of a back

scattered electrons image (BSE). The analyzer shoots an electron beam into the sample, this beam will

make the electrons of the elements inside the minerals jump into a higher state of energy, producing in

the jump characteristic X-rays. These X-rays are then recorded by an energy dispersive X-ray

spectrometer and then analyzed by a software that compares the X-ray spectrum of the sample with a

database (Markowicz and Van Grieken, 2002; Goldstein et al 2018).

This technique allows no quantitative data analysis but gives a very good qualitative one as the

minerals are portrayed individually in a picture with false colors that can avoid the manual optical

analysis prompt to human errors. It allows to see more clearly grain boundaries and distinguish

multimineral assemblages that can be mistaken due to unperfect polished samples. The technique

visualizes mineralogy, texture and allows modal compositional evaluation.

Five of the samples analyzed by EPMA were selected for MLA analysis at the LKAB research center

in Gällivare. The images were collected using a Quanta FEG 650 – QEMSCAN from FEI, equipped

with two Bruker Nano XFlash 5030 EDX detectors. The images from MLA analysis are assembled in

Appendix 1.

3.5. Methods performed per sample and lithological codes

Table 3 below summarizes which method was performed in which sample as well as the lithology logged

by the LKAB geologists. The lithology coding and description belongs to the LKAB logging routines

that the logging geologists use for the exploration drillholes from which all samples were extracted.
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Table 3: Methods performed per sample. The thin section interval is the length from which we selected the sample
for the thin section. These being few centimeters in length, it was impossible to reconstruct the exact depth down
to the cm at which they were cut off from the drillcore. The LKAB lithological code used by the exploration
logging geologist is also depicted and explained below.

Sample
nº

Sample
ID

Thin section interval (m)
EPMA 1 EPMA 2 MLA LKAB

codeFrom To
1 87038 203.83 204.05 x SKA
2 87070 104.05 104.25 x x SKA
3 87115-A 292.92 293.14 x x x Qp5
4 87115-B 293.62 293.86 Qp5
5 87115-C 294.44 294.77 Qp5
6 87118 762.93 763.17 Qp5
7 87145-A 477.25 477.43 x x Qp5
8 87145-B 478.68 478.73 x Qp5
9* 87226-A 397.1 397.43 x Sp5
10 87226-B 398.09 398.14 x x x DIA
11 87343 733.9 734.2 x x x MIS
12 87443-A 310.9 311.13 Qp5
13 87443-B 329.25 329.38 x x x Sp5
14 87443-C 329.7 329.8 Sp5

15* 88100 743.3 743.40* Sp5
15* 88100 743.3 743.40* Sp5
16 88121-A 1096.6 1096.8 MIS
17 88121-B 1099.05 1099.59 MIS
18 88121-C 1099.05 1099.59 x x MIS
19 19012 374.11 374.25 x GRP
20 19024-A 155.9 156 x x x DYK
21 19024-B 157.08 157.32 Qp2
22 19024-C 447.57 447.69 x Sp5
23 19024-D 448.45 448.73 Sp1
24 19067 492.35 492.45 Sp5
25 19076 325.09 325.34 x x x Qp3

The lithological codes refer to the lithology logged by the exploration geologists of LKAB while

core logging. The term QP refers to quartz-bearing porphyry and in the hanging wall. The number that

follows such code (Qp1 to Qp5) refers to the different types of rhyodacites encountered in the

Kiirunavaara deposit. The code SP refers to syenite porphyry and denotes trachyandesites in the foot

wall. The number that follows such code (Sp1 to Sp5) refers to the different types of trachyandesites

encountered in the Kiirunavaara deposit. The code SKA refers to skarn, DIA to diabase, MIS

(miscellaneous) to uncertain rock type, although it is usually used to characterize texturally fine grained

monzonite-like rocks, DYK to dyke, although the term also is used for large veins composed of various

minerals such as anhydrite, magnetite, calcite or quartz, GRP to granophyre. The lithological

descriptions in table 4 are extracted and modified from the LKAB logging routine (2022).
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Table 4: lithological description of the rocks in Kiirunavaara deposit. Modified from the LKAB logging routine
(2021).

Hanging wall
Code Rock Type Description

Qp1 Rhyodacite Porphyritic with flow banding structures; phenocrysts mainly composed
of K-feldspar. Fine grained, grey to red brown in colour.

Qp2 Rhyodacite  Porphyritic without flow banding structures; phenocryst mainly
composed of K-feldspar. Fine grained mainly red brown in colour.

Qp3 Rhyodacite
Porphyritic with or without flow banding structures. Variable amounts

of actinolite and/or chlorite. Medium to fine grained with colour
variation from dark green to green-grey.

Qp4 Rhyodacite
 Porphyritic with or without flow banding structures. Phenocrysts are
mainly feldspar and minor quartz. Presence of actinolite and epidote.

Dark and pistachio green in colour.

Qp5 Rhyodacite
Altered. Porphyritic or not, with phenocryst mainly composed of

feldspar and rarely quartz. Very variable in colour with a tendency
towards red. May contain clays.

Foot wall

Sp1 Trachyandesite Massive or very few phenocrysts. Very fine grained. Dark grey or dark
green in colour.

Sp2 Trachyandesite
 Presence of phenocrysts, altered with very distinguishable red flame-

like haloes. K-feldspar alteration along the borders of minerals like
magnetite inclusions.

Sp3 Trachyandesite
Presence of mm to cm nodules mainly composed of magnetite, biotite
and titanite, individually or together with alteration haloes. Very fine

grained. Dark grey to green and red in colour.

Sp4 Trachyandesite
 Presence of plagioclase phenocryst, tabular or anhedral, altered into

light green (epidote). Very fine grained. Dark green to dark grey almost
black in colour.

Sp5 Trachyandesite
 Very altered. Presence or not of phenocrysts, colour varies from dark

red to dark brown, sometimes green to grey. Usually very fine grained.
Characterized by the alteration affecting it.

Others

SKA Skarn
Altered rock. Usually presents abundant amphibole and alterations such

as silicification, K-feldspar and calcite. Usually comprises titanite,
calcite, quartz, epidote and sulphides.

DIA Diabase  Intrusive, very fine grained, with plagioclase, pyroxene, ilmenite and
sometimes magnetite. Grey with or without a green tint in colour.

GRP Granophyre Intrusive, equigranular to porphyritic and fine grained. Often associated
with diabase, different shades of red in colour. With quartz and feldspar.

DYK Dyke porphyry  Intrusive, porphyritic with K-feldspar phenocrysts. Very fine
groundmass. Green to red to purple in colour.

MIS Unknown/uncertain  Code used for uncertain lithology. Described in situ, characterized by
the textural properties, mineralogy and colour.
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3.6 Chemical age calculations:

Chemical age calculations of minerals utilize only elemental data, and thus assumes no losses or gains

of elements or isotopes (Harrison et al. 2002). Further, it assumes that common Pb is insignificant, which

usually is the case for minerals with very high U contents, such as uraninite (Bowles, 1990). Several

approaches to this have been developed, but here we use the single analysis formulations of Montel et

al. (1996), where the measured contents of U, Th and Pb are related via the decay constants and age.

The age is retrieved by iteration of the age until the calculated and measured Pb contents show the lowest

possible difference. The age calculations can be found in the Appendix 4.
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4. Results

4.1. Petrographic analysis and BSE images

The optical petrography in this section will be focused on the 9 samples that went through the two rounds

of EPMA analysis as they were the ones from which we extracted all the data for the consecutive

analysis. Moreover, they represent the variation in assemblages observed in association with U

mineralizations.

The abbreviations used for the mineral identification and polarization light used in the microscope

for both the petrographic images and the BSE images are summarized in table 5 below. The reflected

light is used for the identification of opaque minerals.

During the first run of EPMA session, several BSE pictures were taken along with qualitative

analysis. In this section, some pictures of each sample with the corresponding minerals are depicted

where uranium bearing grains were located and analyzed. This first round served as a filter for the second

round of EPMA analysis from which all the data for the plots and age calculations were extracted.

Table 5. Mineral, element, and microscope lightning abbreviations.

Act Actinolite Pb Lead
Aln Allanite Py Pyrite
Anh Anhydrite Qz Quartz
Ap Apatite REE Rare Earth Elements
Bt Biotite Rt Rutile
Cb Carbonate minerals Spc Specularite (hematite)
Ccp Chalcopyrite Ti Titanium
Chl Chlorite Ttn Titanite
Ep Epidote Tur Tourmaline
Fe Iron U Uranium bearing mineral
Fsp Feldspar PP Plane Polarized light
Gn Galena XP Cross Polarized light
Gp Gypsum RL Reflected light
Mag Magnetite IP Intermediate phase
Mol Molybdenite
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Sample 87070:

Sample description:

An apparently deformed and recrystallized vein in altered rhyodacite. Large euhedral primary titanites

partly altered to rutile and zoned allanite in a matrix formed of a mass of deformed and recrystallized

quartz, feldspar, anhydrite, chloritized biotite and gypsum. The titanites present reddish-brown cores

with radial cracks presumably due to the radioactivity (metamict). The EPMA analysis showed presence

of uraninite but very low contents of U in titanite and allanite (see below).

Figure 13A. Scan of the thin section sample 870870. Hydrothermal vein material inside QP type rock filled with
euhedral titanites, in a mass of anhydrite, quartz+feldspar, some green mica and gypsum. Red squares represent
the areas where analysis and pictures (BSE and PP-XP-RL) were taken.

10mm

A



31

Figure 13B, 13C. 13B: PP, 13C: RL. Large euhedral titanites with brownish cores (metamict), rutile, quartz,
feldspar, anhydrite and gypsum.

Figure 13D. BSE image.Example of uraninite in sample 87070.
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Sample 87115-A. (See also Appendix 1).

Sample description:

Strongly sheared rhyodacite porphyry (brittle-ductile deformation) with deformed micro crystalline

quartz and fine-grained green biotite and chloritized biotite. Veins of deformed anhydrite and gypsum

penetrates the biotite-rich QP. Secondary allanite and/or REE-rich epidote occur. Also present, minor

actinolite and chalcopyrite crystals. Note the strong pleochroic haloes in the chloritized biotites caused

by radiation (Fig. 14D) that are mostly associated with minute uraninite crystals.

Figure 14A. Scan of the thin section sample 87115-A.  Sheared QP5 with abundant chloritized biotite grains
broken up by a sheared fine-grained gypsum-anhydrite vein. Red squares represent the areas where analysis and
pictures (BSE and PP-XP-RL) were taken.
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Figure 14B, 14C. Fine-grained mass of green biotite-rich QP, partly chloritized, penetrated by anhydrite gypsum
vein. Brownish biotite areas contain numerous radioactive minerals. 14B PP; 14C XP.

Figure 14D. 14E. Close-up of haloe-rich area in biotite/chlorite with allanite/REE epidote and uraninite.14D: PP;
14E: XP.

Figures 14F, 14G. BSE images showing sheared biotite/chlorite surrounded by anhydrite and pieces of quartz.
Along grain boundaries or structural planes in the mica uraninite grains occur. Fig 14G is the red square from Fig
14F.

D

Chl-Bt

Chl-Bt

Aln-Ep

B C

D
E

GF



34

Sample 87145-A

Sample description:

Fine grained mass of feldspar (partly oxidized) with minor micro crystalline quartz that appears to be

recrystallized (QP5). Anhydrite and mica are also present, with some gypsum. The mica is largely

chloritized. There are iron oxides in small brittle fractures, probably ilmenite and magnetite, with some

sulphides (pyrite and galena) present. Small amounts of titanite and allanite are present associated with

some uraninites.

Figure 15A. Scan of the thin section sample 87145-A. Recrystallized and oxidized QP5. Dominated by a fine-
grained recrystallized mass of quartz+feldspar (QP5), with minor interstitial titanite, oxides, anhydrite/gypsum,
sulphides, allanite and minute uraninites. Red squares represent the areas where analysis and pictures (BSE and
PP-XP-RL) were taken.
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Figure 15B, 15C. Close-up of texture.15B: PP; 15C: XP

Figure 15D. RL. See the bright uraninites grains in
contrast with the matrix. Figure 15E. BSE image. IP
stands for intermediate phase, for which the analysis
showed high content on REE, titanium, lead, sulphide
and uranium. Non-homogeneous crystal. Small bright
grains are uraninite.
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Sample 87226-B. (See also Appendix 1).

Sample description:

Coarse titanite grains that have crystallized into a “zebra texture” with magnetite and quartz. The

titanites are altered to smaller grains of rutile and quartz plus carbonates (anhydrite is present). Biotite

and chloritized biotite are also present. Minor allanite and epidote. Very minor sulphides (pyrite and

chalcopyrite) and feldspar portion. The biotites have pleochroic haloes caused by radiation. No uraninite

was found, but brannerite and unknown U minerals (see below).

Figure 16A. Scan of the thin section sample 87226-B. Altered rock with major titanite, partly decomposed to rutile
(dark grains), chloritized biotite and biotite. Quartz, anhydrite/gypsum, magnetite and minor apatite and allanite
are also present. Red squares represent the areas where analysis and pictures (BSE and PP-XP-RL) were taken.
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Figure 16B, 16C. Close-up of texture. 16B: PP; 16C: XP.

Figure 16D. Same area as in B and C but in RL. Figure 16E. BSE image showing the paragenesis of U minerals.
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Sample 87343. (See also Appendix 1).

Sample description:

Rhyodacite with anhydrite, feldspars, carbonates, pyrite, allanite, epidote, biotite and chloritized biotite

and minor chalcopyrite and magnetite. No titanites present. The quartz and feldspars mass seem to be

recrystallized along a brittle-ductile hydrothermal deformation zone, also enriched in mica and

anhydrite, as well as allanite/REE-rich epidote and sulphides. The allanites/epidotes and minute crystals

of uraninite have developed pleochroic haloes in the micas.

Figure 17A. Scan of the thin section sample 87343. Characterized as unknown lithology but most likely a quartz
porphyry recrystallized and hydrothermally altered. Hydrothermal recrystallization and alteration, associated with
precipitation of more biotite, allanite sulphides and minute uraninites in the right part of the thin section. Red
squares represent the areas where analysis and pictures (BSE and PP-XP-RL) were taken.
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Figure 17B, 17C. Close-up of the hydrothermal mineralization. Allanite-epidote together with chloritized biotite.
17B: PP; 17C: XP.

Figure 17D. Same as in B and C but in RL. Figure 17E. BSE image showing an example of uraninite location.
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Sample 87443-B. (See also Appendix 1).

Sample description:

Strongly sheared porphyry (SP5), with a recrystallized mass of mainly fine-grained quartz, feldspar, and

biotite. This is veined and brecciated by even finer-grained anhydrite and gypsum, which comprise the

majority of the sample. Magnetite is present in the quartz-feldspar portions. Secondary allanite is

common associated with biotite in the quartzofeldspatic portions. Very minor chalcopyrite and apatite.

Uraninite is found in association with allanite and biotite.

Figure 18A. Scan of the thin section sample 87443-B. Sheared SP5 porphyry in the lower part, composed of
quartz, feldspar, biotite, with some magnetite and sulfides. Allanite and uraninite is present here and in the
xenoliths in the upper part, which is an anhydrite/gypsum vein See Fig. 18B, 18C below. Red squares represent
the areas where analysis and pictures (BSE and PP-XP-RL) were taken.
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Figure 18B, 18C. Anhydrite/gypsum vein (center) penetrating and brecciating the quartz-bearing porphyritic
section. 18B: PP; 18C: XP.

Figure 18D. BSE image. Uraninite together with allanite and biotite.
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Sample 88121-C

Sample description:

Vein consisting of large euhedral titanites surrounded by masses of smaller ones within an anhydrite

and gypsum matrix. Some titanites and part of them have been altered to rutile, oxides, quartz and others.

Some of their cores have reddish-brown colour due to alteration the crystals show cracks, radial and

longitudinal (Figure 13D). These altered and probably metamict cores contain U or Th minerals (see

below). Iron oxides present. Carbonates and sulphides occur in minor amounts.

Figure 19A. Scan of the thin section sample 88121-C. Hydrothermal vein dominated by large titanites in a mass
of sulphates. Carbonates, oxides, rutile and minor quartz and sulphides are present. Red squares represent the areas
where analysis and pictures (BSE and PP-XP-RL) were taken.
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Figure 19B, 19C. Close-up of texture. Areas of opaque minerals is where the titanites appear to have broken down
to a mixture of rutile, Fe-oxides, quartz and others. 19B: PP; 19C: XP.

Figure 19D, 19E. 19D: PP close up image of a titanite crystal with radial cracks and reddish, altered and probably
metamict core; 19E: RL image of titanite alteration products magnetite, rutile and some quartz.

Figure 19F. BSE image showing U-Th
minerals in the core of euhedral titanites.
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Sample 19024-A. (See also Appendix 1).

Sample description:

Quartz-feldspar rock (QP) that has suffered hydrothermal recrystallization into smaller grains with

anhydrite, gypsum and carbonates. Very clear and distinctive hematite grains (specularite). Tourmaline

is also present as well as allanites. Minor presence of apatite, titanite, and rutile. Pyrite is present and

minor chalcopyrite and molybdenite. Complex coronal arrangement of U-Ti-Si-Ca-Fe-REE minerals,

partly associated with Ca-REE fluorocarbonates (see below).

Figure 20A. Scan of the thin section sample 19024-A. A recrystallized quartz porphyry (Qp)with hydrothermally
formed hematite, anhydrite, gypsum, carbonate, tourmaline and allanite. Red squares represent the areas where
analysis and pictures (BSE and PP-XP-RL) were taken.
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Figure 20B, 20C. Textural close-up, with some minerals labelled. 20B: PP; 20C: XP.

Figure 20D. RL image of the same area s in B and C. Specularitic hematite is labelled. Minerals with low relief
are carbonates and sulphates. The rest is silicates. Figure 20E. BSE image. Complex U-Ti-Si-Ca-Fe-REE mineral
corona texture.
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Sample 19076

Sample description:

Strongly sheared and altered quartz-bearing porphyry (QP), with abundant fine-grained biotite, partly

chloritized. The rock is hydrothermally recrystallized containing abundant anhydrite and gypsum, as

well as coarse grains of pyrite and minor chalcopyrite. Large and zoned allanites, REE-rich are also

present. Numerous pleochroic haloes, which are present in the chloritized biotite sections (see Fig. 21F)

are correlated with grains of uranium oxide and are depicted also in the MLA pictures in Appendix 1

and in the BSE images.

Figure 21A. Scan of the thin section sample 19076. Hydrothermally altered QP3 with abundant biotite, quartz,
feldspar, and coarse pyrite grains. Big crystals of zoned allanite are present as well as numerous minute uraninites.
Sulphates are also rather common. Red and yellow squares represent the areas where analysis and pictures (BSE
and PP-XP-RL) were taken.
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Figure 21B, 21C. Close up of the texture. 21B: PP; 21C: XP.

Figure 21D, 21E. Large secondary allanites, with
galena and uraninite. 21D: PP; 21E: XP.

Figure 21F. Pleochroic haloes in chloritized biotites
around uraninites. PP.
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Figure 21G, 21H. Textural settings of the uraninite, in association with biotite and allanite. BSE images, 21H red
square from 21G.
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4.2 Electron microprobe data analysis

4.2.1 Mineral chemistry and compositional variation in the uranium minerals:

In the second round of EPMA analysis, a total of 50 analysis were conducted for uranium-bearing

minerals (analytical conditions in Appendix 2). From these analysis, two sets of uranium bearing

minerals were differentiated. One set has been called Group One (G1), being composed of what has

been identified as uraninites (uranium oxide c. UO2) and the second set has been called Group Two

(G2), composed of non-uraninite uranium-bearing minerals. Two of these minerals have compositions

close to brannerite (uranium titanium oxide UTi2O6) and thorite (thorium silicate Th(SiO4), where

uranium partly replaces thorium together with REE). In addition, two unknown species of mineral

containing major titanium, uranium, calcium, thorium, REE, and silica, with and without aluminium

were encountered.

For each group, the sample name with the analysis label, mineral species, uranium, thorium and lead

oxides content in percentage have been summarized in table 6 and 7 below, along with figures 22 and

23.

Table 6. Group One, uraninite minerals.

Samples G1 UO2 (%) ThO2 (%) PbO (%) REE Sum
19076-urn-1 66.59 0.7883 19.47 4.15
19076-urn-2 66.11 0.9932 19.58 5.9638
19076-urn-3 66.48 1.051 19.84 7.9559
19076-urn-4 67.33 0.6264 20.2 6.73
19076-urn-5 66.45 0.7184 20.51 7.0148
19076-urn-6 66.31 0.9859 17.53 8.7721
19076-urn-7 67.8 1.22 15.71 8.2621
19076-urn-8 65.98 0.4893 19.78 8.564

87115A-urn-1 66.54 0.114 19.4 8.7797
87115A-urn-2 64.27 0.3307 18.23 7.5615
87115A-urn-3 66.35 1.38 15.9 9.3636
87115A-urn-6 64.96 0.2887 17.08 6.1672
87070-urn-2 63.66 0.5232 19.33 7.8003
87070-urn-3 67.31 1.15 6.83 9.3559
87070-urn-4 66.2 1.0971 19.3 7.429
87070-urn-5 64.69 0.5914 18.8 9.0711
87070-urn-6 65.92 0.2892 18.88 9.4953

87443B-urn-1 64.79 0.0707 18.57 8.311
87443B-urn-2 66.68 0.7288 17.65 8.1986
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87443B-urn-3 70.32 0 18.65 10.7062
87443B-urn-4 66.7 0.2498 19.41 8.3432
87343-urn-1 67.14 2.09 19.66 8.9885
87343-urn-2 65.23 1.28 19.25 4.6866
87343-urn-3 65.13 2.66 18.26 8.3075
87343-urn-4 65.74 3.02 19.99 6.9867
87343-urn-5 72.26 0.6096 18.81 9.9126

87115A-urn-5 48.95 0.37 10.64 8.6685
87145A-urn-1 54.51 0.3245 0.1682 6.3933
87070-urn-1 28.06 0.6666 14.45 4.0405

Figure 22. U, Th, Pb and REE sum oxides content of G1 in wt%. Visual representation of table 6 above.
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The three analyses in bold, last in table 6 (87115A-urn-5, 87145A-urn-1, 87070-urn-1) showed

anomalous low total percentages, as well as anomalous uranium and thorium contents. These anomalous

results can be derived from the presence of microcracks, micro-inclusions, micropores or mixed grains

captured by the electron beam. When plotted, these 3 analyses resulted in very clear outliers, so they

have been removed from further discussion.

Table 7. Group Two, non-uraninite minerals.

Samples G2 Mineral UO2 (%) ThO2 (%) PbO (%) REE sum
19024A-urn-1 TiUCaSi 35.3 3.8 2.3 7.2369
19024A-urn-2 TiUCaSi 36.58 2.64 1.6 7.4984
19024A-urn-3 TiUCaSi 34.1 2.86 3.28 8.1997
19024A-urn-4 TiUCaSi 38.44 1.79 1.24 6.4372
19024A-urn-5 TiUCaSi 37.04 2.47 3.5 6.4779
19024A-urn-6 TiUCaSi 38.6 1.1301 2.4 6.2442
19024A-urn-7 TiUCaSi 36.91 2.29 3.12 8.3285
19024A-urn-8 TiSiUCaAl 21.14 2.38 0.1877 9.0831
19024A-urn-9 TiSiUCaAl 20.05 2.23 0.3873 8.4166
19024A-urn-10 TiUCaSi 33.45 1.33 1.31 9.6439
87226B-urn-1 Mix 20.07 1.18 1.16 16.3497
87226B-urn-2 TiUCaSi 26.91 0.3376 1.82 18.8998
87226B-urn3 Brannerite 45.44 2.67 2.69 13.7456
87226B-urn-4 TiUCaSi 29.85 1.51 0.4136 16.9796
87226B-urn-5 Brannerite 44.72 3.04 19.84 6.4709
88121C-urn-2 Thorite 2.29 70.13 1.26 2.4355
88121C-urn-3 Thorite 1.96 70.02 0.0312 1.1605
88121C-urn-4 TiUCaSi 34.94 4.14 0.6674 10.2719
88121C-urn-5 TiUCaSi 33.24 4.13 0.8821 12.4292
88121C-urn-6 TiUCaSi 37 2.24 0.626 11.1881
88121C-urn-7 TiUCaSi 32.03 3.41 1.14 12.7093

Analysis 87226B-urn1 also showed anomalous contents of uranium, thorium and total percentage, but

was not excluded because it may be a secondary U mineral.
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Figure 23. U, Th, Pb and REE sum oxides content of G2 in wt%. Visual representation of table 7 above. High Th
and low U are the thorite samples.
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4.2.2 Group One (G1), uraninites:

A number of plots are used below to show the chemical variation in the uraninites. These are selected

to illustrate possible mechanisms of substitution as well as alteration (cf. e.g. Pal and Rhede, 2013;

Alexander et al, 2015). Figure 24 shows no conclusive correlation between total REE and U in the

uraninites, except for two samples with high UO2 having low REE.

Figure 24. Total REE oxides vs. uranium oxide content of uraninites from Kiirunavaara.
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In figure 25 below, some data points show elevated contents in the sum of Ca, Fe, Si and Al oxides with

low uranium, but the trend is scattered and not clear-cut.

Figure 25. Sum of Ca, Fe, Si, Al oxides vs. uranium oxide in uraninites (G1).
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Figure 26 depicts the same oxides as in figure 25 but versus lead content. There is a general trend of

increasing content in Ca, Fe, Si and Al with decrease in Pb, with one sample at much lower Pb and

higher Ca+Fe+Si+Al.

Figure 26. Sum of Ca, Fe, Si, Al oxides vs. Pb oxide in the uraninites (G1).
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Figure 27 shows a rough correlation between the sum of Y and Th versus U.

Figure 27. Sum of Y and Th oxide sum vs. U oxide in uraninites (G1). The arrow depicts the slight correlation
between uranium depletion and Y and Th substitution, once the 2 data points above 70% U content are disregarded.
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4.2.3. Group Two (G2), non-uraninite U minerals:

The non-uraninite U minerals comprise at least four distinct phases (Table 7). The first known phase is

brannerite, an uranium-titanium oxide (UTi2O6), with an uranium content between 44-45% and a

titanium content of 26-27%. The second identified mineral is a Th silicate, most probably thorite

(ThSiO4) which contains c. 2 % UO2 replacing thorium, with a content of thorium of 70% and silica

ranging between 17-19%. The third phase is unknown, a titanium-uranium calcic silicate with an

uranium content of 27 to 39% and titanium ranging between 37-40%. The aluminum content ranges

between 0 or below detection limit and 0.2%. The fourth distinctive phase is also a titanium-uranium

calcic silicate with some aluminum. The uranium content is lower, 20-21%, the titanium content is also

lower, 32-33%, but with high SiO2, 19-20 %, and the aluminum content present is c. 3%.
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Figure 28, displays the sum of Ca, Fe, Si, and Al oxides versus uranium oxide in the G2 minerals. The

data falls in four compositional groups as described above that seem to represent four different phases,

each with relatively distinct U content. The first phase with the highest U content (UO2 >44 %) is

suggested to be brannerite (UTi2O6), the second phase is distinctly low in U but high in Th (see below)

and Si, and is suggested to be thorite, while the other two are yet unknown.

Figure 28. Sum of Ca, Fe, Si, Al oxides vs. uranium oxide in G2 U minerals.
Red squares: thorite
Green triangles: unknown species that contain high SiO2 and some aluminium (19024-A-urn-8 and 19024-A-urn-
9).
Orange rhomboids: brannerite
Blue dots: unknown species without aluminium.
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Figure 29 depicts the sum of REE oxides against the U oxide content for the non-uraninite minerals of

group two. There is an overlap in REE content in three of the species, while the thorite grains are lower

than the rest. Brannerite contains the highest uranium oxide content of the G2 minerals. The mineral

represented by blue dots shows wide range of UO2, as well as (Fig. 29).

Figure 29. Plotted REE oxide sum against uranium oxide in G2. See Fig.28 for legend
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Figure 30 depicts the sum of Ca, Fe, Si and Al oxides versus the lead content of G2 U minerals. The

mineral species are again fairly well separated except for the brannerite crystals, one being the outlier at

much higher PbO content, and the other one being embedded within the unknown phase that do not

contain Al.

Figure 30. Sum of Ca, Fe, Si, Al oxides vs, Pb oxide in G2 U minerals. See Fig.28 for legend.
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Figure 31 shows a distinct division between mineral phases with respect to their content of U and Th.

Note that the thorite has >70 % ThO2 and <0.5 % Y2O3. The three other phases have variably high U

and ThO2 contents <5 %. The probable mix analysis (pink square marker; “mix” 87226-B-urn-1) seems

to group with our unknown species with Al (green triangles).

Figure 31. Plotted Y and Th oxide sum against U oxide in G2. See Fig.28 for legend
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4.2.4 Chemical age calculations for U minerals:

Table 8 depicts the sample identification, mineral species and age in Ma, calculated according to Montel

et al. (1996), as detailed in Chapter 3.6 and Appendix 4. An age histogram has been plotted with all

calculated ages of the uraninites. Last 3 bolded results, as mentioned before, are not depicted in the

histogram. Table 9 depicts the same as table 8 for the G2 minerals. The chemical ages calculated here

are merely for data representation and comparison purposes and may have no geological meaning.

Table 8: Samples G1 chemical dating, arranged from older to younger.

Samples G1 Mineral Age (Ma)
19076-urn-5 Uraninite 1877
87070-urn-2 Uraninite 1854
87343B-urn4  Uraninite 1841
19076-urn-8 Uraninite 1836
19076-urn-4 Uraninite 1836
19076-urn-3 Uraninite 1826
19076-urn-2 Uraninite 1815
87343B-urn2  Uraninite 1808
87115A-urn-1 Uraninite 1797
19076-urn-1 Uraninite 1797

87443B-urn-4 Uraninite 1794
87343B-urn1  Uraninite 1792
87070-urn-4 Uraninite 1791
87070-urn-5 Uraninite 1790

87443B-urn-1 Uraninite 1773
87070-urn-6 Uraninite 1771

87115A-urn-2 Uraninite 1757
87343B-urn3  Uraninite 1726
87443B-urn-3 Uraninite 1665
87443B-urn-2 Uraninite 1658
19076-urn-6 Uraninite 1655

87115A-urn-6 Uraninite 1651
87343B-urn5  Uraninite 1636
87115A-urn-3 Uraninite 1523
19076-urn-7 Uraninite 1482
87070-urn-3 Uraninite 709
87070-urn-1 failed 2730

87115A-urn-5 failed 1407
87145A-urn-1 failed 23

Figure 32A. (right) Age plot in Ma arranged from
older to younger of the uraninites, G1.



63

Most of the chemical ages calculated for the uraninites fall in the range 1850-1750 Ma, suggesting

Palaeoproterozoic (Svecofennian) crystallization. Most of the data center around 1750 Ma, but ages up

to 1877 Ma occur. A number of analyses fall in the range 1750-1625 Ma, and a few even younger.

Table 9 Samples G2 chemical dating, arranged from older to younger where the first value of 2444Ma for sample
87226B-urn5 is not displayed in the age plot for visualizing purposes.

Samples G2 Mineral Age (Ma)
87226B-urn5 Brannerite 2444
19024A-urn-3 TiUCaSi 662
19024A-urn-5 TiUCaSi 654
19024A-urn-7 TiUCaSi 590
87226B-urn2 TiUCaSi 485
19024A-urn-1 TiUCaSi 455
19024A-urn-6 TiUCaSi 445
87226B-urn3 Brannerite 421
87226B-urn1 Mix 411
88121C-urn2 Thorite 384
19024A-urn-2 TiUCaSi 313

19024A-urn-10 TiUCaSi 284
88121C-urn7 TiUCaSi 254
19024A-urn-4 TiUCaSi 235
88121C-urn5 TiUCaSi 189
19024A-urn-9 TiSiUCaAl 139
88121C-urn4 TiUCaSi 137
88121C-urn6 TiUCaSi 124
87226B-urn4 TiUCaSi 102
19024A-urn-8 TiSiUCaAl 64
88121C-urn3 Thorite 10

Figure 32B. (right) Age plot in Ma arranged from older
to younger of the non-uraninites minerals, G2. Sample
87226B-urn5 age is not displayed.
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Figure 33 depicts the content of Ca, Na, Fe, Mg, Si, and Ti against the age of the uraninites in group one

(Table 8). There is no significant correlation, and thus this parameter cannot be used to argue a

correlation between the possible element inclusions in the uraninite due to alteration and the calculate

ages of the uraninite samples (cf. Alexander et al, 2015).

Figure 33. Sum of Ca, Na, Fe, Mg, Si, Ti oxides vs. age (chemical) for uraninites (G1).
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Figure 34 depicts the content of lead oxide against uranium oxide. When the lead is higher with a similar

uranium content, it denotes older age because the uranium has decayed into lead for a longer time. The

datapoints that are in the lower part of the lead content may be more altered and have lost more lead due

to alteration. This information more or less correlates with previous figure 26. The position of the

samples in the diagram represents their apparent ages.

Figure 34. Pb oxide vs. U oxide in Kiirunavaara uraninites (G1). The samples in the upper left corner represent
the oldest, least altered uraninites, while the two to the right may represent a younger event.
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Figure 35 depicts the amount of lead oxide against uranium oxide in the G2 minerals. The mineral phases

can be separated fairly well. All samples, except one, show very low Pb relative to U, indicating low

apparent ages (<700 Ma; Appendix 4).

Figure 35. Plotted Pb oxide against U oxide in G2. The pink square marker next to the two green triangles (our
unknown species with aluminium) represents the analysis 87226-B-urn-1, from table 6, that is categorized as “mix”
but could belong to our unknown species with aluminium after analyzing this plot. It is not conclusive evidence
but perhaps an indicator. See Fig.28 for legend

0

2

4

6

8

10

12

14

16

18

20

22

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

Pb
O

 in
 w

t%

UO2 wt%

PbO vs UO2 - Group Two



67

5. Discussion

5.1 Inferences from mineral chemistry

There is no conclusive correlation between total REE and U in the uraninites (Fig. 24), except for

two samples with high UO2 (>70%) having low REE (<5%), where it can be assumed that the high

amount of uranium leaves no room for REE incorporation during the formation of uraninites (Alexandre

et al, 2015). Other data points do not show this correlation.

Plotted sum of Ca, Fe, Si, and Al oxides vs uranium oxide, show elevated contents in the sum of Ca,

Fe, Si and Al oxides with low uranium for some data points (Fig. 25), but the trend is scattered and not

a clear-cut. This could be an indication of alteration when these elements substitute some of the Pb

within the uraninite lattice (Alexandre et al, 2015) but there is no clear trend to ascertain that the

alteration has affected all the uraninites, or all of them equally.

Plotted Y + Th oxides vs uranium oxides in Figure 27 shows a rough correlation between the sum of

Y and Th versus U, depicted by the arrow, if the two data points above 70% UO2 content are disregarded.

These two elements along with other REEs are typically regarded as representing primary substitution

for U, rather than alteration (Alexander et al, 2015).

Figure 28, displays the sum of Ca, Fe, Si, and Al oxides versus uranium oxide in the G2 U minerals.

The Ca-Fe-Si-Al sum seems more homogeneous in range than for the uraninites (fig. 26) and clearly

suggests that we are dealing with at least four different phases, with relative distinct compositions. The

range in UO2 for one of the unknown species is mimicked by increasing REE and partly Pb (see Figs.

29 and 30), partly probably reflecting primary substitution for U.

The amount of different natural elements within a uraninite crystal is controlled by the incorporation

of, e.g., Th, Y and REE into the uraninite lattice via substitution for U. After these incorporations, the

uranium decays into Pb and this Pb may be lost during alteration and replaced by, e.g., Si, Ca, and Fe

(Alexandre et al, 2015). In our case, uraninite presents a content of uranium oxide that ranges between

63.66 and 72.26%, while the four minerals in group two show a range of UO2 between 1.96 and 45.44%.

Thorium in the uraninite range up to 3.02% ThO2, while group two minerals range up to c. 4% and ThO2

around 70%. Among the other U minerals, except brannerite, there is a combination of titanium, silicon,

calcium and presence or not of aluminium. These phases may represent alteration products of uraninite

or precipitated in more complex environments. This is reasonable as it is known that uranium is able to

form more than 40 uranyl complexes with various anions such as hydroxyl, carbonate, sulphate,

chloride, phosphate, fluoride and silicate (Langmuir, 1978; Cuney, 2009); and has different stages and

alteration rates depending on the redox conditions, to which it is very sensible (Plášil, 2014; Macmillan

et al, 2016).
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With this chemical frame in mind, uraninites with relatively high Th and REE+Y are related to high

temperature precipitation (>350°C) (Romberger, 1984; Cuney, 2010) so within magmatic or magmatic-

hydrothermal environments, even though our uraninites don’t have a very high Th content, they do have

a high content of REE and Y (Fig. 24, Fig. 27; Appendix 3).

5.2 Inferences on ages

Correlation between age and chemical parameters other than U and Pb is poor, as shown on Fig 33,

where all data is grouping on one side but presents dispersion, except analysis 87070-urn-3, which shows

a low apparent age of 709 Ma. This is correlated with a low amount of Pb (6.83wt%), relative to its U

content (Fig. 34), which signal major Pb loss for this sample. In Fig. 34 the chemistry of the samples

giving ages >1750 Ma has been outlined, presumably representing more or less primary crystallization

ages. Those below the box should have lost some Pb, while those to the right, at higher UO2, may

represent younger uraninite growth. The latter is supported by their distinct composition in most of the

diagrams (Figs. 24, 25 & 27).

The calculated chemical ages clearly suggest that the uraninites crystallized in the time frame 1.88-

1.76 Ga, with a concentration close to 1.80 Ga (Fig. 34). This implies that the uraninite-precipitating

hydrothermal event/s were Svecofennian, overlapping with late Svecofennian magmatism and (IOCG)

mineralizing events in the region (Smith et al. 2009; Martinsson et al. 2016; Bergman & Weihed 2020).

A subset of uraninites indicate ages around 1.65 Ga, which also close to a recognized hydrothermal

event in the Kiruna area (summarized in Andersson et al 2016).

In contrast, the group 2 uranium minerals show very low apparent ages that could potentially represent

geological events, e.g. Caledonian precipitation or resetting. More likely, however, these minerals have

lost a large part of their radiogenic Pb and do not record any distinct geological event.
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5.3 Inferences on origin

There are several types of settings where U mineralizations can occur (e.g., Cuney and Keyser, 2008).

In our case, the most probable setting for the uranium mineralizations found in this work is volcanic-

hydrothermal and hydrothermal-metasomatic-Na. The uranium minerals found are associated with

carbonate veins, micas (biotite), anhydrite and titanite, within the footwall and hanging wall rocks

described in section 2.2. From the original 25 samples, all of them contained anomalous amounts of

uranium (the reason they were chosen), and where equally distributed between the hanging wall and

foot wall, considering that 7 of them were either in intrusive bodies or part of hydrothermal alteration

but all of them in relation with anhydrite. Cuney (2008) states that precipitation of U in most deposits is

related to a decrease of oxygen fugacity, due to the interaction between U-bearing fluids with carbonates.

He also states other potential reductants in the system can be sulphides, magnetite and ilmenite. In our

case we have all of these in the system, resulting in that the uranium precipitation was caused by this

oxygen fugacity drop due to the interaction with carbonates and magnetite, through hydrothermal

alteration fluids. Another possibility could be the metasomatic sodic alteration, which has been reported

in similar rocks of similar ages in the region by Smellie and Laurikko (1984), and also within

Kiirunavaara deposit by Paolillo and Giapis (2021). The uraniferous solutions would have infiltrated

weakness zones by rich Na-Ca fluids (carrying also sulphate and carbonate ions) that have caused

albitisation of the K-feldspar present in the rhyolites and trachyandesites. The uranium would have been

transported as uranyl carbonate or sulphate complexes and precipitated as uraninite in the form of

impregnations typically in mica-rich parts of the silicate rock in close proximity to the sulphate-

carbonate veins (Klimchouk, 1996).

 Our uranium bearing minerals are also associated with titanite and/or allanite/epidote within the

hydrothermal veins present in the rocks, but the latter minerals carry insignificant amounts of U. From

the 9 samples that went through the EPMA analysis, 5 of them were hosted in the hanging wall

rhyodacites and only one in the footwall trachyandesites, but again, 4 where part of a substantial

hydrothermal alteration.

Uraninite is the most common U-bearing mineral in nature and alters very easily and rapidly under

oxidizing conditions when water (or humidity) is present. The uranium oxide corrodes in a process

called “oxidation-hydration weathering” where the U4+ oxidizes into U6+. This leaching releases the

hexavalent ion into the system in the form of uranyl ion complexes (UO2
2+), which readily forms

complexes with carbonate ions in the presence of CO2 (which may form the mineral rutherfordine upon

precipitation) because they are more thermodynamically stable. In the presence of water or in an aquatic

environment, the hexavalent uranium ion is very mobile and can migrate undisturbed for a long distance,

making it difficult to pinpoint its origin (Langmuir, 1978; Plášil, 2014). The calculated U6+ contents of
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the uraninites is relatively high and may indicate incomplete reduction when precipitating or oxidation

in situ.

5.4 Uranium-rich fluid circulation

Although no water analysis has been conducted in this thesis, the information extracted from internal

reports from LKAB and their results were the ones that triggered this study. The water circulating in the

mine contains different metals and ions such as uranium, calcium, strontium, sulphates, chloride,

fluoride, phosphorus, magnesium and zinc (all of them not disclosed) in different concentrations (non-

disclosed) at different levels inside and at different points outside the mine (non-disclosed) where water

samples were taken (Heinke & Walger 2018; U.B. Andersson, pers. comm.). The Kiirunavaara rock

mass is crosscut by an extensive network of large brittle fractures (mostly open joints and fault planes)

in many directions (Mattsson et al. 2010; Andersson and Jokelainen 2020). It is sensible to say that these

fracture systems can serve as fluid highways for the circulation ground water fluids that are relevant for

this thesis. The water circulating in the rock mass of the mine can gain access to the carbonate and

sulfide rich veins if these are traversed by fracturing. Since the veins contain weaker minerals compared

to the surrounding silicate rocks, jointing and faulting may occur more readily along such veins.

Therefore, oxygen-rich water in the rock mass could have dissolved and scavenged U6+ from the altered

uranium bearing minerals under oxidizing conditions (iron oxide ore in high quantities in the hosting

rocks) and have released it into the water with relatively easiness, where it would be transported

complexed with anions (cf. chapter 2.2.5.1). The same process would apply for thorium as it is

embedded in the lattice of uranium bearing minerals as a substitute of uranium ions with the same

tetravalent state and similar atomic radius (Alexandre et al, 2015). As for the Rn present in the air of the

mine, radon being in the decay scheme of uranium (Cuney and Kyser, 2015), this process could explain

the relatively high variability of this gas in certain parts of the mine. Nevertheless, the mine being as big

as it is, more numerical data should be acquired in order to ascertain the link between this process and

the radon.

This project was meant to set the base for a longer and more thorough detailed study. To properly

trace the U-Th-bearing minerals in the vast rock mass of Kiirunavaara deposit, a systematic water

sampling should be conducted in key places throughout several months (the water volume is dependent

on the month of the year) and if possible, several years. The structural, geological, and geochemical

model could help enormously to track the hydrothermal alterations and fracture system on which the

water could infiltrate and leach the U-Th-bearing minerals. Perhaps chemical tracers could be added in

some parts of the water system to build an accurate water circulation map. This would help to locate the

key sampling points.
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5.5 Societal and economic implications

In Sweden, as of in 2022, nuclear energy produced around 35% of whole Sweden’s electricity. Uranium

is the main source of fuel in nuclear power plants and the only nuclear energy suppliers in Sweden,

Vattenfall and OKG AB, do not source its uranium fuel from Sweden, but from Namibia, Canada,

Australia, Kazakhstan and Russia. The reason behind is the amendment to the Minerals Act (1991: 45)

that came into Sweden’s law regulation on the 1st of August 2018, where uranium was removed from

the list of concession minerals, meaning that it is forbidden to prospect, mine and process uranium in

Sweden. (SGU, 2022; Group Vattenfall, 2022; Strålsäkerhetsmyndigheten, 2022)

Considering that Sweden’s estimated uranium resources account for 27% of the total of Europe’s

(SGU, 2022), and how nowadays the burning of coal, fossil fuels and gas is more and more frowned

upon as the demand on electricity rises, due to contamination and geopolitical implications, this

amendment may have been not the greatest idea (Global Electricity Review, 2021)

The fact that Sweden has economic and mineable amounts of uranium is not new. SGU and Svensk

Kärnbränsleförsörjning AB conducted in the 1970’s and 1980’s several exploration campaigns in

Sweden (SGU, 2022). The fact that uranium was found in this study in anomalous concentrations may

have implications for the treatment of mine waste in the coming years for LKAB. Although the amounts

found are obviously not big enough to be economic nor mineable and the fact that our sampling points

do not cover the whole mine, if the law regarding the concession minerals changes, the reprocessing of

the mine tailings/mine water could potentially be a U source for processing to nuclear fuel.

It could also help bring to reality the project HYBRIT, LKAB’s dream of fossil-free steal production

for the near future. A very ambitious project that wants to use 100% CO2-free energy to process iron ore

into iron and steel (LKAB, 2022), something nuclear energy could help achieve in my opinion.
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6. Conclusions

After this study, it is certain that uranium and thorium bearing minerals are present in the rock mass of

Kiirunavaara, such as uraninite, brannerite, thorite, and a couple of unknown U minerals. These minerals

are prone to leaching of U6+ by oxidizing groundwater in the rock mass of mine system and concentrating

in certain parts of it.

The uranium minerals are associated predominately with mica-rich zones and anhydrite-rich veins

in the hanging and foot wall and have precipitated from sulphur- and sulphate-rich hydrothermal fluids

(with carbonates partly).

Chemically there are no correlations between decreasing UO2, PbO, and increasing

CaO+FeO+SiO2+Al2O3, as well as no correlation of the latter with calculated age, as would be expected

from alteration of the uraninites (e.g., Alexandre & Kyser 2005; Alexandre et al., 2015). This, together

with a rough correlation of decreasing UO2 with increasing Y2O3+ThO2 seems to suggest that most of

the chemical variations are primary and not due to alteration of the uraninites.

The mineral chemistry of the uraninites is thus dominantly primary unaltered, but contain some

amount of U6+, suggesting a certain degree of oxidation. The other uranium minerals, brannerite, thorite

and the unknown U minerals also formed locally.

The age calculation of U-Th-Pb chemical ages (Montel et al. 1996) of the uraninites (assuming that

all Pb is radiogenic), yield ages of 1482-1877 Ma, where most of the ages fall within the range of 1.76-

1.88 Ga, centring around 1.80 Ga. Younger ages could represent Pb loss or later events of uraninite

growth or alteration, but the majority of data suggest that the main event/s of hydrothermal uraninite

precipitation occurred during Svecofennian time (1.88-1.76 Ga). The other U minerals (G2) all show

calculated ages of 660 Ma or younger, probably reflecting Pb loss rather than real events.

A plausible pathway for leaching uranium to the mine air and water would first be their association

with easy soluble sulphates and carbonates under oxidizing conditions. As brittle fracturing in the rock

mass preferentially may occur in such weak zones, thus channelizing water into the rock mass, these

elements would then be released into the water where they would be transported as uranyl carbonate (or

sulphate) complexes, releasing radon locally to the mine air. This water would then be pumped into the

surface, part of it used in the processing plant (where the problem first was found) and part of it pumped

into sand reservoirs for clarification and decontamination. The water would then mix with surface water

and partly reintroduced into the mine processing system. The process of mining introduces major brittle

deformation in the hanging wall as well as in the foot wall. This induced fracturing may add pathways
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for the leaching and release of uranium. The variables are very numerous hence the need of a larger,

more detailed study.
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Appendix 1: Mineral liberation analysis images
Six samples were analyzed with MLA technique at LKAB research center in Gällivare. The legend of

the mineralogy is colored based depending on the mineral identified.

The black colour “others” means the spectra of the mineral could not be identified by the software;

this usually happens in the boundaries between crystals. It could also be due to the thin carbon coating

that the samples were subjected to while running the analysis. The interesting zones in these samples

were marked with a sharpy pencil, these creating some problems with the identification of some minerals

when in contact with the ink. Also included in the “others” colour. Note that the MLA images do not

have a scale.

Figure 36: false colour legend for MLA images
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Sample 87115-A

Figure 37A. MLA image false colour.

A
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Figure 37B. MLA image false colour, red square from figure 29A.

B
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Sample 19076

Figure 38A. MLA image false colour.

A
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Figure 38B, 38C. 38B: MLA image false colour, red square from figure 38A; 38C: BSE image from the same
section of the sample.

B

C



84

Sample 87343

Figure 39A. MLA image false colour.

A
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Figure 39B, 39C. 39B: MLA image false colour, red square from figure 39A; 39C: BSE image from the same
section of the sample.

B

C
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Sample 87443-B

Figure 40A, 40B, 40C. 40A and 40B are repeated images from the petrographic section but rotated to better match
and see the mineralogy in the MLA images. 40C: MLA image false colour and red square from 40A and 40B.

A B

C
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Figure 40D. MLA image false colour, yellow square from figure 40C.

D
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Sample 19024-A

Figure 41A. MLA image false colour.

A
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Figure 41B. MLA image false colour, red square from image 33A.

B
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Sample 87226-B

Figure 42A. MLA image false colour.

A
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Figure 42B. MLA image false colour, red square from figure 34A.

B
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Appendix 2: Analytical conditions for EPMA
STD1:

Measurement conditions for WDS elements

 Num. Element X-ray Crystal CH Acc.v Peak
Pos. (nm) BG_L BG_U

1 U Mb PETJ 3 15 118.918 0.3716 3.523 4.592
2 Th Ma PETJ 3 15 132.371 0.41381 3.21 2.62
3 Pb Ma PETJ 3 15 169.081 0.5286 5 5
4 Y La PETJ 3 15 206.321 0.64488 4.281 3.686
5 U Mb PETH 4 15 118.966 0.3716 3.52 4.126
6 Pb Mb PETH 4 15 162.465 0.5076 3.435 3.609
7 Ce La LIFH 4 15 178.142 0.25615 2.025 2.515

Element Peak Back Pksk Gain High.V Base.L Window.W Mode
1 U 20 10.0 (s) 1 64 1664 0.5 0 (V) Int
2 Th 20 10.0 (s) 1 64 1664 0.5 0 (V) Int
3 Pb 20 10.0 (s) 1 64 1664 0.5 0 (V) Int
4 Y 20 10.0 (s) 1 64 1664 0.4 0 (V) Int
5 U 20 10.0 (s) 1 64 1678 0.4 0 (V) Int
6 Pb 20 10.0 (s) 1 64 1678 0.4 0 (V) Int
7 Ce 10 5.0 (s) 1 32 1672 0.4 0 (V) Int

Measurement order of WDS

Order Channel
1

Channel
2

Channel
3

Channel
4

Channel
5

1 0 0 U3Mb U4Mb 0
2 0 0 Th3Ma Pb4Mb 0
3 0 0 Pb3Ma Ce4La 0
4 0 0 Y3La 0 0

Calc. Elements: O (Anion)

Standard Data
Num. Element Standard Mass(%)

1 UO2 U3 107.5446
2 ThO2 Th2 110.6615
3 PbO Vana 79.4991
4 Y2O3 YFOS 61.4014
7 Ce2O3 CeFOS 69.8084
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Standard
Intensity of

WDS

Num. Element Curr.(A) Net(cps) Bg-
(cps) Bg+(cps) S.D.(%) Date Time

1 U 2.00E-
08 2770.2 50.5 75.6 0.2 19/02/2021 10:31:37

2 Th 2.00E-
08 3706 44.1 34.4 0.21 19/02/2021 14:57:43

3 Pb 2.00E-
08 1366.5 18.5 8.9 0.29 19/02/2021 11:21:17

4 Y 1.99E-
08 865.1 4.2 3.1 0.36 22/02/2021 13:05:31

5 U 2.00E-
08 12167.2 247.4 281.6 0.1 19/02/2021 10:31:37

6 Pb 2.00E-
08 4263.6 69 72.9 0.16 19/02/2021 11:21:17

7 Ce 1.99E-
08 2522.9 33 23.4 0.21 22/02/2021 09:30:37

Standard Factors
Symbol Element f(chi) If/Ip abs-el 1/s-el r-el c/k-el

U 0.8291 0 1.0094 0.953 1.0225 1.0166 -
Th 0.8145 0 1.0052 0.9753 1.0117 1.0082 -
Pb 0.7902 0.0002 1.0472 0.815 1.0842 1.0804 -
Y 0.8165 0 1.0617 0.7636 1.1083 1.113 -
Ce 0.9429 0 1.0246 0.7451 1.0927 1.1987 -
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STD2:

Measurement conditions for WDS elements

Num. Element X-ray Crystal CH Acc.v Peak
Pos. (nm) BG_L BG_U

1 F Ka LDE1 1 15 85.167 1.832 9.217 8.612
2 Na Ka TAP 2 15 129.683 1.19101 4.229 2.286
3 Si Ka TAP 2 15 77.497 0.71254 2.695 1.995
4 Al Ka TAP 2 15 90.764 0.83393 5.75 5
5 As La TAP 2 15 105.316 0.96709 1.689 2.875
6 Mg Ka TAP 2 15 107.682 0.989 5.3 3
7 P Ka PETJ 3 15 196.869 0.6157 3.4 2.5
8 Y La PETJ 3 15 206.321 0.64488 4.281 3.686
9 Pb Mb PETJ 3 15 162.392 0.5076 3.217 3.05

10 Th Ma PETJ 3 15 132.371 0.41381 3.21 2.62
11 U Ma PETJ 3 15 125.087 0.391 3 3
12 Ca Ka PETJ 3 15 107.459 0.33584 2 2
13 La La LIFH 4 15 185.387 0.26657 2.292 3.28
14 Ce La LIFH 4 15 178.142 0.25615 2.025 2.515
15 Nd La LIFH 4 15 164.861 0.23704 3.669 3.369
16 Sm La LIFH 4 15 153 0.21998 3.284 2.636
17 Eu La LIFH 4 15 147.589 0.21209 2.275 2.322
18 Dy La LIFH 4 15 132.831 0.19088 3.494 0.557
19 Gd Lb LIFH 4 15 128.518 0.18468 0.957 1.065
20 Er La LIFH 5 15 124.284 0.17842 1.167 3.064
21 Lu La LIFH 5 15 112.807 0.16195 3.104 1.371
22 Ho Lb LIFH 5 15 114.694 0.16475 2.339 2.785
23 Yb La LIFH 5 15 116.443 0.16719 2.448 1.828
24 Tm La LIFH 5 15 120.259 0.17268 2.001 2.954
25 Fe Ka LIFH 5 15 134.861 0.1936 4.7 4.8
26 Tb La LIFH 5 15 137.601 0.19765 8.002 7.43
27 Pr Lb LIFH 5 15 157.208 0.22588 1.361 0.954
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Num. Element Peak Back Pksk Gain High.V Base.L Window.W Mode
1 F 10 5.0 (s) 1 64 1660 1 9.0 (V) Dif
2 Na 10 5.0 (s) 0 32 1662 0.4 0 (V) Int
3 Si 10 5.0 (s) 1 32 1662 0.4 0 (V) Int
4 Al 10 5.0 (s) 1 32 1662 0.4 0 (V) Int
5 As 10 5.0 (s) 0 32 1662 0.5 0 (V) Int
6 Mg 10 5.0 (s) 0 32 1662 0.4 0 (V) Int
7 P 10 5.0 (s) 1 32 1664 0.4 0 (V) Int
8 Y 20 10.0 (s) 1 64 1664 0.4 0 (V) Int
9 Pb 50 25.0 (s) 0 64 1664 0.5 0 (V) Int

10 Th 50 25.0 (s) 1 64 1664 0.5 0 (V) Int
11 U 50 25.0 (s) 1 64 1664 0.5 0 (V) Int
12 Ca 10 5.0 (s) 0 32 1664 0.4 0 (V) Int
13 La 30 15.0 (s) 1 32 1672 0.4 0 (V) Int
14 Ce 30 15.0 (s) 1 32 1672 0.4 0 (V) Int
15 Nd 30 15.0 (s) 1 32 1672 0.4 0 (V) Int
16 Sm 30 15.0 (s) 1 32 1672 0.4 0 (V) Int
17 Eu 30 15.0 (s) 0 32 1672 0.4 0 (V) Int
18 Dy 30 15.0 (s) 0 32 1672 0.4 0 (V) Int
19 Gd 30 15.0 (s) 0 32 1672 0.4 0 (V) Int
20 Er 30 15.0 (s) 0 32 1672 1.4 0 (V) Int
21 Lu 30 15.0 (s) 0 32 1672 1.4 0 (V) Int
22 Ho 30 15.0 (s) 0 32 1672 0.5 0 (V) Int
23 Yb 30 15.0 (s) 1 32 1672 0.5 0 (V) Int
24 Tm 30 15.0 (s) 0 32 1672 1.4 0 (V) Int
25 Fe 10 5.0 (s) 0 32 1672 1 0 (V) Int
26 Tb 30 15.0 (s) 0 32 1672 1.1 0 (V) Int
27 Pr 30 15.0 (s) 0 32 1672 0.8 0 (V) Int

Measurement order of WDS

Order Channel 1 Channel 2 Channel
3

Channel
4

Channel
5

1 F1Ka Na2Ka P3Ka La4La Er5La
2 0 Si2Ka Y3La Ce4La Lu5La
3 0 Al2Ka Pb3Mb Nd4La Ho5Lb
4 0 As2La Th3Ma Sm4La Yb5La
5 0 Mg2Ka U3Ma Eu4La Tm5La
6 0 0 Ca3Ka Dy4La Fe5Ka
7 0 0 0 Gd4Lb Tb5La
8 0 0 0 0 Pr5Lb

Calc. Elements: O (Anion)
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Standard Data
Num. Element Standard Mass(%)

1 F Griceite_LiF 73.25
2 Na2O Albi 11.4848
3 SiO2 Woll 51.7257
4 Al2O3 Al2O3 100.0138
5 As2O5 AsGa 79.4562
6 MgO MgO 98.7935
7 P2O5 Apatite 41.9816
8 Y2O3 YFOS 61.4014
9 PbO Vana 79.4991
10 ThO2 Th2 110.6615
11 UO2 U3 107.5446
12 CaO Apatite 54.8487
13 La2O3 LaFOS 69.651
14 Ce2O3 CeFOS 69.8084
15 Nd2O3 NdFOS 70.3333
16 Sm2O3 SmFOS 70.888
17 Eu2O3 EuFOS 71.2594
18 Dy2O3 DyFOS 72.4309
19 Gd2O3 GdFOS 71.8661
20 Er2O3 ErFOS 72.9317
21 Lu2O3 LuFOS 73.7111
22 Ho2O3 HoFOS 72.6945
23 Yb2O3 YbFOS 73.5142
24 Tm2O3 TmFOS 73.1039
25 FeO Fayalite_Smith 67.548
26 Tb2O3 TbFOS 72.0538
27 Pr2O3 PrFOS 69.915
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Standard Intensity of WDS
Num. Element Curr.(A) Net(cps) Bg-(cps) Bg+(cps) S.D.(%) Date

1 F 9.86E-09 6003 0 63.3 0.14 11/01/2019
2 Na 1.01E-08 682.1 5.3 5.7 0.5 26/11/2020
3 Si 1.01E-08 5962.4 52.5 41.9 0.17 26/11/2020
4 Al 1.01E-08 12014.1 27.3 16.6 0.12 26/11/2020
5 As 1.99E-08 4347.3 124.8 36.5 0.16 22/02/2021
6 Mg 1.01E-08 9996.5 15.6 17.7 0.13 26/11/2020
7 P 1.02E-08 591.2 1.7 2 0.53 26/11/2020
8 Y 1.99E-08 865.1 4.2 3.1 0.36 22/02/2021
9 Pb 2.00E-08 1040.1 16.3 20.2 0.33 19/02/2021
10 Th 2.00E-08 3706 44.1 34.4 0.21 19/02/2021
11 U 2.00E-08 3924.1 49.6 39.5 0.17 19/02/2021
12 Ca 1.02E-08 3200.1 11.7 12.2 0.23 26/11/2020
13 La 2.00E-08 2058 24 20.2 0.23 19/02/2021
14 Ce 1.99E-08 2522.9 33 23.4 0.21 22/02/2021
15 Nd 2.00E-08 3035.8 37.2 34.3 0.19 19/02/2021
16 Sm 1.99E-08 3369 50.6 46.6 0.18 22/02/2021
17 Eu 1.99E-08 3582.4 59.9 56.4 0.18 22/02/2021
18 Dy 1.99E-08 3508.2 83.5 571.5 0.21 22/02/2021
19 Gd 1.99E-08 2081.1 130.2 114.4 0.24 22/02/2021
20 Er 1.99E-08 3983.8 137.9 90.2 0.17 22/02/2021
21 Lu 1.99E-08 3755.1 166 164.9 0.18 22/02/2021
22 Ho 1.99E-08 2096.7 209.4 113.9 0.25 22/02/2021
23 Yb 1.99E-08 3920.8 165.1 128.4 0.17 22/02/2021
24 Tm 1.99E-08 3984.6 150.5 103.6 0.17 22/02/2021
25 Fe 1.02E-08 3913.1 21.5 16.7 0.21 26/11/2020
26 Tb 1.99E-08 3956.6 79.3 55.4 0.17 22/02/2021
27 Pr 1.99E-08 1834 55.9 65.6 0.25 22/02/2021
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Standard Factors
Symb. Element f(chi) If/Ip abs-el 1/s-el r-el c/k-el

F 0.754 0 1.003 0.9542 1.0138 1.0306 -
Na 0.4946 0.0053 0.5952 0.951 1.003 1.7519 -
Si 0.7834 0.0042 0.8642 0.9721 1.0063 1.1779 -
Al 0.7613 0 0.859 0.9289 1.0175 1.2318 -
As 0.3301 0 0.5165 0.9863 1.0059 1.9515 -
Mg 0.6915 0 0.798 0.9576 1.0115 1.2937 -
P 0.8375 0.0098 0.9119 0.9422 1.0102 1.141 -
Y 0.8165 0 1.0617 0.7636 1.1083 1.113 -
Pb 0.7902 0.0002 1.0472 0.815 1.0842 1.0804 -
Th 0.8145 0 1.0052 0.9753 1.0117 1.0082 -
U 0.8291 0 1.0094 0.953 1.0225 1.0166 -
Ca 0.9391 0 0.9758 0.9065 1.0379 1.0892 -
La 0.9387 0 1.0254 0.7418 1.0938 1.2019 -
Ce 0.9429 0 1.0246 0.7451 1.0927 1.1987 -
Nd 0.9497 0 1.0233 0.7481 1.0896 1.1989 -
Sm 0.9551 0 1.0224 0.7466 1.0856 1.2068 -
Eu 0.9578 0 1.0215 0.7493 1.0837 1.2056 -
Dy 0.9637 0 1.02 0.7464 1.0764 1.2203 -
Gd 0.9595 0 1.0214 0.7452 1.0808 1.2157 -
Er 0.9675 0 1.0185 0.7486 1.0719 1.2235 -
Lu 0.9724 0 1.0164 0.7515 1.0643 1.2301 -
Ho 0.9657 0 1.0192 0.7476 1.0742 1.2217 -
Yb 0.9708 0 1.0172 0.7497 1.0668 1.2293 -
Tm 0.9693 0 1.0177 0.7512 1.0697 1.2229 -
Fe 0.9848 0 1.0031 0.8634 1.0355 1.1151 -
Tb 0.9619 0 1.0205 0.7475 1.0789 1.2151 -
Pr 0.9468 0 1.0236 0.7492 1.0917 1.1945 -
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STD3:

Measurement conditions for WDS elements

Num. Element X-ray Crystal CH Acc.v Peak
Pos. (nm) BG_L BG_U

1 F Ka LDE1 1 15 85.167 1.832 9.217 8.612
2 Na Ka TAP 2 15 129.683 1.19101 4.229 2.286
3 Si Ka TAP 2 15 77.497 0.71254 2.695 1.995
4 Al Ka TAP 2 15 90.764 0.83393 5.75 5
5 Mg Ka TAP 2 15 107.682 0.989 5.3 3
6 K Ka PETJ 3 15 119.711 0.37414 1.93 1.42
7 Ti Ka PETJ 3 15 88.003 0.27485 1.5 1.5
8 S Ka PETJ 3 15 171.755 0.53722 3.5 3.5
9 Ca Ka PETH 4 15 107.494 0.33584 2 2

10 Ba La PETH 4 15 88.827 0.27759 2 2
11 Cl Ka PETH 4 15 151.37 0.47278 8.166 3.013
12 Fe Ka LIFH 5 15 134.861 0.1936 4.7 4.8
13 Mn Ka LIFH 5 15 146.368 0.21018 2 2
14 Cr Ka LIFH 5 15 159.374 0.22897 2 2

Num. Element Peak Back Pksk Gain High.V Base.L Window.W Mode
1 F 10 5.0 (s) 1 64 1660 1 9.0 (V) Dif
2 Na 10 5.0 (s) 1 32 1662 0.4 0 (V) Int
3 Si 10 5.0 (s) 1 32 1662 0.4 0 (V) Int
4 Al 10 5.0 (s) 1 32 1662 0.4 0 (V) Int
5 Mg 10 5.0 (s) 1 32 1662 0.4 0 (V) Int
6 K 10 5.0 (s) 1 32 1664 0.4 0 (V) Int
7 Ti 10 5.0 (s) 1 32 1664 0.4 0 (V) Int
8 S 10 5.0 (s) 1 32 1664 0.4 0 (V) Int
9 Ca 10 5.0 (s) 1 64 1678 0.4 0 (V) Int
10 Ba 10 5.0 (s) 1 64 1678 0.4 0 (V) Int
11 Cl 10 5.0 (s) 1 64 1678 0.4 0 (V) Int
12 Fe 10 5.0 (s) 1 32 1672 1 0 (V) Int
13 Mn 10 5.0 (s) 1 32 1672 1 0 (V) Int
14 Cr 10 5.0 (s) 1 32 1672 1 0 (V) Int

Measurement order of WDS

Order Channel
1

Channel
2

Channel
3

Channel
4

Channel
5

1 F1Ka Na2Ka K3Ka Ca4Ka Fe5Ka
2 0 Si2Ka Ti3Ka Ba4La Mn5Ka
3 0 Al2Ka S3Ka Cl4Ka Cr5Ka
4 0 Mg2Ka 0 0 0

Calc. Elements: O (Anion)
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Standard Data
Num. Element Standard Mass(%)

1 F Apatite 3.4
2 Na2O Albi 11.4848
3 SiO2 Woll 51.7257
4 Al2O3 Al2O3 100.0138
5 MgO MgO 98.7935
6 K2O Orhtoclase 15.696
7 TiO2 MnTiO3 52.9775
8 SO3 BaSO4 34.3114
9 CaO Woll 48.3004

10 BaO BaSO4 65.6948
11 Cl Vana 2.62
12 FeO Fayalite_Smith 67.548
13 MnO MnTiO3 47.0265
14 Cr2O3 Cr2O3 99.9985

Standard Factors
Symb. Element f(chi) If/Ip abs-el 1/s-el r-el c/k-el

F 0.1473 0.0003 0.1935 1.0271 0.9687 5.1939 -
Na 0.5053 0.0053 0.6031 0.9575 1.0025 1.7182 -
Si 0.7909 0.0042 0.868 0.9824 1.0059 1.1611 -
Al 0.7709 0 0.8646 0.9431 1.0185 1.2042 -
Mg 0.7022 0 0.805 0.9682 1.0118 1.2681 -
K 0.908 0.0002 0.9468 0.8858 1.0484 1.137 -
Ti 0.9715 0.0448 0.9995 0.9216 1.0239 1.0148 -
S 0.7159 0.005 0.7643 1.2706 0.9036 1.1339 -

Ca 0.9445 0 0.9783 0.9132 1.0429 1.0732 -
Ba 0.9336 0 1.024 0.7491 1.1326 1.1511 -
Cl 0.5595 0.0007 0.5928 1.5214 0.8093 1.369 -
Fe 0.9865 0 1.0026 0.8797 1.0358 1.0946 -
Mn 0.9569 0 0.9752 0.8874 1.0336 1.1179 -
Cr 0.9831 0 1.0044 0.906 1.0297 1.0673 -
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STD4:

Measurement conditions for WDS elements

Num. Element X-ray Crystal CH Acc.v Peak
Pos. (nm) BG_L BG_U

1 Si Ka TAP 2 15 77.497 0.71254 2.695 1.995
2 Mg Ka TAP 2 15 107.682 0.989 5.3 3
3 Sr La TAP 2 15 74.665 0.68628 4.1 5
4 Ca Ka PETJ 3 15 107.469 0.33584 2 2
5 Ba La PETH 4 15 88.827 0.27759 2 2
6 Fe Ka LIFH 5 15 0 0.1936 4.7 4.8
7 Mn Ka LIFH 5 15 146.368 0.21018 2 2

Num. Element Peak Back Pksk Gain High.V Base.L Window.W Mode
1 Si 10 5.0 (s) 1 32 1662 0.4 0 (V) Int
2 Mg 10 5.0 (s) 1 32 1662 0.4 0 (V) Int
3 Sr 10 5.0 (s) 1 32 1662 0.4 0 (V) Int
4 Ca 10 5.0 (s) 1 32 1664 0.4 0 (V) Int
5 Ba 10 5.0 (s) 1 64 1678 0.4 0 (V) Int
6 Fe 10 5.0 (s) 1 32 1672 1 0 (V) Int
7 Mn 10 5.0 (s) 1 32 1672 1 0 (V) Int

Measurement order of WDS

Order Channel
1

Channel
2

Channel
3

Channel
4 Channel 5

1 0 Si2Ka Ca3Ka Ba4La Fe5Ka
2 0 Mg2Ka 0 0 Mn5Ka
3 0 Sr2La 0 0 0

Calc. Elements: O (Anion) CO2 (Atomic
ratio)

Standard Data
Num. Element Standard  Mass(%) ZAF Fac. Z A F

1 SiO2 Woll 51.7257 3.4406 4.4268 0.7757 1.002
2 MgO MgO 98.7935 5.4456 7.834 0.6951 1
3 SrO Strontianite 67.6688 3.383 4.3954 0.7696 1.0001
4 CaO Woll 48.3004 0.8797 0.9408 0.9351 1
5 BaO BaSO4 65.6948 0.535 0.5747 0.9308 1
6 FeO Cal-STD 128.6482 0.2282 0.232 0.9836 1
7 MnO MnTiO3 47.0265 0.2726 0.2859 0.9533 1
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Standard Intensity of WDS
Num. Element Curr.(A) Net(cps) Bg-(cps) Bg+(cps) S.D.(%) Date

1 Si 1.01E-08 5962.4 52.5 41.9 0.17 26/11/2020
2 Mg 1.01E-08 9996.5 15.6 17.7 0.13 26/11/2020
3 Sr 1.01E-08 5098 132.7 57.5 0.18 26/11/2020
4 Ca 1.01E-08 2761 11.2 8 0.25 26/11/2020
5 Ba 1.04E-08 7390.1 159.2 153.3 0.15 27/11/2020
6 Fe 1.00E-06 853097.7 0 0 0
7 Mn 1.01E-08 2517.3 17.6 18 0.26 26/11/2020
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Appendix 3: Table of uranium mineral analyses
Uraninites minerals group 1:
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Non uraninites minerals group 2:
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Appendix 4: Table of chemical age calculation
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To use spreadsheet:
1) Enter wt. % oxide from EPMA or LA-ICPMS analysis in B10:B12 (converted to wt. % element in B13:B15)
"2) I didn't add the part yet to calculate the errors, but they should be close to the Suzuki errors. Also, you can do the calculation for the value, the plus error and the minus error to get the uncertainity."
"3) Input initial date (Guess) in Ma in B16,  then keep changing the date in B16 until columns B19 and B20 agree."
4) I use  Goal Seek in Excel to do this or you can do it manually.
4a) Tell Goal Seek to Set cell B19To Value in B20 by Changing Cell B16.
5) The age determined from the calculation is reported in B17

Note: The data in B10:B12 are real. I included them so you could follow the calculations.
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